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AFM mapping of the elastic properties of brain tissue 
reveals kPa μm�1 gradients of rigidity
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David Ratelace 
and Alice Nicolas‡*abc

It is now well established that the mechanical environment of the cells in tissues deeply impacts cellular fate, including life cycle, differentiation and tumor 

progression. Designs of biomaterials already include the control of mechanical parameters, and in general, their main focus is to control the rheological 

properties of the biomaterials at a macroscopic scale. However, recent studies have demonstrated that cells can stress their environment below the micron 

scale, and therefore could possibly respond to the rheological properties of their environment at this micron scale. In this context, probing the mechanical 

properties of physiological cellular environments at subcellular scales is becoming critical. To this aim, we performed in vitro indentation measurements using 

AFM on sliced human pituitary gland tissues. A robust methodology was implemented using elasto-adhesive models, which shows that accounting for the 

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 far from uniform at subcellular 

scales. Gradients of rigidity as large as 12 kPa μm�1 were observed. This observation suggests that physiological rigidity can be highly non-uniform at the 

micron-scale.

1 Introduction

Organs and biological tissues are soft, with rigidity spanning
from less than 100 Pa within adipose tissues, to GPa in bones.1

These values are averaged compliances of the entire organs,
obtained by ex vivo macroscopic rheological measurements, for
instance through rheometers,2,3 stretching devices4 or com-
pressive devices3,5 (see ref. 1 for a more detailed review). More
resolved mechanical characterization is provided by magnetic
resonance elastography (MRE)6 and ultrasound elastography,7

which allow an in vivo, non-destructive mapping of the rheological
properties of tissues, from cm3 down to mm3. In vivo indentation
could also reach these specifications on soft or hard tissues.8,9

Going still down scale appears more and more relevant, as tissue
cells were shown to orient their fate in accordance with the cell-
scaled mechanical environment.10–12 This issue recently came to

the front stage as cells were proved to probe the rigidity of the
extracellular matrix below the micron scale, by the contraction of
their adhesion complexes.13 And indeed, supramolecular force
sensors were identified within the adhesion complexes named
focal adhesions.14–16

Consequently, an issue is now quantification of the rigidity
and the rigidity gradients cells are facing in a tissue at the
micron scale. So far, only millimeter-scaled gradients of rigidity
have been considered, and for instance their role in the devel-
opment of the central nervous system has been emphasized.17

But regarding the recent finding that cells could in principle
probe micron-scaled rigidity,15,16 elucidating micron-scaled
rigidity in physiological tissues is to be performed. For this
purpose, we propose here the first micron-scaled averaged
mapping by IT-AFM of a brain tissue, the pituitary gland tissue.
Micron scaled averaging is performed using a spherical AFM
probe of 10 mm diameter. At the centimeter scale, the rheolo-
gical behavior of brain tissues was shown to be visco-elastic
with nonlinear properties and plasticity.8,18,19 In the present
article, we propose a methodology to address rigidity measure-
ments 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 measure-
ment shows here, the pituitary gland tissue is of intermediate
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stiffness compared to other organs.1 Technical difficulties that
are met here due to the use of a large probe and the potentially
complex rheological behavior of the tissue are representative of
many other tissues. The proposed methodology goes therefore
beyond the measurement of this specific tissue and addresses
indentation measurements on sticky elastic samples with a
spherical probe.

2 Marking out the boundaries of the
elastic regime

A critical issue in the determination of mechanical properties
by indentation is the way data are fitted. Indeed, post-treatment
dramatically influences the results depending on the part of the
indentation curve that is fitted, because most of the samples
are heterogeneous and/or exhibit non-linear properties.20 Then
it is worth setting up a methodology to determine what part
of the indentation curve corresponds to the actual elastic
response of the sample. Different fitting boundaries can result
in a two times difference in the measured stiffness (see ESI,†
Fig. S1). Fitting the right portion of the experimental curve is
a long standing issue, which was presently solved by using
a sliding or growing window strategy.21,22 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 modulus 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 thin21 or multilayered samples (see ESI†). In addition, it is time
consuming, because each indentation 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 al.23 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 variation of the indentation force
to the appropriate power law with the indentation depth. Thus,
when assuming a purely elastic interaction between a spherical
probe and the sample, this power law is 2/3 as predicted by
Hertz’s model:

Fn = Kd3/2R1/2 (1)

with Fn being the normal, indenting force, d the indentation
depth, R the radius of curvature of the indenter and K the
renormalized elastic modulus, related to the Young’s modulus
E and Poisson ratio n by K = 4/3E/(1 � n

2). Below we show that
accounting 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 periphery of the contact zone. In the absence of
any a priori knowledge on the relative strengths of the elastic
and the adhesive contributions to the shape of the indentation
curve,24 we in the following consider both models.

