fﬁf}gﬂ.ﬂ, View Article Online

Soft Matter

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: N. Bouchonville,
M. Meyer, C. Gaude, E. Gay, D. Ratel and A. Nicolas, Soft Matter, 2016, DOI: 10.1039/C6SM00582A.

P P This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

wwwrsc org/softmatter

Soft Matter

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

&Ro?%ﬁsﬁgm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/softmatter


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c6sm00582a
http://pubs.rsc.org/en/journals/journal/SM
http://crossmark.crossref.org/dialog/?doi=10.1039/C6SM00582A&domain=pdf&date_stamp=2016-06-21

Page 1 of 11

Published on 21 June 2016. Downloaded by University of Florida Libraries on 25/06/2016 22:39:14.

Journal Name

ARTICLE TYPE

Soft Matter

View Article Online
DOI: 10.1039/C6SM00582A

ROYAL SOCIETY

OF CHEMISTRY

Cite this: DOI: 10.1039/XXXXXXXXXX

AFM mapping of the elastic properties of brain tissue

reveals kPa/um gradients of rigidity’

Nicolas Bouchonville,**< Mikaél Meyer,¢ Christophe Gaude,*“¢ Emmanuel Gay,* "
David Ratel,“¢ and Alice Nicolas*®/<

Received Date
Accepted Date

It is now well established that cell mechanical environment in tissues deeply impact cellular fate.

DOI: 10.7T039/XXXXXXXXXX

www.rsc.org/journalname

including life cycle, differentiation and tumor progression. Biomaterials already account for thic
parameter, and in general, their main focus is to control the rheological properties of the biome

terials at a macroscopic scale. However, recent works demonstrated that cells can stress the.r
environment below micron scale, and therefore possibly respond to the rheological properties c:
their environment at this micron scale. In this context, probing the mechanical properties of physi-
ological cellular environments at subcellular scales is becoming critical. To this aim, we performer
in vitro indentation measurements using AFM on sliced human pituitary gland tissues. A robust
methodology was implemented using elasto-adhesive models, that shows that accounting for th
adhesion of the probe on the tissue is critical for the reliability of the measurement. In addition
to quantifying for the first time the rigidity of normal pituitary gland tissue, with a geometric mean
of 9.5 kPa, our measurements demonstrated that the mechanical properties of this tissue are fer
from uniform at subcellular scales. Gradients of rigidity as strong as 12 kPa/um were observec.
This observation points that physiological rigidities can be strongly non uniform at the micror

scale.

1 Introduction

Organs and biological tissues are soft, with rigidity spanning from
less than 100 Pa within adipose tissues, to GPa in bones!. These
values are averaged compliances of entire organs, obtained by ex
vivo macroscopic rheological measurements, for instance through
rheometers23, stretching® or compressive devices3> (see! for a
more detailed review). More resolved mechanical characteriza-
tions are provided by Magnetic Resonance Elastography (MRE)©
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and ultrasound elastography’ which allow an in vivo, non de-
structive mapping of the rheological properties of tissues, froiu
cm’ down to mm?. In vivo indentation could also reach these
specifications on soft or hard tissues®°. Going still down scal=
appears more and more relevant, as tissue cells were shown to
orient their fate in accordance to the cell-scaled mechanical env
ronment 1012, This issue recently came to the front stage as cell:
were proved to probe the rigidity of the extracellular matrix belo v
micron scale, by the contraction of their adhesion complexes !°.
And indeed, supramolecular force sensors were identified within
the adhesion complexes named focal adhesions 1416,

