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Abstract

Understanding how biological systems behave mechanically at the nanoscale is es-
sential to link structure, function, and pathology. This thesis explores the potential
of Atomic Force Microscopy (AFM) as a versatile and quantitative tool to investi-
gate the mechanical properties of living cells and tissues, atming to bridge nanoscale
physics with biomedical relevance. AFM allows the measurement of forces in the
pico- to nanoNewton range allowing also imaging with nanometric resolution, pro-
viding unique insight into how mechanical properties are reflecting physiological or
pathological states.

Through the combination of imaging, force spectroscopy, and microrheology, in
this thesis, AFM was employed to quantify elasticity, adhesion, and viscoelasticity
in a variety of biological samples. These complementary modalities revealed how
mechanical cues at the nanoscale can serve as sensitive biomarkers of cellular state
and function. Mechanical alterations were measured in both soft connective tissues
and hematological cells, highlighting how diseases or pharmacological treatments
reshape the underlying biomechanical architecture.

A major focus of this work was the development and refinement of advanced
AFM protocols designed to overcome traditional experimental limitations in study-
ing soft and not-adherent round cells. The implementation of wedged cantilever
and stepwise confinement techniques enabled controlled, uniaxial compression and
dynamic monitoring of individual cell mechanics—approaches that significantly im-
proved the reproducibility and physiological relevance of AFM-based measurements.
These methods allowed the extraction of time-dependent viscoelastic parameters, re-
vealing the active remodeling processes underlying cellular adaptation to mechanical
stress.

Applying these optimized methods, AFM-based nanomechanical profiling was
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used to investigate how mechanical parameters correlate with biological phenomena.
For instance, in tissues such as the meniscus, AFM detected stiffness gradients and
nanoscale heterogeneity associated with extracellular matriz remodeling during de-
generation. In hematological malignancies, AFM identified distinct nanomechan-
1cal signatures in leukemic cells, sensitive to cytoskeletal-targeting drugs. These
results demonstrate that mechanical fingerprints can reflect both disease progres-
siton and therapeutic modulation.

Altogether, this work positions AFM not merely as a high-resolution imaging
tool but as a quantitative biophysical instrument capable of linking nanomechanical
signatures to cellular behavior and pathology. By merging physical precision with
biological complexity, AFM emerges as a promising candidate for mechanobiological
characterization of samples, offering a path toward the integration of mechanical

biomarkers into translational research.



Riassunto

Comprendere come 1 sistemi biologici si comportano meccanicamente su scala nano-
metrica ¢ fondamentale per collegare la loro struttura, funzione e stato fisiologico.
Questa tesi esplora il potenziale della Microscopia a Forza Atomica (Atomic Force
Microscopy, AFM) come strumento quantitativo e altamente versatile per studi-
are le proprieta meccaniche di cellule vive e tessuti, con [’obiettivo di collegare la
fisica su scala nanometrica con la rilevanza biomedica. L’AFM consente di mis-
urare forze nell’intervallo dei pico- fino ai nanoNewton e di acquisire tmmagini
con risoluzione nanometrica, offrendo un punto di vista unico su come le proprieta
meccaniche riflettano stati fisiologici o patologici.

Attraverso la combinazione di imaging, force spectroscopy e microrheology, in
questa tesi ’AFM ¢ stato impiegato per quantificare [’elasticita, [’adesione e la
viscoelasticita in un’ampia gamma di campioni biologici. Queste modalita comple-
mentari hanno mostrato come i segnali meccanici su scala nanometrica possano
agire come biomarcatori sensibili dello stato e della funzione cellulare. Alterazioni
delle proprieta meccaniche sono state osservate sia in tessuti connettivi molli sia
i cellule ematologiche, evidenziando come patologie o trattamenti farmacologici
possano rimodellare ’architettura biomeccanica sottostante.

Un aspetto centrale di questo lavoro di tesi é stato lo sviluppo e ['ottimizzazione
di protocolli AFM avanzati, progettati per superare le limitazioni sperimentali
tradizionali nello studio di cellule circolanti. L’introduzione di cantilever wedged e
di tecniche di stepwise confinement ha reso possibile applicare una compressione
uniassiale controllata e monitorare dinamicamente la risposta meccanica di sin-
gole cellule. Tali approcci hanno migliorato significativamente la riproducibilita
e la rilevanza fisiologica delle misure AFM. Questi metodi hanno inoltre perme-

sso [’estrazione di parametri viscoelastici time-dependent, rivelando i processi di
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rimodellamento attivo alla base dell’adattamento cellulare allo stress meccanico.

Applicando questi metodi ottimizzati, la profilazione nanomeccanica basata su
AFM é stata utilizzata per esplorare la correlazione tra parametri meccanici e stati
biologici. In tessuti come il menisco, '’AFM ha rilevato gradienti di rigidita e
eterogeneita su scala manometrica associati al rimodellamento della matrice ex-
tracellulare durante 1 processi degenerativi. Nelle neoplasie ematologiche, I’AFM
ha identificato tratti nanomeccanici distintivi nelle cellule leucemiche, anche in
presenza di trattamenti farmacologici mirati al citoscheletro. Questi risultati di-
mostrano che le fingerprints meccaniche possono riflettere sia la progressione della
malattia sia la risposta terapeutica.

Nel complesso, questa tesi propone I'AFM non solo come uno strumento di
imaging ad alta risoluzione, ma come un vero e proprio strumento biofisico quan-
titativo capace di connettere la nanomeccanica al comportamento cellulare e alla
patologia. Unendo la precisione della fisica alla complessita della biologia, I’AFM
si afferma come un approccio promettente per la caratterizzazione meccanobiolog-
1ca di cellule e tessuti, aprendo la strada all’integrazione di biomarcatori meccanici

nella ricerca traslazionale.
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State of Art






Chapter 1

Introduction to Atomic Force

Microscopy

1.1 Historical development and impact of AFM

The invention of the Atomic Force Microscope (AFM) in 1986 by Binnig, Quate
and Gerber represented a watershed moment in nanoscale science and technology
[1] (Fig. 1.1). Prior to its development, the principal method for investigating
surfaces at the atomic level was the Scanning Tunneling Microscope (STM), which
itself had been a revolutionary tool, earning Binnig and Rohrer the Nobel Prize
in Physics in 1986 [2]. While the STM enabled imaging of conductive surfaces
with atomic resolution, it was intrinsically limited by its dependence on electrical
conductivity [3]. This meant that many materials of biological and technological
interest, such as polymers, ceramics, and living tissues, remained inaccessible.
The AFM was conceived as a solution to this fundamental constraint, and its
introduction broadened the scope of scanning probe techniques to virtually any
type of surface, regardless of conductivity [4-7].

The earliest demonstrations of AFM focused primarily on imaging solid sur-
faces in ambient air, revealing nanoscale features with unprecedented clarity [8—
10]. However, it soon became clear that the true potential of the instrument lay in
its ability to operate in liquids, including physiological buffers, which opened the

door to the study of biological samples in their native environments [11-14|. By
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the 1990s, AFM was being applied to image DNA, proteins, membranes, and even
intact living cells [6, 15, 16]. This capacity to bridge structural and functional biol-
ogy at the nanoscale, distinguished AFM from electron microscopy, which requires
sample fixation and metallization, and from light microscopy, which is limited in

resolution by the diffraction barrier.

2013 AFM/dSTORM 2018 Dye compatible in AFM/
combination (Turner et al.) STORM (Hirvonen et al.)

2011 AFM/Blink 2015 AFM/PALM
microscopy (Duim et al.) integration (Turner et al.)

1986 AFM 2014 In situ AFM & SLML 2020 Simultaneous
deveFopment from (Monserrate et al.) colocalized AFM/ SR-
Binnig et al. SIM (Gomezet al.)

2012 AFM/STED 2017 Correlative
integration (Chacko et al.) AFM/STED on live
cells (Curryetal.)

Figure 1.1: Timeline of AFM innovations over the past decades. The illustration
highlights the most significant developments in AFM implementations focusing primarily
on optical advances. These innovations aimed at enabling a more comprehensive char-
acterization of biological samples including both mechanical and optical properties. The
timeline was adapted from [17].

Over the last three decades, AFM has evolved from a niche instrument into a
versatile and widely adopted platform (Fig. 1.1). Today, AFM is not only used
for imaging but also for quantifying mechanical properties, mapping molecular
interactions, and probing dynamic processes in real time [18-21]. It has become
an indispensable tool in diverse disciplines, including surface chemistry, polymer
physics, biomaterials science, and, most significantly for this thesis, mechanobiol-
ogy [22-26]. The ability of AFM to combine nanometer resolution with pico- to
nanoNewton force sensitivity has made it uniquely powerful for addressing funda-

mental questions in biology and medicine [27].
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1.2 Principles of AFM and key elements

1.2.1 AFM setup and working principle

At its core, an AFM consists of a microfabricated cantilever with a sharp probe at
its free end, a piezoelectric scanner to precisely move the sample in three dimen-
sions, and an optical detection system that records cantilever deflections [1, 28|
(Fig. 1.2 A, B). The most common detection scheme involves reflecting a laser
beam off the back of the cantilever onto a position-sensitive photodiode [10, 29,
30]. As the tip interacts with the sample surface, the cantilever bends, producing
a shift in the position of the reflected beam [16, 30| (Fig. 1.2 A). This optical
lever method translates the minute bending of the cantilever into a measurable
displacement of the laser spot on the detector, allowing the user to estimate can-
tilever deflection with sub-nanometer precision. Since cantilever bending is directly
proportional to the force exerted at the tip-sample surface, this detection scheme
enables quantitative force measurements with high sensitivity [31].

The working principle of the AFM relies on monitoring how laser deflections
change as the probe approaches, contacts, or retracts from the sample. When
operated in imaging modes, the piezoelectric scanner systematically moves the
sample in the x—y plane while adjusting the z-axis position to maintain a constant
interaction between tip and surface, thereby reconstructing topographic maps with
nanometer resolution. In force spectroscopy modes, the approach and retraction
of the cantilever relative to the sample provide force—distance curves that contain
detailed information on tip—sample interactions. These interactions arise from a
combination of physical and chemical forces, including van der Waals, electrostatic,
capillary, steric, and hydration contributions in biological systems [12, 16, 32].

The magnitude of the interaction force is obtained using Hooke’s law:

F=Fk-Az, (1.1)

where F'is the force, k is the spring constant of the cantilever, and Az its deflec-
tion. This deceptively simple relationship underscores the central role of accurate
cantilever calibration: even small uncertainties in £ propagate into proportional

errors in the derived force values [33]. For this reason, modern AFM systems pay
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considerable attention to cantilever characterization and calibration protocols [15,
33, 34].

A Photodetector B
AFM
~im » ) S
. Cantilever
e
— = AFM tip
Biological sample
C D E

Contact Non-contact Intermittent contact

Figure 1.2: Schematic representation of the AFM setup and imaging acquisi-
tion modes. (A) AFM setup with focus on the AFM head, which contains the core
components of the instrument. A laser beam is reflected from the back of the cantilever
and detected by a quadrant photodiode, allowing measurement of cantilever deflection
during tip—sample interactions. The displacement of the laser spot is converted into can-
tilever deflection, enabling quantitative calculation of the forces applied to the sample
via equation (1.1). (B) Scanning electron microscopy image of a square-based pyramidal
AFM tip mounted at the extremity of the cantilever (Image taken from [35], MLCT-BIO
tip). Scale bar of 2 ym. (C—E) Schematic illustrations of the main AFM imaging modes:
(C) contact mode, (D) non-contact mode, and (E) intermittent-contact (tapping) mode,
each optimized for specific sample types and experimental conditions.

1.2.2 Acquisition modes for nanomechanical analysis

AFM is extraordinarily versatile because it can operate in multiple modes, each
tailored to different types of information. The three main categories of operation

are imaging, force spectroscopy, and microrheology [36].
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1.2.2.1 Imaging modes.

Contact mode, the earliest AFM imaging method, involves maintaining continuous
contact between tip and surface (Fig. 1.2 C). In this configuration, the vertical
deflection of the cantilever is kept constant by a feedback loop that adjusts the
z-position of the scanner as the tip traces the surface topography. Although this
mode provides excellent spatial resolution and direct measurement of repulsive
tip—sample forces, the continuous lateral drag exerted during scanning can de-
form or damage soft samples such as live cells or fragile biomaterials |7, 31]. To
address these limitations, non-contact (Fig. 1.2 D) and intermittent-contact, or
tapping, (Fig. 1.2 E) modes were subsequently developed [37, 38|. In non-contact
mode, the cantilever is driven to oscillate close to its resonance frequency with-
out the tip physically touching the surface. Weak long-range interactions, such as
van der Waals or electrostatic forces, induce small shifts in oscillation amplitude,
phase, or frequency, which are then used to reconstruct surface features [36]. This
approach minimizes tip wear and sample damage, but is more sensitive to envi-
ronmental factors, particularly contamination layers and hydration films, which
can complicate stable operation in liquid environments [39]. Tapping mode was
introduced as a compromise between the robustness of contact imaging and the
softness of non-contact operation. Here, the cantilever oscillates with sufficient am-
plitude to intermittently touch the sample at the bottom of each cycle. The brief
tip—sample interactions reduce destructive shear forces while still allowing high-
resolution imaging of fine surface details [37]. Because of its ability to preserve
biological integrity while maintaining image quality, tapping mode has become the
most widely used AFM imaging method in life sciences. The introduction of these
advanced modes transformed AFM into a versatile tool for biological research,
making it possible to routinely image delicate structures such as live cells, viruses,

and protein assemblies under cell culture conditions (Fig. 1.3 A, B) [40-45].

1.2.2.2 Force spectroscopy.

In force spectroscopy, the cantilever is repeatedly approached and retracted from
the sample while recording force-distance curves that describe the interaction

forces as a function of tip—sample separation (Fig. 1.3 C) [31]. These curves
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contain distinct regions corresponding to the approach, contact, and retraction
phases, from which different physical parameters can be extracted. By fitting the
contact portion of the curve with appropriate mathematical models, such as the
Hertz or Sneddon contact mechanics equations, it is possible to derive quantita-
tive information including indentation depth, adhesion energy, molecular binding
forces, and the elastic modulus, commonly expressed as Young’s Modulus (YM),
of cells and tissues (Fig. 1.3 C, D) |22, 46, 47|. Accurate extraction of these quan-
tities requires careful calibration of cantilever mechanical-parameters and proper
consideration of tip geometry, as both factors strongly influence the validity of the
mechanical model applied [48, 49].

Beyond single-point measurements, force spectroscopy can be extended to spa-
tially resolved acquisitions. By collecting force—distance curves over a grid of
positions, AFM generates force—volume maps that provide nanoscale distributions
of mechanical and adhesive properties across heterogeneous samples |50, 51| (Fig.
1.3 A, B). These maps integrate topographic and mechanical data, enabling re-
searchers to correlate structural features with local variations in stiffness or ad-
hesion. Such an approach is particularly powerful in fields like medicine, biology,
and biophysics, where cellular and extracellular matrix mechanics are increasingly
recognized as critical regulators of physiology and disease. Indeed, AFM-based
detection of nanoscale mechanical alterations has been closely associated with
processes such as malignant transformation, tumor progression, and metastatic
potential [13, 45-47, 52, 53]

1.2.2.3 Microrheology.

More recently, AFM has been adapted to probe not only elastic but also time-
dependent mechanical properties of biological materials by studying viscoelastic-
ity. This is achieved either by applying oscillatory forces to the sample or by
monitoring stress relaxation following a controlled indentation [54]. Unlike purely
elastic measurements, which are limited to a single modulus, this microrheolog-
ical approach yields both the storage modulus (G’), reflecting the elastic energy
stored and recovered during deformation, and the loss modulus (G”), which quan-

tifies viscous dissipation [55, 56]. Together, G’ and G” provide a comprehensive
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description of how cells and tissues respond to dynamic mechanical loading and
deformation [57, 58] (Fig. 1.3 E, F).

The typical experimental procedure involves first approaching the cantilever
toward the sample until a predetermined setpoint corresponding to a maximum
force is reached (Fig. 1.3 E). This ensures that the probe indents the specimen
to a controlled depth. The cantilever position is then held constant during a
relaxation phase, allowing the force exerted by the sample to decay over time
as viscoelastic rearrangements occur. Following this pause, a small sinusoidal
modulation is superimposed on the cantilever position (green section of the plot
in Fig. 1.3 E). By analyzing the amplitude and phase shift of the resulting force
oscillations with appropriate mathematical models, it becomes possible to extract
quantitative information on the frequency-dependent viscoelastic properties of the
sample (Fig. 1.3 F).

This type of analysis is particularly relevant for biological systems, where cells
and tissues rarely behave as purely elastic materials [59]. Instead, they exhibit
a complex interplay between solid-like and fluid-like responses that reflects the
organization of the cytoskeleton, the turnover of molecular cross-links, and the
properties of the extracellular matrix [59, 60]. Consequently, AFM-based mi-
crorheology has provided crucial insights into cytoskeletal remodeling, extracellular
matrix elasticity, and mechanobiological processes underlying pathological condi-
tions. Alterations in viscoelastic behavior, revealed through changes in G’ and G”,
have been linked to cancer progression, fibrotic diseases, and other disorders that

profoundly affect tissue mechanics [46, 57, 60].

1.2.3 Types of AFM probes

The design of the AFM probe determines both the resolution of imaging and
the accuracy of force measurements (Fig. 1.4 A, B). Sharp tips, often with radii
below 10 nm, are indispensable for high-resolution imaging of surfaces and molecu-
lar structures [35, 61-63]. For quantitative mechanical characterization, however,
sharp tips can be problematic because their small contact area complicates the
use of continuum mechanics models [64]. To address this issue, spherical colloidal

probes have been developed, in which a micrometer-sized bead is attached to the
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Figure 1.3: Representation of the possible outputs obtainable from AFM mea-
surements. (A, B) Outputs from AFM imaging experiments performed in tapping
mode. (A) Schematic representation of the imaging workflow: a grid of points is defined
over the sample, and a force spectroscopy measurement is carried out at each position. By
analyzing the resulting force curves, it is possible to obtain multiple types of information,
including topographical maps, stiffness maps, and adhesion maps of the sample, shown
in (B).Images adapted from [45] C, D Outputs from force spectroscopy. (C) Example of
force—distance curves acquired on different samples; the slope of the curves, fitted using
appropriate mathematical models, allows the calculation of the YM shown in (D). The
steeper the slope of the curve, the higher the stiffness. Images adapted from [22]. (E,
F) Outputs from microrheology experiments. (E) Representative force-time curve from
a standard microrheology experiment. The applied sinusoidal modulation is reported in
green. (F) Storage modulus G’ and loss modulus G” as a function of frequency; colors
represent datasets fitted with single (solid) or double (dashed) power laws.
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cantilever [65] (Fig. 1.4 A, B). The well-defined geometry allows straightforward
application of Hertzian or JKR contact mechanics, yielding more reliable modulus
values for soft samples such as cells and hydrogels [35, 62, 63, 65-67].

Other geometries include cylindrical probes, which are used to simulate needle-
like interactions, and wedged cantilevers [68, 69], which provide a flat surface for
attaching functional objects such as living cells or to provide unaxially parallel
confinement of the sample [67, 68]. The versatility of probe geometries ensures
that AFM can be adapted to a wide variety of biological questions [35, 62, 63]
(Fig. 1.4 A, B).

A Wedged Spherical/Colloidal Cylindrical Conical Pyramidal

-y Ty T T Ty

!E

Figure 1.4: Schematic representation of different AFM tip geometries used
for measurements and thermal noise calibration. (A) Tip geometry influences
experimental outcomes: sharper tips provide higher resolution for imaging experiments,
whereas larger tip geometries allow greater averaging and more reliable data in force
spectroscopy and microrheology experiments. (B) SEM images of the different tip ge-
ometries: wedged [68], spherical [58], cylindrical [35], conical [62], and sharp [35]. All
scale bars represent 5 pum, except for the wedged tip, which is 20 um. The (A) was
adapted from [26].

1.2.4 Thermal noise calibration

Accurate force measurement requires reliable determination of the cantilever spring
constant [70, 71]. Among the available approaches, the thermal noise method is
widely used because it is non-invasive, requires no additional instrumentation, and
does not rely on external calibration standards [72, 73|. This procedure, however,
begins with the determination of the deflection sensitivity (Fig. 1.4 A, B, C).
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A force-distance curve is first acquired by pressing the cantilever against a rigid
substrate, such as glass or plastic, to establish the proportionality factor between
the photodiode signal (in Volts) and the actual cantilever deflection (in nanome-
ters) [68, 72]. Typically, this calibration is performed on a standard glass slide
under conditions mimicking the experimental environment, such as in cell culture
medium and at controlled temperature, to ensure accurate sensitivity estimation.
The slope of the linear contact region of the force-distance curve (Fig. 1.4 A,
B, C) provides the deflection sensitivity, which is then used to convert the raw
voltage signal from the optical lever system into true cantilever displacements [72].

Once the deflection sensitivity has been established, the thermal noise method
can be applied. In this approach, the cantilever is treated as a mechanical oscilla-
tor undergoing spontaneous Brownian motion due to collisions with surrounding
molecules in the fluid or air environment [72|. These thermally driven fluctua-
tions can be described by the dynamics of a damped harmonic oscillator |74, 75].
According to the equipartition theorem, the thermal energy associated with each

degree of freedom is related to the mean square deflection of the cantilever:

1 1
§k<Az2) = ik:BT, (1.2)

where (Az?) is the mean square deflection of the cantilever, kg the Boltzmann
constant, and T the absolute temperature. Experimentally, the deflection fluctua-
tions are recorded through the optical lever system and converted into nanometers
using the previously determined sensitivity factor. Their power spectral density
(thermal noise spectrum) is then obtained by Fourier transformation of the time-
dependent signal (Fig. 1.4 D) [73]. The thermal noise spectrum displays a charac-
teristic Lorentzian peak at the cantilever fundamental resonance frequency, from
which both the resonance frequency and quality factor can be extracted [76]. By
fitting the experimental spectrum with the theoretical response of a damped har-
monic oscillator, the spring constant k can be accurately calculated (Fig. 1.4 D)
[72].

This two-step approach, first determining deflection sensitivity and subse-
quently analyzing thermal fluctuations, provides a direct and self-consistent cal-

ibration of AFM cantilevers. The powerfulness of this methods relies in the fact



CHAPTER 1. INTRODUCTION TO ATOMIC FORCE MICROSCOPY 15

that it is not dependent on the geometry of the cantilever, making possible to
extend it to every probe available. Proper calibration is therefore indispensable,
as inaccuracies in k proportionally affect all subsequent force spectroscopy mea-

surements [49].
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Figure 1.5: Measurements of deflection sensitivity and and thermal noise cal-
ibration.(A, B) Representative averaged force curves used to determine cantilever de-
flection sensitivity, showing approach (blue) and retract (red) traces. Linear fitting of the
slope provides the sensitivity calibration. (C) Overlap of the previous two graphs: the
better is the overlap of the two curves, the better is the deflection sensitivity determina-
tion. (D) Thermal noise spectra, showing raw data (blue) and Lorentzian fit (red). The
fit is used to determine the cantilever spring constant via the specified equation (1.2).

1.3 The importance of cell stiffness as biomarker

Cellular stiffness represents a central biophysical parameter that mirrors the struc-
tural integrity and, mainly, organization of the cytoskeleton. This property emerges
from the coordinated action of actin filaments, microtubules, and intermediate fil-
aments, as well as their dynamic interactions with the extracellular matrix (ECM)
[77]. Proper regulation of cell stiffness is indispensable for numerous physiological

processes, such as embryonic development [78], immune cell migration [79], and
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wound healing [80], where transient fluctuations in mechanical properties accom-
pany tissue remodeling and morphogenetic events [81].

In recent years, the dysregulation of cell mechanics has been increasingly rec-
ognized as a hallmark of cancer progression, contributing to invasion, metastatic
dissemination, and resistance to therapy [82-85]. A consistent observation across
several tumor type, is that malignant cells often display reduced stiffness com-
pared to nonmalignant counterparts when probed at the single-cell level [82]. This
mechanical softening is particularly pronounced in highly metastatic cells, whose
lower elastic modulus facilitates their migration through dense extracellular bar-
riers and enhances their ability to intravasate into the circulation [86, 87|. Yet,
an intriguing paradox emerges when tumor mechanics are examined on a macro-
scopic scale. For instance, breast tumors are frequently palpated as rigid masses
during clinical examination due to a stiffened stromal and ECM environment, such
as collagen cross-linking. In contrast, isolated breast cancer cells are often softer
than healthy epithelial cells [88, 89]. This apparent contradiction underscores the
need to distinguish between cell-intrinsic determinants of mechanics, such as cy-
toskeletal reorganization, altered adhesion complexes, and pathways controlling
actomyosin contractility, and extrinsic influences from the surrounding microen-
vironment, including ECM composition, stiffness, and interactions with stromal
cells.

Beyond oncology, stiffness measurements at the tissue level have proven valu-
able as diagnostic tools in diverse pathologies. Early disease detection has been
enabled by quantifying mechanical alterations in organs such as the liver, where
progressive stiffening serves as a biomarker for fibrosis [90], and in vascular tissue,
where changes in arterial mechanics can indicate the onset of atherosclerosis [91,
92]. At the cellular scale, deviations in stiffness similarly provide insight into dis-
ease progression. In fibrotic disorders, for example, myofibroblasts in idiopathic
pulmonary fibrosis become markedly stiffer due to excessive ECM deposition and
cytoskeletal remodeling [93]. This coupling of cytoskeletal changes with aberrant
ECM production highlights the pathological consequences of increased stiffness
and positions cell mechanics as a defining feature not only of cancer but also of
non-malignant diseases.

Finally, in the fields of regenerative medicine and tissue engineering, mechani-
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cal phenotyping of cells has emerged as a predictive tool for guiding differentiation
outcomes. Stiffness signatures of progenitor cells often correlate with lineage com-
mitment, distinguishing, for instance, osteogenic from adipogenic fates [94, 95].
Collectively, these findings demonstrate that cell stiffness serves as a critical read-
out for understanding basic cell biology and as a translational lever for applications
spanning diagnostics, drug development, personalized medicine, and tissue regen-

eration strategies.

1.4 Cell viscoelasticity

Cellular stiffness, or elasticity, alone cannot capture the complexity of cellular
mechanics, as living cells also display time-dependent, viscous responses. In par-
ticular, mammalian cells behave as heterogeneous viscoelastic systems whose me-
chanical properties vary with frequency, since the relaxation of distinct structural
components occurs across multiple timescales [96]. Beyond the cytoskeletal and
intermediate filament contributions to cellular mechanics, viscoelasticity reflects
the ability of cells to deform, recover, and dissipate stress under dynamic environ-
ments. This dual capacity enables cells to adapt to complex microenvironments
during tissue morphogenesis, repair, and migration [97].

The viscoelastic response arises from the interplay of different cytoskeletal net-
works and their associated regulators. At short timescales, in the millisecond
range, the actin cytoskeleton and its cross-linking proteins dominate the elastic
component, providing resistance to deformation [60, 98]. At longer timescales,
processes involving the cytoplasm and microtubule organization become more rel-
evant, as they govern relaxation and the ability of cells to withstand larger com-
pressive loads [99, 100]. Through this integration of structural and temporal ele-
ments, cells achieve remarkable mechanical adaptability that is critical for diverse
biological functions.

This adaptability is particularly evident in dynamic physiological contexts.
For instance, metastatic cancer cells exploit enhanced viscous behavior, driven by
cytoskeletal remodeling, to navigate confined environments and invade tissues [101,
102]. During wound repair, cells transiently stiffen and stabilize their cytoskeleton

to interact with the newly deposited extracellular matrix [103]. Conversely, in
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developmental processes, local softening or fluidization permits large-scale tissue
remodeling [104, 105]. Such examples highlight how the fine balance between
elasticity and viscosity shapes cell behavior, allowing them to sense and respond
appropriately to external mechanical cues.

Understanding cell viscoelasticity is thus essential not only for explaining how
cells preserve integrity and reorganize under stress but also for advancing biomed-
ical applications. Engineered scaffolds that replicate native viscoelastic properties
can promote appropriate cellular responses [106, 107|. Moreover, alterations in vis-
coelastic parameters are increasingly recognized as hallmarks of disease. Malignant
cells, for example, display characteristic stiffness and relaxation profiles that favor
tumor progression and dissemination [108|. Consequently, dissecting viscoelastic
behavior provides both fundamental insight into cell mechanics and translational

opportunities in regenerative medicine, biomaterial design, and cancer diagnostics.

1.5 AFM limits and advanced applications

Despite its power, AFM faces challenges. One major limitation arises when prob-
ing small, soft, and weakly adherent cells, such as lymphocytes or round cells, like
many stem cells [69]. Under conventional, and commercially available, tip geome-
tries, indentation experiments often induce lateral forces that cause the cell to slide
instead of deforming, leading to unreliable data [68, 69, 109]. This specific phe-
nomenon is mainly due to the cantilever tilt angle with respect the microfabricated
chip to which is mounted on.

To address this, specialized probe designs have been developed. Wedged probes,
which provide a flat surface, enable parallel plate compression of cells [68, 69]. This
geometry minimizes sliding and ensures uniform stress distribution. The resulting
technique, known as uniaxial parallel plate force spectroscopy, has proven highly
effective for round, weakly adherent cells [68, 69].

Another innovation is the stepwise confinement experiment, in which a cell is
progressively compressed in discrete steps (Fig. 1.6 A) while recording its me-
chanical response (Fig. 1.6 B) [110]. Stepwise confinement mimics physiological
scenarios such as passage through narrow tissue spaces, providing valuable insights

into cell behavior under mechanical stress [111]. This method reveals nonlinear-
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Figure 1.6: (A) Representative plot of the vertical position (height) of the AFM wedged
tip during a stepwise confinement experiment, showing six sequential compression steps
applied to a single cell. (B) Representative force spectra showing the mechanical
responses of MEC1 cells, a standard leukemic cell lines used for studying human-B
leukemia, under different pharmacological treatments corresponding to the AFM-tip tra-
jectory shown in panel (A). Each trace reflects the cell force response profile under
sequential compression, with color-coded lines indicating specific drug conditions as de-
tailed in the legend. Both figures were adapted from [110]

ities, adaptive cytoskeletal changes, and time-dependent remodeling that cannot
be captured by single indentations [112]. In the work presented in this thesis,
stepwise confinement experiments were carried out as follow: initially, the AFM
tip was retracted from the bottom of the plate until a height of 20 ym above the
surface was reached, with a retraction velocity of 10 pm/s and an acquisition fre-
quency of 2048 Hz. Subsequently, six confinement steps were applied sequentially,
with step sizes of 6, 4, 2, 1, 1, and 1 pm, respectively (Fig. 1.6 A). The approach
velocity for each step was set to 10 pum/s. After each confinement step, the tip
position (height) was kept constant for 30 seconds, allowing the force to evolve
freely as the cell underwent relaxation (Fig. 1.6 A, B). During the lowering steps
of the AFM tip and the confinement phases, the acquisition frequency was set at
4096 Hz. A z-closed loop control was maintained throughout the experiment. At
the end of the sixth confinement step, the tip was retracted from the cell until it
reached a height of 50 ym above the bottom of the Petri dish. [110]

Together, these advanced applications demonstrate the adaptability of AFM

and highlight the importance of continuous methodological innovation. While lim-
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itations remain, the ongoing development of novel probes, hybrid setups, and com-
putational tools ensures that AFM will remain central to nanomechanical studies

in biology and medicine.

1.6 Viscoelastic characterization beyond AFM: pros

and cons of alternative techniques

Beyond AFM, several complementary techniques are routinely employed to probe
the viscoelastic properties of soft matter and biological systems, each offering spe-
cific advantages depending on the scale and application of interest. Bulk rheometry
provides robust and standardized measurements of viscoelastic moduli over a wide
range of frequencies and deformations, making it particularly suitable for charac-
terizing hydrogels, biofluids, and tissue-mimicking materials [113, 114]. However,
its macroscopic nature limits spatial resolution and precludes the investigation of
local mechanical heterogeneities that are often critical in biological tissues [113].

On the other hand, optical tweezers enable highly precise force application and
fast temporal probing at the single-particle or molecular level, offering exceptional
sensitivity for studying intracellular mechanics and dynamic responses, yet they
are constrained by limited force ranges, optical accessibility, and the need for
transparent samples or exogenous probes [115, 116].

Lastly, acoustic and ultrasound-based imaging techniques, including elastogra-
phy, offer the significant advantage of non-invasive, real-time mechanical mapping
over large tissue volumes and are already integrated into clinical workflows [117,
118]. Nevertheless, their spatial resolution remains orders of magnitude lower than
that of AFM, restricting their ability to resolve nanoscale mechanical features.

In this landscape, AFM occupies a unique position by combining high spatial
resolution, quantitative force control, and applicability to living cells and tissues,
while remaining complementary rather than competitive with these established

methodologies.
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1.7 Aim of the thesis

The aim of this PhD thesis is to exploit the versatility of Atomic Force Microscopy
as a quantitative and multiparametric instrument for exploring the mechanical
properties of biological systems at nanoscale level, with the ultimate goal of cor-
relating biophysical parameters with physiological or pathological cellular states.
By integrating physics and biomedicine, this work aims to consolidate AFM as a
bridge between nanomechanics and translational medicine, capable of providing
mechanical biomarkers that reflect and characterize disease progression and/or
therapeutic response. To this scope, AFM was employed in its various operational
modes (imaging, force spectroscopy, and microrheology) to obtain complementary
information on topography, elasticity, adhesion, and viscoelasticity of living cells
and tissues under cell culture conditions. Moreover, a substantial methodological
effort was dedicated to optimizing AFM-based mechanical protocols for soft and
not-adherent biological samples, like round cells. In particular, the development
and implementation of wedged-cantilever and stepwise confinement approaches ad-
dressed key experimental limitations, enabling uniaxial compression and dynamic
analysis of single cell mechanical responses. Through this combination of method-
ological innovation and biological application, the thesis aims to advance AFM
from a descriptive tool to a standardized and translational method for nanome-

chanical phenotyping in biomedicine.
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Abstract

The characterization of meniscal extracellular matrix (ECM) is fundamental for tissue engineering to
design a functional substitute. However, most of the available data come from animal studies. The
meniscus has a complex ECM, characterized by a specific orientation of collagen fibres related to its
function. In this work, both paediatric and adult meniscal tissues were examined from morphological,
biochemical and mechanical perspectives to identify the characteristics of physiological tissue and
changes caused by injuries and degeneration. Additionally, a comparison was performed between
menisci from patients with normal and valgus knees to observe the ECM remodelling due to
biomechanics changes. The obtained results were then compared to data available in literature to

identify similarities and differences between humans with various ages and animals.



Introduction

The extracellular matrix (ECM) is a non-cellular complex polymer network that mirrors the
biochemical and mechanical properties of a tissue and undergoes continuous remodelling, especially
during pathological conditions [1]. In tissue engineering, a meniscal scaffold should mimic the
biomolecular features and composition of the native tissue to achieve a functional substitute.
Therefore, the characterization of physiological and pathological meniscal tissue is fundamental to
correctly determine the biochemical and mechanical changes during ECM remodelling, which is

crucial for designing an effective replacement for regenerative medicine applications [2], [3].

Meniscal tears are among the most common intra- articular injuries of the knee and can lead to
significant pain and functional impairment [4]. The medial and lateral menisci are fibrocartilaginous
structures located within the knee joint, between the femoral condyles and the tibial plateau. Their
primary functions include load distribution, facilitation of joint rotation, and stabilization of
translational movements [5]. By increasing the contact surface area between the femur and tibia, the
menisci play a crucial role in evenly distributing the load transmitted from the femur, thereby reducing
stress on the articular cartilage [6]. These mechanical properties are given by their cellular,
biochemical and structural composition [7]: their extracellular matrix (ECM) is highly hydrated (70-
80% water); in the remaining portion, collagen (50-75%), which is responsible of tensile strength,
glycosaminoglycans (GAGs, 15-30%), DNA (2%), adhesion glycoproteins (<1%) and elastin (<1%)
are found [8], [9]. These data might vary depending on age, injuries and other pathological conditions
[10], [11], but only limited data are available on human tissues due to the fact that most of the
knowledge on menisci comes from animal experiments [11]. The distribution of collagen fibers in the
meniscus is highly anisotropic, and three distinct layers can be distinguished: a superficial fibril
network which covers femur and tibia articulating surfaces, a lamellar layer radially oriented and a
central zone with circumferential fibres [12], [13]. Taking the triangular-shaped cross section of the

meniscus, three zones can be distinguished from the outside to the inside:



- Red-Red zone (R-R): vascularized, mainly type I collagen, higher mechanical properties and with

fibroblast-like cells;

- Red-White zone (R-W): partially vascularized, with intermediate properties;

- White-White zone (W-W): non- vascularized (nutrition depends on synovial fluid diffusion),

mainly type II collagen, smoother and with chondrocyte-like cells [5], [14].

From the biomechanical point of view, human and animal meniscal tissues have been characterized

in several studies. The ovine model is considered the most similar to human tissue in terms of

stiffness, compression and residual force, but also vascularity and collagen structure [15], [16] .

However, Sweigart et al. compared the biomechanical properties of canine, bovine, baboon, porcine,

lapine and human menisci, and concluded that animal models are not entirely representative of human

meniscus [17]. Histological studies were also performed on human and animal menisci to determine

the ECM composition (Table 1). Notably, Sandmann et al. emphasized that no animal model fully

replicates the histological and structural characteristics of the human [16].

Table 1 Histological studies found in literature on human and animal meniscal ECM

Meniscal | Masson Alcian Safranin - | Van Gieson | Haematoxilin | References
tissue Trichrome | Blue Fast Trichrome | - Eosin
Green

Human X X X [11], [15],
[16], [18]

Bovine X X X [16],[19]

Ovine X X [15],[16]

Pig X X X X [16], [20]

Horse X X X X [21]




Rabbit X X [15], [22]

Meniscal tissue has a very limited healing capacity due to its poor vascularization. Despite this,
injuries are quite common and can be classified as either traumatic or degenerative. Traumatic lesions
occur in patients with previously healthy joints when excessive forces are applied to the articulation;
in contrast, degenerative lesions are frequently associated with aging and the presence or onset of
osteoarthritic disease [23], [24]. During the degenerative process of the knee, macroscopic and
microscopic variations in the ECM can be observed [7]. Understanding these changes is crucial for
the development of meniscal substitutes in regenerative medicine, where the physiological
characteristics of native tissue must be mimicked. In this study, histological, morphological and
biomechanical properties of menisci from paediatric and adult patients with different pathologies
were investigated to discover the variations between physiological and pathological tissues.
Additionally, a comparison was made between normal and valgus knees to evaluate differences in the

behaviour of medial and lateral menisci.

Materials and methods

Samples collection

Human menisci were obtained from patients undergoing arthroscopic meniscectomy, occasionally in
conjunction with Anterior Cruciate Ligament reconstruction, or total knee arthroplasty at the
Orthopaedic and Traumatology Unit of IRCCS San Gerardo dei Tintori Hospital, Monza. The material
collected was discarded tissue, which would have been disposed of at the end of the surgical
procedures. Arthroscopic en bloc meniscectomy technique was performed only in patients with a
significant traumatic meniscal lesion (e.g., peripheric bucket- handle tears) who refused to be treated
with meniscal repair for personal and specific reasons (e.g., impossibility to follow an adequate
follow-up and rehabilitation protocol). All patients were informed about the study protocol and

provided written informed consent for the use of their tissue samples.



Inclusion criteria:

- Paediatric or adult patients with meniscal injuries treated with arthroscopic meniscectomy surgery
(performed using the en bloc technique).

- Paediatric or adult patients with anterior cruciate ligament injury requiring reconstructive surgery
and concomitant meniscal injury necessitating meniscectomy

- Adult patients with severe gonarthrosis requiring total knee arthroplasty surgery

Exclusion criteria:

Meniscal tears treated by arthroscopic meniscectomy using shavers instead of the en bloc

technique.

- Small meniscal tears where obtaining an adequate sample for analysis was not possible.

- Meniscal lesions where it was not possible to definitively determine the originating portion of the
meniscus.

- Presence of arthritis or chronic inflammatory diseases.

- History of intra-articular drug injections.

After removal, the meniscal pieces were immediately placed in sterile tubes containing 10 mL of

0.9% NaCl physiological solution, stored in a container with ice and transferred to the laboratory.

There, the samples were washed twice with 0.9% NaCl physiological solution and then stored at -

80°C until further use.

Histological analysis

Samples stored at -80°C were gradually defrosted by transferring them to -20°C [25]; after 24 h, they
were washed with 0.9% NaCl physiological solution, fixed in 10% formalin for 1 hour and washed
twice more with 0.9% NaCl physiological solution. The meniscal pieces were then embedded in tissue
freezing medium, frozen for 1 hour and sectioned with a cryostat (Leica CM 1520, Cornegliano

Laudense, Lodi, Italy) to obtain 5 um thick coronal sections.



The slices were mounted on microscope slides (VWR® SuperFrost® Plus, Milano, Italy) and stained
with Haematoxylin-Eosin (Bio-Optica, Milano, Italy) and Van Gieson (Bio-Optica, Milano, Italy) to
evaluate the cell distribution and to have a general overview of tissue organization, Masson’s
trichrome (Bio-Optica, Milano, Italy) to observe the collagen content and distribution, Alcian blue
pH 2.5 (Bio-Optica, Milano, Italy) for the proteoglycans distribution and mucoid degeneration and
Safranin — Fast green (Thermo Scientific) to highlight the accumulation of acidophil molecular
complexes (proteoglycans and glycosaminoglycans). In Table 2 the characteristics of each stain and
the corresponding ECM colours observed after staining are summarized.

Table 2 Summary of stain characteristics and resulting ECM colours according to manufacturer

datasheets

Staining Stained ECM components Colours

Haematoxylin-Eosin Cytoplasm, collagen, ECM Red
Nuclei Blue

Van Gieson Collagen fibres Red
Nuclei Black

Masson’s trichrome Collagen Blue
Cytoplasm Red

Alcian blue pH 2.5 Acidic GAGs Blue
Mucins Purple

Safranin — Fast green Proteoglycans, cartilage Red
Ligamentous tissue, ECM Green

The slides were then observed at 10X magnification to compare different patients and 20X
magnification to see the differences between Red-Red and White-White zones with an inverted

microscope (Zeiss Axio Observer / Cell Observer) and analysed with Zeiss Zen lite. The staining



quantification was performed using Fiji ImageJ with the colour deconvolution plugin, and the
percentage of each coloration was determined using Equation 1.

) PixelSgiqin
Stain percentage = - * 100
Total Pixelssgmpie

Equation 1 formula used for stains quantification, where Pixelsyqn represents the number of the
pixels coloured with the respective stain, and Total PixelSsump. corresponds to the number of pixels

in the meniscal sample before colour deconvolution.

For Masson Trichrome, Alcian Blue pH 2.5, and Haematoxylin-Eosin, pre-inserted vectors were
utilized for quantification. However, for Safranin-Fast green and Van Gieson, values were extracted
from the regions of interest (ROI) in the images and kept consistent for each stain. A 100% stacked
column graph was then generated for each staining using Origin(Pro), Version 2022 (OriginLab

Corporation, Northampton, MA, USA).

Scanning electron microscopy (SEM)

The morphology of paediatric and adult meniscal tissue was observed with SEM analysis. The
collected meniscal tissue was washed three times with demineralized water, frozen at -80°C for 48
hours and freeze-dried with Vacuum Freeze Dryer (Boyikang Laboratory Instruments Inc, Beijing,
China) for 24 hours at T = -50°C and pressure below 15 Pa. Then, they were put on aluminium
supports and covered with a gold coating to make them conductive.

Finally, samples were observed with SEM (Zeiss Gemini 500 GrbH scanning electron microscope,
Jena, Germany) at 300X and 1000X magnifications and the collected images were analysed with an
image analysis software (Fiji ImageJ). A comparison between the Red-Red zone and White-White

zone from paediatric and adult patients was performed.

Quantitative imaging (QI) mode AFM measurements



The nanoscale surface morphology and mechanical properties of dried meniscal tissue were evaluated
using Quantitative Imaging (QI) mode on a NanoWizard 4XP Atomic Force Microscope (AFM, JPK
Instruments, Bruker). In this mode, a complete force—distance curve is recorded at each pixel,
allowing for high-resolution mapping of both topography and mechanical characteristics (Young's
Modulus, YM) while minimizing lateral forces during scanning.

Sample slices were prepared as previously described; however, in this case, 30 um-thick coronal
sections were obtained. These sections were rinsed with deionized water to remove residual debris
and then left to air dry at room temperature. Once fully dried, they were mounted on the AFM stage
for analysis. Measurements were carried out in air using a RTESP (Bruker, AFM probes) cantilever
with a nominal spring constant of 30 N/m. Nevertheless, the spring constant was estimated by contact-
free calibration methods before each experiment [26], [27]. Indentation was performed with a
maximum applied force of 60 nN and the approach/retract velocity was set to 120 pm/s.
Force—distance curves were acquired across a scanned area of 2.5x2.5 um? with 512x512 points and
they were used to extract quantitative tissue stiffness by fitting them with Hertz-Sneddon model [28].
The Mann—Whitney test, a non-parametric test for independent samples, was used to compare
differences between two groups. This test does not assume normal distribution and is appropriate for
ordinal or non-normally distributed continuous data. All analyses were performed using GraphPad

Prism (GraphPad Software, San Diego, CA, USA). Statistical significance was defined as p < 0.05.

Compression test

The global mechanical properties of meniscal tissue were evaluated by compression test using a
Texture Analyzer (Stable Micro Systems, Godalming, United Kingdom) equipped with a 2 mm
cylindrical probe. Meniscal cross-sections, 2.5 mm thick, were prepared with a scalpel and hydrated
in PBS pH 7.4 at room temperature for 3 h. Compression was performed until 40% deformation with
pre- and post-test speeds of 10 mm/min, a test speed of 0.5 mm/min, and a trigger force of 0.05 N.

Stress—strain curves were obtained in triplicate for each sample, and R—R and W-W zones were



analysed to calculate YM. Statistical analysis was conducted in OriginPro 2022b using one-way
ANOVA, followed by Tukey’s post-hoc test for multiple comparisons, with p < 0.05 considered

statistically significant.

Results

Samples collection

A total of eight patients were included in this study: two of them belong to the paediatric group (age
< 18 years), the other six to the adult group (age > 18 years). The mean age in the paediatric group
was 14.5 + 0.5 years and 65.2 + 14.2 years in the adult group; the characteristics of the population

examined in this study are shown in the table below.

Table 3 Index of patients used for meniscal tissue characterization, ACL indicates Anterior Cruciate

Ligament, TKA indicates Total Knee Arthroplasty

Patient | Age | Sex Knee | Portion Alignment | Intraoperative findings

P1 14 Male Left Lateral Normal Traumatic lateral meniscal
tear associated with a

complete ACL tear

P2 15 Male Left Medial Normal Isolated traumatic medial

meniscal tear

P3 25 Male Left Lateral Normal Traumatic lateral meniscal
tear associated with a

complete ACL tear

P4 48 Female Right | Medial Normal Isolated traumatic

meniscal injury




P5 77 Female Right | Lateral Normal Macroscopic good quality
of lateral meniscus in
patient treated with TKA

for osteoarthritis

P6 82 Female Left Medial ~ + | Valgus Macroscopic good quality
Lateral of lateral and medial
meniscus in patient treated

with TKA for osteoarthritis

P7 56 Female Right | Medial  + | Valgus Macroscopic good quality
Lateral of medial and lateral
meniscus in patient treated
with TKA for

osteoarthritis. in a valgus

knee
P8 63 Female Left Medial + | Normal Macroscopic good quality
Lateral of medial and lateral

meniscus in patient treated

with TKA for osteoarthritis

Histological analysis

The results of histological analysis on meniscal tissue of patients are shown in Figure 1. Due to the
high heterogeneity of meniscal tissue, the central region of the meniscus was selected for
characterization. In the first column, Masson’s Trichrome staining highlighted a ligament-like outer
zone, predominantly composed of collagen fibers, which appear blue. In contrast, the inner zone
exhibited a more cartilage-like structure, rich in negatively charged proteoglycans, stained red with

Safranin-Fast Green (second column, Figure 1). GAGs were uniformly distributed throughout the



section, appearing blue with Alcian Blue (third column). Overall, cellularity was low: elongated
fibroblast-like cells were observed in the R-R zone, whereas rounded chondrocyte-like cells became
more frequent toward the W-W zone, with the outer region showing slightly higher cell density.
Cellularity was visualized using Haematoxylin-Eosin and Van Gieson stains, presented in the fourth

and fifth columns, respectively.



Masson Trichrome Safranin - Fast Green Alcian Blue Hematoxylin & Eosin Van Gieson

Pee

lateral
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Figure 1 Histological characterization performed on Sum slices of meniscal tissue from PI1-P8

patients, 10X magnification, scale bar: 500um

In Figure 2, stain percentages and respective percentage stacked column graphs are pictured. These
percentages were calculated using the colour deconvolution function on stained images. In Masson’s

trichrome, the red stain represents the cytoplasm of cells, while the blue stain indicates collagen



content (Figure 2A). Higher collagen percentages were observed in P1, P2, and P4, with values of
64%, 60%, and 60%, respectively, whereas the lowest levels were found in P5 and P7 lateral (26%
and 24%). In Safranin—Fast Green, purple indicates proteoglycan content, and green represents the
fibrous ECM (Figure 2B). Proteoglycans were more abundant in P2 and P5 (50% and 70%), although
their percentage was reduced in P4, P6 lateral, P7 lateral and P8 lateral, with values of 27%, 23%,
28% and 26%, respectively. In Alcian Blue, blue denotes GAGs content, while purple highlights
mucins (Figure 2C). In this case, GAGs were more present in P1, P2, P6 medial, P6 lateral and P7
lateral (93%, 79%, 84%, 80% and 79%), although in P4 and P5 mucins were more abundant (64%
and 67%). In Haematoxylin—Eosin, blue marks the cell nuclei, red represents both the cytoplasm and
protein structures (Figure 2D). All patients exhibited low cellularity, with values ranging from 10%
to 17%. Lastly, in Van Gieson, black indicates cell nuclei, while red marks the cytoplasm and fibres
(Figure 2E). Similarly, the presence of cell nuclei was reduced, with values ranging from 2% to 14%.
Greater variability was observed in this case, with the lowest values in P5 and P7 medial, and the

highest in P2. At this point, two comparisons were performed: P1-P5 samples were used to compare



physiological-paediatric and pathological-adult tissues, P6-P8 to investigate the differences between

medial and lateral menisci in conditions of normal and valgus knee.

Stain percentage [%]

s

100 4

AP

Stain percentage [%]
&

5

:

Masson trichrome B Safranin

P6 medial PG lateral P7 medial PT lateral P8 medial P8 lateral

Patient

D

100 4
804

60

Stain percentage [%)

Stain percentage [%]

Stain percentage [%]

Haematoxylin - Eosin

Stain percentage [%)]

P& medial PG lateral PT medial P7 lateral P8 medial P8 lateral
Patient

— Fast green C Alcian blue

Stain percentage [%]

Patient

Stain percentage [%)]

P& medial PE lateral PT medial PT lateral P8 medial P8 lateral P& medial P6 lateral PT medial PT lateral P8 medial P8 lateral
Patient Patient
E Van Gieson

Stain percentage [%]

g
&
g
c
g
a
€
&

P6 medial PG lateral PT medial PT lateral P& medial P8 lateral
Patient



Figure 2 Percentage stacked column graphs were generated from staining quantification.
Specifically: (4) blue represents collagen content stained with Masson, and red represents
cytoplasmic content; (B) pink indicates positive Safranin staining, and green shows the Fast green
counterstain, (C) blue represents GAG content stained with Alcian Blue, and purple corresponds to
mucin stain, (D) blue indicates nuclei stained with Haematoxylin, and pink represents Eosin

counterstain, (E) black represents nuclei, and red indicates collagen stained with Van Gieson

Comparison between paediatric and adult tissues

In adult patients, collagen and GAG content was noticeably reduced, while mucin levels increased,
reflecting tissue degeneration, particularly in P5. In contrast, the two paediatric patients showed
similar percentages of collagen and GAGs (Figures S1 and S3, Supplementary Material).
Proteoglycan distribution varied widely among all patients (Figure S2, Supplementary Material).
Notably, in P1 and P2, proteoglycans were concentrated in the inner zone and were less abundant in
the outer region, whereas in adults, their distribution appeared more random (Figure S2,
Supplementary Material). Cell distribution was consistent across all samples, with elongated cells in
the outer zone and rounded cells in the inner zone (Figures S4 and S5, Supplementary Material).
Overall, although cellularity was relatively low, a slight decline in cell numbers was observed with

advancing meniscal degeneration.

Comparison between lateral and medial menisci in normal and valgus knee

In P8, the lateral meniscus showed a slightly higher collagen content compared to the medial
meniscus. A similar trend was observed in P6 lateral and P7 medial menisci, which exhibited less
damage than their lateral counterparts (Figure S6, Supplementary Material). Regarding GAG
distribution, no significant differences were found between the medial and lateral menisci of P7 and
P8. In contrast, P6 showed lower GAG content and higher mucin levels in the lateral meniscus (Figure

S8, Supplementary Material). Proteoglycan content was consistently lower in lateral menisci



compared to medial ones, regardless of knee alignment (Figure S7, Supplementary Material). In
normal knees, the medial meniscus is more subjected to damage due to its higher congruency and
attachment to the medial collateral ligament. In valgus knees, altered stress distribution increases
loading on the lateral meniscus, making it more susceptible to degeneration. Overall, cellularity was

similar across all samples.

Morphological analysis

Morphological characterization of meniscal tissue was conducted to examine its key structural
features and identify changes associated with pathology. Given the high heterogeneity of this tissue,
the central region was selected for analysis. Initial observations at low magnification allowed
assessment of the overall collagen fibre orientation. The collagen architecture within the meniscus is
illustrated in Figure 3: at the edges in contact with the femoral and tibial articulating surfaces, fibres
are radially oriented, whereas the central region exhibits a porous structure formed by sections of

circumferential fibres. This architectural pattern is observed in both paediatric and adult tissues.