The JKR model applies for soft materials with large surface
energy and probes with a large curvature radius.25 For a spherical
indenter, the JKR model can be expressed by the following
equations:26

d ¼
aJKR
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with the same notations as in eqn (1) and g the interfacial
energy and Fad the adhesive pull-off force between the two
surfaces. aJKR 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 a small curvature
radius.25 For a spherical indenter, the DMT model can be
written as27

Fn = Kd3/2R1/2 � Fad

Fad = 2pgR (3)

with the same notations as above.
A characteristic parameter,25,28

m B (Rg2/E2)1/3/z0 (4)

with z0 being the equilibrium distance associated to the attrac-
tive potential, allows discriminating between JKR and DMT
models. It measures the ratio between the normal elastic
deformation caused by adhesion in the absence of applied load
and the spatial range of the adhesion forces themselves. Thus
large m reveals strong adhesion in the short range and therefore
supports the JKR model, while m { 1 reports that adhesion
forces outside the contact region are not negligible and there-
fore promotes the DMT model. Consequently, to the zeroth
order, the indenting force Fn is the interfacial force Fad within
the JKR assumptions. On the contrary, Fn opposes the elastic
resistance within DMT assumptions, as the DMT model
assumes that the deformation caused by the indentation is
close to Hertz’s prediction.27 Replacing Fad by Fn in Eqn (2) or
neglecting Fad in eqn (3) both lead to zeroth order to the
scaling law:

Fn
2/3

B d (5)

The scaling law that relates the indentation force Fn to the
indentation depth d is to zeroth order identical to the case of
the purely elastic, Hertz’s model, although in the case of the
JKR model, Fn is dominated by the adhesion force and not by
the elastic resistance of the sample. Then, plotting the

2

https://doi.org/10.1039/c6sm00582a


indentation curve in the form of Fn
2/3(d) allows marking out

the boundaries of the validity of elastic or elasto-adhesive
models (Fig. 1). Deviation of the curve from the straight line
marks out the range of the indentation depths where the
fitting model is appropriate. But it is worth noting that
the consistency of the linearity between d and Fn

2/3 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
adhesive 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 laws.29

3 Results

This methodology was applied to the measurement of the
Young’s modulus of human pituitary gland tissues. Indentation
measurements were performed on healthy parts of tumor
resections (see Experimental 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. The results are illustrated in Fig. 2. The log-normal fits
of these distributions are summarized in Table 1.

In order to evaluate the relevance of using an elasto-adhesive
model compared to a Hertz’s model, we quantified the differ-
ences between the fitting parameters that are predicted by all
the models. In case an adhesive model would be unnecessary,
fitting parameters should converge to Hertz’s ones, with the
interfacial energy g - 0. As shown in Fig. 2 and Table 1, this is
not the case: fitting based on Hertz’s model leads to a rigidity
that is 90% larger than values obtained using elasto-adhesive
models. Calculation of the characteristic length mz0 (eqn (4))
shows that the description of the pituitary tissue gland stands
in between JKR and DMT models: mz0 is of the order of 1, which
is of the order of the atomic distance z0 that is expected for a
Lennard Jones adhesive potential. Then models such as Maugis
or Pietrement and Troyon24 should be considered. However, as

Fig. 1 (a) Experimental indentation curve F(d) fitted by Hertz (dash dotted

line) and JKR (dotted line) models. The DMT model superimposes the JKR

model. The Hertz’s model predicts a Young’s modulus of 15.0 kPa and the

DMT and JKR models predict 10.2 kPa. Fits were performed on the

indentation range selected in (b). (b) A linear fit (–) of the experimental

data (1) drawn as Fn
2/3

vs. indentation d shows that experimental data

deviate from the elastic models for indentation greater than 0.21 mm. This

gives the upper limit for fitting the data.

