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ABSTRACT

Nuclear mechanics is a key parameter in regulating cell physiology, affecting chromatin accessibility and tran-
scriptional regulation. The most established method to characterize the mechanics of biological materials at the
sub-micrometer scale is based on atomic force microscopy (AFM). However, its contact-based nature limits the
direct access to the nucleus. While some indirect methods have been proposed to measure nuclear mechanics in
living cells, the readout is influenced by the overlaying cytoskeleton. For this reason, mechanical measurements
on isolated nuclei are a common strategy to overcome this issue. However, the impact of the invasive preparation
procedure on the measured properties is still unclear. To address this issue, we studied the mechanical properties
of skin fibroblasts probing the nuclear region and of extracted nuclei using AFM and correlative Brillouin-Raman
Micro-Spectroscopy (BRMS). The latter technique is a non-invasive method to image living systems in 3D,
obtaining correlative information on the mechanical and chemical properties of the sample at specific points of
interest. Using this approach, we demonstrated that extracted nuclei are significantly softer than intact ones.
Moreover, we demonstrated the ability of BRMS to highlight mechanical features within living cells that were
masked by the convolution with the cytosol in conventional AFM measurements. Overall, this study shows the
importance of evaluating nuclear mechanics within the native environment where cellular homeostasis is pre-
served. We, therefore, suggest that BRMS offers a much deeper insight into nuclear mechanics compared to AFM,
and it should be adopted as a reference tool to study nuclear mechanobiology.

Statement of significance: The cell nucleus, the largest eukaryotic organelle, is crucial for cellular function and
genetic material storage. Its mechanical properties, often altered in disease, influence key processes like chro-
matin accessibility. Although atomic force microscopy (AFM) is a standard method for studying nuclear me-
chanics, isolating nuclear stiffness in living cells is challenging due to interference from the cytoskeleton and
plasma membrane. We demonstrate that correlative Brillouin-Raman Micro-Spectroscopy (BRMS) enables non-
contact, high-resolution measurement of nuclear mechanics, capturing sub-micron details. We compare the re-
sults from BRMS with that obtained on the same samples with AFM. BRMS enhances our understanding of
nuclear stiffness in physiological conditions, offering valuable insights for researchers in the field of mecha-
nobiology, biotechnology, medicine, and bioengineering.
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1. Introduction

Cells are subjected to various mechanical forces in their native
environment, such as compression, tension, and shear [1-4]. Via
mechanosensitive proteins, cells continuously sense these stimuli,
responding with changes in shape, motility, differentiation, division,
and overall gene expression [1,5-8]. Additionally, the response of cells
to their mechanical microenvironment is directly reflected by adapta-
tions in the cells’ own mechanical properties [4,9,10]. The character-
ization of this process can have fundamental implications in tissue
engineering [11-13], drug screening [8], and diagnosis of diseases and
their treatments [14]. For this reason, cell mechanics is becoming
recognized as a potential biomarker for identifying cellular states within
the biophysical community [15].

The nucleus is a key determinant of a cell’s mechanics, being the
largest among the cell’s organelles. While the nucleus was previously
thought of solely as a container for genetic information, it is now
recognized to have mechanosensitive properties that allow it to respond
to external mechanical forces [16-18]. Whole cell mechanics has been
deeply investigated in recent years, using a series of techniques and
contributing to our current knowledge of the role of mechanics in cell
physiology and pathology [19-21]. However, the available information
on nuclear mechanics remains limited and measured by contact-based
techniques, at times, contradictory. As highlighted in ref [22], the nu-
cleus is usually considered the stiffest organelle [23-25], while in other
studies, it is reported to be softer than the cytoskeleton [26-28]. Addi-
tionally, research suggests that the mechanical behavior of the nucleus
depends on the deformation range: at low deformations, its properties
are primarily influenced by chromatin, whereas at higher deformations,
the nuclear lamina plays a dominant role [29]. Given that the nucleus is
surrounded by the cytoskeleton, and more in general by a complex
mechanical environment, [28,30,31], these inconsistencies are largely
attributed to technical challenges in studying this organelle in its native
cellular environment. The mechanisms by which force is transmitted,
particularly across the nuclear envelope, and how forces regulate
nucleoplasmic transport are still not fully understood [32,33], but it has
been suggested that the stiffness of the nuclear envelope plays a key role
in controlling how cellular forces impact chromatin organization and
gene expression [33]. The nuclear envelope is a double-membrane
structure that surrounds the nucleoplasm and is composed of inner
and outer nuclear membranes. The inner nuclear membrane is con-
nected to the nuclear lamina, a network of intermediate filament pro-
teins that provides mechanical support to the nucleus. The nuclear
lamina is responsible for the nuclear shape and mechanical stability
[17]. Mutations in the proteins of the nuclear envelope, specifically
lamins, result in a range of illnesses known as laminopathies [34],
including Emery-Dreifuss muscular dystrophy, lipodystrophy, leuko-
dystrophy, progeria, diabetes [26,35,36], as well as cancer cells
[37-40]. Therefore, studying nuclear mechanics is of great importance
for comprehending physio-pathological mechanisms and early
diagnosis.