Figure 3 SEM images of Pl (A) and P5 (B) sections, scale bar: 200um

Menisci were then examined at higher magnifications to investigate structural differences associated
with various pathologies and injuries. Comparing pediatric and adult tissues (Figure 4), P1 and P2
displayed regular pores with thinner, smoother fibers, and similar porosity in the R-R and W-W zones.
With increasing age, pores became less regular and fibers thicker and more wrinkled, reflecting the

accumulation of fibrotic tissue, particularly in the W—W zone, which appeared less porous.
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Figure 4 SEM images of R-R and W-W zones of P1-P5 at 300X and 1000X magnifications. Scale

bars: 100um (300X) and 10um (1000X)

A second comparison was performed between patients with normal and valgus knee configurations,
with results shown in Figure 5. Overall porosity was similar across all samples: the R-R zone appeared
more porous than the W-W zone, which exhibited a more irregular collagen fibre distribution. In the
R-R zone, collagen fibres in P6 lateral, P7 lateral, and P8 medial were more frayed compared to P6

medial, P7 medial, and P8 lateral, where fibres appeared less damaged.
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Figure 5 SEM images of R-R and W-W zones of P6-P8 at 300X and 1000X magnifications. Scale

bars: 100um (300X) and 10um (1000X)

Quantitative imaging (QI) mode AFM measurements

The surface morphology and mechanical properties of meniscal tissues from patients P6, P7, and P8
were assessed using QI mode AFM. Only patients with both medial and lateral menisci available were
included, as the goal was to evaluate morphological and mechanical changes associated with valgus
knee alignment compared to normal knees. The resulting maps of YM and contact point (cp), together
with Alcian Blue-stained and SEM images, are presented below. YM maps provide nanoscale insights
into tissue organization through stiffness variations, while cp maps reveal localized surface
morphology.

At the microscale, the medial meniscus from patient P6 (Figure 6) displayed a porous matrix,
particularly in the R-R zone, which contained larger pores. GAGs were predominant in this region,
whereas mucins were more abundant in the inner zone (Figure 6, Alcian Blue images). At the
nanoscale, AFM revealed an amorphous structure in the outer region of the ECM, while the inner
region appeared more porous; stiffness, however, was relatively homogeneous (Figure 6, cp and YM

maps).



A similar external architecture was observed in the lateral meniscus of P6 (Figure 7). In contrast, the
W-W zone exhibited greater heterogeneity, featuring a mixture of fibrillar and amorphous regions
(Figure 7, cp and YM maps). The fibrillar structures, approximately 50—70 um in diameter, likely
contributed to tissue aggregation, although regions with increased agglomeration were also noted.

This dual composition was also observed in the SEM images, where both organized fibrils and less
structured areas were clearly visible. The proportions of GAGs and mucins were comparable in both
the R-R and W-W zones (Figure 7 Alcian blue images); however, the ECM appeared more porous
externally, while in the W-W zone was more compact and fibrous (Figure 7 SEM images). In the
medial meniscus of patient P7, a porous architecture was microscopically observed in both R-R and
W-W zones, which also had a similar GAGs and mucins distribution (Figure 8 Alcian blue images).
In particular, mucins were less abundant compared to P6 lateral, with a distribution pattern more
closely resembling that of the P6 medial meniscus. At the nanoscale level, most of the tissue exhibited
a well-oriented and fibrillar organization (Figure 8 cp and YM images). Amorphous regions were
confined to the W—W zone, and were also visible in SEM images, particularly between some pores.
The lateral meniscus of P7 revealed a primarily amorphous and less organized nanostructure, with
evident agglomerates and a heterogeneous stiftness (Figure 9 cp and YM images). Microscopically,
the morphology closely resembled that of the medial counterpart, exhibiting larger pores in the R-R
zone and a more compact structure in the W-W region (Figure 9 SEM images). The external portion
showed a GAG distribution similar to the previous sample, although mucins were barely present in
the inner region (Figure 9 Alcian blue images). The medial meniscus of patient P§ demonstrated the
greatest heterogeneity within the W—W zone. SEM analysis highlighted a complex and irregular
matrix, which was also found nanoscopically in AFM imaging. These images revealed an intricate
composition featuring fibrillar, porous, and amorphous regions (Figure 10 cp and YM images).
Greater structural regularity was observed in the outer zone, which resembled that of previous
samples: porous at the microscopic level and amorphous at the nanoscale. The matrix contained an

abundant number of mucins both internally and externally, although GAGs appeared to be more



concentrated in the W-W zone (Figure 10 Alcian blue images). In the lateral meniscus of P8, distinct
differences between the outer and inner portions were also noted. Macroscopically, the outer region
appeared porous and well-organized, while the inner region was fibrous and more compact (Figure
11 SEM images). The distribution of GAGs was similar to that observed in P6 lateral, with mucins
abundantly present in both internal and external regions (Figure 11 Alcian blue images). AFM
analysis revealed subtle variations in nanostructure, with fibrillar elements present in the R-R zone,
and a more porous and less organized composition deeper within the tissue (Figure 11 cp and YM

images).

Young’s Modulus Contact point
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Figure 6 Alcian blue staining, SEM and AFM images of YM and contact point acquired on P6
medial meniscal tissue. Scale bars: 100 um for Alcian blue images, 10 um for SEM images, 500 nm

for cp and YM images



Alcian blue Young’s Modulus Contact point
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Figure 7 Alcian blue staining, SEM and AFM images of YM and contact point acquired on P6
lateral meniscal tissue. For W-W zone, two images were acquired due to the heterogeneous
compostion of the ECM in this portion. Scale bars: 100 um for Alcian blue images, 10 um for SEM

images, 500 nm for cp and YM images



Young’s Modulus Contact point
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Figure 8 Alcian blue staining, SEM and AFM images of YM and contact point acquired on P7
medial meniscal tissue. For W-W zone, two images were acquired due to the heterogeneous
compostion of the ECM in this portion. Scale bars: 100 um for Alcian blue images, 10 um for SEM

images, 500 nm for cp and YM images
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Figure 9 Alcian blue staining, SEM and AFM images of YM and contact point acquired on P7
lateral meniscal tissue. Scale bars: 100 um for Alcian blue images, 10 um for SEM images, 500 nm

for cp and YM images
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Figure 10 Alcian blue staining, SEM and AFM images of YM and contact point acquired on P8
medial meniscal tissue. For W-W zone, three images were acquired due to the heterogeneous
compostion of the ECM in this portion. Scale bars: 100 um for Alcian blue images, 10 um for SEM

images, 500 nm for cp and YM images
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Figure 11 Alcian blue staining, SEM and AFM images of YM and contact point acquired on P8
lateral meniscal tissue. For W-W zone, two images were acquired due to the heterogeneous
compostion of the ECM in this portion. Scale bars: 100 um for Alcian blue images, 10 um for SEM

images, 500 nm for cp and YM images

In Figure 12 the median values of YM obtained in R-R and W-W zones of meniscal tissue are shown.
It is important to note that these YM values reflect nanoscale measurements, representing the stiffness
of specific structural features or tissue organizations, such as localized fibrotic regions or
characteristic collagen fibril orientations. The global compressive properties of meniscal tissue are
described in the following paragraph. In P6, statistically significant differences in nanoscale stiffness
were observed between lateral and medial menisci and between the R-R and W-W zones. Specifically,
YM measured at the nanoscale was higher in the R-R portion of the lateral meniscus and lower in the
corresponding medial region, suggesting more localized degeneration on the medial side. In contrast,
nanoscale YM values in the W-W zones were comparable between lateral and medial menisci. In P7
and P8, no statistically significant zonal differences were detected, indicating a more globally

distributed degeneration pattern. In P7, nanoscale YM of the R-R zone remained slightly higher in



the lateral side compared to the medial one, while a reduction was also visible in the W-W portions.
The largest decrease was found between the R-R zones of P6 and P7. Conversely, in the medial side
of P7, nanoscale YM increased relative to P6, suggesting that aging combined with valgus alignment
may have promoted degeneration localized mainly in the medial R-R region. In P8, this trend became
more pronounced: lateral nanoscale YM values were lower than medial ones, particularly in the lateral
R-R zone, reflecting more severe degeneration. Medial values remained comparable to P7, consistent
with their similar age and valgus alignment. A global comparison of nanoscale YM across different

formulations is shown in Figure S11 Supplementary Material.
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Figure 12 median values of YM obtained in medial, lateral, internal end external portions of P6, P7
and P8. Statistical analysis was performed with Mann-Whitney test and significative differences

were shown with “*”, where ** indicates p < 0.05, *** p < 0.005 and **** p < 0.0005

Compression test

To assess global mechanical properties, meniscal tissue from patients P6, P7, and P8 underwent
compression test up to 40% deformation, from which YM was determined in the elastic region of the
stress—strain curves (Figure 13A). All curves displayed an initial toe region, characterized by a

nonlinear stress-strain response with progressively increasing slope. This behaviour, typical of



biological tissues, reflects the gradual realignment of wavy collagen fibres. Once the collagen fibrils
became fully straightened, the elastic region began, where stress and strain showed a linear
relationship and the slope corresponded to the YM [29]. In P6 and P7, the slope was similar in the
lateral menisci and in the medial R-R zones, whereas the medial W-W zones exhibited slopes of
greater magnitude. In contrast, in P8 the slopes were comparable across both W-W and R-R portions.
It is important to note that at 40% strain none of the samples reached the yield point, indicating that
they remained within the elastic region.

YM values were calculated for each region in each sample, and statistical differences were evaluated
using ANOVA with multiple comparisons (Figure 13B and Table S1 Supplementary Material).
Overall, YM was consistently higher in the W-W portions, consistent with collagen fibre orientation.
In the R-R zones, collagen fibres are primarily aligned circumferentially, exposing their cross-
sections under compression; these fibrils are optimized for tensile rather than compressive loading
and therefore result in a less compact and more porous structure. Conversely, in the W-W zones, fibres
exhibit a more random orientation, generating a denser matrix, as also confirmed by previous SEM
observations, and yielding higher YM values. In agreement with previous results, P6 and P7 showed
a marked decrease in YM in the lateral W-W zones, indicating localized deformation. Both patients
exhibited valgus knee alignment, which increases loading on the lateral meniscus. This region is
anatomically less stabilized by ligaments than the medial side, making it more susceptible to
degeneration. Previous observations revealed a reduction in collagen fibres in these samples, which
was not seen in the lateral W-W zone of P8. Since collagen fibres provide mechanical strength to the
meniscal ECM, their loss due to degeneration results in decreased mechanical properties. When
comparing medial W-W zones, P7 and P8 exhibited similar YM values, whereas P6 displayed lower
values. Given that P6 was the oldest patient, while P7 and P8 were of similar age, the reduction in
YM in P6 likely reflects age-related degenerative changes. A similar trend was observed between P6
and P7: the younger patient had higher YM in the lateral W-W zone, implying that although valgus

configuration is the main driver of reduction, aging likely amplifies the effect.



Differences were observed between YM values measured by AFM and those obtained from
compression tests. This is consistent with the fact that compression testing reflects the macroscopic
mechanical properties of the tissue, whereas AFM captures the YM of nanoscale structures, which
exhibit high heterogeneity due to the anisotropic nature of meniscal tissue. This heterogeneity arises
from variations in collagen fibre orientation, as revealed by SEM, and differences in chemical

composition between physiological and pathological regions, as shown by histological analysis.
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Figure 13 stress-strain curves (A) and barplot with YM values obtained after compression test on
meniscal tissue (B), where data are expressed as mean + SD. Tukey s post-hoc test for multiple
comparisons was performed to compare different samples, and significative differences were

indicated as”*” for 0.05<p <0.01, “**” for 0.01<p <0.001 and “***” for p>0.001

Discussion

The menisci are essential in both tibiofemoral compartments for load distribution and shock

absorption [18]. Different studies were performed to characterize meniscal ECM of different species



from histological, morphological and biomechanical point of views, and several works compare them
with human tissue (Table 4). In Sandmann et al., human meniscal tissue was compared with bovine,
ovine, and porcine menisci from biomechanical and biochemical point of views to investigate species
differences and identify the most physiologically similar tissue [16]. It is important to note that
differences between human and animal ECM arise not only from variations in meniscal size but also
from differences in knee flexion and extension during walking [15], [16]. Moreover, both intra- and
interspecies differences in meniscal tissue characteristics are well documented, as degeneration leads
to macroscopic and microscopic alterations in the tissue [17]. The aim of this work was to evaluate
the properties of meniscal ECM in human patients of different ages and with various pathologies, in
order to study the changes associated with disease. Paediatric patients were also included, since their
meniscal tissue, originating from traumatic rather than degenerative lesions, can be considered
physiological. A comparison was also performed between lateral and medial menisci from normal
and valgus knee to detect the ECM variations induced by this pathological state, in which knee joint

is angled out and away from the body’s mid-line [30].

Histological characterization

To study the histology of meniscal tissue, different stains were used: Haematoxylin-Eosin and Van
Gieson Trichrome to evaluate the cellularity and Masson Trichrome, Alcian Blue and Safranin-Fast
Green for the extracellular matrix characterization. In terms of cell morphology, two cell types are
found in analysed samples: fusiform fibroblast-like cells in the fibrocartilaginous region subjected to
tensile loads and spherical chondrocyte-like cells in the inner part, subjected to compressive loads
[15], [31], [32]. Overall, the number of cells is limited, but a slight decrease in the cell population
occurs during meniscal degeneration. Several studies on human meniscal tissue described a reduction
in cell density, associated by mucoid degeneration and a loss of collagen fibre organization in
pathological tissues, as well as age increases [11], [33], [34]. Concerning the ECM characterization,

the content of collagen fibres stained with Masson Trichrome decreases in relation to the degeneration



of the tissue (Figure S1 Supplementary material). This result is consistent with Sun et al. study, where
a decrease in collagen content in osteoarthritic patients using Picrosirius Red, a staining method
analogous to Masson's trichrome for collagen detection [35]. Safranin O staining was performed with
a Fast green counterstain to detect negatively charged proteoglycans, as it stoichiometrically binds to
the anionic glycosaminoglycan component of proteoglycans [36], [37]. In paediatric patients,
proteoglycans are mainly localized in the inner zone. However, in adults, their distribution appears
more variable: some samples show proteoglycans spread throughout the entire section, while others
exhibit a reduced percentage (Figure S2 Supplementary material). These results align with previous
works found in literature. For instance, in a Sun et al. study a comparison between normal and
osteoarthritic menisci was done using Safranin O staining and an increase of proteoglycans was
observed [38]. Similarly, Videman et al. reported a comparable result after inducing osteoarthritis
through limb immobilization in rabbits [39]. However, Djurasovic et al. found a decrease in
proteoglycan content following osteoarthrosis induction via limb immobilization in mature beagles
[40]. Additionally, other studies have reported a reduction in proteoglycans in human osteoarthritic
cartilage, highlighting the need for further research to better understand this phenomenon [41], [42],
[43]. Alcian Blue was performed to detect sulphated GAGs, which are about 80% of total GAGs:
paediatric samples showed a very intense stain compared to pathological samples, in which mucins
increased (Figure S3 Supplementary material). Ribitsch et al. studied meniscal tissues from horses of
different ages and concluded that GAG content and distribution are age dependent. In young horses,
GAGs were generally more evenly distributed, while in older horses, the menisci exhibited distinct
areas of positive or negative GAG presence [21]. Lopez-Franco et al. investigated proteoglycans
changes in human menisci and found a decrease in the matrix of osteoarthritic patients: consistently
with other studies, GAGs synthesis is reduced during degeneration [11], [44]. These results are
consistent with Herwig et al. studies, in which alterations in water, collagen and GAGs content were
observed in various degrees of degeneration [9]. Under the same physiological and biomechanical

conditions, a decrease in collagen, GAGs, and ligamentous tissue, along with an increase in mucins,



can be observed in the medial meniscus (Figure S6, S7 and S8 Supplementary material): this result
aligns with the fact that the medial compartment is more congruent than the lateral compartment,
making it more susceptible to increased compression and more frequent meniscal tears [24], [45]. In
the case of a valgus knee, greater degeneration is observed in the ECM of the lateral meniscus. This
is attributed to alterations in the joint biomechanics, leading to increased damage and erosion on the

lateral side [46], [47].

Morphological characterization

Morphologically, in all the samples, three different layers were observed: a thin fibrillar network on
the femoral and tibial surfaces, a radially oriented lamellar layer and a central portion with
circumferential fibres. In Petersen et al., the randomly oriented fibrillar layer was estimated to have
a diameter of 35 nm, while the collagen fibrils beneath it measured 120 nm in diameter, forming a
superficial fibrillar layer approximately 150-200 um thick. The thickness of this layer decreases to
20-30 um towards the inner circumference [13].

Table 4 Characteristics of meniscal tissue in human and animals

Source Results References
Human Collagen predominant in the outer zone, GAGs in the inner zone, low | This study
paediatric cellularity. Ligamentous-like structure in the external part,

cartilaginous-like in the internal one. Collagen fibres are

physiologically oriented and no damaged.

Human adult Collagen and GAGs decrease when age increases, mucins and fibrotic | This study
tissue increase. Low cellularity. Collagen fibres are more irregular and
thicker. At nanoscale level, great heterogeneity of the tissue, varying

from porous to fibrillar and amorphous aspect.




Human In pathological meniscal tissue, matrix degeneration and different | [15], [16],

biochemical properties are observed. [33]
Bovine Fibres organization and thickness increase with age due to higher | [19]
loading.
Ovine Is the most like the human meniscus from viscoelastic and biological | [15], [16]

point of views. Collagen pattern is consistent with human tissue.

Pig GAGs distribution is different, but collagen fibre’s structure is like | [16], [20]

human meniscus.

Horse GAGs content and distribution is age-dependant, like in human | [21]

meniscal tissue.

Rabbit Different biomechanics to human meniscal tissue, cellularity and | [15], [16]
vascularization are higher. Collagen pattern is consistent with human

tissue.

Differences were observed in the rabbit meniscal ECM, where the lamellar layer was not detected,
highlighting the importance of having significative data on humans [15]. In degenerative conditions,
thicker and irregular collagen fibres can be observed, potentially indicating fibrotic tissue, especially
in the medial meniscus. Similarly, this structure is more common in the lateral meniscus of a valgus
knee. Nanoscale imaging using QI-mode AFM confirmed the heterogeneous composition of the
ECM, ranging from porous to fibrillar and amorphous structures, thus highlighting the intrinsic
anisotropy of the tissue. Similar fibrils with a comparable diameter were observed in previous works
on murine and porcine meniscal tissues [48], [49]. When comparing different biomechanical
configurations, patient with valgus alignment combined with aging exhibited drastically reduced
localized stiffness in the R-R zone of the medial meniscus, suggesting signs of degeneration.
Statistically significant differences in stiffness among the various meniscal zones were observed in

this group, indicating a clear distinction between regions. Conversely, in younger patients, which both



had normal and valgus alignment, localized YM of the R-R and W-W zones of both medial and lateral
menisci did not show statistically significant differences. This reduced contrast between zones may
be attributed to more generalized tissue degeneration, less localized within the medial meniscus R-R
zone. This interpretation is supported by the markedly decreased stiffness values observed in the R-
R zones of the lateral meniscus in these patients. Additionally, the W-W zones demonstrated localized
stiffness more comparable to those of the normal knee. In Kwok et al, nanomechanical profiles of
meniscal tissues from healthy young, aged and osteoarthritic patients were evaluated using AFM.
Healthy aged tissue showed similar differential elasticity among inner and outer zones, with higher
YM externally, instead degenerated osteoarthritic tissue showed more similar stiffness in R-R and W-
W zones [50]. From the biochemical point of view, all samples presented mucoid degeneration, which
seemed to be more evident in lateral menisci, which is also associated to loss of collagen fibre
organization. These results align with a previous study in which Alcian Blue and Safranin O staining
were quantified to analyse human meniscal tissues from patients of varying ages and pathological
conditions, aiming to identify ECM changes associated with age and disease. That study reported a
decrease in cell density and an increase in mucoid degeneration, which correlated with a loss of
collagen fibre organization as pathology progressed. Moreover, pathological samples exhibited
heterogeneous proteoglycan distribution, with regions of intense staining alongside areas lacking any

signal. These observations are consistent with the data obtained in the present work [33].

Mechanical characterization

Global compressive properties of meniscal cross-sections were also assessed, revealing lower YM in
the R-R zones, consistent with the predominance of circumferential collagen fibres in this region,
which primarily function under tension. In the W-W zones, patients with valgus knee alignment
showed a marked reduction in YM in the lateral compartment, indicating greater degeneration in this
region due to altered biomechanical loading; this was associated with a decrease in collagen content,

as confirmed by histological analysis. Additionally, a gradual decline in YM with age was observed



in the W-W zones of medial menisci, suggesting that aging is a contributing factor to tissue
degeneration. In Fischenich et al., the mechanical properties of human menisci at different stages of
osteoarthritic damage were examined. Their results indicated that tensile YM remained unchanged
across all degenerative grades, while compressive YM was already affected in the early stages of
gross degeneration and continued to decline with disease progression, consistent with our
observations [51]. Assessing compressive YM in patients is therefore clinically relevant, as it may
serve as a valuable indicator to guide surgical decisions, such as whether to resect or suture a meniscal
tear [52]. This underscores the importance of our study, in which we also linked pathological

biochemical alterations to changes in compressive YM.

Limits and perspectives

This study is subject to several limitations. One could be the small sample size, which included only
eight patients, making it difficult to draw generalizable conclusions. To our knowledge, this research
represents the first attempt to characterize the "meniscal ECM" in skeletally immature subjects [53].
Although a significant increase in meniscal procedures in children has been documented, the
difficulties in increasing the number of samples are evident. In fact, in our routine clinical practice,
most patients programmed for meniscal pathologies are treated with meniscal repair and suture
surgery [54]. Additionally, no previous studies have specifically examined the correlation between
physical properties of the meniscal ECM, such as stiffness, and the tissue morphology and histological
composition in both healthy and pathological menisci. This study evaluated the impact of various
pathologies, including valgus knee alignment and arthritis, on tissue morphology, stiffness, and
composition, as well as the interrelationships among these factors. Moreover, the fact that this is a
single-centre study may further limit generalizability, as all data were collected from a single hospital,
potentially restricting its applicability to broader clinical settings. Variability in the sampling
technique is another limitation, differences in surgical methods (e.g., en bloc meniscectomy) and the

exclusion of smaller meniscal tears could introduce selection bias by including only specific types of



lesions. Furthermore, the exclusive use of discarded tissue from surgery may not fully represent the
entire meniscus or its different zones comprehensively. For this reason, future directions include
expanding the study to additional meniscal samples from various lesion types and anatomical regions
to gain a deeper understanding of ECM degeneration processes and to obtain more generalizable
results. However, the results observed in both paediatric and adult pathological meniscal tissues are
consistent with findings reported in a previous study [33], supporting the reliability of the data.
Specifically, the structural and biochemical alterations described in the literature were also identified
in this work. Notably, no prior data were available comparing valgus knee alignment to physiological
conditions. This study is particularly significant as it is the first to examine the correlation between
morphology, histological composition, and stiffness in meniscal tissue across patients of varying ages
and with different pathologies. The results obtained may be significant not only for improving the
medical diagnosis of meniscal pathologies but also for developing more personalized treatments,
given that each meniscal condition presents unique ECM differences in both stiffness and
composition. Furthermore, this work can be useful in regenerative medicine, as the design of a

functional scaffold must replicate both the mechanical and biochemical properties of native tissue.
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Table S.1 ANOVA and multiple comparisons results

Mean | Groups

P7 medial W-W | 5462.02 | A

P8 medial W-W | 5057.16 | A




P8 lateral W-W | 4761.59
P6 medial W-W | 3651.89
P8 lateral R-R | 1471.43
P7 lateral W-W | 1098.82
P8 medial R-R | 564.70
P6 lateral W-W | 441.84
P7 medial R-R | 253.05
P6 lateral R-R | 207.15
P7 lateral R-R | 182.26
P6 medial R-R | 93.02
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Abstract

Microbial colonization and biofilm formation drive infection persistence and the
spread of antimicrobial resistance, particularly under flow conditions typical of
medical and natural environments. Here, we combine spontaneously buckled



wrinkled topographies with microfluidic platforms to investigate the adhesion
of Pseudomonas aeruginosa and Staphylococcus aureus across shear rates of
0.4-200 s~*. Wrinkled surfaces with tunable wavelengths (0.5-20 pm) are fab-
ricated and characterized using optical, atomic force, and scanning electron
microscopy. Sinusoidal wrinkles with a 2 pm wavelength reduce bacterial colo-
nization by over 70% when oriented perpendicular to flow, while folded wrinkles
of 5 pm achieve more than 90% reduction across broader shear regimes and
suppress biofilm formation by over 85% relative to flat controls. These topogra-
phies retain antifouling performance under pulsatile flow. This work demonstrates
a scalable, chemical-free strategy for passive biofilm control through geomet-
ric surface design, enabling durable antimicrobial materials for biomedical and
industrial applications.

Introduction

Material surface properties critically influence bacterial adhesion through direct
physicochemical interactions — such as roughness and surface energy — as well as
indirect interactions mediated by adsorbed molecules or preconditioning films [1, 2].
Following irreversible attachment to a substrate, bacteria often develop matrix-encased
colonies known as biofilms. Biofilms protect bacteria from immune responses and
antibiotics, making them highly resilient and a leading cause of persistent infections [3].

The effects of nano- and microscale surface topography on bacterial attachment
and subsequent biofilm formation have been explored through various mechanisms [4—
8]. Nanoscale features can modulate surface energy, cell membrane deformation,
and interfacial chemical gradients, mimicking the bactericidal properties of natural
nanopatterns found on cicada and dragonfly wings [9-11]. In contrast, microscale struc-
tures (above 1 ym) primarily affect surface hydrodynamics, microbial entrapment, and
surface conditioning [2, 12-14]. Topographies comparable in scale to bacterial dimen-
sions (=~ 1 to 3 um) can direct spatial organization and proliferation by modulating
key parameters such as periodicity, amplitude, and curvature. Specific geometries that
reduce the available fouling area [15], limit adhesive contact points [16], or alter local
curvature [17] can physically confine bacteria, restricting motility and intercellular
connections [2, 18, 19] and thereby disrupting biofilm formation.

Natural biological tissues provide inspiration for such design strategies. Many inter-
faces — from cerebral cortices to skin and gut epithelia — exhibit wrinkled or folded
morphologies arising from mechanical instabilities in layered systems [20, 21]. These
topographies influence not only mechanical behavior but also biological interactions,
shaping how cells, fluids, and microbes engage with surfaces. Reproducing and control-
ling these morphologies synthetically enables fundamental studies of bacterial adhesion
and biofilm dynamics, as well as the design of functional surfaces for medical and
industrial use [3]. Hydrodynamic conditions further complicate these interactions. In
flowing environments, shear stress strongly affects bacterial attachment and coloniza-
tion [22, 23]. The interplay between fluid dynamics and surface topography is complex,
as local flow rates and mechanical stresses are governed by the geometry and spatial



arrangement of surface features [23, 24]. Although previous studies have investigated
bacterial responses to either surface topography or hydrodynamic shear independently,
their combined and dynamic effects remain poorly understood.

In this work, we investigate the coupled influence of surface-induced mechanical
confinement and shear-induced local stress variations on bacterial colonization. We
engineer buckling-induced wrinkled and folded topographies with controlled geome-
tries and integrate them into microfluidic channels. Using Pseudomonas aeruginosa
and Staphylococcus aureus — two clinically relevant pathogens associated with device-
related infections — we demonstrate how wrinkling instabilities can be harnessed
to mitigate bacterial adhesion and biofilm formation in biomedical and industrial
contexts.

Results

Wrinkled patterns within microfluidic channels

Wrinkled patterns can be generated in multilayered structures subjected to mechani-
cal deformation and plasma oxidation. Specifically, in a bilayer system consisting of a
semi-infinite soft substrate of elastic modulus F, and a thin, stiff top layer of elastic
modulus Fy, spontaneous buckling instabilities arise under compression once a critical
strain (e.) is exceeded. The resulting buckling regime depends on both the magni-
tude and direction of the applied strain (€). For moderate strains (up to ~20%), a
sinusoidal wrinkling mode emerges, characterized by a wavelength (A) and amplitude
(A) dictated by the mechanical mismatch between the bilayer components (Methods),
with an aspect ratio of A/A ranging from 0.1 to 0.2. At higher compressions (~40%),
purely sinusoidal wrinkles transition into folds, ridges, creases, or even delaminated
buckling, depending on the bending energy of the film, the viscoelastic properties of
the substrate, and the interfacial energies [25]. Building upon prior studies of wrinkling
mechanics [15, 26-33], we engineered patterned surfaces with prescribed wavelengths
and topographies, constructing a phase diagram of the explored wrinkling instabilities
(Fig. 1a).

We focused on two distinct pattern modes: sinusoidal wrinkling (ws) with period-
icities (A) of 0.5 ym and 2 pm, and doubling/folding (wy) patterns with A of 5 pm and
20 pm (Fig. 1a). These patterns were generated through plasma oxidation of silicone
polymers [30, 31]. The formation of sinusoidal wrinkled surfaces was controlled by
adjusting the stiffness of the polydimethylsiloxane (PDMS) bilayer, while, to induce
folding, a lower modulus mismatch between the bilayer components was required. This
was accomplished using Ecoflex (E5 ~ 100 kPa) as the foundation material, which
enabled a purely folding instability under 50% compressive strain [25, 34]. Details of
the fabrication process are provided in the Methods section. To preserve the mechan-
ical properties of the bilayer materials and the integrity of the wrinkled patterns, we
eliminated the glassy layer formed during PDMS and Ecoflex surface vitrification using
a replication strategy. This involved silanization with octadecyltrichlorosilane (OTS),
followed by PDMS molding. Because a single silanization-replication step inverts the



surface topography, we performed a double replication to restore the original concav-
ity. The first replica was gently plasma-oxidized, passivated in ethanol vapor to remove
unreacted PDMS monomers, and then molded with fresh PDMS.

The ws and wy patterned surfaces were integrated into a custom-designed microflu-
idic device, hereafter referred to as the ‘microfluidic wrinkling’ device (Fig. 1b). These
patterned surfaces formed the bottom of a microfluidic channels with a rectangular
cross-section of 800 pym x 70 pm (width x height) and oriented in two configura-
tions, namely according to the flow direction (wg), wy|) and perpendicular to the flow
direction (wsi,wy ). Multiple channels were assembled on a microscope glass slide
to enable direct visualization. We used this setup to investigate the colonization of
wrinkled surfaces by pathogenic bacteria, employing phase-contrast and fluorescence
imaging on an inverted microscope (Methods) and atomic force microscopy (AFM)
for high-resolution surface and bacteria characterization (Fig. 1c).

To investigate the impact of surface topography on fluid flow, we performed numer-
ical simulations of rod-shaped bacteria attached to sinusoidal ws and folding wy
surfaces (Methods). Wrinkled profiles significantly alter the local shear field, generat-
ing stress concentration points at the hilltops where the calculated shear rate is 2-3
times higher than that of a flat surface (Fig. 2a). When a bacterium settles in the
valley regions, corresponding to the periodic minima of the sinusoid (Fig. 2b, left),
the contact area is maximized while the experienced flow velocity and shear stress
are minimized, creating favorable conditions for attachment. In contrast, a bacterium
positioned at the hilltops, perpendicular to the pattern direction, has limited contact
area, primarily at its poles (Fig. 2b, right), and experiences shear stress hotspots.
Notably, these stress enhancements were more pronounced for sinusoidal patterns ori-
ented perpendicular rather than parallel to the flow, as the fluid directly interacts with
the polar region of the cell. On wy, surfaces with A =5 pum and A/ = 0.4, the fold-
ing geometry further modifies the shear rate distribution, producing hotspots up to 4
times higher than on flat surfaces (Fig. 2c). For the same geometry but with larger
wavelengths (A = 20 pm) and lower aspect ratio (A/X = 0.2), the pattern length scales
exceed bacterial dimensions, creating larger low-shear regions (Fig. 2d). Comparing
velocity streamlines for wy, surfaces with A/\ = 0.4 (Fig. 2e, left) and w, surfaces
with A/X = 0.25 (Fig. 2e, right), recirculation zones were observed only for the former
folding pattern.

Our simulations demonstrate that surface topography critically shapes local hydro-
dynamic conditions by redistributing shear stresses at the cell-fluid interface. On
sinusoidal features, ridge crests concentrate shear due to curvature-induced flow accel-
eration, whereas valleys act as stagnation zones with reduced velocity gradients. This
is consistent with prior theoretical studies showing that curvature generates stress
concentration points and alters near-wall shear layers [35]. Folding geometries with
A =5 pm and A/\ = 0.4 further amplify these effects: they not only elevate local
shear by up to fourfold compared to flat surfaces but also induce localized recircula-
tion zones. Such recirculation may act to further inhibit bacterial settlement [2, 19],
thereby reinforcing the antifouling potential of these topographies.



Effect of fluid shear on the attachment of Pseudomonas
aeruginosa on wrinkled surfaces

Building on insights from our numerical simulations of bacterial attachment to pat-
terned surfaces, we conducted experimental investigations using the microfluidic
wrinkling device. A suspension of GFP-labeled P. aeruginosa PA14 cells (ODgog =
0.2) was introduced at an average shear rate of ¥ = 80 s™!, a value comparable to that
encountered in catheters and stents [3, 22]. The surfaces under study included a flat
control (F), wy, and ws, , with a wavelength of 2 ym. Fluorescence and phase-contrast
imaging (Supplementary Information, Fig. S1) were used to analyze the behavior of
PA14 on these surfaces over a 4-hour period. On flat surfaces, P. aeruginosa formed
individual colonies that expanded and proliferated randomly across the surface. In
contrast, bacterial colonization was reduced on both wy| and ws, surfaces.

We then examined bacterial surface coverage on the sinusoidal 2 pm wrinkled
surface across a range of shear rates (0.4 to 200 s~!) that mimic physiological condi-
tions [3, 22, 36]. To quantify bacterial colonization within the first 4 hours of exposure
to flowing bacterial suspensions, we calculated the surface coverage (S.), defined as
the percentage of surface area covered by bacterial cells, as well as the normalized sur-
face coverage (S./Sr), where Sp denotes the coverage on flat control surfaces at the
corresponding time point. Our analysis revealed that the normalized surface coverage
on both w) and w,, surfaces decreased with increasing shear rates (Fig. 3a-b).

To assess the effect of flow direction relative to the surface pattern, we analyzed
bacterial orientation on F, wy);, and w;, surfaces at the 2-hour mark using a computed
probability distribution function (PDF) (Fig. 3c). Fluorescence images were segmented
into discrete sections, and fast Fourier transform (FEFT) techniques were applied to
determine bacterial orientation relative to both the wrinkles and the imposed flow
direction. By combining individual FFTs, we obtained an overall PDF, which pro-
vided insights into the angular distribution of PA14 cells. On flat surfaces, the PDF
spanned the full angular range, with a slight polarization at zero radians, indicating
weak alignment along the flow direction due to fluid shear, an effect already observed
for microscale, elongated particles [37]. In contrast, surface patterning significantly
affected orientation. On wy| surfaces, bacteria exhibited a pronounced alignment where
flow and pattern direction were parallel. On w,, surfaces, where wrinkles opposed the
flow, bacterial orientation was evenly distributed between the pattern direction (+ 7/2
radians) and the flow direction (zero radians). These effects were evident in the FFT
insets of Fig. 3¢, which showed an isotropic circular distribution on flat surfaces (top),
an elongated ellipse aligned with both flow and pattern directions on wy| (center), and
a cross-shaped distribution resulting from the competing influences of flow and surface
patterning on wy,; (bottom). Furthermore, AFM imaging revealed distinct bacterial
organization across the different surfaces (Supplementary Information, Fig. S2). After
the experiment, the microfluidic winkling chip was filled with 4% paraformaldehyde to
fix bacterial cells before being opened for AFM imaging. The measured bacterial cell
length of 2.5-3 pm on the F control was consistent with existing literature [15]. How-
ever, on wrinkled surfaces, PA14 cells preferentially settled in pattern valleys, where
their length was reduced to ~2 pm, likely due to physical constraints [15].



Analyzing the surface coverage S. on both w, surfaces compared to a flat surface
at the 3-hour time point, we observed three distinct regimes in response to vary-
ing shear rates (Fig. 3d). At low shear rates (0.4 s~!), wrinkled surfaces exhibited
slightly higher bacterial coverage than flat surfaces, a phenomenon we termed low-
shear adhesion. In this regime, bacteria tend to occupy the entire available surface
without hindrance from shear forces. The orientation of the pattern has minimal influ-
ence on colonization, as motile PA14 cells can adhere to both w and ws, surfaces
without significant differences. However, at shear rates exceeding ~1 s~!, a tran-
sition occurs. Flat surfaces exhibited increased bacterial coverage with rising shear
rates, consistent with prior reports showing that motile bacteria become trapped in
high-shear regions of Poiseuille flow, which enhances encounter frequency and pro-
motes surface colonization [22]. In contrast, on both w and wyy wrinkled surfaces,
bacterial coverage decreased as shear rate increased. This shear-decreased adhesion
behavior occurs because, despite the modest increase in surface area (~10%, Meth-
ods) and the near-wall accumulation driven by shear trapping, bacterial colonization
is confined primarily to the low-shear valleys of the sinusoidal pattern. These valleys
represent approximately 60-70% of the total surface area relative to an equivalent flat
substrate, owing to their slightly broader and deeper geometry compared to the ridge
crests. This estimate was obtained from line-integral analysis of the sinusoidal profile
and validated by AFM cross-sectional imaging [15].In contrast, adhesion at the peaks
is reduced by elevated local wall shear stress and by limited effective contact with the
surface. Consequently, motile bacteria must reorient through tumbling or twitching to
achieve stable attachment; failure to do so leads to detachment by fluid flow, an effect
that becomes more pronounced at higher shear rates. Detachment is further amplified
on w, surfaces, where the misalignment between flow direction and surface pattern
enhances removal, as schematically shown in Fig. 3d. Together, these findings demon-
strate that the interplay between surface topography and shear forces critically shapes
bacterial adhesion, with wrinkled surfaces selectively suppressing colonization under
elevated shear rates.

Impact of surface wrinkling on the attachment of non-motile
Pseudomonas aeruginosa mutants

To examine the role of motility in bacterial surface coverage on wrinkled surfaces, we
compared the behavior of the wild-type PA14 strain with a non-motile mutant lacking
the flagellar motor, PA14 AmotABCD (Fig. 4a-b). The shear-induced adhesion on the
flat substrate observed for the wild-type strain was notably less pronounced in the
mutant (Fig. 4c; Supplementary Information, Fig. S3), consistent with expectations
for non-motile microswimmers [22]. Unlike the wild-type strain, the mutant initially
exhibited an increase in surface coverage on both wrinkled surfaces, followed by a
gradual decline, indicating detachment across all tested shear rates. The transition
point from attachment to detachment varied with shear rate, occurring earlier at higher
shear rates. Analyzing the normalized surface coverage relative to an equivalent flat
surface (S./Sr) as a function of shear rate for both strains and surface types revealed a
significant reduction in coverage for the mutant, particularly on w, surfaces (Fig. 4c).



Similar to passive particles, non-motile bacteria attach to surfaces only when their
transporting streamline brings them into sufficient contact. Moreover, their attach-
ment is weaker than that observed in wild-type strains, leading to shear-induced
detachment at earlier time points. When bacteria encounter an unfavorable orienta-
tion relative to the surface pattern, motility allows them to reposition and achieve
more favorable attachment conditions to resist fluid shear. However, the non-motile
PA14 AmotABCD strain lacks this ability, causing bacterial cells to behave as passive
rods [37]. As a result, attachment under these conditions depends on the frequency
of successful positioning events, and the absence of repositioning, combined with
early detachment in high shear environments, explains the lower coverage observed on
both wy) and w1 surfaces. This underscores the critical role of bacterial motility in
adapting to dynamic environments, directly influencing attachment outcomes under
mechanical constraints and fluid shear forces.

Influence of buckling regimes on Pseudomonas aeruginosa
surface colonization

The colonization of P. aeruginosa on wrinkled surfaces is dictated by the interplay
between surface topography and fluid flow. As shown in Fig. la, different pattern
morphologies arise depending on the mechanical strain applied to the bilayer during
fabrication. Specifically, w, surfaces exhibit sinusoidal wrinkling, while w surfaces fall
within the transitional regime between period doubling and folding. By definition, sinu-
soidal wrinkles are symmetric, with equal hilltop and valley areas. In contrast, folding
patterns introduce asymmetry, with increased amplitude resulting from the progres-
sive contact and merging of adjacent wrinkles. This post-buckling evolution transforms
sinusoidal wrinkles into a new morphology characterized by deeper and narrower val-
leys, producing high-aspect-ratio structures. The formation of folds in Ecoflex bilayers
results in larger wavelengths under identical plasma oxidation conditions compared
to PDMS due to the lower modulus mismatch. In contrast, PDMS-plasma bilayers
exhibit sinusoidal wrinkling because the higher modulus mismatch makes folding less
energetically favorable. To quantify these morphological differences, we analyzed the
curvature of the patterns using linear integration of 1D profiles extracted from AFM
measurements (Supplementary information, Fig. S4). Symmetric sinusoidal patterns
exhibit comparable minimum (K,;,) and maximum curvature (Kmq.) curvature val-
ues, whereas folding leads to steeper inflection points, deeper valleys, and an overall
increase in pattern amplitude. We hypothesized that the reduced accessible valley areas
in folding patterns could constrain bacterial attachment to hilltop regions, where cells
were more exposed to fluid shear and, as a result, more susceptible to detachment.
We performed microfluidic experiments on wrinkled surfaces with wavelengths of
5 pm and 20 pm, as well as on smaller sinusoidal patterns with a wavelength of 0.5 pm,
to assess their effect on microbial colonization. Our results showed that the 5 pm
pattern led to a further reduction in surface colonization — up to 99% compared to a
flat surface (Supplementary Table 1) — relative to the 2 pum pattern at a shear rate
of 80 s71. In contrast, higher surface coverage was observed on 0.5 ym and 20 pm
patterns (Fig. 5a-b). Moreover, surface coverage data plotted as a function of the
pattern aspect ratio (A/)\) display that surfaces with aspect ratios greater than 0.25



effectively delayed colonization (Fig. 5¢). Pattern aspect ratios were quantified using
cross-sectional scanning electron microscopy (SEM) images obtained through focused
ion beam (FIB) milling (Fig. 5d; Supplementary Information, Fig. S5). The folding
pattern with A = 5 pm and an aspect ratio of 0.4 proved to be the most effective
geometry in limiting bacterial colonization.

Our findings are summarized schematically in Fig. 5e, where 1D cross-sectional
profiles were extracted from AFM analysis. On 0.5 pm w; surfaces, the measured
A/X = 0.05 was insufficient to significantly influence bacterial adhesion. A similar
trend was observed for shallower 20 pum folding patterns (A/\ = 0.2), where extensive
‘flat-like’ hilltop regions provided sufficient surface area for bacterial colonization.
Although 2 pm w, surfaces also effectively reduced PAl4 coverage, the 5 pum wy
pattern emerged as the optimal compromise, combining a higher aspect ratio that
effectively confined PA14 cells with an enhanced capacity for their removal by fluid
flow. This effect was evident not only at 80 s, consistent with the simulations shown
in Fig. 2, but also across a broader range of shear rates (4-200 s~1), as detailed in
Supplementary Information (Fig. S6). For this pattern, orientation perpendicular to
the flow direction further impaired surface coverage, including at lower flow rates and
earlier colonization times. Overall, these results are consistent with our numerical
simulations, which demonstrated that the combination of elevated shear at ridge crests
and localized recirculation zones in valleys establishes hydrodynamic conditions that
are unfavorable for stable bacterial attachment.

Role of buckling-induced surfaces in Pseudomonas aeruginosa
colonization by type IV pili mutants

From our observations, the combination of sinusoidal (w, ) and folding (wy, ) patterns
with 0.25 < A/ < 0.4, together with fluid shear, was highly effective in reducing wild-
type PA14 colonization. Pseudomonas aeruginosa is well known to rely on type IV
pili (T4P) for adhesion, surface sensing, twitching motility, and biofilm initiation [38—
41]. Understanding the role of T4P in surface colonization is therefore critical for
explaining how surface topography and fluid shear shape bacterial attachment. While
the effect of shear stress on pili-depleted PA14 on glass and flat surfaces has been
previously investigated [42], we sought to build on these findings by examining the
contribution of surface topography and pili-dependent adhesion mechanisms. To this
end, we tested our wsy and wy, patterns using the PA14 ApilB mutant.

The pilB gene encodes the extension ATPase required for producing dynamic type
IV pili, which mediate initial attachment, mechanical sensing, and twitching motility.
These functions promote bacterial accumulation in sheltered microenvironments and
trigger downstream signaling pathways (e.g., c(AMP and ¢-di-GMP) that drive biofilm
initiation. In our experiments (Fig. 6a—b), PA14ApilB exhibited the same qualitative
response to increasing shear and surface topography as the wild-type strain: surface
coverage decreased with increasing shear, and surfaces with A/A = 0.4 (5 pm fold-
ing wavelength) strongly limited colonization (Fig. 6¢). However, compared with the
wild-type, the ApilB strain consistently displayed lower coverage values across all con-
ditions, indicating that T4P-mediated adhesion enhances the ability of P. aeruginosa



to exploit low-shear valleys and resist detachment at high-shear ridges. This under-
scores the critical role of T4P in mediating the combined effects of surface topography
and fluid shear on bacterial colonization.

Reduction of Staphylococcus aureus surface colonization on
wrinkled substrates

To evaluate the potential of buckling-induced wrinkled substrates in reducing bacterial
colonization across different bacterial species, we tested their effect on Staphylococ-
cus aureus, a Gram-positive pathogen, under fluid flow conditions. In contrast to
P. aeruginosa PA14, a Gram-negative, motile, and ellipsoidal bacterium, S. aureus
is non-motile, spheroidal, and typically measures between 1 and 1.5 pum in diame-
ter. We selected the GFP-labeled S. aureus Newman strain [43], a clinically relevant
human pathogen associated with strong virulence [44] and frequently implicated in
nosocomial infections [45], bacteremia [46], endocarditis [47], and sepsis [48]. Further-
more, S. aureus, along with other Staphylococcus species, is a major contributor to
periprosthetic joint infections, often leading to sepsis and implant failure in acute
cases[49].

We first examined the effect of shear rate on 5 pum wy surfaces (Fig. 7a) to assess
whether the previously observed reduction in bacterial colonization also applied to S.
aureus. Surface coverage analysis (Fig. 7b) confirmed that the shear-induced reduction
in adhesion by the patterned surfaces persisted for this pathogenic strain, despite
S. aureus displaying a higher overall surface coverage percentage (S.(%)) compared
to P. aeruginosa PA14. Notably, while S. aureus exhibited stronger adhesion, the
reduction in colonization on wrinkled surfaces remained substantial (close to 90%,
Supplementary Table 1). To further investigate the impact of surface geometry, we
evaluated bacterial attachment across the four different w, and w; surface wavelengths
and analyzed coverage as a function of the pattern aspect ratio (Fig. 7c-d). Again,
patterns with wavelengths of 2 pm and, more effectively, 5 um significantly reduced
bacterial colonization, supporting the idea of a synergistic pattern-decreased adhesion
mechanism, further illustrated by the optical microscopy images (Fig. 7e). As observed
with PA14 strains, these patterns hinder the establishment of stable adhesion sites. In
contrast, the spherical morphology of S. aureus made adhesion insensitive to pattern
orientation relative to fluid flow, as confirmed by the surface coverage data (Fig. 7Tb—d).

Effect of pulsatile flow on bacterial colonization on flat and
wrinkled surfaces

To further analyze how patterned surfaces influence the attachment and removal of
P. aeruginosa and S. aureus under physiologically relevant conditions, we performed
additional experiments using a pulsatile flow regime representative of catheter and
stent environments. Specifically, we tested wy, folding surfaces with A =5 pm. The
syringe pump was programmed to alternate between Qmin = 0 pl/min and Qumax =
4 pl/min with a cycle period of T' = 10 s, corresponding to a frequency of 0.1 Hz, which
aligns with the bandwidth recommended for urodynamic measurements to capture
physiological variations in urine flow [50]. The experiments were run for 900 cycles



(2.5 h), yielding an average flow rate of ) = 2 ul/min, corresponding to an average
shear rate of ¥ = 80 s~! (Fig. 8a).

From the analysis of segmented microscopy images (Fig. 8b), we observed that both
S. aureus and P. aeruginosa cells preferentially accumulated during the static phase
(Qmin)- Upon transition to peak flow (Qmax), exposure to shear rates of approximately
Amax = 160 s~! induced rapid detachment events, a pattern consistently observed
across successive pulsatile cycles (Fig. 8b). Overall, pulsatile flow on wrinkled surfaces
led to an even stronger reduction in surface colonization than continuous-flow condi-
tions at the same mean shear rate, and to significantly lower colonization than flat
surfaces under pulsatile flow (Fig. 8c—d). These dynamics resemble a ‘fill-and-flush’
mechanism, where transient colonization occurs during quiescent intervals but is effi-
ciently cleared during high-shear phases, with the folded surface geometry significantly
amplifying this effect. Together, these findings highlight an additional dimension in
the interplay between hydrodynamics and surface topography and further support
the potential of wrinkled surfaces to mitigate colonization under conditions that more
closely mimic those in medical devices.

Effect of pattern morphology and shear rate on biofilm
formation

Our results demonstrate that ws and wy surface patterns in microfluidic wrinkling
significantly reduce early-stage bacterial colonization for up to 4 hours under a wide
range of fluid flow and shear conditions. To further assess the potential application
of these surfaces in biomedical devices, we performed a 24-hour biofilm formation
experiment comparing 5 um wy patterns, oriented perpendicular to the flow direc-
tion, to flat surfaces (Fig. 9). Propidium Iodide (PI), added at a final concentration of
1 pg/mL, was used to detect extracellular DNA (eDNA) associated with biofilm for-
mation [51, 52]. A shear rate of 200 s™!, representative of conditions found in urinary
catheters [3], was applied during the experiment. We used a bacterial suspension with
an optical density (OD) of 0.005, which corresponds to approximately 10° cells/mL,
a relatively high concentration that represents an evident state of bacterial contami-
nation and is relevant for clinical applications. On flat surfaces (F), PA14 WT formed
large colonies at 12 hours, which continued to expand through 24 hours (Fig. 9a). In
contrast, S. aureus Newman formed bigger colonies at 12 hours, highlighted by the
strong binding of PI, eventually covering the entire surface by 24 hours (Fig. 9b). On
w, surfaces, no biofilm formation was observed for PA14 WT, although colonies did
form by 24 hours. For S. aureus, the valley regions of the w, surfaces were occu-
pied, but full colony formation was not observed. These results highlight a significant
reduction — i.e., more than 80% for both strains after 24 hours (Supplementary Table
2) — in biofilm formation, demonstrating the potential of wrinkled surface patterns in
reducing bacterial colonization in medical device applications, even under a high level
of bacterial contamination.



Discussion

Our study demonstrates that microfluidic wrinkled surface patterns with wavelengths
of 2 pm-5 pm, generated through buckling instabilities, significantly reduce bacterial
adhesion and biofilm formation under flow conditions. By evaluating Pseudomonas
aeruginosa and Staphylococcus aureus, we found that these patterns effectively hinder
bacterial colonization, even at high initial concentrations representative of clinical
contamination. The reduction in surface coverage exceeded 90% under shear flow,
underscoring the strong anti-adhesive properties of these substrates.

Biomedical devices and implants, particularly those subjected to fluid flow, such
as urinary catheters and biliary stents, are highly susceptible to deterioration and
fouling due to microbial colonization [3, 23, 53]. Catheters, which are widely used in
hospitals for minimally invasive procedures — including urinary retention relief, blood
sampling, nutrient transport, and dialysis — pose a significant risk of local or systemic
infections as a result of bacterial attachment and biofilm formation [54, 55]. Con-
ventional approaches to prevent device-related infections primarily rely on periodic
antibiotic flushing or the locking technique, in which an antibiotic solution is retained
within the device for a specified duration [56]. However, the widespread use of antibi-
otics in such settings has contributed to the emergence of multidrug-resistant (MDR)
strains, limiting the effectiveness of these strategies [57]. In contrast, the implementa-
tion of wrinkled surface patterns offers an antibiotic-free approach to reduce bacterial
colonization.

Our findings suggest that these microstructured surfaces can be seamlessly inte-
grated into medical devices to significantly mitigate bacterial adhesion. These patterns
could be generated through the buckling of laminated silicone tubes or replicated
from 3D-printed negative masters, making them a scalable and cost-effective solu-
tion. By reducing initial bacterial attachment and biofilm formation, these surface
modifications have the potential to extend device longevity, lower infection rates, and
ultimately decrease the clinical reliance on antibiotics, thus addressing both medi-
cal and antimicrobial resistance challenges. Importantly, our results are most relevant
to small-scale devices such as catheters and stents, where flow remains laminar but
shear rates can still be significant due to the narrow radii of the conduits. Under these
conditions, antifouling behavior emerges only when surface pattern dimensions are
comparable to bacterial size, whereas larger wavelengths (e.g., 20 nm) lose this effect
and instead promote colonization (Supplementary Information, Fig. S7). This distinc-
tion highlights the difference from shark riblet structures, which rely on larger scales,
complex denticle geometries, and vortex dynamics in turbulent regimes to achieve
antifouling performance [58].