Fig. 2 Frequency counts of the Young’s modulus E (a–c) and of the interfacial energy g (d and e) of pituitary gland samples, using Hertz (a), JKR (b and d)

and DMT (c and 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 shows the arithmetic mean. Values are

reported in Table 1.
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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 a

few nN

Fig. 1a shows that the pituitary tissue gland has an elastic
response up to a few nN. This statistically representative indenta-
tion curve was fitted with a Young’s modulus of 10.2 kPa and is
elastic up to about 5 nN. Some curves representative of stiffer parts
of the sample are elastic up to a higher load whereas for softer
parts (lower than 1 kPa) the indentation is so huge (compared to
the polystyrene bead indenter) that the curve deviates from the
model below 1 nN due to indentation depth being more than the
bead radius. Then by calculating the maximal stress imposed by
the bead, we observed that pituitary gland tissue retains elasticity
up to stresses in the range [0.2 1.2] kPa, with a geometric average of
0.5 kPa. This value is of similar order of magnitude as cell stresses
of the order of kPa.30,31 We can therefore conclude that cells in
the pituitary 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 lm s�1 speed of

indentation

Many samples like polymers show strong dependency on the
speed/frequency of the measurements.23 This is also the case of
brain tissues when macroscopically indented to depths that are
larger than the limits of the elastic regime.8 Here, we tested the
influence of the indentation speed on the measured micron
scaled Young’s modulus, within the range of the dynamics of
cellular forces. The amplitude of cellular tensions within
cell adhesions is of order of nN, leading to mm scaled deforma-
tions within kPa materials.30 Additionally, the propagation the
cellular tensions in cells occurs within a few tens of seconds.32,33

Then cell force-mediated deformations of the extracellular matrix
are expected to occur with velocities of the order of mm s�1. Fig. 3
shows the dependency of the measured stiffness of the pituitary
gland tissue on the indentation speed in this range. It shows that

values of the Young’s modulus (and of the interfacial energy, data
not shown) are 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 9.5 kPa in median

1285 indentation curves were recorded by force mapping on
9 maps of 95� 95 mm2 randomly distributed on 4.7 mm2 within
two pituitary gland tissue samples from one patient. The Young’s
modulus shows a geometric average of 9.5 kPa (Fig. 2 and
Table 1). However, the dispersion of the Young’s moduli is about
20 kPa, as shown in Table 1. Fig. 4a shows a representative map
of such force mapping. It shows that within a 95 � 95 mm2

window, the rigidity goes from less than 1 kPa to more than
50 kPa. This demonstrates that the pituitary gland tissue is highly
heterogeneous at the cell scale.

3.5 Pituitary gland tissue bears kPa lm�1 gradients of rigidity

Fig. 4b shows a representative map of the gradient of the stiffness
within pituitary gland tissue. Local changes in stiffness were
measured up to 12 kPa mm�1. In this tissue, the geometric mean
of the gradients is 2.2 kPa mm�1. Thus pituitary gland tissue bears
kPa mm�1 gradients of rigidity at micron scales, i.e. at scales that

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

measurements

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 25.8]
Geometric mean g (kPa mm) NA 2.3 � 10�5 1.8 � 10�5

Dispersion for g (kPa mm) NA [1.8 � 10�9 0.3] [1.6 � 10�9 0.2]
mz0 (Å) (eqn (4)) NA 2.6 3.1

Mean E (kPa) 32.1 14.9 14.9
Standard deviation E (kPa) 43.4 15.7 15.7
Mean g (kPa mm) NA 4.6 � 10�3 3.1 � 10�3

Standard deviation g (kPa mm) NA 2.3 � 10�2 1.5 � 10�2

Mode E (kPa) 7.2 4.5 4.5
Mode g (kPa mm) NA 0 0

Fig. 3 Young’s modulus obtained from the JKR model as a function of the

indentation speed. Each point is the geometric average of at least 100 data

points. Bars show the geometric dispersion.
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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
challenge for neurological studies. For diagnosis, it could help in
assessing tumors34 whereas for fundamental research it could
help in understanding neurodegenerative diseases and probably
the action mechanisms of tumor spreading.35 It is also a critical
input for modeling traumatic brain injuries, where brain stiffness
has a dramatic influence on tissue reparation.36 The mechanical
properties of brain tissues have been explored for many years
(see ref. 37 for a review), and macroscopic in vitro and in vivo

measurements have revealed that brain tissues respond visco-
elastically to strains up to 30%. The 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 the first
quantification of the elastic properties of pituitary gland tissues.