In cell mechanics, AFM is considered the gold standard method [41].
AFM has several key benefits, including i) achieving high levels of
spatial resolution, ii) precise control over the forces applied, and iii)
performing measurements in liquid environments that closely mimic
physiological conditions [6]. However, in the study of nuclear stiffness,
the AFM probe necessarily interacts with the cell membrane and with
the cytosolic environment before reaching the nucleus, giving rise to a
non-trivial problem in the decoupling of the contributions given by the
different cell compartments to the mechanical measurements. Decon-
volution methods and specialized probes have been proposed to infer the
mechanical properties of the nucleus using AFM measurements [2.3,42],
but the proposed approaches are numerically unstable and tricky to
implement so that they have not been adopted by the scientific com-
munity. To overcome this issue, a procedure to isolate the cell’s nucleus
to directly study its mechanical properties has been proposed [26,35].
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This method makes the nucleus directly accessible to the AFM probe,
and it can offer interesting insights into physiology and pathology.
However, this experimental protocol raises important questions on
whether nuclear mechanics is preserved during extraction, due to the
modified homeostasis and the lack of interaction with the surrounding
cytoskeleton [43]. The researcher is faced with the dilemma: what is the
actual stiffness of the nucleus? More generally, is there a method to
characterize nuclear mechanics that avoids the invasive procedure of
nucleus extraction?

To provide an answer to this question in this paper, AFM data ob-
tained measuring the nuclear region of living cells, and the isolated
conditions is compared with the data obtained using a correlative mi-
croscopy method integrating Brillouin and Raman microscopy (BRMS).
Brillouin microscopy has recently emerged as a powerful tool for
investigating cell mechanics [7,16,44-47], and the integration with
Raman has opened for a whole new correlative representation of bio-
logical samples [48]. Brillouin microscopy (BM), based on light-matter
interaction, offers a non-contact and label-free approach to analyzing
the physical properties of the material. Although widely used in
condensed matter physics, BM has only recently been applied to the
analysis of biological materials, thanks to increased measurement speed
[49] and the ability to reach subcellular spatial resolution [50,51].
Promising results have already been found in cell mechanics [16,44,52]
as well as in tissue characterization [48,53], even in vivo [54-58].

In this study, the advantages of two different techniques, AFM and
BRMS, are combined by integrating the information on Young’s
modulus and longitudinal modulus obtained from each method. We
studied both nuclei in intact cells and isolated nuclei. All measurements
indicate that the nuclei isolation procedure strongly affects nuclear
mechanics.

2. Materials and methods
2.1. Cell culture

Human dermal fibroblasts cells (HDFa, ThermoFisher, C0135C) were
cultured in flasks in the Dulbecco’s Modified Eagle Medium (DMEM,
Sigma-Aldrich, USA) with 10 % FBS (Fetal Bovine Serum), 2 mM
glutamine, and 100 [U/mL penicillin-streptomycin (Sigma-Aldrich, St.
Louis, MO, USA). Cells were maintained at 5 % CO3 and 37 °C tem-
perature in a standard incubator. When confluency was reached, cells
were split and cultured in new flasks, not for more than 16 passages. For
mechanical measurements, low density of cells were seeded in poly-L-
lysine coated (20 pg/ml) Petri dishes (TPP Techno Plastic Products,
Switzerland) to prevent them from overlapping. Prior to the measure-
ments, cells were washed twice with Dulbecco’s Phosphate-Buffered
Saline (DPBS, Sigma-Aldrich, USA) with calcium chloride and magne-
sium chloride (Sigma-Aldrich D8662).

2.2. Nuclei isolation

Cells were incubated in a hypotonic solution of 0.56 % potassium
chloride (KCl) at 37 °C to alter the osmotic pressure. After 60 min, the
KCl solution was aspirated gently to avoid cell detachment, and cells
were subsequently incubated at room temperature in 0.1 % Triton X-100
(Sigma-Aldritch, USA) in DPBS for 5min. After triton removal, cells were
suspended in DPBS, pipetting several times, and transferred into a fal-
con, centrifuged for 5min at 500g. Finally, the supernatant aspired, and
the nuclei pellets were resuspended in fresh DPBS, deposited on a poly-
L-lysine coated (20 pg/ml) Petri dish (TPP Techno Plastic Products,
Switzerland), and kept for 1-2 h at 4 °C to let them settle before the
measurements. Extracted nuclei were studied with confocal microscopy
as well, to define the effectiveness of the method and to verify the
integrity of the nuclei and the absence of cytosolic debris.
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2.3. Ionic Strength change

