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Abstract

The aim of the PhD work is to create a new microfluidic approach to
finely tune applied in-flow forces in order to explore controlled single-cell
deformation. In fact, we propose a microfluidic device based on compression
forces arising from a viscoelastic fluid solution that firstly align cells and then
deform them. By simply changing the rheological properties and the
imposed fluid-flow conditions, our approach represents an easy-to-use and
versatile tool to collect a comprehensive mapping of single-cell properties,
investigating both biophysical and biomechanical characteristics. In a wide-
range of applied compression, we observe how different degrees of
deformation lead to cell-specific deformation-dependent in-flow dynamics,
which correlate the classical deformation parameters (e.g. cell aspect-ratio),
with dynamic quantities (e.g. revolution time of rotation during in-flow
motion). Thus, a precise in-flow label-free cell phenotyping is achieved
allowing the distinction of different cell classes. The observation of different
degrees of deformation corresponding to variable compression, lead us to
interrogate the inner cell structures possibly involved into the mechanical
responses. We demonstrate that re-organization phenomena of actin cortex
and microtubules as well as of nuclear envelope and chromatin content,
occur. Also in this case, cell-specific responses are collected, allowing us to
distinguish healthy from pathological cells depending on the structural
mechanical reaction. Furthermore, by playing with the high levels of
compression, we show preliminary results about the possibility to induce a
nanoparticle intracellular delivery process by escaping physiological
endocytosis. In fact, cells result to be able to incorporate nanoparticles into

the cytoplasm, without involving a vesicle formation for the entry. These
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outcome open up new interesting scenarios about the possibility to use the
microfluidic device as a platform for cell phenotyping and intracellular

delivery, properly engineered for both diagnostic and therapeutic purposes.
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1. Introduction

Cells are able to sense both biochemical and physical cues, such as
forces, geometry and substrate rigidity. These factors play a critical role in
defining cell functions, morphology and state. Mechanobiology studies how
these biochemical and physical factors influence the physiological cell
processes of cell mechanotransduction and mechanosensing [1]. The former
describes the intracellular molecular processes through which external cues
are transformed into biological and biochemical responses as adaptation of
the cell to the dynamic modifications of the microenvironment. Differently,
mechanosensing defines the ability of cells to sense forces and physical
stimuli by changing the inner protein conformation (e.g. cytoskeletal
components) which in turns affects cell shape and motility [1,2]. Then, how
cells respond to applied external forces strongly depends on the inner cell
compartments that are involved in the deformation reaction. In general, the
deformability of cells represents a powerful label-free biomarker underlying
cytoskeletal and nuclear mechanical changes indicative of pathological or
healthy cell states [3]. For instance, increased cell deformability of invasive
cancer cells compared to benign ones of the same origin, or alterations in
stiffness of leukocytes in response to activation pathways can be studied. In
this context, high-throughput, rapid and low-cost analysis techniques are
required to assess deformability properties of cells in order to achieve precise
phenotyping outcome for cell classification. However, as cells are highly
heterogeneous, the magnitude of force and the time of application to deform
them, strongly influence the final phenotype outcome [4]. Up to now,

mechanical cell properties have been fully characterized by viscoelasticity



theory, addressing detailed information of imposed mechanical load entity
and time-scales. Thus, the cell response to external loads is driven by both,
an active and a passive intrinsic cell remodelling of cytoskeletal contents and
various organelles. Depending on whether forces apply local deformation,
stretching or compression, cells respond mechanically in distinct ways, since
the internal structures are stressed differently [4-6]. Particularly, it has been
demonstrated that for small deformation (~pN) and long times of stress
applications (~min), the major contribution in suspended cell response is
caused by the actin cortex that, underlying the plasma membrane, shows a
passive elastic behaviour [6,7]. On the contrary, at large deformation and
relatively low time scales (from ms to s), actin cortex components do not play
a relevant role because they tend to disrupt, and the microtubule network
and the nucleus contribution become dominant in the opposing to the
applied load [6-8]. Particularly, cell nucleus plays a central role in
mechanosensing processes with related changes in nuclear envelope (NE)
composition, mainly constituted by the Lamin A/C and the Nuclear Pore
Complexes (NPCs), both deputed to finely tune chromatin re-organization -
in the sense of condensation- and to regulate the trafficking of different re-
localizing molecules. In details, the Lamin A/C network provides a
structural support and governs nuclear deformability and fragility. High
Lamin A/C expression levels are referred to stiffer and more viscous nuclei,
whereas a deficiency of Lamin A/C correlates to both more deformable and
fragile nuclei, leading to possible nuclear breakage and cell death [9-11]. In
adhesive conditions, thanks to a well-structured cytoskeleton, Lamin A/C
expression and conformation have been detected to be directly involved in
mechanosensing and mechanotransduction processes [12-15]. In fact, the

activation of production and/or recycling processes of Lamin A/C resulted
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to be closely regulated by human tissue-mimicking substrate stiffnesses.
Similarly, the translocation of Yes-associated Protein (YAP) transcription
factor into the nucleus represents a typical mechanosensing phenomenon,
observed during cell adhesion or migration -once the cytoskeleton is
assembled- as a consequence of a signalling cascade coming from the
imposed mechanical stimulus like a variable substrate stiffness [13-16].
However, the transient influx of cytoplasmic proteins into the nucleus (e.g.
YAP) as well as the accumulation of DNA to cyclic GMP-AMP synthase
(cGAS) factor at the cytosolic side of the nucleus are processes that can be
ascribable also to Lamin A/C structural ruptures due to the effects of a cell
migration into strict geometrical constrictions or cytoskeletal tensions acting
on the nucleus [17]. Thus, both compressive and tensile forces can cause
ruptures of the Lamin A/C, inducing an enhanced exposure of the nuclear
content to the cytoplasm and possible DNA damages [18,19]. In fact,
diffusion experiments of macromolecules into the cell nucleus reveal that
their movement can be affected by viscosity, active transport, or the presence
of obstacles such as the Lamin A/C structure and chromatin condensation,
as well as by their dimension and molecular weight [20-22]. This implies that
the application of an external force on the cell nucleus and its consequent
deformation could favour molecule trafficking across the NE. In quasi-
suspended cells, it was demonstrated that forces directly applied up to the
nucleus level contribute to a nuclear YAP translocation, by decreasing the
NE mechanical resistance, regardless the formation of a well-structured cell

cytoskeleton. In fact, nuclear flattening can cause a NPCs stretching [23].

During the past decade, mechanical studies of cells and their own

subcellular components have rapidly evolved. In fact, different techniques



are employed to induce cell deformation, reducing the costs and yielding
improved repeatability for classifying cells [8]. The different approaches can
be divided into two main classes, the first regarding the possibility to
perform a single cell analysis and the second based on microfluidic
alternatives to investigate multiple cells. In general, micromanipulation
techniques based on magnetic, optical, and mechanical means considerably
improved a precise probing of cellular structures to study their responses
[4,8]. Below, we list some of the techniques employed to perform single cell
analysis, manipulating and measuring the mechanical properties of living
cells (Fig. 1). Notice that, such techniques are time-consuming processes,

since they work on just one cell per time, acquiring the relevant parameters.

e In Atomic force microscopy (AFM), a sharp tip at the free end of a flexible
cantilever generates a local deformation on the cell surface (Fig. 1a).The
resulting deflection of the cantilever tip can be calibrated to estimate the
applied force, generally ranging from 10-¢ to 102 N [4,5].

e Micropipette aspiration is a classical technique for quantifying the
mechanical properties of individual cells, such as elastic modulus and
viscosity (Fig. 1c). The technique applies a negative pressure to deform
cells, which elongate into a portion of the micropipette. The resulting
aspiration length varies with the applied pressure. A glass micropipette
with an internal diameter of 1-5 pm is typically used. The micropipette is
moved by a micromanipulator to contact a cell. Vacuum is applied
through the micropipette to the cell. The aspiration pressures are
typically on the order of 1 pNpm~2 = 1 Pa for soft cells and 1 nNpm=—2=1
kPa for stiff cells. Then, the corresponding force values required to

deform soft cells are on the order of 10-100 pN and several nanonewtons



for stiff cells. The key parameters of such approach include the accuracy
of applied pressure, the accuracy of cellular geometrical parameter
measurements and the synchronization of applied pressure and resulting
geometrical changes of the cell.

e Optical tweezers provide an attraction force, created between a dielectric
bead of high refractive index and a laser beam, pulling the bead towards
the focal point of the trap (Fig. 1f). One typical example of the optical
tweezers to deform a single cell, a trap is used with two microbeads

attached to the opposite ends of a cell [4].
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Fig.1 Schematic representation of techniques for characterizing and stimulating single-cells for
mechanobiology study [4]. A) Atomic force microscopy (AFM). B) Magnetic twisting cytometry
(MTC). c) Micropipette aspiration. D) Optical Trapping. e) Shear flow stretching. F) Micro- and

nanotopographic substrate.

e Shear flow stretching devices are conceived to impose both laminar and
turbulent flows on cells using either cone-and-plate viscometers or
parallel-plate flow chambers. In both cases the shear stress applied to

cells can be readily quantified (Fig. 1e) [4].



e Micro- and nanotopographic substrate. By systematically altering the
mechanical properties of the substrate material through changing the
degree of crosslink in the polymeric gel, the individual and collective
interactions of the cells with the substrate can be studied (Fig. 1f). By
using elastic micropatterned substrates, the relationship between force
applied by the cell to the substrate and the assembly of focal adhesions
can be investigated. The contractile forces generated by cells during
locomotion and mitosis have also been measured with a deformable-

substrate method [4].

Nowadays, microfluidic approaches allow a totally new perspective
in the study of cell mechanics, compared to traditional methods such as
AFM or micropipette aspiration. For instance, microfluidics can solve the
problem of cell throughput rates (100-10000 cells/sec) as well as enable the
possibility to deform cells in hydrodynamic conditions, involving the whole
cell structure. In general, the combination of a microfluidic chip with high-
speed camera systems allow the direct and rapid measurement of cell
dimension, morphology and deformability. Beyond, it offers the unique
opportunity to directly measure and detect dynamics and trajectories of
deformed objects, in certain fluid-flow conditions [24-28]. Moreover, in-flow
dynamics of deformed cells could turn out to be a direct consequence of the
obtained cell deformation, becoming an interesting research tool for a label-
free single-cell phenotyping. It is well known that the dynamics of red blood
cells, regarded as natural spheroidal objects, result to be dramatically
governed by the inner rheological and mechanical properties, as internal

viscosity and cytoskeletal elasticity [24]. It leads to the possibility of a



backward analysis of cell mechanical properties, such as the shear modulus,
using the angle of cell rotation and the respective in-flow variation.
Experimental and simulative results in a simple shear flow revealed that the
initial orientations of spheroidal objects strongly influence their dynamic

behaviours and trajectories [26].

For instance, when the revolution axis of the spheroidal object is in the shear
plane, the object can rotate as a tumbling motion. Differently, when the long
axis of the object oscillates around a mean orientation in the shear plane and
the membrane rotates about the spheroidal shape, the object takes a tank-
treading motion. Another in-flow dynamics is found when the object
revolution axis is perpendicular to the shear plane, taking a rolling motion
[26-29]. Governing factors for such cell motion regimes are i) the imposed
velocity field, ii) the chosen fluid rheology, iii) the initial position of the object
and iv) its own shape, defined as aspect ratio and, eventually, as cell
deformation [27,28]. As result, when objects of different shapes move in a
microfluidic chip at the same velocity condition and start from the same
initial position, the only significant parameter for the variation of the in-flow
dynamics is the shape per se. These findings could be used as a new

microfluidic tool for the measurement of single-cell mechanical properties.

In general, properly designed microfluidic chips facilitate detection
and observation of in-flow dynamics. For example, expansion channel
designs allow cell dynamics observations in viscoelastic fluid-flow
conditions, leading to an enhanced distinction of the rotation regimes,

helping in the analysis of the different behaviours [29,30].

Below, is a list of some examples of microfluidic techniques that are

employed to mechanically investigate cells.
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Fig. 2 Microfluidic approaches for whole cell deformation. a) Optical stretcher combined with a
microfluidic platform [32]. b) Extensional cell deformation through inertia-driven flow conditions [34].
¢) and d) Constriction-based microchannels for whole cell and nuclear mechanical characterization,

respectively [32,33].

* An optical stretcher combines the use of a microfluidic platform for the
cell flow and the application of an external apparatus of laser for cell

stretching (Fig. 2a) [30,33].

* Inertial microfluidics plays an important role in studying cell
deformability. Different geometrical configurations were proposed in last
years for focusing, deformation and sorting of cells. When cells are flowing
in a fluid with non-negligible inertia, they are affected by an inertial lift force
that induces lateral migration of particles toward equilibrium positions
between the channel centreline and channel walls [34-38]. Channels with
wide sections are employed to deform cells by imposing a fluid-induced
deformation, as extensional or shear forces, avoiding any contact between

the cells and the channel walls (Fig. 2b) [34,38].



* Constriction-based microchannels represent an alternative to the above-
mentioned techniques. Regardless of the imposition of an inertial or laminar
regime, it is possible to induce deformation by using a microchannel with
dimensions comparable or less to those of the cells of interest (Fig. 2c-d). The
applied force is a compressive force, coming from the applied pressure

difference to push the cell inside the microchannel [12, 39,40].