To investigate the coupling between fluid flow and surface topography in bacte-
rial colonization, we leveraged microfluidic technology. The integration of multiple
patterned surfaces within a single microfluidic chip was crucial for enabling direct, side-
by-side comparisons under identical experimental conditions. This approach ensured
that bacterial attachment and biofilm formation were evaluated simultaneously on
different surfaces, using the same bacterial suspension and controlled ambient param-
eters, eliminating variations that could arise from batch-to-batch differences [22].
Beyond its biomedical relevance, fluid flow is a defining feature of microbial habitats,



influencing colonization dynamics across a wide range of natural and artificial set-
tings. The ability to control bacterial adhesion and biofilm formation through surface
engineering has potential benefits in industries such as food processing, water filtra-
tion, and marine engineering. For instance, mitigating bacterial fouling on ship hulls
could improve fuel efficiency and reduce maintenance costs. By providing a controlled
platform to dissect the interplay between flow conditions and surface properties, our
study highlights the broader potential of microfluidic wrinkled surfaces in microbial
control strategies across multiple disciplines.

In addition to their role as anti-adhesive substrates, these microstructured surfaces
provide a powerful platform for investigating the fundamental interactions between
microbes and surface topography. By tuning the pattern geometry, such surfaces can
be designed not only to influence bacterial attachment but also to affect bacterial
motility, by altering, for instance, movement behaviors such as twitching [59] or swarm-
ing [60], and even modulating growth rates. Moreover, these patterned surfaces offer a
unique opportunity to explore how eukaryotic cells, particularly immune cells, respond
to complex topographies [61]. While immune cell behavior is known to be highly sensi-
tive to microenvironmental cues, the role of surface topography in modulating immune
responses remains poorly understood. Recent studies suggest that specific topographi-
cal features can promote chronic inflammation, yet the underlying mechanisms remain
elusive [62]. The buckling-induced fabrication method employed in this study presents
a distinct advantage by allowing the controlled evaluation of cellular responses to sur-
face topography without altering the underlying material properties. This approach
ensures that observed effects arise purely from topographical influences, making it an
invaluable tool for studying microbe-surface and immune cell-surface interactions in
both fundamental and applied biomedical research.

Overall, this work demonstrates that bacterial adhesion and early colonization are
governed not by surface topography or shear alone, but by their combined and dynamic
interaction. By introducing controlled wrinkling geometries into microfluidic channels,
we revealed bacterial behaviors that cannot be explained by single-factor studies, pro-
viding a mechanistic basis for how flow and topography act together. Importantly,
our additional experiments under pulsatile flow show that these interactions are also
influenced by temporal variations in shear, indicating that time-dependent hydrody-
namic cues can further regulate bacterial attachment. Taken together, these results
move the field beyond static views of surface effects and point toward design principles
that integrate both spatial and temporal control of flow and topography for biofilm
management in biomedical, industrial, and environmental settings.

Methods

Patterned surfaces fabrication

Patterned surfaces were fabricated using plasma oxidation of polydimethylsiloxane
(PDMS, Sylgard 184 kit, Dow Corning) and Ecoflex (Ecoflex 00-31 Near Clear,
Smooth-On). The bilayer structure was generated through uniaxial stretch using a
custom-built mechanical actuator, followed by plasma oxidation of a PDMS or Ecoflex
substrate. Upon release of the applied strain beyond a critical threshold €., a sinusoidal



buckling instability was induced, characterized by a wavelength A and amplitude A,
as described by
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where A is the thickness of the oxidized stiff skin, while E ¢ and E, represent the plane
strain modulus and the substrate modulus, respectively. A is defined as the peak-to-
peak distance of the sinusoidal profile, and A as the half of the profile height. By
adjusting the applied strain and the plasma treatment parameters (exposure time
and power), different geometries can be fabricated. Specifically, 0.5 pm wy sinusoidal
surfaces where obtained by stretching a 2 mm-thick PDMS coupon at € = 20% and
plasma treating it for 30 minutes in a MHz plasma chamber (Harrick). The 2 pm
w, sinusoidal surfaces were fabricated using the same strain conditions but with a
5-minute exposure in a kHz plasma chamber (Diener Femto). The 5 pm w; surfaces
were produced by stretching a 2 mm-thick Ecoflex coupon to 80% strain and expos-
ing it to plasma oxidation for 2 minutes in the MHz plasma chamber. 20 pm wy
surfaces were obtained by stretching a 2 mm-thick Ecoflex coupon to 50% strain and
applying 15 minutes of plasma oxidation in the MHz plasma chamber. Pattern char-
acterization was carried out using phase-contrast optical microscopy, SEM, and AFM.
Wavelengths in the range of 2 pm to 20 pm were measured by phase-contrast optical
microscopy at 40X and 60X magnification and confirmed by AFM. For each sample,
at least 20 measurements were collected across different regions and averaged. AFM
was further used to obtain full topographical maps, enabling precise quantification
of pattern amplitude and validation of the optical wavelength measurements. SEM
provided large-area visualization of the surface morphology as well as cross-sectional
imaging of the patterns.

Microfluidic assays

For all the experiments, we fabricated a microfluidic chip consisting of six parallel
straight channels (Fig. 1a) in PDMS, molded from a silicon master wafer. The chip was
assembled by plasma bonding the flat and wrinkled surfaces to the PDMS channels.
A syringe pump (Harvard Apparatus) was used to perfuse the channels, allowing
simultaneous experiments at five different shear rates. For each experiment, syringes
were loaded with fresh Tryptone Broth (TB) or Columbia Broth (CB), depending
on the bacterial strain. Syringe volumes ranged from 1 to 5 mL, depending on the
flow rate. The bacterial inoculum was prepared by measuring the optical density at
600 nm (ODgqo) and adjusting it to the desired concentration, optimized from previous
calibration experiments in microfluidic channels. Specifically, an inoculum of O Dgog =
0.2 (~108 cells) was used for colonization experiments, while ODgop = 0.005 was used
for biofilm formation assays.



Bacterial cultures

The bacterial strains used in this study were Pseudomonas aeruginosa wild-type
(PA14 WT), the motility-deficient mutant PA14AmotABCD (O’Toole strain 2128,
2127), the pili-deficient mutant PA14Apil B (Kolter collection number ZK3351), and
Staphylococcus aureus Newman strain tagged with GFP (NCTC 10833). Bacterial sus-
pensions were prepared by inoculating colonies from agar plates into 3 mL of Terrific
Broth (TB, 14 ¢ L=! tryptone) for P. aeruginosa strains and Columbia Broth (CB,
BD DIFCO, 30 g L1) for S. aureus. Cultures were incubated at 37°C for 4 hours.
Following incubation, suspensions were diluted with fresh medium to the desidered
concentration. Fluorescent labeling of PA14 WT was performed using a CellTracker”
Green (Thermo Fisher Scientific) at a final concentration of 3 mM. Cells were incu-
bated at room temperature for 15 minutes, centrifuged at 2683 RCF to remove the
excess dye, and resuspended in fresh medium to the final concentration.

Image acquisition and analysis

Bacterial spatial distribution under flow was analyzed using fluorescence and phase-
contrast microscopy (20X and 40X magnification) on an inverted microscope (Leica
DMi8, LAS X 3.10.0.28982, MetaMorph 7.10.1.161) equipped with an automated
stage and temperature-controlled incubator. Images were acquired every five minutes
in three different regions of the microfluidic channels, with at least three replicate
experiments. Image processing and segmentation were performed using Fiji (ImageJ
1.54p [63]) and Ilastik (Ilastik 1.4.0.postl), a machine learning-based segmentation
toolkit [64]. High-resolution imaging of bacterial cells was conducted using atomic force
microscopy (AFM, Nanowizard IV XP, JPK Instruments, Germany) in tapping mode
under ambient conditions. Scans were performed over a 50 pm by 50 pm region at 0.5
Hz. Bacterial orientation analysis was performed by dividing fluorescence microscopy
images into grids and applying a local fast FFT to each subimage/tile separately. The
individual FFT's were then averaged to obtain the angular probability density function
(PDF) of bacterial alignment relative to the flow direction. Statistical analyses were
performed on datasets comprising at least N = 500 individual cells per frame. For
each experimental condition, three frames were acquired per microfluidic channel, and
three independent channels were analyzed as technical replicates. Each experiment
was repeated on three separate days to provide biological replicates.

Sample preparation for SEM imaging

Bacterial fixation was performed by flowing a 4% paraformaldehyde (PFA) solution
through the microfluidic channels, followed by a 15-minute incubation at room tem-
perature. After fixation, channels were flushed with deionized (DI) water and dried.
For imaging, circular patches of PDMS and Ecoflex were obtained using a 8 mm biopsy
punch. These discs were mounted on standard SEM stubs (Zeiss, 12.5 mm diameter)
using carbon conductive tape (PELCO/Ted Pella). In some cases, samples were cut
into thinner strips using a razor blade and mounted on SEM stubs with conductive
carbon tape. To ensure stable attachment and improve electrical grounding, a small
drop of conductive silver paint (L200N, Agar Scientific) was applied. A thin conductive



chromium layer was sputter-coated onto the samples using a Quorum Q150T ES Plus
sputter coater equipped with a 57 mm Cr target (Quorum Technologies). Sputtering
parameters were set to 120 mA for 20 seconds, with a tooling factor of 2.30. Samples
with bacteria underwent the same metallization procedure following PFA fixation.

FIB-SEM imaging and milling

Samples were imaged using a Zeiss Crossbeam 550 FIB-SEM microscope (Carl Zeiss
AG, Jena, Germany). SEM imaging was performed at an accelerating voltage of 5 kV
using the secondary electron detector. The working distance was set to 5.1 mm, corre-
sponding to the eucentric height of the FIB beam. To maximize contrast, images were
acquired in line averaging mode, with each line sampled 10 times. The scan speed was
set to 5, resulting in an acquisition time of approximately 3.5 minutes per image at a
resolution of 4096 x 3072 pixels. Overview images were taken at magnifications of 65x
(pixel spacing: 429.4 nm), and 250x (pixel spacing: 116.5 nm). Higher-magnification
images were acquired using dedicated magnification depending on the wavelength of
the pattern. Gallium ion FIB milling was performed at 30 kV in bidirectional scanning
mode using SmartFIB, with cycle mode set to loop. The milling current was empiri-
cally determined to achieve a clean cut without damaging the sample. The track and
pixel spacing were set to 50%, and the ion dose was maintained at 200 mC e¢m~2. Tilt
compensation was applied during image acquisition to ensure accurate measurement
of the ridge depths.

CFD simulations

We characterized the flow field inside the microchannels with wrinkled walls at different
wavelengths and geometries by performing 3D numerical simulations with COMSOL
Multiphysics 6.0 (COMSOL AB, Stockholm, Sweden). The hydrodynamic problem
was solved using the Laminar Flow interface of the CFD module, implementing the
incompressible form of the Navier—Stokes and continuity equations. To optimize com-
putational efficiency, we set a vertical symmetry plane at the centerline of the channel
and solved the equations for only one-half of the geometry. By exploiting the periodic-
ity of the patterned surfaces, we applied periodic boundary conditions and simulated
only a short portion of channel in the direction of flow, assigning the inlet and outlet as
source and destination surfaces, respectively. The pressure difference Ap = pgre — past
between source and destination surfaces was set to match the experimental average
velocity U inside the channel. Ap was calculated during the simulations as the pressure
value satisfying the additional global equation U — gy = 0, where u{y = 0 is the aver-
age velocity value of the numerical solution at the inlet. For patterns perpendicular to
the flow direction, we used a periodic box with length L = 10\ in the direction of flow.
For patterns aligned to the direction of flow, we set L = A. In both configurations, the
mesh was swept along the pattern direction and consisted of approximately 1.5 - 10°
elements. To analyze the flow field near surface-attached bacterial cells, we incorpo-
rated 3D objects representing individual bacteria within the simulated microchannel.
Each bacterium was modeled as a cylinder with hemispherical caps, with radius R =
0.5 um and a total length L = 3 pm. Simulations were performed with single cells in



three different positions on the wrinkled walls: in a minimum, in a maximum, and in
an intermediate position. In the intermediate position, the cell is touching the surface
at a distance A/4 from a maximum. To avoid artifacts due to symmetry constraints, we
modeled cells across the symmetry plane whenever possible, ensuring that only half of
the bacterium was explicitly simulated while the other half was mirrored. When this
was not feasible, we placed cells sufficiently far from the symmetry plane to minimize
flow perturbations caused by their mirrored images. A finer mesh was used around
the bacterial cells to improve accuracy, leading to a total of approximately 5 - 10°
elements.

Data Availability. Additional data supporting this study are available in the Sup-
plementary Information. A Source Data file containing all data displayed in the
figures and reported in the tables is provided with this paper and is accessible at
10.5281/7zenodo.17303681. Any remaining data underlying this study are available
from the corresponding author upon request.
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Figure Legends
Figure 1

Tunable patterned surfaces are fabricated via spontaneous buckling and
integrated into a microfluidic device. a Phase diagram illustrating the mechanical
instability modes in soft bilayers, computing the mismatch in mechanical properties as
the ratio of the elastic modulus of the foundation material FE over the elastic modulus
of the thin film layer E;. Representative 3D atomic force microscopy (AFM) projec-
tions show experimental sinusoidal wrinkling (w,) and period-doubling/folding modes
(wy) observed in our plasma-oxidized silicone elastomeric substrates. b Schematic
of the microfluidic wrinkled device. The upper section consists of six straight poly-
dimethylsiloxane (PDMS) channels, each with a cross-section of 70 pum x 800 um
(height x width). The lower section features a PDMS substrate with a flat (unpat-
terned, F) surface and two sinusoidal wrinkling patterns ws: one aligned parallel to the



flow direction (wy)) and one perpendicular to it (ws1). ¢ AFM images showing repre-
sentative 3D projections of adhered Pseudomonas aeruginosa on a flat surface (F) and
on a sinusoidal w, pattern within the microfluidic wrinkling device. Scale bar, 5 pm.

Figure 2

Numerical simulations reveal how wrinkled topographies and attached
bacteria generate shear gradients that influence surface colonization. a Rod-
shaped bacterium attached to a flat surface (F), with orientation perpendicular (left)
and parallel (right) to the flow, under a defined shear rate of ¥ = 80 s~!. b Sinusoidal
wrinkled surface A = 2 pym and A/\ = 0.25, oriented perpendicularly to the flow
direction (ws, ). ¢ Folding surface with A =5 pym and A/X = 0.4, oriented perpendic-
ularly to the flow direction (wys, ). d Folding surface with A =20 pm and A/X = 0.2,
oriented perpendicularly to the flow direction (wy ). Two attachment configurations
were considered: hilltop attachment and valley attachment. Bacteria were modeled as
cylinders with hemispherical caps (radius R = 0.5 um, total length L = 3 ym). e Shear
rate streamlines for a wy, surface (A/X = 0.4), showing the occurrence of recircula-
tion zones in the valley region (left), and for a ws, surface (A/A = 0.25, right). Data
are reported as normalized ‘excess shear rate’ (Y, /YrF).

Figure 3

Shear flow and pattern orientation modulate Pseudomonas aeruginosa
PA14 adhesion on wrinkled surfaces. a-b Temporal evolution of the surface cov-
erage S, (insets) of wild-type P. aeruginosa PA14 on 2 ym wrinkled surfaces, wy) (a)
and ws, (b), normalized by the coverage of a flat (F) surface S./Sp across different
shear rates. ¢ Probability distribution functions of bacterial orientation obtained from
the fluorescent images shown in Fig. Sla for the F, ws), and ws after 2 hours of con-
tinuous flow. Insets display the fast Fourier transform of the distribution. Scale bar is
0.02 pm~1. Created in BioRender. Rusconi, R. (2025) https://BioRender.com /ihbaq87
d Comparison of surface coverage on w,|| (circle) and w, patterns (squares) at differ-
ent shear rates with a flat surface (diamonds) at the 3-hour time point. Insets represent
schematic representations of the shear-induced adhesion phenomenon observed on flat
surfaces and the shear-decreased adhesion behavior observed on wrinkled substrates.
Created in BioRender. Rusconi, R. (2025) https://BioRender.com/7gbedk6. For a—b
and d, data represent the mean + SEM from at least N = 500 cells per frame, three
frames per channel, and three technical channels per condition, with three independent
biological replicates. Source data are provided as a Source Data file.

Figure 4

Motility influences the adhesion response of Pseudomonas aeruginosa to
shear on wrinkled surfaces. a-b Normalized surface coverage S./Sr of the non-
motile PA14 AmotABCD on wy (left) and w, (right) surfaces at different time points
and shear rates. ¢ Surface coverage S./Sr as a function of shear rate, comparing the
PA14 AmotABCD mutant and wild-type (WT) PA14 on on wy (circles) and w1
(squares) surfaces. d Schematic depicting the attachment and detachment behavior



of WT (orange) and AmotABCD mutant (purple) strains on w,, surfaces. Created
in BioRender. Rusconi, R. (2025) https://BioRender.com/2ckm3h6. For a—c, data
represent the mean £ SEM from at least N = 500 cells per frame, three frames per
channel, and three technical channels per condition, with three independent biological
replicates. Source data are provided as a Source Data file.

Figure 5

Surface wavelength and aspect ratio determine Pseudomonas aeruginosa
PA14 adhesion on wrinkled and folded surfaces. a Normalized surface coverage
(S¢/Sy) of P. aeruginosa PA14 cells, relative to an equivalent flat surface, at a shear
rate of 80 s~!. For wy, wy (circles), w,y, and wy) surfaces (squares), bacterial
coverage decreases as A increases up to 5 pm, followed by an increase at A = 20 pm.
b Optical microscopy images showing the attachment of PA14 wild-type cells on w,
and wy | surfaces with A values of 0.5 ym, 2 ym, 5 pm, and 20 pm at a shear rate of
80 s~!. ¢ Normalized surface coverage (S./S¢) of PA14 cells, relative to an equivalent
flat surface, at a shear rate of 80 s—!. Coverage is plotted for wg), wy| (circles), ws,
and wy, surfaces (squares) as a function of pattern aspect ratio (A/\). For surfaces
with aspect ratios above 0.25, including 2 pym w, and 5 pm wy patterns, a decrease
in bacterial adhesion is observed. d Scanning electron microscopy (SEM) images of
2 pm ws and 5 pm wy surfaces. Focused ion beam (FIB) milling cuts show surface
cross-sectional profiles without PA14 cells (left) and with adhered PA14 cells (right).
e Schematic representation of PA14 cells adhered to sinusoidal and folding profiles
based on AFM measurements. Significant decreased adhesion is observed for patterns
with A/ values above 0.25. For a, data represent the mean + SEM from at least
N = 500 cells per frame, three frames per channel, and three technical channels per
condition, with three independent biological replicates. Source data are provided as a
Source Data file.

Figure 6

Wrinkled and folded substrates reduce surface colonization of type IV
pili-defective Pseudomonas aeruginosa PA14 under shear flow. a-b Normal-
ized surface coverage (S./Sr) of PA14 ApilB on sinusoidal ws, (a, left) and folding
wyy (b, right) surfaces at different time points and shear rates. ¢ Surface coverage
at 3 h as a function of shear rate for w,, (circles) and wy, (squares) surfaces. For
a—c, data represent the mean + SEM from at least N = 500 cells per frame, three
frames per channel, and three technical channels per condition, with three independent
biological replicates. Source data are provided as a Source Data file.

Figure 7

Shear flow and pattern geometry regulate Staphylococcus aureus surface
colonization on folded substrates. a Fluorescence and phase-contrast overlaid
optical microscopy images of Staphylococcus aureus Newman on 5 pm patterned wy
surfaces at different shear rates. b S. aureus Newman surface coverage (S.) as a func-
tion of imposed shear stress on 5 um patterned surfaces, comparing wy | (squares)



and wy|| (circles) orientations with F surfaces (triangles) at 3 hours. ¢ S. aureus New-
man surface coverage (S.) as a function of pattern wavelength at 3 hours and a shear
stress of 80 s™! for parallel wy (circles) and perpendicular w, orientations (squares).
d S. aureus Newman surface coverage (S.) as a function of pattern aspect ratio (A/\)
at 3 hours and a shear stress of 80 s~ for parallel w) (circles) and perpendicular w
orientations (squares). e Fluorescence and phase-contrast overlaid optical microscopy
images of S. aureus Newman on wy, surfaces with different pattern wavelengths at
3 hours. For b—d, data represent the mean + SEM from at least N = 500 cells per
frame, three frames per channel, and three technical channels per condition, with three
independent biological replicates. Source data are provided as a Source Data file.

Figure 8

Pulsatile flow shapes Pseudomonas aeruginosa and Staphylococcus aureus
attachment on folded surfaces. a Schematic of the pulsatile flow cycle. The syringe
pump alternated between Qe = 4 pl/min (4 = 160 s~ 1) and Qi = 0 pl/min with
a cycle period of T' = 10 s. b Segmented images of S. aureus Newman at different
phases of the pulsatile cycle, showing bacterial accumulation at @, and detachment
at Qmaz- Scale bar, 5 um. ¢ Surface coverage S.(%) of PA14 under pulsatile (pur-
ple) continuous (pink) flow for flat surfaces (squares) and 5 pm wy surfaces (circles).
Inset: normalized surface coverage S./Sy. d Surface coverage S.(%) of S. aureus New-
man under pulsatile (green) and continuous (blue) flow for flat surfaces (squares) and
5 pm wy surfaces (circles). Inset: normalized surface coverage S./Sr. For c—d, data
represent the mean + SEM from at least N = 500 cells per frame, three frames per
channel, and three technical channels per condition, with three independent biological
replicates.

Figure 9

Folded surface topography suppresses biofilm formation under high shear.
a-b Optical microscopy images showing biofilm formation of a P. aeruginosa PA14
WT and b S. aureus Newman on flat (F, first and third column) and 5 pm wy, surfaces
(second and fourth column) under a shear rate of 200 s=* at 12 h (first line) and 24
h (second line). Biofilm formation was tracked by labeling the bacterial suspension
with propidium iodide (PI, red signal), which binds extracellular DNA produced by
bacteria at different stages of biofilm formation. Scale bar, 10 pm.
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Supplementary Information: Reduction of bacterial colonization on

buckling-induced wrinkled surfaces under fluid shear
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FIG. S1. Pattern orientation affects early surface colonization by Pseudomonas aeruginosa PA14 under
shear. Optical microscopy characterization of wild-type PA14 attachment on F, A = 2 ym ws) surfaces and ws, at
different time points, at a shear rate ¥ = 80 s™'. Optical images display phase contrast (PH) and green fluorescent
(GFP-FLUO) channels to highlight, respectively, the wrinkling pattern and the bacteria. Scale bar, 50 pm.
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FIG. S2. Sinusoidal wrinkles confine Pseudomonas aeruginosa PA14 cells. a AFM imaging of PA14 WT
cells attached on F, ws), and ws, surfaces. 1D-profiles extracted from AFM imaging of b cross-section profile of
a sinusoidal wrinkling surface ws with characteristic A= 2 ym and A= 0.3 pm. c Cross-section of a PA14 WT cell
adhered against the pattern direction. d Cross-section of a PA14 cell adhered in a valley portion of the sinusoidal
profile. e Longitudinal section of d. Bacterial profiles on sinusoidal surfaces are compared to cells adhering on F
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FIG. S3. Shear increases colonization of flat substrates by motile Pseudomonas aeruginosa PA14.
Surface coverage analysis of a motile PA14 WT and b non-motile PA14AmotABCD strains on F surfaces up to 4
hours, at different shear rates. ¢ Surface coverage at 3h for PA14 WT and PA14AmotABCD. For a-c, data represent
the mean + SEM from at least N = 500 cells per frame, three frames per channel, and three technical channels per
condition, with three independent biological replicates. Source data are provided as a Source Data file.
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FIG. S5. FIB-SEM characterization of pattern features and microbial confinement in folded and
wrinkled substrates. SEM images at different magnifications and FIB cross-sectional cuts of PA14 WT and SA

Newman strains on 2 ym ws1 and 5 pm wyy surfaces.
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Source Data file.



b 3 PA14 c S. aureus Newman

S/Sr

| | | | | | | |
00 50 100 150 200 250 00 50 100 150 200 250
t (min) t(min)

FIG. S7. Riblet-like patterns do not alter surface colonization compared to flat substrates. a Numerical
simulation of a riblet-like pattern obtained from the negative replica of the 20 pum wy surfaces (A/A = 0.25). b
Normalized surface coverage of PA14 on a riblet-like pattern (orange squares) compared to a 20 pm wy surface (blue
squares). ¢ Normalized surface coverage of S. aureus Newman on a riblet-like pattern (orange circles) compared to
a 20 pm wy surface (blue circles). For b-c, data represent the mean + SEM from at least N = 500 cells per frame,
three frames per channel, and three technical channels per condition, with three independent biological replicates.
Source data are provided as a Source Data file.



TABLE I. Reduction in bacterial surface coverage relative to a flat surface (%). Percentage coverage
reductions for the different bacterial strains described in the main manuscript, PA14, PA14AmotABCD and SA
Newmann on patterned surfaces w and w, bearing different wavelengths A (um) and exposed to different shear
rates 4 (s~'). Reduced coverages are calculated comparing the actual coverage at 3 hours on w) and w, surfaces
Se to the one relative to an equivalent F surface Sy and expressed as 1-(S./S;)*100. Source data are provided as a
Source Data file.

PA14 WT PA14Amot SA Newman
A (,um) ¥ (8_1) w) w w)| wy w| wy
0.5 80 -12.54+ 2.2 -14.94+ 3.4 51.3 =+ 81 51.4+ 5.3
0.4 -45.6 = 11.4 -50.4+ 2.1 -27.9 £ 5.5 2.5 £ 2.1
4 -35.64+ 10.1 -84 + 7.4 94 + 23 10.1£ 5.3
2 20 41.7 &£ 3.2 64.2+ 3.9 64.3 £ 3.3 85.3 £ 1.7
80 69.1 £1.7 724+33 8774+ 1.1 91.3 £08 84.2+1.585.8=+ 1.8
200 66.4 +£1.3 829+ 1.3 94.5 £ 0.4 96.2 £ 0.4
0.4 479 £ 4.1 63.4 £+ 1.7 26.1 £1.5289 £ 1.5
4 704 £1.5 622+ 1.3 471 4+ 1.1 49.1 £1.2
5 20 81.1 £1.6 94.1 £ 0.6 89.2 £ 1.6 92.6 £ 1.2
80 86.8 £ 0.4 98.2 + 0.3 89.9 £ 1.2 93.6 £ 1.1
200 96.5 £ 0.1 99.4 + 0.3 93.8 £ 1.1 96.1+ 0.5
20 80 -10.9+ 0.6 -5.24+ 3.3 289 £ 1.5 26.1£ 1.5

TABLE II. Reduction of biofilm coverage on folded surfaces under high shear. Percentage biofilm coverage
reduction for PA14 WT and SA Newman on 5 um wy, surfaces at a shear rate of ¥ =200 (s™') at 12 h and 24 h.
Reduced coverage has been calculated comparing the integrated intensity of the propidium iodide (PI), red fluorescent
stain marking the extracellular DNA and indicative of biofilm formation, for wy, surfaces and compared to the
integrated intensity registered on equivalent F' surfaces.

Reduced biofilm formation (%)

time (h) PA14 WT SA Newman
S pm wy S pm wyy
12 75.7 £ 2.5 86.5 £ 1.5

24 80.3 £ 14 83.1£1.9
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ABSTRACT

Chronic lymphocytic leukemia (CLL) is an incurable disease characterized by an intense trafficking of the leukemic cells between the
peripheral blood and lymphoid tissues. It is known that the ability of lymphocytes to recirculate strongly depends on their capability to
rapidly rearrange their cytoskeleton and adapt to external cues; however, little is known about the differences occurring between CLL
and healthy B cells during these processes. To investigate this point, we applied a single-cell optical (super resolution microscopy) and
nanomechanical approaches (atomic force microscopy, real-time deformability cytometry) to both CLL and healthy B lymphocytes and
compared their behavior. We demonstrated that CLL cells have a specific actomyosin complex organization and altered mechanical
properties in comparison to their healthy counterpart. To evaluate the clinical relevance of our findings, we treated the cells in vitro with
the Bruton’s tyrosine kinase inhibitors and we found for the first time that the drug restores the CLL cells mechanical properties to a
healthy phenotype and activates the actomyosin complex. We further validated these results in vivo on CLL cells isolated from patients
undergoing ibrutinib treatment. Our results suggest that CLL cells’” mechanical properties are linked to their actin cytoskeleton organi-
zation and might be involved in novel mechanisms of drug resistance, thus becoming a new potential therapeutic target aiming at the

normalization of the mechanical fingerprints of the leukemic cells.

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most common
leukemia in the Western world and it is characterized by pro-
gressive accumulation of mature monoclonal CDS5* B lympho-
cytes in the peripheral blood (PB), bone marrow (BM), and
secondary lymphoid organs.! The traffic of CLL cells? between
the PB and lymphoid organs is thought to be an active pro-
cess involving a dynamic cytoskeletal remodelling® that con-
tributes to disease maintenance and progression, creating
niches where CLL cells can survive and proliferate.* These
mechanisms represent a portion of a more complex scenario

outlining a dynamic and heterogeneous disease,” a complex-
ity that may underlie the fact that CLL still remains incur-
able. Deeper understanding of CLL and the B-cell receptor
(BCR) signaling pathway has resulted in the development of
new therapeutic approaches that have remarkably improved
patient outcomes.® Among them, new target therapies (e,
kinase and BCL2 inhibitors)®” are progressively replacing
chemoimmunotherapy. In particular, the Bruton’s tyrosine
kinase (BTK) inhibitors® such as ibrutinib,”!° are an effective
therapy leading to sustained responses, although patients may
become resistant and relapse.'! Ibrutinib promotes CLL cells
mobilization from the tissues to the PB'2 where they lose the
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protective effect exerted by the microenvironment and even-
tually undergo apoptosis. However, what really occurs in
the tissues, and which are the processes regulating CLL cells
dynamics and resistance to the therapy remains to be eluci-
dated also due to methodological limitations.* An important
aspect currently unexplored in CLL is how leukemic cells are
able to adapt and remodel themselves and their microenvi-
ronments, once exposed to physical forces (ie, shear stress
and compression).!>'¢ In particular, cells are able to sense!”!®
these forces through mechanoreceptors and respond to them
by exerting reciprocal cytoskeletal (ie, actomyosin complex)
dependent generated forces, through a process termed mech-
anoreciprocity.” Loss of mechanoreciprocity has shown to
promote cancer progression in solid tumors?®?'; however, just
a few reports studied how the cytoskeleton and cell-intrin-
sic mechanical properties might affect hematological cancer
development, progression, and response to therapies.?>? In
the present work, we combined different techniques to gather
information at the single-cell level on cytoskeleton organiza-
tion and the mechanical properties of primary B lymphocytes
isolated, from patients with CLL and healthy donors (HD-B).
We compared the actomyosin complex architecture by super
resolution microscopy (stimulated emission depletion micros-
copy [STED]*), cellular swelling by osmotic shock,? cell elas-
ticity by atomic force microscopy in force spectroscopy mode
(AFM-FS),>28 and real-time deformability cytometry (RT-
DC),»- identifying a significant different mechanical behav-
ior of CLL cells in comparison to HD-B.

Furthermore, AFM-FS was employed to investigate the effect
of ibrutinib on the mechanical properties of B cells. Importantly,
we observed that in vitro and in vivo ibrutinib administration
restores the mechanical properties of CLL cells toward the phe-
notype of HD-B lymphocytes until the onset of drug resistance
and activates the actomyosin complex. All these data suggest
that the mechanical fingerprint of CLL cells is linked to the
actin cytoskeleton and is strongly associated with their malig-
nant behavior and that the benefits of ibrutinib administration
may also include the restoration of cell stiffness to physiological
levels.

MATERIALS AND METHODS

Patients

Patients with CLL were diagnosed according to the updated
National Cancer Institute Working Group guidelines.’! PB sam-
ples were obtained after informed consent from patients who
were either (1) untreated or off treatment for at least 6 months
or (2) under ibrutinib treatment. The study was approved by
the Ospedale San Raffaele ethics committee under the proto-
col VIVI-CLL entitled: “In vivo and in vitro characterization on
CLL.” Clinical and biological characteristics of CLL patients
used for the experiments are reported in the Supplemental mate-
rial (Table 1).

Stimulated emission depletion microscopy

We used a gated STED-3X-WLL SP8 microscope (Leica
Microsystems, Wetzlar, Germany) and a HC Pl Apo CS2
100x/1.40 oil objective for all experiments. The microscope
was equipped with 592-nm and 660-nm depletion lasers, and
the excitation was provided by a pulsed white laser. The acqui-
sition software was LAS X 3.5.6.21594 (Leica Microsystems,
Wetzlar, Germany). Cells were stained with anti-myosin-Al-
exa-532 Ab and/or anti-actin-Alexa-568 Ab. STED images
were acquired under X,Y depletion at 660nm, deconvolved
(Huygens software, Scientific Volume Imaging BV, Hilversum,
The Netherlands) and analyzed by Image]/Fiji software (Image.
net).?? For details see Supplemental methods section and previ-
ous protocol optimization.?*

www.hemaspherejournal.com

Swelling experiment

Cells were seeded on polyornithine (1:10) precoated p-Slide
8 Well (Ibidi, Grifelfing, Germany) in 100 pL of PBS to main-
tain a low level of soluble in the culture. Time-lapse bright-field
sequences were recorded using a spinning disk confocal-base
Zeiss microscope (Zeiss, Cell Observer SD, Oberkochen,
Germany). In some cases, we stained the nuclear chromatin with
Hoechst 33342 solution, 1:2000 for <10 minutes and washed
the sample before microscopy. Time-lapse sequences were
acquired for 30 minutes at a rate of 1 frame/s. After the first
50 seconds, we injected 450 pL of MilliQ water in the medium
using a submillimeter tube (500 pm in diameter). Cells were
immediately swelling. Adaptive focus was used for following the
volume increase. Time-lapse image sequences were segmented
using an ad hoc software developed in MATLAB software
(MathWorks inc, Natick, MA). The starting point is the 16-bit
tiff images generated from the microscope system which, fol-
lowing a procedure based on the H-Maxima transformation
algorithm, are segmented to identify the area of the different
cells. The cell radius is considered as half of the major axis of
each individual area.

Atomic force microscopy in force spectroscopy mode

For AFM-FS measurement, primary cells were plated
on adapted 34mm petri dish (TPP, 93040, Trasadingen,
Switzerland) coated o/n with poly-L-ornithine solution 0.01%
(Merck, Darmstadt, Germany) in Roswell Park Memorial
Institute medium supplemented with 10% fetal bovine serum
for 2 hours in standard incubator with a concentration of
2x10° cells/plate. After careful removal of medium, cells were
washed twice with PBS. Measures were carried out in PBS
supplemented with Ca? and Mg?* (Thermo Fisher Scientific,
Waltham, MA). AFM-FS measurements were performed with
a Nanowizard II (JPK Instruments, Berlin, Germany) equipped
with a square-based pyramid probe (MLCT-BIO, cantilever E,
0.1 N/m nominal spring constant).>*-35 All measures were carried
out at room temperature in PBS Ca* Mg?*. The calibration of
each cantilever spring constant was performed by thermal noise
method®**” both in air and in PBS just before the measurements
on every petri dish. Force-indentation curves were acquired with
a maximum applied force of 1 nN, a 4 pm ramp length and
a constant speed of 2 pm/s on a grid of 1x1 pm? with 4x4
points. The force-distance curves were corrected for the bend-
ing of the cantilever to obtain the force-indentation curves. The
evaluation of cellular elastic properties, described quantitatively
through the Young’s Modulus (YM), was obtained by force-in-
dentation curves analysis with the Hertz-Sneddon model, taking
into account the shape of the tip**3? (see Supplemental Digital
Content). Each force-indentation curve was fitted by JPK data
processing software (JPK Instruments, Berlin, Germany) up
to about 500nm of indentation depth. To prevent significant
changes in morphology or viability of living cells, each petri
dish was measured within 2 hours. After measurements, a cell
count with Trypan Blue (Merck, C8273, Darmstadt, Germany)
was performed and compared with a control petri dish kept in
the incubator in the standard seeding medium. No significant
difference in the death count was detected.

Real-time deformability cytometry

Cell mechanical measurements have been carried out using
an AcCellerator system (Zellmechanik Dresden, Germany)
with a fluorescence module. Suspended cells were driven
through a microfluidic chip with a 300-pm long constric-
tion of 20x20 pm? cross-section where they were deformed
by shear and normal stresses.?”* Frozen samples from both
patients and healthy donors were centrifuged for 5 minutes
at 1500 rpm and resuspended in CellCarrierB (PBS” without
Ca?*/Mg* and supplemented with 0.6% [w/v] methyl cellu-
lose) to a final concentration of 5 x 10° cell/mL. Measurements
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were performed at a total constant flow rate of 0.08 pL/s. A
total of about 10,000 cells per sample were captured. Analysis
of cell shape was made with ShapeOut software version 0.9.6
(Zellmechanik Dresden, Germany) using an area ratio of 1.05
(ratio between raw area and area within contour) to ensure
that cell contour represented the cell periphery.

Drug treatment for AMF-FS measurements

For treatment for AFM-FS measurement, Cytochalasin D
(Sigma, C8273, Albuquerque, New Mexico) was added directly
to PBS, incubated for 10 minutes, and then maintained in the
plate during the measurement. Similar protocol was used for
treatment with IgM (Southern biotech, 9023-01, Birmingham);
10 pL/mL of IgM was added directly to PBS and maintained
in the medium during all measurements. The experiment lasted
no longer than 2 hours to avoid saturation of the BCR sig-
nal. Ibrutinib (Selleckchem, S2680, Planegg, Germany) and
acalabrutinib (Selleckchem, S8116, Planegg, Germany) were
administered at concentrations of 1 pM or 10 pM* to cells in
suspension. After 4 hours incubation, the unbound drugs were
washed out by centrifuging the cell suspension. Cells were then
seeded on polyornithine precoated dishes (1:10) for 2 hours to
obtain stable adhesion, as described above for AFM-FS experi-
ments in the absence of the drug.

Statistical analysis

Statistical analyses were performed with Graphpad (San
Diego, CA) and Matlab (MathWorks inc, Natick, MA) software
applying Mann-Whitney U test, considering statistically signif-
icant a value of P < 0.05 (*), and consequently P < 0.005 (**)
and P < 0.0005 (***).

RESULTS

Nanoscale cytoskeleton architecture of CLL cells

The nanoscale architecture of the actin cytoskeleton in pri-
mary healthy and leukemic B cells has never been explored so
far. We applied single-cell STED super resolution microscopy
optimized as previously published.** We isolated primary B
cells from PB of patients with CLL (n = 8; Table 1) and from
HD-B donors (n = 3). Primary cells were plated on precoated
polyornithine coverslips and stained for actin to visualize long
and short actin filaments.*' For single-cell analysis, 3 optical
sections were imaged at the top, equatorial, and bottom regions
(Figure 1A), to compare, under identical acquisition conditions,
actin density, filament length and branching in representative cell
areas. Quantification was pursued by single optical section—sin-
gle-cell analysis (Suppl. Figure S1). Actin filaments in CLL and
HD-B cells are organized in a compact meshwork-like structure
(Figure 1A). At the top regions, actin density in CLL cells was
higher than in HD-B cells (P < 0.0001), while we did not observe
significant differences at the bottom regions (Figure 1B). At the
equatorial regions, actin appeared more packed and intense in
CLL cells, depicting a thicker area in the cytosol (Suppl. Figure
S2), and resulting in a higher density as compared with HD-B
cells (P < 0.0001; Figure 1B). Next, we analyzed 2 structural
elements of the actin-meshwork, filament length, and number of
branching (Figure 1C; Suppl. Figure S3). It is known that fila-
ments portions longer than 300nm readily buckle under com-
pressive forces involving the actomyosin complex,* for this
reason, we limited our analysis to the cell top and bottom regions
where single filaments were detectable and we considered only
filaments longer than 260nm, also consistent with our experi-
mental resolution (Suppl. Figure S4). Despite similar actin den-
sities, significant differences were found at the bottom regions
(Figure 1C; bottom panel), where CLL cells showed longer (P =
0.002) and more branched filaments (P < 0.0001) than normal
HD-B cells. At the top regions where actin density was higher in
CLL cells (Figure 1B), we observed only a moderate increase of

CLL Cells Mechanical Fingerprint

branching (P = 0.04) but no longer filaments (Figure 1C; upper
panel). The diversity of the actin organization captured by our
analysis on 3 optical sections was confirmed with whole-cell
reconstructions as shown in the representative 3D-STED stack
(Suppl. Videos S1 and S2). To evaluate the contractile force
generators in the cellular cortex,** we further determined the
local density of the nonmuscular myosin IIA, known motor and
cross-linker protein (Suppl. Figure S1). HD-B (n = 2) and CLL
(n = 6) cells were stained for myosin and STED images were
acquired at the top, equatorial, and bottom regions of single cells
(Figure 1D). In contrast to actin filaments, myosin shows punc-
tuate and diffuse patterns. In CLL cells, myosin density at the
top regions was significantly higher than at the bottom regions
(Figure 1E; top region P value = 0.02; bottom region P value =
0.06). At the equatorial regions, a significant increase of myosin
in HD-B compared with CLL cells regions was observed (P =
0.03). We performed an in-silico analysis (Blueprint Consortium)
on the expression levels of the myosin regulatory light chain 2
(MLC2) and myosin heavy chain, nonmuscle Ila (MYH9), com-
paring primary CLLs and HD-Bs. In-silico analysis confirmed
that CLL cells overexpress these genes, in line with our STED
results (Suppl. Figure S5), and consistently suggesting an altered
cytoskeleton organization in CLL cells.

The actomyosin complex is altered in CLL cells

Actin and myosin work as actomyosin complex to regulate
cell contraction and cellular tension.***¢ We further analyzed
the colocalization of actin and myosin in both primary HD-B
and CLL cells (HD-B donors n = 2; CLL patients n = 6) to fur-
ther study how the spatial arrangement of myosin motors at
the cortex affects cortical tension and the possible involvement
of this complex in CLL pathogenesis. Actin-myosin colocaliza-
tion was analyzed in 2D-STED images of bottom and equato-
rial regions obtaining the percentage of colocalization of actin
and myosin by Manders’ coefficient*” (Figure 2A and 2B),
(Methods and Suppl. Figures S6 and S7). Actin density at the
bottom regions did not change (Figure 1B), while we detected
an increase of myosin density (Figure 1E) in CLL. Despite that,
in those regions, actomyosin colocalization was found signifi-
cantly reduced in CLL cells (Figure 2A; right panel; P < 0.0001).
Moreover, although actin was denser at the cell equators
(Figure 1A) in CLL, actin and myosin colocalization was higher
in HD-B cells (Figure 2B; right panel; P < 0.0001). Noticeably,
the loss of actomyosin colocalization was evident despite the
intrapopulation heterogeneity (Figure 2). Considering myosin
colocalization with actin as a sign of activation and contractil-
ity, our results suggest a remarkable cytoskeleton alteration in
CLL, affecting the actomyosin complex (Figure 2C), possibly
underlying a decreased cellular contractility and tension* that
may be responsible for altered mechanical responses.

Different cytoskeletal architecture in CLL cells correlate with specific
mechanical response

To further investigate cellular tension in response to external
stimuli in HD-B and CLL cells, we performed a swelling exper-
iment, measuring single-cell area in the presence of an osmotic
pressure over time.?**-° As for STED imaging, cells were set in
adhesion on precoated polyornithine in multi-well (HD-B donors
n = 3; CLL patients n = 4). After water addition, cells swelled pro-
gressively, and their volume increased noticeably in the first 10
minutes (Suppl. Video S3; Figure 3A). The cellular radius over
time was used to track hypoosmotic swelling (see Methods and
Suppl. Figures S8 and S9) up to equilibrium. The cellular radius
at equilibrium was calculated as the asymptotic fitting value
(R;) of an exponentially increasing function. The increase of the
radlus expressed as R, /R, (where R, represents the initial value
of the radlus ) was undﬁoubtedly more pronounced in CLL cells as
obtained by the global fitting of the pooled kinetics (Figure 3B;
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Clinical and Biological Parameters of the Patients With CLL Used in the Experiments (n = 46)

Pt CD38 IGHV IGHV Homology Clinical

number Rai Binet Result Homology Outcome FISH course Application

1 1 A NA NA NA Not done Stable AFM

2 0 A 12.3 100 uCLL del13q14.3 (90.6%, homozygous 27.8%, Progressive AFM (ibrutinb), RT-DC

heterozygous 62.8%)

3 0 A 12.4 94.04 mCLL del13q14.3 (20%), del13034 (16.5%) Stable AFM, RT-DC, STED
(Ibrutinib)

4 1 A 0.68 95.49 mCLL del13q14.3 (29%), del13q34 (17.4%) Stable AFM, RT-DC

5 0 A 5.2 92.28/96.18 mCLL Not done Stable AFM

6 1 A 57.2 93.75 mCLL Not done Stable AFM

7 0 A 19.1 95.14 mCLL Not done Stable AFM, RT-DC

8 0 A 0.1 93.33 mCLL Normal Stable AFM

9 0 A 0 96.26 mCLL del13q14.3 (90%) Stable AFM

10 0 A 15.90 98.30 uCLL normal Progressive AFM (ibrutinb)

11 1 A 2 95.53 mCLL del17p13.1 (12%), +12 (80%) Progressive AFM (ibrutinb)

12 0 A 0 90.97 mCLL Not done Stable AFM

13 0 A 0.1 100 uCLL Normal Stable AFM, STED (Ibrutinib)

14 0 A 5 100 uCLL Normal Progressive AFM, RT-DC

15 NA NA NA 91.67 mCLL NA Stable AFM

16 1 NA 1 93.15 mCLL del13q14.3 (92.8%) Progressive AFM

17 0 A 415 100 mCLL del(11q) 84%, del(13q14.3) 97% Progressive AFM-BM

18 0 A 36.4 100 uCLL del(13q14) 87.8% Progressive AFM-BM

19 0 A 3 88.9 mCLL NA Progressive RT-DC

20 0 A 0.1 97.98 mCLL Not done Stable RT-DC

21 0 A 2.42 92.36 mCLL NA Stable RT-DC

22 0 A 4.6 100 uCLL del(13q14) 8% Progressive RT-DC

23 NA NA NA 91.67 mCLL del(17p) 12% Progressive RT-DC, STED

24 0 A 0.4 91.32 mCLL NA Stable RT-DC, WB

25 0 A 0.58 93.4 mCLL NA Stable STED, AFM (acalabrutinib)

26 0 A 0.4 93.75 mCLL Normal Stable STED

27 0 A 0.8 96.53 mCLL del(13q) 80% Stable STED

28 0 A 0.6 87.02 mCLL NA Stable STED

29 0 A 0 88.54 mCLL NA Stable Swelling

30 1 A 1.3 100 uCLL NA Stable Swelling

31 0 A NA 92.63 mCLL NA Stable Swelling

32 1 A 0.8 96.2 mCLL NA Stable Swelling

33 0 A 16.32 100 uCLL del(17p) Progressive AFM (ibrutinb)

34 0 A 0.16 3.94375 mCLL del13q14.3 (10%), del13q34 (8.4%), del11g22 Stable AFM (IgM)

(8.4%), del17p13 (11.2%)

35 0 A 0.3 93.8 mCLL del13q14.3 (75.5%), del13q34 (10%) Stable AFM (IgM)

36 0 A 0.1 92.71 mCLL NA Stable WB

37 1 A 0 96.18 mCLL del17p (11%), del13q14.3 (18%) e del13g34 (9%)  Progressive WB

38 1 A 0.1 91.23 mCLL NA Stable WB

39 2 B 9 100 uCLL Trisomy 12 (65.5%) Progressive WB

40 1 A 0 95,09 mCLL NA Stable WB, AFM (acalabrutinib)

4 0 A 18.7 99.66 uCLL Trisomy 12 (75%) Stable STED (Ibrutinib)

42 1 A NA NA NA NA Progressive AFM-Lynph node

43 1 A 1.4 100 uCLL Trisomy 12 (71.7%) Progressive AFM-Lynph node

44 NA NA NA NA NA NA Progressive AFM-Lynph node

45 0 A 3.33 100 uCLL del17p (91%) and del 13q14.3 (23.5%) Progressive AFM (acalabrutinib)

46 0 A 0.16 91.41 mCLL Normal Stable STED

CLL = chronic lymphocytic leukemia; mCLL = mutated=good prognosis; NA = not available; uCLL = unmutated=good prognosis.

P < 0.0001; Suppl. Figure S9). The same conclusion was reached
by fitting each individual cell kinetics first, and then averaging the
R, /R, values (Figure 3B). Thus, regardless the analytical method
and despite swelling kinetics were characterized by heterogeneous
distributions of characteristic times (t) (Suppl. Figure S10). Results
were in line with the different cytoskeleton organization in nor-
mal and patient-derived cells. The results suggest that a diver-
gent response of the cells to tension and, ultimately, their altered
mechanical properties might be a consequence of such a modified
actomyosin complex in CLL cells.** Considering that actin and
myosin largely dominate the mechanical properties of cells and

have an impact on cellular elasticity,’’*> we measured single-cell

cortical stiffness by AFM-FS (Figure 3C).** All measurements were
performed with cells in adhesion and no changes in cell viability
were observed (Suppl. Figure S11). We recorded force-indentation
curves that describe the relationship between the applied force and
the cell deformation (Figure 3D). We calculated the YM values
by fitting the approaching force-indentation curve at <500nm
indentation depth, which can be referred to as cortical stiffness.*
The analysis of HD-B and CLL cells (from HD-B donors n = 9;
CLL patients n = 22) indicated that CLL cells have a systematically
lower cortical stiffness than HD-B cells (P < 0.0001; Figure 3E;
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Figure 1. Single-cell analysis by STED super resolution microscopy for actin. (A) Representative images of anti-actin—Alexa-568 immunostained HD-B
and CLLs cells acquired under identical experimental conditions at the three selected cellular regions. Scale bar = 2 pm. (B) Scatter plots of actin density
expressed as percentage of the fluorescence intensity counts over the ROI total area intensity, obtained for the three explored cellular regions (see Materials
and Methods). Cells derived from the same healthy donor (HD-B) or patient (CLL) are identified by color-code. Horizontal bars: median values. Top region:
HD-B median 25.1%, and CLL median 29.3%; P < 0.0001. n = 147 HD-B cells from 3 donors and n = 181 CLL cells from 8 patients. Equatorial region: HD-B
median 17.6%, and CLL median 19.3%, P < 0.0001. n = 158 HD-B cells from 3 donors and n = 213 CLL cells from 8 patients. Bottom region: HD-B median
24.7%, and CLL median 24.8%; P = 0.76, n = 159 HD-B cells from 3 donors and n = 156 CLL cells from 8 patients. (C) Actin morphology evaluated as length
and branching of filaments at the top and bottom regions. In the scatter plots of actin filament length, we show the median filament length per cell. Top region:
HD-B median 0.72 pm, and CLL median 0.69 pm, P = 0.34. n = 152 HD-B cells from 3 donors and n = 134 CLL cells from 5 patients. Bottom region: HD-B
median 0.55 pm, and CLL median 0.61 pm, P = 0.002. n= 128 HD-B cells from 3 donors and n = 134 CLL cells from 5 patients. The filament branching plots
illustrate the mean number of actin branching per filament and per cell. Top region: HD-B mean 1.10, and CLL median 1.16; P = 0.04. n = 164 HD-B cells from
3 donors and n = 139 CLL cells from 5 patients. Bottom region: HD-B mean 0.94, and CLL median 1.08; P < 0.0001. n = 142 HD-B cells from 3 donors and
n = 146 CLL cells from 5 patients. (D) Representative STED images of anti-myosin-Alexa-532 immunostained HD-B and CLLs cells acquired under identical
experimental conditions at the 3 selected optical regions. Scale bar = 2 um. (E) Scatter plots of myosin density expressed as percentage of the fluorescence
intensity counts over the ROI total area intensity as obtained for the three explored cellular regions (see Materials and Methods). Cells are color-coded according
to each healthy donor (HD-B) or patient (CLL) from which they were obtained. Top region: HD-B median 2.0%, and CLL median 2.5%; P = 0.02; 32 HD-B cells
from 2 donors and 101 CLL cells from 6 patients. Equatorial region: HD-B median 2.9%, and CLL median 2.4%; P = 0.03; 40 HD-B cells from 2 donors and
98 CLL cells from 6 patients. Bottom region: HD-B median 3.78%, and CLL median 4.57%; P = 0.06; 40 HD-B cells from 2 donors and 100 CLL cells from 6
patients. All graphical schemes were made with Biorender. CLL = chronic lymphocytic leukemia; HD = healthy donors; STED = stimulated emission depletion microscopy.

Suppl. Figures S12 and S13). We further investigated whether
there was a correlation between cortical stiffness and patients’
prognostic factors (Table 1). We examined the distributions of the
cell cortical stiffness after segmenting patients according to the
IGHYV gene mutational status (IGH V<98 %=mutated=good prog-
nosis [mMCLL, n = 16] and IGH V=98 %=unmutated=bad progno-
sis [uCLL, n = §]).* The results reported in Suppl. Figure S14A

indicate a correlation between cell stiffness and IGHV mutational
status, being uCLL cells significantly softer than the mCLL popu-
lation (P = 0.04). In contrast, we did not observe any correlation
with the disease progression (Suppl. Figure S14B).