Consequently, an issue is now to get a quantification of the rigidi-
ties and the rigidity gradients cells are facing in a tissue at micron
scale. Up to now, only millimeter-scaled gradients of rigidity were
considered, and for instance their role on the development of the
central nervous system was emphasized!”. But regarding the
recent finding that cells could in principle probe micron-scaled
rigidity 1316, elucidating micron-scaled rigidities in physiological
tissues is to be performed. For this purpose, we propose here
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the first micron-scaled averaged mapping by IT-AFM of a brain
tissue, the pituitary gland tissue. Micron scaled averaging is per-
formed using a spherical AFM probe of 10um diameter. At cen-
timeter scale, the rheological behavior of brain tissues was shown
to be visco-elastic with non linearities and plasticity®1819,
the present article, we propose a methodology to address rigidity
measurements by indentation first by setting up an easy handling
criterion to mark out the linear elastic response to indentation.
Second, we demonstrate that adhesive interactions between the
probe and the tissue critically influence the quantification of the
elastic modulus, and must be accounted. As our measurement
shows here, the pituitary gland tissue is of intermediate stiffness
compared to other organs!. Technical difficulties that are met
here due to the use of a large probe and the potentially complex
rheological behavior of the tissue are then representative of many
other tissues. The proposed methodology goes therefore beyond
the measurement of this specific tissue and addresses indentation
measurement on sticky elastic samples with a spherical probe.

In

2 Marking out the boundaries of the elastic
regime

A critical issue in the determination of mechanical properties by
indentation is the way data is fitted. Indeed, post-treatment dra-
matically influences the results depending on the part of the in-
dentation curve that is fitted, because most of the samples are
heterogeneous and/or exhibit non-linear properties?°. Then it is
worth setting up a methodology to determine what part of the in-
dentation curve corresponds to the actual elastic response of the
sample. Different fitting boundaries can result in a two times dif-
ference on the measured stiffness (see supplementary information
Figure S1). Fitting the right portion of the experimental curve is
a long standing issue, which was presently solved by using a slid-
ing or growing window strategy21-22. This technique involves a
fit of the indentation data at multiple indentation depths and/or
on a growing area of the curve. In general, the Young’s modulus
reaches a plateau which corresponds to the actual Young’s modu-
lus of the sample. This method proved very efficient for samples
with simple behavior, such as thick polyacrylamide hydrogels, but
is difficult to interpret in the case of thin2! or multilayered sam-
ples (see SI). In addition, it is time consuming, because each in-
dentation curve has to be fitted multiple times in order to reach
the required accuracy that allows challenging the appropriateness
of the model. Consequently, we adapted a method proposed by
Cappella et al23 for pyramidal tips and non adhesive materials to
our case of spherical indenter and adhesive interaction between
the probe and the tissue. This method consists in plotting the vari-
ation of the indentation force to the appropriate power law with
the indentation depth. Thus, when assuming a purely elastic in-
teraction between a spherical probe and the sample, this power
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law is 2/3 as predicted by Hertz’s model:
F, = K83/?R\/2 (1

with F, being the normal, indenting force, § the indentation
depth, R the radius of curvature of the indenter and K the renor-
malized elastic modulus, related to the Young’s modulus E and
Poisson ratio v by K = 4/3E/(1 — v?). Below we show that ac-
counting for an additional adhesive interaction between the tip
and the sample does not modify this exponent to zeroth order.

Theories have been developed to account for adhesion forces.
The Johnson-Kendall-Roberts (JKR) model and the Derjaguin-
Muller-Toporov (DMT) model describe extreme situations: the
JKR model accounts for dominant adhesion forces in the contact
zone, while the DMT model assumes dominant elastic resistance
in the contact zone but non negligible adhesion forces in the pe-
riphery of the contact zone. In the absence of any a priori on the
relative strengths of the elastic and the adhesive contributions to
the shape of the indentation curve24, we in the following consider
both models.

The JKR model applies for soft materials with large surface en-
ergy and probes with large curvature radius2°. For a spherical
indenter, the JKR model can be expressed by the following equa-
tions 20:

s — ajkr 4 [askrFad
R 3 RK

R 1/3
djKkrR = <E) (\/Fad+ Fn+Fad)2/3

s YR 2

F =
ad 2

with the same notations as in Eq. 1 and y the interfacial energy
and F,; the adhesive pull-off force between the two surfaces. ajxg
denotes the contact radius that accounts for the deformation of
the substrate that sticks to the probe. On the other hand, the
DMT model applies for hard materials with low surface energy
and probes with small curvature radius2>. For a spherical inden-
ter, the DMT model writes27:

F, = K&8/RV2_-F,
Fa = 2myR 3)

with the same notations as above.