DPBS without calcium and magnesium was used as the base medium.
Following the manufacturer’s specifications (Sigma-Aldrich, USA), the
appropriate amounts of calcium chloride (CaClz) and magnesium chlo-
ride (MgClz) were added to the buffer to achieve a final concentration of
0.133 g/L for CaClz and 0.1 g/L for MgCl: in the standard medium. To
prepare the modified media with varying ionic strengths, the concen-
trations were doubled for the high-ionic-strength medium and halved
for the low-ionic-strength medium.

2.4. Immunofluorescence labeling and confocal microscopy

Samples were prepared in Petri dishes, washed twice with DPBS,
fixed in 4 % paraformaldehyde (Sigma-Aldrich) for 15 min at room
temperature, and, after being washed three times with DPBS solution,
permeabilized with 0.1 % Triton X-100 (Sigma-Aldrich) for 5 min at
room temperature.

Cells were labeled with Phalloidin FITC (1:200) for 45 min at room
temperature, washed three times with DPBS, incubated with Hoechst
(1:1000) for 15 min at room temperature, and, after a wash with DPBS,
mounted with ProLong™ glass antifade mountant (Thermo Fischer
Scientific).

For Isolated nuclei, the nuclei were fixed in 4 % paraformaldehyde
(Sigma-Aldrich) for 15 min at room temperature, washed three times
with DPBS solution, and incubated with 2 % BSA (Bovine Serum Albu-
min) for 30 min at room temperature for blocking non-specific sites. The
samples were washed three times with DPBS and, for observing the
preservation of the nuclear membrane in isolated nuclei, incubated with
the primary monoclonal mouse antibody against Pan Lamin (AB20740,
Abcam) at a concentration of 1:50 in 2 % BSA overnight at 4 °C. Nuclei
were washed three times in DPBS and incubated at room temperature for
45 min with 1:200 secondary antibody anti-mouse conjugated with Atto
647N. After washing three times in DPBS, the nuclei were labeled with
Phalloidin FITC (1:200) for 45 min at room temperature, washed three
times with DPBS, incubated with Hoechst (1:1000) for 15 min at room
temperature, and, after a wash with DPBS, mounted with ProLong™
glass antifade mountant (Thermo Fischer Scientific).

Confocal z-stack images of the samples were obtained by using a
Stellaris-8 (Leica Microsystems, Germany) equipped with a white light
laser, HyD detectors, and 100x/1.40 NA oil immersion objective of an
inverted microscope.

For volume analysis of the nuclei, live cells nuclei were Labeled with
NucSpot Live 650 Nuclear Stain (1:1000, Biotium) and incubated at 37
°C for 2 h. Following incubation, samples were washed once and imaged
in DPBS. Isolated nuclei were labeled in DPBS, incubated at 4 °C for 2 h,
and subsequently imaged in DPBS.

2.5. Atomic force microscopy

AFM studies were conducted employing a Nanowizard IV (Bruker,
USA) AFM system integrated with an inverse optical microscope DMi8
(Leica microsystem, Germany) equipped with 40x, 10x objectives, and
10x ocular. Two different kinds of probes and cantilevers were used.
First, silicon nitride triangular cantilevers equipped with a pyramidal tip
(DNP-10, Bruker, USA) were employed as sharp indenters. The nominal
spring constant was 0.06 N/m, the tip radius of curvature was 20 nm.
Subsequently, nuclear elasticity was probed using spherical polystyrene
beads (@ 10 pm; Polysciences, USA) mounted on silicon tipless cantile-
vers TL1 (Nanosensors, Switzerland) with the nominal spring constant of
0.03 N/m. The actual spring constant of each cantilever was determined
in situ, using the thermal noise method [59].

In studying the samples, the AFM probe was positioned on top of the
nucleus with the aid of the inverted optical microscope. In indentation
experiments, the maximum force applied was 5 nN on the nuclear region
of living cells and 3 nN on the isolated nuclei. The tip speed was
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maintained constant to 5 um/s in all the experiments. Measurements
were taken only from cells that were standalone, without any neigh-
boring or overlapping cells. In the case of isolated nuclei, only those
visually checked to be free of the cytoplasmic matrix were measured.
Measurements were carried out in DPBS (Sigma-Aldrich, USA) for not
more than 2 h in the Petri dishes, which were mounted in a temperature-
controlled holder, the Petri dish heater (Bruker, USA), and kept at 37 °C.