Major drawbacks of such microfluidic approaches are cell clogging
and low throughput. Instead, simple fluid-flow shear forces can deform cells,
even though, in this case, a proper calibration and variation of the
hydrodynamic force is necessary [41-42]. An interesting possibility to obtain
a good calibration and wide application range of deformative forces,
according to the chosen flowing fluid and the used channel geometry, is
given by viscoelastic fluids. In general, when cells move in a viscoelastic
solutions, they are influenced by an elastic force (Fr) that guides particle
migration thanks to an unbalance of both first and second normal stresses
[43]. Due to their intrinsically viscous and elastic features, viscoelastic fluids
demonstrate extraordinary physical properties extensively exploitable both
as body fluids models or as liquid solution for in-flow particle manipulation.
For example, viscoelastic solutions can be used to precisely align cells in-flow
to enable single cell analysis approaches [43,44]. Moreover, cells could
experience a viscoelasticity induced force, which provokes a deformation
useful to separate healthy from pathological cells. Go et al., in 2017, proposed
a microfluidic setup constituted by a straight rectangular channel in which
normal and hardened red blood cells (RBCs or erythrocytes) moved under
the action of a viscoelastic flow . In a Poiseuille flow, cells principally migrate

along the centreline of the channel, because of the non-uniform normal stress



distribution that generates the elastic force. By tuning flow rates and shear
rates in the channel, Go et al. recorded changes in the deformation degree for
normal RBCs, whereas no flow rate effect on the behaviour of hardened cells
[45]. Moreover, in rectangular channel sections, the initial orientations of
cells could strongly influence their final trajectories, clearly distinguishing
different shape-dependent equilibrium positions in-flow [46,47]. Therefore,
new design approaches are needed to create a microfluidic chip conceived
both for cell deformation and detection of in-flow dynamics. Accordingly,
using channels to apply wide ranges of deformative forces and subsequent
expansion sections allows cell dynamics observations without further

deformation.

The aim of the work is to create a complete mapping of single-cell
properties, investigating biophysical and biomechanical characteristics, after
the in-flow application of mechanical loading conditions identified as
viscoelastic compression forces. Our research question is to identify specific
combinations of cell biomarkers, as those for tumoral progression, which can
lead to distinct cell signatures outcome for phenotyping. In fact, the main
goal is the creation of a rapid, precise and easy-to-use tool for cell
phenotyping, in order to directly interrogate single-cell states with the
application of in-flow forces at high throughput and with high-resolution
methods. Moreover, we study the possibility to enhance translocation
phenomena of molecules (e.g. transcription factors) inside the intracellular
compartments, as a consequence of the external compression. Here, we
present a new microfluidic approach to deform living cells with tuneable
compressive forces. We propose to manipulate viscoelastic fluid properties

in order to conceive a cell deformation approach based on variable acting
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forces, identifying biophysical properties to phenotype cell classes. Our
microfluidic chip deforms cells in a contactless and viable way, imposing a
wide range of viscoelastic forces (10-103uN). Tuneable forces and relative
multiple levels of deformation revealed a precise mechanical phenotyping.
In fact, our microfluidic chip has been conceived to classify cell types by
deformation-dependent in-flow dynamics, by coupling the classical
deformation parameters that describe morphological and shape alterations,
with dynamic quantities. We obtain a precise cell type characterization
simply based on i) orientation angle, ii) aspect ratio, iii) cell deformation and
iv) cell diameter. The combination of this set of parameters leads to a specific
mechanical signature of different cell lines and states. Thanks to our highly
controlled compressive forces, we investigate cytoskeletal and nuclear
responses, as a consequence of cell deformation. We highlight, for suspended
cells, the central role of the nucleus in cell deformability. In particular, we
demonstrate that, at high cell deformation, nuclear shape alterations occur.
Such nuclear deformation can modulate the shuttling of transcription
factors, such as YAP (Yes-Associated Protein), and other molecules from the
cytoplasm to the nucleus through the nucleo/cytoplasmic barrier. Moreover,
the actin cortex constituents and the microtubule networks, as structural
components, are of interest to understand their own role in the cell response
to the loading condition. We identify different levels of applied loads that
generate different deformation responses up to possible structural ruptures
events. In the end, we propose to investigate what happens at the level of the
cell plasma membrane after deformation. Possible ruptures can occur also at
this level, allowing the passage of outer material into the cell, such as
functionalized nanoparticles, useful to a single-cell analysis and detection of

inner biochemical signals directly inside the cell. In this way, we will be able

11



to provide a complete characterization of different kinds of cellular

biomarkers for rapid and precise diagnosis of physio-pathological states.
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2. Material and Methods

2.1. Device concept and fabrication.

We present a novel microfluidic concept for cell deformation in
viscoelastic flows (Fig.3). Hereby, cells are guided to move through various

consecutive rectangular-shaped sections, by a viscoelastic solution.

Fig. 3 Complete representation of the design concept from the top. Such representation has been

extracted from the CAD file project.

The main reason for choosing such a kind of microfluidic concept is the need
of a cost-effective, versatile and simple to implement device. However, a
pressure-driven flow with negligible inertia is used to guide cells through
the microfluidic device. Such a viscoelastic fluid first aligns cells inside a
round-shaped capillary (shown in the zoom of Fig. 4) and afterwards
guiding them into the entrance of the microfluidic device. Notice that cells
are not deformed during their passage of the capillary. Cells enter the
microfluidic device vertically from the top and continue proceeding through

the different rectangular shaped sections in horizontal directions. We expect

13



no significant flow disturbances in such a 90° change of flow direction for

our microfluidic device.

Capillary

Fig. 4 Zoom section on the inlet region of the microfluidic device.

However, the different consecutive sections of the microfluidic device are
schematically represented in Fig.5. In more details, we can see from the
image, four different rectangular cross-sections, connected each other by
means of hyperbolic contractions. The basic idea is to induce cells movement
in a rectangular cross-shaped device with a sequence of sections of different
geometrical features, to prevent cells entering immediately into a

constrained region and to guarantee unperturbed fluid-flow conditions.

Fig. 5 Schematic representation of the microfluidic device with the four rectangular cross-sections (A-

D) and the fluid reservoir (R) at the end.

14



From literature, it is known that hyperbolic connections, calibrated on the
differences in channel width (W) of different sections, avoid the formation of
upstream vortices or fluid-flow instabilities [48]. Indeed, the design of the
contracting regions are based on the computation of a hyperbolic equation,
that takes into account the jump from the wider to the narrow channel W.

The equation is here reported [49]:

Q)

Fig. 6 Zoom-in of the two contraction regions, A-B and B-C in the channel, specified in terms of length

of contraction (Lc) and widths of the wider and narrow channels.

15



Indeed, we expect no fluid viscosity alterations in jumping from one section
to another, due to the imposed extensional flow condition. Furthermore, by
simulating such a kind of fluid flow contraction behaviour, we verified that
the computational flow field in the converging region was not a Poiseuille-
like response. After Lc, the channel developed with a length big enough to
define a renewed Poiseuille profile. We further characterized the contraction
regions by means of a contraction ratio (CR), related to the Hencky strain
experienced by the fluid. The parameter is equal to the ratio between the
wide and the narrow widths (Ww/Wn) or, equivalently, between the wide
and narrow heights (Hw/Hn) [50]. In microfluidic regimes it is possible to
guarantee stability conditions to the fluid flow, working at CR values of less
than 10 [51]. Particularly, in our case CR was equal to 2 for W and 3 for H at
all points of contraction, demonstrating also that no extensional stresses are
built and no extensional viscosity variations are recorded [50,51]. Such a kind
of CR values enhanced the effect of a hyperbolic contraction, because tuning
the viscoelasticity of the medium and the laminar regime, they allowed the
reduction of vortex formations going from one section to the other. Indeed,
for Newtonian-like behaviours and moderate elasticity of the fluid, we
limited the growing process of vortices [51]. For fabrication necessities the
hyperbolic contraction has been realized only for the W and not for the H.
However, we guaranteed to work in unperturbed fluid-flow conditions and
in absence of particle accumulations, designing multiple steps of different H,
moving from the wide to the narrow channel (see Fig. 6 for zoom-in images
on A-B and C-D contractions). W and H of each section were chosen
according to necessities of specific values of aspect ratios (ARcnannel, given by
W/H) and blockage ratios (B, given by dca/H, where dcenis the cell diameter).

ARcnanner values were fixed in order to fall into workable ranges for a

16



pressure-driven Poiseuille flow in steady state conditions for infinite parallel
plates. No analytical solutions are known for the Poiseuille profile in
rectangular cross-sections, but very useful approximate results can be
applied in the limit of an almost flat (H<<W) and wide channel. We were
conscious that for values ARcnannet ~ 1/ 3, the error of approximation could be
higher than the one for ARcpnane =1/10 [52]. However, our values are exactly
in such kind of range and moreover we could expect that in all sections a
good Poiseuille profile would be maintained. The fis were chosen in order to
avoid a direct contact between cell and channel-walls. Actually, f values
influenced also the capability of the cells to stay aligned along the centreline
of the channel. By tuning the viscoelastic properties of the fluid, we would
expect that, gradually decreasing H and increasing f, the superimposed
viscoelastic forces become stronger and vice-versa. In particular, section C is
the most important region of our microfluidic device, where we assumed
that cells would be able to significantly deform under the viscoelastic action.
After C, an expansion ushers in section D. We adapted the hyperbolic
function (eq. (1)), used for designing of contraction regions, also for C-D
region (see Fig. 7). We chose CR values following the same reasoning applied

in the case of converging parts (Table 1).

Fig. 7 Illustration of a zoom-in of the expansion region C-D.
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We would expect that if D would be long and wide enough, cells could also
relax from the constrained condition, travelling toward the reservoir.
Furthermore, as we are going to specify in the following sections, C is the

section, where deformed cells would be expected.

In the following Table, all of the characteristic dimensions and geometrical
parameters of the presented microfluidic concept are reported.
Table 3: Geometrical features of each rectangular sections of the microfluidic concept are shown

(height H, width W and length L). We report the ARcannet, CRw and CRy which stand for contraction
ratio of the widths and of the heights, respectively.

Section H (um) W (um) L (pm) ARCchannel CRw CRu
Capillary = 150* / 35 (cm) 1 / /

A 250 400 10000 2 3

B 70 200 4000 3 2 3

C 25 100 40000 4 2% 3**
D 90 200 10000 2 /

*Capillary diameter.
**Expansion data for C-D region.

We fabricated the microfluidic device in poly-methyl-methacrylate
(PMMA), by means of a micromilling technique. Micromilling is a
fabrication method that creates microscale features using cutting tools that
remove the bulk material. A CNC (Computer Numerical Controlled) based
micro-milling apparatus (Mini-Mill/GX, MINITECH MACHINERY
CORPORATION) was used for device production (see in more details in Fig.
8). Such a micromilling offers two important advantages: the work piece can
be milled in few time, minimizing the production step from the design
concept to the prototype realization. On the other hand, micromilling
fabrication procedure offers the direct possibility to change channel depths

creating different steps of height in one device. Indeed, the instrument
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consists of a worktable for the X-Y movement, a spindle that keeps in
position the cutting tool and allows movement in Z-direction. Of course, the
change in height is abrupt but not crucial thanks to the presence of the
gradual steps. Such an idea of adding steps for cross-section changes comes
from the experimental qualitative observation with other microfluidic
devices (in-house production) where flow conditions of particles moving
into a fluid remain unperturbed despite the presence of height dimension
changes. Then, we felt confident to exclude the presence of possible vortices
or turbulences affecting the flow. The entire microfluidic platform was
constituted by two pieces of PMMA, the one where the channels were milled
and the cover on which we applied a plug connector (NanoPort Assy
headless kit (UP N-333), IDEX) for the capillary (Figs. 3-4) and that is used to

close the device.

Fig. 8 A 3 axis micromilling is reported. In the middle and on the right, figures show the instrument

at work.

After device production and before passing to the bonding phase, we
verified the channel depth by means of a profilometer (Veeco Dektak 150,
VEECO INSTRUMENTS INC.). It takes surface measurements using contact

profilometry techniques at high resolution. All of the channel sections
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showed a good match of the measured heights with respect to the designed

ones, as we can see from Fig. 9.

For the PMMA bonding (top with bottom), we relied on the use of 10 couples
of magnets to create magnetic fields strong enough to close, in a reversible
way the microdevice. This simple-to-use connection employs a square-
shaped magnet on one side of the microfluidic chip and another one on the
other side, providing an interfacial force that keeps the two layers of PMMA

together.
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Fig. 9 Profilometer results for each section of the microchannel.
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2.2. Fluid-flow concept.

To study alignment and extending beyond deformation of single cells
under viscoelastic flow conditions, we use a highly biocompatible
polyethylene oxide (PEO, 4Mda, Sigma Aldrich). In order to compute the
velocity and stress profiles in our microfluidic chip, we first assume, that the
fluid moves between two parallel plates (wide-slit geometry) under a
pressure-driven flow. A cartesian reference frame is selected (Fig. 10a),
denoting with x the flow direction, y the neutral direction and z the gradient
direction, orthogonal to the plates. By assuming incompressibility and
neglecting any inertia term of the medium, the governing equations for the

problem are:

V-a=0 (2)
V-u=0 3)
o=—pl+2nsD+1, (4)

defined as the momentum balance, the continuity equation and the fluid
stress tensor expression, respectively. Hereby, a L, p, I, ns, D are stress
tensor, velocity vector, pressure, unity tensor, solvent Newtonian viscosity,
and rate-of-deformation tensor, respectively. Moreover, the viscoelastic

stress tensor can be specified by the Giesekus equation model:
al
2 r-1=2npD
Aty + T+ 1= 2npD ()

where A is the relaxation time of the fluid, 7, is the polymer viscosity and 74

is the upper-convected time derivative, expressed as:
D T
Ty =52~ {z-Vu} —{z-7u} (6)
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The non-dimensional parameter a defines the shear-thinning behaviour of
the viscoelastic fluid if greater than 0. When a goes to zero, the fluid has a
constant viscosity and the Giesekus constitutive equation degenerates into

the Oldroyd-B model [53],
ATy +T=21pD (7)

The overall zero-shear viscosity ng for the Oldroyd-B fluid model, as well as
for the Giesekus one, is given by the summation of the solvent and the

polymer viscosity contributions

Mo =TMs +Mp 8)

In this work, we choose to model the viscoelastic medium by the Oldroyd-B
constitutive equation, to describe its behaviour. Furthermore, the governing
equations can be made dimensionless by imposing the channel height (H) as
characteristic length. Thus, the most relevant non-dimensional geometrical

channel design parameters are f and the ARcransel.