A characteristic parameter 2528,

1~ (RP/EH)3 /2 )

with zg the equilibrium distance associated to the attractive poten-
tial, allows discriminating between JKR and DMT models. It mea-
sures the ratio between the normal elastic deformation caused by
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adhesion in the absence of applied load and the spatial range of
the adhesion forces themselves. Thus large u reveals strong ad-
hesion on short range and therefore supports JKR model, while
1 < 1 reports that adhesion forces outside the contact region are
not negligible and therefore promotes DMT model. Consequently,
to the zeroth order, the indenting force F, is the interfacial force
F,, within the JKR assumptions. On the contrary, F, opposes the
elastic resistance within DMT assumptions, as DMT model as-
sumes that the deformation caused by the indentation is closed
to Hertz’s prediction2”. Replacing F,,; by F, in Eq. 2 or neglecting
F,, in Eq. 3 both lead to zeroth order to the scaling law:

FP s (5)

The scaling law that relates the indentation force F, to the in-
dentation depth § is to zeroth order identical to the case of the
purely elastic, Hertz’s model, although in the case of JKR model,
F, is dominated the adhesion force and not by the elastic resis-
tance of the sample. Then, plotting the indentation curve in the
form of Fnz/ 3 (8) allows marking out the boundaries of the validity
of elastic or elasto-adhesive models (Fig. 1). The escape of the
curve from the straight line marks out the range of the indenta-
tion depths where the fitting model is appropriate. But it is worth
noted that the consistency of the linearity between § and o ’3 for
all the families of models does not allow evaluating the relevance
of accounting for the surface energy. Adhesive forces can only be
excluded after evaluating the relative weights of elastic and ad-
hesive contributions obtained by the fit of the indentation curve.
This differs from indentation curves obtained with a pyramidal
indenter, where elasticity and adhesion contribute with distinct
scaling laws2°.

Q) cr = b)
[ o data S o0
ST Hertz g 37 o data
41 = = JKR j linear fit
23 /g
5 ~—
2 <
23 ol
n
0 foocooooomsnao — ol
71 L L L L L L ] L L L
03 -02 -0.1 0.0 0.1 0.2 0.0 0.1 0.2 0.3
§(um) 5(um)

Fig. 1 a) Experimental indentation curve F(9) fitted by Hertz (dash
dotted line) and JKR (dotted line) models. DMT model superimposes to
JKR. Hertz’s model predicts a Young’s modulus of 15.0 kPa and DMT
and JKR of 10.2 kPa. Fits were performed on the indentation range
selected in b. b) A linear fit (—) of the experimental data (o) drawn as
F,,z/ ? vs indentation & shows that experimental data exits elastic models
for indentation greater than 0.21 um. This gives the upper limit for fitting
the data.
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3 Results

This methodology was applied to the measurement of the Young’s
modulus of pituitary gland tissues. Indentation measurements
were performed on healthy parts of tumor resections (see Exper-
imental Section).

3.1 Measurement of the rigidity of pituitary tissue requires
an elasto-adhesive model

Hertz, JKR and DMT models were used to fit the indentation

curves. Results are illustrated on Figure 2. The log-normal fits

of these distributions are summarized in Table 1.