To analyze the data, two different models of contact mechanics were
employed: the standard Hertz-Sneddon model for the spherical probe
and the Bilodeau approximation for the pyramidal tip. Hertz-Sneddon
models are valid for axisymmetric indenters; Bilodeau extended the
Hertz-Sneddon theory to non-axisymmetric geometry, such as quadratic
pyramids. Egs. (1) and (2) below represent the Hertz-Sneddon model for
a spherical indenter and the Bilodeau approximation for a quadratic
pyramid, respectively.

3
p— 4 EVRS ¢3)
3(1-1v?)
E 2.
F =0.7453 S“tana (2)
1-—12

Where F is the force applied, 5 is the indentation, v the Poisson’s ratio for
nucleus and cell, which was considered 0.5 as for an incompressible
material [60], R is the indenter radius, and a is the half-face angle of the
pyramid. When using a spherical probe to investigate isolated nuclei, in
the Hertz model, R is adjusted to account for the contact area between
two spheres (the nucleus and the probe). Therefore, the effective radius

of curvature R used in Eq. (1) is replaced by § = -+ g, where R; and R,
are the radii of the nuclei and the probe, both considered to be equal to 5
pm.

The AFM was also used to obtain stress-relaxation measurements. In
this approach, we used spherical polystyrene beads (@ 10 pm; Poly-
sciences, USA) attached to an NP-10 silicon nitride tipless cantilever
(Bruker, USA) with a nominal spring constant of 0.24 N/m. A defor-
mation of the sample is applied sharply, approaching the sample at a tip
velocity of 30 pm/s. The force was tuned to have indentation around 1.5-
2.0 pm; for this reason, the force applied to nuclei was smaller than that
applied to living cells. Once the force setpoint is reached, the AFM Z-
piezo is maintained in a fixed position, and the cantilever deflection is
monitored in time. After the large deformation is applied, the redistri-
bution of the water content within the nucleus is responsible for the
shape remodeling that brings a decrease in the cantilever deflection
[61].

2.6. Brillouin-Raman microscopy

A detailed description of the custom-made setup for the correlative
Raman and Brillouin analysis is reported in [44], here in brief we report
the principal characteristics and the relevant information on the data
acquisition and data treatment. The experimental setup uses a
single-mode Spectra-Physics Excelsior laser of 1 = 532 nm wavelength.
The same water immersion objective (UPLSAPO 60XW from Olympus) is
used both for focusing the light on the sample and collecting the
back-scattered light. For this study, the intensity of the laser beam was
reduced to approximately 6mW at the sample to prevent photodamage
on the living cells. The samples of the cells and nuclei were prepared on
a cover glass and kept in the HBSS for almost 2 h of measurements.

The scattered light is spectrally separated by an edge filter [44], the
long wavelength component (> 533 nm) is analyzed by a Raman spec-
trometer (RM- Horiba iHR320 Triax) and the short wavelength
component by a Brillouin interferometer (HC-TFP2) in order to relate
the biochemical information to the mechanical properties.

In the backscattering geometry chosen in the presented experimental
settings, the Brillouin spectra are composed of two Brillouin peaks
(Stokes and anti-Stokes peaks) equally shifted by the elastic component.
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10 pm

Fig. 1. a) Two-color confocal images of human skin fibroblast cells labeled with Phalloidin FITC for actin (green) and Hoechst for DNA (blue); the intact cell shows
both signals, green and blue. b) isolated nuclei, labeled with the previous two fluorescent probes plus an additional anti-Pan Lamin antibody that binds Lamin A and
Lamin B. The images show the isolated nuclei without the cytosol around them, and the nuclear lamina preserved.

The position and width of the Brillouin peaks contain information about
the real and imaginary parts of the longitudinal elastic modulus.

M(f)=M (f) +iM (f) 3

In particular, the real part, M’(f), corresponding to the stiffness of the
material at the Brillouin frequency, can be calculated by the frequency
shift of the scattered light, while the imaginary part, M"’(f) holds the
information of the viscosity of the sample and it is related to the peak
width, [7]. The real part which is of our interest can be given by:

2
- % )
Being q the exchanged wavevector of the scattering process
4mn . 6
= sing 5)

Being p is the density, n the refractive index, and 6 the angle between
the illuminated and collected light. In our analysis, we considered a
nuclear density of p = 1080 kg/m and a refractive index of n = 1.386, as
reported in the literature [44,46]. These values have been kept constant
for nuclei in both conditions. In fact, in the definition of the longitudinal
elastic modulus, density, and refractive index are entered as p/n2, a ratio
that, as highlighted in different cases in the literature, maintains a
constant value [46,62,63]. From a physical standpoint, this approxi-
mation relies on the connection between the refractive index and density
via atomic polarizability. In our analysis, we assumed that M'x ©b2
neglecting the variation in p/n2, which is less than 1 %, also in fibro-
blasts exposed to different levels of hyperosmotic shock [46]. The Bril-
louin spectrum is fitted using a DHO function convoluted with the
instrumental response [44].