We found that the human pituitary gland tissue of this patient
responded elastically to micron scaled indentations with velocities
below 20 mm s�1. The measured rigidity was 9.5 kPa in median,
with 66% of the values falling in the interval [3.5 25.9] kPa. These
results are to be compared to the visco-elastic properties of the
white and grey matters of dead pigs or live humans obtained
by IT-AFM,38 macroscopic indentation,39,40 or elastography.41

Depending on the methods, the storage moduli vary 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

surgeons. Our result then fits with this intuition. The rigidity
distribution 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 freezing process (reticulin staining,42 data not shown). Our
finding that the tissue is not viscous differs from the state-of-the-
art, and is to be reported to the speeds of indentation we probe.
For instance, our result does not give information in the context of
much more rapid impacts such as in traumatic brain injury.40

The goal of this work is to offer not only a macroscopic,
statistical description of the rigidity of this organ as discussed
previously, but also the characterization of the micron scaled
variations of the rigidity. Nowadays, adenomas in the pituitary
gland are localized by MRI, as long as they can 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. Getting 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 studies have already shown in breast,43

lung44 or liver45 tissues that tumor tissues have different mechan-
ical properties. Concerning pituitary gland tissues, the gradient
of rigidity could also be informative on the state of progress of
the cancer as these tumors are characterized by degradation of
the extracellular matrix.42 Then, the statistical descriptors of the
distribution of rigidity values and of the gradients of rigidity that
are met in this organ would serve as a reference.

Micron-scaled variations of rigidity are also of interest in a
different context. They could influence cell adhesion and migra-
tion, as cell mechanosensitivity is suspected to occur at least
partly at the scale of the cellular adhesions, of a few mm2.15,16,46

Then mapping rigidity variations in organs could become very
informative in the context of understanding the mechanisms at
the origin of tumor spreading.47

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 mm�1.
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In order to probe the rigidity of the pituitary gland tissue
averaged on micron scaled areas, we performed AFM-controlled
indentation with a spherical indenter of 10 mm diameter. This
allows mapping the tissue at the subcellular scale but still at a
large scale compared to the matrix mesh. Compared to nano-
scaled indentation performed with pyramidal tips, using an
indenter with a large surface of contact brings the additional
contribution of an attractive interaction between the tip and the
sample. This contribution scales similarly to linear elasticity,
and therefore must be 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
indentation curve that is used to extract the fitting parameters,
namely 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 influences 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 demonstrated that in the presence of an interfacial
energy, the indentation force Fn scales to zeroth order with the
indentation depth d as Fn p d3/2, as it is the case in the absence
of adhesion. It is however to be noted that Fn is the elastic
resistance of the sample only when adhesion comes to second
order as in the DMT model. Fn is predominantly the adhesion
force in the case of a strong adhesive interaction between the
probe and the sample as in the JKRmodel. Then when replotting
the indentation curve Fn(d) in the form Fn

2/3(d), 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 sliding window method,21,22

this methodology is much faster and also allows tackling multi-
layered samples (see ESI†).

Here, we showed that the adhesive interaction between the
probe and the tissue cannot be neglected. Hertz’s model, which
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
neglecting adhesion is surprising as one would expect that an
adhesive interaction would suck the probe and therefore increase
the deflection 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 infinite forces. The difference between Hertz’s and adhesive
models comes from the fact that the fit can only be performed on
a limited indentation range where the sample retains its elastic
nature (see Fig. 1b). In this range, Hertz’s fit is strongly influ-
enced 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 work,24 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 at the atomic length scale (eqn (4)). Then the
DMT and JKR models we used are in principle not appropriate,
and Maugis or Pietrement and Troyon models should be
considered.24 As both DMT and JKR lead to non-significantly
different values (Table 1), different outcomes are not expected
with refining of the description of the adhesive interaction.
We therefore kept DMT and JKR models 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 micron
scale. Gradients up to 12 kPa mm�1 were observed (Fig. 4). This
result is expected when performing a mechanical mapping with a
nanoscaled probe, such as a pyramidal tip. Then it measures the
spatial heterogeneities at the molecular level of the texture of
the extracellular matrix for instance. 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 a similar amplitude of kPa mm�1

also exist at larger scale. Here these may be micron scaled self-
assemblies of macromolecules such as collagen IV bundles or
collagen/elastin/laminin/fibronectin/reticulin fibrous scaffolds,48

together with cells that are probed. Macromolecules organized as
dense fibers could then lead to rigidity of several tens of kPa,49

while cells or macromolecules in gel-like structures would give
rise to rigidity values of the order of kPa or below.50

This observation is of importance as it shows that in vivo, cells
meet gradients of rigidity that are at subcellular scales. And
indeed, previous studies have already emphasized the contribution
of gradients of rigidity in the development of the central nervous
system36 and in stem cell differentiation,51 but in both cases, their
main focus was millimeter scaled rigidity gradients. Regarding the
already emphasized contribution of micron scaled rigidity in cell
adhesion and migration,15,16 it then suggests that subcellular
gradients of rigidity should also be accounted for in in vitro

experiments, as they correspond to physiological conditions.