Considering the intrinsic plasticity of lymphocytes and
their ability to traffic and home in different anatomical com-
partments,**=” we further assessed their mechanical properties
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Figure 2. Single-cell actomyosin colocalization by STED super resolution microscopy. (A, left) Representative images of costained anti-myosin-Al-
exa-532 (green) and anti-actin-Alexa-568 (red) HD-B and CLL cells acquired under identical experimental conditions at the bottom region. Scale bar = 2 pm.
(A, right) Quantification of the colocalization of myosin and actin by Manders’ coefficient expressed as percentage of colocalized actin pixels on myosin pixels.
HD-B median 34.0%, and CLL median 18.2%; P < 0.0001; 51 HD-B cells from 2 donors and 150 CLL cells from 6 patients. (B; left) Representative images of
costained anti-myosin-Alexa-532 (green) and anti-actin-Alexa-568 (red) representative HD-B and CLL cells acquired under identical experimental conditions at
the equatorial region. Scale bar = 2 pm. (B; right) Quantification of colocalization of ActoMyosion with Manders’ coefficient expressed as percentage of colocal-
ized myosin pixels on actin pixels. HD-B median 47.1% and CLL median 38.10%; P < 0.0001; 75 HD-B cells from 2 donors and 147 CLL cells from 6 patients.
(C) Graphical representation made by Biorender of the actomyosin complex organization, where the blue dots represent myosin and the red fibrils represent
actin. CLL = chronic lymphocytic leukemia; HD = healthy donors; STED = stimulated emission depletion microscopy.

under a different noncontact environmental constraint. We per-
formed RT-DC measurements, which allows us to determine the
elasticity of cells in suspension by shape analysis (Figure 3F).%
Each measurement summarizes the deformation and size of
thousands of cells (Figure 3G). We then derived the median
deformation for each experiment (Figure 3H), demonstrating
that CLL cells deform less than HD-B (P = 0.003; HD-B donors
n = 12; CLL patients n = 13). In parallel, a numerical model was
used to calculate the elasticity value expressed as the YM (see
Methods), where we noted a systematic softer behavior of HD-B
cells compared with their leukemic counterparts (P = 0.0001).
As for AFM-FS analysis, we segmented the patients according
to the IGHV gene mutational status and diseased progression.
We found that progressive CLL are significantly softer than sta-
ble CLL cases (P = 0.007; Suppl. Figure S15). Interestingly, we
observed that CLL cells exhibit a wider intrinsically size hetero-
geneity with respect to HD-Bs; however, no relevant difference
in the median area was noticed (Figure 3H).”® Moreover, we
found a significant correlation between CLL cells area and the
mutational status of the IGHV genes: uCLL (n = 3 patients) are
smaller than mCLL (n = 8 patients) (P < 0.0001; Suppl. Figure
$15), while YM value measured by AFM did not depend on
cell size, showing a negligible Pearson correlation coefficient
(data not shown). All together, these results confirm the differ-
ences between healthy and leukemic B cells and suggest that
CLL mechanical adaptation properties are very dependent on
the specific environmental cues as shown in suspension (circu-
lation-like) for RT-DC and in adhesion (tissue-like) for AFM.

CLL cells mechanical response can be tuned in vitro

We further tested to which extent the mechanical properties
of the cells could be modulated in vitro by specific stimuli. We
verified that in none of the experiments, cellular viability was
altered at the selected drug concentration (Suppl. Figure S16).
First, we used mycotoxin cytochalasin D¢ as a conventional
stimulus known to prevent actin monomer polymerization,®!¢*
thus decreasing cell elasticity. Its effect was appreciable on
HD-B cells, which displayed a significant decrease in cortical
stiffness (P < 0.0001) (Suppl. Figure S17). On the contrary,
the drug had no evident effect on CLL cells (Suppl. Figure
§17), suggesting that their intrinsically low cortical stiffness
could not be further modulated. These results prove that we
can detect drug-mediated effects on lymphocytes’ cortical stiff-
ness by AFM-FS and prompted us to further investigate this
aspect using a clinically relevant drug. We analyzed whether
the kinase inhibitor ibrutinib®!® could have an impact on the
mechanical properties of CLL cells. We incubated cells with
ibrutinib for 4 hours at a final concentration of 1 pM and
10 pM* and we did not observe any differences in the effect
of the 2 concentrations (Suppl. Figure S18). Incubation with
ibrutinib induced an increase of cortical stiffness in CLL cells
(Figure 4A; P < 0.0001 and Suppl. Figure S19) to almost phys-
iological level but did not significantly alter the response of
HD-B cells (P = 0.1; HD-B donors n = 2; CLL patients n = §).
To confirm the direct involvement of BTK inhibition, we tested
a more specific inhibitor namely acalabrutinib® on 3 additional
patients with CLL and we confirmed the increase in stiffness
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Figure 3. Nanomechanical analysis of CLL and HD-B cells. (A) Bright-field images of a representative 20 min time-lapse record of a single cell swelling as
a consequence of osmotic shock. Scale bar = 5 um. (B) Swelling kinetics of individual cells. (B; left) The continuous blue and red lines show global fitted curves
on the total pool of HD-B and CLL cells respectively. The fit function is (R, -R, ] x [1-exp[-t/7]] + R, ), where R_and R are the initial and final radius of the cell, t
is the time and the T is the swelling characteristic time. (B; right) Scatter plot of the swelling ratio (R, /R, ), HD-B median 1.39 and CLL median 1.68; P < 0.0001.
37 HD-B cells from 3 donors and CLL cells 39 from 4 patients. (C, left) Schematic representation (BioRender.com) of the AFM-FS basic principle, showing a
cantilever pressing on a B cell at the cortical level. (C, right) The image shows a real snapshot of the AFM cantilever tip approaching a cell. Scale bar = 10 um. (D)
Representative force-indentation curves from an AFM experiment in the force spectroscopy mode for HD-B (blue dots) and CLL (orange dots) cells. Black lines
are the fitting curves according to the Hertz-Sneddon model (see Methods for details). (E) Scatter plot of the cortical stiffness expressed as Young’s Modulus
(Pa) of HD-B and CLL cells. HD-B median 785.1 Pa and CLL median 484.0 Pa; P < 0.0001; 345 HD-B cells from 9 donors and 765 CLL cells from 22 patients.
Cells are color-coded according to each healthy donor (HD-B) or patient (CLL) from which they were obtained. (F) Biorender scheme of RT-DC, showing a cell
passing through a microfluidic channel. Inset exemplifies bright-field image of a cell within region-of-interest, where deformation is obtained from red contour.
(G) Representative scatter plot of cell deformation versus cell size (cross-sectional area) for n = 3813 HD-B cells analyzed by RT-DC. The color-code indicates
a linear density scale. (H) Deformation, YM and cell size for HD-B from 7 donors and CLL from 6 patients. For deformation and YM each dot represents the
median value of each individual experiment, with overall HD-B deformation median 0.034 and CLL median 0.029; P = 0.003 as well as overall HD-B Young’s
Modulus median 1.13 kPa and CLL median 1.37 kPa; P < 0.0001. For cell size analysis each dot represents the mean cell size of each individual measurement
with overall HD-B mean cell size 35.0 um? and CLL mean 33.6 um?; P = 0.9. Measurements have been performed at a flow rate of 0.08 pl/s and statistical
analysis has been done using linear mixed models. AFM-FS = atomic force microscopy in force spectroscopy; CLL = chronic lymphocytic leukemia; HD = healthy donors; RT-DC =
real-time deformability cytometry; STED = stimulated emission depletion microscopy.

counterparts but their colocalization decreases dramatically in
CLL (Figure 2B). Interestingly, we observed a significant recov-
ery of actin and myosin colocalization in these bottom cell sec-
tions (P < 0.0001) upon treatment with ibrutinib (Figure 4C).
As comparison we also imaged the actomyosin complex at the
cell equators, where we previously detected less difference in
terms of myosin (Figure 1E), and we did not observe a signifi-
cant change in the complex organization after ibrutinib treat-

(P < 0.0001; Figure 4A). The possible involvement of the BCR
receptor activation in this context was tested by stimulating
CLL and HD-B cells with anti-IgM. We did not observe any
changes of the cortical stiffness values (Suppl. Figure S20;
HD-B P = 0.3; CLL P = 0.6) indicating that the BCR activation
is not directly affecting B cell cellular stiffness. In addition, by
western blot, we quantified the activation of p-myosin follow-
ing ibrutinib treatment (Figure 4B) in order to evaluate the

potential involvement of the actomyosin complex in the mech-
anism of action of ibrutinib in 5 CLL patients. We observed
that ibrutinib can upregulate at variable levels myosin phos-
phorylation in vitro (Figure 4B, right panel; Suppl. Figure S21)
in CLL cells, suggesting a drug modulation effect on the acto-
myosin complex. Therefore, we studied the cellular colocaliza-
tion of the 2 proteins by 2-color 2D-STED microscopy before
and after treatment with ibrutinib. We focused this analysis on
the cell bottom where we did not see a significant difference
between healthy B cell and CLL cells when we studied the 2
proteins individually (Figure 1). In this section, myosin and
actin densities were unchanged as compared with the healthy

ment (Figure 4D). All together, these results suggest an effect
of the drugs on both actomyosin complex and cortical stiffness
(Figure 4E).

CLL cells mechanical properties are reverted to normal phenotype
by ibrutinib in vivo

In view of the above results, we asked whether the mecha-
no-response observed in CLL cells in vitro might have a clin-
ical relevance in patients under treatment. We evaluated by
AFM-FS the cortical stiffness of single CLL cells isolated from
PB of 4 patients before and during ibrutinib treatment (4, 8, 9,
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Figure 4. Drug modulation of CLL cells mechano-response in vitro. (A) Scatter plot of the cortical stiffness measured by AFM-FS of primary HD-B and
CLL cells before (unt = untreated) and after drugs treatment (+lbru= ibrutinib treatment; +Acala= acalabrutinib treatment). HD-Bunt median 1100 Pa, HD-B+lbru
median 1465 Pa; P = 0.1. 71 HD-Bunt cells and 44 HD-B+lbru cells from 2 donors. CLLunt median 385 Pa and CLL+lbru median 622 Pa; P < 0.0001; 211
CLLunt cells and 144 CLL+Ibru cells from 5 patients. CLLunt median 352.3 Pa, CLL+Acala 733.9 Pa; P < 0.0001. CLLunt 52 and CLL+Acala 102 from 3
patients. (B, left) WB analysis of cell lysates of CLL cells before (CLLunt) and after 4 h treatment with 10 uM lbrutinib (CLL+lbru) (n = 5). Bands represent respec-
tively phospho myosin, total myosin, and B-actin. (B, right) Western Blot quantification of p-myosin increases upon treatment with ibrutinib in single patients.
P-myosin increase was normalized as the ratio between p-myosin protein and actin (housekeeping gene). (C, left) Representative images of costained anti-my-
osin-Alexa-532 (green) and anti-actin-Alexa-568 (red) of CLLunt and CLL-+lbru upon treatment with 1 uM ibrutinib. Cells were acquired under identical experi-
mental conditions at the bottom region. Scale bar = 2 pm. (C, right) Quantification of the colocalization of myosin and actin by Manders’ coefficient expressed
as percentage of colocalized actin pixels on myosin pixels. HD-B as a reference in gray and CLLunt median 15% and CLL+lbru 21%; P < 0.0001. 80 CLLunt
and 69 CLL+lbru from 3 patients. (D, left) Representative images of costained anti-myosin-Alexa-532 (green) and anti-actin-Alexa-568 (red) of CLLunt and
CLL+Ibru upon treatment with 1 uM ibrutinib. Cells were acquired under identical experimental conditions at the equatorial region. Scale bar = 2 um. (D, right)
Quantification of the colocalization of myosin and actin by Manders’ coefficient expressed as percentage of colocalized actin pixels on myosin pixels. HD-B as a
reference in gray and CLLunt median 36% and CLL+lbru 38%; P = 0.3. 63CLLunt and 61 CLL+lbru from 3 patients. (E) Schematic representation (BioRender.
com) of the pathway involved in CLL cell’s mechanical properties modulation. lbrutinib inhibition of the BTK induces an increase of myosin phosphorylation (blue
and yellow spot), which is directly involved in the modulation of cellular mechanical properties. AFM-FS = atomic force microscopy in force spectroscopy; BTK = Bruton’s
tyrosine kinase; CLL = chronic lymphocytic leukemia; HD = healthy donors; WB = Western Blot.

and 22 weeks, respectively). As shown in Figure 5A and Suppl.  resistance, before a second-line treatment. We confirmed an

Figures S22 and S23, CLL cells isolated from patients under
treatment showed a significant recovery of physiological cor-
tical stiffness (P < 0.0001), mirroring what we observed in
vitro, and confirming the rescue of circulating cells to a healthy
phenotype during treatment. To prove that the mechanical
modulation toward a healthy phenotype during treatment
with ibrutinib is lost once the patients become resistant to
therapy, we checked the cortical stiffness value of an ibruti-
nib-resistant patient. We measured, by AFM-FS, the cortical
stiffness of single CLL cells isolated from PB of a patient at
3 different stages of the disease, CLL cells were collected: (1)
at basal level before starting ibrutinib treatment; (2) during
the first-line treatment while showing a clinical response to
ibrutinib; (3) during treatment at the time of the onset of the

increase of the cortical stiffness during ibrutinib treatment,
and interestingly we observed a trend of decreasing stiffness in
CLL cells becoming resistant to ibrutinib, suggesting a rever-
sal to the initial leukemic phenotype (Figure 5B). This obser-
vation prompted us to analyze CLL cells in the tissues where
they could possibly behave differently based on the different
environmental cues (CLL PB n = 19; CLL from Lymph node
[LN] = 3; and BM n = 2). As shown in Figure 5C, tissue-res-
ident CLL showed cortical stiffness values higher than those
of circulating CLL cells (LN: P < 0.0001; BM: P = 0.008).
The data suggest that the differences observed in the mechan-
ical properties and mechano-response of CLLs as response to
ibrutinib might also depend on the tissue localization of the
lymphocytes and on their plastic properties.
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Figure 5. Cortical stiffness measurement by AFM-FS of cells from patients with CLL under ibrutinib therapy. (A) Scatter plot of the cortical stiffness of
a pull of CLL cells from patients under treatment with ibrutinib at 4, 8, 9 and 22 weeks. Pretreatment (before starting the treatment) median 440 Pa, and during
ibrutinib treatment median 600 Pa, P < 0.0001. 159 basal cells and 170 under ibrutinib treatment cells from 4 patients. Cells are color-coded according to each
patient (CLL) from which they were obtained. (B) Scatter plot of the cortical stiffness of a patient at 3 time point during the course of the disease: Pretreatment
(before starting the treatment), during ibrutinib treatment and resistant to ibrutinib (ones the patient relapse during the therapy). Basal median 430 Pa, Ibrutinib
median 1175 Pa and resistant median 910 Pa. Basal vs Ibrutinib P < 0.0001, basal vs resistant P = 0.0002, and Ibrutinib vs resistant P = 0.06. 11 Basal cells,
22 cells under Ibrutinib treatment, and 15 cells resistant from 1 patient. (C) Scatter plot of the cortical stiffness of circulating CLL cells from PB and resident CLL
cells from LNs and BM of patients. Circulating CLL median 484 Pa and resident CLL from LN median 926 Pa; P < 0.0001. CLL from BM median 731 Pa; P =
0.008. Circulating 765 CLL cells from 22 patients, LN 93 from 3 patients and BM 68 CLL cells from 2 patients. AFM-FS = atomic force microscopy in force spectroscopy;
BM = bone marrow; CLL = chronic lymphocytic leukemia; LNs = lymph nodes; PB = peripheral blood.

DISCUSSION

We here report the first study linking the actomyosin nanoar-
chitecture to the mechanical properties of primary CLL cells in
comparison to healthy B cells at single-cell level.?>¢3 The driv-
ing hypothesis was that CLL cells frequently rearrange their
cytoskeleton to favor continuous cell entry and egress from
the tissue where they are exposed to the most disparate phys-
ical forces'>** and they can modify their response to mechan-
ical cues, and this potentially differs from HD-B cells.®* The
implication of the cytoskeleton in the dynamic behavior of CLL
cells was already observed in the past showing that CLL cells
have impaired,® and aberrant cytoskeleton rearrangement and
activation.’®®” Moreover, the presence of the so-called smudge
cells in the blood smear of the patients underlines a fragility of
CLL cells that can be directly attributed to the cytoskeleton. The
actin network links the extracellular environment with the inner
of the cells and it is able to convert extracellular mechanical
stimulation into a biological response, in fact the cytoskeleton
is one of the major complexes involved in cellular mechanics.®
Mechanobiology has been a neglected aspect in CLL patho-
physiology so far, although it can be very relevant especially
for migrating cells as lymphocytes. This observation, together
with the alterations that we found in the actomyosin complex
by super resolution microscopy, prompted our investigation on
the study of CLL mechanical phenotype by using complemen-
tary approaches. We here demonstrated that CLL cells have
a cortical stiffness lower than HD-B cells. This result appears
to disagree with the findings reported by Zheng et al,”? that
obtained for CLL cells a YM value higher than for healthy cells.
However, Zheng et al considered lymphocytes as a whole pop-
ulation, while we restricted our analysis only to B lymphocyte
subpopulations. It is not unexpected to find specific mechanical
properties for a cellular subgroup that might remain hidden in a
mixed cohort. Keeping this in mind, we selected a heterogeneous
cohort of CLL patients, both mutated and unmutated subgroups
to assess whether our findings are generally true for the whole
CLL cell population. Interestingly, although we have detected a
clear difference between CLL and HD-B cells, we were able to
observe that mCLL are stiffer than uCLL, thus more similar to
their healthy counterparts. This suggests that cell softening could
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be part of the worsening of the disease. In line, by discriminating
CLL samples based on the mutational status of the IGHV gene,
by RT-DC we observed a correlation of the mutational status
with the cellular size: mCLL were bigger than uCLL, confirming
the less aggressive phenotype behavior more similar to that of
HD-B cells. This observation also suggests that the size and the
stiffness may reflect the functional differences in the type of anti-
genic interaction through the BCR; however, we could not find
any significant variation in stiffness following BCR stimulation.
RT-DC that allows the investigation of the mechanical prop-
erties of CLL cells in nonadhesive environments confirmed the
noticeable differences between CLL and HD-B cells, highlighting
the complementary readouts of our approaches. Along this line,
swelling experiments showed that adhered CLL cells are more
prone to modify their shape/deformation than HD-B cells, as for
AFM-FS, proving that the environmental conditions (adhesion
or suspension, tissue or circulation) can be determinant to define
a specific mechano-response. This aspect is also clinically rele-
vant considering that the primary action of ibrutinib (a first-line
treatment for CLL) is to induce CLL cells mobilization from the
tissues into the PB,'? with a poorly defined mechanism.

Previous reported AFM-FS analysis on 2 other types of
leukemia cells** showed that chemotherapy treatments renor-
malize the stiffness of the malignant cells. Accordingly, we
hypothesized a possible involvement of ibrutinib in modulating
the mechanical properties of CLL cells. Indeed, we were able
to demonstrate the following in response to ibrutinib: (1) over-
all, HD-B cells exhibit an unaltered mechanical phenotype; (2)
after exposure to drugs, leukemic cells recover the physiological
range of cortical stiffness of HD-Bs; and (3) CLL cells show a
partial recovery of actin and myosin colocalization and acti-
vation of the actomyosin complex. In addition, we proved the
reproducibility of these observations also in vivo, in patients
under ibrutinib treatment.

One of the possible mechanisms underlying our observations
might be the ibrutinib inhibitory effect on lipid metabolism in
CLL as proposed by recently published evidence.®” Moreover,
Lei et al*3 showed that depletion of membrane cholesterol
induces an increase of stiffness of cancer cells. Therefore, ibru-
tinib might modify the cell membrane tension and elasticity



HemaSphere (2023) 7:8

through a mechanism that is worthy of further studies. These
observations might also hint a role of ibrutinib in restoring the
mechanoreciprocity of leukemic cells in the tissue microenvi-
ronment. To support this hypothesis, we undertook the first
study of the mechanical properties of tissue-resident CLL cells
isolated from the distinct BM and LN niches. Interestingly,
a persistent stiffening of resident versus circulating cells was
observed, indicating a possible involvement of ibrutinib in
modulating the life cycle of CLL cells,” by impairing the re-en-
try of CLL cells into tissues during drug treatment. This singu-
lar feature, then, might impact on a mechanism of resistance
to ibrutinib,!! limiting CLL cells mobilization from the tissues
where they possibly lurk during therapy. This hypothesis finds
preliminary evidence on the results obtained on cells from a
single CLL patient at the time of the ibrutinib resistance onset,
for which the cellular mechanical properties reverted to those
measured before the response to therapy.

Overall, our findings suggest that the pathological alter-
ation of the intrinsic mechanical phenotype could be a possible
mechanism of CLL cells retention within the tissue during pro-
gression and could be reverted by effective therapies. Detailed
studies aimed at dissecting the relation between the mechanical
properties of CLL cells and the involved signaling pathways are
warranted in the future to define new potential therapeutic tar-
gets and strategies, aiming at the normalization of the mechani-
cal fingerprints of the leukemic cells.
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SUPPLEMENTARY METHODS

Healthy samples

The buffy coats study was approved by the IRCCS Ospedale San Raffaele (OSR) ethics committee
under the protocol Leu-Buffy coat entitled: “Characterization of leukocyte subpopulations from buffy

coats”.

Human primary sample purification

CD19 cells were negatively selected from fresh peripheral blood (PB), bone marrow (BM) and lymph
nodes (LN) from patients or healthy donors using the RosetteSep B-lymphocyte enrichment kit
(StemCell Technologies, Vancouver, Canada). HD-B cells were further negatively selected using B-
lymphocyte enrichment kit (StemCell Technologies, Vancouver, Canada). The purity of all
preparations was always higher than 99%, and the cells co-expressed CD19 and CDS5 on their surface
as assayed by flow cytometry (FC500; Beckman Coulter, Brea, California); preparations were
virtually devoid of natural killer cells, T lymphocytes, and monocytes. After purification, cells were

immediately frozen for further experiments.

Immunofluorescence Staining

Primary cells were seeded on coated polyornithine (1:5) coverslip (22 x 22-mm high-precision glass,
code: 0101050, Paul Marienfeld GmbH & Co. KG, Lauda-Kd&nigshofen, Germany) and incubated for
2 h at 37°C and 5% COs». For single and double immunostaining, cells were washed with PBS and
fixed with PFA 4%, incubated for 15 min in the dark at room temperature, and permeabilized in
blocking buffer solution (blocking buffer: 0.1% w/v BSA, 10% v/v FBS in PBS), containing 0.3%
v/v Triton-X 100 (Sigma- Aldrich, Merck, Germany), to limit nonspecific antibody binding. Samples
were then incubated overnight at 4°C with primary monoclonal anti-mouse beta actin monoclonal
(BA3R) antibody (code: MAS5-15739, Thermo Fisher Scientific, Waltham, Massachusetts, USA),
primary monoclonal myosin light chain 2 Antibody (code: 3672S, Cell Signaling Technology,
Danvers, Massachusetts, USA) or both for co-staining, then labeled with an goat-anti-mouse-
Alexa568 (code: A-11031, Thermo Fisher Scientific, Waltham, Massachusetts, USA), goat-anti-
rabbit-Alexa532 (code: A-11009, Thermo Fisher Scientific, Waltham, Massachusetts, USA) or both,
for 2h at RT and in the dark. Samples were then washed with PBS and mounted with ProLong Gold

antifade reagents (Invitrogen, Thermo Fisher Scientific, USA). For Ibrutinib treatment, cells were
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plated on pre-coated polyornithine 1:5 dishes for 1h in controlled condition. At the end of the
incubation, 1uM Ibrutinib (Selleckchem, S2680, Planegg, Germany) was added directly in the dish
and incubated for 2h at 37°C and 5% CO,. Cells were then fixed and permeabilized and double

immunostaining was performed following the protocol described above.
STED microscopy

Cells stained for Alexa532 immunolabeled myosin or Alexa568 immunolabeled actin were imaged
with X, Y depletion at 660 nm set at 80% laser power, with a gated unidirectional resonant scanning
mode at 8,000 Hz. For actin filament analysis, excitation was at 578 nm by a white laser at 15%
power. Images were acquired at 48-line and 6-frames average per optical section. For myosin
quantification, excitation was at 525 nm by a white laser at 15% power. Images were acquired at 48-
line and 9-frames average per optical section. Fluorescence (589 nm - 632 nm) for actin and (531 nm
- 562 nm) for myosin was collected using a HyD spectral detector in standard mode and applying a
gating of 0.2 and 0.3 ns respectively. A zoom of 3.5 times was applied to optical sections of 1248 x
1248 pixels acquired at the top, equatorial and bottom regions of the cells, with a pixel size of 33 x

33 nm.

To perform colocalization analysis of Alexa532 immunolabeled myosin and Alexa568
immunolabeled actin, samples were acquired with X, Y with depletion at 660 nm and 80% power for
actin and 100% power for myosin, with a gated unidirectional scanning mode at 700 Hz. Fluorophores
were excited at 583 nm (18% white laser power) and 520 nm (39% white laser power) for actin and
myosin respectively. Fluorescence was collected using two HyD spectral detectors in standard mode
with a gaiting of 0.3 ns. Spectral detection was set at 530 nm - 546 nm for myosin and 608 nm - 632
nm for actin. A zoom of 2 times was applied to collect optical sections of 3200 x 3200 pixels acquired
at the bottom and equatorial sections of cells, with a pixel size of 58 x 58 nm. This setting was chosen
among others to maximize the X, Y resolution, minimize photobleaching, avoid crosstalk between
the two channels, autofluorescence and reflections, keeping the white laser excitation at the minimum,
yet being capable of maintaining the same settings for all cells, which showed variable intensities.
Depletion laser power, image format, zoom, and scanning conditions were optimized according to the
same principle to obtain minimal photobleaching. The image resolution under all these conditions
optimized for our samples was determined by measuring the X, Y PSF with a 23-nm nanobead sample

coated with the Alexa568 and Alexa532 (GATTAquant GmbH, Gréfelfing, Germany) (Fig. S4).



Image Analysis

All images were analyzed by Imagel/Fiji software!. STED images were post-processed for
background subtraction with a rolling ball radius of 30 and deconvolved applying the CLME
algorithm to each optical section (Huygens software, Scientific Volume Imaging BV, Hilversum, The
Netherlands). Then images were cropped to define single cell ROIs. To determine the actin density,
the cellular perimeter was set as reference ROI by thresholding (ImageJ/Fiji, Triangle algorithm). The
actin inside the cellular ROI was segmented (Imagel/Fiji Moment thresholding). We consider the
total area as the occupation value of the intensity inside the reference ROI. The same method was
used for myosin density analysis (Fig. S1). For measuring actin filament, images were post-processed
for background subtraction, followed by deconvolution, and contrast enhancement (Imagel/Fiji,
CLAHE function). Actin distribution was then detected by applying the ImageJ/FiJi LoG3 PlugIn?.
Finally, images were converted into binary masks (ImagelJ/Fiji, Phansalkar auto local threshold
algorithm, radius of 20) and skeletonized for measuring the length of actin filaments and branches
(Fig. S3). For statistical analysis filaments shorter than 260 nm were discarded. For actomyosin
colocalization, after deconvolution optical sections were single cell cropped to minimize the
background around each cell. Colocalization analysis was performed using the JACoP plugin in
Imagel/Fiji’ applying the Moment thresholding to both channels (Fig. S6). We considered the
Manders’ coefficient 2 (Channel 2: actin on Channel 1: myosin). We also performed the Costes’

randomized test’ to prove the no-randomness of the results.

AFM-FS data analysis

The mechanical properties of a complex system such as a cell were described through several
theoretical models returning different values of the mechanical parameters*>. The most common
model describing the elastic properties of cells is the Hertz model®”®, corrected by Sneddon
considering the tip geometry” that affects the contact area. Following this model, the relation
between the loading force F, the Young’s Modulus E, and the resulting indentation § for a

pyramidal tip is:
F = E'tan(a)§%/V2

Where «a is the face tip angle and E' = E/(1 — u?) is the reduced Young’s Modulus that takes
into account the cell Poisson ratio u, usually assumed to be 0.5. As shown in Fig. 3D, the acquired

data are well described by the Hertz-Sneddon model. It has been observed that this is not always



the case and deviations from the Hertz-Sneddon model have been often reported'®. We faced this
issue with an operational approach by selecting all the curves which were more effectively
described by the model and disregarding the others. It is also worth noting that the absolute value
of Young’s Modulus is difficult to determine. For this reason, no matter what model is applied, it
is useful to use a differential approach in which all results are compared to a reference sample.
Here we used as reference sample B lymphocytes from healthy donors and cells treated with drugs
of known effect.

Tips with different shapes are available on the market for AFM-FS measurements, and recently a
lot of authors choose the colloidal probes for the investigation of cell stiffness'!. In this work, we
performed stiffness measurements with pyramidal probes in order to have an easier experimental
strategy. Indeed, several attempts to acquire reproducible force-indentation curves on B
lymphocytes with colloidal probes (Novascan Technologies, Chicago, USA, on 0.06 N/m
cantilevers) or tipless cantilever (Bruker, MLCT-O10, Billerica, Massachusetts, USA) resulted in
buckling contact points and sliding cells (data not shown). In addition, the use of pyramidal probes
allows us to measure the cellular cortical stiffness, since the small tip and the reduced indentation

allows probing the cortex mechanical properties!%.

RT-DC data analysis

RT-DC measures the deformation D of a cell, which is defined:

~|3
R

D=1-C=1-2

where C is its circularity, 4 the area and P the perimeter. For an ideal circle, D = 0, and for any
deformation at constant volume D > 0 '*. The analysis is performed in real-time on thousands of cells
in a single experimental run and an analytical as well as numerical model enables derivation of the

Young's Modulus'*!5.

Viability counts for AFM-FS experiments

To exclude that cell death could affect the experiments, a control petri dish was kept in the
incubator in the same conditions of the cells under measure. Cells were counted by trypan blue
staining. No significant differences were found in terms of cell viability at the end of the
measurement window (maximum 2h, Fig. S11). However, beyond this temporal window the
viability of both HD-B and CLL cells started to decrease steeply, drastically reducing the number

of possible measurements for every patient.


https://www.google.it/search?sxsrf=APwXEdePHeZ2fjlr8gBdk8HvPXhWll_bKg:1682589226215&q=Billerica&stick=H4sIAAAAAAAAAONgVuLQz9U3KKmqynjEaMwt8PLHPWEprUlrTl5jVOHiCs7IL3fNK8ksqRQS42KDsnikuLjgmngWsXI6ZebkpBZlJicCADaURGhOAAAA&sa=X&ved=2ahUKEwjKnIap5cn-AhW2X_EDHdnWCk4QzIcDKAB6BAghEAE

Protein lysis and Western Blot (WB)

Cells were lysed on ice for 15 minutes in RIPA Buffer (Sigma-Aldrich, Burlington, Massachusetts,
USA) with fresh protease and phosphatase inhibitors cocktail (Roche, Basel, Switzerland). Cells were
then centrifuged at 13.000 rpm for 15 minutes at 4°C, and supernatants were collected and stored at
—80°C until further use. Protein content was determined using the BCA protein assay kit (Bio-Rad,
Hercules California USA) according to the manufacturer’s instructions. The total of protein content
of about 5x106 cells was supplemented with NuPage Sample Buffer (4x) and NuPage Sample
Reducing Agent (10x) and loaded onto 4—-12% sodium dodecyl sulfate-polyacrylamide gradient gels
(Invitrogen, Waltham, Massachusetts, USA), then transferred to nitrocellulose membranes (Thermo
Scientific, Waltham, Massachusetts, USA). Membranes were blocked for 1.30h in PBS-Tween
containing 5% BSA and incubated overnight with the following primary antibodies: Anti-phospho
myosin light chain II (cell signaling-3674s-Rabbit 1:1000) and Anti-myosin light chain II (Cell
Signaling-3672s- Rabbit 1:1000, Danvers, Massachusetts, USA). Incubation with primary antibodies
was followed by species-specific Horseradish Peroxidase (HRP)-conjugated secondary antibodies
(anti-Rabbit-A16023-Invitrogen, Waltham, Massachusetts, USA, diluted 1:10000) for 1h. All WB
were normalized to anti -actin HRP conjugated (Cell Signaling, Rabbit, Danvers, Massachusetts,
USA, 1:50000). Amersham ECL Western Blotting Analysis System from GE Healthcare was used to
visualize immuno-reactive bands. Western blots were acquired using Biorad Chemidoc (Bio Rad,
Hercules, California, USA) and quantification of relative protein expression levels was performed
using Image Lab Software for PC Version 6.1. Graphs and statistical analysis were performed using
GraphPad Prism (San Diego, California, USA, https://www.graphpad.com/scientific-
software/prism/).
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SUPPLEMENTARY FIGURES

Fig. S1 Example of analysis of actin or myosin density in 2D-STED optical sections.

(A) Images were post-processed for background subtraction, followed by deconvolution, and selection of the
cell total area (yellow trace ROI). (B) The ImagelJ/FiJi threshold Moment algorithm was applied to select the
fluorescent fraction inside the cell ROI and obtain the density of myosin in the single cell
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Fig. S2 Example of actin density in 2D-STED equatorial optical section in single cell.
Representative HD-B (A) and CLL (C) cells and corresponding intensity profiles (B, D) drawn by a central
line (red) in a zoomed ROI. Scale bar = 2um.

Fig. S3 Steps for actin filament length and branching analysis in 2D-STED optical sections.
(A) Images were post-processed for background subtraction, followed by deconvolution, and contrast
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enhancement; (B) actin distribution was then detected by applying the ImageJ/FiJi LoG3 Plugln, (C) finally
images were converted into binary mask (D), and skeletonized for measuring the length of actin filaments and
branches by ImagelJ/Fili.
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Fig. S4 Single and Double color 2D-STED optical resolution.

The optical resolution in 2D-STED anti-myosin-Alexa532 and anti-actin-Alexa569 images was determined by
measuring the FWHM of fluorescent 23 mm nanobeads depleted at the experimental conditions applied to
either to single or double-stained cells with 660 nm STED depletion: Representative confocal and STED
images of single color (A) and double color (C) Alexa-nanobeads. Gaussian fits +/- SD of nanobead normalized
fluorescence intensities X,Y -profiles averaged on replicate measurements are shown in (B) and (D). FWHM



values obtained for single- and double-stained nanobeads are shown in (E). Scale bar =2 um.
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Fig. S5 Myosin expression.

In-silico analysis (Blueprint Consortium) on primary HD-B and CLL cells isolated from peripheral blood of
the protein level expressed as Transcripts Per Million (TPM) of (A) myosin regulatory light chain 2 (MLC2, p
value = 0.016) and (B) myosin heavy chain, non-muscle Ila (MYH9, p value = 0.017).

A Myosin Actin Merge B

Fig. S6 Representative example of colocalization analysis of double color 2D-STED optical sections.

(A) Anti-myosin-Alexa532, anti-actin-Alexa568 and merged images of bottom regions in a representative CLL
cell (top), and the corresponding binary masks obtained after thresholding (bottom) that were used for
computing the colocalization score by JACoP plug-In in ImagelJ/Fiji (B) Costes’ Randomization control test.
Scale bars = 2um.
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Fig. S7 Actin and myosin densities in co-stained 2D-STED images.

(A) Density % of actin vs myosin on bottom cellular sections. Actin median 19.0 (CI 16.6/20.1) and myosin
median 16.1 (CI 12.7/18.1) (p value = 0.03). (B) Density % of actin vs myosin in equatorial cellular sections
actin median 16.5 (CI 15.0/19.0) and myosin median 10.0 (CI 9.0/12.0) (p value = 0.001). HD-B are
represented in dark gray and CLL are represented in light gray. (19 images were analyzed for both the 2
sections). In each optical section actin density has a higher median compared to myosin.

A

Fig. S8 Cell segmentation procedure for swelling experiments.

(A) Original Image. (B) Intensity equalized image. (C) H-maxima transformation image. (D) Inverted image.
(E) Cleared border Image. (F) Convex transformation image. (G) Labeled object superimposed to the
equalized image. (H) Circles of maxima diameter superimposed to the equalized image.
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Fig. S9 Example of a time-radius cell growing during hypoosmotic stress response.

Dots are the extracted radius for each timepoint (blue for HD-B cell and orange for CLL cell) using the
segmentation procedure described in material and methods, the continuous black lines represent a fit to the
data with an exponential increasing function ((Rgan-Rin)*(1-exp(-t/t))+Rin) where t is the time and the free
parameters are the final and initial radius R, and Ri, and the characteristic growing time .
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Fig. S10 Distribution of T values from swelling kinetics, obtained from fitted exponentially increasing
functions for HD-B and CLL cells. HD-B median 3.8 min, and CLL median 4.8 min, (p value = (.1). 37 HD-

B cells from 3 donors and 39 CLL cells from 4 patients.
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Fig. S11 Control of cell viability during AFM-FS experiments.

Histogram of the percentage of dead cells in adhesion on a poly-L-ornithine coating in PBS (both CLL (n=1)
and HD-B (n=1)) for the petri dish before (dark gray) and after (light gray) AFM-FS measurement showing
that AFM-FS measurements do not affect cell viability. Control means 9.4 (CI 7.5/11.6) and measured mean
9.1 (C17.8/10.7).
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Fig. S12 Distribution of cortical stiffness in cells from single HD-B donors.

In the scatter plot, each dot represents the median cortical stiffness of each single cell measured during the
AFM-FS analysis for each HD-B donor (7). The bar shows the median for each single sample. B1 =47 cells,
B2 = 51 cells, B3 =45 cells, B4 = 54 cells, B5S = 50 cells, B6 = 28 cells, B7 =27 cells, B8 = 23 cells, B9 =23
cells.
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Fig. S13 Distribution of single CLL patients' cortical stiffness.

In the scatter plot each dot corresponds to the median cortical stiffness of each single cell measured during the
AFM-FS analysis for each CLL patient (15). The bar shows the median for each single sample. Pt-1 =58 cells,
pt-2 =45 cells, pt-3 = 50 cells, pt-4 = 52 cells, pt-5 = 42 cells, pt-6 = 53 cells, pt-7 = 52 cells, pt-8 = 52 cells,
pt-10 =51 cells, pt-11 = 52 cells, pt-12 = 10 cells, pt-13 = 24 cells, pt-14 = 18 cells, pt-15 = 20 cells, pt-16 =
17 cells, pt-17 = 26 cells, pt-18 = 18 cells, pt-19 = 12 cells, pt-20 = 11 cells, pt- 46 = 41 cells, pt-25 = 31 cells,
pt-40 = 30 cells.
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Fig. S14 Cortical stiffness of CLL patients used in for the analysis classified based on clinical and
biological prognostic markers (Table I).

(A) Scatter plot of CLL cortical stiffness classified based on the mutational status (patients mCLL n=16, uCLL
n=5) of the IGHV chain (p value = 0.04). (B) Scatter plot of CLL cortical stiffness based on the clinical course
of the disease (p value = 0.7). Patients Stable n=16, progressive n=6.
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Fig. S15 RT-DC parameters based on diagnostic markers (Tablel).

(Upper panel) Scatter plots of cellular deformation (p value = 0.3), Young’s Modulus (p value = 0.7) and
cellular area (p value < 0.0001) respectively of CLL cells based on the mutational state of the IGHV chain. In
light gray mutated patients for the IGHV chain (mCLL= 8), in dark gray unmutated patients for the IGHV
chain (uCLL=3). (Lower panel) Scatter plots of cellular deformation (p value = 0.06), Young’s Modulus (p
value = 0.007) and cellular size (p value = 0.09) respectively, of CLL cells classified based on the disease
progression (stable=6 in light gray, progressive=5 in dark gray).
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Fig. S16 Cell viability upon treatment with specific stimuli. The histogram shows the percentage of dead
cells in untreated samples (basal, black), in samples treated with ibrutinib for 4 hours (dark gray) and in samples
treated with cytochalasin D for 2 hours (light gray).
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Fig. S17 Cytochalasin D treatment. Distribution of the cortical stiffness obtained by AFM-FS for HD-B
and CLL cells before (unt= untreated) and after cytochalasin D treatment (+cytoD), p value < 0.0001.
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Fig. S18 Ibrutinib treatment at different doses. The cortical stiffness of CLL cells treated in vitro with
Ibrutinib at 1uM and 10uM at the same incubation time, did not show significant difference (p value =
0.3), CLL patients n=3. Ibrutinib 1pM median 610.1 Pa (CI: 435/754 Pa) and ibrutinib 10pM median 526.7
Pa (CI: 476/591 Pa).
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Fig. S19 Representative whisker plot of single cell cortical stiffness obtained by AFM-FS on cells from
patients before and after in vitro treatment with ibrutinib for 4h. Each box plot represents a single cell, the
bar represents the min and max values. Dark orange box plot represents untreated cells, light orange box
plot represents treated patients with ibrutinib.
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Fig. S20 IgM stimulation. Scatter plot of the cortical stiffness by AFM of primary HD-B and CLL cells
before (unt = untreated) and after (+IgM) stimulation with Anti-IgM. HD-Bunt median 416 Pa, (CI
284/450), HD-B+IgM, median 410 Pa (CI 333/480 Pa), p value = 0.3; CLLunt median 303 Pa (CI 261/341
Pa) and CLL+IgM median 307 Pa (CI 289/352 Pa), p value = 0.6. HD-Bunt n= 46 cells, HD-B+IgM n=
36 cells. from 2 donors. CLLunt n = 56 cells, CLL+IgM n= 86 cells, from 3 patients.
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Fig. S21 Western Blot analysis of CLL primary cells following ibrutinib treatment in vitro.
Data were obtained from WB of primary CLL cells (n=5) before (CLLunt) and after 4h treatment with
ibrutinib 10uM (CLL+Ibru). (A) Quantification of the myosin increases upon treatment with ibrutinib in
single patients. The intensity of the myosin band was normalized as the ratio between myosin total protein
and actin (housekeeping gene) bands (B) Quantification of the p-myosin increase upon treatment with
Ibrutinib in single patients. p-myosin increase was normalized on the total myosin protein.
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Fig. S22 In vivo ibrutinib treatment. Scatter plot showing the cortical stiffness in cells from single
patients at the basal status and during treatment. Cells were collected from patient at different treatment
times, week 4, 8, 9 and 32 respectively. The percentage of CD19+ CD5+ cells was at least 98% in all the
samples analyzed.
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Fig. S23. Representative whisker plot of single cell cortical stiffness. Data obtained by AFM-FS on
cells from CLL patients under ibrutinib clinical treatment. Each box plot represents a single cell, the bar
show the min and max values. Dark orange box plot represents cells of untreated patients, light orange
bars represent patients treated with Ibrutinib.

LEGEND VIDEO

Video S1 and S2. STED-3D rendering of CLL cells and HD-B cells stained for Alexa568 immunolabeled
actin. For the Z-stack we used a STED-3X-WLL SP8 microscope with a 100x/1.40 oil objective. Samples
were acquired with X, Y, Z depletion at 660 nm and at 80% power in gated bidirectional resonant scanning
mode at 8,000 Hz scan speed. Excitation was performed at 578 nm by a white laser at 15% power, acquiring
32-line average and 4-frames per optical section. Fluorescence (589 nm - 632 nm) was collected using a HyD
spectral detector in standard mode and applying a gating of 0.2, zoom of 3 times, image format of 1248 x 659
x 106 pixels, with a voxel size of 31 nm x 31 nm x 80 nm. Images were deconvoluted with GLME algorithm
(Huygens software, Scientific Volume Imaging BV, Hilversum, The Netherlands) and 3D rendering performed
by Imaris software (Oxford Instruments).

Video S3. Timelapse acquisition during swelling. Left panel: Bright field time-lapse record of a single cell
swelling kinetics after hypoosmotic shock. Right panel: Segmentation of single cell area during hypoosmotic
stress.
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STATEMENT OF SIGNIFICANCE
Novel interactions between poorly differentiated neuroendocrine and exocrine prostate cancer cells
and the surrounding extracellular matrix, especially in the absence of androgens, promote NEPC and

metastasis through the a2-Y AP axis.
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ABSTRACT

The emergence of the neuroendocrine phenotype in patients affected by castration resistant prostate
cancer (CRPC) associates with poor prognosis. We hypothesized that castration-induced death of
fully differentiated, androgen-sensitive PC cells foster novel interactions among rare androgen-
independent, less differentiated cancer cells and the extracellular matrix (ECM), eventually
promoting the development of neuroendocrine PC (NEPC).

Here, we investigated physical and molecular interactions between mouse less differentiated PC cells
with exocrine (PAC) or neuroendocrine features (PNE), which recapitulated pre-existing human
CRPC-like cells, and decellularized prostate ECM. Analyses were conducted by flow cytometry,
polarized light, electron and atomic force microscopy, immunofluorescence, mass spectrometry and
transcriptomics. Pharmacologic inhibition and gene knockout confirmed the relevance of the
identified molecular pathways in primary mouse models and in patient’s derived CRPC organoids.
We found that without androgens, PAC cells and PC-derived ECM promoted in vitro invasiveness of
PNE cells by inducing integrin a2 upregulation and Yes-associated protein 1 (YAP) activation.
Inhibition of RANK/RANKL and NF-kB prevented a2 upregulation in PNE cells, indicating a cell-
to-cell and cell-to-matrix contact-driven process. Integrin a21 and Y AP inhibition also reduced PNE
invasiveness. Microenvironment-conditioned PNE cells showed a YAP-dependent metastatic
behavior in vivo, and YAP inhibition suppressed the development of NEPC and metastasis in
castration-naive mice and CRPC-NE in transgenic adenocarcinoma of the mouse prostate mice.
Importantly, YAP inhibitors also restrained the growth of human CRPC organoids.

Our findings unveil unprecedented mechanisms of NEPC development and implicate the integrin 02-

YAP axis as a therapeutic target in PC patients receiving androgen-deprivation therapy.

KEYWORDS
neuroendocrine prostate cancer, castration resistance, extracellular matrix, integrin, Yes-associated

protein 1, transgenic adenocarcinoma of the mouse prostate.
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INTRODUCTION

Neuroendocrine prostate cancer (NEPC) accounts for less than 2% of de novo prostate tumors (1).
Nevertheless, small areas of PC with neuroendocrine features are found in > 30% prostate biopsies
and primary surgical specimens, and up to 20% of castration-resistant PC (CRPC) patients progress
to neuroendocrine CRPC (CRPC-NE) (2), which is highly metastatic (3). As male hormones [i.e.
testosterone and dihydrotestosterone (DHT)] promote growth and proliferation of prostate cells,
androgen deprivation therapy (ADT) is the mainstay for patients affected by advanced disease. Yet,
ADT is ineffective in CRPC patients, whose median overall survival is 7-24 months (1).
Understanding the causes of progression to NEPC is required to design more effective therapies.
According to the consensus, CRPC-NE arises by trans-differentiation of castration-refractory
adenocarcinoma cells (4). However, de novo NEPC and CRPC-NE are very similar at DNA and RNA
levels (5). Rare pre-existing CRPC-like cells also exist in untreated primary PC, some of which
display neuroendocrine features (6). All together, these observations suggest that lineage plasticity is
an early event in PC and becomes clinically evident in most cases after ADT. In support of this
hypothesis, loss of 7P53 and RB/ in human PC cells establishes a state of lineage plasticity that,
under the pressure of ADT, induces cancer cells to transition to the neuroendocrine lineage (7,8). The
mechanisms by which androgens inhibit the expansion of rare NEPC precursors remain to be fully
elucidated.

Remodeling of the extracellular matrix (ECM) into a rigid and linearized pattern promotes tumor cell
migration and metastasis (9), and support lineage plasticity and stemness (10). Integrins mediate
adhesion to the ECM, and regulate survival, proliferation, migration, and fate of both normal and
transformed cells. Integrin a2P1 is expressed in PC cells, and promotes metastasis upon engagement
with collagen within the ECM (11). Despite this, the contribution of tumor-conditioned ECM to
NEPC development and progression remains largely unexplored.

The Hippo pathway inactivates Yes-associated protein 1 (YAP) (12). YAP regulates tissue size during

development by inducing cell cycle, survival, and invasion genes (13), and thus can favor cancer
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progression. The interaction between integrin a2f31 and the ECM activates Y AP, eventually favoring
cell proliferation and migration (12). YAP also regulates its own activity by inducing AMOT and
AMOTLI, which sequester YAP in the cytoplasm and activate Hippo kinases (12). YAP expression
is higher in adenocarcinomas than in the normal prostate epithelium (14), and further increases with
tumor, node and metastasis staging (15). Conversely, full-blown NEPC is YAP negative and lacks
expression of integrin/ECM/adhesion genes (15,16). Consequently, the role of YAP and the ECM in
NEPC progression has been overlooked.

Based on these premises, we hypothesized that the loss of more differentiated, androgen-sensitive PC
cells following castration provides the opportunity for novel interactions between surviving
androgen-independent, less differentiated PC cells, and between these cells and the ECM, thereby
supporting NEPC aggressiveness. Using well-defined lines of poorly-differentiated mouse PC cells
with exocrine or neuroendocrine features (17) and decellularized ECM (18), we conducted an in-
depth investigation of the interactions between androgen-independent neuroendocrine and exocrine

PC cells, and the ECM in the contexts of androgen-sufficiency and ablation.
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MATERIALS AND METHODS

Mice, cell lines and reagents. Heterozygous transgenic adenocarcinoma of the mouse prostate
(TRAMP) mice on the C57BL/6 background (19) were generated by crossing wild-type (WT) males
with heterozygous females as described previously (20). Mice were typed for Tag expression by PCR,
as described in www .jax.org. NOD.Cg-PrkdcSCIDII2rgtm1 W;jl/SzJ (NSG) mice (Charles River) and
TRAMP mice were housed in a specific pathogen-free animal facility at San Raffaele Institute, Milan,
Italy. Animals were treated in accordance with the European Community guidelines and with the
approval of the Institutional Ethical Committee (IACUC 707). PAC and PNE cell lines were
generated as described previously (17). TRAMP-C2 cells (ATCC CRL-2731™, RRID:CVCL _3615),
were obtained from one TRAMP adenocarcinoma (21) and were purchased from ATCC. RM-1 cells
(RRID:CVCL_B459, ras/Myc adenocarcinoma on a C57BL/6 background (22) were a kind gift of
Dr. Elena Jachetti (Istituto Nazionale dei Tumori, Milan, Italy). Cells were routinely tested for
Mycoplasma every 3 months by PCR  using specific ~ primers (Fw:
ACTCCTACGGGAGGCAGCAGTA; Rv: TGCACCATCTGTCACTCTGTTAACCTC).
Generation of knockout cell lines. We used a multi-sgRNA approach to knock out YAP1, ITGA2
or TNFRSF11A (RANK) in PNE. Briefly, two or three gRNAs targeting the first exon of each gene
were designed and synthetized by IDT (Integrated DNA Technologies). These gRNAs were used in
combination to excise a defined genomic fragment, facilitating gene disruption through deletion. The
following sgRNA targeting sequences were used to target:

Yapl: GAGGCACGTTGGCCGTCTTG, ACCAGGTCGTGCACGTCCGC,
GTCCCGGCCGGAGACACGGA;

Itga2: ACCCAAGATGGGACCGGGAC, CGGCTGCTAATGCTAGTTCA;

Infrsflla: TGCTCGTTCCACTGCAGGTA, CCATGGCCCCGCGCGCCCAGQG,
CAGAGCGCCAGCAGCGGCGC.

PNE cells were Nucleofected using the Amaxa™ 4D-Nucleofector™ Protocol DS-150 in SF solution

(LONZA) with a mix of 1ug Cas9 mRNA and Ipg of each sgRNA. CRISPR gene editing was
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assessed 56 days after nucleofection. Cells were lysed to extract genomic DNA with QuickExtract
DNA Extraction Solution (Biosearch technologies) and 700-800 bp genomic regions, covering the
cut sites, were amplified with GoTaq Hot Start Polymerase (PROMEGA) according to
manufacturer’s instructions. The resulting amplicons were used to verify excision of the targeted
genomic region by size shift. Primer sequences: AACTCAATGGACCAGTTCAACC and
GCTCCTCGCAACTTTTTAGTTT to amplify YAP1, GTCCACATAGATGCAGAGCAGA and
CCCTGGCTCTTCTTCTGAGTTA to amplify ITGA2.

Cell cultures. PAC and PNE cells were cultured in serum-free medium (NeuroCULT, STEMCELL
Technologies, Cat# 05751) in the presence of 20 ng/ml EGF (STEMCELL Technologies, Cat#
78006.1) and 10 ng/ml FGFb (STEMCELL Technologies, Cat# 78003.1). Cells were split every 3—4
days. Briefly, prostaspheres were dissociated mechanically by gentle pipetting (100x) of the pellet
and the single-cell suspension was seeded (1x10° cells/ml) in a T25 flask (Corning). TRAMP-C2
cells and RM-1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Corning, Cat#
10-013-CV) supplemented with 10% fetal bovine serum (FBS; Invitrogen). PC-3 cells (ATCC CRL-
1435™, RRID:CVCL_0035) were cultured in RPMI (Corning, Cat# 15-040-CV) supplemented with
10% FBS.

Flow cytometry. Single-cell suspensions were labelled for 15 min at 4°C with anti-mouse
fluorochrome-conjugated monoclonal antibodies specific for the following: a2 integrin (1:200, clone:
HMa2, BD Bioscience Cat# 558295, RRID:AB 398658), CD44 (1:200, clone: IM7, BD Bioscience
Cat# 560780, RRID:AB _1937316), CD166 (1:200, clone: eBioALC48, eBioscience, Cat# 12-1661-
81, RRID:AB 823126), CD133 (1:200, clone: 315-2cl11, BiolLegend, Cat# 141208,
RRID:AB 10896756), B1 integrin (1:200, clone: Ha2/5, BD Bioscience, Cat# 555005,
RRID:AB_395639), Sca-1 (1:200, clone: D7, Biolegend, Cat# 108143, RRID:AB_2629684), RANK
(1:50, clone: REA961, Miltenyi Biotec, Cat# 130-116-067, RRID:AB_2727323), RANKL (1:50,
clone: REA 1026, Miltenyi Biotec, Cat# 130-117-297, RRID:AB 2727911). For intranuclear

detection of YAPI, cells were fixed and permeabilized with the eBioscience™ Foxp3/Transcription
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Factor Staining Buffer kit (Thermo Fisher Scientific, Cat# 00-5523-00) according to manufacturer’s
instructions, and stained with anti-YAP1 antibody (1:50, clone: DS8H1X; Cell Signaling Technology,
Cat# 14074, RRID:AB_2650491) for 30 min at RT. After washing, cells were incubated for 30 min
at RT with Alexa Fluor® 488-conjugated anti-rabbit IgG (H+L), F(ab')2 Fragment antibody (1:500;
Cell Signaling Technology, Cat# 4412, RRID:AB 1904025). Labeled cells were acquired using a
BD FACS Canto™ (BD, RRID:SCR 018055) or CytoFLEX LX (Beckman Coulter,
RRID:SCR_025067). Dead cells were excluded by 7-AAD (1:100, BD Bioscience, Cat# 559925) or
Zombie fixable viability dye (1:400, BioLegend, Cat# 423102) staining. Data were analyzed with
FlowJo software (RRID:SCR_008520). The MFI was calculated by gating the whole population of
interest.