Iy fir

2% g (6)
T (fz_fg) -l-sz

I(f) R(f)

fp is extracted as a fitting parameter.

This method takes into account the spectral resolution of the spec-
trometer as well as the spread in q by the optical setting, i.e. all the
possible q values allowed in the used optical configuration. For further
details, refer to [44].
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2.7. Statistical analysis

In this study, cells of six different passages were analyzed. AFM ex-
periments measuring the Young’s modulus of elasticity were performed
on over 100 nuclei. For the BM, more than 60 nuclei and over 50
nucleoli were analyzed. Results are presented as the mean =+ standard
deviation (SD), calculated using OriginPro 2020. Statistical comparisons
between the two groups were conducted using the Student’s two-sample
t-test. Statistical significance was denoted as follows: p < 0.05 (*); p <
0.01 (**); p < 0.001 (***); p < 0.0001 (****); and ns for no significant
difference.

For comparisons involving longitudinal modulus versus Young’s
modulus, data are presented as the mean + standard error of the mean
(SEM) to be comparable with other papers.

3. Results and discussion
3.1. Intact cells and isolated nuclei

For the purpose of this study, with the aid of the inverted optical
microscope of AFM only nuclei that were entirely free of cytosolic
remnants were selected for measurement. However, to ensure a more
precise analysis and to confirm the preservation of the Lamin region
surrounding the nuclei, intact cells and isolated nuclei were labeled
(Materials and Methods) and investigated by confocal microscopy. Im-
ages obtained from the intact cells show the nucleus in blue and the
cytosol area in green (Fig. 1a). The confocal images taken after the
nuclei isolation process reveal that the nucleus remains intact and is
surrounded by the labeled nuclear lamina. It is important to note that
the green signal of Phalloidin FITC is absent, indicating that the cyto-
plasmic matrix is completely removed after nuclei isolation (Fig. 1b).

3.2. AFM nanoindentation experiments

The AFM nanoindentation experiments were performed using both
standard pyramid AFM probes and micro-sized spherical beads (Mate-
rials and Methods). With the aid of the inverted optical microscope, the
AFM probe and nucleus are witnessed and marked. Fig. 2a, shows a
spherical probe in the proximity of a living fibroblast. The nucleus (red
circle) is clearly displayed in optical images; subsequently, the probe is
positioned on top of the nuclear region of the cell to acquire the
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Fig. 2. a) The micro-bead probe and the nucleus in the living cell, marked by an arrow, the inset shows the SEM image of the probe b) the probe and the isolated
nucleus ¢, d) force-indentation with the pyramidal sharp probe on the nuclear region of the cell and isolated nuclei respectively e, f) F-D curves of the micro-bead

probe of the same samples.

corresponding force-distance (F-D) curve. Fig. 2b shows a spherical
micro-bead probe and an isolated nucleus (red arrow).

F-D curves acquired on the nuclear region of living cells and isolated
nuclei are reported (Fig. 2b,d—f). F-D curves obtained on the nuclear
region of cells with sharp pyramidal probes resulted in a monotonic
growth of F as a function of the indentation depth (Fig. 2¢). On the
contrary, curves acquired on isolated nuclei showed additional peaks,
corresponding to tip penetration events (often multiple, Fig. 2d). This
approach with specific AFM probes of a very high tip height was re-
ported to study the nuclear mechanics [23], but for common pyramidal
AFM probes used in this study, it is proposed that the cantilever might
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also come into contact with the cell for a certain amount of indentation;
therefore pyramidal probes may overestimate E in comparison to
spherical probes [64]. In this study, we are instead directly evaluating
the nuclear region, which is the highest point, and the data were
analyzed for lower forces and indentations before the breakthrough,
lower than 600nm, an indentation depth well below the typical tip
height in a pyramidal probe. Nonetheless, the experiments were
continued using spherical microbeads. F-D curves acquired with larger
indenters show a regular trend on both the nuclear region of living cells
(Fig. 2e) and isolated nuclei (Fig. 2f).

Experiments with pyramid indenter were carried out on 192 nuclear
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(****=p < 0.0001, two-sample t-test).

regions of living cells and 102 isolated nuclei, while spherical beads
were carried out on 197 nuclear regions of living cells and 150 isolated
nuclei from 6 different cell passages in culture. Comparison experiments
provided different results: nuclei measured in their native environment,
i.e., nuclear regions of living cells, appeared stiffer than the isolated
nuclei by a factor of 3.5 in the case of micro-bead probe and by a factor
of 4.8 in the case of pyramidal probes (Fig. 3). It needs to be mentioned
that the results obtained with sharp pyramidal tips on isolated nuclei
were not very reproducible, since also at indentation below 600 nm, one
or more rupture events can be present in the F-D curves, being signifi-
cant sources of indetermination. Only in this case, a significant number
of curves have been rejected, due to their highly irregular behavior. The
occurrence of breakthrough events indicates that isolated nuclear
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Brillouin Intensity (arb. units)
g

+ NUCLEOLUS
NUCLEUS

T

T
.