The fluid-flow condition can be modelled by:

Re = % 9)
Wi =210 /H (10)
El=2 (11)

the Reynolds (Re), Weissenberg (/i) and Elasticity (EI) numbers,
respectively. We can further recall p as the fluid density, U as the average
fluid velocity, Dy the characteristic hydraulic diameter of a capillary or duct.
In other words, Wi defines the product between characteristic time scale of

the fluid flow and time scale of the material fluid, Re relates inertial and
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viscous components of the fluid flow condition, while El, defines the

importance of inertial components with respect to elastic ones.
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Fig. 10 Velocity profile simulations of the microfluidic chip sections. (a) Representative velocity distribution for all
sections of the microfluidic chip and the inlet capillary are reported in sequent fluid flow order from the top to the
bottom. All simulations were calculated using a PEO 0.9 and an applied pressure AP= 800 mbar and a capillary
R=75 pm. All of the sections were simulated using the Multiphysics 5.3a package COMSOL. The velocity scale bar
is reported looking at the velocity profile present into section D. This is the reason why the contour plot of section
C presents only a very slight variation of the velocity profile with respect to the z-y directions. The velocity appears
to be the highest everywhere, since the actual maximum velocity in section C is greater than the one reported in
section B. (b) Velocity profile over channel height for each channel section is presented, using a self-written Matlab

R2019a routine, showing the parabolic Poiseuille fluid flow condition for all sections.

We investigated 71 of scaling PEO-concentration (0.1, 0.2, 0.3 until 2.0 wt%),
with a stress-controlled rheometer (MCR 302, ANTON PAAR, double
cuvette geometry, Fig. 11). We highlighted PEO 0.9 (black), 0.5 (grey) and 0.2
(light grey) concentration used in this work, which correspond to following
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polymer concentration 0.88, 0.53 and 0.22 wt%, respectively. They have been
further classified as entangled (PEO 0.9), semi-diluted (PEO 0.5) and diluted
(PEO 0.2), depending on their own intrinsic viscoelastic properties (Fig. 11a).
We applied the Cox-Merz approach (reciprocal of y at which storage and loss
modulus cross each other the first time) for high polymer concentration to
obtain A values of the liquid (Fig. 11a and d). The median decrease of # values
(crossing point versus 1) indicate when shear thinning behaviour of the
liquid gets significant and therefore its A. For even smaller polymer
concentration, where such an approach was inapplicable, a standard Bird-
Carreau approach was additionally applied to fit nj curves and obtain the
searched for A values. We plotted a master curve which directly related n, to
A values (Fig. 11b) and used the following outcome A = 0.97, 0.38 and 0.11 ms
for PEO 0.9, 0.5 and 0.2, respectively for further calculations. In this work,
only PEO 09 shows an evident shear thinning behaviour at high shear rates
(~ 102 s71, Fig. 11a). However, since the computed maximum velocities for
Newtonian and Non-Newtonian Poiseuille flows are similar even in such
condition, we have chosen to model all PEO concentrations with the

Oldroyd-B constitutive equation, neglecting shear dependence.
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Fig. 11 Rheological fluid investigations. a) Shear-rate-dependent (]/) measurements of the fluid viscosity (1) for a

wide range of polyethylene oxide (PEO, 4MDa, Sigma Aldrich) solutions. We highlighted PEO 0.9 (black), 0.5 (grey)
and 0.2 (light grey), which correspond to following polymer concentration 0.88, 0.53 and 0.22 wt%, respectively.
Green circles indicate the obtained fluid relaxation times (A) based on the Cox-Merz approach, where shear-
thinning behaviour gets significant [53]. In particular, nj values (including the complex viscosity #*) of the crossing
point between storage (G') and loss (G”) modulus (shown in d) are related to 7] values for high PEO concentration
(2.0, 1.8 and 1.6 wt%). The hereby calculated median decrease of 7 value was applied on further PEO concentration
(1.4,1.2,1.0,0.9 wt%), where no crossing point between G’ and G’ can be obtained by the used standard Rheometer
approach, until 7 values are out of measurement range. Parallel analysis using the Bird-Carreau fittingl of the
obtained 7 curves indicated similar A outcome (results shown in b by red triangles). b) A versus 7]  are plotted for
the Cox-Merz and the Bird-Carreau approach, showing similar outcome. The PEO concentrations of interest are
highlighted as followed: PEO 0.9 (black), 0.5 (grey) and 0.2 (light grey). A direct relationship between A versus 7]
was obtained. Therefore, any possible value of 7] can be related to a A value. c) The entanglement concentration
(c*=0.56 wt%)2, between semi-dilute unentangled regime and entangled regime is indicated. The change of diluted
to semi-diluted regime is expected at a PEO concentration of ~0.2 wt%. d) Flow curve results of 1 versus y " are
plotted for PEO 2.0, 1.8 and 1.6 wt% with overlaid frequency sweep outcome for G’, G”" and #* to obtain the crossing
point with 1. Out of these measurements A of the PEO solution is measured. Data was obtained using a stress-
controlled rheometer (MCR302, Anton Paar) with cone-plate (diameter of 50mm) geometry. Note that all values of

A represent the rheological properties of the viscoelastic liquid, without the presence of cells or rigid particles.
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However, for the Oldroyd-B model, the shear dependence of the total
viscosity does not play any role. Further, keeping in mind that Wi has to be
around 1, we set all of the fluid flow conditions in order to have Wi>»>Re and
therefore Re«1, avoiding any inertial and vortex contribution to the flow
conditions [54]. Moreover, cells are assumed to generate no flow
disturbances, which can be confirmed by cell Re (Recei=f Re), defined as a
scaling version of the one of the viscoelastic fluid -with remaining Re«<1

condition- avoiding turbulences and fluid flow alterations [55].

Cell alignment and/or deformation conditions are considerate with
the following assumptions. Spherical objects migrate in the direction of
minimum shear rates (y) for a Poiseuille flow. In fact, lateral gradients of
normal stresses in the full velocity field are responsible for the migration
observed in viscoelastic fluids [54,56-58]. The non-deformed object will
follow the fluid velocity along a constant direction (maximum velocity for
the Poiseuille flow) minimizing perturbations caused by the object itself
[56,57]. The viscoelastic stress and force will assume different profiles
depending on the channel geometry (circular or rectangular). In general, for
a steady-state Poiseuille flow, we can write a simple force balance in the
direction of the shear gradient. Forces are balanced at the equilibrium flow
positions of the particle (centre line for a tube and both central axis and
corners for a duct) [59,60]. We considerate elastic forces only in gradient

direction (z-axis) with H<<W, expressed as:
3
Fg o< C(2) 7N, (12)

being proportional to the gradient of the first positive normal stress

difference (N;), defined as:
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N; = 2/1770}"2 (13)

C is a non-dimensional parameter, defined with respect to the chosen fluid

[53].
For negligible inertia, Fr can be balanced with Stokes drag (Fp) expressed as:
Fp = 67T77d1Umigr (14)

with the migration velocity U,y;4,. Finally, viscoelastic cell alignment can be

achieved, if the following relationships is satisfied:
0 = ApWip?~ > —In (3.50) (15)

with Ap a channel geometry constant and L the minimum length needed to
observe a stable centre-line alignment [56, 59]. We specified Ap analytically,
starting from the Poiseuille profile for the circular and rectangular
geometries, resulting in Ap=3 and 1.5 for capillary and duct shape,

respectively.

We used the CFD package of COMSOL Multiphysics 5.3a and Matlab
R2019a, respectively for numerical simulations and analytical calculations.
The simulations are carried out on physics-controlled meshes of an extra fine
element size. The fully developed velocity profile and the shear rate are
evaluated by 3D finite element simulations using COMSOL (Fig. 10a and b).
From that, we computed the relative intensity of the Fr by calculating Vy?

that correspondently defines V'N;.

2.3. Cell sample preparation.

We have investigated MCF-10A, MCF-7 and MDA-MB-231 cells.
MCF-10A were donated from S. Piccolo (Istituto FIRC di oncologia
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molecolare, IFOM, Milan, Italy) and cultured in mammary epithelial basal
medium (MEBM) supplemented with the mammary epithelial growth
media (MEGM) bullet kit (Lonza). MCF-7 and MDA-MB-231 cell lines were
kindly donated by Daidone's group and Dr P.F. Cammarata (Institute of
Molecular Bioimaging and Physiology, IBEM-CNR, Cefalu (PA), Italy),
respectively. MFC-7 cells are cultured in eagle’s minimum essential medium
(EMEM, Sigma-Aldrich) containing 10% fetal bovine serum (FBS), 100 pg/ml
l-glutamine and 100 U/ml penicillin/streptomycin. MDA-MB-231 cells are
cultured in a 1:1 mixture of Dulbecco’s modified essential medium (DMEM,
Euroclone) and Ham's F-12 medium (Microtech) supplemented with 10%
FBS, 1% non-essential amino acid mixture and 100 U/ml
penicillin/streptomycin. Finally, each investigated cell type is diluted in 500
ul of viscoelastic medium to reach a final cell concentration of circa 50 cells
per ul. Furthermore, cells have been checked for Mycoplasma infection using
Hoechst 33342 (Life Technologies) DNA staining. We did not observe the
presence of stained dots outside the nuclei by using an inverted microscope
(X81, Olympus) equipped with a water immersion objective (60x objective

with NA 1.35), showing no evidence of Mycoplasma infection.

Cells subjected to different viscoelastic forces are recovered after flux -10 min
after measurement start- from the chip reservoir and seeded into separate
wells of a p-Slide (Ibidi). First, cells adhere slightly onto glass surfaces for 10

min, in order to prevent a drastic change of the cell morphology.

For immunostaining, cells were fixed with 4% paraformaldehyde
(Sigma-Aldrich) for 15 min at room temperature, then rinsed twice with PBS.
Permeabilization -with 0.1% Tryton X-100 (Sigma-Aldrich) for 5 min- was
performed only for Actin Cortex, Microtubule Network, Lamin A/C, YAP
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and cGAS investigation. Thus, Actin Cortex was stained at the level of F-
Actin components with Alexa 488 phalloidin (Invitrogen) at 1:200 dilution
for 1 h. Microtubule Network, instead, was stained with Beta III Tubulin
monoclonal antibody overnight at 4°C with Alexa543 anti-mouse secondary
antibody. At the nucleus level, Lamin A/C was stained with monoclonal
Lamin A/C mouse antibody (SC-376248) overnight at 4°C and with Alexa488
goat anti-mouse secondary antibody. To analyze the Nuc/Cyt ratio of YAP,
cells were incubated with primary YAP1 polyclonal rabbit antibody (PA1-
46189, ThermoFisher Scientific) overnight at 4°C and with Alexa543 goat
anti-rabbit secondary antibody. Nuclei were counterstained with TO-PRO-3
stain (T3605, ThermoFisher Scientific) at room temperature for 30 min. cGAS
staining was performed with primary cGAS rabbit polyclonal antibody
(HPA031700 Sigma-Aldrich) overnight at 4°C. cGAS antibody was donated
from T. Panciera (University of Padova, Padova, Italy). Finally, cells were
washed with PBS for three more times. To monitor the Hoechst entry into
the nucleus, on not yet stained samples, we added a solution diluted at 1:1000
of concentration, by recording the molecule entry in 600s of measurement.
Chromatin images have been collected at the end of the transitory time of
Hoechst entry, so that waiting 30 min as usual time for staining procedures.
For the highest viscoelastic solution concentration, also a standard “Trypan
blue test” was performed, to monitor the cell viability over time. In particular,
despite of the absence of a functional vitality response in MDA-MB-231, we

observe that a 100% of cell viability was guaranteed.
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2.4. Experimental procedure and Data Analysis.

2.4.1. In-flow deformed cells dynamics.

We defined different experimental measurement positions as
followed: Q - quiescent measurement (off-chip), Ts - in-flow measurement
in the beginning of B (on-chip) and Tp - in-flow measurement in the
beginning of D (on-chip). Tk - quiescent measurements of living cells directly
after in-flow cell deformation (off-chip). Firstly, we performed off-chip
investigations (Q) of biophysical un-deformed cell parameters using a
confocal laser scanning microscope (LSM 710, Zeiss) equipped with argon
and He—Ne laser lines at the wavelengths of 488 and 543 nm, respectively.
Secondly, we performed in-flow cell investigations (Ts and Tp). Hereby,
before each measurement, capillary tubing and microfluidic chip are flushed
with ethanol-H20O mixture of 50% for 10 minutes and subsequent with PBS
solution for 15 minutes. In addition, for each in-flow investigated cell class a
new capillary tubing is used. A three-fold higher flow rate compared to
measurement condition is used to fill the microfluidic system with the
viscoelastic medium. Afterwards the cell sample is placed in the pressure
pump and pushed with the measurement flow rate through the microfluidic
chip. Measurements are initiated 5 min after filling procedure start to allow
the chip to equilibrate. In a typical experiment duration of 20 seconds circa
0.74 pl of cell suspension is pushed through the chip and investigated by the
imaging system (~50 cell/ul). Such performance result in a total amount of
around 35 cells per measurement, ensuring a cell to cell distance of more than
200 um in C. Of note, experiment duration was limited to ensure constant
acquisition rate of 1000 frames per second. Investigated cells are collected in

the chip reservoir after 20 min of measurement time (~40 pl of sample

30



volume) for further off-chip investigations (TE) using a confocal microscope.
Cells which pass the chip during the filling process are discarded. However,
to enable a versatile tracing of morphometric and dynamic cell details in flow
condition, we use a 10x objective and a field of view of 2048x200 squared
pixels (0.65 pm/ px), which covers a final cell tracing length of 1.33 mm (t; to
t2) in the beginning of D. Of note -for all experiments- we performed cell
investigations with constant cell velocities in C. Such flow requirement
implies a change of the capillary dimension and applied pressure to achieve

sufficient cell alignment in all sections of the microfluidic chip (Fig. 13).
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Fig. 13 Cell alignment probability (®) for viscoelastic liquid and cell classes. The grey bars indicate the
threshold (—In (3.5F) to ensure cell alignment. In cases of insufficient cell alignment, the capillary

diameter (D) was reduced from 150 to 75 um (last case on the right).