Hertz JKR DMT
Geometric mean E (kPa) 18.4 9.5 9.5
Dispersion for E (kPa) [6.2 55.8] [3.5 25.9] [3.5 25.0]
Geometric mean y (kPa.um) NA 2.3e-5 1.8e '
Dispersion for y (kPa.pm) NA [1.8e-90.3] [1.6e-9C.2
uzo (A)(Eq. 4) NA 2.6 3.1
Mean E (kPa) 32.1 14.9 14.»
Standard deviation E (kPa) 43.4 15.7 15
Mean y (kPa.um) NA 4.6e-3 3.1=-2
Standard deviation y (kPa.um) NA 2.3e-2 1.5e--
Mode E (kPa) 7.2 4.5 45 =
Mode vy (kPa.pm) NA 0 C

Table 1 Young’'moduli and interfacial energies obtained from the fits by
Hertz, JKR and DMT models, and the intervals that account for 66% of
the measurements.

In order to evaluate the relevance of using an elasto-adhesive
model compared to a Hertz’s model, we quantified the difference.
between the fitting parameters that are predicted by all the moc-
els. In case an adhesive model would be unnecessary, fitting pa-
rameters should converge to Hertz’s ones, with the interfacial en-
ergy v — 0. As shown on Fig. 2 and Table 1, this is not the
case: Hertz’'s model overestimates the rigidity of the samples o.
more than 90% compared to elasto-adhesive models. Calculatior.
of the characteristic length pzy (Eq. 4) shows that the descrip-
tion of the pituitary tissue gland stands in between JKR and DMT
models: uzg is of order of 1, which is of the order of the atom
distance zq that is expected for a Lennard Jones adhesive poten-
tial. Then models such as Maugis or Pietrement and Troyon?*
should be considered. However, as DMT and JKR models lead to
values that are not significantly different, we keep for the sake of
simplicity JKR and DMT fitting procedures.

3.2 Pituitary gland tissue bears elastic deformations up to
few nN

Figure 1a shows that the pituitary tissue gland has an elastic re-

sponse up to few nN. This statistically representative indentation

curve was fitted with a Young’s modulus of 10.2 kPa and is elas-

tic up to about 5 nN. Some curves representative of stiffer parts

of the sample are elastic up to a higher load whereas for softer
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Fig. 2 Frequency counts of the Young’s modulus E (a—c) and of the interfacial energy y (d—e) of pituitary gland samples, using Hertz (a), JKR (b,d)
and DMT (c,e) models to fit the indentation curves. Histograms are fitted using a log-normal distribution. In (a—c), the dotted line shows the peak of
the distribution, the dash-dotted line marks the geometric mean, which is also the median, and the dashed line points the arithmetic mean. Values are

reported in Table 1.

parts (lower than 1 kPa) the indentation is so huge (compare to
the polystyrene bead indenter) that the curve exits the model be-
low 1 nN due to indentation depth of more than the bead radius.
Then by calculating the maximal stress imposed by the bead, we
observed that pituitary gland tissue keeps elastic up to stresses
in the range [0.2 1.2] kPa, with geometric average of 0.5 kPa.
This value is of similar order of magnitude as cell stresses, of or-
der of kPa30:31, We can therefore conclude that cells in the pitu-
itary gland tissue probe to some significant extent tissue elasticity.
Considering the elastic regime of the rheological response of this
tissue then makes sense from a physiological point of view.

3.3 Pituitary gland tissue is not viscous at um/s speed of
indentation

Many samples like polymers show strong dependency to the
speed/frequency of the measurements23. This is also the case
of brain tissues when macroscopically indented to depths that are
larger than the limits of the elastic regime®. Here, we tested
the influence of the indentation speed on the measured micron
scaled Young’s modulus, within the range of the dynamics of cel-
lular forces. Amplitude of cellular tensions within cell adhesions

are of order of nN, leading to um scaled deformations within kPa

4| Journal Name, [year], [vol.],1—12

materials30. Additionally, the propagation the cellular tensions
in cells occurs within few tens of seconds3233. Then cell forces-
mediated deformations of the extracellular matrix are expected
to occur with velocities of order of um/s. Figure 3 shows the de-
pendency of the measured stiffness of the pituitary gland tissue
to the indentation speed in this range. It shows that values of the
Young’s modulus (and of the interfacial energy, data not shown) is
independent of the indentation speed. We can therefore conclude
that this tissue is not viscous in this range of velocity.