Brillouin intensity (arb. units)

6 7 8

9 10
frequency shift (GHz)

membranes are less resistant to mechanical stresses compared to the cell
membrane. The nuclear membrane is made of a double lipid bilayer,
stabilized by the presence of a filament meshwork of the nuclear lamina,
but we do not have a-priori clues suggesting its poor mechanical sta-
bility. We cannot exclude that, although overcoming osmotic disruption,
the lipid membrane of the nucleus can be damaged during isolation.
Other studies reported the influence of the cytoskeleton on nuclear
mechanics due to the physical anchoring of the skeleton to the nucleus
[27,28]. Furthermore, previous works demonstrated that the presence of
the cytoskeleton is important in the regulation of nuclear mechanics and
mechanotransduction [28,65,66]. In particular, actin and tubulin
meshwork act by buffering external mechanical forces, reducing nuclear
deformation, and aiding in strain recovery. This fact supports the idea
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reported as solid lines while the data are the full dots d) Frequency shift of the nucleus in respect to nucleolus e) The Longitudinal modulus of the isolated nucleus [Iso
Nuc], intact Nucleus in living cell [Inct Nuc], Nucleoli in the isolated nucleus [Nucleoli Iso Nuc], and nucleoli in intact Nucleus [Nucleoli Inct Nuc], form 93 intact
cell and 68 number of isolated nuclei samples (**** = p < 0.0001, t-test). The elastic moduli were obtained considering a density of p = 1080 kg/m and a refractive
index of n = 1.386 [44,46].
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that isolated nuclei have different mechanics. We cannot exclude that
the higher stiffness measured pushing on the nuclear area in living cells
could be due to a spurious contribution provided by the rigid cytosolic
region that is present between the nucleus and the AFM probe. The AFM
analysis is not driving an unambiguous interpretation of the results. For
this reason, the application of a second technique, possibly
non-contact-based, is necessary to confirm this analysis.

3.3. Brillouin microscopy analysis

The simultaneous Raman and Brillouin Microscopy characterization
enables the correlation of biochemical composition and mechanical
properties by an all-optical approach. The typical Raman and Brillouin
spectra acquired in the nucleus are compared to those of the buffer so-
lution. While Brillouin spectra primarily provide information based on
peak position and width, Raman spectra offer insights into the presence
of specific chemical species and their relative concentrations through
the presence of characteristic peaks and their intensities. Notably, in the
high frequency range, there is a band centered around 2800 cm™ in the
Raman spectrum of the nucleus that corresponds to C-H2 and C-Hs
stretching vibrations, indicating the presence of organic molecules such
as lipids, proteins, and DNA [44]. The broad band centered at about
3300 cm™ is attributed to the vibrational modes of water [44].

Although the BRMS technique allows high-resolution chemical and
mechanical mapping, we prioritized analyzing a larger number of cells
by examining multiple points within the nuclei. These points were
randomly selected, while the nucleolar region, identified through
bright-field imaging, was analyzed separately. To determine the optimal
axial plane for measurements, a z-map signal of the Brillouin spectra was
recorded at different focal planes, following the procedure described in
ref [67]. The position was then chosen at the center of the nucleus.

By focusing the laser light inside the nucleus, it is possible to selec-
tively measure nuclear mechanics within intact cells avoiding contri-
butions of the surrounding cellular regions. The capability of BM to
analyze small subcellular compartments is also tested by analyzing the
nucleolus, a denser and smaller part of the nucleus with typical sizes
ranging from 1-2 pm. Despite their relatively small size, nucleoli are
significantly stiffer than other cellular structures, including the nucleus.
Their properties have been already studied using BM and AFM [45,68,
69]. The AFM study in ref [69], identified nucleoli in phase and
amplitude images, but their mechanical properties were affected by the
presence of fibers. Similarly, the BM study in ref [45] analyzed nucleoli.
However, here we are focusing our interest on nuclear mechanics. The
measured Brillouin spectra are reported in Fig. 4, comparing the signals
of the nucleus in its native environment with those after the isolation
process, together with the fitting curves and the buffer signal. Even in
the raw data, the Brillouin peak shows a clear frequency shift occurring
in isolated nuclei (Fig. 4c), this measurement unambiguously highlights
the significant mechanical variation induced by the isolation process.