Third, we performed off-chip investigations at Tk, analysing biophysical cell

parameters using the already mentioned confocal microscope.

In-flow cell analysis are performed at Ts and Tp and are divided into two

main steps. First the dynamic cell motion parameters are investigated over

31



the full cell tracing region. Second the average cell deformation parameters
of interest are extracted for each investigated cell line for classification.

The former analysis approach implies the measurement of several dynamic
in-flow cell parameters, such as major axis (dc;), minor axis (d,), area (4),
perimeter (P) and orientation angles (¢;), at the beginning (t1) and end (t2)
of the cell tracing region (Fig. 15a and 16a and b). Out of such parameters cell

aspect ratio (AR) and cell deformation (CD) are calculated as followed:

— Yeeu
AR == (18)

(D=1-c=1-22
P

27

(19)

where c is the object circularity [25].
In the specific case of rolling motion of cells, we computed the variation of

the cell orientation angle as follows [61]:

Trep = 2(AR + AR 1)y 1 (20)

tangp = ARtan (;nt) (21)

rev

In addition to the previously mentioned in-flow cell analysis, we measured
such cell parameters before (Q - Table 3) and at Tk using a confocal

microscope.

Table 3 Mean values and standard errors of the measured AR and CD observed at confocal microscope

before flux (n=30, 30 and 30 for MCF-10A, MCF-7 and MDA-MB-231, respectively).

Cell Type AR (a.u.) CD (a.u.)

MCF-10A 1.054 + 0.005 0.021 +0.001
MCEF-7 1.049 £ 0.005 0.017 £ 0.001
MDA-MB-231 1.076 = 0.008 0.018 + 0.001
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All results are presented as the meanz+standard error. When
normality assumptions were met, the statistical significance for two or more
groups of data were calculated by using a one-way ANOVA with
corresponding Tukey’s multiple comparison. When normality assumptions
were not met, nonparametric statistical tests (pairwise Wilcoxon-Mann-
Whitney test) were performed. Significance are indicated by p values (nsp >
0.05; *p<0.05, **p<0.01, **p <0.001) combined with F-values. We used

Excel 2016 (Microsoft Corporation) for all statistical analyses.

To measure possible object blurring effects in-flow, PSL are
investigated in B at different velocities using the camera frame rate of cell
measurements. The measurement duration is limited to 20 seconds and
repeated three times. Out of such investigations, an average particle CDpg;
versus particle velocity can be obtained (Fig. 14). We measured incorrect
particle deformation (CDpg;, > 0.01) for velocities above 2600 um s~1. So, we
limited experimental measurements to a maximum cell velocity of
2100 ym s~! avoiding possible blurring effects from the imaging system
recordings. Moreover, we tested our measurement approach by evaluating
the aspect ratio of PSL (ARpg;) in D at the maximum PEO concentration
condition and at the velocity applied during the cell experiments, verifying
an absence of a significant particle deformation (ARps;, = 1.083 + 0.004,

with n = 31).
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Fig. 14 PSL beads measurements at different fluid velocities. a) Cell deformation versus particle
velocity is plotted. The highlighted red area indicates CD values, for PSL particles, above 0.01, which
are considerate as blurring (n>10 for each data point). Therefore, cell measurements should be
performed below 2500 um s-1 for the used camera settings (1000 fps, ET<5 ms). Error bars are
presented as standard deviation of the mean. b) An image of a polystyrene bead without blurring

effect is presented.

2.4.2. Lamin A/C, YAP and Chromatin condensation analysis.

We defined different off-chip measurement steps as Control and PEO
05 or PEO 09 to be the quiescent measurements of stained cells before and
after in-flow compression at the two PEO conditions. Actually, we decided
to test cells in Control condition both with PEO 05 and 09 in order to
appreciate possible differences in the not-deformed configuration
depending on the chosen PEO solution. In order to do this, we added PEO

05 and PEO 09 diluting them with the medium where cells have been treated.
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Then, we tested alive cells in-flow by inducing deformation at both PEO 05
and PEO 09, fixing and staining cells after these two compressive forces.
Firstly, we performed Lamin A/C and nucleus investigations at Control,
PEO 05 and PEO 09 conditions using a confocal microscope (TCS STED CW,
LEICA) in a modality resonant scanner (8Hz), equipped with a 100% oil-
immersion objective (NA 1.4). Secondly, observing the Lamin A/C
modification, we acquired images coupling YAP and Lamin A/C signals,
again by using STED confocal microscope. Image resolution was fixed at
1024x1024 squared pixels with a 2x zoom factor. In addition, we collected
three dimensional representations of cells at Control, PEO 05 and PEO 09
conditions in MCF-10A and MDA-MB-231 as representative cases of the
obtained results. Image stacks, covering the total cell volume, were collected
at 0.27 pm Z-spacing using a 63% oil immersion objective (NA 1.4) of a
confocal laser scanning microscope (LSM 710, Zeiss) equipped with an argon
and HeNe laser lines at the wavelengths of 488 and 543 nm, respectively.
Image resolution was fixed at 512x512 squared pixels with a 4x zoom factor.
Except for image stack acquisition, also cGAS-Lamin A/C images were
collected with the LSM confocal laser microscope, with the same acquisition
specifications. Hoechst entry and chromatin images were saved by using
Olympus Cell-R equipped with a 60x water-immersion objective (NA 1.3).
Image analysis has been carried out with ImageJ and Fiji software. For the
Lamin A/C level quantification, we normalized the value of the single-
channel intensity with respect to the area delimited by the Lamin A/ C itself.
Then, we defined the Lamin A/C coverage as the portion of the nuclear
perimeter occupied by the Lamin A/C with respect to the entire available
nuclear perimeter. We performed such a kind of analysis, by using the

‘Analyse particles’ Fiji plugin on images with applied threshold, in order to
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detect the Lamin A/ C constituent parts and then summing the single particle
perimeter to get the total Lamin A/C perimeter. We applied the same
threshold value as well as Gaussian filtering definition for the images in
order to make them in proper comparison. YAP signal has been estimated
by computing the ratio between the normalized integrated densities of the
nucleus and of the cytoplasm, before detecting the respective nucleus and
cell areas. For cGAS analysis, the single-channel intensity values have been
collected after a Gaussian filter of the image and correlated to the respective
Lamin A/C. Hoechst intensity has been measured by collecting the value of
the nucleus area normalizing the intensity values on it. This procedure for
each instant of time reveals how the signal changes during the time. To
quantify the level of chromatin condensation, we processed fluorescence
microscope images by using an edge detection algorithm. In more detail, the
condensation of chromatin increases the number of distinct spaces within the
nucleus, which can be detected by a Sobel edge detection algorithm (pixel
reduction factor = 2 and Sobel threshold = 0.02). Thus, measuring the density
of edges within the nucleus, normalized to its cross-section area, gives a

measure of the level of chromatin condensation defined as CCP [62].

For simplicity, we adapted with correction factors -with respect to Control
PEO 05- all of the measured parameters of the after flow PEO 09 condition,
in order to simplify to read the final results. Being conscious that a statistical
comparison of the resulting data, with the correction factors, is not possible,
we reported original raw data into box chart plots correlating them with the
respective error bars defined by the application of a Kruskal-Wallis statistical

test.
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2.4.3. Actin Cortex and Microtubules investigation.

We defined different off-chip measurement steps as Control (CTRL)
and PEO 09 to be the quiescent measurements of stained cells before and
after in-flow compression. In order to have comparable results, we added
PEO 09 to CTRL diluting it until a PEO 05 concentration. Then, we tested
alive cells in-flow by inducing deformation at PEO 09, fixing and staining

cells after these two compressive forces.

Additionally, target-specific drugs are employed to induce cytoskeletal
perturbations. We decided to test CYTD from Sigma-Aldrich at 37 °C for 30
minutes, at a final concentration of 30 pM in serum free medium to inhibit
actin polymerization and disrupt main actin filaments. For microtubules,
cells were treated with NOCO to destabilize microtubules, which
consequently promotes their depolymerization. NOCO (Sigma-Aldrich,
M1404) was dissolved in 1ml of dimethyl sulfoxide and 100 pg of the
dissolved drug was further dissolve in 5ml of culture medium. From this, the
necessary volume was added to the cells while adherent to obtain the needed

concentrations. The treatment duration was of 30 minutes.

Firstly, we performed actin cortex and microtubule network
investigations at Control and PEO 09 conditions using a 63% oil immersion
objective (NA 1.4) of a confocal laser scanning microscope (LSM 710, Zeiss)
equipped with an argon and HeNe laser lines at the wavelengths of 488 and
543 nm, respectively. Image resolution was fixed at 512x512 squared pixels
with a 4% zoom factor. Image analysis has been carried out with Image]
software. For the actin cortex level (Actin Cortex Density) quantification, we
normalized the value of the single-channel intensity with respect to the area

delimited by the external ring of the cortex itself subtracting it with the
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nucleus area. Then, we defined the cortex fragments position and area by
using the ‘Analyse particles’” Image] plugin on images with applied
threshold, in order to detect the actin constituent parts. We applied the same
threshold value definition for the images of the single cell line in order to
make them in proper comparison between PEO conditions. Then, the
identified fragments are specified in terms of area and centroid position in
order to establish the reciprocal distance between the entire cell centroid and
the fragment centroid itself. A histogram analysis of such fragments position
is proposed, combining to each resulting bin the summation of the
constituent fragments areas to appreciate where the bigger fragments are
localized. Microtubule signal (Microtubule Network Density) has been
computed normalizing the value of the single-channel intensity with respect
to the area delimited by the external ring of the cortex itself subtracting it

with the nucleus area (Appendix B).

All results are presented with nonparametric statistical tests (Kruskal-
Wallis test). Significance are indicated by p values (ns > 0.05; *p <0.05,
**p <0.01, **p <0.001). We used Excel 2019 (Microsoft Corporation) for all

statistical analyses.

2.4.4 Intracellular delivery experiments.

We defined two different off-chip measurement steps as Control
(CTRL) and PEO 09 to be the quiescent measurements of stained cells before
and after in-flow compression. Actually, we decided to test cells CTRL
condition adding PEO 09 diluting it until a PEO 05 concentration. In order to
do this, we added PEO 05 and PEO 09 diluting them with the medium where
cells have been treated. Then, we tested alive MCF-7 cells in-flow by

inducing deformation at PEO 09. We seeded cells in the two aforementioned

38



conditions on Ibidi p-slide 8 well (Ibidi GmbH, Germany) plates and allowed
to adhere for 10 minutes, as indicated in section (2.3). After adhesion, cells
were incubated for 20 minutes, at 4°C, with 540 pul of carboxyl-modified
fluorescent polystyrene particles (0.2 pm-diameter, Cat. No. 09834-10, and 1
pm- diameter, Cat. No. 15702, Polysciences) at the final concentration of
0.03% v/v in complete growth medium. After incubation, cells were rinsed
five times with PBS to remove non internalized microparticles and fixed with

4% paraformaldehyde for 20 min.

We measured the NPs amount by deriving the signal intensity
associated to each constituent slice of cells, imaged with a z-stack (slice
thickness 0.37 pm) using a 63% oil immersion objective (NA 1.4) of a confocal
laser scanning microscope (LSM 710, Zeiss). Then, we normalized such
intensity value with respect to the volume of interest calculated as difference
between the entire cell and the two excluded parts, on the top and on the
bottom of the cell, because of possible signal disturbances. The excluded
parts as spherical caps have been chosen computing the 10% of the major
radius of the cell (from Analyse-Measurement-Major). For counting, from
the selected volumes, we applied a threshold (120 as minimum, chosen from
the intensity of one pixel) to detect single particles or aggregates and to
measure the volume that they occupy (Voxel Counter Plugin). Thus, we
computed the number of objects dividing the occupied volume of the NPs
with respect to the volume of a single NP. For 1 pm case, no threshold has
been applied since the instrument resolution allows us to clearly distinguish

the single object of interest.

All results are presented with nonparametric statistical tests (Kruskal-

Wallis test). Significance are indicated by p values (ns > 0.05; *p <0.05,
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**p <0.01, **p <0.001). We used Excel 2019 (Microsoft Corporation) for all

statistical analyses.
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3. Results and Discussion

3.1. Force computation and calibration.

We estimated the viscoelastic compression forces (Fema) for different
polymer concentration (PEO 0.2, 0.5 and 0.9), by simulating and validating
the velocity and shear rate profiles (Fig. 12a and c). A viscoelastic pressure-
driven flow is reported by modelling the fluid as an Oldroyd-B. Under these
fluid-flow conditions, suspended cells experience Fr emerging from the
unbalance of the positive Nj, leading to the alignment of cells moving
towards their own equilibrium position at the channel centre line. In our
case, the alignment condition is already reached and kept stable inside the
round capillary, and then all along the microfluidic chip, allowing cells to
perceive the compressive forces always in a symmetric way (Fig. 12b).
Moreover, the unperturbed alignment condition leads all cells to stay always
at the centre line of the channel section even after deformation, along the
expansion region from C to D, thanks to the coupled action of walls
confinement and viscoelastic fluid properties. The acting forces are a
function of the gradient of the square of y and . We properly calibrated the
initial pressure and velocity conditions, as well as the channel geometry, in
order to align cells and beyond that to reach higher values of Fr to deform
cells in a contactless way. In order to estimate applied Fr and then to choose
the desired range in which deformation occurs, we computed Femiux values
coming from the channel walls, supposing the cell already at its own
equilibrium position where the competing Fr and Fp, are balanced. The

reference system coordinates is placed at the centre of the channel section,
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where the cell centre position is expected. It is assumed that the Feamny scales
with respect to the cell dimension by a factor (H/2 — d¢,y; / 2) that takes into
account the variation of the region of channel height occupied by the major

cell diameter itself (Fig. 12c).