Co-culture experiments. CMTMR (ThermoFisher Scientific, Cat# C2927)-labeled PNE cells were
seeded alone or in the presence of CFSE (ThermoFisher Scientific, Cat# C34554)-labeled PAC or
TRAMP-C2 or RM-1 cells at the indicated PNE:other cell ratio (1:1 unless specified otherwise). Cells
(2.5x10* total cells in 200 pl serum-free NeuroCULT medium) were cultured in 96-well polystyrene
round-bottom plates (Sigma-Aldrich) at 37°C. After 4 days, cells were harvested, prostaspheres were
dissociated mechanically, and cells were incubated with dye-conjugated monoclonal antibody (see
Flow cytometry section) for 15 min 4°C. Dead cells were excluded by 7-AAD staining. Cells were
acquired using FACS Canto™,

For co-culture in the presence of DHT, cells were prepared as described above and treated with or
without DHT (1 pg/ml, Sigma-Aldrich, Cat# 10300). Cells were also cultured in the presence of 10
ng/ml OPG (Peprotech, Cat# 450-14) or 250 uM sulfasalazine (Selleckchem, Cat# S1576) or 1uM
SC75741 (SC75, Selleckchem, Cat# S7273). Alternatively, CMTMR-labeled PNE cells were
cultured in the presence of PAC or PNE conditioned medium with fresh serum-free NeuroCULT
medium (1:1). Briefly, 0.5x10° cells were cultured in 5 ml serum-free medium. After 4 days, the cells
were recovered, and the supernatant was isolated by centrifugation at 1000 rpm for 10 min and stored

at -20°C. For the coculture assay with Transwell, PAC cells (2.5x10* cells in 100 pl serum-free
9



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

NeuroCULT medium) were seeded in the upper chamber of a Transwell insert containing a porous
membrane (0.4 um pore size, Merck, Cat# CLS3413) and PNE cells (2.5x10* cells in 100 ul serum-
free NeuroCULT medium) were seeded in the lower chamber. After 4 days PNE cells were recovered,
stained and acquired using a FACS Canto™. Technical triplicates were included for each condition.
In vitro invasion assay. To evaluate invasive ability, PNE cells were cultured either alone or in the
presence of PAC cells as described above. After 4 days in co-culture, cells were analyzed by flow
cytometry for upregulation of a2 integrin and PNE cells were seeded either alone or with PAC cells
in 200l of serum-free NeuroCULT medium in the upper chamber of a Transwell insert containing a
porous (8 um) membrane (Merck, Cat# CLS3422) previously coated with 50 pl of 0.2% collagen I
(Serva, Cat# 47254). Subsequently, 800 ul serum-free NeuroCULT medium, with or without 500 uM
of TC-I 15 (a2 integrin inhibitor, Tocris, Cat# 4527), or 0,5uM of CA-3 (Y AP inhibitor, Selleckchem,
Cat# S8661), or 1uM of PF573228 (PF57, FAK inhibitor, Selleckchem, Cat# S2013), or 1uM of
Dasatinib (src inhibitor, Merck, Cat# SML2589) added to the lower chamber. Cells were incubated
at 37°C for 16 h before the cells in each compartment were harvested and relative counts were
acquired using a FACS Canto™. Briefly, cells in the upper chamber were recovered without pipetting
to avoid disrupting the collagen coating. The residual cells were then removed from the upper side of
the membrane with a cotton swab and the collagen gel was digested by the addition of 300 ul
collagenase ABD solution (Roche) for 5 min at 37°C. Dead cells were excluded by 7-AAD staining.
Technical triplicates were performed for each condition.

CA-3 treatment of TRAMP mice. Heterozygous TRAMP male mice (aged 14 weeks) were
anesthetized with Avertin (0.6 mg/g, i.p., Sigma-Aldrich) according to procedures approved by the
Institutional Ethical Committee prior to surgical castration. After 2 weeks, when the wound was
healed, mice were randomized and treated intraperitoneally (i.p.; 3x per week) with 1 mg/kg CA-3
(Selleckchem) or vehicle (PBS) for the entire duration of the experiment. Mice were monitored for

NEPC by palpation (3x per week) and sacrificed by CO» asphyxiation when tumor became palpable
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or if animals developed signs of distress (e.g., 20% weight loss) according to approved protocol. The
prostate and metastatic organs were removed and fixed for 24 h in formalin and embedded in paraffin
for further H&E or THC analysis. All tumors and metastases were confirmed by trained pathologist.
In vivo metastatic models. PNE cells (either WT or KO for YAP1) were diluted 1:1 in Matrigel™
High Concentration (Corning, Cat# 356231) and 200 pl of the admixture containing 2x10° cells was
injected subcutaneously (s.c.) into male NSG recipients. Mice were monitored (3x per week) and the
three dimensions (height, length and width) of the tumor were measured with caliper. Tumor volume
was calculated as follows: height/2xlength/2xwidthx3,14x4/3. At tumor appearance, mice were
randomized and treated i.p. (3x per week) with 1 mg/kg CA-3 (Selleckchem) or vehicle (PBS).
Tumors were surgically resected when they reached 10x10 mm diameter. Mice were sacrificed by
CO; asphyxiation when LN metastasis became palpable or if animals developed signs of distress
according to approved protocol. Male C57BL/6N recipients were injected s.c. with TRAMP-C2 cells
(2.5x10%in 200 ul DMEM), PC-3 cells (2x10° in 200ul PBS) were injected s.c. into NSG males. Mice
were treated as described above for PNE tumor-bearing mice.

Mouse organoids. Mouse organoids were derived from either WT prostate or primary NEPC from
TRAMP mice following the protocol described in (23). Cells were resuspended in Advanced DMEM
(Thermo Fisher Scientific, Cat# 12634010) with L-glutamine (1x, Gibco, Cat# 25030081), 100 U/ml
penicillin, 100pg/ml streptomycin (Gibco, Cat# 15140122), B27 (1x, Thermo Fisher Scientific, Cat#
17504001), N2 (1x, Thermo Fischer Scientific, Cat# 17502048), Mouse Recombinant EGF 50ng/ml
(Thermo Fischer Scientific, Cat# 315-09), mouse recombinant Noggin 100 ng/ml (Thermo Fischer
Scientific, Cat# 120-10C), recombinant mouse R-spondinl 50 ng/ml (Thermo Fischer Scientific, Cat#
120-38), A-83-01 200nM (MedChemExpress, Cat# HY-10432). Medium was supplemented with
either DHT 10nM for WT mouse organoids culture or FGF-basic 10ng/ml (Thermo Fischer Scientific,
Cat# 100-18B) for NEPC-derived organoids. Cells were finally resuspended in 80% growth factor-

reduced Matrigel (Corning, Cat# 35623 1) and seeded as 40 pl droplets onto each well of a cell culture
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plate. The droplets solidified for 30 min into a cell culture incubator at 37 °C and 5% CO- before 1
ml of culture media was added to each well. The culture was replenished with fresh media every 2 —
3 days during organoid growth. Organoids were passaged weekly through enzymatic and mechanical
disruption before re-plating the cells.

Mouse organoids viability assay. On day 0, 1000 cells/droplet were seeded in triplicate and grown
for 3 days. Organoids were then treated with either 0,5 uM or SuM of CA-3 (Selleckchem) from day
4 to 7. Cultures were imaged with the stereomicroscope at day 5 and 7 and organoids counted to
determine growth inhibition. At day 7, organoids were passaged and all the cells re-seeded to measure
the frequency of organoids formation after treatment.

Human organoid culture. Human organoids were developed in Puca et al. (24) and cultured as
described (25). Cells were resuspended in Advanced DMEM (Thermo Fisher Scientific, Cat#
12634010) with GlutaMAX (1%, Invitrogen, Cat# 35050061), 100 U/ml penicillin, 100pg/ml
streptomycin (Gibco, Cat# 15140122), Primocin 100pg/mL (InvivoGen, Cat# ant-pm-05), B27
(Thermo Fisher Scientific, Cat# 17504001), N-Acetylcysteine 1.25mM (Sigma-Aldrich, Cat#
A9165), Mouse Recombinant EGF 50ng/ml (Thermo Fisher Scientific, Cat # PMG8041), Human
Recombinant FGF-10 20ng/ml (Thermo Fisher Scientific, Cat # 100-26), Recombinant Human FGF-
basic Ing/ml (Thermo Fischer Scientific, Cat# 100-18B), A-83-01 500nM (MedChemExpress, Cat#
HY-10432), SB202190 10uM (Sigma-Aldrich, Cat# S7067), Nicotinaminde 10mM (Sigma-Aldrich,
Cat# N3376), DHT InM, PGE2 1uM (R&D Systems, Cat# 2296), Noggin conditioned media (5%)
and R-spondin conditioned media (5%). The final resuspended pellet was admixed to growth factor-
reduced Matrigel (Corning, Cat# 356231) in a 1:2 volume ratio. Droplets of 75 pul cell
suspension/Matrigel mixture were pipetted onto each well of a cell suspension culture plate (Sarstedt
Ltd.). The droplets solidified for 30 min into a cell culture incubator at 37 °C and 5% CO before 3
ml of culture media was added to each well. The culture was replenished with fresh media every 3—4

day during organoid growth. Organoids were passaged weekly.

12



268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

Human organoid viability assay. On day -1, 3,000 cells/well were seeded in triplicate in 96 well
plate. After 24h cells received increasing concentration of CA-3 or Verteporfin (Selleckchem, Cat#
S1786) ranging from 0 to 10 uM. At day 6 the cell viability was measured with CellTiter-Glo Cell
Viability Assay (Promega, Cat# G7570). Cell viability of PM1078 was measured at day 4 in
consideration of cell growth. Both drugs were diluted in DMSO and the control samples received
DMSO alone.

RNA extraction and qRT-PCR. RNA was isolated from cells using RNeasy Mini Kit (QIAGEN,
Cat# 74134) and 1 ng of RNA was reverse transcribed into cDNA using iScript Advanced cDNA
Synthesis Kit (Bio-Rad, Cat# 1725038). gqRT-PCR was performed with CFX Opus 96 Real-Time
PCR System (Bio-Rad). Relative quantification was calculated by the ACt method. GAPDH was used
as an internal control.

Immunohistochemistry. Tumors and metastasis were fixed in formalin for 24 h and embedded in
paraffin. Sections (5 pm) were stained with Mayer’s hematoxylin and eosin (BioOptica) and
evaluated by an expert pathologist. Contrary to the human disease, TRAMP mice do not develop
tumors of mixed adenocarcinoma and neuroendocrine phenotype. For human organoids, IHC was
performed on deparaffinized FFPE sections. Slides were incubated with 3% hydrogen peroxide
(Thermo Scientific #H312-500) for 10 minutes, rinsed with Tris-buffered saline with 0.1% Tween-
20 Detergent (TBST), and incubated in 1.5% blocking buffer (Vector Laboratories) for 1 hr. The
following antibodies were used: SYP (1:500, clone: MRQ-40, Millipore, Cat# 336R,
RRID:AB 3096182), AR (1:250, polyclonal, Millipore , Cat# 06-680, RRID:AB 310214), NKX3.1
(1:200, clone: D6D2Z, Cell signaling technology, Cat# 92998, RRID:AB _2800197), YAP (1:100,
clone: D8HIX, Cell Signaling technology, Cat# 14074, RRID:AB 2650491), TAZ (1:200,
polyclonal, Millipore, Cat# HPA007415, RRID:AB_1080602).

Immunofluorescence analysis. For the detection of YAPI by immunofluorescence staining, PNE
cells were cultured alone or with GFP-expressing PAC and seeded on glass slides in an artificial
extracellular matrix composed of neutralized collagen I (Serva) and Matrigel™ Growth Factor
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reduced (Corning) (3:1) in the presence of 300 ul serum-free NeuroCULT medium. After 4 days, the
medium was removed and cells were washed with PBS cells before fixation with 4% PFA for 30 min
at RT. Cells were then washed with PBS and permeabilized with 300 pl Block and Perm solution
(0.3% Triton, 10% FBS, 1 mg/ml BSA and PBS) for 30 min at RT. After washing with PBS, cells
were stained with a primary antibody against YAP1 (1:250, clone: 63.7, Santa Cruz Biotechnology,
Cat# sc-101199, RRID:AB_1131430) overnight at 4°C. The cells were then washed and incubated
with Alexa Fluor 568 anti-mouse secondary antibody (Thermo Fisher Scientific, Cat# A-11004,
RRID:AB 2534072) RT for 2h. Nuclei were stained with DAPI (3 pg/ml) (Thermo Fisher, Cat#
62248) for 10 min. PC3 cells were used as positive control for nuclear Y AP localization and processed
as indicated above. Sections were examined under a TCS SP2 confocal laser scanning microscope
(Leica, RRID:SCR_020231).

Preparation of ECM from murine prostate and co-culture with PAC and PNE cells. Briefly,
each prostatic lobe was micro-dissected ex vivo from the urogenital apparatus of TRAMP mice (aged
12—13 weeks) and age-matched WT littermates. Decellularized ECMs from each lobe were generated
as described previously (18) and cultured with 2.5x10* CMTMR-labelled PNE cells or with 1.25x10%
CMTMR-labelled PNE cells plus 1.25x10* CFSE-labelled PAC cells in 200 pl serum-free
NeuroCULT medium. After 4 days, cells were recovered by gentle pipetting and the viability and
expression of a2 integrin and CD44 were analyzed by flow cytometry. Hemi-matrixes from each pair
of prostatic lobes were tested.

Polarized light analysis on prostate samples. Human prostatic tissue slides for analysis were
provided by the Pathology Department of IRCCS San Raffaele Hospital. Forty patients diagnosed
with prostatic acinar adenocarcinoma, ISUP Grade Group 4 (Gleason Score = 8; n=20) or 5 (Gleason
Score = 9 or 10; n = 20), by expert uropathologists in the same Institution were identified. For each
case the most representative H&E slide containing both neoplastic and perilesional tissue was

selected. Finally, H&E slides of ISUP Grade Group 4 prostatic adenocarcinoma and (n = 20) H&E
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slides of ISUP Grade Group 5 prostatic adenocarcinoma (n = 20) were used for polarized light
analysis. The degree of organization of fibrils (anisotropy) was evaluated as recently reported (26).
Briefly, collagen birefringence was acquired on the hematoxylin/eosin-stained tissues by using the
polarized light in darkfield microscope (Zeiss Axiolmager M2M) and virtual images were generated
with the use of Axio Vision Imaging software (AxioVision, vers. SE64 Rel.4.9.1). All images were
captured using 5X objective (NEOFLUAR 5X- NA 0.15). Anisotropy was measured in multiple
stromal areas in each tissue by using the ImageJ software plug-in FibrilTool (27). Anisotropy was
expressed as range from 0 to 1, with O representing casual orientation of the fibrils, and 1 the
maximum of linearization of collagen fibrils.

Atomic force microscopy. Atomic force microscopy in force spectroscopy mode (AFM-FS) was
performed at room temperature in PBS with a Nanowizard II (JPK Instruments, Berlin, Germany)
equipped with a square-based pyramid probe (MLCT-BIO, cantilever E, 0.1 N/m nominal spring
constant) (28). The calibration of each cantilever spring constant was performed by thermal noise
method in PBS before the measurements (29). Force-indentation curves were obtained with a
maximum applied force of 20 nN, an 8§ um ramp length and a constant speed of 1 pm/s on a grid of
15 x 15 um? with 15 x 15 points. The force-distance curves were corrected for the bending of the
cantilever to obtain the force-indentation curves. The evaluation of tissue stiffness, described
quantitatively through the Young’s Modulus (YM), was obtained by force-indentation curve analysis
with the Hertz-Sneddon model, considering the shape of the tip (30). Each force-indentation curve
was fitted by JPK data processing software (JPK Instruments, Berlin, Germany) up to about 2 um of
indentation depth.

ECM proteomic analysis. ECMs were weighed, cut into small pieces and dissolved in 100 pL of a
buffer containing 5 M urea, 2 M thiourea, 2% CHAPS, 2% Zwittergent and 10 pl/ml protease
inhibitors. After shaking (1,400 rpm) at RT for 24 h, the samples were sonicated using a Bioruptor (2
cycles of 30°” on/30”" off) and centrifuged (14,000 rpm) at 4 °C for 15 minutes. The total protein

concentration in the supernatant was determined using a Bio-Rad protein assay with BSA as the
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standard. Samples (25 pg) of total protein from each sample were digested using the Filter Aided
Sample Preparation (FASP) protocol. Briefly, using Microcon filters with a 10-kDa cutoff
(Millipore), cysteine reduction and alkylation was performed by addingl0 mM TCEP (Thermo
Scientific) and 40 mM 2-chloroacetamide (Sigma-Aldrich) in urea 8 M Tris100 mM pH 8 for 30 min
at RT. After centrifugation at 10,000 rpm for 10 min, the buffer was replaced with ammonium
bicarbonate 50 mM and the proteins were digested with trypsin (Trypsin, Sequencing Grade, Roche)
(1:50 enzyme:secreted proteins) overnight at 37°C. Peptides were recovered from the bottom of the
Microcon filters by centrifugation at 10,000 rpm for 10 min, with two consecutive washes of 50 ul
0.5 M NaCl. Eluted peptides were purified on a C18 StageTip. Digested samples (5 pg) were injected
onto a quadrupole Orbitrap Q-exactive HF mass spectrometer (Thermo Scientific) and peptides
separation was achieved on a linear gradient (95% solvent A (2% ACN, 0.1% formic acid) to 55%
solvent B (80% acetonitrile, 0.1% formic acid) over 75 min and from 55% to 100% solvent B over 3
min) and at a constant flow rate of 0.25 pl/min on a UHPLC Easy-nLC 1000 (Thermo Scientific).
The LC system was connected to a 23-cm (75 um inner diameter) fused-silica emitter (New
Objective, Inc. Woburn, MA, USA) packed in-house with ReproSil-Pur C18-AQ 1.9 um beads (Dr.
Maisch Gmbh, Ammerbuch, Germany) using a high-pressure bomb loader (Proxeon). The mass
spectrometer was operated in DDA mode: dynamic exclusion enabled (exclusion duration, 15 s); MS1
resolution, 70,000; MS1 automatic gain control target, 3 x 10°; MS1 maximum fill time, 60 ms; MS2
resolution, 17,500; MS2 automatic gain control target, 1 x10°; MS2 maximum fill time, 60 ms; and
MS2 normalized collision energy, 25. For each cycle, one full MS1 scan range (300—1650 m/z) was
followed by 12 MS2 scans using an isolation window size of 2.0 m/z.

MS analysis and database search. MS analysis was performed as reported previously (31). Raw
MS files were processed with MaxQuant software (1.5.2.8), which enables high peptide identification
rates, individualized ppb-range mass accuracies and proteome-wide protein quantification by using
the Andromeda search engine. MS/MS peak lists were searched against the UniProtKB Human

complete proteome database (uniprot cp Mouse 20150401) using trypsin specificity with <2 missed
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cleavages allowed. Searches were performed selecting alkylation of cysteine by
carbamidomethylation as the fixed modification, and oxidation of methionine and N-terminal
acetylation as the variable modifications. Mass tolerance was set to 5 ppm and 10 ppm for parent and
fragment ions, respectively. A reverse decoy database was generated within Andromeda and the False
Discovery Rate (FDR) was set to <0.01 for peptide spectrum matches (PSMs). For identification, at
least two identified peptides per protein were required, of which at least one peptide was required to
be unique to the protein group. Technical duplicates were included in these experiments.
Quantification and analysis of MS data. Label free from DDA .raw files were analyzed by
MaxQuant software for protein quantitation and label-free quantification (LFQ) intensities were used.
Statistical analysis was performed using the Perseus software (version 1.5.6.0) included in the
MaxQuant package and #-tests were performed applying FDR <0.05. The proteins identified by
proteomic analysis were matched with the matrisome DB2.0 (revised on 2016)
(http://matrisomeproject.mit.edu/proteomics-data-sets/). RAW proteomics data files were deposited
together with all peptides and proteins identified and parameters used for the analysis at the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD027625.

Transcriptomic analysis. RNA-sequencing data from Beltran et al. were analyzed to identify
transcriptomic differences between castration-resistant neuroendocrine prostate cancer (CRPC-NE)
and adenocarcinoma (CRPC-Adeno). The gene expression read count matrix provided in the report
by Beltran et al. (4) were analyzed using R (v. 3.6.2). The study included 13 CRPC-NE and 34 CRPC-
Adeno samples. Only genes with a counts per million (CPM) value >1 in at least 13 samples were
retained for the analysis. Differentially expressed genes (DEGs) were identified using the DESeq
Bioconductor package. P-values were adjusted using an FDR threshold <0.05. Heatmaps of all DEGs
(FDR < 0.05) and modulated genes enriched in extracellular matrix organization according to GO
analysis (GO:0030198) were plotted with the CRAN package pheatmap (v.1.0.12). To identify both

up- and down-modulated pathways, we performed enrichment analysis of the genes with adjusted P
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< 0.05 using the EnrichR package (v.2.1), which provides an R interface to the ‘Enrichr’ databases
and  statistics. Enrichment was performed on the GO _Biological Process 2018,
GO _Cellular Component 2018, GO_Molecular Function 2018, Reactome 2016, KEGG 2016,
WikiPathways 2016, BioCarta 2016, BioPlanet 2019 datasets.

Single-cell RNA sequencing data from Cheng et al. (6), Song et al. (32), and Zaidi et al. (33) were
reanalyzed to evaluate the expression of key genes and gene signatures. The genes of interest included
YAPI, NE markers (EZHI, EZH2, SYP, NDRGI), and ITGA2. The gene signatures analyzed were
CRPCsig51 as defined by Cheng et al. (6), SCL and NE defined in Tang et al. (34), and YAP-TAZ
targets defined in Wang et al. (35), as specified in Supplementary Table S1. The analyses were
performed across various PC datasets, including PC lineage subtypes in CRPC cells (6), primary
treatment-naive PC (32), and castration-sensitive PC, castration-resistant adenocarcinoma and
castration-resistant NEPC prostate tissues (33). Count files for each sample of the Cheng et al. dataset
(with “.h5” extension) were obtained from the paper authors and aggregated into a single feature-
barcode matrix by cellranger v 6.1.2, using the “cellranger aggr” function. The aggregated count file
was imported in R (v.4.0.5) and analyzed with the default Seurat (v. 4.0.5) workflow as described by
Cheng et al. Seurat RDS objects, including the analysis of Song et al. and Zaidi et al., were made
available by the paper authors and downloaded at the following links:

https://github.com/angelussong/scRNA-seq-Analysis-of-Prostate-Cancer-Samples (32) and

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE264573 (33). These objects were directly

imported into R (v.4.0.5) for gene expression and gene signature testing. The scores of the
CRPCsig51, SCL, NE, and YAP-TAZ targets signatures were assessed with the Seurat function
“AddModuleScore”. Gene expression and signature scores were visualized with the Seurat function
“FeaturePlot”. Heatmaps of gene expression were generated with the Seurat function “DoHeatmat”
using the data slot.

Statistical analyses. If not otherwise stated, results were obtained from at least 3 independent

experiments. Each independent experiment was performed in technical triplicates. If not otherwise
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stated, statistical analyses were performed using Prism 10 (GraphPad Software, RRID:SCR_002798)
applying Student’s #-test, Fisher exact test or one-way ANOVA followed by Tukey’s test. P < 0.05
was set as the threshold for statistical significance.

Data availability. All data regarding proteomic analysis and quantification were deposited at the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD027625 as indicated in the paragraph above. The genomics data analyzed in this study were
obtained from public databases or requested to paper authors, as indicated below. Bulk-RNAseq data
from Jachetti E. et al., Cancer Res, 2015, were obtained from Gene Expression Omnibus (GEO)
at GSE65502; Bulk-RNAseq data from Beltran et al., Nat Med, 2016 were obtained from dbGap

at phs000909.v.pl. Single-cell RNA-seq data from Cheng et al., Eur. Urol., 2022 was obtained by

asking the paper authors; Single-cell RNA-seq data from Song et al., Nat Comm, 2022 and Zaidi et
al., PNAS, 2024  were  obtained from  Gene  Expression  Omnibus (GEO)

at GSE176031 and GSE264573, respectively.
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RESULTS

In the absence of male hormones, surviving exocrine PC cells and the tumor-associated ECM
promote o.21 upregulation in NEPC cells and their survival

To identify novel interactions between tumor cells and the tumor microenvironment promoting NEPC
in the context of androgen withdrawal, we used PC cell lines obtained by in vitro culture of TRAMP
prostate specimens in serum-free medium (17). This culture condition allows in vitro stabilization of
PC lines composed of an heterogenous population of cells at different stages of differentiation. Thus,
these cell lines maintain plasticity, and fulfil the criteria of unlimited self-renewal, multilineage
differentiation and tumorigenic potential (17). PAC cells [formerly 1 1wT-Ep; ref. (17)] were obtained
from lesions of high-grade prostate intra-epithelial neoplasia (mPIN) that invariably progress to
adenocarcinoma. PNE cells [formerly T-NE; ref. (17)] were isolated from poorly differentiated,
synaptophysin (Syn)-positive NEPC lesions. Gene expression analyses revealed the two cell types
reflect the stages of human PC progression. Additionally, the CRPCsig51 signature characterizing
pre-existing CRPC-like cells identified by Cheng et al. (6) clearly segregated PNE from PAC cells
(Fig. S1A) as well as human NEPC from CRPC (Fig. S1B). This finding suggests that poorly
differentiated cells also exist in human PC specimens before castration.

To test our hypothesis that castration favors novel interactions among androgen-independent exocrine
and neuroendocrine PC cells and the ECM, we cultured PNE with PAC cells or more differentiated
TRAMP-C2 (19) or RM-1 cells (22) in serum-free medium (androgen-free; Fig. 1A) (17). Both
TRAMP-C2 and RM-1 cells inhibited proliferation of PNE cells in a dose-dependent manner (Fig.
1B-D), whereas proliferation of PAC (Fig. S2A) and TRAMP-C2 cells (Fig. S2B) was not affected.
Co-culture with PAC cells induced upregulation of integrin a2 (Fig. 1E-F) but not of CD29, CD166,
CD133, Sca-1 and CD44 (Fig. S2C-E) in PNE cells. This effect did not occur when PNE cells were
co-cultured with TRAMP-C2 (Fig. 1E-F) or RM-1 cells (Fig. S2F). Co-culture with PNE cells did

not impact a2 expression in PAC cells (Fig. S2G).
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Next, we explored the influence of androgens on a2 upregulation and PNE proliferation. While PNE
expressed the AR (17), DHT neither induced upregulation of known AR-target genes in PNE cells
(Fig. S2H-I) nor further PNE cell differentiation (Fig. S2J-K). DHT also did not prevent upregulation
of a2 in PNE cells co-cultured with PAC cells (Fig. S2L) and did not affect PNE proliferation (Fig.
S2M). Thus, PNE cells are insensitive to DHT.

To assess the potential role of the ECM on NEPC, we cultured cells on ECMs from the dorsal prostate
lobe (i.e., one of the first site of tumorigenesis) collected from TRAMP mice and wild-type (WT)
littermates at 12—13 weeks of age, when TRAMP mice begin to develop PC (19). Only TRAMP lobes
fully supported the survival of PNE cells (Fig. 1G) and induced a2 upregulation (Fig. 1H). a2
upregulation by PNE cells was further amplified when they were seeded together with PAC cells on
TRAMP dorsal lobe ECM (Fig. 11), thus demonstrating that the effects of PAC cells and cancer-
associated ECM on PNE cells are additive.

Collectively, these data support a model in which more differentiated PC cells prevent less-
differentiated NEPC cell proliferation and a2 upregulation. Under androgen ablation, androgen-
independent exocrine PC cells and the ECM unleash the proliferative capacity and a2 upregulation

in NE cells favoring their migration potential.

a2 upregulation in PNE cells requires cell-to-cell contact and NF-kB signaling

To identify pathways responsible for a2 upregulation, we cultured PNE cells in PAC-conditioned
medium (Sup-PAC; Fig. S3A). PNE expression of neither a2 (Fig. S3B) nor CD44 (Fig. S3C) was
modulated by PAC-conditioned medium. Similar results were obtained when the two cell populations
were physically separated by a porous membrane (Fig. S3D-E), suggesting that cell-to-cell contact is
required to induce a2 in PNE cells.

Interactions of RANK with RANKL induce o2 upregulation by cancer cells via the NF-xB signaling

pathway (36). Interestingly, both PNE and PAC cells expressed RANK and RANKL (Fig. 2A-D).
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Inhibition of RANK/RANKL interaction by knocking out RANK in PNE cells (Fig. 2E) or by adding
osteoprotegerin (OPG) (Fig. 2F), a natural decoy receptor for RANKL (37), prevented o2
upregulation on PNE cells without affecting their viability (Fig. S3F). Co-culture of PNE and PAC
in the presence of a non-cytotoxic concentration of the NF-«kB inhibitors sulfasalazine (Fig. S3G) or
SC75 (Fig. S3H) also prevented a2 upregulation in PNE cells (Fig. 2G). Interestingly, both OPG
(Fig. 2H) and sulfasalazine (Fig. 2I) inhibited a2 upregulation in PNE cells cultured on TRAMP
ECM, thus suggesting a common mechanism for a2 upregulation in these cells. All together, these
data demonstrate that the interaction of RANK with RANKL and the activation of NF-kB induce a2

upregulation in PNE cells (Fig. 2J).

The ECM from the TRAMP prostate differs structurally and chemically from that of WT mice
We then explored the structure and composition of the prostate ECM. Scanning electron microscopy
(SEM) showed that the ECM from TRAMP mice was more linearized and organized than that derived
from age-matched WT prostate (Fig. 3A), resulting in higher anisotropy (Fig. 3A, B). We confirmed
this finding with polarized light on H&E sections of the whole dorsal lobes (Fig. 3C). Furthermore,
atomic force microscopy (AFM) demonstrated that the ECM from TRAMP dorsal lobes was stiffer
than the WT ECM (Fig. 3D). These structural features are characteristics of a pro-metastatic ECM
9).

Data obtained in the TRAMP model prompted us to investigate the structure of the human prostate
ECM. Polarized light microscopy showed increased anisotropy in H&E sections from PC tissues
when compared with perilesional area (Fig. 3E and Fig. S4A). These findings highlight similarities
between human and mouse prostate ECM.

Proteomic analysis of ECM from TRAMP and WT prostates identified 484 proteins upregulated and
215 downregulated in TRAMP ECM (Fig. SSA and Supplementary Table S2). Gene ontology (GO)

analysis uncovered that these proteins regulate interactions between cells and ECM (Fig. S5B);
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therefore, we focused our analysis on ECM-specific proteins. Serpine2, Clec2d, Annexinl3, Host cell
factor 1, Serpin B11, Adam10, Cathepsin F and Plexin-B2 were all upregulated in TRAMP-derived
ECMs, whereas Prolargin, Decorin, Laminin subunits o3 and 33, Periostin, Fibrinogen-like protein
1, Von Willebrand factor, Transforming growth factor-beta-induced protein, Dermatopontin and
Collagen o chains were downregulated (Fig. 3F). The Enrichr algorithm (38) identified ECM-
receptor, focal adhesion and PI3K/AKT pathways as the most downregulated pathways in TRAMP-
derived ECMs (Fig. 3G). These data suggest that in the early stage of tumorigenesis, the ECM
undergoes structural, physical, and chemical rearrangements that may influence behavior of poorly
differentiated PC cells. When we analyzed transcriptomic data of PAC and PNE cells (17), we found
that while several NEPC-specific pathways were upregulated in latter (Fig. S5C), ECM-receptor
interaction, PI3K/AKT signaling, and focal adhesion pathways were downregulated (Fig. S5D) as in
the TRAMP-derived ECM (Fig. 3G).

To find correlates of these pathways in human NEPC specimens, we compared the transcriptome of
34 CRPC-Adeno and 13 CRPC-NE samples (4). As shown in Figure S6A, “ECM organization”
pathway of the Kyoto Encyclopedia of Genes and Genomes (KEGG) differentiated human CRPC-
NE and CRPC-Adeno. ECM-receptor interaction, focal adhesion and the PI3K/AKT signaling
pathway again ranked among the top 10 downregulated transcripts (Fig. S6B). Thus, pathways
involved in ECM/cell interactions are downregulated in the tumor-modified ECM and in mouse and

human NEPC, but whether this supports, hinders or does not affect metastasis is unclear.

a2 upregulation endows PNE cells with invasive ability

To investigate if a2 promoted the metastatic behavior of PNE cells, these cells were cultured alone
or together with PAC cells on a collagen I gel substrate. The invasive capacity of PNE cells increased
dramatically when the cells were co-cultured with PAC cells (Fig. S7TA-B). TC-I 15, a synthetic
inhibitor of integrin 02B1 (39), and knocking out a2 in PNE (PNE a.2X°) significantly reduced their

invasion ability (Fig. S7C-D). Thus, a2 upregulation endows PNE cells with more invasive ability.
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YAP is activated in PNE cells co-cultured with PAC cells

Because interactions between a2, which only forms dimers with B1 subunit (40), and collagen in the
ECM trigger YAP/TAZ signaling (41), we investigated YAP in PNE cells. We used
immunofluorescence (IF) to quantify cytoplasmic (inactive) and nuclear (active) YAP. Human PC3
cells were used as positive control (Fig. S8A). Co-culture induced nuclear translocation of YAP in
PNE cells as demonstrated by confocal microscopy (Figs. 4A-B and S8B-C), suggesting its activated
status. Indeed, YAP inhibition by CA-3 (42) impaired the invasive ability of PNE cells (Fig. 4C)
without affecting cell viability (Fig. S8D). Knocking out YAP in PNE cells (PNE YAPX?) also
reduced their invasiveness (Fig. 4D). To provide a molecular link between a2 activation and nuclear
translocation of YAP, we pharmacologically intercepted focal adhesion kinase (FAK) and src kinase,
integrin downstream key molecules (41). Both PF57 (FAK inhibitor) and Dasatinib (src inhibitor)
reduced PNE cell invasion (Fig 4E), supporting the a2-Y AP connection (Fig. 4F). Thus, PAC cells

induce YAP activation in PNE cells and enhance their invasive capacity.

Cells like PNE exist in human PC

To provide an additional link between our data in mice and human PC, we looked for YAP expression
in untreated primary PC in Cheng et al. dataset (6). According to the original hypothesis (6), we
identified 18 clusters (Fig S9A) discriminating basal, luminal (PSA-low), luminal (PSA-high), small
cell NE cancer (SCNC), CRPC (AR-high), mCRPC (PSA-high) and non-epithelial cells (Fig. 5A),
Y AP was expressed in luminal cancer cells and low/absent in SCNC cells (Fig. 5B). Strikingly, CRPC
(AR-high) cluster, which contains CR primary tumor cells (6), showed high expression of YAP (Fig.
5B) and a few of these cells co-expressed the NE marker SYP (Fig. 5C). A few cells co-expressing
YAP and SYP were also found in luminal (PSA-low) clusters from primary PC that contained cells

with stem-cell features (Fig. 5B-C).
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To corroborate these findings, we looked for co-expression of YAP and NE markers in additional
datasets of single cell RNA sequencing of PC samples from Zaidi et al. (33), and Song et al. (32)
(Figs. 5D-G and S9). Zaidi et al. analyzed untreated PC (castration-naive), castration sensitive PC
(CSPC), CRPC and castration resistant NEPC prostate tissues (33). We found cells co-expressing
YAP and SYP in all the three clusters independently of their lineage (Fig. 5D-F). Consistently, a
minority of cells were YAP positive in the NEPC cluster (Fig. SE). Song et al. analyzed primary
localized treatment-naive PC samples (32). As expected, a few cells expressed SYP in the primary
PC (Fig. S9B), suggesting that even if rare, clones with neuroendocrine features already exist in
primary lesions in treatment-naive patients. To look for human cells with characteristics like our PNE
and expressing YAP, we applied the CRPCsig51 signature (6) to the dataset from Cheng et al. (6),
Zaidi et al. (33) and Song et al. (32). We found preexisting NE/CRPC-like cells in all datasets.
Moreover, these cells were particularly enriched in the NEPC clusters (Fig. S9C and E). As shown in
Figure S9C-E, some preexisting NE/CRPC-like cells also express stem cell-like (SCL) signature (34),
NE signatures and YAP/TAZ target genes. To identify cells with NE features and potentially
expressing YAP, we used cells that scored high in the CRPCsig51 signature (6). We found YAP
positive cells among those that expressed SYP, EZH1, EZH2 and NDRG1 (Fig. SOF-H). These data
demonstrate that while full-blown NEPC are negative for YAP, preexisting poorly differentiated
CRPC cells with NE features can express YAP and its target genes, suggesting YAP is active in these
cells. Furthermore, we identified a small population of cells co-expressing YAP and ITGA2 (Fig. 5
G-J). These data also reinforce our original hypothesis that a2 signaling is mediated by the

transcriptional activity of YAP.

YAP inhibition abolishes PC aggressiveness in vivo
To assess the efficacy of YAP inhibition in vivo, and to avoid the potentially confounding effect of
the immune response (43), we injected PNE cells into male NSG mice. At tumor onset, we treated

the mice with CA-3 or vehicle until surgical removal of the primary tumor (44), the mice were
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monitored thereafter for LN metastasis (Fig. 6A). CA-3 treatment significantly delayed tumor
formation (Figs. 6B and S10A), and when the last control mouse underwent surgery to remove the
primary lesion, more than 60% of CA-3-treated mice were still surgery naive (Fig. 6C). In this
neoadjuvant setting, CA-3 treatment significantly reduced the frequency of metastasis (Fig. 6D) and
delayed metastasis appearance (Fig. 6E). Because CA-3 did not impact tumor growth in mice
challenged with PNE YAPXO cells (Fig. S10B-C), we conclude that YAP was the main target of CA-
3 in vivo. Interestingly, knocking out YAP in PNE cells impacted the in vivo metastatic potential (Fig.
6E), further supporting a role of YAP in establishing NEPC metastasis.

To investigate the therapeutic effect of CA-3 during the development of castration resistance, we used
castrated TRAMP mice (Fig. 6F) (45). NEPC (Fig. 6G) developed in approximately 20% of the intact
TRAMP mice aged >30 weeks, and the proportion doubled after surgical castration (Fig. S10D). As
shown in Supplementary Table 3, CA-3 administration did not augment the quality and quantity of
adverse events in the treated cohort compared to vehicle-treated animals. While 47% of castrated
vehicle-treated TRAMP mice (i.e., 9/19) developed neuroendocrine tumors starting at 53 days post-
surgery, only 11% (i.e., 2/19) CA-3 treated mice developed NEPC (Fig. 6H). Metastases were
observed in four out of nine mice with NEPC in the vehicle group and in one CA-3-treated mouse.
To evaluate the sensitivity of more differentiated PC cells to CA-3, we treated mice bearing palpable
mouse TRAMP-C2 or human PC-3 tumors with CA-3. Despite YAP expression in both TRAMP-C2
and PC-3 cells, the resulting tumors were resistant to CA-3 administration (Fig. SI0E-F). Similarly,
CA-3 did not prevent the development of CRPC-Adeno in TRAMP mice (Fig. S10G) and its
metastases (i.e. 100% in both groups). Thus, YAP inhibition suppresses the development of NEPC

and metastasis in castration-naive mice and CRPC-NE in TRAMP mice.

Inhibition of YAP blocks the growth of human NEPC organoids
To evaluate the relevance of our therapeutic approach in human PC, we assessed sensitivity of patient-

derived three-dimensional (3D) organoids (24) to the YAP inhibitors CA-3 and the clinical-grade
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verteporfin. The existence of poorly differentiated cells in organoids is intrinsic to their in vitro
regenerative capacity. All four organoids derived from metastatic CRPC-NE (i.e., PM154, PM155,
PM1078 and PM1262), the MSKPCA3 organoid from CRPC-Adeno and the CRPC cell line 22Rvl1,
as well as other prostate cell lines (i.e., VCaP, LNCaP, PC3 and RWPEI) but not NCIH660 cells
expressed YAP (Fig. 7A-B) and TAZ (Fig. 7A-C). MSK-PCA3 stained positive for AR-signaling
(e.g., AR and NKX3.1) and negative for the NE marker SYP. CRPC-NE organoids stained negative
for AR-signaling and positive for SYP (Fig. 7A) indicating that the organoids retained the features of
the tissue of origin (24). In 3D culture conditions, both YAP inhibitors impaired growth of all
organoids (Fig. 7D-E), with PM1078 and PM1262 being the most sensitive. Additionally, CYR61
and CTGF, genes downstream of YAP (12), were significantly inhibited upon CA-3 treatment in
PM1078 and PM1262 organoids (Fig. 7F-G). Hence, therapeutic doses of the YAP inhibitors are
effective against human CRPC organoids.

We also generated organoids from TRAMP NEPC and wild type prostate. While constraining the
growth of mouse NEPC organoids at doses therapeutically effective in vivo (Fig. SI1A-B), YAP
inhibitors did not alter the growth of prostate organoids from wild type mice (Fig. S11C-D).

All together, these data suggest that both humans and mouse poorly differentiated PC cells are

sensitive to the therapeutic effects of YAP inhibition.
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DISCUSSION

Here, we aimed to elucidate the mechanism by which NEPC cells nested either in the primary or in
the metastatic tumor are suppressed in the presence of androgens, whereas this suppression can be
relieved under conditions of androgen-deprivation. To this aim, we took advantage of poorly
differentiated PC cells with either neuroendocrine or exocrine characteristics. Based on our findings,
we propose a model by which more differentiated PC cells primarily limit the proliferation of NEPC
precursors. Without androgens, exocrine PC cells surviving ADT and the ECM activate the a2/YAP
signaling axis in NEPC precursors endowing them with aggressive and pro-metastatic behaviors.
Therefore, the use of small molecules targeting a2 and/or YAP, especially in the context of androgen
insufficiency, might block the surge of NEPC in patients.

This model is supported by experimental evidence obtained in this study. First, we found that a2
upregulation by PNE cells in vitro was selectively induced by androgen-independent exocrine PC
cells. Conversely, while unable to modulate a2 expression in PNE cells, more differentiated exocrine
PC cells diminished PNE cell proliferation. Thus, androgens maintain control of NEPC by supporting
the survival of differentiated PC cells that block the proliferation of neuroendocrine clones. Further
evidence is needed to confirm this finding in the human disease.

In human and xenograft PC models, primary adenocarcinomas are weakly a2-positive, whereas
metastases are strongly positive for this marker, suggesting that the metastatic process selects for 02"
clones with greater migratory potential. Development of resistance to ADT by LNCaP and LAPC9
tumors is also associated with a2 upregulation (46). We demonstrated that also poorly differentiated
NEPC cells upregulated a2 to augment their invasive ability. However, the ability of a2 to support
homing of the migrated tumor cells to metastatic sites, or detachment from the primary tumor remains
to be determined.

Our work also provides a mechanistic explanation to the pro-metastatic characteristics of the tumor
ECM. Rather early in the development of cancer in TRAMP mice, the ECM from the prostate

acquired the capacity to induce a2 upregulation in PNE cells. This phenomenon was further enhanced
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by the presence of PAC cells. The structural modification of the tumor ECM correlates with
aggressive disease by supporting the invasion of the surrounding tissue (18), and limiting infiltration
by cancer-specific immune cells, eventually reducing the efficacy of anti-PD-1 immunotherapy (47).
These concepts explain, at least in part, the poor infiltration of PC by T lymphocytes (48).

A stiff matrix also promotes YAP activation, which induces proliferation and migration of
transformed cells. We found that co-culture of PNE and PAC cells in a matrix composed of collagen
I and Matrigel efficiently induced the nuclear localization of YAP in PNE cells, and its inhibition
reduced the invasive capability of PNE cells both in vitro and in vivo. Thus, our data suggest that the
stiff prostate-derived ECM supports the metastatic phenotype of NEPC cells by inducing a2
expression and YAP activation. These data are consistent with a previous study demonstrating that,
in the context of androgen deprivation, YAP associates with the AR, and migrates into the nucleus,
where it activates the transcription of AR target genes (49). We showed that YAP is also active in
AR-positive and androgen-insensitive PC, suggesting that YAP can be triggered both by tumor cell
intrinsic and environmental cues. Increased anisotropy of the ECM in human PC suggests that also
in humans affected by PC, the tumor ECM is modified by the disease and might favor metastasis
likely through a mechanism analogous to the TRAMP model. We propose that the tumor-associated
ECM favors tumor aggressiveness in at least two ways; by protecting tumor cells infiltration and
attack by T lymphocytes and by promoting their invasiveness. Therefore, targeting synthesis of the
ECM may be a promising therapeutic strategy in cancer.

We and others found that YAP is downregulated in full-blown human NEPC and ectopic expression
of YAP in YAP-deficient tumors induces adhesion/ECM genes (16). These analyses used NEPC
tumors mostly composed of fully differentiated cells. In contrast, PNE cells are heterogenous and
much less differentiated than those tumors. Indeed, PNE cells are close to the CRPC-like cells with
neuroendocrine features found in human PC well before androgen deprivation therapy (6). Thus, we
have been in a unique position to investigate the early phase of NEPC development. By targeting

YAP, we greatly reduced NEPC development in mice bearing PNE tumors and in castrated TRAMP
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mice. Interestingly, while PC3 cells are YAP-positive, they are resistant to CA3 and verteporfin in
vivo (14). We also extended the anti-cancer activity of YAP inhibitors to 3D cultures of human CRPC
organoids. All together, these findings support the concept that transient YAP expression in PC cell
precursors is required for progression to NEPC and that YAP inhibitors are particularly effective
against YAP-positive poorly differentiated PC cells.

Tang and colleagues (34) recently identified in CRPC patients a recurrent AR-negative/low PC
subtype enriched in stem cell-like features (CRPC-SCL) that relies on YAP/AP-1 signaling for
growth. Indeed, YAP inhibition prevented expansion of CRPC organoids from CRPC-SCL patients
without affecting AR-dependent PC subtypes. These findings recapitulate the behavior of our CRPC
PC organoids and PNE cells. Moreover, the evidence of preexisting CRPC cells in primary PC
(6,32,33) that share neuroendocrine features and express YAP, reinforce the idea that YAP inhibitors
can serve as complementary treatment for PC patients.

One limitation of our study is that we cannot specifically distinguish between de novo NEPC and
treatment-related NEPC. We did not conduct lineage tracing, and our experiments were not designed
to investigate the origin of NEPC. Because the SV40-driven genetic inactivation of Trp53 and Rb1
tumor suppressors does not mimic the early events of human PC, the TRAMP model is not well suited
to address this biological problem. A distinction between the two has been attempted in the past (50),
which however has not been validated yet. Indeed, our and their experiments were performed in
castrated TRAMP mice that, by definition, develop CRPC-NE and not de novo NEPC. Conversely,
because the inactivation of 7rp53 and Rb! is a characteristic of both de novo NEPC and advanced
CRPC-NE (5), the TRAMP model is well suited to investigate the surge of NEPC in condition of
androgen deprivation. Moreover, we do not know if PNE cells originated from a transdifferentiated
exocrine cancer cell or were the product of de novo NEPC. Semiquantitative RT-PCR (17) showed
that PNE cells also express AR as well as markers of exocrine prostate (e.g., CKS5, CK8), which might
suggest trans-differentiation. Similarities between our PNE cells and human NEPC identified by

Cheng and colleagues (6) and reported herein strongly suggest that cells like PNE exist in human PC
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tissues. Another limitation of our study is the difficulty in identifying a human homolog of PNE cells.
While analysis of human PC dataset (6,32,33) identified few cells expressing YAP and SYP in
primary tumors, these cells cannot be identified by immunohistochemistry. Nonetheless, the efficacy
of YAP inhibitors in restraining growth of human CRPC organoids supports the hypothesis that these
cells also exist in human PC and are targetable by YAP inhibitors.

In conclusion, we demonstrated that the interaction between exocrine cells, neuroendocrine cells and
the tumor ECM promote the aggressiveness and metastasis of NEPC and provide the basis for
investigating strategies aimed at preventing dissemination of NEPC. Our findings indicate the
therapeutic value of integrin a2 and/or YAP inhibitors during ADT in PC patients. This combined
approach could also be investigated in neoadjuvant settings to prevent the spread of NEPC cells

before radical prostatectomy or tomotherapy.
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Figure 1. Lack of male hormones promotes a2 upregulation in PNE cells. A. Schematic
representation of the co-culture experiments. B. Representative plot of CMTMR dye dilution in PNE
cells cultured with PAC or TRAMP-C2 cells. C. Fold-inhibition of proliferation of PNE cells cultured
with either PAC or TRAMP-C2 cells. One-way ANOVA. D Fold-inhibition of proliferation of PNE
cells cultured with RM-1 cells. One-way ANOVA. E Representative plot of a2 expression in PNE
cells stimulated with PAC or TRAMP-C2 cells. F Mean fluorescence intensity (MFI) subtracted of

the fluorescence minus one (FMO) (AMFI) of a2 in PNE cells. One-way ANOVA. G. Percentage of
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live PNE cells cultured in the presence of dorsal lobe ECM from either TRAMP (red) or WT (blue)
littermate prostates. Values are normalized to the PNE cells alone. One-way ANOVA. H. AMFI of
a2 in PNE cells cultured either alone or in the presence of the dorsal lobe ECMs of TRAMP and WT
littermates. One-way ANOVA. I. AMFI of 02 in PNE cells cultured with PAC cells in the presence
of the listed ECMs, as in H. One-way ANOVA. If not otherwise stated, data represent the mean +
SEM of at least 3 independent experiments. Each dot represents the mean of technical triplicates from
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The artwork used

in this figure was adapted from Servier Medical Art (http://https://smart.servier.com/). Servier

Medical Art by Servier is licensed under CC BY 4.0.
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Figure 2. a2 upregulation requires RANK/RANKL and NF-kB signaling. A-B. AMFI of RANK
(A) and RANKL (B) expression in PNE cells cultured alone or in the presence of PAC cells. Student’s
t-test. C-D. AMFI of RANK (C) and RANKL (D) in PAC cells cultured alone or in the presence of
PNE cells. Student’s t-test. E. Normalized a2 expression in either PNE RANKYT or PNE RANKX©
cells cultured with PAC cells. Data are normalized to PNE RANKWT cells only. One-way ANOVA.
F. Normalized a2 expression in PNE cells cultured either alone or with PAC cells in the presence or
absence of OPG. Data normalized to PNE cells only. One-way ANOVA. G. Normalized a2

expression in PNE cells cultured either alone or with PAC cells in the presence or absence of the NF-
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kB inhibitors sulfasalazine or SC75. Data normalized to PNE cells only. One-way ANOVA. H-I.
Normalized a2 expression in PNE cells cultured in the presence of dorsal lobe ECMs and either
treated or not with OPG (H) or sulfasalazine (I). Data normalized to PNE cells + ECM. Student’s t-
test. J. Schematic summary of the findings described in Figure 2. Blue: RANK/RANKL/ NF-
kB/ITAG2 pathway. Red: RANK/RANKL and NF-«kB inhibitors. If not otherwise stated, data
represent the mean + SEM of at least 3 independent experiments. Each dot represents the mean of

technical triplicates from independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. The PC ECM differs structurally and chemically from the normal prostate tissue.
A. Representative scanning electron microscopy images of decellularized ECM derived from the
dorsal lobe of the prostate of TRAMP mice (aged 12—13 weeks) and age-matched WT littermates.
Magnification: 5000x (left) and 20000x (right). B. Quantification of anisotropy in the dorsal lobe
ECM. Student’s t-test. Data represent the mean + SEM. Each dot represents an individual ECM. C.
Anisotropy quantified with polarized light on H&E-stained dorsal lobes. Each dot represents a single
measurement (WT, n=1; TRAMP mice, n=3). One-way ANOVA. D. Stiffness measured with AFM
in decellularized ECMs from the dorsal lobe of the prostate of TRAMP mice at 12—13 weeks (n=6)
and age-matched WT littermates (n=6). For each sample, a minimum of 4 independent grids were
analyzed. Each dot is the median value of a single grid. Student’s t-test. E. Anisotropy quantified
with polarized light on H&E-stained human PC samples (Gleason 4+4, n=20; Gleason 4+5, n=20).