To quantify the mechanical modifications, we determined the lon-
gitudinal modulus for nuclei and nucleoli in intact cells and in isolated
conditions. The data are plotted in Fig. 4e demonstrating that nuclei
within the cell are significantly (p < 0.0001) stiffer than the isolated
ones, exhibiting an increase in stiffness by a factor of 1.08. A comparable
change is also measured for the nucleoli, attesting that the extraction
procedure deeply alters nuclear mechanics, leading to modifications in
the elasticity of these dense regions rich in genetic and protein material.
The direct comparison between the stiffness measured by AFM and by
Brillouin microscopy is not trivial, considering that the provided elastic
moduli are fundamentally different [70]. While both of them measure
the uniaxial strain response of the materials to the uniaxial stress, the
longitudinal modulus (M) considers deformations constrained along the
axis and measures the compliance of the sample to changes in volume.
Instead, Young’s modulus (E), considering unconstrained deformations,
also measures the compliance of the sample to changes in shape even at
constant or nearly constant volume [7,71].
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Fig. 5. a) Comparison of Young’s modulus and the longitudinal modulus of the
nuclei in two different microenvironments of intact cells and isolated. Young’s
modulus of elasticity shows 600 + 300 Pa and 2100 + 900 Pa for the isolated
and intact nuclei, respectively; for the same samples, the longitudinal modulus
is 2.41 + 0.04 GPa and 2.59 + 0.06 GPa. The plot shows mean and SEM. (black
dots); the data of single cells from ref [46] are also reported for comparison
together with the data of retina from ref [73] in which the Poisson ratio is fixed
to the value of 0.5.

In fact, using the assumption of incompressible materials (Poisson
ratio, v = 0.5), E is only sensitive to sample deformations and in this
approximation often used for biological materials, the formal relation
linking the longitudinal modulus, M, to Young’s modulus, E,

M=E(1-v)/((1+Vv)(1—-2v)),

leads to an undefined expression explaining why M and E differ by
several orders of magnitude.

Moreover, as part of this fundamental difference, the Young’s
modulus measured by AFM and the longitudinal elastic modulus
measured by Brillouin are also probed at very different frequency re-
gimes (quasi-static and GHz, respectively). This is known to affect the
elastic properties of biological samples, which have an intrisic visco-
elastic nature [72]. In any case, despite these differences, experimental
comparisons of M and E have been proposed for specific materials, such
as cells under hyperosmotic shocks or different retinal layers [46,73],
showing a positive correlation between them. Based on these empirical
findings, the variation in M of 8 % measured in the present case can lead
to a 3.5-fold modification in E.

In Fig. 5, we present the correlative variation between elastic moduli
obtained by AFM and Brillouin microscopy. Even with the uncertainty
due to the presence of other contributions in the AFM measurements, the
observed variation in the two moduli appears to be consistent with the
expected trend of litterature data.

4. Enriched water content in isolated nuclei modifies their
mechanical properties

We found that the nuclear isolation procedure strongly modifies
nuclear mechanics and that AFM nanoindentation reveals that the nu-
clear membrane does not withstand mechanical stresses induced by a
sharp indenter (Fig. 2d). Additionally, the Raman spectra, acquired
simultaneously with the Brillouin spectra, are examined to investigate
the presence of eventual biochemical modifications induced by the
isolation process. The analysis of Raman data (Fig. 6a) indicates a higher
content of water in isolated nuclei with respect to the nuclei in living
cells. Normalizing the Raman spectra at the high-frequency carbon-
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Fig. 6. a) High frequency of Raman spectra of isolated and intact nuclei. The spectra are normalized to the carbon-hydrogen (CH) stretching band, centered at about
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concentration in PBS (two-sample t-test).

hydrogen (CH) stretching band, centered at about 2900 cm—1, the in-
tensity of the OH band, centered at 3300 cm—1, is increased by a factor
of 2.2.

While the intensity of the C-H stretching band can account for the dry
mass present in the scattering volume, the intensity of the OH band is
directly related to the water content, which is significantly higher in
isolated nuclei with respect to the intact nuclei inside living cells. The
data reveal significant changes in chemical composition, which may
underlie the modified mechanical properties. To delve deeper inside, we
applied a different AFM approach, acquiring stress-relaxation curves, as
described in the Materials and Methods section. To acquire the stress-
relaxation curves, we applied sharp deformation of the nuclei using
large spherical indenters and applied forces that induced significant
indentation (15 %-25 % of the overall nuclear thickness). After reaching
the setpoint force, the Z-piezo is maintained in a fixed position for some
seconds. The redistribution of the internuclear content is displayed by a
decrease in the cantilever deflection (Fig. 6b) the deflection is reported
in the force unit. On living cells, we found a typical visco-poroelastic
behavior [22,61,74]. Qualitatively also, the curve on isolated nuclei
follows this trend, but after a few seconds, the cantilever deflection
reaches the same level observed in the baseline. Already 400 ms after
reaching the setpoint force, the cantilever deflection is recovered for
~80 % while pushing on the nuclei within intact cells; this value is
around 20 %. This anomalous behavior is related to the free motion of
fluids through the nuclear membrane; the isolated nuclei membrane is
not able to sustain hydrostatic pressure induced by the compressive
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forces, as in the case of the cell membrane.