3.4 Pituitary gland tissue is 9.5kPa on median

1285 indentation curves were recorded by force mapping on 9
maps of 95 x 95 um? randomly distributed on 4.7 mm? within
two pituitary gland tissue samples from one patient. The Young’s
modulus shows a geometric average of 9.5 kPa (Figure 2 and Ta-
ble 1). However, the dispersion of the Young’s moduli is about
20kPa, as shown in Table 1. Figure 4a shows a representative
map of such force mapping. It shows that within a 95 x 95 um?
window, the rigidity goes from less than 1kPa to more than 50kPa.
This demonstrates that the pituitary gland tissue is highly hetero-
geneous at cell scale.

This journal is © The Royal Society of Chemistry [year]


http://dx.doi.org/10.1039/c6sm00582a

Page 5 of 11

30 T T T T T T T T

)

IN)
o
T

Young's modulus (kPa
=
T

0 2 4 6 8 10 12 14 16
Indentation speed (um/s)

Published on 21 June 2016. Downloaded by University of Florida Libraries on 25/06/2016 22:39:14.

data points. Bars show the geometric dispersion.
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View Article Online
DOI: 10.1039/C6SM00582A

Journal Name, [year], [vol.], 1-12 |5


http://dx.doi.org/10.1039/c6sm00582a

Published on 21 June 2016. Downloaded by University of Florida Libraries on 25/06/2016 22:39:14.

Soft Matter Page 6 of 11
View Article Online

DOI: 10.1039/C6SM00582A

40
X (um) X (um)

Fig. 4 a) Young’s modulus map of a pituitary gland tissue showing that local elastic properties of this gland are heterogeneous. b) Map of the spatial
gradient of the Young’s modulus shows values up to 12 kPa/um.
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3.5 Pituitary gland tissue bears kPa/um gradients of rigidity

Figure 4b shows a representative map of the gradient of the stiff-
ness within pituitary gland tissue. Local changes in stiffness were
measured up to 12 kPa/um. In this tissue, the geometric mean
of the gradients is 2.2 kPa/um. Thus pituitary gland tissue bears
kPa/um gradients of rigidity at micron scales, ie at scales that
are large compared to the molecular structure of the extracellular
matrix but smaller than cell size.

4 Discussion

Measuring the Young’s modulus of brain tissues is a crucial chal-
lenge for neurological studies. For diagnosis, it could help as-
sessing tumors 34 whereas for fundamental research it could help
understanding neurodegenerative diseases and probably the ac-
tion mechanisms of tumor spreading3®. It is also a critical input
for modeling traumatic brain injuries, where brain stiffness is of
dramatic influence for tissue reparation3°. The mechanical prop-
erties of brain tissues have been explored for many years (see37
for a review), and macroscopic in vitro and in vivo measure-
ments have revealed that brain tissues respond visco-elastically to
strains up to 30% . Pituitary gland escaped these extensive studies
probably because its sub-centimeter size prevents the use of non
intrusive techniques such as MRE. However, hormone secretions
from this gland are critical to the control of basic functions such
as temperature regulation or blood pressure, and pituitary tumors
are quite widespread. Then adding the mechanical characteristics
of this organ to the database of brain tissues makes sense. Here
we propose a first quantification of the elastic properties of pitu-
itary gland tissues.