5 Conclusion

Mechanical indentation using AFM on sliced human pituitary
gland tissues revealed that the mechanical properties of this
tissue are highly heterogeneous, with 66% of the values dispersed
between 3.5 and 25.9 kPa, and with a geometric mean of 9.5 kPa.
This dispersion is accompanied by kPa mm�1 gradients of rigidity
at the micron scale. Only smoother, kPa mm�1, gradients have
presently been explored, and have been shown to orient cell
movement.36,51,52 The impact of such strong, subcellular gradients
on cell behavior is now to be elucidated, as molecular autonomous
rigidity sensors have already been identified within cell focal
adhesions.13,15

6 Experimental section
6.1 Tissue preparation

Pituitary tissue samples were obtained from the University Hospital
Grenoble, Department of Neurosurgery. Informed written consent

6

https://doi.org/10.1039/c6sm00582a


was obtained from the patients or their families. Pituitary tissue
samples were collected from the operating room during transphe-
noidal surgery and were immediately frozen at �80 1C. Frozen
tissues, whose sizes were below 1 mm2, were cut (150 mm in
thickness) from the surgical specimen using a cryostat and tissue
slices were deposited on glass slides and stored at �20 1C. Then
the tissue slices 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 allows discriminating between healthy and tumor
tissues.42 Slices from samples with a fully intact reticulin scaffold
were used for this study. Before proceeding to IT-AFM, the tissue
slice was incubated at 26 1C for 30 minutes and then encircled
with a hydrophobic 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 immersed in filtered PBS and AFM measurements
were performed within the next 1–2 h at room temperature.

6.2 AFM measurements

Young’s moduli of brain tissue samples are measured on a
Nanowizard II AFM (JPK Instruments, Berlin) in the force mapping
mode. MLCT D tipless cantilevers (Bruker, Santa Barbara) with a
nominal spring constant of 0.03 N m�1 are chosen for their ability
to address Young moduli between 0.1 and 100 kPa. A 10 mm
polystyrene sphere was glued to the cantilever in order to average
the elastic properties on a micron-sized area, i.e. averaging on both
cells and extracellular matrix material properties. The Poisson’s
ratio used for this experiment is 0.45.53

For all experiments, indentation speed is set from 1 to 20 mm s�1

allowing us to check if the sample has any viscoelastic properties
in this range. Practically, 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 mm by adjusting the
nominal force set-point within 1 to 6 nN depending on the
sample stiffness. The maps have a size of 95 � 95 mm2 and
represent at least 100 force curves. Force-indentation curves are
then fitted 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(d). The de visu straight portion of the curve was
fitted by a straight line (Fig. 1). Deviation 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 g were then obtained by fitting the
curve in this range by Hertz (eqn (1)), JKR (eqn (2)) and DMT
(eqn (3)) models.

The determination of the contact point is also crucial in data
post-treatment.21,24 In our case, the contact point is a fit para-
meter in eqn (1)–(3). We replaced d in eqn (1)–(3) by d� d0, with d

the indentation that is calculated using the AFM software assum-
ing that the zero is at the crossing of the indentation curve with
Fn = 0, and d0 the true position of the zero relative to this choice.

Guess of this fit parameter is 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 Fn = 0 for the
Hertz model (then d0 = 0).

6.4 Statistical analysis

Young’s modulus and interfacial energy are obtained by analyzing
the distribution of 1285 indentation curves taken on two pituitary
gland tissue samples from one patient. As a whole, the AFM scan
is performed on 9 maps of 95 � 95 mm2 randomly distributed on
4.7 mm2. For all models, the fitting parameters are log-normally
distributed. We therefore present the results using the geometric
mean hxiG and the geometric standard deviation sG to account for
the 2/3 of the values that stand in between hxiG/sG and hxiG�sG.

54

The 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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