Each dot represents mean anisotropy value of a single sample. Multiple areas were measured from
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each sample as indicated in Materials and Methods section (see also Fig. S4). One-way ANOVA. F.
Heatmap of differentially expressed proteins (P < 0.05) in TRAMP and WT ECMs. Data represent
duplicates of five samples for each experimental group. Upregulated and downregulated proteins are
shown in red and blue, respectively. G. Summary of the top 11 KEGG pathways downregulated in

TRAMP-derived ECM. **P < 0.05, **P <0.01, ****P <(.0001.
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Figure 4. YAP1 is activated in PNE cells co-cultured with PAC cells. A. Representative confocal
images of YAP1 expression in PNE cells cultured for 4 days alone (PNE alone) or in the presence of
GFP-expressing PAC cells (PNE + PAC) in artificial matrix composed of Matrigel™ and collagen I
(Red, YAP1; green, PAC; blue, DAPI stained nuclei). White arrows in the coculture condition
indicate PNE cells. B. Ratio of PNE with nuclear YAP over total YAP" PNE cells calculated in PNE
cells from A. Student’s t-test. C. Invasion of PNE cells stimulated by PAC cells in the presence or
absence of CA-3. Data normalized to the PNE + PAC cells group. Student’s t-test. D. Invasion of
either PNE YAPYT or PNE YAPXO cells stimulated by PAC cells. Data normalized to PNE YAPWT
cells only. Student’s t-test. E. Invasion of PNE cells stimulated by PAC cells in the presence or
absence of PF57 (FAK inhibitor, magenta) or dasatinib (src inhibitor, blue). Data normalized to the
PNE + PAC group. Student’s t-test. F. Schematic representation of the pathway connecting ITGA2

to YAP with inhibitors (red). Data represent the mean £ SEM of at least 3 independent experiments.
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Figure 5. Cells with characteristics of PNE exist in human prostate tumors. A. UMAP plot of
primary PC and CRPC/SCNC samples from Cheng et al. (6). Dots represent single cells, colored by
lineage subtype. B-C. UMAP plot showing gene expression profiles of YAP1 (B) and SYP (C) in
cells from A. D. UMAP plot of untreated PC (castration-naive), castration sensitive PC
(CSPC), castration resistant adenocarcinoma (CRPC) and castration resistant NEPC samples from
Zaidi et al. (33). Dots represent single cells, colored by tumor category. E-F. UMAP plot showing
the expression profiles of YAP1 (E) and SYP (F) in cells from D. G. UMAP plot of epithelial cell
clusters in primary localized treatment-naive PC samples from Song et al. (32). LE: luminal
epithelial; BE: basal epithelial; ERGpos Tumor cells; ERGneg Tumor cells; Club: Club cells

expressing PIGR, MMP7, CP, and LTF. H-J. UMAP plot showing the expression of YAP1 in red
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Figure 6. YAP inhibition abolishes PC aggressiveness in vivo. A. Schematic diagram of the
experimental protocol for NEPC-bearing mice treated with the YAP1 inhibitor CA-3 or vehicle. B.
Growth curves of pooled NEPC in NSG mice treated as in A. Two-way ANOVA. C. Kaplan—Meier
plot of mice undergoing surgical excision of primary NEPC. Log-rank (Mantel-Cox) test. D.
Metastasis frequency in mice from C. Fisher’s exact test. E. Kaplan—Meier plot of mice belonging to
the indicated group and free from metastasis after excision of the primary NEPC. Log-rank (Mantel—
Cox) test. F. Schematic diagram of the experimental protocol for castrated TRAMP mice treated with
CA-3 or vehicle. G. Representative images of the urogenital apparatus of castrated TRAMP mice
compared to WT controls. H. Frequency of NEPC in castrated TRAMP mice treated with either CA-

3 or vehicle. Fisher’s exact test. *P <0.05, ** P <0.01, *** P <0.001.
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Figure 7. Inhibition of YAP blocks the growth of human NEPC organoids. A. Representative
IHC pictures of H&E, YAP, TAZ, AR, NKX3.1 and SYP staining in human NEPC (WCM154, 1078
and 1262) and CRPC-Adeno (MSK-PCA3) organoids. B-C. Expression of YAP (B) and TAZ (C) in
patients’ derived xenografts (PDX), organoids and 2D cultures generated from human NEPC
specimens and human prostate cancer cell lines. D-E. Cell viability assay (Cell-Title Glo) of human
NEPC organoids (PM154, PM155, PM1078, PM1262), human CRPC organoids (MSK-PCA3) and
human CRPC cells (22Rv1) treated with the indicated doses of CA-3 (D) or Verteporfin (E). F-G.
Expression of CYR61 (F) and CTGF (G) in human NEPC organoids either treated with CA-3 or
vehicle. Data normalized to untreated control. Student’s t-test. Data represent the mean + SEM of 4
independent experiments. Each dot represents the mean of technical triplicates from independent

experiments. **P< (.01, ***P < (.001.
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Figure S1. Signature of pre-existing CRPC-like cells segregates NEPC from adenocarcinoma in
mice and humans. Heatmaps representative of differentially expressed genes (P < 0.05) that belong to
the signature CRPCsig51 (Cheng Q. et al., 2022) in PNE and PAC cells (A) and in human NEPC and
CRPC cells (B). Upregulated and downregulated genes are shown in red and blue, respectively.
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Figure S2. Upregulation of integrin a2 is characteristic of PNE and not PAC cells. A. B. Mean
fluorescence intensity (MFI) of CFSE in PAC cells (A) or TRAMP-C2 cells (B) cultured with PNE cells.
C. MFI subtracted from the fluorescence minus one (MFO; i.e., AMFI) of the listed markers in PNE cells
cultured with (red squares) or without (black squares) PAC cells. One-way ANOVA. D. Representative
plot of CD44 expression in PNE cells stimulated with PAC or TRAMP-C2 cells. E. AMFI of CD44 in
PNE cells in the listed conditions. F. AMFI of a2 in PNE cells cultured with PAC or RM-1 cells. One-
way ANOVA. G. AMFI of 02 in PAC cells cultured with PNE cells. H-I. Relative expression of mouse
Fkbp5 and Psca genes in PNE cells treated with DHT or vehicle. Data normalized to untreated control.
Student’s t-test. Data represent the mean + SEM of 3 independent experiments. Each dot represents the
mean of technical triplicates from independent experiments. J. Representative pictures of PNE cells
treated for 4 days with either DHT or vehicle. K. Quantification of cytoplasmic area of PNE cells in J.
Quantification indicates the difference between total cell area and nuclear area measured by DAPI staining
(not shown). Each dot represents a single cell, data obtained from 3-6 images, respectively. Student’s t-

test. L. AMFI of a2 in PNE cells cultured with or without PAC cells and treated with either DHT or



vehicle. One-way ANOVA. M. Fold-inhibition of proliferation of PNE cells cultured with or without PAC
and treated with either DHT or vehicle. One-way ANOVA. *P < 0.05, **P <0.01.
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Figure S3. a2 upregulation requires cell-to-cell contact and NF-xB signaling. A. Schematic
representation of the experimental setup used for B. B. AMFTI of integrin o2 in PNE cells cultured alone
or in the presence of PAC-conditioned medium (Sup PAC); PNE-conditioned medium was used as a
control (Sup PNE). One-way ANOVA. C. AMFI of CD44 in cells described in B. One-way ANOVA. D.
Schematic representation of the experimental setup used for E. E. AMFI of a2 in PNE cells cultured in
the lower Transwell chamber alone or in the presence of PAC cells in the upper chamber. Data represent
the mean + standard deviation (n = 2 experiments). Student’s #-test. Representative plots of 7-AAD-
stained PNE cells cultured with PAC cells in the presence of the listed concentration of OPG (F),
Sulfasalazine (G) or SC75 (H). I f not otherwise stated, data represent the mean + SEM of at least 3
independent experiments. Each dot represents the mean of technical triplicates from independent
experiments. The artwork wused in this figure was adapted from Servier Medical Art
(http://https://smart.servier.com/). Servier Medical Art by Servier is licensed under CC BY 4.0.
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Figure S4
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Figure S4. Polarized light analysis of ECM linearization in human prostate cancer specimen. A.
Representative H&E images (left) and Birefringence of collagen (central) of Perilesional, Neoplastic
(Gleason 4+4) and Neoplastic (Gleason 4+5) tissue. Representative image from each group. The inset
(right) shows higher magnification with fiber alignment measurement. Each yellow square indicates a

measure.
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Figure S5. Divergence of the proteomes of ECMs obtained from TRAMP and WT prostates. A.
Heatmap representative of the differentially expressed proteins (P < 0.05) in the ECM obtained from the
prostate dorsal lobe of TRAMP and WT mice. Data represent duplicates of five samples for each
experimental group. Upregulated and downregulated proteins are shown in red and blue, respectively. B.
Summary of upregulated (red) and downregulated (blue) pathways in the ECM described in A. C.
Upregulated KEGG pathways from microarray analysis of PNE vs. PAC cells. D. Downregulated KEGG
pathways from microarray analysis of PNE vs. PAC cells.
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Figure S6. Differentially expressed matrisome genes discriminate human NEPC and CRPC-Adeno.
A. Heatmap of differentially modulated transcripts enriched in the “extracellular matrix organization

KEGG pathway categories in CRPC-NE (n = 13) vs. CRPC-Adeno (n = 34) samples (Beltran H. et al.
Nat Med 2016). Differentially expressed genes (P < 0.05): upregulated and downregulated genes are
shown in red and blue, respectively. B. Summary of KEGG pathways downregulated in CRPC-NE (n =

13) vs. CRPC-Adeno (n = 34) from E.
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Figure S7. Inhibition of a2 reduces invasiveness of PNE and PAC cells. A-B. Representative plots (A)
and quantification (B) of PNE cells migrated into collagen gel (red) or blocked in the upper (blue)
Transwell chamber. Student’s #test. C. Invasion of PNE cells stimulated by PAC cells in the presence or
absence of the a2 inhibitor TC-I 15. Data are normalized to the group without inhibitor. Student’s #-test.
D. Invasion of either PNE 02" or PNE a2X© stimulated by PAC cells. Data normalized to PNE a2%VT
only. Student’s #-test. Data represent the mean = SEM of at least 3 independent experiments. Each dot

represents the mean of technical triplicates from independent experiments. *P < 0.05, ****P <(0.0001.



Figure S8

A PC3 B Cc D
Merge YAP1 120 — 120 Cells alone Cells + CA-3
*kokk
2 90— 2
8 *kk 8
G @ 6
5 601w " o]
o e}
: :
Z 30 z
04
& xR
N \s
TS
K
&

DAPI

Figure S8. PNE cells translocate YAP into the nucleus when cocultured with PAC cells. A.
Representative IF pictures of YAP expression in PC-3 cells. Cells labeled as in Fig. 4A (Red, YAP1; blue,
DAPI stained nuclei). B-C. Quantification of cells positive for the indicated feature (PNE cells, YAP"
PNE cells and Nuclear YAP" PNE cells) in PNE alone (B) or PNE cocultured with PAC (C). Data
represent quantification of images as showed in Fig. 4A. Each dot represents a different image and
quantifies the number of positive cells in that image. One-way ANOVA. D. Representative flow

cytometry plots of live PNE/PAC cells alone or in the presence of CA-3. ***P <(.001, ****P <(.0001.
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Figure S9
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Figure S9. CRPC (AR-high) and luminal (PSA-low) co-express YAP1 and NE markers. A. UMAP
showing the clusters of primary prostate tumors from Cheng Q. ef al. Eur Urol 2022. B. UMAP plot
showing the expression profiles of YAP1 (left) and SYP (right) of prostate tumors from Song H. et al. Nat
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Commun 2022. C-E. Umap plots showing the expression of CRPCsig51, CRPC SCL, CRPC NE
signatures, and YAP_TAZ Target genes in human prostate cancer cells from Cheng et al. (C), Song et al.
(D) and Zaidi S. et al. (E). F-H. Heatmap plots showing the expression of YAP1 and NEPC markers
(EZH1, EZH2, SYP, and NDRG1) in selected cells of the previously described datasets, specifically
cluster 12 from Cheng et al. (F), epithelial cells from Song et al. (G), and CRPC cells showing NEPC

similar transcriptomic features from Zaidi et al. (H).
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Figure S10
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Figure S10. Efficacy of CA-3 treatment in mouse models of PC. A. Growth curves of individual PNE
tumors in NSG mice receiving CA-3 (n=9; red) or vehicle (n=14; blue). B-C. Growth curves of individual
(B) and pooled (C) PNE YAPX tumors in NSG mice receiving CA-3 or vehicle (n=10/group). D.
Frequency of NEPC in castrated or naive TRAMP mice. Fisher’s exact test. (TRAMP, n=25/113;22,12%
vs Castrated TRAMP n= 8/17; 47,06%). E. Growth curves of individual (left) and pooled (right) PC-3
tumors in NSG mice receiving CA-3 or vehicle. Two-way ANOVA. F. Growth curves of individual (left)
and pooled (right) TRAMP-C2 tumors in C57BL-6N mice receiving CA-3 or vehicle. Two-way ANOVA.
G. Frequency of NEPC, adenocarcinoma (AdenoCa) and tumor-free castrated TRAMP mice treated with
CA-3 or vehicle. Fisher’s exact test. If not otherwise stated, data represent the mean + SD. *P <0.05, **P

<0.01.
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Figure S11
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Figure S11. CA-3 inhibits NEPC and not WT organoids. A. and C. Overtime frequency of mouse

NEPC (A) and WT (C) organoids treated with two concentrations of CA-3 or vehicle. Two-way ANOVA.

B and D. Frequency of NEPC (B) and WT (D) organoids generated after reseeding cells from A and C.
One-way ANOVA. *P <0.05, ** P <0.01, *** P <(0.001. Data represent the mean + SEM of at least 3

independent experiments.
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Table S1

See Table S1 document
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Table S2

See Table S2 document.
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Table S3

Weight loss 4/12 (33%) 1/9 (11,11%)
Lethargy 1/12 (8,33%) 1/9 (11,11%)
Preputial gland infection 0/12 (0%) 1/9 (11,11%)
Salivary gland tumor 0/12 (0%) 1/9 (11,11%)
Seminal vesicle tumor 0/12 (0%) 0/9 (0%)

Death 1/12 (8,33%) 0/9 (0%)

Total 6/12 (50%) 4/9 (44,44%)

Table S3. Adverse events. Number of mice affected by the indicated pathology/total number of
mice (% of mice affected).
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Endothelial Cells Angiogenesis in Sulfated
Glycosaminoglycan (GAG) Hydrogels Enhanced by

Bioactive Glass-Released lons

Marco Piazzoni,* llaria Borghi, Francesca Cadamuro, Sophia Dalfino,
Riccardo Campanile, Sofia Nizzolo, Valeria Cassina, Francesca Tallia, Julian R. Jones,
Francesco Mantegazza, Sabrina Bertini, Lorenzo Moroni, Francesco Nicotra,

and Laura Russo*

The successful clinical translation of large-scale tissue-engineered constructs
is significantly hindered by the lack of functional vascularization, which is cru-
cial for delivering oxygen and nutrients to cells. Current in vitro angiogenesis
models often rely on murine tumor-derived extracellular matrix (ECM) materi-
als, which suffer from non-defined composition and batch-to-batch variability,
and on the delivery of growth factors at non-physiological concentrations.
Hydrogels offer a superior alternative for the rational design of biomimetic
ECM environments, because of their versatility in tuning biochemical and
mechanical properties. This study presents a novel growth factor-free hydrogel
composed of gelatin, chondroitin sulfate, and laminin, designed to promote en-
dothelial cell (EC) angiogenesis in vitro. The hydrogel’s mechanical properties
are precisely controlled by varying its crosslinking degree, attesting that a softer
substrate (Young’s modulus ~80 Pa) significantly boosts ECs tube formation.
Furthermore, the angiogenic process is enhanced by several hours with

ions released by bioactive glass 58S (BG58S), specifically calcium and silicon.
Finally, the expression of angiogenesis-related genes and the production of ma-
trix remodeling enzymes is augmented in the presence of BG58S-conditioned
medium. It is believed that this bioinstructive sulfate GAG based hydrogel rep-
resents a promising solution for vascularizing 3D cellular constructs, marking
a significant step toward the clinical application of tissue engineering products.

1. Introduction

Vascularization of biological substitutes
represents a real issue for the clinical trans-
lation of tissue engineering products. 12!
As a matter of fact, the development of 3D
cellular constructs with a clinically relevant
size (>1 cm?®)3P] is currently hampered
by the inability to establish a functional
vasculature able to sustain oxygen and
nutrients delivery to growing tissues.[®]

The human body can generate new blood
vessels from preexisting ones through the
process of angiogenesis.l”) The best effort
to recapitulate this morphogenic process in
vitro was achieved with the employment
of biomaterials able to mimic the extra-
cellular matrix (ECM),1""? and in partic-
ular, the basement membrane (BM), so
to instruct endothelial cells (EC) to acti-
vate the angiogenic molecular pathways.[!*]
In vitro tests are usually done with com-
mercial ECM-based materials derived from
murine sarcoma tumor extracts (i.e., Ma-
trigel). Nonetheless, the unknown exact
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composition, batch-to-batch variability, and the impossibility of
adjusting material types and quantities make them an obsolete
option in tissue engineering.!'*!3] Within this context, hydrogels
represent the most valuable candidates to engineer ECM mimics
with a bottom-up approach, due to the possibility of finely tuning
their biochemical composition and mechanical properties.[1¢17]

The BM is primarily made of collagen IV, laminins (LM), nido-
gen/entactin, and heparan sulfate proteoglycans (HSPG), each of
which is involved in specific functions during angiogenesis.['!
For such reason, efforts have been made to design hydrogel sys-
tems incorporating these macromolecules either as complete
structures or via the integration of specific functional domains
only. The most used strategies to generate synthetic BM con-
sist of covalently linking to a hydrogel peptide sequences of LM
(e-g., SIKVAV and YIGSR)*! or of collagen (e.g., RGD)!?"! to en-
sure ECs attachment to the substrate. However, to ensure func-
tional BM, sulfated glycosaminoglycans (GAG) proved also to be
needed. Thanks to their negatively charged sulfate groups, GAGs
have the ability to selectively interact with positively charged
molecules, like the vascular endothelial growth factor (VEGF),
the fibroblast growth factor (FGF), and other chemokines, favor-
ing their stabilization and angiogenetic activity.(?!! Both heparan
sulfate (HS)[?*?3] and chondroitin sulfate (CS)2* -based hydro-
gels were indeed reported as extremely effective biomaterials,
considering that they have similar charge density and sulfation
patterns.[?]

Furthermore, since material stiffness was proven to have a
great impact on ECs ability to organize in tubule-like structures,
hydrogels with tunable mechanical properties were developed.[2¢!

Despite these promising results, the majority of hydrogels re-
quired VEGF administration at concentrations (ug mL™! range)
far superior to what is normally found in vivo (pg mL™" range) in
order to effectively induce tube formation,[?’] thus limiting their
therapeutic use in advanced engineering methods.[?®! A valid al-
ternative to growth factors administration are inorganic ions.
Within this context, bioactive glasses (BG) not only can stimu-
late new bone growth, but can also act as angiogenic promoter
through their dissolution products.[?*!] Upon contact with phys-
iological solutions (e.g., simulated body fluid (SBF), culture me-
dia) BG releases ions (e.g., Si, Ca) that can induce lots of differ-
ent biological activities.?>33) Several works have indeed demon-
strated the ability of BG to increase ECs proliferation and migra-
tion ability, key initial steps of angiogenesis.[?*3*]

Here we report a hydrogel made of gelatin (GEL), CS, and LM
to promote ECs angiogenesis in vitro without the addition of ex-
ternal growth factors. Moreover, the morphogenic process proved
to be kinetically enhanced by medium conditioned with bioac-
tive glass 58S (BG58S). CS and GEL were functionalized with a
methyl-furan moiety to undergo a Diels Alder cycloaddition with
4arm-PEG10k-Maleimide, enabling precise control of hydrogel
crosslinking density. This fine-tuning allowed modulation of the
material Young’s modulus (E) at the micro-nanoscale as demon-
strated through Atomic Force Microscopy (AFM) measurements,
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greatly enhancing ECs migration ability and mesh organization
on softer substrates (E ~80 Pa). Medium conditioned with BG58S
improved ECs viability and accelerated tube formation by several
hours through the release of calcium and silicon. Moreover, up-
regulation of angiogenesis-related genes and increased secretion
of matrix remodeling enzymes suggested that Ca and Si partic-
ipate at multiple levels to regulate the molecular pathway, that
leads to the establishment of cell-cell junctions and ECM degra-
dation. We believe that this growth factor-free GAG-based hydro-
gel might be a suitable solution to vascularize 3D cellular con-
structs in vitro, making a step forward the clinical translation of
tissue engineering products.

2. Results and Discussion

2.1. Hydrogel Rational Design and Characterization

ECs are in contact with a thin but highly specialized ECM layer:
the basal membrane. Hydrogels were designed to bear funda-
mental biomolecules normally found in this structure in or-
der to recapitulate the complex molecular machinery that leads
to angiogenesis in vivo. In particular, gelatin (being the hy-
drolyzed form of collagen) was introduced to support cell adhe-
sion through the RGD domains!'®]; whereas CS, being a sulfated
GAG, was used for its capacity to interact with pro-angiogenic
growth factors bearing positive charges (e.g., VEGF, FGF), lead-
ing to their stabilization and localization in the hydrogel.[18-21]

In particular, in this study, a CS with an average molecular
weight (Mw) of 30 kDa and a polydispersity index of 1.3 was used
(Table S1, Supporting Information). The sulfate (SO;_) to car-
boxyl (COO™) group ratio was found to be #1.07 and the 4-sulfate
to 6-sulfate (4S/6S) ratio was equal to 2.55, as determined respec-
tively by conductometric titration (Supporting Information) and
HSQC experiments (Figure S3, Supporting Information). Both
the sulfate-to-carboxyl ratio and the 4S/6S sulfation pattern were
thus coherent with the CS molecular structure characteristics
that are known to support ECs angiogenesis.! >3]

GEL and CS were first functionalized with 5-methylfuran
(SMF) groups. In detail, the amine groups on lysine residues
of gelatin were functionalized via reductive amination with
5-methylfurfural. In contrast, CS was functionalized with 5-
methylfurfurylamine through a carbodiimide-mediated coupling
reaction involving its carboxylic acid groups. The DoF, deter-
mined by 'H NMR spectroscopy, resulted to be around 100 % of
the lysine moieties for GEL-SMF and 13 % for CS-5MF (Figures
S1,S2, Supporting information).

Functionalized polymers were then crosslinked together with
a 4arm-PEG10k-Maleimide through Diels-Alder (DA) reaction
(Figure 1A). This cycloaddition is a click chemistry reaction,
which proceeds with high chemoselectivity between the diene
groups on the polymers and the dienophile on the linker, yielding
covalent crosslinks.

Varying hydrogel GEL-5MF:CS-5MF % w/w ratios and
crosslinking degree (y) proved to efficiently change the material
storage modulus (Figure 1B) of nearly two orders of magnitude
(from 58 to 1450 Pa), attesting extreme mechanical tunability.

Hydrogels with GEL-5MF:CS-5MF % w/w ratios of 2:1 and
a crosslinking degree of 100 (H-1) and 50 (H-0.5) were proven
to be superior in inducing EC morphogenesis compared to
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Figure 1. A) lllustration of the materials functionalization with SMF and crosslinking with 4arm-PEG 10k-Maleimide. B) Storage modulus of hydrogels
changing GEL-5MF:CS-5MF % w/w ratios (i.e., 2.5:0.5, 2:1, 0.5:2.5). C) A representative picture of crosslinked hydrogel formulations H-1 (left) and H-0.5
(right). D) FT-IR spectra of crosslinked H-1 and H-0.5 hydrogel formulations, 4arm-PEG10k-Maleimide (PEG maleimide) and of a mixed GEL-5MF and
CS-5MF (Blend). Dashed lines indicate: C=0 stretching (1709 cm~'), C—N stretching (1345 cm~'), C—O—C bending (1080 cm~'). E) Gel fraction % of

hydrogel formulations. F) Grayscale values of images taken at the fluorescence microscope for a
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other formulations (Figure S4, Supporting Information), there-
fore further experiments were conducted only on these hydrogels
(Figure 1C).

The presence of the DA adduct was confirmed by FT-IR spec-
troscopy (Figure 1D). The characteristic bands of symmetric
C—O—C stretching (1080 cm™!) and C—N stretching (1345 cm™?)
were indeed present in crosslinked hydrogel formulations (H-
1 and H-0.5) but not in the mixed GEL-5MF and CS-5MF
(Blend).*”] Notably, the C=0 stretching (1709 cm™!) assigned to
the maleimide groups also disappeared after hydrogel crosslink-
ing, supporting the involvement of the maleimide moiety in the
cycloaddition reaction.[38) Gel fraction experiments also attested
a crosslinking efficiency of 94 + 5 % for H-1 and 82 + 11 % for
H-0.5. (Figure 1E)

LM was also optionally introduced in the hydrogel system as
a surface coating, since this glycoprotein is abundantly found in
endothelial cell BM.[*® The LM coating onto the hydrogel sur-
face was confirmed by conjugating LM with a fluorophore (NHS-
DyLight 488) (Figure 1F, Supporting Information).

2.2. Endothelial Cells’ Tube Formation Assay Onto Hydrogels

ECs were seeded onto the hydrogels to evaluate tube formation
in vitro under several different testing conditions (Figure 2A).
Figure 2B,C illustrates ECs’ ability to perform tube formation
after 6 and 24 hours from seeding onto hydrogels with differ-
ent crosslinking degree (H-1 and H-0.5), the addition of LM
and VEGF (H-LM, H-LM-VEGF), and on Matrigel (Figure 2D).
After 6 h (Figure 2B) on pristine hydrogels (H) ECs had a
rounder shape, whereas on LM-coated samples (H-LM) and
VEGEF-supplied medium (H-LM-VEGF) they already appeared to
be sprouting. Subtle but still notable differences can be appre-
ciated between H-1 and H-0.5 hydrogels at this timepoint, with
H-0.5 inducing more cellular organization. On the contrary, af-
ter 24 h (Figure 2C) differences in terms of ECs morphogene-
sis clearly emerged between H-1 and H-0.5 hydrogels. On H-0.5
hydrogels cells were indeed clustered in macroscopic tubule-like
structures with a mean tube length of few hundred micrometers
(300-400 pum) (Figure 2E) and a mean tube width of nearly 15 ym
(Figure 2F), whereas on H-1 samples morphogenesis was a much
more contained (tube length in the order of 100 um and a tube
width of 5 um). As observed at the previous timepoint, on pristine
hydrogels cells were still more circular in shape when compared
to the H-LM and H-LM-VEGF counterparts (Figure 2G).
Nonetheless, on each condition, tubular structures proved to
be stable for a longer time (>24 h) compared to commercially
available materials (i.e., Matrigel) (Figure S4, Supporting Infor-
mation) as demonstrated with live-dead staining (Figure 2H,I).
Finer details on ECs morphology could be assessed with DAPI
and phalloidin fluorescent staining. From images (Figure 2L,M)
it was evident that on H-0.5 samples cells had migrated toward
each other to form big cell aggregates, a situation which is not
induced on H-1 samples, where cells remained instead rounded
and less organized. Despite that, with the addition of LM differ-
ences between H-1 and H-0.5 became less pronounced. As a mat-
ter of fact, adjacent cells were more elongated and protruding
to form cell-cell interactions on both conditions, suggesting the
importance of LM in sustaining ECs proliferation and network
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formation during angiogenesis through integrin binding.*! In-
terestingly, conditions with medium supplemented with VEGF
(100 ng mL~!) gave different cellular responses depending on the
hydrogels’ crosslinking degreel!%2%! Indeed, on H-1 samples ECs
became flattened and proliferated all over the hydrogel surface,
whereas on H-0.5 network branching was mildly improved.

Taken together, these results indicate that the ECs ability to per-
form tube formation was mainly determined by their interaction
with the components of the hydrogel macromolecular backbone
(i-e., gelatin and chondroitin sulfate) and not by the free VEGF
added in the medium. These findings make the GEL-5MF:CS-
SMF % w/w ratios, the crosslinking degree and the LM coating,
the pivotal parameters to control for the rational design of hydro-
gels mimicking the BM.

2.3. Studies of Hydrogel Viscoelastic Behavior at the Macro and
Microscale

Since the hydrogel crosslinking degree was a key factor in de-
termining ECs phenotype during the tube formation assay, fur-
ther experiments were performed to deeply investigate how hy-
drogels’ mechanical properties could be modulated. Rheological
characterization of H-1 and H-0.5 hydrogels was conducted us-
ing both macroscale (theometer) and micro/nanoscale (AFM) ap-
proaches to comprehensively assess their viscoelastic behavior.
Measurements performed by AFM revealed the hydrogels’
spatially localized mechanical properties as well as frequency-
dependent viscoelastic behavior up to 500 Hz. For both hydro-
gel formulations (H-1 and H-0.5) and across both timepoints (0
and 24 h), AFM frequency sweeps (Figure 3A,B) confirmed a
dominant elastic component (G'), although G” progressively ap-
proached and surpassed G’ at high frequency. Specifically, the
crossover point (i.e., where G” exceeded G’) was observed at
220 Hz for H-0.5 and at 100 Hz for H-1, suggesting that both
hydrogels made a transition toward a more viscous behavior.[*0]
In Figure 3C,D are reported the Young’s moduli evaluated
from the approaching curve before the application of the corre-
sponding frequency. Young’s moduli were found to be rather con-
sistent across the samples in the entire frequency range tested,
both before and after swelling in the medium, attesting no aging
effect upon mechanical perturbation. As expected, the Young’s
modulus of H-0.5 samples was found to be lower than H-1 due
to lower crosslinking degree. This softening effect was also re-
flected in the hydrogel network morphology, as H-0.5 hydrogels
had a much more porous structure than H-1 (Figure 3L,M).
AFM-based measurements further highlighted time-
dependent softening of hydrogels in culture conditions. For
H-1, G’ decreased from 2920 + 990 Pa at 0 h to 320 + 150 Pa
after 24 h (Figure 3E), while Young’s modulus (E) dropped from
3830 + 310 to 510 + 10 Pa (Figure 3F) over the same time period.
Similarly, H-0.5 showed a reduction in G’ from 530 + 240 to
37 = 21 Pa and in E from 750 + 53 to 81 + 4 Pa. This marked
reduction in mechanical parameters is likely due to progressive
hydration and/or weight loss of the hydrogel network in cell
culture medium during the 24 h of incubation (Figure 3G).[*142]
Frequency sweeps (Figure 3H) performed with the rheome-
ter confirmed that both hydrogels exhibit a predominant elas-
tic response also in the macroscopic length scale over the tested
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Figure 2. A) lllustration of tube formation assay on hydrogels. ECs tube formation assay after 6 h B) and 24 h C) from seeding onto H-1 and H-
0.5 hydrogels. The pristine hydrogels (H) (left), with surface laminin coating (H-LM) (center), and with both surface laminin coating and medium
supplemented with 100 ng of VEGF (H-LM-VEGF) (right). D) ECs tube formation assay after 6 h on Matrigel. ECs network analysis at 24 h: tube length
E), tube width F), and cells’ circularity G). A circularity value of 1.0 indicates a perfect circle. Live-dead staining of ECs tube formation assay after 24 h
from seeding onto H-1 H) and H-0.5 1) for different conditions (H, H-LM, H-LM-VEGF). DAPI and Phalloidin-FITC staining of H-1 L) and H-0.5 M)
hydrogels formulations at 24 h from seeding for different conditions (H, H-LM, H-LM-VEGF). Scale bar is 500 um B,C,D), 200 um H,l) and 100 um L,M).
Data (n = 3) are presented as mean + SD. Non-significant (ns), p > 0.05, *p < 0.05, **p < 0.01, <0.0001.
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Figure 3. Frequency sweeps curves obtained with AFM of H-0.5 A) and H-1 B) hydrogels before and after 24 h of swelling in the medium. Young’s
modulus as a function of frequency calculated with AFM for H-1 C) and H-0.5 D), before and after swelling in the medium. G’ values E) and E values
F) of both hydrogel formulations before (t0) and after (t24) swelling in the medium. G) Weight loss % of hydrogel formulations when imbibed in PBS
(37 °C, 5% CO,, humidity 100%). H) Frequency sweeps curve of H-0.5 and H-1 hydrogels obtained with the rheometer and associated G’ values I). SEM
images of H-1L) and H-0.5 M) samples at two different magnifications. Scale bar is 100 um (left) and 20 um (right). Data (n = 3) are presented as mean
+ SD. Non-significant (ns), p > 0.05, **** p < 0.0001.
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frequency range (<100 Hz), with a mean storage modulus (G)
value of 300 + 3 Pa for H-1 and 58 + 2 Pa for H-0.5 (Figure 3I).

Collectively, these findings support the notion that H-1 and
H-0.5 hydrogels possess a predominantly elastic character, with
a viscous dissipation becoming relevant only at high-frequency
regimes, at both length scales. Nonetheless, AFM-derived G’ are
substantially higher than those measured via rheometer. This dis-
crepancy between AFM and rheometer-derived values of G’ is at-
tributed to the different length scales at which the two techniques
operate. Indeed, the micro/nanoscale probing of AFM may re-
sult in higher substrate stiffness values due to microstructural
features or inhomogeneities not captured in bulk measurements
across the entire sample.[*}] Tt is worth highlighting that the cellu-
lar length scale is similar to that one at which AFM operates, mak-
ing AFM-derived stiffness measures more relevant than those
performed with traditional rheology.[**]

These results can explain the different behavior displayed by
ECs on the hydrogel during angiogenesis, making it plausible
that a substrate with an elastic modulus in the order of 80 Pa (H-
0.5) can promote a more efficient tube formation due to enhanced
cellular mobility.[2¢]

Since the H-0.5 hydrogel was superior in inducing ECs to
form a pseudo-capillary network in vitro, it was used for further
experiments.

2.4. Bioactive Glass 58S Characterization After Exposure to
Endothelial Cells’ Culture Medium

Bioactive glasses can act as an angiogenic promoter capable of
boosting vascularization of 3D constructs through ions (e.g., Ca,
Si) release.[3*32] Experiments were thus performed aiming at
characterizing BG58S bioactivity after exposure to ECs culture
medium. We decided to test bioactivity by exposing BG58S di-
rectly to cell culture medium instead of simulated body fluid
(SBF), since the glass degradation process is tightly depen-
dent on the solution composition. To this purpose, ECGM was
conditioned with different concentrations (i.e., 0.5, 1, 2.5, 5,
10 mg mL~1) of BG58S for 2 or 24 h. Afterwards, we studied both
the formation of hydroxycarbonate apatite (HCA) on the glass
surface and, most importantly, the ions’ (i.e., Ca, Si, P) release
profiles in the culture medium.

The surface of the unreacted BG58S has an intrinsic porous
texture (Figure 4A). However, from SEM images it can be appre-
ciated that already after 2 h from immersion in culture medium,
the glass surface appeared completely covered by very small pre-
cipitates of crystalline HCA layer for both 1 and 5 mg mL™! con-
centrations (Figure 4B,C).[*]

Surface changes attesting bioactivity were further confirmed
by FT-IR spectra (Figure 4D,E). A characteristic band at 875 cm™
started developing at 1 mg mL™' and increased in intensity
as glass concentration increased, which has been assigned to
C—O stretching from CO, 2 being incorporated into the calcium-
phosphate film to form HCA. Also, the bending vibrations of
phosphate groups (P—O) in the crystalline phase of the HCA were
clearly found at 571 and 603 cm™ for glass concentrations be-
tween 0.5 and 10 mg mL~1.[4¢]

When placed in solution, ions were released from the glass net-
work, with cations exchanging with H* ions from the medium.
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Deposition of HCA at the bioactive glass surface follows the
cation exchange. Dissolution was confirmed by ICP analysis,
which quantifies elemental concentration in solution, showing
that both Ca and Si generally increased in the media as initial
glass content increased (Figure 4F,G). Si release is expected to be
in the form of SiO,*. Ca concentration (Ca?") rose from a basal
level of 58.8 + 0.7 ug mL™! to almost 200 ug mL~! for the high-
est BG58S initial concentrations (5 and 10 mg mL™") and con-
ditioning times (24 h); Si content in the media increased from
0.4 + 0.1 pg mL™! to a maximum of nearly 50 pg mL~! (BG58S
10 mg mL™!, 24 h). Consistently with the SEM observation, P
displayed the opposite behavior since it precipitated from the so-
lution to form the calcium-phosphate layer onto the glass surface
(Figure 4H), dropping from 19.9 + 0.5 to 0.4 + 0.1 pg mL~".

The pH also showed a positive correlation with initial glass
content due to increased cations (Ca?*) exchange with protons
(H*/H,0") present in solution (Figure S5, Supporting Informa-
tion).

Despite the extended surface area of BG58S powder, which
conferred a high reactivity to the glass when immersed in physio-
logical solutions,[*’] it was possible to attest that there were signif-
icant differences in terms of ion concentrations between media
conditioned for 2 and 24 h for almost all conditions.

2.5. Effect of BG58S-Conditioned Medium on Endothelial Cells
Angiogenesis

To explore the biological effects of Ca and Si released from the
bioactive glass on ECs, culture medium was conditioned with
BG58S powder and biochemical assays were performed.

Viability was first analyzed via AlamarBlue. Medium condi-
tioned for 2 h with BG58S at 1, 2.5, and 5 mg mL~! concen-
trations resulted in an ECs’ viability increase (>1.5-fold change),
whereas 10 mg mL~! was found to decrease it (0.6-fold change)
(Figure 5A). Interestingly, when the medium was conditioned
with BG58S for longer time (24 h) (Figure 5B) all conditions
resulted instead in a decreased viability (1 mg mL™! = 0.9-fold
change; 2.5 mg mL~! = 0.9-fold change; 5 mg mL~! = 0.4-fold
change; 10 mg mL™" = 0.1-fold change) except for the lowest
BG58S concentration, where no variation in viability was ob-
served (0.5 mg mL~! = 1.0-fold change). The beneficial effect on
ECs viability of 2 h conditioning with BG58S can be ascribed to
Si and Ca ions released in the medium, which were reported to
effectively promote the angiogenic behavior of ECs by increasing
their proliferation.[?®! Nonetheless, the reversed biological effect
observed at 24 h reflected the release profiles recorded through
ICP analysis, suggesting that the ion levels became toxic for ECs
survival, which is common in in vitro studies.

Given the fact that culture medium conditioned with 1 to
5 mg mL~! of BG58S powder for 2 h gave the best viability incre-
ment within the shortest window of time, 5 mg mL~" was chosen
as the glass concentration for further experiments.

Tube formation kinetics on H-0.5 hydrogels increased as ECs
managed to complete mesh formation more rapidly in the pres-
ence of BG58S-conditioned medium (H-BG) than the control
condition (H). As shown in Figure 5C,D, in H-BG samples capil-
lary morphogenesis was completed after just 18 h from seeding,
as at 24 h there was no further improvement in terms of mesh
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Figure 4. SEM images of dry BG58S A) and after exposure to cell culture medium for 2 h B) and 24 h C) at a concentration of 1 (top) and 5 mg mL™!
(bottom). Scale bar is 200 nm. FT-IR spectra of BG58S powder after exposure to cell culture medium for 2 D) and 24 E) h at different concentrations (0.5,
1,2.5,5, 10 mg mL~"). Dashed lines indicate: P—O bend at 571 and 603 cm~', C—O stretch at 870 cm~', Si—O stretch at 1030 cm~". ICP analysis of
cell culture medium conditioned with 0.5, 1, 2.5, 5, and 10 mg mL™" of BG58S for 2 and 24 h for calcium F), silicon G) and phosphorus H). The dashed
lines represent the basal ion concentrations in the ECGM. Data (n = 3) are presented as mean + SD. Non-significant (ns), p > 0.05, ** p < 0.01, *#*¥** p

<0.0001.

organization, whereas on control samples (H) angiogenesis was  of genes involved in the process, especially those mediating cell

completed only after 24 h.

adhesion, interaction, migration, and ECM remodeling.3*48:4]

We then hypothesized that this enhanced tube formation per-  Gene expression of platelet endothelial cell adhesion molecule
formance might again be attributable to Ca ions and Si species ~ (CD31), vascular endothelial cadherin (VE-Cadherin), vascular
presentin the conditioned medium via the preferential activation ~ endothelial growth factor receptor 2 (VEGFR-2), and matrix
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Figure 5. Effect on ECs viability with medium conditioned with increasing concentrations (from 0.5 to 10 mg mL™') of BG58S for 2 h A) and 24 h
B). BG58S effect on ECs angiogenesis onto H-0.5 hydrogels. C) Phase contrast images of ECs tube formation assay on pristine hydrogel (H) (top) and
with laminin coating (H-LM) (bottom) after 18 (left) and 24 (right) hours from seeding, and D) with the addition of culture medium conditioned for
2 h with 5 mg mL~" of BG58S. Black arrows indicate new tubule morphogenesis. Gene expression analysis of CD31 E) and MMP-9 F) obtained through
qPCR after 24 h from seeding. Data are presented as fold change relative to H calculated with the 2"2ACT method. G) Immunofluorescence staining
of MMP-9 at 24 h from seeding for H, H-BG, H-LM, and H-LM-BG samples. Counterstain with DAPI (nuclei) and phalloidin-FITC (actin). Scale bar is
500 um in C and D and 20 pm in G. In the box plots the median is shown as a black line; boxes represent the 25th to 75th percentiles and whiskers
extend from the minimum to the maximum values. Data (n = 3) are presented as individual values. Non-significant (ns), p > 0.05, * p < 0.05, ** p <
0.01, *#% p < 0.001, *+¥* p < 0.0001.
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metalloproteinases 9 (MMP-9) was thus analyzed with qPCR
(Figure 5E,F; Figure S6, Supporting Information).l>*-% Interest-
ingly, CD31 turned out to be upregulated (5-fold change) in H-BG
and H-LM-BG, as well as VE-Cadherin (2.5-fold change in H-BG).
VEGFR-2 was also upregulated in H-LM-BG (2-fold change). Fi-
nally, MMP-9 expression levels had a nearly 2-fold increase in the
H-BG conditions.

ECs production of MMP-9 could also be visualized through im-
munofluorescence. These enzymes are in fact engaged in ma-
trix remodeling in order to ECs to sprout and generate new
capillaries.[*®] Figure 5G shows MMP-9 both on the cell mem-
brane and in the nearby extracellular space, attesting that the
molecular machinery for ECM degradation was active in all con-
ditions. However, a burst in MMP-9 signal (red channel) (Figure
S7, Supporting Information) was observed when ECs were culti-
vated in the presence of BG58S-conditioned medium and/or the
LM coating, suggesting a further post-transcriptional control of
MMP-9 expression.

Taken together, these results attested the ability of BG58S to
boost tube formation morphogenesis by triggering multiple sig-
nal transduction pathways, in particular by promoting the expres-
sion of endothelial junction-associated molecules and the secre-
tion of matrix remodeling enzymes. The use of inorganic agents
in GAG-based instructive biomaterials for angiogenesis could
therefore bypass some drawbacks related to growth factors de-
livery (e.g., short half-life and high concentration), leading to a
faster approval from the FDA and therefore, a smoother clinical
translation.>]

3. Conclusion

In this study, we successfully developed and characterized a
novel, growth factor-free hydrogel system composed of adhesive
proteins (GEL and LM) and negatively charged GAGs (CS) ca-
pable of interacting with charged species (VEGF and cations),
demonstrating its significant potential to promote in vitro
angiogenesis.

By precisely tuning the material Young’s Modulus by chang-
ing the hydrogel crosslinking degree, it was observed a marked
enhancement in ECs attachment and migration ability on softer
substrates (H-0.5) (y = 50 %; E ~80 Pa), which is a critical early
step of the blood vessel formation mechanism. Furthermore,
tube formation assay on H-0.5 formulation outperformed com-
mercial ECM extracts (e.g., Matrigel) in terms of ECs tubes’ size
and stability over time.

Crucially, we demonstrated that the released species of BG58S,
specifically of Ca and Si ions, could act as potent angiogenic pro-
moters. Indeed, the incorporation of these inorganic ions into the
culture medium not only improved ECs viability but also signifi-
cantly accelerated the kinetics of tube formation onto hydrogels,
achieving results comparable to those typically requiring exoge-
nous growth factor supplementation (i.e., VEGF) above physio-
logical concentrations.

Last, qPCR experiments attested an upregulation of genes en-
coding for endothelial-specific adhesion molecules (CD31 and
VE-Cadherin), cell proliferation, survival and migration (VEGFR-
2), and ECM remodeling (MMP-9), while immunofluorescence
staining proved an increased localization of MMP-9 on both the
ECs membrane and in the nearby extracellular space when cul-
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ture medium was conditioned with BG58S and/or the hydrogel’s
surface was covered with LM.

The proposed strategy involving the dual use of sulfated GAG-
based hydrogels and BG58S dissolution products to boost an-
giogenesis represents a substantial advancement in the field of
tissue engineering. We believe that this innovative approach of-
fers a highly promising and valuable strategy to overcome the
persistent challenge of vascularizing 3D cellular constructs in
vitro, paving the way for the successful clinical translation of en-
gineered tissues and organs.

4. Experimental Section

Materials: CS (Mw 30000; Purity >90%; Biosynth), gelatin type
A (GEL), 4arm-polyethileneglycole-maleimide (4arm-PEG10k-Maleimide)
(Mn 10000), 5-methylfurfural, 5-methylfurfurylamine (TCl), sodium
cyanoborohydride (NaBH;CN), mouse LM, VEGF, BG58S powder (60 mol
% Si0,, 36 mol % CaO, 4 mol % P,Os; particle size <10 um), Ca (19 051),
P (38 338), Si (0 8729) standards for ICP. All reagents were purchased from
Merck unless otherwise specified.

Materials Functionalization: GEL and CS were functionalized with
5-methylfurfural and 5-methylfurfurylamine, respectively as previously
reported.3-6] |n brief, 100 eq (3.4 mL) of 5-methylfurfural were added
to a solution of GEL (1 g in 15 mL of PBS pH 5.5). After 30 min 50 eq
(1.2 g) of NaBH3CN were added, and the mixture was stirred at 40 °C for
24 h. Equivalents were calculated on the total amount of lysine (5-7 %
w/w) present in the GEL. To a solution of CS (1 g in 15 mL of MES buffer
pH 5.5), Teq of EDC and 1 eq of NHS (0.4 and 0.2 g) were added in this
order. After 30 min 1.5 eq (0.3 mL) of 5-methylfurfurilammine were added
drop by drop and stirred overnight at 40 °C. Equivalents were calculated
on the total amount of COOH groups present in CS.

Solutions were dialyzed against a NaCl solution (0.1 m) for 1 day, fol-
lowed by distilled water for 4 days, using 14 and 1 kDa dialysis membranes
for functionalized GEL and CS, respectively. The dialyzed solutions were
freeze-dried and kept under vacuum at —20 °C until usage.

The degree of functionalization (DoF) was calculated with "TH NMR
spectroscopy using the software MNova (Mestrelab research).

Hydrogels ~ Crosslinking: GEL-5MF, CS-5MF, and 4arm-PEG10k-
Maleimide were dissolved in PBS (pH 7.4) separately at a concentration
of 100 mg mL~" and were kept at the thermomixer (37 °C, 1200 rpm) until
complete dissolution. Materials were then diluted and mixed to generate
hydrogels with different GEL-5MF:CS-5MF % w/w ratios (i.e., 2.5:0.5,
2:1, 0.5:2.5) and crosslinking degrees (i.e., 100% and 50%). y % was
calculated considering the DoF of GEL-5MF and CS-5MF. Hydrogels were
always kept overnight in incubator (37 °C, 5 % CO,, 100 % humidity) to
allow full crosslinking.

Rheological Analysis: A2 mL of hydrogel formulations were crosslinked
in Eppendorf. Rheological measurements were performed with a rheome-
ter (MCR 92e, Anton Paar), using a parallel-plate geometry with a diameter
of 50 mm and gap height of T mm. Frequency sweeps analysis (frequency
from 0.1 to 100 Hz; shear strain = 1 %; T =37 °C) were used to evaluate
G'and G".

Hydrogels Physicochemical Characterization: GEL-5MF and CS-5MF
were diluted to 20 and 10 mg mL™", respectively (GEL-5MF:CS-5MF w/w
% ratio 2:1), whereas 4arm-PEG 10k-Maleimide was diluted either to 22 or
11 mg mL™" in order to obtain a crosslinking degree (y of 100 (H-1) and
50 % (H-0.5).

H-1 and H-0.5 hydrogels were prepared in cylindrical molds (height =
10 mm; diameter =5 mm).

Hydrogels were lyophilized for analysis at scanning electron mi-
croscopy (SEM) and Fourier transform infrared (FT-IR) spectroscopy. SEM
images were taken at 5 kV and prior graphite sputtering (ZEISS Gemini
500 field emission HR-SEM). FT-IR spectra were recorded in attenuated
total reflection (ATR) mode from 4000 to 550 cm™" (4 cm™" resolution, 32
scans) (PerkinElmer Spectrum 100).
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Hydrogels employed for calculating weight loss (W %) measurements
were imbibed in PBS (pH 7.4) in cell culture conditions (37 °C, 5 % CO,,
100 % humidity). W % was calculated as follows:

Wf — Wi

W% ==

<100 (M

where W¢ is the weight of the hydrogel at desired timepoint and W, is the
weight of the hydrogel post synthesis.

Hydrogels employed for calculating gel fraction % were dried in the
oven at 40 °C for 4 h and then imbibed in PBS (pH 7.4) in cell culture
conditions overnight. Gel fraction % was calculated as follows:

Ws

wd

Gelfraction % = - 100 (2)

where Ws is the weight of the dried hydrogel after swelling and Wd is the
weight of the dried hydrogel post-synthesis.

Cell Culture:  Human umbilical vein endothelial cells (HUVEC) (Pro-
moCell) were cultivated in endothelial cell growth medium (ECGM)
(PromocCell) supplemented with Supplementpack aliquots (PromoCell).
Penicillin-streptomycin (1 % v/v) (Euroclone) and Amphotericin B (1 %
v/v) (Euroclone) were also added to the medium. Cells were maintained
at 80-90% confluency. HUVEC were used between passage 5 and 8 for all
experiments as recommended.[14]

Tube Formation Assay on Hydrogels: Materials were weighed and steril-
ized for 30 minutes under UV light. Then, 50 uL of H-1and H-0.5 hydrogels
were prepared into 96-well plates and were then left in incubator overnight.

Different conditions were tested, namely: H-1, H-0.5, hydrogels coated
with LM (H-LM), and with the addition in the medium of 100 ng mL~" of
VEGF (H-LM-VEGF).

H-LM hydrogels were coated with 50 uL of a LM solution to reach a final
coverage of 5 ug cm~2. After 1.5 h, LM solution was removed. LM coating
was confirmed by labelling LM with a fluorescent NHS tag (DyLight 488
NHS Ester, Thermo Fisher Scientific).

HUVEC were seeded onto hydrogels (45000 cells cm™2) in a total vol-
ume of 100 uL. After 2 h from seeding, another 100 uL of medium was
added to the culture.

Images were taken at different timepoints (6 h and 24 h from seed-
ing) by phase contrast and fluorescence microscopy. For fluorescence mi-
croscopy, cells were either stained directly in the culture for 30 min with
100 pL of live-dead solution (Calcein-AM 2 um; Propidium iodide 4 um)
(Thermo Fisher Scientific) or fixed with a paraformaldehyde solution (4 %
v/v), permeabilized with Triton X-100 (0.1 % v/v), and stained with 25 uL
of DAPI and 25 pL of phalloidin-FITC solutions. Phase contrast images
were used to quantify tube length, tube width and cell circularity with the
software Image). Region of interest (ROI) of 322 x 322 pm were used.

AFM Measurements:  H-1 and H-0.5 hydrogels were prepared in cylin-
drical molds (height = 3 mm; diameter = 3 mm). After demolding, sam-
ples were transferred into petri dishes for AFM analysis. Measurements
were performed in liquid (ECGM) using an atomic force microscope
(Nanowizard 4XP, Bruker) equipped with a pyramidal square-based tip
(MLCT-BIO Tip E, Bruker Probes). The AFM tip was brought into contact
with the hydrogel surface and indented until a force setpoint of 0.75 nN
was reached. The tip position was then held constant for 8 s to allow for
stress relaxation, followed by a frequency sweep in a logarithmic scale
from 1 to 500 Hz. Each frequency point consisted of 20 sinusoidal cycles
with an amplitude of 50 nm. Force data were used to estimate the stor-
age (G') and the loss (G”) moduli. Additionally, the Young’s modulus was
extrapolated by fitting the force-distance approach curves with the Hertz—
Sneddon model.[>’] Analysis was performed in at time 0 and after 24 h of
swelling in cell culture medium.

BG58S Characterization After Exposure to Cell Culture Medium: BG58S
was added to ECGM to reach the final concentrations of 0.5, 1, 2.5, 5, and
10 mg mL~" and was left shaking at RT. pH was monitored within the first
24 h using a bench pH meter.

At desired timepoints (2 h and 24 h), conditioned medium was cen-
trifuged, filtered (0.45 pum) and diluted by a factor of 10 with 2 M HNO;
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for analysis at inductively coupled plasma-optical emission spectrometry
(ICP-OES) (iCAP 6300 Duo, Thermo Scientific). Mixed standards of Ca, Si
and P (0,0.1,0.2,0.4,0.8, 1,5, 10, and 20 pg mL’1) were prepared in 2 m
HNO; for the calibration curve and ECGM was used as reference. P was
measured in the axial direction of the plasma flame, whereas Ca and Si
were measured in the radial direction.

BG58S exposed to culture medium was instead washed with MilliQ wa-
ter for 1 h on a shaking plate. Then, it was centrifuged to eliminate un-
bound impurities and dried at 60 °C in the oven for 4 hours before SEM
and FT-IR spectroscopy.

For SEM analysis, BG58S powder was previously fixed with conductive
adhesive on aluminum supports and coated with graphite. Images were
then taken at 5 kV. FT-IR spectra were recorded in attenuated total reflec-
tion (ATR) mode from 1600 to 400 cm~' (2 cm~! resolution, 32 scans).

Cell Viability Assessment:  Culture medium was conditioned by adding
BG58S at different concentrations (1, 2, 5, 10, and 20 mg mL~") for 2
or 24 h. Medium was then centrifuged (1000 rpm; 5 min) and filtered
(0.22 um). HUVEC were seeded in 96-well plates at a seeding density of
5000 cells/cm? in 100 uL of medium. After 4 hours from seeding 100 uL of
BG58S-conditioned medium was added to each condition to the following
final dilution (0.5, 1, 2.5, 5, and 10 mg mL~T).

After 24 h viability was assessed using AlamarBlue (Invitrogen). To this
purpose, medium was removed from wells and AlamarBlue was diluted in
fresh medium (1:10) and 200 L were added to the culture. Cells were left
in the incubator for 2 h. Afterwards, 100 uL of medium were transferred to
empty wells and absorbance was read at 570 and 600 nm.

Resazurin reduction percentage (r %) was calculated as reported in the
datasheet using as negative control the cell culture medium with the di-
luted (1:10) AlamarBlue reagent but without cells. Viability was reported
as a fold change of r % compared to the positive control (HUVEC cultured
in medium without BG58S).