We found that the human pituitary gland tissue of this patient
responded elastically to micron scaled indentations with veloci-
ties below 20 um/s. The measured rigidity was of 9.5 kPa in me-
dian, with 66% of the values standing in the interval [3.5 25.9]
kPa. These results are to be compared to the visco-elastic proper-
ties of the white and grey matters of dead pigs or live humans ob-
tained by IT-AFM 38, macroscopic indentation3%40, or elastogra-
phy*#!. Depending on the methods, the storage moduli stand from
0.3 to about 2 kPa, while the loss moduli are of similar amplitude.
The pituitary gland is expected to be stiffer, as experienced by sur-
geons. Our result then fits to this intuition. The rigidity distribu-
tion we find should however be complemented with tissues from
other patients to improve its statistical relevance. Nevertheless,
the preparation protocol is not expected to influence this value as
we could check that tissue integrity was not altered by the freez-
ing process (reticulin staining*2, data not shown). The absence
of viscosity we find, and which differs from the state-of-the-art
on white and grey matters, is to be reported to the speed of the
indentation we perform. For instance, our result does not give
information in the context of much more rapid impacts such as in

This journal is © The Royal Society of Chemistry [year]
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traumatic brain injury40.

The goal of this work is to offer either a macroscopic, statisti-
cal description of the rigidity of this organ as discussed previously,
but also the characterization of the micron scaled variations of the
rigidity. Nowadays, adenoma in the pituitary gland are localized
by MRI when they fix contrast agents. Otherwise, the surgeon has
to perform exploratory surgery and occasionally removes healthy
tissues, similar to the samples that we used in this study. Get-
ting an additional in vivo marker for tumor tissues in the pituitary
gland could help limiting the removal of healthy tissues. Rigidity
and gradients of rigidity could be such markers. Other works al-
ready showed in breast*3, lung** or liver® tissues that tumor tis-
sues have different mechanical properties. Concerning pituitarv
gland tissues, the gradient of rigidity could also be informative
on the state of progress of the cancer as these tumors are charac-
terized by a degradation of the extracellular matrix#2. Then, the
statistical descriptors of the distribution of rigidity values and or
the gradients of rigidity that are met in this organ would serve a.
a reference.

Micron scaled variations of rigidity are also of interest in a dit
ferent context. They could influence cell adhesion and migration,
as cell mechanosensitivity is suspected to take place at least partly
at the scale of the cellular adhesions, of few pm? 151646, Ther:
mapping rigidity variations in organs could become very informa-
tive in the context of understanding the mechanisms at the origii
of tumor spreading®’.

In order to probe the rigidity of the pituitary gland tissue av-
eraged on micron scaled areas, we performed AFM-controlled in-
dentation with a spherical indenter of 10 um diameter. This a.
lows mapping the tissue at subcellular scale but still at a large
scale compared to matrix mesh. Compared to nanoscaled inden
tation performed with pyramidal tips, using an indenter with -
large surface of contact brings the additional contribution of a1
attractive interaction between the tip and the sample. This contri-
bution scales similarly to linear elasticity, and therefore must bz
explicitly accounted in the models that are used to quantify the
elastic response from the indentation curve.

As mentioned in Section 2, the choice of the part of the inden
tation curve that is used to extract the fitting parameters, name v
the Young’s modulus, the interfacial energy and the position of
the contact point, is critical and strongly influences the result. In
the present work, we account for the interfacial energy that in-
fluences the indentation curve close to the contact point. Then
the remaining pitfall is to fit the curve out of the elastic regime.
For this purpose, we set up a criterion to select the region of the
curve that corresponds to the linear elastic response. We demon-
strated that in the presence of an interfacial energy, the indenta-
tion force F, scales to zeroth order with the indentation depth §
like F, = 83/2, as it is the case in the absence of adhesion. It is
however to be noted that F, is the elastic resistance of the sample
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only when adhesion comes to second order as in DMT model. F,
is predominantly the adhesion force in the case of a strong ad-
hesive interaction between the probe and the sample as in JKR
model. Then when replotting the indentation curve F,(J) in the
form F; 3 (8), the elasto-adhesive regimes appear as straight lines
(Fig. 1). This one step approach thus offers a fast method for
determining the range of the indentation curve for which the
models are appropriate. Compared to the well established slid-
ing window method 2122, this methodology is much faster and

also allows tackling multi-layered samples (see SI).