We found a linear inverse relationship between the force and a “gap-size”
due to the presence of the cell itself (Fig. 12c) [63]. Fr is generally defined as
[60],

Fp o C (d?)3 N, (16)

From the wall, when forces are balanced, we propose the following final

analytical expression, for spherical objects:

Femax = —Cd1°200AVy?| _u (17)
2

= 128U% 4, moAB3(16m(1 — ) 1)

where 1 —f is the “gap-size” due to the cell presence and written as a
function of the cell blockage ratio, Uy, is the maximum velocity at the
channel centre line, 7y and A are viscosity and relaxation time of the
viscoelastic fluid, respectively. The constant C is chosen to be 16m

accordingly to the Oldroyd-B fluid model used in the work [53].

To estimate the possible range of Femax entities with respect to  -in B and C-
we used eq. 17 and we varied dca, measured before flux (Table 2 and Fig.

13).
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Table 2 Mean values and standard errors of the measured major diameters of cells (d,;;) observed at

confocal microscope before flux (n=30, 30 and 30 for MCF-10A, MCF-7 and MDA-MB-231,

respectively).
Cell Type dcen[pm]
MCEF-10A 13.634 + 0.168
MCE-7 18.959 + 0.289
MDA-MB-231 14.798 £ 0.240

The observed cell lines are not extremely heterogeneous (Fig. 13), which
helps us to be confident in using a mean value of dces for the evaluation of
Femax. We reported values of force for each used PEO concentration (Fig.
12d). Moreover, in B and D, we verified a good matching of computed and
experimental fluid velocities (~2600 pms? in B and ~2000 pms? in D
measured with latex particles (PSL) of 8.02 £ 0.10 um nominal diameter
(Sigma Aldrich) , Fig.12a). Such results suggest that the expected values of
acting compressive forces are actually those computed with eq. 17. In C, we
evaluated a range of Frmar going from 1 pN up to 103 pN for increasing

polymer concentration.
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Fig. 13 Values of cell diameters (d¢.;;) observed at confocal microscope before flux. Diameters are
plotted for each single cell line (n=30, 30 and 30 for MCF-10A, MCF-7 and MDA-MB-231, respectively).
The mean value of each distribution is indicated by a grey horizontal line. Statistical significances were

determined by one-way ANOVA and Tukey’s test (»sp > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).

Of note, the applied fluid-dynamic condition is the same for all of the applied
forces, since the velocity has been fixed for each PEO concentration. So that,
FEMax varies only with respect to the cell size, through the third power of {3,
by minimizing effects possibly due to different fluid velocity conditions, and
making easier a comparison between the different cell lines. In fact, we found
that MCF-7 perceive a higher force than MCF-10A and MDA-MB-231, that
conversely undergo the same compression force having a similar cell size

(Fig. 12d).

3.2. In-flow deformation dependent dynamics.

We present a new microfluidic approach to apply, over a wide range,

tuneable compressive forces on suspended cells, which result in well distinct
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signatures of deformation-dependent dynamic motions. By properly
conceiving microfluidic chip geometry and rheological fluid properties, we
modulate applied single-cell forces, which result in different motion regimes
(rolling, tumbling or tank-treating) depending on the cell line. We
demonstrate a breast cancer cell classification from a set of in-flow
parameters (orientation angle, aspect ratio, cell deformation and cell
diameter) as a backward analysis of cell mechanical response. By such
approach, we report that the highly invasive tumour cells (MDA-MB-231)
are much more deformable (6-times higher) than healthy (MCF-10A) and

low invasive ones (MCF-7).

3.2.1. Cell deformation measurements.

We performed a full on-chip characterization showing cell parameter
outcome based on AR and CD (Fig. 15b). Of note, both mean values of AR and
CD at Tp perfectly match the off-chip data before flow at Q (Fig. 15b and Table
3). At Ts, at the highest PEO concentration, we confirmed the absence of cell
deformation with all the cell lines starting from a similar mean AR and CD
value (Fig. 15b). Instead, at Tp, we monitored cell deformation at two
measurement positions fixed immediately after compression releasing,
where the expansion region ends (ti - light grey highlighted part in Fig. 15a).
and at the end of the region of interest (t - Fig. 15a) established by the
observation area (1130x130 pm in D) of the imaging system. Cells, coming
from C, go through the expansion region flowing at the channel centre line,
keeping stable the equilibrium position and then starting from the same
initial position once they arrive in D. AR and CD variation makes evident the
differences in the non-linear mechanical properties among the cell lines. In

fact, CD increases for MCF-10A, from the lowest to the intermediate Fg,
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while it slightly increases at the highest PEO concentration. AR also changes
in a similar trend, sensibly increasing from PEO 05 to 09 (Fig. 15b - light grey
highlighted part). MCF-7 express analogous variations, both for AR and CD,
almost reducing the mean deformation degree at the highest Fg. Such
mechanical responses suggest that MCF-10A and MCF-7 strengthen upon
high levels of imposed force and at large deformation. Completely different
is the case of MDA-MB-231. The mean AR increases by 2.4-fold with respect
to Q condition, while MCF-7 changes by 1.85-fold despite perceiving a higher
Fy. However, major CD differences among the cell lines are attested for the
intermediate and the highest Fy (Fig. 15b - light grey highlighted part).
Indeed, at highest applied Fz, MCF-10A and MCF-7 reach mean CD values
of about 0.160 compared to MDA-MB-231 with 0.280. It is clear that MDA-
MB-231 tend to soften once subjected to high levels of compression. This is
in good agreement with experimental data that demonstrate highly invasive
tumour cells to be softer than healthy and low metastatic cell lines, that
appear to be more rigid [7]. Such evidences raise speculation that cancer cells
might adaptively soften to facilitate migration and invasion of narrow tissue
spaces [7, 64]. So that, the proposed microfluidic approach enables, for each
cell line, a simple compression test at a certain level of force, then allowing a

deep study of the cell specific mechanical response.
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Fig. 15 AR versus CD. a) Sketch of the microfluidic chip indicate the measurement positions for cell
parameters. Time points t; (start) and t, (end) -of the observation area in D- indicate the measurement
positions for the in-flow deformation-dependent dynamics of cells. b) Cell parameters outcome of AR
and CD are plotted for each single cell line from lowest to highest applied Fz (MCF-10A: n=31, 25, 51,
35, 30, 30 and 27; MCF-7: n=29, 33, 28, 42, 30, 30 and 30; MDA-MB-231: n= 19, 35, 26, 35, 27, 30 and 29
for Ts- PEO 0.9; Tp - PEO 0.2, 0.5, 0.9; Tg - PEO 0.2, 0.5 and 0.9, respectively). T, values are represented
for t; condition and highlighted with light grey background. The mean value of each distribution is
indicated by a grey horizontal line. Statistical significances were determined by one-way ANOVA and

Tukey’s test (»sp > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).

3.2.2. In-flow dynamics of deformed cells.

Simultaneously to AR and CD evaluation, we performed measurement
and detection of in-flow motions of the deformed cells, to classify them.
Then, we already conceived the asymmetric cross-section change from C to
D to impose different in-flow deformation-dependent motions, starting from

equal flow conditions as well as initial position, same cell trajectories and
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viscoelastic fluid properties, for all cell lines. The analysis were performed in
top-view in Tp (Fig. 16a), identifying three possible motion regimes as rolling
(R), tumbling (T) or tank-treading (TT) [26]. We measured cell orientation
angle (¢), seen as the object inclination with respect to the flux direction (Fig.
16b) [28,65]. In general, deformed cells behave as oblate spheroids, rotating
around their minimum axis [26]. We adopted the reference system of the
force computation assuming that cells behave like rigid bodies, since D has
been conceived to avoid any further deformation (Fig. 16b). We observed
that when the major axis is in the yx-plane, the cell simply tumbles. Highly
deformed cells do not change their mean orientation, but they minimally
oscillate around that, describing a TT motion. Instead, cells with a low degree
of deformation move as R motion (Fig. 16a and c). As long as the cell does
not fully R or TT in the yx-plane, the temporal evolution of ¢ could be
described by a period of revolution (T..,) as a function of y and AR, using eq.
20. We computed the ¢ evolution with the orbit equations derived from
Jeffery implanting eq. 21 and fitting the experimental values of ¢ with the
temporal equation, obtaining satisfying results for MCF-7 (Fig. 16c). We
demonstrate that the cell motion strictly depends on the entity of
deformation (Fig. 16c and e). The general angle 6; is an orbit angle,
measurable in side-view and directly related to ¢; through the already
mentioned Jeffery orbits results [66]. Since our observations are performed
in top-view, we evaluated ¢;, in the range of [-90°:90°], reporting such
values at t; and t, (Fig. 15a and 16a). At t,, we showed the change of
inclination in T motion, specifying how the rotation occurs.

Then, we computed an angle variation (Ag) taking ¢; and ¢, at t; and t,,
respectively. We plotted |Ag| = |¢, — ¢4| versus CD for each cell class and

PEO to retrieve the different cell movements in-flow (Fig. 16e). For low
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entities of Fgpgay, CD remains low with corresponding low A¢ values, as
generally present in the case of R (CD~ (0; 0.15) and A ~ 0°). For increasing
Fgpmax, cells show a narrow range of CD at higher Ag-values as present for T
(CD~ (0.15; 0.21) and A ~ 180°). For the highest Fj;, a similar behaviour as
before, except for a fraction of MDA-MB-231, is recognized. In more detail,
MDA-MB-231 show very low Ag-values coupled with a highly elongated
shape and a minor axis which lies in the observation plane, being strongly
aligned with the flow (Fig. 16a). Such behaviour can be associated to TT (CD~
(0.21; 0.45) and Ag ~ 0°). Referring to the motion regimes and looking at the
highest applied F, we can easily appreciate that the major part of MCF-10A
undergo a R motion (60%) whereas 50% of MCF-7 show T and 7% R motion.
In the case of MDA-MB-231, 91% of cells show TT. It is clear how the
classification is reliable, with a perfect matching of the mechanical and
motion characteristics. Interesting differences in cell deformability emerge
when correlating AR and CD with the previously mentioned dynamic
parameters (Fig. 16d). In fact, MCF-10A and MCF-7 undergo R and T
regimes, corresponding to the strengthening tendence observed in
deformation, never reaching highly elongated shapes and then TT motions.

Whereas, MDA-MB-231 appear to proportionally increase both in AR and
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Fig. 16 Cell dynamics in-flow. a) Illustrative examples of cell dynamics in D (Tp) are shown. From the
top, we report MCF-10A in PEO 0.5, MCF-7 in PEO 0.9 and MDA-MB-231 in PEO 0.9. Length of the

scale bar is 50 pm. b) The reference systems for the dynamic cell rotation in-flow for two different time

points. c) ¢ versus the observation time of the different cell dynamics presented in a) are presented.
In the middle, a fitting curve of the Jeffery’s orbit, for a representative MCF-7 cell is shown. d) AR
versus CD results are plotted before- (T - PEO 0.9 with n=31, 29 and 19; F=3.49; p < 0.01) and after
low- (Tp - PEO 0.2 with n=25, 33 and 35; F=7.97; p < 0.001), intermediate- (Tp - PEO 0.5 with n=50, 28
and 27; F=17.16; p < 0.001) or high- (Tp - PEO 0.9 with n=35, 42 and 35; F=10.24; p < 0.001 for MCF-
10A, MCEF-7 and MDA-MB-231, respectively) entities of in-flow applied Fg. Statistical significance has
been determined by one-way MANOVA with Wilk’s Lambda test. ) 3-D scatter plots of CD,,; versus
|A@| for all investigated PEO concentration (PEO 0.2 with n=25, 33 and 35; PEO 0.5 with n=50, 28 and
27; PEO 0.9 with n=35, 42 and 35; for MCF-10A, MCF-7 and MDA-MB-231, respectively) with
corresponding histograms for CD and A¢. Comparison of CD versus A¢ indicate possible ranges of

cell motion.
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CD, softening under the increasing forces and expressing a reciprocal
variation among the three different dynamics (Fig. 16a and e). Histograms
(Fig. 16e) distinctly show how three classes of motions, by increasing Fgpqy,
are depicted by different levels of deformation which, in turn, classify the
cell line and distinguish them upon malignancy. This clearly defines the
complete in-flow deformation-dependent dynamic motion signature with
the strict interplay between Ag, AR, CD and dy;.

In addition, at the exit of the microfluidic chip, a good cell viability was

obtained for all cell lines, even at highest applied Fgpq, (PEO 09).

3.3. Nuclear mechanical responses: from Lamin A/C alteration to

chromatin re-organization.

Here, we succeed in monitoring substantial nuclear modifications in
Lamin A/C expression and coverage, diffusion processes of probing
molecules, YAP shuttling, chromatin re-organization and ¢cGAS pathway
activation as consequences of the applied in-flow compression. As a result,
we show that high compression forces lead to a nuclear reinforcement (e.g.
up to +20% in Lamin A/ C coverage) or deconstruction (e.g. down to -45% in
Lamin A/C coverage with a 30% reduction of chromatin condensation state
parameter) up to cell death. We demonstrate how wide-range compression
in microfluidics can be used as a tool to investigate nuclear mechanobiology

and to define specific nuclear signatures for cell mechanical phenotyping.
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3.3.1. Nuclear permeability changes upon different levels of in-flow

compressive forces.