BG58S Effects on Angiogenesis: ECGM medium was conditioned with
BG58S (10 mg mL™") for 2 h. Tube formation was performed on H-0.5
samples, with and without LM coating. After 2 h from seeding 100 L of
BG58S-conditioned medium were optionally added to the culture (H-BG
and H-LM-BG) to reach a final concentration of 5 mg mL~!. Tube forma-
tion was evaluated at 18 and 24 h with phase contrast microscopy, and at
24 h with immunofluorescence and quantitative gene expression analysis.

Immunofluorescence Staining: Cells were fixed with a paraformalde-
hyde solution (4 % v/v), included in OCT and frozen at -20 °C for cutting at
the cryostat. Slices were permeabilized with Triton X-100 (0.1 % v/v), and
a bovine serum albumin (BSA) solution (3% w/v) was used for blocking.
An anti-MMP-9 primary antibody (SAB5300247, Sigma-Aldrich) (final dilu-
tion 0.001 mg mL™") was left for 2 h at room temperature (RT) and after a
secondary antibody (Anti-Mouse CF 568, Sigma-Aldrich) (1:1000 dilution)
for 1 h at RT. 100 L of a 1:1 solution made of DAPI and phalloidin-FITC
was used as a counterstain. Finally, a water-soluble mounting medium
(Fluoromount-G Mounting Medium) was used to mount stained hydro-
gels on glass slides.

MMP-9 area coverage % was calculated with the software Image).

Real-Time Polymerase Chain Reaction (qPCR): Hydrogels were minced
and transferred in Eppendorf. 1 mL of TRIzol (Invitrogen) was added and
samples were stored at —80 °C. After three steps of freeze-thawing, sam-
ples were centrifuged (12000 rpm; 5 min; 4 °C) to remove hydrogel frag-
ments. The supernatant was transferred into new Eppendorf, mixed with
200 mL of chloroform, and centrifuged (12000 rpm; 15 min; 4 °C). The
aqueous phase was then collected, mixed with 500 mL of isopropanol and
left at —20 °C. The day after, samples were centrifuged (12000 rpm; 15 min;
4°C), the supernatant was discarded, and the precipitated RNA was resus-
pended in RNase-free water. The RNA concentration and the 260/280 and
260/230 values were measured using a microvolume spectrophotometer
(NanoDrop, Thermo Fisher Scientific).

cDNA was synthesized from 200 ng of RNA, using iScript cDNA
Synthesis Kit (Bio-Rad), following the manufacturer’s protocol. The ob-
tained cDNA was diluted in RNase-free water to a concentration of
2ngul™".

10 pL composed of 2 pL of cDNA (4 ng), 5 L of Luna Universal qPCR
Master Mix (New England Biolabs), and 3 uL of reverse and forward primer
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mix (1.25 pm) (Table S2, Supporting Information) were prepared in 96-
well reaction plate of 0.1 mL (Applied Biosystems). Finally, qPCR was con-
ducted using a 7900HT system (Thermo Fisher Scientific) with a thermal
cycle of 95 °Cfor 15 s, 55 °C for 15's, and 60 °C for 30 s. The 222t method
was employed to calculate the relative gene expression, using B2ZM as the
housekeeping gene and H samples as the control group for normalization.

Statistical Analysis: Data were always presented as mean + standard
deviation. Values were averaged from at least three repeated measure-
ments (n = 3). To determine statistical difference between two groups un-
paired two-tailed t-test was used, whilst comparing three or more groups
was done with one-way ANOVA using Tukey’s multiple-comparison test.
Statistical significance of the data was calculated at 95% (P < 0.05) con-
fidence intervals. Non-significant (ns), p > 0.05, * p < 0.05, ** p < 0.01,
Fekk p < 000'|Y Fededede p < 0.0001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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1) '"H NMR spectra of functionalized gelatin and chondroitin sulphate

"H NMR were performed using a Varian Mercury 400 M Hz with a pulse angle of 90°C and a relaxion
delay of 2 sec. Sample were dissolved at a concentration of 6 mg/mL in D>O with 0.05 % (w/w %)
TMSP standard.

The spectra were elaborated with MNova (Mestrelab research) software. The moles of the linked
moiety (5-methylfuran - SMF) were calculated by integration of the furan protons using TMSP as

reference. The degree of functionalization (DoF) was then calculated as follows:

nX 100
nP

where nX are the moles of SMF and nP are the moles of the repeating units of chondroitin sulfate

(MW 480.35 g/mol) or of the lysine of gelatin (MW 146.19).
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Figure S1: The 'H NMR spectra of gelatin (bottom) and its derivative functionalized with 5-
methylfurfural (top). The successful functionalization is evidenced by the appearance of new signals
at 6.2 and 6.5 ppm in the top spectrum, corresponding to the furan ring protons (Ha and Hb) of the 5-
methylfurfural moiety. Additionally, a notable decrease in the signal at 3.0 ppm—assigned to the ¢-
CH: protons of lysine residue—and the new signal at 2.4 ppm, attributed to the methyl group protons

(Hc), further confirm the modification. Integration of the Ha and Hb peaks suggests complete (100%)

functionalization of the lysine residues.
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Figure S2: The '"H NMR spectra of chondroitin sulfate (bottom) and its derivative functionalized with
5-methylfurfurylamine (top). The presence of characteristic signals at 6.0 and 6.2 ppm in the top
spectrum, corresponding to the furan ring protons (Ha and Hb), along with the signal at 2.2 ppm
attributed to the methyl group protons (Hc), confirms the successful functionalization. The DoF was
determined to be ~ 13%, based on the integration of the Ha and Hb signals compared to the signal at

1.9-2.0 ppm, which corresponds to the methyl protons of the N-acetyl groups naturally present in

chondroitin sulfate.



2) Determination of the molecular weight with High Performance Size Exclusion
Chromatography with Triple Detector Array (HP-SEC/TDA)

The molecular weight (Mw) of CS was determined using a HP-SEC/TDA Viscotek system (model
TDA305, Malvern Panalytical) equipped with refractive index (RI), right-angle light scattering
(RALS), and differential pressure (DP) viscometer detectors. Measurement was performed at 40 °C
with a flow rate of 0.6 mL/min, using two TSK-GMPWXL columns (13 um, 7mm ID x 30 cm L,
Tosoh Bioscience) connected in series. The system was calibrated with certified Pullulan standards
(PolyCAL-PullulanSTD, Malvern Panalytical). CS and CS-5MF were dissolved in the mobile phase
(0.1 M NaNOs and 0.05 % NaNs) at a concentration of 10 mg/mL and 5 mg/mL, respectively and
injected in duplicate. Chromatograms were analyzed using OmniSEC software (version 4.6.2),
applying an experimentally determined refractive index increment (dn/dc) of 0.125.

For the determination of molecular weight (Mw), the main peak corresponding to CS was integrated.
Based on the refractive index (RI) area, the CS content was found to be between 86 % and 95 % for
the functionalized and non-functionalized samples, respectively. The functionalization led to an
increase in Mw, intrinsic viscosity (n) and hydrodynamic radius (Rh), which consists of a larger, more
extended macromolecular structure. Additionally, the polydispersity index (Mw/Mn) also increased.
A significant decrease in the Mark—Houwink o parameter was observed, indicating a transition from

a rigid rod-like structure to a flexible random coil.

Table S1: Average results from HP-SEC/TDA:

Sample Mw Mn n Rh Recovery
(kDa) | (kDa) | MYMM | ey | m) | 2| 18K %
CS 30.8 24.1 1.3 0.50 6.03 | 1.09 | -5.19 95.5
CS-5MF 534 35.2 1.5 0.55 7.34 | 0.81 | -4.08 86.4

Mw, weight-average molecular weight; Mn: number-average molecular weight; Mn/Mw: molecular-weight
dispersity; Rh: hydrodynamic radius; n: viscosity; ¢ and logK: Mark—Houwink costant; Recovery: The
percentage of the sample recovered after chromatography, calculated by comparing the refractive index

(RI) area of the eluted sample to that of the injected sample.



3) Determining degree of sulfation using conductometric titration

The analysis was carried out using an automated titrator (Titrando 888, Metrohm) coupled with a
Metrohm 801 magnetic stirrer and a Metrohm 712 Conductometer equipped with a conductivity cell
with a cell constant of 0.76. An aqueous solution of CS (80 mg in 80 mL), previously treated with
Amberlite IR-120 (H") resin, was titrated by adding point by point 0.15 uL of 0.1 M NaOH. The
conductivity value was recorded after 160 s-200 s of every aliquot addition to reach the solution
equilibrium. The obtained titration curves were mathematically processed as described by Casu and

Gennaro. !



4) Heteronuclear single quantum coherence (HSQC)

The 4-sulfate to 6-sulfate (4S/6S) ratio, determined using HSQC experiment and the method reported
by Mauri et al. I HSQC experiment was performed at 303 K using a Bruker AVANCE NEO
spectrometer operating at a proton frequency of 500 MHz, equipped with a 5 mm TCI cryoprobe.
HSQC spectra were acquired using the Bruker hsqcetgpsisp2.2 pulse sequence, with the following
acquisition parameters: 32 scans, 2 s of relaxation delay, 1k of time domain, and a spectral width of
10 ppm (F2) and 80 ppm (F1) with the transmitter offset at 4.7 ppm (F2) and 80 ppm (F1). The 4S/6S
sulfation patter was determined as the ratio of HSQC between the cross-peaks area of the anomeric
proton of 4-O- sulfated glucuronic acid (U1 4S) and the anomeric proton of 6-O- sulfated glucuronic

acid (U1 6S), as reported in the following formula:

Signal intensity (U1 4S)

4S/6S =
/ Signal intensity (U1 6S)
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Figure S3: A) 'H -'3C HSQC spectrum of CS. The signals in the region between 110- 50 and 5.0-

3.0 ppm are in agreement with data reported by Mucci et al. B) 'H -1*C HSQC anomeric region of

the CS, highlighting the signals used for calculation of the 4S/6S sulfation ratio.



5) Labelling laminin with NHS-dylight488

100 puL of LM (1.6 mg/mL) were added to Vivaspin (cutoff 30 kDa) and were centrifuged (15° at
4,000 rpm) to eliminate tris-HCI buffer trace. LM was then resuspended in 100 pL of PBS (pH 7.4).
Afterwards, 4 uL of NHS-DyLight 488 (a 40 times molar excess) were added and left reacting with
amino groups present on LM for 1 h (RT, in the dark). Finally, LM conjugated with DyLight 488
(LM4388) was centrifuged (15’at 4,000 rpm) 3 times and was resuspended in 100 pL of PBS (pH 7.4).
50 uL of H-1 and HO.5 hydrogels were prepared in 96-well plate and fluorescent LM were cast on
top of samples (H-LM488) and were left in incubator for 1.5 h. Afterwards unbound LM was aspirated
and samples were washed with PBS 3 times. Images were taken at the fluorescence microscope.

Image] software was used to calculate the gray value compared to the control.



6) Screening of hydrogel formulations for HUVEC tube formation

Figure S4: A) Screening of hydrogel formulations. From left to right is changed the % w/w ratios of
GEL-5MF to CS-5MF (2.5:0.5,2:1, 1.5:1.5, 1:2,0.5:2.5), whereas from top to bottom the crosslinking
degree (y) obtained with 4arm-PEG10k-Maleimide (1 and 0.5). B) HUVEC tube formation assay on
Matrigel after and 24 h from seeding. C) HUVEC on empty 96-weel plate. Scale bar is 200 pm in A

and 500 pm in B and C.



7) pH of cell culture medium after exposure to BG58S
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Figure S5: pH measurements of cell culture medium conditioned with 0.5, 1, 2.5, 5 and 10 mg/mL

of BG58S over a period of 24 h.



8) Gene expression analysis of VE-Cadherin and VEGFR-2
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Figure S6: 2-*2CT values of vascular endothelial cadherin (VE-Cadherin) (A) and vascular endothelial

growth factor receptor 2 (VEGFR-2) (B) at 24 h.

Table S2: forward and reverse primers’ sequences used for qPCR.

Gene Forward Reverse

B2M ACAAAGTCACATGGTTCACA GACTTGTCTTTCAGCAAGGA
MMP9 GGGACGCAGACATCGTCATC TCGTCATCGTCGAAATGGGC
CD31 GAAAGCCAAGGCCAAGCAGATG | TTTCCACGGCATCAGGGACAG
VECAD TCATGTATCGGAGGTCGATGGT GGCATCATCAAGCCCATGAA
KDR CCCTACAAGACCAAAGGGGCAC | GCGATGCCAAGAACTCCATGC




9) Area coverage % of MMP-9
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Figure S7: Area coverage % of MMP-9 calculated with ImageJ from immunofluorescence images at

24 h from seeding.
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The fabrication of wedge-shaped cantilevers for Atomic Force Microscopy (AFM) remains a critical yet challenging
task, particularly when precision and efficiency are required. In this study, we present a streamlined protocol for
producing these wedges using NOA63 UV-curing polymer, which simplifies the process and eliminates the need
for dedicated equipment. Our method reduces preparation time while maintaining the mechanical properties of
the cantilevers, in line with the manufacturer’s specifications. We demonstrate the effectiveness of our wedged
cantilevers in stress-relaxation experiments performed by means of AFM and confocal microscopy on primary
Chronic Lymphocytic Leukemia cells and the MEC1 cell line. These experiments highlight the effectiveness of
using modified cantilevers to consistently apply precise uniaxial loading to soft, spherical cells. This technique
offers a marked improvement in fabrication speed and operational ease compared to traditional methods, without
compromising the accuracy or performance of the measurements. This protocol is not only time-saving, but also
adaptable for use in a wide range of biological applications, making it a valuable tool for AFM-based research in

cellular mechanics.

1. Introduction

The ability of living cells to maintain specific mechanical proper-
ties is essential for their function. The measurement of these properties
and their correlation with various pathological and physiological con-
ditions is of significant interest in medical research [1,2]. Among the
various available techniques, Atomic Force Microscopy (AFM) is par-
ticularly noteworthy for its suitability to investigate the mechanical
characteristics of biological samples under conditions that mimic their
natural environments [3,4]. Indeed, AFM is versatile and applicable to a
wide range of samples, including tissues, cells, membranes, protein com-
plexes, and even individual proteins and nucleic acids [5-8]. The critical
component of an AFM system is the flexible spring-like cantilever, whose

movement is monitored by a laser-based optical lever system [9]. This
setup enables the precise detection of minute cantilever deflections and
forces ranging from piconewtons to micronewtons, allowing for detailed
mechanical characterization.

Using an AFM facility, a variety of experiments can be performed,
enabling the extraction of different mechanical parameters. Indenta-
tion experiments, for example, can provide insights into cellular stiff-
ness by measuring Young’s Modulus [10,11]. Furthermore, creep and
stress-relaxation experiments yield information on the viscoelastic prop-
erties of cells over longer timescales [12], while recent advances in
AFM-based microrheology have enabled researchers to investigate rapid
changes in the cytoskeleton and short-timescale viscoelastic phenomena
[13]. However, the feasibility of these experiments is heavily dependent

Abbreviations: AFM, Atomic Force Microscopy; PDMS, Polydimethylsilane; SEM, Scanning Electron Microscopy; PBS, Phosphate-Buffer Saline; CLL, Chronic Lymphocytic Leukemia;
FBS, Fetal Bovine Serum; RPMI, Roswell Park Memorial Institute; PB, Push-Back; FIB, Focused Ion Beam.
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on the nature of the sample and, more importantly, the geometry of
the cantilever. Traditional AFM experiments typically use square-based
pyramidal tips or colloidal probes, which are particularly effective for
measuring nanoscale morphology and characterizing the stiffness of bi-
ological samples [14,15]. However, these geometries are not suitable for
experiments on small, soft, and round cells, such as leukocytes. Inden-
tation with a sharp tip can lead to cell rupture, while using a colloidal
probe is likely to cause the sample to slide under the applied pressure.
Additionally, the standard positioning of the AFM tipless cantilever at
an 8-12° angle relative to the sample surface complicates the achieve-
ment of uniaxial loading.

Given these limitations, a more suitable approach for the mechanical
characterization of rounded samples is the use of parallel microplates.
This method allows for the application of uniaxial loading, enabling the
compression, confinement, and micromanipulation of biological sam-
ples [16-19].

Inspired by the work of M.P. Stewart et al. [20], we present a simpli-
fied method for the fabrication of wedged cantilevers for AFM without
the need for a 3D-printed micrometer gauge, and we demonstrate their
application in stress-relaxation experiments performed on primary cells
from patients with chronic lymphocytic leukemia.

2. Materials and methods

Among the various polymers presented by M.P. Stewart et al. [20],
we focused our study on a UV-curing adhesive. This polymer offers sev-
eral advantages over other materials, such as two-component epoxy glue
or PDMS. Specifically, the UV-curing adhesive NOA63 (Norland Optical
Adhesive) simplifies the preparation process by eliminating the need
for mica foils or cantilever surface pretreatment with a plasma cleaner
before the wedging process. Furthermore, NOA63 has a shorter curing
time, which enables faster and more efficient production of wedged can-
tilevers.

The key steps of the fabrication process can be summarized as
follows: initial deposition of glue on the cantilever, seeding of glue
droplets, second deposition for proper wedge formation, UV curing, and
finally detachment of the wedge.

To perform the described process, an AFM coupled with an opti-
cal microscope is required to monitor the cantilever positioning relative
to the deposited glue droplets. Additionally, precise fabrication of the
wedge requires the possibility to realize micromovements of either the
tip or the sample.

In the setup used, the AFM (a Nanowizard 4 XP BioAfm JPK) is
mounted above an inverted optical microscope (Axio Zeiss), connected
to either a LED light source (Colibri, Carl Zeiss system was adopted) or
a mercury lamp (HXP 120, Zeiss), capable of exciting the sample at a
wavelength of 365 nm in order to cure the polymer.

2.1. Fabrication of wedged AFM cantilevers

The fabrication process begins with mounting the cantilever, whether
tipless or tipped, onto the AFM glass block, which is then positioned on
the AFM head. Subsequently, a small amount of glue was deposited onto
a standard glass surface. Using a syringe or a plastic tip from a laboratory
pipette, we gently touched the glue and transferred a smaller droplet
onto a siliconized cover glass (22 mm, square, Hampton Research Corp).
This siliconized material is particularly effective for detaching the modi-
fied cantilevers at the end of the process. The cover glass was then placed
under the inverted optical microscope in the sample holder position, en-
suring the mounted tip remains safely above the bottom surface. Using
a camera (Xic, Ximea), we located the glue droplet and carefully low-
ered the cantilever near the edge of the droplet, but not directly above it
(Fig. 1A). Once the cantilever was positioned close to the droplet edge,
it was moved horizontally forward and backward by a few micrometers
to gently dip into the glue, allowing some adhesive to coat the part of
the cantilever where the tip is placed. It is crucial during this step not
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Fig. 1. Key steps in wedge fabrication. Schematic representation (not in scale)
showing (A) initial approach of the cantilever (gray) to the larger adhesive
droplet (blue) deposited on the siliconized cover glass (yellow); (B) seeding of
multiple smaller glue droplets and the subsequent approach of the cantilever
to one of them (the size of the droplets during seeding depends on the retrac-
tion speed of the cantilever from the original large droplet); (C) deposition of
a small droplet on the cantilever; (D) UV-light curing process; (E) formation of
the wedge at the cantilever end after the polymer has cured. These steps are
shown for a tipped cantilever, however the same process applies for a tipless
one. (For interpretation of the colors in the figure(s), the reader is referred to
the web version of this article.)
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Fig. 2. Procedure for wedge detachment. Schematic representation illustrating (A) the proper horizontal movement of the cantilever (gray) required to facilitate
the detachment of the wedge without damaging the cured polymer (blue, barely visible in the figure below the cantilever tip), and (B) the incorrect horizontal
movement direction of the cantilever, which is likely to cause excessive bending of the cantilever arms, potentially leading to fractures or breakage (indicated by red
lightning). This procedure is applicable to both triangular and rectangular cantilevers.

Table 1

List of all the cantilever wedged with the process described in the text with their nominal

spring constant k by manufacturer.

Cantilever Manufacturer Tipped  Geometry k [N/m] n wedge obtained
MLCT-BIO, C Bruker Yes Triangular 0.01 2
MLCT-BIO, D Bruker Yes Triangular 0.03 2
MLCT-BIO, E Bruker Yes Triangular 0.1 3
MLCT-BIO, F Bruker Yes Triangular 0.6 1
MLCT-010, C Bruker No Triangular 0.01 5
MLCT-010,D  Bruker No Triangular 0.03 5
MLCT-010, E Bruker No Triangular 0.1 4
MLCT-010, F Bruker No Triangular 0.6 3
CSC38, A MikroMasch© No Rectangular 0.09 8
CSC38, B MikroMasch©  No Rectangular ~ 0.03 12
CSC38, C MikroMasch© No Rectangular 0.05 1

to immerse the cantilever too deeply into the glue. The adhesive should
not reach the cantilever arms, particularly for triangular cantilevers, and
the same precaution applies to rectangular cantilevers. Indeed, having
a small amount of glue on these parts will preclude the detachment of
the tip at the end of the curing process.

While the cantilever was still in contact with the glue, it was moved
horizontally backward to deposit several smaller polymer droplets (~
20 — 30 pm diameter). Simultaneously, the vertical step motor was ad-
justed to gradually lift the cantilever away from the surface until its
detachment (Fig. 1B). This step helps prevent an excess of glue on the
cantilever, which could lead to larger wedge formation, altering the can-
tilever spring constant, and causing complications during detachment
after curing. The stability over time of the deposited glue droplets is
shown in Fig. S1.

At this stage, we placed the cantilever above one of the droplets
and we progressively lowered it in steps of 1 pm until it contacted the
top of the droplet (Fig. 1C). This step ensures the proper formation of
the wedge, which compensates for the standard tilt angle of the tip-
less cantilever. Typically, a glue droplet with a diameter of 30 um is
sufficient to produce a satisfactory wedge. However, depending on the
intended application of the modified cantilever, a slightly larger wedge
may be required. In this case, after contacting one droplet, it is neces-
sary to simply move the tip to a second or third droplet until the uncured
wedge reaches the desired size. Nevertheless, it is important to notice
that larger wedge will lead to larger value of added mass to the can-
tilever and this can in principle affect the reliability of spring constant
determination if thermal noise method is applied [15].

At this point, we used a LED light source (or a mercury lamp) of
365 nm to expose the cantilever for 20 — 30 minutes at maximum power
(Fig. 1D).

To detach the wedged cantilever at the end of the process, we ini-

tially lifted it by 2 —5 um and gently moved the sample holder to ensure
that the traction force on the cantilever was directed toward the chip
(Fig. 2A). During this movement, the vertical step motor applied upward
steps of 1 pm to aid in detachment. We continued applying these steps
until the cantilever bending, caused by the glue on the surface, became
sufficient to release the wedged from the siliconized glass (Fig. 1E).
It is crucial to note that overbending the cantilever or moving it in the
wrong direction can cause it to break, making it unsuitable for further
experiments (Fig. 2B). For soft cantilevers with a spring constant of ap-
proximately k ~ 0.1 —0.01 N /m detachment typically occurs when the
cantilever is 40 — 50 um away from the surface, while breaking tends to
occur at a distance of 80 — 100 um. Generally, the stiffer the cantilever,
the shorter the distance required for detachment, making the wedging
process easier.

The procedure outlined in the previous sections is particularly well
suited for modifying and wedging various types of cantilevers (Table 1),
including both tipless (CSC38, MikroMasch©, and MLCT-010, Bruker
AFM Probes) and tipped (MLCT-BIO, Bruker AFM Probes). In the case
of tipped cantilevers, it is crucial to ensure complete coverage of the tip,
which typically measures 2.5 — 4.5 pm in length. Additionally, this pro-
cedure can be applied to previously used wedge cantilevers. Indeed, the
polymer will cover any residual cells or tissues present on the cantilever
end. Nevertheless, we immersed the cantilever in trypsin (0.25% trypsin
in 1x EDTA solution, MedChemExpress) for at least 5 minutes, followed
by rinsing with MilliQ water and allowing it to dry before trying the
wedging process. This step helps to removing larger biological residues
also on wedged tips without altering the modification of the cantilever.
In doing so, the longevity of the wedged tip is significantly enhanced.
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Fig. 3. Characterization of the wedge. (A) SEM image and (B) AFM topography map of a tipped cantilever acquired with the reverse imaging technique described
previously in the text. (C), (D) Cross-sections of the wedge cantilever along the horizontal (blue) and vertical (green) probe profile. To characterize the wedge, the
mean and standard deviation of the height profile were calculated for the points located between the segments, highlighted in white in panel (B) and in red in panels
(C, D). The average height profile along the horizontal axis (blue) is 9.36 + 0.12 pm (coefficient of variation is equal to 1.2%), while along the vertical axis (green),
it is 8.65 +0.11 um (coefficient of variation is equal to 1.3%). The little variations found along the two profiles are small enough to correct the standard 8-12° tilt.

2.2. Characterization of wedge cantilevers

2.2.1. Probe topography and morphology

After completion of the wedging process, each wedge cantilever was
imaged by scanning electron microscopy (SEM) (FEI Nova Nano SEM
230). Before imaging, each cantilever was sputtered (for 15 seconds,
18 mA) with a gold layer to ensure conductivity. SEM images were
obtained using an acceleration voltage of 5 kV, in secondary electron
mode. In Fig. 3A, SEM image of a well-fabricated wedge cantilever is
shown. As clearly visible, the selected polymer was particularly effec-
tive in producing a smooth and well-defined wedge structure.

Subsequently, topographic images of the wedge cantilevers were
acquired using reverse force mapping with AFM (Fig. 3B). A tipped can-
tilever (RTESP, Bruker AFM Probes) was mounted tip pointing upward
on the bottom of a Petri dish (TPP) using super glue (Loctite) and then
placed on the microscope stage. The wedged cantilever was mounted
on the AFM system and used to image the tipped cantilever, realizing
the conditions for accurate reverse imaging of the wedge, as shown in
Fig. 3B. Each map was acquired in liquid (PBS) with the following set-
tings: force set-point of 30 nN, vertical range of 8 um, scan velocity of
150 pm/s, sampling rate of 4096 Hz, with z-closed loop control and base-
line adjustment before each approach. A wedge was deemed satisfactory
if the coefficient of variation (standard deviation/mean) in the height
difference was less than 3% (Fig. 3C, D). 3D reconstruction of the mod-
ified cantilever can be found in Fig. S2. Unsatisfactory wedges were
dissolved in piranha solution and reprocessed using the wedging proce-
dure.

2.2.2. Spring constant

Once the modified cantilevers were deemed satisfactory, their spring
constant was measured to assess whether the presence of the polymer
wedge, and the tip when present, affected the modified cantilever me-
chanical properties. Calibration of the cantilevers was performed using
integrated capabilities of the AFM system. A contact-based method was
employed to determine the deflection sensitivity, followed by the ther-

mal noise method to assess the spring constant of the cantilever [21].
The thermal noise method was adopted due to its ease of implementa-
tion in biological AFM setups and it is widely accepted for its precision
[22]. In this method, a force-distance curve is first acquired by press-
ing the cantilever against a rigid substrate, such as glass or plastic, to
determine the deflection sensitivity. This allows conversion of the laser
deflection signal (in Volts) to the actual tip deflection (in nanometers)
[23]. To estimate the deflection sensitivity, force curves were acquired
on a standard rigid glass slide substrate in MilliQ water at room tempera-
ture. Representative force curves obtained before and after the wedging
procedure can be found in Fig. S3. While the wedge geometry could
introduce minor perturbations in the vertical deflection profile, these
perturbations did not significantly affect the linear portion of the ap-
proach curve used to determine the sensitivity.

Since we were able to acquire the force-curve with modified wedge
cantilevers and estimate the deflection sensitivity, we could proceed to
determine the spring constant with thermal noise method. To assess
changes within the frequency spectrum of the normal oscillation modes
of the cantilever, such profiles were measured for the adopted tipped
and tipless cantilevers before and after the wedging process (Fig. S4).
The addition of mass due to the polymer forming the wedge resulted in
a reduction in the resonance peak intensity, accompanied by a negligi-
ble variation in the measured spring constant compared to those of their
unmodified counterparts.

Specifically, the spring constant of various cantilevers, both tipless
and tipped, was measured before and after the wedging procedure, and
the ratio between the two constants was calculated as follows:

k
kratio = i @

where k, is the spring constant of the cantilever in its original manu-
facturing conditions, before wedging, and k,, is the spring constant of
the same cantilever after the wedge was applied. For tipless cantilevers,
we found a ratio of k,,;;, = 1.03 + 0.06 (mean =+ std, n=38), while for
tipped cantilevers, the ratio was k,;, = 1.11 + 0.15 (mean + std, n==8).



R. Campanile, J. Helenius, C. Scielzo et al.

We found that the addition of NOA63 polymer did not significantly alter
the spring constant of the cantilevers. For tipless cantilevers, the change
due to polymer is less than 5%, with a variation of 3% in the values of
the spring constant between the unmodified and modified cantilevers. In
contrast, tipped cantilevers exhibit a more pronounced alteration, with
a 11% increase in the spring constant. These results validate the pro-
posed calibration method and the suitability of the modified cantilevers
for the described procedure. However, it is important to note that for
a larger wedge, when required for specific needs, these variations can
increase and severely affect the reliability of thermal noise methods. Ac-
cording to the work of Chighizola et al. [15], it is important to estimate
the contribution of the added mass to the cantilever to consider whether
or not it is necessary to take into account a correction factor during the
calibration of the spring constant. The calculation for CSC38 rectangu-
lar tipless cantilever (see Supplementary Materials, Fig. S5 for details)
led us to a reduced mass of m = 0.62 and a reduced gyration radius of
7=0.067 for which the variation due to the added mass is less than 10%,
so it can be considered negligible (see Table 3 of [15]).

Lastly, standard cantilever cleaning typically involves plasma clean-
ing, which is highly effective in removing biological residues and, unfor-
tunately, polymer wedges [24]. In our case, we treated each cantilever
with trypsin for 5 minutes at the end of the experiment, followed by
a rinse with MilliQ water. In addition, dish detergent can be used for
cleaning. These simple and cost-effective procedures allowed us to reuse
the same cantilever multiple times without compromising the integrity
of the wedge, enabling consistent measurements over several weeks.

2.2.3. Success rate and challenges in wedged cantilever fabrication

The procedure described for fabricating wedged cantilevers is
straightforward and does not require specialized skills in handling the
AFM setup. However, some care must be taken, since some issues may
arise during the wedged protocol. The primary challenge lies in the de-
tachment process after UV light cure (Fig. 1D, E), which can occasionally
result in cantilever breakage due to incomplete separation from the sil-
iconized cover-glass. After having defined the protocol, we observed
a 92% success rate for wedge fabrication. Specifically, of the 50 can-
tilevers subjected to the procedure, 46 were successfully modified. One
tipped cantilever required reprocessing after its first initial wedge due
to incomplete coverage of the tip (Fig. S6), therefore it was dissolved
in piranha solution and again subjected to the wedging protocol; 3 can-
tilevers (2 tipless and 1 tipped) broke during the detachment process
due to incomplete separation of the cantilever from the cover glass.

Another potential challenge arises in measuring the deflection sensi-
tivity of wedged cantilevers given the unique geometry of the probe and
possible non-ideality during contact. First, acquiring force curves in air
could be difficult because of the strong adhesion forces attributed to the
polymer used and the larger contact area, which affects the ability of the
probe to reach the substrate and acquire force curves, as well as its capa-
bility to detach during withdrawal. However, these issues are resolved
when the measurements are performed in liquid (Fig. S3). Nevertheless,
residual deformability can occur after the glue curing process, particu-
larly if the UV light exposure time is less than 20 minutes. To ensure that
the added polymer does not affect the determination of the deflection
sensitivity, it is essential to acquire force curves against a hard substrate,
typically glass or plastic, to assess the presence of multiple slopes in the
force-curve profile. Multiple slopes are usually indicative of residual de-
formability in the polymer. In such cases, it is recommended to dissolve
the wedge in piranha solution and repeat the wedging process extend-
ing the UV-light exposure time to at least 30 minutes. In contrast, if the
added polymer does not exhibit residual deformability, the presence of
the wedge can be identified by a more gradual increase after the con-
tact point compared to an unmodified cantilever, while the force-curve
profile exhibits a single slope (Fig. S3). Lastly, to ensure consistency,
it is recommended to measure the sensitivity and estimate the spring
constant before each experiment.
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2.2.4. Primary cells purification

Primary Chronic Lymphocytic Leukemia (CLL) cells were negatively
selected from fresh peripheral blood from CLL patients using the Rosette-
Sep B-lymphocyte enrichment kit (StemCell Technologies). The purity
of all preparations was always higher than 99%, and cells co-expressed
CD19 and CD5 on their surface as assayed by flow cytometry (Navios,
Beckman Coulter); preparations were virtually devoid of natural killer
cells, T lymphocytes, and monocytes. After purification, cells were im-
mediately frozen for further measurements. For the experiments de-
scribed, cells were thawed in the morning in cell culture medium (RPMI-
1640 with red phenol, Euroclone, Pero, Italy), supplemented with 10%
(v/v) Fetal Bovine Serum (FBS) and 15 mg/ml Gentamicin, centrifuged
at 1500 rpm for 5 minutes, and resuspended in fresh culture medium
and then kept at 37 °C and 5% CO,.

2.2.5. Cell culture

MECI1 cell line [25] was obtained from Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ, Braunschweig, Ger-
many) and was recently genotyped as follows: 10 ng of MEC1 cell DNA
was purified with the QiAmp DNA Mini Kit (Qiagen, Diisseldorf, Ger-
many) and amplified by PCR with GenePrint ®10 System (Qiagen, Diis-
seldorf, Germany) and sold Eurofins Genomics Standard FLA Service to
perform genotyping. Data were analyzed with DSMZ Online STR Analy-
sis. We confirmed the identity of the cell line analyzed. MEC1 cells were
cultured in RPMI-1640 with red phenol (Euroclone, Pero, Italy), supple-
mented with 10% (v/v) FBS and 15 mg/ml Gentamicin at 37 °C and 5%
CO,.

2.2.6. Human ethics statement

CLL Patients were diagnosed according to the updated National Can-
cer Institute Working Group (NCIWG) guidelines. Peripheral blood sam-
ples were obtained after informed consent from patients who were un-
treated or off treatment for at least 6 months. The study was approved
by the Ospedale San Raffaele (OSR) ethics committee under the protocol
CLL-BIO.

3. Application of wedge cantilevers on soft round cells

To demonstrate the compressive capability of the wedge cantilever,
we conducted stress-relaxation experiments on primary Chronic Lym-
phocytic Leukemia (CLL) cells and the MEC1 cell line, a widely used
leukemia model. CLL is the most prevalent leukemia in Western coun-
tries, with an incidence of five new cases per 100,000 individuals per
year [26,27]. The disease is marked by clonal expansion of mature
CD5+ B lymphocytes, which accumulate in peripheral blood, bone mar-
row, and secondary lymphoid organs. These sites provide a supportive
microenvironment that promotes cell proliferation and disease progres-
sion. Additionally, CLL cells exhibit significant trafficking between pe-
ripheral blood and lymphoid tissues [28], a dynamic migration that
requires cytoskeletal remodeling, making these cells suitable for AFM-
based investigation.

Traditional AFM approaches, typically using tipped cantilevers, are
most effective for probing the cell cortex, where the actomyosin network
primarily resides [29]. In previous work, AFM force-spectroscopy mea-
surements were used to determine cortical stiffness, facilitating com-
parisons between primary CLL cells and healthy B cells (HD-B) [29].
The results indicated that CLL cells exhibit lower cortical stiffness than
HD-B cells, in line with research linking cellular mechanical properties
with disease progression [29]. However, when assessing the mechan-
ical properties of deeper regions, such as the nucleus, or evaluating
responses to prolonged stimuli, standard cantilevers often require higher
applied forces, raising the risk of cellular rupture. To address this, we
employed a wedge-shaped cantilever, enabling controlled uniaxial load-
ing along a single axis while minimizing cellular damage performing
experiment of stress-relaxation.
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Fig. 4. Cellular response during stress-relaxation experiments. Representative data collected during stress-relaxation experiments performed on CLL cells with
(A) wedged cantilevers and (B) tipped cantilevers. Notably, the cellular response varies depending on the geometry of the probe: in (A), cells exhibit an initial
relaxation lasting approximately 1 s followed by a push-back against the probe, while in (B), cells exhibit pure relaxation behavior. Raw data are reported in black,
green and orange, to differentiate diverse portions of the curves, while the fitting curves are reported with dashed line in red (linear fit) and blue (exponential decay

fit).

Stress-relaxation experiments were conducted on live primary cells
plated on Poly-L-Ornithine (Sigma)-coated Petri dishes. The coating
was prepared by diluting Poly-L-Ornithine 1 : 10 in PBS, incubating
for 30 minutes at 37°C, and washing with PBS before cell seeding.
During the experiments, cells were maintained in cell culture medium
(RPMI-1640 with red phenol, Euroclone, Pero, Italy), supplemented
with 10% (v/v) FBS, 15 mg/ml Gentamicin, and 10% HEPES (Gibco,
N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid).

The experimental setup depended significantly on the tip geometry.

For tipped cantilevers, the maximum waiting time was approximately 2
seconds, since cells, due to their low adhesion, tended to detach and mi-
grate away from the tip, making the data unreliable beyond this point.
In contrast, the wedge cantilever allowed for extended waiting times of
several seconds, ensuring greater stability during measurements. How-
ever, restricting the waiting time to 5 seconds was sufficient to detect
differences in the nanomechanical behavior of cells when probed with
the two types of cantilevers. Similarly, the applied force varied accord-
ing to the geometry of the tip: for tipped cantilevers, a force of 1 nN was
used, while for wedge cantilevers, the applied force ranged from 2.5 to
5 nN. This variation is related to the shape of the probe: exceeding the
force threshold for sharp tips would lead to cell rupture. Regardless of
the geometry of the tip, the sampling frequency was set to 4096 Hz, the
z-closed loop control was maintained throughout the experiments, and
the approaching and retracting speed was set to 1 um/s.
The collected data were analyzed by separating two distinct portions of
the force curve: the initial segment (Fig. 4, green), corresponding to the
tip-sample contact until the maximum applied force was reached, and
the relaxation phase (Fig. 4, orange). For the initial segment, a linear
fit was applied to estimate the slope of compression (Fig. 4, red dashed
line), which serves as an indicator of cell rigidity and can be considered
a proxy of cell stiffness. The relaxation phase was fitted by using a sin-
gle exponential decay model to determine the relaxation time (Fig. 4,
blue dashed line). Stress-relaxation experiments performed adopting
wedge cantilevers suggest that leukemic cells generate mechanical push-
back forces when completely confined (Fig. 4A), and this can be part
of their invasive strategy. Likely, this response reflects a dynamic in-
terplay between cytoskeletal reorganization and cellular rigidity, al-
lowing leukemic cells to occupy and overcome structural constraints.
Conversely, stress-relaxation experiments performed using tipped can-
tilevers suggest that leukemic cells redistribute internal stresses over
time (Fig. 4B), when indented with a sharp tip, primarily through cy-
toskeletal reorganization. This behavior not only highlights the dynamic
interplay between elastic and viscous components, but also underscores
the importance of mechanical adaptation in preserving cellular integrity
under mechanical perturbations.

The fitting results are presented in Fig. 5. The cell response varies de-
pending on the applied compression. Specifically, when stress-relaxation
experiments are conducted adopting standard tipped cantilevers, which
apply a localized stimulus to the cell, the response is softer under com-
pression (Fig. 5A), and cells tend to relax gradually after the initial probe
interaction (Fig. 5B, C). This behavior reflects a mechanical response
likely driven by the intrinsic viscoelastic properties of the cell. Indeed,
when subjected to localized compression, leukemic cells redistribute in-
ternal stresses by reorganizing their cytoskeleton and cytoplasm, leading
to a time-dependent reduction in force. This behavior is characteristic of
the viscoelastic nature of cells, which balances elastic deformation with
viscous flow [30,31]. Furthermore, the relaxation response is predomi-
nantly governed by the dynamics of actin filaments, microtubules, and
intermediate filaments, which adapt to mechanical stresses by remod-
eling or dissipating tension. This mechanical adaptation is particularly
relevant in maintaining cellular integrity during mechanical perturba-
tions [32,33].

In contrast, when wedge cantilevers are used, the entire cell can be
probed because of the stronger confinement, which allows for a more
uniform and extended applied pressure, without causing cell rupture.
Under these conditions, cells exhibit a steeper compression slope, indi-
cating greater resistance to the compressing probe (Fig. 5A). Further-
more, because the applied stimulus is more global, the relaxation time
decreases as the entire cell adapts more rapidly to the confined state
(Fig. 5B). Additionally, the distinct probe geometry leads the cells to
push-back against the sensor in an attempt to counteract the imposed
confinement. The push-back phenomenon occurs in the vast majority of
cells, as indicated in Fig. 5C (blue columns) which specify the percent-
age of push-back (PB) and standard relaxation (Relax) occurrence. This
behavior may be attributed both to the nucleus, which plays a regulatory
role in cellular responses to spatial constraints [34], and to the geometry
of the cantilever. Moreover, this behavior can be associated with a signif-
icant role in cell migration and invasiveness, particularly within three-
dimensional environments. Leukemic tumor cells frequently encounter
physical barriers in tissues, necessitating active mechanical responses to
travel across and invade these obstacles. Push-back may represent the
ability of these cells to counteract external compression by reorganizing
their cytoskeletal structures, such as actin filaments and microtubules,
to produce opposing forces [30]. Furthermore, the ability to generate
a push-back might indicate a capacity for dynamic cellular rigidity,
allowing cells to fine-tune their mechanical properties and adapt to di-
verse microenvironmental challenges. This adaptability could improve
the tumor cell invasiveness by facilitating their passage through con-
fined spaces or enabling them to overcome physical constraints [35].

Lastly, to ensure uniaxial loading of the cell during compression
with the wedge cantilever, the MEC1 cell line was used, with cells
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Fig. 5. Fitting analysis of experimental data. Bar graphs representing median values of (A) slope of compression of force vs time data, and (B) different relaxation
time of exponentially decay estimated in experiment performed with wedge (blue) and standard tipped (red) cantilevers on primary CLL cells. Error bars give the
standard deviation, for each experiment n = 16, p < 0.0001 estimated with Mann-Whitney test. (C) Percentage of push-back (PB) and relaxation (Relax) occurrence
exhibited by cells during confined time for experiment performed with wedge (blue) and standard tipped (red) cantilevers.
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Fig. 6. Z-stack images analysis of MEC1 cell during stress-relaxation experiment. (A) Different z-planes of a MEC1 cell during a stress-relaxation experiment
conducted with a wedge cantilever. The cell is labeled with CMFDA (green) and Hoechst (blue), with a scale bar of 10 pm. The total acquisition time for the z-stack
was 120 seconds. (B) For each z-plane, the cell radius and its eccentricity were calculated (Eq. (2)). Cell radius initially increases, peaks, and then decreases under
compression (green), indicating uniaxial loading. Eccentricity remains within 0.07-0.23 (orange), confirming axis-restricted, uniform compression.

labeled with fluorescent markers (CellTracker CMFDA and Hoechst
34580, ThermoFisher). This allowed us to visualize cell expansion un-
der compression using a confocal microscope integrated into the AFM
setup (objective 20x, Plan-Apochromat 20x/0.8 M27, Zeiss). The z-stack
of fluorescent images was captured at full excitation with an exposure
time of 250 ms in both the DAPI and Alexa488 channels (Fig. 6A). The
MECI cell line was chosen because of its ease of biological manipula-
tion. The stack consists of 16 images from which the cell radius and
eccentricity were extracted. The eccentricity, defined as

b2
ez‘/l—a—2

where a,b are the major and minor semiaxis of an ellipse fitting the
cell cross-section, is a particularly effective parameter to assess direc-
tional confinement. Specifically, eccentricity equals O when the ellipse
becomes to a circumference and 1 when it degenerates into a straight
line. As compression progresses, the radius initially increases, reach-
ing a peak before decreasing (Fig. 6B, green). This behavior supports
the hypothesis of uniaxial loading, as the initial expansion followed by
compression along the same axis is consistent with the wedge applying

(2)

force perpendicularly to the cell surface. Furthermore, the absence of
significant lateral expansion, as indicated by the eccentricity (Fig. 6B,
orange) remaining within a narrow range (0.07 to 0.23), further con-
firms that the wedge confines the deformation to a single axis, ensuring
uniform compression throughout the process.

4. Discussion

In this work, we have introduced a simplified and efficient protocol
for fabricating wedge-shaped cantilevers, which resulted in sufficient
simplicity for an AFM users, but nevertheless it addresses the limitations
of existing methods.

Among the existing methods for producing flat cantilevers, the Fo-
cused Ion Beam (FIB) technique is also employed, primarily in industrial
settings, for the fabrication of AFM tips. However, the FIB ablation pro-
cess for modifying AFM cantilevers presents several challenges [36].
Thinning the cantilever to 2-3 um introduces structural fragility, in-
creasing the probability of damage during use. Additionally, the high-
energy ion beam (30 kV) can cause localized contamination or damage
to the cantilever, potentially altering its mechanical response, compro-
mising the reproducibility between samples, and potentially the force
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calibration, which is essential for precise AFM measurements. Finally,
the process is time-consuming and costly, potentially limiting its prac-
ticality for experiments that require multiple modified cantilevers.

Compared to traditional approaches, our protocol streamlines the
wedging process by eliminating the need for additional instruments,
such as 3D-printed micrometer gauges, and significantly reduces the
time required for cantilever preparation. The use of the NOA63 UV-
curing polymer not only improves the fabrication efficiency but also
ensures the formation of high-quality wedges, without the need for sur-
face pretreatment or complex materials such as mica foils. Our results
show that the mechanical properties of the wedged cantilevers remain
consistent with the original manufacturer’s specifications, confirming
that the rapid fabrication process does not compromise performance.

Moreover, the comparison between wedged and tipped cantilevers
highlights an improved performance of wedged cantilevers in experi-
ments aimed at performing a comprehensive mechanical characteriza-
tion. Tipped cantilevers are suitable for providing localized information;
however, their limited force application and the increased risk of induc-
ing cell rupture limit their use in the field of mechanobiology. Indeed,
the necessity of exploring a deeper part of the cell, such as the nu-
cleus, requires the possibility of increasing the applied force on the
cells and the indentation depth, without damaging the sample or ex-
tending the time of contact between tip and sample, likely resulting
in lateral displacement and sliding of the cells [37]. In this context,
wedged cantilevers facilitate uniaxial compression and allow for pro-
longed measurement durations, offering a more comprehensive perspec-
tive on cell mechanics [38]. Furthermore, the deeper part of the cell can
be probed due to the possibility of reaching a deeper indentation with
respect to the tipped cantilevers (Fig. S7). This capability makes wedge
cantilevers particularly valuable for studies involving stress-relaxation,
confinement, and push-back phenomena in soft, low adhering, spherical
cells.

In conclusion, the proposed protocol offers a practical and time-
saving solution for producing wedged cantilevers, making it an appeal-
ing option for researchers working in cellular mechanics on soft, round
and low-adherent cells.
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Figure S1: Stability and morphological analysis of glue droplets seeding process.
(A) Bright-field microscopy images of glue droplets acquired at different time points
during the seeding process (to = 0 min deposition of the glue, t; = 30 min, to = 60 min,
t3 = 90 min, t4 = 120 min, t; = 150 min). Scale bar length is 30 um. (B) Representation
of the area and (C) circularity of the glue droplets, as numbered in panel (A), over the
different acquisition time points.

The area and circularity of the glue droplets were calculated over 150 minutes. The cal-
culated parameters indicate that both the area and the shape of the glue droplets remain
stable during the observation time. Changes in droplet area and shape are observed only
immediately after seeding, likely due to the traction forces exerted during the deposition

of the droplets onto the glass substrate. The circularity was computed as:

circularity = 4m - P2

where A is the area of each glue droplet, while P is the perimeter. The closer the circularity

to 1, the rounder the glue droplet.
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Figure S2: Modified cantilever 3D reconstruction: Representation of the different

planes of a cantilever properly modified through the wedging process. (A) YZ plane
(y > 0), (B) XZ plane, (C) YZ plane (y < 0), (D) XY plane. Scale bar length is 7.5 pym.
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Figure S3: Sensitivity calibration. Representation of the averaged force curves ac-
quired to determine the deflection sensitivity of the cantilevers (MLCT-BIO and CSC38)
before (first and third row) and after (second and fourth row) the wedging process. The
overlap of approach (blue solid line) and retraction (red solid line) curve is shown in the
last column.

The deflection sensitivity was calculated by performing a linear fit on 15% of the data from
the approach curve, starting from the defined set-point, after acquiring 5 force curves and
averaging them. The force curves were recorded on a Petri dish (TPP) in MilliQ water
at room temperature. The approach curves (blue solid line), both before and after the
wedging process, exhibit classical expected behavior. The difference observed after the
wedging process occurs near the contact point, where a more blunt curve is observed and
it is associated with the presence of the wedge. Examination of the retraction curves
(red solid line) shows that the presence of the wedge on the cantilever increases the
tip-substrate adhesion. This increase in adhesion may result in cell attachment to the
wedge at the end of a measurement, particularly when analyzing low adhering cells and
applying forces exceeding 5 nN. To address this issue, rinsing the cantilever with the
buffer adopted during the measurements is sufficient. The deflection sensitivities before
the process were: Syrcr—pro = 10.23 nm/V, Scscss = 26.22 nm/V; sensitivities after the

process were: Syrcr—pio = 14.65 nm/V, Scgess = 22.34 nm/V.
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Figure S4: Thermal noise spectra. Representation thermal noise spectra, raw data
(blue) and Lorentzian fit (red), acquired in MilliQ water at room temperature for different
cantilevers (MLCTBIO and CSC38) before (left column) and after (right column) the
wedging process.

Modification of the cantilever results in a slight reduction of the first resonance peak 38
in both cases, which could be associated with a change in the determined spring con- 39
stant. The spring constant values before the process were kypcr_pio = 0.122 N/m, 4o
kesess = 0.136 N/m; spring constant values after the process were: kyor—pio = 0.121 N/mg
kesoss = 0.140 N/m. 42



Impact of the added mass on the cantilever:

According to the work of [15], it is important to estimate the contribution of the added
mass to the cantilever to consider whether or not it is necessary to take into account a
correction factor during the calibration of the spring constant. To estimate the impact

of the added mass, we need to compute the reduced mass m and the reduced gyration

_ My ~ \/7R
m= F=4/=-—
me’ 5L

where m,. is the mass of the cantilever, m,, the mass of the wedge, R the radius of the

radius 7, defined as

wedge, and L the nominal length of the cantilever. For a CSC38 rectangular tipless
cantilever, the manufacturer’s instruction gives: L = 250 um (length), w = 32.5 um
(width), and h = 1 um (thick). The density of the cantilever is equal to pg; = 2.32 g/cm3.
On the other hand, the wedge attached to the cantilever can be approximated as an ellipse
with dimensions of its semi-axis equal to a = 15 um and b = 25 pm (Fig. S5) with height
equal to h = 10 pm (Fig. 3). The density of NOA63 given by the manufacturer is equal

to pnoass ~ 1 g/em?.

Figure S5: SEM image of a wedged CSC38 cantilever.

The reduced mass can be computed as:

Mw _ .62

m =
mC

while for the reduced gyration radius we obtained:

- TR
T = \/gf = 0.067

where R was estimated by approximating the wedge to a sphere of volume V = %ﬂ'RB =
11780 pums3.
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Chighizola addresses the issue of the added mass for rectangular cantilevers but does
not provide any information for triangular ones. In the absence of a reference for this
latter geometry, we decided to use the existing model to consider if the correction factor
is needed. We adopted the same procedure described above to calculate m and 7 for
triangular cantilever by starting from the manufacturer’s information. We calculated
these parameters for the MLCT (BIO and O10)-E cantilever tip (nominal length L =
140 mum, nominal width wg = 18 wm), as the F tip is generally less used due to its
high spring constant, making it unsuitable for biological investigations. Conversely, the
other tip models, D and C, have larger nominal lengths and widths (nominal length
Lp = 225 pm and Lo = 310 mum, nominal width wp = we = 20 pum), reducing the
impact of the added mass compared to the E tip. The calculation led us to my = 1.1 and
rg = 0.12. According to Chighizola et al., since the values m and 7, for both rectangular
and triangular cantilevers give a variation due to the added mass less than 10%, it can
be considered negligible (Table 3 of [15]).
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Figure S6: Failure of the wedging process. Representation of incomplete coverage of
the cantilever tip following the wedging process. (A) AFM topography map of a tipped
cantilever acquired using the reverse imaging technique. (B) Cross-sections of the wedge
cantilever along the blue axis. The height profile reconstruction reveals that the tip on
the MLCT-BIO cantilever was not fully covered by the polymer added to form the wedge.
This failure is attributed to the insufficient size of the glue droplet used during the wedging
process. The tip protrudes beyond the wedge by approximately ~ 3 um (red segment in

(B))-
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Figure S7: Comparison of classical force spectroscopy experiments conducted
with a sharp tip versus stepwise confinement experiments performed with a
wedge tip on the MEC1 cell line. (A) Illustration of a force spectroscopy experiment
performed using an MLCT-BIO cantilever. The purple-highlighted region represents the
indentation of the tip into the cell, which measures 1.7 pym at the set point force of
~ 1.5 nN. (B) Example of a stepwise confinement experiment conducted using a wedge
tip. The applied force on the cell (red solid line) and the position of the wedge (blue solid
line) are shown.