Here, we showed that the adhesive interaction between the
probe and the tissue cannot be neglected. Hertz’s model, that
only accounts for the elastic resistance of the tissue to indenta-
tion, overestimates the Young’s modulus of more than 90% (Table
1). The fact that we find a larger Young’s modulus when neglect-
ing adhesion is surprising as one would expect that an adhesive
interaction would suck the probe and therefore increase the de-
flection of the tip compared to a non adhesive sample. The reason
is that in principle, all the models would predict the same Young’s
modulus if the sample would bear elastic deformation up to infi-
nite forces. The difference between Hertz’s and adhesive models
comes from the fact that the fit can only be performed on a lim-
ited indentation range where the sample keeps elastic (see Fig.
1b). In this range, Hertz’s fit is strongly influenced by the shape
of the curve in the vicinity of the contact point for which it is not
relevant in the presence of adhesion. Adhesive models are built
to describe this region and are therefore less sensitive to the finite
range of the indentation curve.

Following previous work2* we explored the relevance of the
elasto-adhesive model that we used to fit the indentation curve.
We found that the adhesive interaction between the probe and the
sample occurs on atomic length (Eq. 4). Then the DMT and JKR
models we used are in principle not appropriated, and Maugis or
Pietrement and Troyon models should be considered 2. As either
DMT and JKR lead to non significantly different values (Table 1),
different outcomes are not expected with refining the description
of the adhesive interaction. We therefore kept DMT and JKR mod-
els to set up the fitting methodology of the indentation curve.

Using this methodology, our major result is that the rigidity
of the pituitary gland tissue is very heterogeneous at the mi-
cron scale. Gradients up to 12kPa/um were observed (Fig. 4).
This result is expected when performing a mechanical mapping
with a nanoscaled probe, such as a pyramidal tip. Then it mea-
sures the spatial heterogeneities at the molecular level of the
texture of the extracellular matrix for instance. And indeed,
Ref. 43 used this approach to show that cancer tissues from breast
biopsies are more loose than healthy tissues. Our observation
shows that mechanical heterogeneities with similar amplitude
of kPa/um also exist at larger scale. Here these may be mi-
cron scaled self-assemblies of macromolecules such as collagen IV
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bundles or collagen/elastin/laminin/fibronectin/reticulin fibrous
scaffolds*8, together with cells that are probed. Macromolecules
organized as densed fibers could then lead to rigidities of several
tens of kPa*?, while cells or macromolecules in gel-like structures
would give rise to kPa values of rigidity or below°.

This observation is of importance as it shows that in vivo, cells
meet gradients of rigidity that are at subscellular scales. And in-
deed, previous works already emphasized the contribution of gra-
dients of rigidity on the development of the central nervous sys-
tem3° and on stem cell differentiation>!, but in both cases, their
main focus was millimeter scaled rigidity gradients. Regarding
the already emphasized contribution of micron scaled rigidities
in cell adhesion and migration%1, it then suggests that subcel-
lular gradients of rigidity should also be accounted for in in vitro
experiments, as it corresponds to physiological conditions.

5 Conclusion

Mechanical indentation using AFM on sliced human pituitary
gland tissues revealed that the mechanical properties of this tissue
are strongly heterogeneous, with 66% of the values dispersed be-
tween 3.5 and 25.9 kPa, and geometric mean of 9.5 kPa. This dis-
persion is accompanied by kPa/um gradients of rigidity at micron
scale. Only smoother, kPa/mm, gradients have presently been ex-
plored, and shown to orient cell movement3%51:52 The impact
of such strong, subcellular gradients on cell behavior is now to
be elucidated, as molecular autonomous rigidity sensors have al-
ready been identified within cell focal adhesions13:15,