Previously shown in-flow deformation outcome (section 3.2.3)
demonstrated that, for PEO 05 and PEO 09, MCF-10A and MCF-7 stiffen,
whereas MDA-MB-231 tend to soften as the applied force increases. Such
force-dependent behaviour was referred to the nucleus, as significantly more
rigid in MCF-10A and MCF-7 compared to MDA-MB-231 [66]. As Lamin
A/C is one of the major compartments involved in the mechanical cell
nucleus deformation, we investigated Lamin A/C responses to different in-
flow forces. According to force computation, bigger cells perceive higher
compression forces with respect to smaller ones. Specifically, in our
experiments, MCF-10A and MDA-MB-231 are similar in dimension, so they
experience a comparable compression corresponding to ~20 pN and ~200 pN
at PEO 05 and PEO 09, respectively (Fig. 17a). At Control, cell lines show
different initial Lamin A/C expressions. Of interest, the increase of the
Lamin A/C with the compression is faster in MCF-10A than in MCF-7 even
though the entity of the perceived fluid force is higher for MCF-7, resulting
in the maximum compression level (equal to 1), which corresponds to ~600
pN at PEO 09 (Fig. 17a). Thus, our results suggest that MCF-10A are more

sensitive to the imposed compression (Fig. 17a and c).
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Fig. 17 Cell-dependent Lamin A/C changes after in-flow compressive forces. (a) Lamin A/C level
expressed as normalized value of signal intensity on the maximum value reached by each cell line
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to the maximum applicable force into the microfluidic device, evaluated on the biggest size of cell that
we test. A double x-axis helps in understanding the relationship existing between the non-dimensional
applied compression and the estimated values of in-flow viscoelastic forces. MCF-10A result to be
more sensitive to the applied compression than MCF-7, since the Lamin A/C protein level appears to
be increased at PEO 09. On the contrary, MDA-MB-231 show a decreasing trend of the protein level as
the force enhances. Fitting curves data: 1/((bx+a)) with a=4.43 and b=-17.76 for MCF-10A; a=2.77 and
b=-1.77 for MCF-7; a=1.02 and b=2.64 for MDA-MB-231. For all fitting curves, R2>0.95. (b) The
variation values of the Lamin A/C level and coverage are reported in the case of PEO 09 compared to
the Control condition for each cell line. As expected, increasing values of Lamin A/C level correspond
to a greater coverage in MCF-10A, as well as decreasing protein levels coupled with a coverage
disruption in MDA-MB-231. Interesting is the case of MCF-7 that enhance the Lamin A/C level but

decrease in coverage content, possibly due to protein production phenomena. (c) Confocal images of
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Lamin A/C and nucleus of the three cell lines tested in the three different experimental conditions are
reported, highlighting the behaviour of increased coverage in MCF-10A (n=20, n=25, n=17 for Control,
PEO 05 and PEO 09, respectively) and disruption in MCF-7 (n=25, n=26, n=23 for Control, PEO 05 and
PEO 09, respectively) and MDA-MB-231 (n=26, n=19, n=16 for Control, PEO 05 and PEO 09,
respectively), coupled with the correspondent level variations. Images are of the middle z-section of

different nuclei. Scale bar: 5 um.

Such evidence is also confirmed by a higher rate of variation of Lamin
A/C level in MCF-10A with respect to the MCF-7, supporting the idea of a
cell stiffening due to a more rigid nucleus of MCF-10A (Fig. 18). On the other
hand, MDA-MB-231 show a decreasing Lamin A/C content in terms of
signal intensity. We noticed, for MCF-10A, the enhanced expression level
and coverage of Lamin A/ C, possibly due to a recycling or a new production
of the Lamin A/C protein as a consequence of the highest in-flow applied
force. As expected, MCF-10A were characterized by typical wrinkles due to
the induced non-adherent condition (Fig. 17c) [67]. On the contrary, with
respect to the Control, MCEF-7 slightly decrease in Lamin A/C coverage,
despite the increase in the level amount. This response might be addressed
to the necessity for the cell to produce new protein in order to activate a
repair process of the impressed damage. A destroyed Lamin A/C is
appreciable in the case of MDA-MB-231 that gradually deconstruct the
structure, as the force increases, leading to a not recovered disruption (Fig.
17b and ¢, Appendix Fig. 1 and 2). In cancer cells, especially breast cells, it is
known that lower levels of Lamin A/C correlate with a higher degree of
metastatic potential [10, 17]. Thus, nuclei lacking Lamin A /C deform easier,

allowing the invasion of the surrounding tissues.
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Fig. 18. Rate of change of Lamin A/C level. From the fitting curves used to describe the change of the
Lamin A/C level, we derived the functions of rate of change of that quantity for each cell line. As we
can see from the plot, MCF-10A increases more rapidly its own value of expression of the protein,
despite of the lower applied loading condition since smaller sized than MCF-7. The latter seems to
increase almost constantly in the Lamin A /C level. MDA-MB-231 represent a completely different case

since its trend is a decreasing value of Lamin A/C protein.

However, a removal of Lamin A/C could lead to an increased cell
death and then reduced metastasis. It has been demonstrated that, under
elevated shear stresses conditions, MDA-MB-231 resulted to be more
resistant to a shear force-induced apoptosis than MCF-10A, despite having a
more compact and less deformable Lamin A/C than MDA-MB-231 [68]. We
hypothesize that, under in-flow compression, the cellular response changes
by reversing the trend, with MCF-10A more resistant than MDA-MB-231, at
the Lamin A/C level. On this line, we tested cell vitality by observing how
the recovered cells after the in-flow compression adhere on a plastic
substrate (~ 2 GPa) (Fig. 19). For each line and applied force, after at least 3
hours of adhesion, cells spread on the substrate, except for MDA-MB-231 at
the highest compression. This suggests a not recovering of the functional cell

activities, mainly due to a not reversible Lamin A/C damage that triggers a
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cell death process. Previous studies demonstrated that in MDA-MB-231, a
suspension state increased the adhesion and the cytoskeleton formation, as
a consequence of Lamin A /C up-regulation [69]. These findings suggest that,
although the suspension state, our applied in-flow forces inhibit MDA-MB-
231 adhesion after Lamin A/C rupture and reduced level expression.
Different is the case of MCF-7 that respond after the in-flow forces by
recovering their own functional vitality although the noticed Lamin A/C

damages.

MDA-MB-231

PEO 05

PEO 09

Fig. 19 Cell vitality images. Vitality images of reattached cells after in-flow PEO 05 and PEO 09
conditions. Alive cells have been observed after at least 3 h of attachment. No functional recovering is

observed in MDA-MB-231 at PEO 09.

In recent years, it has been demonstrated that a direct force
application on the nucleus leads to an increased YAP influx into the nucleus.
To study whether our in-flow compression generates similar cell responses,
we investigated YAP nuclear signal. In Control, all of the three cell lines

express a well-defined YAP cytoplasmic signal (Fig. 20a, b and ¢, on the top).
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Both MCF-10A and MCEF-7, at PEO 05, show not altered Nuc/Cyt ratio and
Lamin A/C coverage. Scatter plots highlight cell-specific trends of response
(Fig. 20a, b and ¢, on the top). In fact, MCF-10A at PEO 09 show an evident
increase of the YAP Nuc/Cyt-ratio as well as of the Lamin A/C content (Fig.
20a, on the bottom and Appendix Fig. 3). Particularly, the shuttling of
mechanosensitive YAP suggests that a thickening and an enhancement of the
Lamin A/C content regulate the nuclear expression of the transcription
factor, with a two-fold increase of YAP signal after the in-flow compression.
It is known that, on stiff substrates, cells with high expression levels of Lamin
A/C present a higher nuclear YAP content, suggesting that the Lamin A/C
changes influence nuclear localization of transcription factors [14, 68]. Thus,
similar effects are appreciable by inducing a cell deformation up to the

nucleus level in our conditions.

MCF-7 show a different scenario, instead. The YAP Nuc/Cyt-ratio
increases, defining a shuttling phenomenon due to a double effect of
mechano-regulated response and enhanced nuclear permeability at the
ruptures’ localization of the Lamin A /C. In fact, scatter plots show a shifting
at lower levels of coverage corresponding to higher values of Nuc/Cyt-ratio,
suggesting that some points of damage are present at the Lamin A/C level
favouriting the molecule re-localization (Fig. 20b, on the bottom and
Appendix Fig. 3). However, previous studies described YAP protein levels
as decreasing with Lamin A/C knockdown and then with the relative NE
losses [14, 68]. MDA-MB-231 outcome show decreasing or unaltered values

of YAP Nuc/Cyt-ratio at PEO 09, with Lamin A/C deconstruction.
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Fig. 20 YAP shuttling phenomena associated to Lamin A/C changes. a) On the top, confocal images
of Lamin A/C (green) and YAP (red) in MCF-10A tested in the three different experimental conditions
are reported, highlighting the behavior of increased coverage and gradual YAP nuclear content
increment up to PEO 09. On the bottom, a scatter plot representation of the YAP Nuc/Cyt-ratio with
respect to Lamin A/C coverage is reported describing how no relevant changes are expected at PEO
05 but only in the higher values of the parameters at PEO 09 with respect to the Control condition
(n=20, n=25, n=17 for Control, PEO 05 and PEO 09, respectively). b) On the top, confocal images of
Lamin A/C and YAP in MCF-7 tested in the three different experimental conditions are reported,
highlighting that Lamin A/C slightly decreases in Coverage while YAP nuclear content enhances at
PEO 09. On the bottom, a scatter plot representation of the YAP Nuc/Cyt-ratio with respect to Lamin
A/C coverage confirms how a competition between a mechanosensitive process and an increasing of
the YAP nuclear signal due to an enhanced nucleus permeability is possible, at PEO 09 condition
(n=25, n=26, n=23 for Control, PEO 05 and PEO 09, respectively). c) On the top, confocal images of
Lamin A/C and YAP in MDA-MB-231 tested in the three different experimental conditions are
reported, showing that Lamin A/C coverage decreases as well as the YAP signal, at the highest PEO
concentration. Differently, at PEO 05, a competitive mechanism for the increasing YAP Nuc/Cyt-ratio,
as described for MCF-7, is appreciable. Such outcome are confirmed by the scatter plot representation,
reported on the bottom (n=26, n=19, n=16 for Control, PEO 05 and PEO 09, respectively). Images are

of the middle z-section of different nuclei. Scale bar: 5 um.

Therefore, the MDA-MB-231 inability to mechanosense the applied

compression and to perform a YAP shuttling phenomenon might be
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ascribable to a loss in cell vitality. Conversely, at PEO 05, MDA-MB-231
behave like MFC-7, by slightly decreasing in Lamin A/C coverage but with
a small increase in YAP Nuc/Cyt-ratio (Fig. 20c, on the bottom and
Appendix Fig. 3). Further, the mentioned phenomena might be attributed to
a variation of the mechanical stability and/or molecular weight of YAP if

bound/unbound to other molecules [23].

To test whether, in our conditions, the reduction of Lamin A/C
coverage promotes an enhanced nuclear permeability, we measured and
analysed the nuclear entry of the Hoechst 33342 molecules. After having
recovered cell samples subjected to the in-flow compression, they were
directly fixed to evaluate the kinetics of Hoechst from the cytoplasm to the
nucleus. In detail, after loading the Hoechst solution in contact with the cell
sample, we monitored the kinetics of molecule entry for 10 minutes, to
reduce undesired cell movements, saturation, or bleaching signal events. At
Control, the Hoechst entry kinetics is cell-line dependent resulting both in
different velocity and intensity levels reached during the phenomenon (Fig.
21a, Control). In particular, MCF-10A do not show relevant differences
between Control and PEO 05, since both the intensity and the entry
behaviour remain unaltered after compression (Fig. 21b-MCF-10A,
Appendix Fig. 4, Table 4). At PEO 09 we observe a hindered passage of the
Hoechst into the nucleus, due to the previously described Lamin A/C
thickening, leading to a drastic reduction of the final nucleus intensity. MCF-

7, instead, show an enhanced Hoechst mobility, particularly at PEO 09,
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Fig. 21 Recording Hoechst molecule entry into the cell nucleus reveals an enhanced nuclear
permeability after in-flow compression. (a) Microscope images of cell nuclei stained with Hoechst
33342 solution at three time points (0, 300, 580s) of the entire kinetics of Hoechst entry for a total period
of 10 minutes. On the left, MCF-10A show that, at PEO 09, Hoechst nuclear delivery from the
cytoplasm to the nucleus is hindered by the thicker Lamin A/C. In the middle, MCF-7 are represented.
Both at PEO 05 and PEO (09 the nuclear influx is enhanced by the Lamin A/C changes, with a difference
in the final reached intensity level that appears to be higher in the case of PEO 09. On the right, MDA-
MB-231 gradually increase in nuclear Hoechst influx, reaching maximum values of both entrance
velocity and final intensity level at PEO 09. (b) Fitting curves by application of Gompertz model are
shown. In MCF-10A, at PEO 09 (n=5, n=4 and n=5 at Control, PEO 05 and PEO 09, respectively),
Hoechst intensity level clearly reduces in comparison with the Control condition, whereas MCF-7
(n=7, n=5 and n=5 at Control, PEO 05 and PEO 09, respectively) and MDA-MB-231(n=7, n=4 and n=7
at Control, PEO 05 and PEO 09, respectively) speed up the entry reaching higher levels of final
intensity both at PEO 05 and PEO 09. MDA-MB-231 reach a twofold higher intensity value at PEO 09

with respect to Control. Scale bar: 5 pm.
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where localized ruptures of the Lamin A/C allow for a facilitated passage of
external molecules. However, similar variations on the final Hoechst nuclear
intensity are present at PEO 05 and PEO 09 conditions (Fig. 21b-MCE-7,
Appendix Fig. 4, Table 4).

The Hoechst kinetics results to be completely altered by the in-flow
compression for MDA-MB-231. We observe a gradual increase of the
Hoechst signal, clearly enabled by the Lamin A/C deconstruction which
already starts at PEO 05 compression. A facilitated movement of the
molecule is then possible thanks to an increased permeability. However, an
almost saturated signal is observed at the last time point of the experiment
at PEO 09 (Fig. 21b-MDA-MB-231, Appendix Fig. 4, Table 4).

Table 4 Fitting parameters of Hoechst dynamic entry into cell nucleus at Control, PEO 05 and PEO 09

condition. The used fitting curve is a Gompertz model: Aexp(-exp(-B(x-c))) where x is the time and ¢

the time fitting parameter. For all fitting curves, R2>0.75.