When comparing the two experiments, it is evident that in force spectroscopy, due to
the maximum set-point force ~ 1.5 nN that can be applied with sharp tips without
causing cell rupture or damage, the achieved indentation is limited to less than 2 pm.
In contrast, during stepwise confinement experiments, where six confinement steps of
6, 4, 2, 1, 1, and 1 um were applied starting from a height of 20 ym from the bottom
of the Petri dish, a greater indentation was achieved. From the contact point, the wedge
progressively compressed the cell, resulting in an overall deformation of approximately

5 pm, corresponding to 50% of the dimension of the cell.
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Abstract

Chronic Lymphocytic Leukemia (CLL) is characterized by dysregulated cytoskeletal
dynamics that influence disease progression. Hematopoietic lineage cell-specific pro-
tein 1 (HS1) plays a key role in actin remodeling, yet its mechanobiological impact
in CLL remains poorly understood. Here, we investigate the role of HS1 in cellu-
lar mechanics using Atomic Force Microscopy-based force spectroscopy and step-
wise confinement assays on MEC1 and MEC1-HS1 knock-out cell lines which are
two in vitro model for human B luekemia. While Young’s Modulus measurements
showed no significant differences between cell lines, stepwise confinement exper-
iments revealed that HS1 depletion alters cellular viscoelasticity and mechanical
properties. Pharmacological treatments with Ibrutinib, Defactinib, Cytochalasin-D
and Blebbistatin further highlighted HS1 role in mechanotransduction, with differ-
ential responses between MEC1 and KO1 cells. Our findings indicate that HS1 is
critical for cytoskeletal integrity and mechanical adaptability, with implications for

disease progression and potential mechanotype-based therapeutic strategies.

Abbreviations

AFM, Atomic Force Microscopy; YM, Young’s Modulus; HS1, hematopoietic lineage cell-
specific protein 1; CLL, Chronic Lymphocytic Leukemia; KO1, MEC1-HS1 knock-out;
BCR, B cell receptor; BTK, Bruton’s Tyrosine Kinase; PBS, Phosphate-Buffer Saline;
RPMI, Roswell Park Memorial Institute; FBS, Fetal Bovine Serum.

Keywords:

1. Chronic Lymphocytic Leukemia;

10

11

12
13
14
15
16
17
18
19
20
21
22
23
24

25

26

27

28

29

30

31

32

33



2. Atomic Force Microscopy;
3. Cell Mechanics;

4. Mechanotransduction;

5. HS1 Protein;

6. Stepwise Confinement.

7. Mechanobiology

1. Introduction

Living cells are highly dynamic systems that continuously interact with their microenvir-
onment, responding to mechanical, chemical, and biological stimuli. These interactions
play a fundamental role in key cellular processes, including differentiation, migration, and
disease progression [1-3]. From a mechanical perspective, cells exhibit viscoelastic beha-
vior, possessing both solid-like and fluid-like properties that depend on the timescale and
magnitude of applied forces [4, 5]. To investigate these biomechanical properties at the
single-cell level, several advanced techniques have been developed, including micropipette
aspiration [6], optical and magnetic tweezers |7, 8], and Atomic Force Microscopy (AFM)
[9, 10].

Among these techniques, AFM has emerged as a powerful and versatile tool for the
mechanical characterization of both cells and tissues [11, 12]. In particular, AFM-based
force spectroscopy is widely used to determine Young’s Modulus (YM), a key parameter
describing cellular stiffness. By analyzing the force-indentation response of different cell
types and tissues, researchers have established nanomechanical fingerprints that distin-
guish between physiological and pathological conditions, such as cancerous versus non-
cancerous state [13, 14]. This capability is particularly valuable in the study of hemat-
ological malignancies, where alterations in cellular mechanics can provide insights into
disease detection and progression [15].

In this study, we focus on the role of hematopoietic lineage cell-specific protein 1 (HS1),
an actin-binding protein involved in cytoskeletal remodeling, cell adhesion, and migration,
in the pathophysiology of Chronic Lymphocytic Leukemia (CLL). CLL is a malignancy
characterized by the clonal expansion of mature CD5+ B lymphocytes, which progress-
ively accumulate in the peripheral blood, bone marrow, and secondary lymphoid organs,
where they encounter a supportive microenvironment that promotes their accumulation
leading to metastasis, and disease progression [16-18|. Elevated HS1 expression in CLL
patients has been associated with more aggressive disease phenotypes, with higher levels
correlating with accelerated progression and poorer clinical outcomes [19]|. Functionally,
HS1 is a critical regulator of B cell receptor (BCR) signaling, a key pathway in CLL

pathogenesis, and its overexpression has been linked to enhanced leukemic cell survival,
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proliferation, and resistance to apoptosis [20]. Additionally, HS1-mediated cytoskeletal
remodeling facilitates cellular trafficking between the peripheral blood and lymphoid tis-
sues, a process essential for CLL cell homing and microenvironmental interactions [21].

To elucidate the mechanical role of HS1 in CLL, we employed MEC1 cells, a widely
adopted in vitro model of human B leukemia, along with a genetically modified MEC1-
HS1 knock-out (KO1) cell line generated using the CRISPR-~Cas9 system. This approach
allowed us to directly assess how HS1 depletion affects cellular mechanics and viscoelastic
properties of the cells.

We initially performed force spectroscopy experiments, by means of AFM, using a
square-based pyramidal tip to probe the actomyosin cortex (~500 nm from external mem-
brane) of both cell lines in basal condition (Fig. S1). Surprisingly, our results revealed
no significant differences in YM between MEC1 and KO1 cells (Fig. S1). Given the
well-established role of HS1 in regulating actin polymerization and cellular responses to
mechanical stimuli, this finding suggested that traditional stiffness measurements might
not fully capture the functional impact of HS1 depletion. To gain a more comprehens-
ive understanding of HS1 mechanical contributions, we expanded our investigation by
employing a complementary AFM-based approach which exploits a modified wedge tip
(Fig. 1A) to perform stepwise confinement (Fig. 1B - F) on cell lines to study cellular
deformation under progressive compression. This approach enabled us to assess diverse
mechanical properties of MEC1 and KO1 cells both in basal condition and under various
pharmacological treatments, providing deeper insights into the cytoskeletal alterations

and cellular response induced by HS1 depletion.

2. Results and Discussion

In this study, to systematically probe cellular mechanics under varying confinement levels,
we employed a stepwise AFM-based compression protocol, adopting a modified-wedged
tip (Fig. 1A) wherein cells were subjected to a series of controlled indentations with
progressively increasing deformation (Fig. 1B). The procedure enabled the classification
of the force response of the cells (Fig. 1C - F) into five levels of confinement (<25%,
25-40%, 40-50%, 50-60%, and >60%), respect the original size of the cell), accounting for
natural variations in cell size and contact geometry. Furthermore, four pharmacological
agents were employed to selectively modulate key signaling pathways involved in cyto-
skeletal regulation and mechanotransduction in leukemic B cells. Ibrutinib (Fig. 1D - E,
green data) is a covalent inhibitor of Bruton’s Tyrosine Kinase (BTK), a central kinase
in B-cell receptor (BCR) signaling that governs adhesion, motility, and cytoskeletal dy-
namics in CLL cells [22]. Previous studies have shown that Ibrutinib can increase cortical
stiffness in leukemic cells, partially restoring their mechanical phenotype toward that of
healthy B cells [15, 23]. Defactinib (Fig. 1D - E, orange data) is a selective inhibitor of
Focal Adhesion Kinase (FAK) and Proline-rich Tyrosine Kinase 2 (PYK2), both of which
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Figure 1: Stepwise confinement setup and drug-modulated force spectra of
MEC1 HS1 cells. (A) scan electron microscopy image of a wedge-shaped modified
AFM tip adopted to perform stepwise confinement experiments. Scale bar 40um. (B)
Representative plot of the vertical position of the AFM wedged tip during a stepwise
confinement experiment, showing six sequential compression steps applied to a single cell.
(C) Representative force spectrum acquired from untreated MEC1 cell under stepwise
confinement, corresponding to the AFM-tip trajectory shown in panel (B). (D, E, F)
Representative force spectra showing the mechanical responses of MEC1 and KO1 cells
under different pharmacological treatments during stepwise confinement. Each trace re-
flects the cell force response profile under sequential compression, with color-coded lines
indicating specific drug conditions as detailed in the legend within each plot. The blue

trace reported is the same shown in panel (C).



coordinate mechanotransduction between the cytoskeleton and the nucleus and are essen-
tial for maintaining structural integrity under mechanical stimuli |24, 25|. Cytochalasin-D
(Fig. 1D - F, purple data) is a potent inhibitor of actin polymerization that binds to the
barbed ends of F-actin filaments, preventing elongation and leading to cortical destabil-
ization and mechanical fragility |26, 27]. Finally, Blebbistatin (Fig. 1D - E, yellow
data) inhibits the ATPase activity of myosin II, disrupting actomyosin contractility, and
weakening cortical tension, particularly under high mechanical load |28, 29|. The use of
these compounds enabled a systematic evaluation of the role of HS1 in governing cellular
mechanical adaptation under compressive stress, revealing significant differences between
wild-type MECT1 cells and HS1-deficient, KO1, counterparts.

2.1 Stepwise confinement Reveals Distinct Nanomechanical Re-

sponse under Basal conditions in MEC1 and KO1 cells

We studied the mechanical parameters illustrated in Fig. 2 C, F, I, L. The significancy
of the drug effect over these parameters with respect the basal was assessed by Mann-
Whitney test and reported. for simplicity of visualization, in Fig. S2. Starting from the
basal measurements, mechanical parameters did not differ significantly between MEC1
and KO1 cells during the early stages of confinement (less than 40%) (Fig. S2, tables
in first row). However, starting from 40% confinement and beyond, distinct differences
emerged, highlighting altered biomechanical behavior associated with HS1 deficiency (Fig.
S2, tables in first row).

Specifically, KO1 cells exhibited a significantly lower relaxation time compared to MEC1
at the third (p = 0.0014), fourth (p = 0.0253), and fifth (p = 0.0007) confinement levels
(Fig. S2, first row first table). The reduction in relaxation time suggests that KO1
cells have a diminished ability to dissipate mechanical stress over time, indicative of a
more solid-like, less viscous cytoskeletal behavior. This behavior likely reflects impaired
cytoskeletal remodeling or reduced viscoelastic adaptability in the absence of HS1 [30].
Moreover, the role of HS1 as an actin nucleation-promoting factor that interacts with
the Arp2/3 complex underscores its importance in maintaining cytoskeletal remodeling
capacity and mechanical flexibility [31].

KOT1 cells showed significantly higher loading rates starting from the second confine-
ment (p = 0.0177), with increasing significance at the third (p = 0.0016) and the highest
levels of confinement (p < 0.0005). The elevated loading rate indicates that KO1 cells
resist deformation more rapidly upon compression, suggesting increased cortical stiffness
or altered cytoskeletal tension [15] (Fig. S2 first row second table). This may represent
a compensatory response to the loss of HS1, which normally regulates actin branching
and remodeling through the Arp2/3 complex [31]. This supports the hypothesis that HS1
loss leads to cytoskeletal rearrangements that manifest as increased mechanical resistance

during early deformation [15]|. Loading rate was the most sensitive parameter affected by
HS1 loss.
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Similarly, peak force and resistance to compression were both significantly higher in
KOT1 cells at the fourth (p = 0.0028, p = 0.0158, respectively) and fifth (p = 0.0071, p =
0.0294, respectively) confinement levels (Fig. S2 first row, third and fourth table). These
results imply that KO1 cells can generate and sustain greater mechanical loads at higher
compression levels, further supporting the notion of increased cellular stiffness or altered
force generation mechanisms in the absence of HS1 (Fig. S2 first row, third and fourth
table). Increased peak force and mechanical resistance have been linked to cytoskeletal
rearrangements that reinforce cell rigidity, particularly through enhanced actin cortex
tension and crosslinking [32]. Therefore, these mechanical adaptations may reflect an
altered balance between contractile force generation and cytoskeletal remodeling in KO1

cells not detectable with classical force spectroscopy experiment (Fig. S1).

2.2 BTK Inhibition Increases Loading Rate and Cytoskeletal Ten-
sion in MEC1 Cells

In MECI cells, treatment with Ibrutinib (Fig. 1D, green data) did not significantly affect
peak force, or resistance to compression during confinement (Fig. 2G, I, J, L). However,
a clear and statistically significant effect was observed on the loading rate (Fig. 2D, F).
Specifically, Ibrutinib induced a marked, confinement-dependent increase in loading rate ,
with statistically significant differences beginning from the first compression level (<25%
cell height; p = 0.0271) and becoming progressively stronger with deeper compressions
(p = 0.0035 for the 25-40% confinement, p = 0.0028 for the 40-50% confinement, p =
0.0006 for 50-60% confinement and p < 0.0005 above 60% compression) (Fig. 2D, F).
These results indicate that Ibrutinib treatment leads to progressive mechanical stiffening
of MEC1 cells under compressive stress. This observation aligns with Ibrutinib known
mechanism of action. As a covalent inhibitor of BTK, Ibrutinib blocks a central node in
BCR signaling, which regulates cell adhesion, motility, and cytoskeletal dynamics in CLL
cells [22]|. Although its biochemical effects are well-documented, recent studies have also
revealed its ability to influence mechanical properties of CLL cells [15]. Notably, Ibru-
tinib has been shown to increase cortical stiffness (YM) in primary CLL cells, thereby
restoring their mechanical phenotype closer to that of healthy B cells [15]. The observed
increase in loading rate in MEC1 cells is consistent with these findings, suggesting that
BTK inhibition enhances cortical tension and strengthens the cells ability to resist de-
formation [23|. This mechanical stiffening may arise from BTK inhibition-induced actin
cytoskeletal reorganization, enhanced myosin contractility, or increased focal adhesion
maturation [15, 33]. In this context, Ibrutinib appears to reinforce mechanical integrity
through cytoskeletal remodeling, even in the absence of significant changes in peak force

or compressive resistance.
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the Mann—Whitney test.

Figure 2: Mechanical response of MEC1 and KO1 cells to Ibrutinib
factinib under stepwise confinement. (A, B) Distribution of relaxation time values
across all confinement steps for untreated (basal) and drug treated MEC1 and KO1 cells.
Conditions are color-coded as described in the legend. C, F, I, L) Insets summarizing
the studied mechanical parameters shown in the adjacent left-hand panels: (C) relaxation
time, (F) loading rate, (I) peak force, and (L) resistance to compression. (D, E) Distribu-
tion of loading rate values at each confinement level for basal and treated MEC1 and KO1
cells. (G, H) Distribution of peak force values measured during each confinement step in
basal and treated MEC1 and KO1 cells. (J, K) Distribution of resistance to compression
measured at the end of each confinement phase for basal and treated MEC1 and KO1
cells. The data represented within each boxplot correspond to 50% of the dataset, central
line is the median and the confidence intervals are calculated at the 95% level. Statistical
significance of each treatment condition versus the corresponding basal condition at each
confinement step, calculated using

and De-



2.3 HSI1 Deficiency Impairs Modification in Mechanical Paramet-
ers in KO1 Cells Upon Ibrutinib Treatment

In KO1 cells, Ibrutinib treatment (Fig. 1E, green data) did not produce significant
changes in any of the measured mechanical parameters, including loading rate (Fig. 2B,
C, E, F, H, I, K, L). This lack of response contrasts with the progressive increase
in loading rate observed in MEC1 cells under the same treatment conditions. These
results suggest that HS1 is essential for the mechanical remodeling induced by BTK
inhibition. Without HS1, leukemic B cells fail to alter their biomechanical phenotype in
response to Ibrutinib. HS1 functions as an actin-regulatory protein linking BCR signaling
to cytoskeletal dynamics through its interactions with F-actin and the Arp2/3 complex,
facilitating branched actin polymerization and remodeling [31]. Its absence likely restricts
the cell capacity to reorganize the cytoskeleton and adapt mechanically to external forces
or pharmacological agents [34]. Notably, Ibrutinib inhibits BTK, which under normal
conditions phosphorylates HS1 [35]. In KO1 cells, where HS1 is already depleted, the
effect of Ibrutinib on cell mechanics appears negligible, as HS1 is not present to mediate
downstream cytoskeletal responses. Thus, HS1 emerges as a key mediator of cytoskeletal

plasticity that enables mechanical responses to BTK inhibition in CLL cells.

2.4 FAK Inhibition Enhances Cytoskeletal Dynamics and Stiff-
ness in MEC1 Cells

Treatment with Defactinib (Fig. 1D, orange data) elicited distinct mechanical responses
in MEC1 and KO1 CLL cell lines. In particular, MEC1 cells exhibited a significant in-
crease in loading rate at the fourth (p = 0.0223) and fifth (p = 0.0017) confinement
levels (Fig. 2D, F), indicating greater mechanical resistance as compressive depth in-
creased. This increase in loading rate suggests that Defactinib enhances cellular stiffness
particularly when internal structures are engaged, likely the nucleus [36]. Such behavior
aligns with the recognized role of FAK in maintaining nuclear integrity and coordinating
mechanotransduction processes that bridge the cytoskeleton and nucleus |25, 37].

In particular, despite these viscoelastic changes, peak force (Fig. 2G, I) and resist-
ance to compression (Fig. 2J, L) were not significantly altered, indicating that while
cytoskeletal stiffness was enhanced, the cells capability to exert force while being com-

pressed and their resistance to deformation remained unchanged in MEC1 cells [38].

2.5 Defactinib Impairs Mechanical Resilience in HS1-Deficient
KO1 Cells

In KO1 cells Defactinib treatment (Fig. 1E, orange data) induced deep alterations in
mechanical behavior, markedly distinct from those observed in their HS1-expressing coun-

terparts. Relaxation time progressively increased across confinement steps, with signific-
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ant differences emerging in every level of confinement starting from the second (p =
0.0028, p < 0.0005 for the third, p = 0.0039 for the fourth and p < 0.0005 for the fifth),
indicating a decreased capacity to dissipate stress after deformation (Fig. 2B, C). This
suggests that, in the absence of HS1, FAK inhibition compromises the cytoskeletal abil-
ity to adapt to mechanical strain, leading to increased intracellular viscosity and slower
mechanical recovery. Such behavior may reflect a weakened physical coupling between
the cytoskeleton and the nucleus, reducing the efficiency of nuclear deformation and force
redistribution during compression [39].

In parallel, KO1 cells displayed a consistent and highly significant reduction in loading
rate across all confinement levels (p < 0.0005) (Fig. 2E, F), indicating reduced stiffness
and mechanical resistance. This was further supported by a significant decrease in peak
force at all levels (p < 0.0005) except the first (Fig. 2H, I), and a reduction in resistance
to compression that reached significance in the second (p = 0.0017), third (p = 0.0037),
fourth (p = 0.0015) and fifth (p < 0.0005) confinement levels (Fig. 2K, L). Together, these
findings demonstrate that the absence of HS1 severely impairs the structural integrity
and mechanical resilience of CLL cells when FAK signaling is inhibited, reinforcing the
necessity of HS1 for sustaining force transmission under mechanical stress [40]. Indeed,
HS1 likely plays a key role in actin polymerization and cytoskeletal remodeling in response
to mechanical stress [41]. Without it, FAK inhibition not only disrupts focal adhesion
signaling but also exacerbates cellular vulnerability by destabilizing cytoskeletal tension
and weakening cell-matrix adhesions, resulting in an inability to maintain biomechanical

resistance under compressive load |30, 42].
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2.6 Cytochalasin-D Alters Viscoelastic and Force-Generating Props:

erties of MEC1 Cells

Treatment of MEC1 an KO1 cells with Cytochalasin-D induced marked alterations in
their mechanical behavior.
Following Cytochalasin-D treatment (Fig. 1D, purple data), MECI cells exhibited a
significant reduction in relaxation time across all confinement levels, with p < 0.0005,
except for the second confinement level (p = 0.0008) (Fig. 3A, C). This decrease suggests
a shift toward a more solid-like mechanical behavior, indicating a diminished capacity to
dissipate mechanical stress [26, 43]. Such behavior likely reflects compromised cytoskeletal
viscoelasticity, due to the inhibition of actin polymerization which lead to and impairment
of cell adaptive deformation mechanism under stress [43, 44].

Interestingly, the loading rate (Fig. 3D, F) remained unaffected by Cytochalasin-
D treatment in MEC1 cells. The preservation of this parameter despite actin disruption
suggests that HS1 may play a compensatory role in preserving mechanical resistance since
its depletion causes a steeper decrease of the loading rate in KO1 cells (Fig. 3E, F). In
fact, HS1 binds to both F-actin and the Arp2/3 complex via its coiled-coil and repeat

domains promoting actin polymerization and stabilizing branched actin structures [45].

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257



A MECH1: Inhibitors B KO1: Inhibitors [JBasal MEC1 # 5:107 <P <5-1072
3.5 T T 1 T T 1 3.5 — 5 71—+ — [JBasal KO1 4 5. 104 < p<5-107
| . | I | ! 1 1 ! [ICytochalasin-D L
@ 3 i i i i 1@ 3 ! L 1 | | Blebbistatin  # P <5-107*
ol i i i | i i i | i
£ 25] | : i 3 s £ 25 o! ! ! ot Relaxation time
3 e e e SRE. S C
2 | i i i o |2 Sl e | i
T15r8  #! LS ! e @15 ! ! ; { == EL.
@ G el 1 # i B I g é I ' 8 IR E | [ = 25
o 11 i:Eb i %1 Igsdis 1 81 § .o std % i =
2 i tia : i».« 2 2 I ':‘E'a;ijg‘ 1§l g
ost” VL HTTE TR T 0s s . s . 5.
LD‘QOIO LBQaLo 4.‘6@1“ Epoﬂn [f_)qa 1.5‘0010 4 60% L60u|o 7@@[0
o rf_)Oh &qu‘ 66010 Time [s]
D : Inhibitors E KO1: Inhibitors
T T T i T T T T
[} I I I ] I 1 1 1
@ 1 : : § o 10° 1 1 e S
2 ‘ | 0, g Vogll ‘ ew#idatidal g
E l 1 él §1 ’.E% 102 g ¥ oul g:*s 2:*:5 Loading rate
2 = bt H 5 LR SCIERI. o R LI IF
© &8s : ! 18 10 gL Ll £1
o) % I I I | o | &0 13 g.‘ 1 c
£ 1 1 | 1 1€ 10°r3 813 1 | | z "o
5 i i i | 15 i i ‘ i £
o | i i | i " | 1 i P
4 : : | | 1510 : : : 5
102! | 1 |‘ ! | \ ' H | 102 | 1 h 1 “ : ! 1 o
0 0 0 ] D 0 ] O O O
ap :d—'}'hg :z_ &0 TL & i 766 : ap : 40 Td\lﬁp :I_ & i 760 ’ Time [s]
olo olo olo Olo Slo Ole
T 0T P B0 0T
G g ‘ M‘EC“I: Iphupntors ‘ =H igh KO1: Inhlbltors
| | l e | i i |
2 1 2 : #
_— 10 | | (| 1 ] p— 1 1 I I
z PRRRTIRRE TV (14 T BT DY 9.4 T3 Peak force
= 40! I #E\ o Rkl 2= 40! BHe g 2R g o2 2§
@ # 8 Salls +8 AR Ll g%m LR & §| 'gl gl
o 0 I 1@l I g I 19 0 &1 1 1 [¥g @ I
G iR LR LR RSB S R LR i
3ot it 0" e e 2
102 l l l l {102 % i | | 8
I I I I i 1 | | | 5
10-3 | L . L . L i L E 1 -3 L 1 1 1 w
Olo Olo Olo Olo Olo 0 O Ll 0 O
a2° 0 PN t.‘i-‘bg 7@0 5 L°L y \°L 0 lo d—‘@p lo Yy lo .
ol ol olo olo ol olo Time [s]
) [N o0 s pQ o0
J 8 MEC1: Inhibitors K B KO1: Inhibitors
z 102 } | | | iz 102 iR e
<10 ‘ | =10 f : ' g #
= | | | ] 1 e 1 [ Fa #!
#
é 10"} o } [R]# ., €% & @*‘ é % 10" ‘e o BHe o HH# & :*# A Resistance to
o .0 I ol B Il ¥ 8, 0/%Ye g o &l 2L i
5 10 fit | &3l I '5\ 510 ol 1l g i’l g comprassion
g 1 - B | I I 1 E. 4 ‘ B E 1 1 1
e 10 4 : : : 181D b4 : : : 2
3 |0 Masiiplr i ] (107 W S z 2L,
§\07, s o e g 100 Y T T S -
g 10" T g10? T T
4 10,5 L | 1 L 24 L 1 1 1 £
/_'i'f"u|° /.bpu'u /-Qﬂlo -;.L%Quio ﬁ@b 4-7'6010 -;.4-3‘00{0 L-f."bgc‘la d{b@h S
,Lco"b ol 6@10 15"10 e fooolﬂ Time [s]

Figure 3: Mechanical response of MEC1 and KO1 cells to Cytochalasin-D and
Blebbistatin under stepwise confinement. (A, B) Distribution of relaxation time
values across all confinement steps for untreated (basal) and drug treated MEC1 and
KOL1 cells. Conditions are color-coded as described in the legend. (C, F, I, L) Insets
summarizing the studied mechanical parameters shown in the adjacent left-hand panels:
(C) relaxation time, (F) loading rate, (I) peak force, and (L) resistance to compression.
(D, E) Distribution of loading rate values at each confinement level for basal and treated
MEC1 and KO1 cells. (G, H) Distribution of peak force values measured during each
confinement step in basal and treated MEC1 and KO1 cells. (J, K) Distribution of
resistance to compression measured at the end of each confinement phase for basal and
treated MEC1 and KO1 cells. The data represented within each boxplot correspond to
50% of the dataset, central line is the median and the confidence intervals are calculated at
the 95% level. Statistical significance of each treatment condition versus the corresponding
basal condition at each confinement step, calculated using the Mann-Whitney test.
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Therefore, the ability of HS1 to stabilize actin structures and promote polymerization
may help maintain loading rate values close to those observed under basal conditions,
buffering the mechanical impact of Cytochalasin-D [44, 46].

In contrast, both peak force (Fig. 3G, I) and resistance to compression (Fig. 3J, L)
were significantly reduced following treatment, indicating a diminished ability to sustain
mechanical load and resist deformation. Specifically, peak force was significantly decreased
across all confinement levels with p < 0.0005, but for the second in which p = 0.0008
(Fig. 3G, I). Resistance to compression was also reduced, starting from the second
confinement level in which p = 0.0176 and becoming even more pronounced in subsequent
levels with p < 0.0005 (Fig. 3J, L). These findings further highlight the essential role
of the actin cortex in force generation and mechanical resilience. The loss of structural
integrity under increasing compression suggests that MEC1 cells become more compliant
and mechanically fragile when actin dynamics are perturbed due to actin depolymerization

which compromises cortical stiffness and mechanical stability [27, 47, 48].

2.7 KO1 Cells Exhibit Increased Sensitivity to Actin Disruption

Treatment of KO1 cells with Cytochalasin-D (Fig. 1E - F, purple data) led to signific-
ant changes in their mechanical behavior. Specifically, a significant reduction in loading
rate, peak force, and resistance to compression was observed following Cytochalasin-D
treatment (Fig. 3E, F, H, I, K, L). The loading rate (p = 0.0143) (Fig. 3E, F)
and peak force (p = 0.0051) (Fig. 3H, I) were already reduced at the first compression
step, while resistance to compression (Fig. 3K, L) remained unchanged at that level.
From the second confinement onward, all three parameters exhibited highly significant
decreases (p < 0.0005), suggesting a pronounced impairment in the cells ability to sustain
mechanical load and resist deformation. These findings underscore the central role of
the actin cytoskeleton in maintaining mechanical integrity in KO1 cells. The pronounced
mechanical weakening following actin disruption suggests that, in the absence of HSI,
KOL1 cells lack the compensatory mechanisms required to preserve biomechanical resili-
ence, further reinforcing the importance of cytoskeletal integrity in force generation and
mechanical stability [48-50]. Indeed, HS1 acts as a nucleation-promoting factor, link-
ing signaling pathways to actin remodeling via the Arp2/3 complex [31], its depletion
may prevent adequate cytoskeletal compensation during pharmacological perturbation
[51]. These results reinforce the idea that actin integrity—along with HS1-mediated cyto-
skeletal regulation—is essential for maintaining biomechanical strength and stability in

leukemic B cells.
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2.8 Blebbistatin Modulates MEC1 Mechanics Without Affecting

Force Generation

Upon treatment with Blebbistatin (Fig. 1D, yellow data), MEC1 cells exhibited signi-
ficant alterations in their mechanical behavior. A notable reduction in relaxation time
was observed at the first (p = 0.0016), second (p = 0.0258), and third (p = 0.0257)
compression levels, indicating a shift toward a more solid-like phenotype with diminished
capacity to dissipate mechanical stress (Fig. 3A, C). This result implies that myosin
IT contributes to the viscoelastic response of the cell, and its inhibition stiffens shift cell
behavior to more solid-like by limiting internal rearrangement [28], as similarly reported
with actin-disrupting agents [49, 52].

Surprisingly, no significant changes were detected in peak force across confinement
steps (Fig. 3G, I), indicating that the ability of MEC1 cells to respond actively during
compression remains intact despite myosin II inhibition. This finding contrasts with prior
studies [53, 54| showing reduced contractility following myosin II blockade and may be
explained by compensatory mechanisms likely involving HS1, promoting linking of F-actin
to the Arp2/3 complex, thus leading to the formation of stable branched actin networks
[45].

Finally, a significant reduction in resistance to compression was observed only at the
final two compression steps (p = 0.0251 and p = 0.0066) (Fig. 3J, L), highlighting the
essential role of myosin II in maintaining cellular structural integrity under sustained or
high-intensity mechanical stress. These results underscore the contribution of actomy-
osin dynamics to mechanical resilience and suggest that MEC1 cells can maintain some

mechanical functions in the early phases of compression despite impaired contractility
[28].

2.9 Decoupling Viscoelastic and Contractile Mechanics in KO1
Cells under Blebbistatin Treatment

Upon inhibition of myosin II with Blebbistatin (Fig. 1E, yellow data), KO1 cells dis-
played a distinctive mechanical profile, indicating selective dependence on actomyosin
contractility for specific aspects of mechanical behavior. Notably, relaxation time re-
mained unaffected across all levels of confinement (Fig. 3B, C), suggesting that the
viscoelastic properties of KO1 cells, in particular their ability to dissipate mechanical
stress, are largely independent of myosin II function. This preservation of relaxation
dynamics may (Fig. 3B, C) reflect cytoskeletal adaptations or a diminished reliance on
contractile machinery in the absence of HS1, which could rewire mechanical compensation
through alternative pathways.

While relaxation time remained unchanged substantial changes were observed in the
cell ability to resist and respond to mechanical stress. Starting from the second con-

finement step, KO1 cells showed a marked reduction in loading rate (p = 0.0082), with
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even stronger effects in the third (p = 0.0018), fourth, and fifth steps (p < 0.0005) (Fig.
3E, F). A similar trend was observed in peak force, which decreased significantly from
the second confinement onward (p = 0.0035; p < 0.0005 in subsequent steps) (Fig. 3H,
I). This progressive decline suggests that myosin II contributes increasingly to resistance
against deformation as the mechanical load deepens, particularly when nuclear or peri-
nuclear regions are engaged. Thus reflecting a compromised capacity for generating active
contractile force, reinforcing the role of myosin II in sustaining intracellular tension during
compression. These findings are consistent with prior studies showing that Blebbistatin-
induced myosin II inhibition reduces cytoskeletal contractility and disrupts stress fiber
formation, leading to decreased cortical tension and mechanical strength [55, 56].

Likewise, resistance to compression was significantly reduced beginning at the second
confinement (p = 0.0103), with more pronounced reductions at higher compressive loads
(p < 0.0005) (Fig. 3K, L), suggesting a critical role for myosin II in preserving structural
resilience under sustained stress. Additionally, AFM-based studies have confirmed that
loss of myosin-generated tension weakens cellular stiffness and limits force generation,
particularly under high-load conditions [57].

Furthermore, comparing the effect of Blebbistatin on KO1 cells with MEC1, it be-
comes clear that the presence of HS1 is not only important for organizing the actin
cytoskeleton but also crucial to preserving cellular mechanical integrity. In MEC1 cells,
Blebbistatin has a milder effect, selectively impacting the studied mechanical parameters
only at high confinement. In contrast, KO1 cells exhibit a broader and more pronounced
reduction across all elastic parameters, particularly loading rate, peak force, and resistance
to compression—closely resembling the mechanical vulnerability induced by Cytochalasin-
D. This suggests that HS1 may provide compensatory cytoskeletal stabilization in response

to contractility loss [31, 44] due to myosin II inhibition.

3. Conclusion

Chronic Lymphocytic Leukemia is characterized by disrupted cytoskeletal dynamics that
influence the mechanical behavior of malignant B cells and affect their ability to respond
to environmental cues. Among the molecular regulators of cytoskeletal organization, the
hematopoietic lineage cell-specific protein 1 has been implicated in actin remodeling and
B cell receptor signaling, but its mechanobiological role has remained unclear. This study
aimed to elucidate the contribution of HS1 to the mechanical properties of leukemic cells
by comparing MEC1 cells and their HS1-deficient counterparts under stepwise confine-
ment using atomic force microscopy.

The results demonstrated that although HS1 depletion did not alter basal stiffness
measured by Young’s Modulus, it significantly impaired the cells ability to adapt mech-
anically. HS1-deficient cells exhibited shorter relaxation times and reduced resistance

to compression, especially under pharmacological perturbation. Ibrutinib, a BTK in-
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hibitor, increased the loading rate and reduced relaxation time in MEC1 cells, indicat-
ing enhanced cytoskeletal tension and solid-like behavior, but had little effect in KO1
cells, revealing a loss of mechanical responsiveness in the absence of HS1. Similarly,
Defactinib, a FAK/PYK2 inhibitor, increased stiffness and reduced relaxation time in
MECT cells, suggesting a reinforcement of cytoskeletal dynamics, whereas it markedly
weakened HS1-deficient cells, leading to increased viscosity and reduced mechanical res-
istance. Cytochalasin-D, an actin polymerization inhibitor, disrupted viscoelastic and
force-generating properties in both cell types but had a more severe impact on KO1 cells,
confirming their heightened mechanical fragility. Lastly, Blebbistatin, a myosin II in-
hibitor, modestly affected MEC1 cells under high compression, but significantly reduced
stiffness and force generation in KO1 cells, further underscoring HS1’s role in preserving
mechanical resilience under stress.

Collectively, these findings reveal that HS1 is a key mediator of leukemic cell mechan-
ics, enabling proper cytoskeletal remodeling and force transmission in response to mechan-
ical stress and pharmacological challenge. The study highlights that stepwise confinement
is a sensitive approach to detect dynamic mechanical phenotypes not captured by conven-
tional stiffness measurements. These insights suggest that HS1 may serve not only as a
mechanotransductive effector but also as a potential therapeutic target or biomarker for

CLL, especially in the context of treatments that rely on altering cell mechanics.

4. Materials and Methods

4.1 Cell culture

MECT1 cell line [58] was obtained from Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (DSMZ, Braunschweig, Germany) and was recently genotyped as
follows: 10 ng of MEC1 cell DNA was purified with the QiAmp DNA Mini Kit (Qia-
gen, Diisseldorf, Germany) and amplified by PCR with GenePrint ®)10 System (Qiagen,
Diisseldorf, Germany) and sold Eurofins Genomics Standard FLA Service to perform
genotyping. Data were analyzed with DSMZ Online STR Analysis. We confirmed the
identity of the cell line analyzed. MEC1 cells were cultured in RPMI-1640 with red phenol
(Euroclone, Pero, Italy), supplemented with 10% (v/v) FBS and 15 mg/ml Gentamicin
at 37°C and 5% COs,.

4.2 Stepwise confinement experiment

Experiments were conducted using an atomic force microscope (Nanowizard IV XP Bruker)
operating in force spectroscopy mode, specifically in advanced mode, following a pre-
defined sequence of operations.

Initially, the AFM tip was retracted from the bottom of the plate until a height of 20

pm above the surface was reached, with a retraction velocity of 10 ym/s and an acquisition
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frequency of 2048 Hz. Subsequently, six confinement steps were applied sequentially, with
step sizes of 6, 4, 2, 1, 1, and 1 pum, respectively. The approach velocity for each step was
set to 10 pm/s. After each confinement step, the tip position (height) was kept constant
for 30 seconds, allowing the force to evolve freely as the cell underwent relaxation. During
the lowering steps of the AFM tip and the confinement phases, the acquisition frequency
was set at 4096 Hz. A z-closed loop control was maintained throughout the experiment.
At the end of the sixth confinement step, the tip was retracted from the cell until it reached
a height of 50 um above the bottom of the Petri dish. Due to natural variability in cell
diameter (ranging from 14 to 18 pm), the six sequential indentations performed by the
AFM tip were grouped into five confinement levels, as not all cells were actually confined
during the initial lowering of the AFM tip. Different percentages of cell confinement
levels ( <25%, between 25-40%, between 40-50%, between 50-60% and >60%, respect the
original size of the cell) were calculated based on the estimated contact point, and thus
on the known cell size.

Stepwise confinement experiments were carried out using a modified wedged AFM tip
[59, 60]. Before each experiment, the tip was subjected to a calibration process, during
which sensitivity was determined by acquiring a force-distance curve on a standard glass
slide [10, 61], while the spring constant was estimated using the thermal noise method
[62].

Stepwise experiments were performed on living cell lines, MEC1 and KO1, that were
plated on Poly-L-Ornithine (Sigma)-coated Petri dishes (TPP). The coating was prepared
by diluting Poly-L-Ornithine 1 : 10 in PBS, incubating for 30 minutes at 37°C at 5% COs,,
and washing with PBS before cell seeding. Seeding procedure was performed by adding the
cells directly into the Petri dish and incubating them at 37°C at 5% CO, for 2 hours before
starting the experiment. During the experiments, cells were maintained in cell culture
medium (RPMI-1640 with red phenol, Euroclone, Pero, Italy), supplemented with 10%
(v/v) FBS, 15 mg/ml Gentamicin, and 10% HEPES (Sigma, No-hydroxyethylpiperazine-
Ns-ethane sulfonic acid).

For each cell lines and condition, 15-20 cells were measured and analyzed.

4.3 Pharmacological treatments

In the proposed experiments, four different pharmacological treatments were applied to

each cell line.

4.3.1 Ibrutinib treatment

Ibrutinib treatment was performed by adding the drug directly to the cell culture at a
final concentration of 10 uM. Cells were incubated at 37°C at 5% CO, for 4 hours. After
incubation, the drug was removed by centrifuging the suspension at 1500 RPM for 5
minutes. The supernatant was discarded, and the cells were resuspended in fresh culture

medium before being plated in a Petri dish previously coated with Poly-L-Ornithine.
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4.3.2 Defactinib treatment

Defactinib treatment was performed by adding the drug directly to the cell culture at a
final concentration of 4 uM. Cells were incubated at 37°C at 5% CO, for 4 hours. After
incubation, the drug was removed by centrifuging the suspension at 1500 RPM for 5
minutes. The supernatant was discarded, and the cells were resuspended in fresh culture

medium before being plated in a Petri dish previously coated with Poly-L-Ornithine.

4.3.3 Cytochalasin-D treatment

Cytochalasin-D treatment was performed directly adding the drug to plated cells in a
coated Petri dish at a dilution of 1:1000 from a stock solution with a concentration of 1
mg/ml. The drug was incubated for 30 minutes at 37°C at 5% CO, before starting the
AFM measurements. During the measurements, Cytochalasin-D was maintained in the

solution containing the cells.

4.3.4 Blebbistatin treatment

Blebbistatin treatment was performed directly adding the drug to plated cells in a coated
Petri dish at a final concentration of 25 uM. The drug was incubated for 45 minutes
at 37°C at 5% COy before starting the AFM measurements. During the measurements,

Blebbistatin was maintained in the solution containing the cells.

4.4 Data analysis

Force curve analysis was performed using custom MATLAB scripts. The mechanical
parameters of interest were estimated as follows: the characteristic relaxation time was
obtained by fitting the stress-relaxation phase with a single exponential decay function,
providing insight into the viscoelastic properties of the sample according to the following
equation:

f(z)=AeY"+ B (1)

Where 7 is the characteristic relaxation time and A, B normalization constant. The
loading rate parameter, accounting for cellular stiffness and surface tension, was derived
by applying a linear fit to the force vs time curve during the approach phase of each
step of the AFM tip. The peak force parameter, representing the cellular response to
confinement, was estimated as the force value reached at the end of the vertical indentation
step performed by the AFM tip. Furthermore, the resistance of compression was estimated
by computing the median of the last ten force values at the end of each confinement phase.
All the mechanical parameters were estimated implementing ad hoc MATLAB script.
Lastly, statistical significance between dataset was assessed using the Mann-Whitney

test, implemented in a custom MATLAB script.
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Highlights:
1. HS1 depletion reduces relaxation time and increases stiffness in MEC1 cells.
2. Stepwise confinement reveals HS1 mechanobiological role beyond Young’s Modulus.

3. Drug responses differ in MEC1 and KO1 cells, highlighting HS1 role in mechano-

transduction.
4. HS1 supports mechanoadaptation, enabling cells to adjust to mechanical stress.

5. Therapeutic potential: HS1 modulation may impact CLL treatment strategies.
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Supplementary Material

Actomyosin cortex stiffness
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Figure S1: Scatter plot of Young’s Modulus values derived from AFM force
spectroscopy measurements on MEC1 (blue) and KO1 (red) cells. Each dot
represents the median value from a single cell for which four different curves were acquired
and fitted. The bright red solid line indicates the overall median for each group. No
significant difference in cortical stiffness was observed between the two cell lines.

705

Standard AFM force spectroscopy measurements were performed using a sharp tip (MLCT- 706

BIO, E tip, Bruker Probes) with a setpoint of 1 nN. The acquired force curves were fitted
over the first 500 nm using the Hertz—Sneddon model to estimate the YM of the actomy-
osin cortex in the two cell lines, MEC1 (Fig S1, blue) and KO1 (Fig S1, red). For each cell
4 different curve were acquired with an approaching and retracting velocity of 1 um/s,
fitted and the median was computed. These experiments did not reveal any signific-
ant differences between the two cell lines leading to the necessity of a new approach to

characterize the effect of HS1 depletion.
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Figure S2 offers a visual summary of how different pharmacological treatments affect cel-
lular mechanical responses across confinement levels. The layout is designed to highlight
both the magnitude and direction of changes induced by each drug, facilitating the identi-
fication of consistent trends related to increasing confinement. The use of color gradients
and symbol intensity provides an intuitive overview of statistical significance and drug
effects, without the need to delve into individual p-values. This representation emphas-
izes how confinement modulates the impact of each treatment, and how such effects may
differ between MEC1 and KO1 cells.

714

715

716

717

718

719

720

721



BasAL Decay Rate BASAL Loading Rate Basu Peak Force BasAL  Resistance To Compression B H . .
5:-107F <P <5-107

MEC WT MECWT MEC WT MECWT
e -n - - - e . Bl i e
n. . N. . . . N. - o sl
B Bl = B B = :
B . i & - = r . i
# B - # #

IBRUTINIE. Decay Rate IBRUTINIB. Loading Rate 1BRUTINIE Peak Force BRUTINE  Resistance To Compression

MECWT MECWT MECWT MECWT
8 <) g 8
2 = ax # - 2 i
g = g = g =4 g =
= = H x . .
4 -~ 5 - [ " T i

DEFACTINIE Decay Rate DEFACTING Loading Rate DEFACTINES Peak Force

MECWT MEC WT MECWT MECWT

" o L -y -
. 2 -~ . H # E.‘:

oD Decay Rate o100 Loading Rate oo Peak Force oTop  Resistance To Compression

MEC WT MEC WT MECWT MECWT
8 LR

i ~ i X B - " B - B
o o o o
=3 # = = - o &
< L] O s 9 - [T
g g g g
- . = . = = -~

™ o= . = i = =3 = #

- I . - ﬂl « # - #

pLesgisTATIN Decay Rate pLEBBISTATIN Loading Rate BLEBSISTATIN Peak Force [messesTarn Resistance To Compression

MEC WT MECWT MECWT MECWT
s g - - L - - - - - - I
2 e o = 5 2 =~ - [
5 o = # B - . = "
2 g 2 g
= = = =

Figure S2: Summary tables of Mann—Whitney test results for each phar-
macological condition: Basal, Ibrutinib, Defactinib, Cytochalasin-D, and
Blebbistatin; rows top to bottom). Each table refers to a mechanical parameter,
with conditions labeled at the top. Cell lines (MEC1 and KO1) are shown in the second
row and first column, with five confinement levels listed below or beside each. Off-diagonal
entries show p-values comparing treated versus basal conditions within each cell line; di-
agonal entries compare MEC1 vs KO1 under the same condition and confinement level.
Color coding follows the legend (top right): darker symbols indicate stronger significance;
blue/orange backgrounds indicate increased/decreased values relative to basal (or KO1
vs MECI on the diagonal).
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Figure S3: Cell height measurements reveal differences in vertical dimension
between MEC1 and HS1-deficient KO1 cells under various pharmacological
treatments. Quantification of cell height in round-shaped MEC1 (A) and KO1 (B) cells
following treatment with: Ibrutinib (BTK inhibitor, green), Defactinib (FAK inhibitor,
orange), Cytochalasin-D (actin depolymerizing agent, purple), and Blebbistatin (myosin II
inhibitor, yellow). Dots represent individual cell measurements, and bars indicate median
+ interquartile range. MECI1 cells exhibit a modest decrease in height upon Cytochalasin-
D treatment compared to other conditions (**p<0.05), while KO1 cells show a significant
reduction (**** p<0.0005) indicating a higher sensitivity to actin disruption.

Cell height measurements revealed differences in vertical dimensions between MEC1 cells
and KO1 cells under various pharmacological treatments. The analysis was performed
on round-shaped cells and the height was estimated starting from the contact point of
the AFM probe. Treatments with different drugs induced changes in cells dimension only

when Cytochalasin-D (purple dot) was administered.
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A. Further considerations on data

A.1 Addition of Ibrutinib to MEC1

Regarding the addition on Ibrutinib to MECI cells, they also exhibited a significant re-
duction in relaxation time at compressions above 60% following Ibrutinib treatment (p
< 0.0005) (Fig. 2A, C). This reduction further supports the cell stiffening due to the
fact that it indicates a diminished capacity to dissipate mechanical stress, suggesting
that the cells adopt a more solid-like behavior under extreme compression. Such beha-
vior is typically associated with increased cytoskeletal or nuclear stiffness and may reflect
Ibrutinib-induced modulation of viscoelastic properties [15, 63]. Under high confinement,
deformation likely involves deeper cellular structures such as the nucleus. Therefore, the
reduced relaxation time could signal minor mechanical compliance via nuclear reshaping,

a response that contributes to the overall mechanical adaptation of the cell |64, 65].

A.2 Addition of Ibrutinib to KO1

Interestingly, although overall mechanical remodeling was absent, KO1 cells exhibited a
slight reduction in loading rate under extreme confinement conditions, specifically above
60% cell compression (p = 0.0417; Fig. 2E, F). This decrease suggests that when deeper
cellular regions, such as the nucleus, are engaged, Ibrutinib may weaken the mechanical
integrity of HS1-deficient cells rather than reinforcing it. These findings imply that HS1
is required for confinement-induced mechanical reinforcement, particularly in response to
pharmacological perturbation [15].

Further supporting this interpretation, Ibrutinib treatment led to a significant reduc-
tion in peak force at the second (p = 0.0287) and fifth (p = 0.0417) confinement levels (Fig.
2H, I). These observations indicate that HS1 is also required to sustain force generation
during mechanical loading. In its absence, Ibrutinib may impair mechanotransduction
processes that involve actin-driven force production and nuclear—cytoskeletal coupling,
both of which are crucial for mounting an effective mechanical response to external stress
[66].

A.3 Addition of Defactinib to MEC1

After Defactinib addition, MEC1 cells showed a significantly reduced relaxation time at
the first (p = 0.0031) and last (p = 0.0008) confinement levels (Fig. 2A, C), suggesting

enhanced cytoskeletal dynamics and reduced intracellular viscosity. These changes reflect
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a more efficient dissipation of mechanical stress and an accelerated return to baseline

shape following deformation, pointing to an intact and responsive cytoskeletal network
[24].

A.4 Addition of Ciytochalasin-D to KO1

After the Cytochalasin-D addition to KO1 cells, the relaxation time (Fig. 3B, C) de-
creased at the second (25-40% confinement; p = 0.0064) and final (>60% confinement; p
= 0.009) compression levels, indicating a shift toward a more solid-like mechanical phen-
otype. Thus highlighting a diminished ability to dissipate mechanical stress, consistent
with a loss of cytoskeletal viscoelasticity resulting in an impaired cell deformability and
fluidity under mechanical load [49, 52].

A.5 Addition of Blebbistatin to MEC1

After the addition of Blebbistatin to MEC1 cells, interestingly, the loading rate was signi-
ficantly reduced only at the final confinement level (p = 0.0183) (Fig. 3D, F), suggesting
that myosin II plays a more prominent role under higher mechanical loads, progressively
contributing to resistance against deformation [29]. However, this effect, visible only when
cells were subjected to extreme confinement, also implies that the actomyosin contractile

apparatus may be less critical for initial passive resistance to compression [67].
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Chapter 2
Conclusion

This PhD work demonstrates that Atomic Force Microscopy can serve as a powerful
bridge between physics and medicine, transforming nanoscale mechanical analysis
into a meaningful biological language. By measuring how cells and tissues de-
form, relax, and resist external forces, AFM unveils information that complements
molecular and biochemical assays, providing an alternative window into cellular
physiology and pathology.

The studies presented here show that nanoscale mechanical changes can act
as reliable indicators of biological state. In tissues, stiffness alterations mirror
extracellular matrix degradation and remodeling, while in hematological cells, cy-
toskeletal reorganization translates into measurable differences in elasticity and
viscoelasticity. These findings support the view that mechanical behavior is not a
secondary property but a defining aspect of biological samples that can anticipate
or accompany functional transitions, from disease progression to pharmacological
response in presence of diverse target therapy.

Beyond its biological insights, this thesis also makes a methodological contribu-
tion by extending AFM to samples traditionally considered too fragile or unstable
for quantitative testing. The development of wedged-cantilever and stepwise con-
finement approaches allowed the measurement of mechanical responses in small,
round, and not-adherent cells under controlled and reproducible conditions. These
innovations broaden the applicability of AFM and open new directions in high-

resolution single cell mechanics and microrheology.
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To further summarize the main scientific contributions of this thesis, Table 2.1
provides an overview of the published works included in the manuscript, high-
lighting for each study the AFM methodology employed and the key biological or

biomechanical findings obtained.

Table 2.1: Overview of the AFM-based studies included in this PhD thesis. For each
work, the AFM modality, the investigated biological system, and the main mechanical
or structural findings are reported.

Paper

AFM

technique

Sample

Key findings

1. Bracchi et

al.

2. Pellegrino

et al.

3. Sampietro

et al.

4. Brevi et al.

Imaging

Imaging

Force

spectroscopy

Force

spectroscopy

Meniscal ECM

Patterned

surfaces

CLL cells

Prostate ECM

Highly heterogeneous nanoscale
of fib-

and amorphous

architecture composed

rillar, porous,
domains, reflecting injury- and
degeneration-induced ECM re-

modeling.

Surface wrinkling induces bacterial
localization within valleys; physi-
cal confinement under shear flow
reduces bacterial cell length com-

pared to flat substrates.

Leukemic cells are mechanically
softer than healthy B cells; BTK

inhibition restores physiological
stiffness prior to drug resistance

onset.

ECM from TRAMP mice exhibits
increased stiffness compared to
controls, linking matrix mechanics
to neuroendocrine prostate cancer

progression.
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Paper AFM Sample Key findings
technique
5. Piazzoni et Microrheology Hydrogels Frequency-dependent  viscoelas-
al. + force tic behavior observed; optimal
spectroscopy Young’s Modulus (~80 Pa)
promotes endothelial cell angio-
genesis.
6. Campanile Wedged CLL cells Wedged cantilevers enable con-
et al. cantilever trolled uniaxial compression of
production low-adherent cells, revealing non-
linear and time-dependent me-
chanical responses.
7. Campanile Stepwise CLL cells Stepwise confinement enables com-

et al. confinement

prehensive mechanical phenotyp-
ing including stiffness, viscoelastic-

ity, and relaxation dynamics.

Ultimately, this work underscores the potential of AFM as a translational nanome-
chanical tool, capable of bridging scales from cells to tissues. It highlights that
understanding the mechanics of living systems is crucial not only for fundamental
biophysics but also for biomedical applications, from early diagnostics to the de-
sign of biomaterials and the evaluation of drug efficacy. By connecting nanoscale
force measurements to physiological meaning, this research contributes to shaping

a more integrated and mechanistically informed vision of modern medicine.

2.1 Future perspectives

The findings presented in this thesis position Atomic Force Microscopy as more
than a high-resolution research tool, pointing toward its potential role in future
biomedical and clinical applications. A key perspective emerging from this work

is the translation of nanomechanical phenotyping into a functional readout for
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disease characterization and therapeutic monitoring. Mechanical properties of
cells and tissues, when measured with sufficient precision and reproducibility, may
evolve into a new class of biophysical biomarkers, capable of capturing aspects of
pathology that are not accessible through molecular or imaging techniques alone
[22, 45, 47].

From a clinical standpoint, AFM-based biomechanics could contribute to the
stratification of patients and the evaluation of treatment efficacy [22, 119]. The
sensitivity of mechanical parameters to cytoskeletal remodeling and extracellular
matrix alterations suggests that nanomechanical measurements may serve as early
indicators of disease progression or response to drug delivery, potentially preced-
ing detectable molecular changes. Future studies involving patient-derived cells
and tissues, measured during therapy, could pave the way toward personalized
mechanical profiling in precision medicine.

More broadly, this work supports a paradigm shift in which mechanics is rec-
ognized as an active regulator of biological function, rather than a secondary con-
sequence of molecular processes that take place in the background. By bridging
physics and medicine at the nanoscale, AFM-based mechanobiology has the po-
tential to reshape how diseases are diagnosed, monitored, and treated. Interdis-
ciplinary collaboration, in fact, will be essential to transform nanomechanical in-
sights into clinically actionable tools, ultimately contributing to a more integrated

and predictive approach to medicine.
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