6 Experimental section

6.1 Tissue preparation

Pituitary tissue samples were obtained from the University Hospi-
tal Grenoble, Department of Neurosurgery. Informed written con-
sent was obtained from the patients or their families. Pituitary
tissue samples were collected from the operating room during
transphenoidal surgery and were immediately frozen at -80°C.
Frozen tissues, which sizes were below 1mm?2, were cut (150 um
in thickness) from surgical specimen using a cryostat and tissue
slices were deposited on glass slides and stored at -20°C. Then a
tissue slice was stained for reticulin, a protein of the extracellular
matrix of the pituitary gland. The organization of this protein in
a regular mesh is a marker of the integrity of the tissue and al-
lows discriminating between healthy and tumor tissues*2. Slices
from samples with a fully intact reticulin scaffold were used for
this study. Before proceeding to IT-AFM, the tissue slice was incu-
bated at 26°C for 30 minutes and then encircled with a hydropho-
bic fat pen (Dako pen) to create an incubation space. A washing
was carried out with filtered PBS in order to remove residues of
the hydrophobic barrier. The sample was then immediately im-
mersed in filtered PBS and AFM measurements were performed
within the next 1-2 h at room temperature.
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6.2 AFM measurements

Young’s moduli of brain tissue samples are measured on a
Nanowizard II AFM (JPK instruments, Berlin) in force mapping
mode. MLCT D tipless cantilevers (Bruker, Santa Barbara) with
a nominal spring constant of 0.03 N/m are chosen for their abil-
ity to address Young moduli between 0.1 and 100 kPa. A 10 um
polystyrene sphere was glued to the cantilever in order to average
the elastic properties on micron-sized area, i.e. averaging on both
cells and extracellular matrix material properties. The Poisson’s
ratio used for this experiment is 0.45 3.

For all experiments, indentation speed is set from 1 to 20 um/s
allowing us to check if the sample has any viscoelastic proper-
ties in this range. Pratically, we probed different locations of a
specific tissue slice with distinct speeds and obtained statistically
representative values of the rigidity for each indenting velocity.
We ensured an indentation depth below 3 um by adjusting the
nominal force set-point within 1 to 6 nN depending on the sam-
ple stiffness. The maps have a size of 95 x 95 um? and represent
at least 100 force curves. Force-indentation curves are then fit-
ted with the models described below in the range of indentation
specified by the criterion presented in Section 2.

6.3 Data post-treatment

Retract indentation curves were plotted as described in Section
2, in the form F2/3(8). The de visu straight portion of the curve
was fitted by a straight line (Fig. 1). Escape of the curve from the
straight line marks out the boundaries of the indentation depth on
which the fitting model is relevant. The Young’s modulus E and
the interfacial energy y were then obtained by fitting the curve in
this range by Hertz (Eq. 1), JKR (Eq. 2) and DMT (Eq. 3) models.

The determination of the contact point is also crucial in data
post-treatment21:24. In our case, the contact point is a fit pa-
rameter in Eqs 1-3. We replaced 6 in Eqs 1-3 by 6 — &y, with
0 the indentation that is calculated by the AFM software assum-
ing that the zero is at the crossing of the indentation curve with
F, =0, and ¢, the true position of the zero relative to this choice.
Guesses for this value are chosen at the minimum of the attractive
well of the indentation curve for the JKR and DMT models, and
at the indentation that corresponds to F,, = 0 for the Hertz model
(then 8y = 0).

6.4 Statistical analysis

Young’s moudulus and interfacial energy are obtained by analyz-
ing the distribution of 1285 indentation curves taken on two pi-
tuitary gland tissue samples from one patient. As a whole, AFM
scan is performed on 9 maps of 95 x 95 um? randomly distributed
on 4.7 mm?. For all models, the fitting parameters distribute as
log-normal. We therefore present the results using the geometric
mean < x >¢ and the geometric standard deviation og to account
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for the 2/3 of the values that stand in between < x > /0 and
< x>¢ -0g>*. Literature usually uses the arithmetic mean and
standard deviation to give a representative value of the Young’s
moduli. We therefore also mention them for comparison.
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AFM measurements of the Young's modulus in human pituitary gland tissue showed micron-scaled
gradients of rigidity with median of 2kPa/pm, a factor of 1000 larger than never explored in any in
vitro experiments.
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