Cell Type Plateau Intensity (A) (a.u.) Growth rate (B) (s)
MCEF-10A - Control 164.88 0.0410
MCEF-10A - PEO 05 168.42 0.0880
MCF-10A - PEO 09 110.56 0.0110
MCE-7 - Control 166.64 0.0013
MCEF-7 - PEO 05 133.60 0.0062
MCEF-7 - PEO 09 135.79 0.0061
MDA-MB-231 - Control 162.48 0.0110
MDA-MB-231 - PEO 05 200.05 0.0048
MDA-MB-231 - PEO 09 288.90 0.0084
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3.3.2. Chromatin condensation reduction relates to nuclear permeability

changes, revealing cGAS cytoplasmic activity.

Within the nucleus, Lamin A/ C regulates DNA replication and repair
as well as chromatin organization. In particular, heterochromatin exists at
the nuclear periphery and interacts with the nuclear Lamin A/C at specific
sites. These interactions may directly affect chromatin organization, nucleus
mechanosensitivity and then, transcriptional activity [10,70-72]. For this
reason, observing the changes of Lamin A/C at the various degrees of
applied in-flow compression, we asked whether these modifications also
translate at the level of nucleus with alterations of chromatin condensation.
Lamin A/C thickening does not confer a higher chromatin condensation to
the nucleus in MCF-10A (Fig. 22a, on the top). Scatter plots and relative mean
values of chromatin condensation parameter (CCP) show not relevant
modifications at the chromatin level are present at the two in-flow
compression conditions (Fig. 22a, on the bottom and Appendix Fig. 5).
Similar for MCF-7, despite a different chromatin content already at the
Control condition (Fig. 22a, on the bottom and Appendix Fig. 5). A
decreasing trend of chromatin condensation is observed in MDA-MB-231,
which can be associated with previous Hoechst molecule outcome. In fact,
chromatin density and condensation affect the nuclear influx of molecules
sized up to ~30 kDa, hindering or slowing down the passage of bigger

molecules like Hoechst as well [73].
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Fig. 22 Chromatin condensation changes and cGAS localization on DNA damages are correlated with
Lamin A/C ruptures. (a) Chromatin microscope fluorescent images and scatter data of CCP are
presented for each cell line at the three different measurement conditions. MCF-10A and MCF-7 do
not show relevant CCP changes, while MDA-MB-231 gradually decrease in chromatin condensation
by increasing the applied compression (MCF-10A: n=31, n=10, n=25 at Control, PEO 05 and PEO 09
respectively; MCF-7: n=20, n=13 and n=20 at Control, PEO 05 and PEO 09, respectively; MDA-MB-
231: n=26, n=18 and n=20 at Control, PEO 05 and PEO 09, respectively). (b) cGAS intensity is reported
for each cell line in the three different measurement conditions, as probing tool to verify whether a
chromatin de-condensation and the DNA damages occur once the Lamin A/C ruptures. On the top,
cGAS confocal images show a scattered initial signal into the cell cytoplasm without specific
localization at DNA spots. This results to be evident at PEO 09 in MCF-7 and MDA-MB-231, whereas
cGAS signal content decreases in MCF-10A at PEO 09 and MDA-MB-231 at PEO 05. On the bottom,
scatter data plots confirm the aforementioned trends of modification (MCF-10A: n=34, n=21, n=30 at
Control, PEO 05 and PEO 09 respectively; MCF-7: n=39, n=10 and n=31 at Control, PEO 05 and PEO
09, respectively; MDA-MB-231: n=32, n=18 and n=25 at Control, PEO 05 and PEO 09, respectively).
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However, Lamin A/C ruptures coupled with chromatin losses reveal
possible reasons for the MDA-MB-231 failure in vitality. Scatter plots clearly
indicate the highest decrease of chromatin content at PEO 09 condition. To
test whether chromatin losses coupled with DNA exit into the cytoplasmic
region, we evaluated the activation of cGAS protein, which is a fundamental
cytosolic DNA-sensor [74,75]. At Control condition, cell lines express a cGAS
quote into the cytoplasm (Fig. 22b, on the top) due to the fact that cGAS is
localized in the cytoplasm of nondividing cells but it associates to DNA foci
once an accumulation of damaged DNA into the cytoplasm occurs.
However, scattered signals of cGAS without specific localization with DNA
spots are present in our Control condition (Fig. 22b, on the top). We observed
that not relevant modifications in the scatter data and mean values of cGAS
intensity are present in MCF-10A and MCEF-7 after in-flow compression at
PEO 05 (Fig. 22b, on the bottom and Appendix Fig. 6). Of note, at PEO 09,
MCF-10A show a decreasing level of cGAS intensity, which suggests that a
possible protein content modification has occurred. A similar result is
present at PEO 05 in MDA-MB-231. At PEO 09, well-defined spots of active
cGAS attached on damaged DNA are present in MCF-7 and MDA-MB-231.
The latter shows that such cGAS content colocalizes or results to be close to
the Lamin A/ C ruptures. cGAS further confirmed that Lamin A /C damages
occurred at the highest compression conditions opening the nucleus to the
cytoplasmic side and relative induced pathways. Remarkably, the
substantial enhancement of cytosolic cGAS expression may restrain DNA
repair and evoke cell death, as observed in MDA-MB-231 at PEO 09

condition [75].
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3.4. Actin Cortex and Microtubule remodelling.

In this section, we introduce the major cellular components involved
into mechanical responses, trying to understand how each of these
cooperates also to the previously shown nuclear envelope and chromatin
modifications. Thus, comprehending the dynamics and mechanics of the
cellular components is prerequisite to explain the molecular origins of cell
mechanical properties. We show that, at high compression, the most
responsive component is the actin cortex. Both structural and expression
modifications are appreciable, with either a cortex ring fragmentation or an
enhancement of the intensity signal if a protein production occurs.
Interesting results demonstrate that the drug effects of Cytochalasin-D
(CYTD) and Nocodazole (NOCO) applied on cells in Control condition, lead
to similar configuration changes of the two structures appreciable after PEO

09 application on untreated cells.

3.4.1. Actin Cortex and Microtubule role in cell deformation.

In suspension, cells develop a well-defined spherical geometry free of
visible stress fibers with the actin cytoskeleton forming a cortex structure
which spans the entire cell [76]. Instead, the microtubule network presents
as random at the cell interior while with pronounced bundles at the
periphery [77]. This aligned peripheral bundling may be due to collective
buckling at the cell’s boundary. However, it is well know that depending on
the loading entity actin cortex and microtubules respond differently. Our
outcome about cell deformability responses (section 3.2.3) show a large
deformation regime (deformation > 5%) for all of the three cell lines at PEO
09. Furthermore, being nuclear permeability highly affected at this high
compression condition, we decided to test actin cortex and microtubule
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condition in the range of 100-1000 uN. In fact, at large deformation, actin
constituents have been shown to rupture while microtubule network to

elastically respond [77].
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Fig. 23 Actin Cortex and Microtubule Network assembly and disassembly after in-flow compression.
a) MCF-10A confocal images represent actin cortex (green) and microtubule network (red), at CTRL
and PEO 09 both with untreated and treated cell samples. Relevant changes are appreciable between
CTRL and PEO 09 as well as among the three CTRL conditions, both at the actin and the microtubule
levels (CTRL n=28, PEO 09 n=35; CTRL CYTD n=30, PEO 09 CYTD n=18; CTRL NOCO n=37, PEO 09
NOCO n=31). b) MCF-7 images reveal a more sensitive response to the drug treatment, as for the actin
cortex as for the microtubule network, especially in the case of the NOCO drug (CTRL n=27, PEO 09
n=24; CTRL CYTD n=25, PEO 09 CYTD n=21; CTRL NOCO n=28, PEO 09 NOCO n=8). c) MDA-MB-
231 show an initial thick and structured cortex which decreases both after treatment and after PEO 09.
Microtubules do not undergo relevant modifications (CTRL n=27, PEO 09 n=33; CTRL CYTD n=28,
PEO 09 CYTD n=33; CTRL NOCO n=31, PEO 09 NOCO n=25). Images are of the middle z-section of
cells. Scale bar: 5 pm. d) The normalized values of intensities of the actin and microtubule signals are

reported for each condition. The statistical analysis is reported in Table 5 in Appendix A.
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Particularly, actin responses depict the nonlinear behaviour of cells as strain
stiffening or strain softening. At CTRL, both actin cortex and microtubule
network configuration is cell line dependent. For this reason we compared
the obtained results among the two experimental conditions for each cell

line.

MCF10-A show a compact actin cortex ring at CTRL in untreated condition
(Fig. 23a). Instead, microtubules form a random network with highly
concentrated regions in correspondence of the nucleus. With CYTD drug, the
intensity of both actin and microtubules appears to be higher than the
untreated state (Fig. 23a), possibly because cells try to recover their own
structure after the treatment, producing new protein. However, the ring
structure appears highly fragmented confirming the effects of the applied
drug (Fig. 24a and c). From PEO 09, such fragmentation results to be different
since points of accumulation of actin with high intensity are present. In fact
the sum of areas present all along the actin structure is the highest always at
the ring confinement, while at PEO 09 such fragments area distribution spans
over the entire spatial organization as well (Fig. 24a). Interestingly, at PEO
09, a trend of increasing actin signal intensity is appreciable exactly like in
the case of Lamin A/C at the nucleus level (Fig. 23d-MCF-10A). In adhesive
condition, it has been previously demonstrated that that Lamin A/C and the
Actomyosin system monotonically increase in protein levels expression,
with substrate rigidities [14]. Thus, our outcome confirm that, despite the
absence of a physical link between the NE and a well-structured
cytoskeleton, a mechanosensitive response of the nucleus is present for MCF-

10A after the imposition of in-flow compression conferring recycling or
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Fig. 24 Actin fragments characterization after in-flow compression for MCF-10A. a) Light grey and
black histograms represent the fragment distribution as position, near and far from the cortex ring, at
CTRL and PEO 09 for untreated and treated cells respectively. In green, the summation of fragments
area is presented. In particular, each bin of the fragments position data is specified by the respective
summation of areas in order to understand where the major areas are localized. Compact actin cortex
is present at untreated CTRL and with NOCO drug. At untreated PEO 09, the structure is changing,
with fragments area distributed differently from the CTRL condition, appearing to be present also far
from the ring. Broken actin cortex, instead, is present after CYTD treatment, without relevant changes
after the in-flow compression. b) Box chart representation of the fragments area. Not relevant
alterations are present among the different conditions. c) Threshold images of the actin cortex to
identify the constituent fragments. Statistical analysis of fragments position and areas is reported in

Table 6 and Table 7 (Appendix A). Scale bar: 5 pm.
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production phenomena of proteins of interest. Moreover, the intensity
increasing reached at PEO 09 is present also at CTRL CYTD, as if the effect
of the in-flow compression was comparable to that of the drug. Whereas,
microtubules intensity decreases in all of the PEO 09 condition, as treated or
untreated with the respective CTRL, suggesting a reduction in concentration

of the network (Fig 23a and d-MCF10A).

Completely different is the case of MCF-7. Surprisingly, not relevant
modifications of the two structures are evident. In fact, actin cortex
fragmentation does not change (Fig. 25a) except for the PEO 09 NOCO
condition at which we observe a qualitative trend of cortex ruptures but that
is not statistically significant. Although the content of microtubules
decreases mainly with the application of NOCO, they seem to constitute a
cortex-like structure at the periphery of the cell (Fig. 23b and d-MCF-7). How,
during the deformation process, an interplay between actin cortex and
microtubule could cooperate for Lamin A/C localized ruptures and thus to
an increased nuclear permeability (section 3.3.2) is still not clear. It is possible
that the reason is in the size of the nucleus and of the cell itself. As already
mentioned in the previous section (2.3.2), MCF7 is possible to strengthen at
high compression levels. This can be explained by a higher nucleo-
cytoplasmic ratio compared to that of the MCF-10A [7] and also by the fact
that they perceive the highest force being on average larger than the other
cell lines. However, a decrease in the actin cortex density is present between
CYTD conditions, CTRL and PEO 09. On the contrary, an increase of the actin
signal is appreciable at PEO 09 NOCO compared to its own CTRL.
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Fig. 25 Actin fragments characterization after in-flow compression for MCF-7. a) Looking at the

PEO 09

fragments position distributions, not relevant alterations are present between the CTRL conditions
and the relative PEO 09. Drug effects are appreciable still into the CTRL. An interesting trend in
fragmentation of the actin cortex is shown in PEO 09 NOCO, where a not regular distribution of
fragments occurs. b) Box chart representation of the fragments area. Not relevant alterations are
present among the different conditions. ¢) Threshold images of the actin cortex to identify the
constituent fragments. Statistical analysis of fragments position and areas is reported in Table 6 and

Table 7 (Appendix A). Scale bar: 5 pm.