To further investigate the increased water content of isolated nuclei,
they were labeled and imaged using 3D confocal microscopy (Materials
and methods). Nuclear volume was quantified using Fiji software and
compared to that of nuclei in live cells and analyzed under the same
conditions. The results, presented in Fig. 6¢, indicate that the volume of
isolated nuclei is indeed larger than that of intact nuclei, 1200 + 500
um® and 800 + 300 pm® respectively, likely due to higher water content.

As a last examination, we studied nuclear mechanics, incubating the
isolated nuclei in a buffer with different ionic strengths, following the
procedure described in the Materials and Methods section. In principle,
we expected an influx of water at low ionic strength and an outflux at
high ionic strength. This should be the typical mechanism to reach the
osmotic equilibrium in the presence of a semi-permeable membrane
[75]. On the contrary, we found that the changes in buffer composition
are not influencing the Young’s modulus of the isolated nuclei (Fig. 6d).

The overall interpretation of these results is not obvious. The
decreased capability of isolated nuclear membrane to withstand small
indentation induced by AFM tip suggests a damage that compromises
the membrane integrity. On the other hand, a decrease in stiffness in
isolated nuclei was also measured using an isolation procedure that
excludes the use of potentially damaging detergents [22]. Our additional
experiments clearly indicate increased water content in isolated nuclei
and the capability of water to freely diffuse through the nuclear mem-
brane. However, it was already known that the membrane of the nu-
cleus, characterized by the presence of the large gates represented by the
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nuclear pore complexes, is permeable to water and even to relatively
large macromolecules until ~40 kDa, and variation in the osmotic
pressure, (in this case, more appropriately defined colloid osmotic
pressure) have been measured only in the presence of macromolecules
with molecular weight above 70 kDa [76,77]. The nuclear membrane is
not behaving as a semi-permeable membrane but as a membrane
selectively permeable to water and macromolecules below a certain size.
The lack of macromolecules outside the isolated nucleus, results in a
lower osmotic pressure from the external environment. This led to an
influx of water into the nucleus causing swelling of the nucleus, within
this larger nuclear volume, a loosening of chromatin packing occurs
[781, finally contributing to lower stiffness of isolated nuclei as a
consequence of the reduced macromolecular crowding.

5. Conclusion

In this research, a multi-technique approach was used for a
comprehensive study of nuclear mechanics. We demonstrated how the
use of an integrated approach, based on a combination of complemen-
tary techniques, improves our investigation capability and could be
important to define new procedures to cover the gap between research
applications and biomedical/diagnostic developments.

In our investigation, AFM and Brillouin Microscopy were employed
to examine the nucleus in two different microenvironments: inside
living cells and in isolated conditions. From AFM analysis isolated nuclei
result significantly softer compared to those indented within living cells.
Isolated nuclei are removed from their native environment, resulting in
the loss of connections to the surrounding cytoskeleton. Conversely,
studying the nucleus within a living cell using AFM which is a contact-
based technique, cannot entirely eliminate potential contributions from
the overlying cytoskeletal architecture. This limitation is not present in
Brillouin Microscopy, which uses an all-optical microscopy approach.
Brillouin Microscopy detected a significant decrease in the elasticity
modulus of isolated nuclei, demonstrating that the nuclear extraction
process strongly modifies nuclear mechanics. The results from the two
techniques are in agreement, indicating that particular attention must be
paid to results obtained from isolated nuclei. Despite this, the isolated
nuclei can still be used for comparative experiments, such as comparing
the stiffnesses of different populations of nuclei, as done by Ferrera et al.
[35]. Further evidence revealed an increased water content in isolated
nuclei. The altered nuclear homeostasis, together with the loss of contact
with other cytosolic structures are at the base of the changes of their
mechanical properties.

In conclusion, an accurate evaluation of the mechanical properties of
the nucleus can be done only by working on living cells, avoiding the
loss of physical connection with the cytoskeletal structures and probable
modification of the nuclear membrane properties. To this end, using
BRMS for measuring nuclear mechanics is suggested thanks to its
capability to precisely localize the analysis in a subcellular volume
without the use of a physical probe.
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