MDA-MB-231 reveal interesting responses, both at actin and microtubule
level. A decreasing of the densities as well as of the compaction degree of the

actin cortex is recorded, for CTRL condition of treated and untreated cells
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(Fig. 23a and d-MDA-MB-231). Except for CTRL NOCO, where an increasing
microtubule density is observed due to the peripheral points of
accumulation already seen for MCF-7. At PEO 09, the resulting actin signal
is comparable with the one observed at CTRL CYTD, suggesting similar
effects coming from the drug application and the in-flow compression. No
further changes at the actin cortex levels occur at PEO 09 CYTD (Fig. 23c and
d-MDA-MB-231). The fragmentation phenomenon at PEO 09 suggests a
possible explanation also to the critical Lamin A/C deconstruction with
consequent cell death. In adhesive conditions, it has been shown that the
alteration in microtubule organization upon actin perturbation results in
nuclear elongation, which was related to altered conformations of Lamin
A/C[78]. In our case, we demonstrate that after the in-flow compression the
actin cortex is partially re-organized with lower signal intensity and
fragments position. At the microtubule level a slight decreasing of the
intensity level occurs coupled with a spot-like distribution of such signal into
the cell interior like defining accumulation points of microtubules near the
nucleus. Then, it is reasonable that such actin and microtubule perturbation
could be translated into the Lamin A/C deconstruction observed at PEO 09.
Actually, actin density reduction occurs in each PEO 09 for untreated or
untreated cells, with the same trend. More compact actin cortex is shown at

PEO 09 NOCO (Fig. 26a and c), with not relevant microtubule modifications.
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Fig. 26 Actin fragments characterization after in-flow compression for MDA-MB-231. a) Looking at the
fragments position distributions, not relevant alterations are present between the CTRL conditions
and the relative PEO 09. Drug effects are appreciable still into the CTRL. Both at PEO CYTD and
NOCGO, the actin cortex appears to be more compact both as fragments position and areas. b) Box chart
representation of the fragments area. Not relevant alterations are present among the different
conditions. ¢) Threshold images of the actin cortex to identify the constituent fragments. Statistical

analysis of fragments position and areas is reported in Table 6 and Table 7 (Appendix A). Scale bar: 5

pm.
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4. Conclusions and Future Perspectives

4.1. Cell dependent mechanobiological responses.

The presented microfluidic approach, based on tuneable compressive
forces, is a simple tool to rapidly deform cells up to the nucleus level for
phenotyping different cell lines. The microfluidic chip results to be simple in
force calibration, making it highly suitable for biological experiments. Our
fluid-flow induced forces arise from a viscoelastic medium, flowing into a
sequence of variable microfluidic cross-sections. By simply changing the
viscoelastic properties and the initial velocity conditions, we are able to
apply tuneable compressive forces over a wide range (10-103 uN), which
directly lead to different degrees of cell deformation. The microfluidic
approachis able to provide aarisen interesting coupling between the classical
deformation parameters that describe morphological and shape alterations
with respect to dynamic quantities. In fact, a backward analysis of cell
deformability, starting from the motion to get the mechanical property, is
possible. By properly calibrating the fluid dynamic conditions and the
viscoelastic forces, the microfluidic chip allows to provide a cell type
characterization simply based on i) orientation angle, ii) aspect ratio, iii) cell
deformation and iv) cell diameter. The combination of this set of parameters
leads to a mechanical signature of any cell line has to be analysed.
Furthermore, the resulting in-flow nucleus deformation brings out the
possibility to activate pathways and responses generally ascribable to
adhesive and migratory cell behaviour. Particularly, compressive forces offer
the possibility to calibrate both cell-specific cytoskeletal and nucleus

mechanical responses causing losses in structural integrity, triggering
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mechanosensing reactions or favouring enhanced nuclear permeability as
well as chromatin re-organization. Based on nuclear deformation outcome,
our approach proposes as a new tool for enhanced nuclear delivery of
probing molecules, possibly reducing time of analysis and classical staining

procedures, based on chemical permeabilization.

The presented on-chip and off-chip outcome are not only useful for breast
cell lines, since the microfluidic device is well-suited to analyse the
mechanical phenotype of other cell types, such as circulating tumour cells or
immune system cells also as mixed samples. A next step of analysis would
be the implementation of a mathematical model able to comprehensibly
describe cell mechanics behaviour, starting from grouping morphological
and dynamic in-flow parameters and then coupling them with the extracted
characteristics of inner cell structures, analysed in quiescent conditions. Of
course, such a kind of model could be of interest also to correlate the obtained
modulation of cytoskeletal and nuclear responses to those conventionally

associated to adhesive and migratory cell behaviour.

On this line, for future investigation, we want to demonstrate that the
highest compression is able not only to promote an increased nuclear
permeability, but also to favour a greater efficiency of nanoparticles
intracellular delivery. In fact, we show how such delivery is possible
escaping the physiological endocytosis and only relying on reversible
ruptures of the plasma membrane after the applied in-flow compression. In

the next section we illustrate an example experimental case on MCEF-7.
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4.2. Future Perspectives: the intracellular delivery across

mechanically disrupted Plasma Membrane.

During last years, an increasing research interest arose about the
possibility to induce enhanced intracellular delivery of exogenous material
across the plasma membrane by escaping the physiological endocytic
pathways. In general, as transport mechanisms, we can distinguish carrier-
mediated methods which comprises endocytic and fusion entry pathways,
and membrane disruption-based intracellular delivery, which includes
direct penetration and plasma membrane permeabilization mechanisms [79].
Four mechanisms are ascribable for intracellular delivery: (1)
permeabilization, (2) penetration, (3) endocytosis, and (4) fusion. Such
mechanisms can overlap on more than one mechanism possible promoting
an intracellular delivery via multiple pathways depending on the context
[79-81]. In general, membrane disruption refers to the generation of any hole
that would increase the permeability of the plasma membrane to cargo, by
means of possible multiple perforations of all sizes and shapes. The plasma
membrane is considered permeable when membrane disruptions are of
sufficient size and lifetime to permit passage of the cargo molecules [79].
Upon membrane disruption the cell responds with active membrane repair
processes that can take from a few seconds up to several minutes to
complete. Once membrane integrity is restored, the cell active processes to
restore membrane and cytoplasmic environment. It may take hours for the
cell to return to the perturbation state [82]. Crucial factors that influence
plasma membrane repair and then delivery efficiency are calcium
composition of the buffer, temperature, and incubation time post-treatment

[79-83]. Particularly, temperature highly affects endocytic processes since it
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is known that cooling a cell culture to 4°C slows down intracellular delivery
mechanisms [84]. However, efficiency and good viability of cells after
membrane-disruption events are still challenging goals for current available

techniques, like electroporation, confined geometries or sonoporation.

Here, we show how in-flow compressive forces lead to transient
plasma-membrane ruptures which provide a not endocytic-mediated
delivery mechanism into the cell. In fact, we show that at PEO 09 a temporary
membrane disruption could occur, allowing to an intracellular delivery of
carboxylate nanoparticles (NPs) of 200 nm and 1 pm. Escaping endocytosis
is demonstrated by the fact that such delivery has been tested in freezing
conditions, placing the cells at 4°C after the in-flow deformation and then

inhibiting the active processes possibly related to the NPs entry.

4.2.1. Preliminary Results on MCF-7.

We tested MCEF-7 after in-flow compression to verify if possible
passive intracellular delivery transports occur across the plasma membrane.
We decided to load a 200 nm NPs solution in contact with the cell sample
both at CTRL and PEO 09 conditions, in order to estimate whether there is
the presence of an enhanced mechanism of NPs entry. In fact, we
hypothesize that localized cell plasma membrane ruptures occur after the in-
flow compression leading to enhanced NPs delivery. To proof it, we decided
to test the NPs entry in freezing conditions, placing cells at 4° degrees at
CIRL and after applied compression. At this temperature, the active
mechanisms normally deputed to incorporate NPs are hindered [84]. As
result, we observe that a passive movement of NPs is favoured at PEO 09
leading to a high delivery efficiency into treated cells (Fig. 27a-200nm and b).

Furthermore, counting NP aggregates allows us to appreciate a 6-fold
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increase of delivery at PEO 09 thanks to the passive passage across the
ruptured plasma membrane (Fig. 27c). However, we also tested 1 pm
particles in order to understand if a cut-off level is present in our delivery
approach. Thus, at CTRL and PEO 09, we present interesting results about a
3-fold increase of particle entry (1 particle per cell) after in-flow compression,
which suggests that the efficiency obviously reduces since a possible cut-off

is reached, due to the high particle dimension (Fig. 27a-1pm and d).
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Fig. 27 NPs (200 nm and 1 pm) intracellular delivery into MCF-7. a) Confocal image of MCF-7 at CTRL
and PEO 09 after NPs (green) intracellular delivery in freezing conditions. Evident enhanced delivery
is appreciable in 200 nm entry after in-flow compression. With 1 pm particles, only one per cell are
detected in our images. b) The normalized intensity of the NPs signal is reported for 200 nm NPs at

the two experimental conditions. An overall increase of the intensity is appreciable at PEO 09 with
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respect to CTRL. c¢) Counting NPs of 200 nm leading us to quantify the mean number of nanoparticles
and aggregates that are present inside cells before and after the in-flow compression (CTRL n= 18;
PEO 09 n=15). d) Counting of 1 um particles inside cells is reported. Since the intracellular delivery
provides an efficiency of one particle per cell, the reported data indicate the mean number of cells
where a particle has been found that can be regarded as a percentage of cells where the delivery

occurred, as well (CTRL n=22; PEO 09 n=17). (*p<0.05; ***p<0.001).

Future perspectives of our research work consider to deeply
investigate the possibility to further improve the microfluidic device for
passive intracellular delivery. Investigations about plasma membrane
recovery mechanisms after the applied in-flow compression as well as
changes in NPs characteristics (e.g. external charge, stiffness, dimension) will
be of fundamental interest for a device optimization and improvement. In
fact, the implementation of the microfluidic device with other components
(e.g. external electrical stimulation) can be addressed in order to create a
comprehensive platform for cell diagnosis and drug delivery applications.
Moreover, cells derived from non-solid tumours (i.e., blood cancer cells) will
be analysed in order to understand how passive mechanisms of intracellular

delivery can be induced to perform blood cell diagnosis and therapy.
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Appendix A
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Fig. 1 Lamin A/C variation in terms of intensity level at the two different experimental conditions. On

the top, data box chart to compare the Control condition at PEO 05 and the relative effect after the in-

flow compression. On the bottom, same aforementioned comparison at PEO (09 is presented. Statistical

analysis has been performed by applying a Kruskal-Wallis test (ns p > 0.05; ***p < 0.001).
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Fig. 2 Lamin A/C coverage changes at the two different experimental conditions. On the top, data box
chart to compare the Control condition at PEO 05 and the relative effect after the in-flow compression.
On the bottom, same aforementioned comparison at PEO 09 is presented. Statistical analysis has been

performed by applying a Kruskal-Wallis test (ns p > 0.05; *p < 0.05; **p<0.01).
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Fig. 3 YAP Nucl/Cyt ratio variation at the two different experimental conditions. On the top, data box
chart to compare the Control condition at PEO 05 and the relative effect after the in-flow compression.
On the bottom, same aforementioned comparison at PEO 09 is presented. Statistical analysis has been

performed by applying a Kruskal-Wallis test (ns p > 0.05; **p<0.01; ***p<0.001).
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Fig. 4 Hoechst intensity variation at 300s of the total 600s of measurement for entry dynamic
experiment. On the top, data box chart to compare the Control condition at PEO 05 and the relative
effect after the in-flow compression. On the bottom, same aforementioned comparison at PEO 09 is
presented. Statistical analysis has been performed by applying a Kruskal-Wallis test (**p<0.01;
***p<0.001).
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Fig. 5 Chromatin condensation (CCP) measurement at the two experimental conditions. On the top,

data box chart to compare the Control condition at PEO 05 and the relative effect after the in-flow

compression. On the bottom, same aforementioned comparison at PEO 09 is presented. Statistical

analysis has been performed by applying a Kruskal-Wallis test (ns>0.05; ***p<0.001).
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Fig. 6 cGAS intensity and activity into the cell cytoplasm. On the top, data box chart to compare the

Control condition at PEO 05 and the relative effect after the in-flow compression. On the bottom, same

aforementioned comparison at PEO 09 is presented. Statistical analysis has been performed by

applying a Kruskal-Wallis test (ns>0.05; ***p<0.001).

86



Table 5 Statistical analysis of actin cortex and microtubule network intensity data. ns p > 0.05; * p <

0.05; **p<0.01; ***p<0.001.

MCF-10 A MCF-7 MDA-MB-231

CTRL with CTRLCYTD

ACTIN - - -
MT - sk e

CTRL with CTRLNOCO

ACTIN - * sk
MT - - -
CTRLCYTD with CTRLNOCO

ACTIN o o ns
MT ok - sk
CTRL with PEO 09

ACTIN ns * rx
MT ok ns sk

CTRLCYTD with PEO 09 CYTD
ACTIN B k% ns
MT Kk *% ns

CTRLNOCO with PEO 09 NOCO
ACTIN * *k% *%%
MT * * ns
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Table 6 Statistical analysis of actin cortex fragments position data. ns p > 0.05; * p < 0.05; *p<0.01;

***p<0.001.

MCF-10 A

MCEF-7

MDA-MB-231

CTRL with CTRLCYTD

*hk

*k%k

*hk

CTRL with CTRLNOCO

*hk

*%

*hk

CTRLCYTD with CTRLNOCO

*k%

*k%

*k%k

CTRL with PEO 09

*%

*k%k

CTRLCYTD with PEO 09 CYTD

*hk

*k%k

*k

CTRLNOCO with PEO 09 NOCO

ns

ns

*%
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Table 7 Statistical analysis of actin cortex fragments area data. ns p > 0.05; * p < 0.05; **p<0.01;

***p<0.001.

MCF-10A  MCF-7 = MDA-MB-231

CTRL with CTRL CYTD * i ns
CTRL with CTRLNOCO ns ns il
CTRLCYTD with CTRLNOCO ns sl **
CTRL with PEO 09 ns ns *
CTRL with PEO 05 ik i *
CTRLCYTD with PEO 09 CYTD Ns ns ns
CTRLNOCO with PEO 09 NOCO  ns ns ns
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Appendix B

Image] Macro (MCF-10A and MCF-7 example) for actin cortex fragments

analysis.

run ("Duplicate...", "title=[Image double.tif] channels=1");
run ("Duplicate...", " ");

run ("Threshold...");

setThreshold (65, 255);

setOption ("BlackBackground", false);

run ("Convert to Mask");

run ("Despeckle");

run ("Analyze Particles...", "add");

selectWindow ("Image double.tif");

roiManager ("Measure");

Image] Macro (MDA-MB-231 example) for actin cortex fragments analysis.
run ("Duplicate...", "title=[Image double.tif] channels=1");
run ("Duplicate...", " ");

run ("Threshold...");

setThreshold (100, 255);
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setOption ("BlackBackground", false);
run ("Convert to Mask");

run ("Despeckle");

run ("Analyze Particles...", "add");
selectWindow ("Image double.tif");

roiManager ("Measure");

Then, once area and centroid coordinates are collected, an histogram analysis

is proposed.

The threshold value has been fixed in order to remove possible noise or not
specific signal points, collecting only constituents fragments of interest. Such

value is cell line dependent.
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