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Atomic Force Microscopy
Stiffness Mapping in Human
Aortic Smooth Muscle Cells
Aortic smooth muscle cells (SMCs) play a vital role in maintaining mechanical homeosta-
sis in the aorta. We recently found that SMCs of aneurysmal aortas apply larger traction
forces than SMCs of healthy aortas. This result was explained by the significant increase
of hypertrophic SMCs abundance in aneurysms. In this study, we investigate whether the
cytoskeleton stiffness of SMCs may also be altered in aneurysmal aortas. For that, we use
atomic force microscopy (AFM) nano-indentation with a specific mode that allows
subcellular-resolution mapping of the local stiffness across a specified region of interest
of the cell. Aortic SMCs from a commercial human lineage (AoSMCs, Lonza) and pri-
mary aneurysmal SMCs (AnevSMCs) are cultured in conditions promoting the develop-
ment of their contractile apparatus, and seeded on hydrogels with stiffness properties of
12 kPa and 25 kPa. Results show that all SMCs exhibit globally a lognormal stiffness dis-
tribution, with medians in the range 10–30 kPa. The mean of stiffness distributions is
16 kPa in aneurysmal SMCs and 12 kPa in healthy cells, but the differences are not statis-
tically significant due to the large dispersion of AFM nano-indentation stiffness. We con-
clude that the possible alterations previously found in aneurysmal SMCs do not affect
significantly the AFM nano-indentation stiffness of their cytoskeleton.
[DOI: 10.1115/1.4053657]

Keywords: cell biomechanics, ascendant thoracic aortic aneurysm (ATAA), mechano-
transduction, smooth muscle cells (SMC), fluorescent microscopy (FM), atomic force
microscopy (AFM), nanoindentation

1 Introduction

Aortic smooth muscle cells (SMCs) are known to be very sensi-
tive to their micro-environment. Under physiological conditions,
mature SMCs remain quiescent and partially contracted, maintain-
ing a basal tone which contributes to stress homeostasis in the aor-
tic wall [1–6]. Within pathologies such as ATAA, genetics
[7–15], hemodynamics [16,17] or biomechanics [8,18,19], clearly
influence the cell phenotype, namely, proliferation, migration, and
synthesis of extracellular matrix (ECM) components, or even apo-
ptosis [1,2,4,5,20–22]. The fraction of SMCs with a synthetic phe-
notype tends to increase at the expense of SMCs with a contractile
phenotype [1–3,19,23–27], which results in tissue remodeling
[1,24,28,29]. During remodeling, SMCs synthesize collagen fibers
to reinforce the media layer of the aortic wall [1,5,30]. However,
the induced permanent stiffening can make the aortic wall more
vulnerable to rupture [16,18,26,31,32].

Although the effects of these changes are more and more well-
known at the tissue level, they remain unclear at the subcellular
level. In fact, SMCs sense their environment thanks to specific
mechanoreceptors that induce complex chain reactions
[7,14,20,26,33,34]. Synthetic SMCs are less responsive to vasoac-
tive stimuli and cannot contribute to mechanotransduction as
actively as contractile SMCs [5,7,13,19,22,30,35–37].

Atomic force microscopy (AFM) is a scanning microscopy
technique [38,39] providing nanometer-scale imaging of biomo-
lecular interactions in the cell membrane and its cytoskeleton
[40,41]. Thanks to its assets, AFM has become commonplace in
cell biomechanics [42–45]. Standard AFM modes for mechanical

investigation are based on nano-indentation, by achieving at least
one approach-retraction cycle of the tip onto the sample surface
and by recording the corresponding tip deflections. Nano-
indentation was previously used in single-point and successive
measurements on a single cell [6,46–50]. For successive measure-
ments and corresponding nanomechanical mapping, novel AFM
modes were recently developed. They extend the traditional force-
volume mode that operates in quasi-static. For instance, the Peak-
ForceTM and Quantitative ImagingTM (QITM) modes operate a
sinusoidal motion, which allows intermittent contact between the
tip and the sample surface [51,52]. However, since AFM is a con-
tact technique, subcellular characterization, as, for instance,
exploration of the actin network in the cytoskeleton, requires to
adjust the applied force (i.e., the setpoint) in order to induce defor-
mations of the cell components under the membrane without dam-
aging the cell [53,54].

Atomic force microscopy nano-indentation was seldom used to
characterize aortic SMCs or their surrounding extracellular
matrix. It was reported that SMCs have an increased stiffness in
case of hypertension [55], aging [56,57] and Marfan Syndrome
[6]. It was also shown that cell stiffness and adhesion are
increased with vasoconstrictor agonist Angiotensin II [58] or
intracellular concentration of calcium ions [50]. Using AFM
indentation with a large tip at the tissue level and a sharp tip at the
fiber level, it was found that the aortic wall micro-architecture is
stiffer and interconnections between ECM fibers are missing in
case in ATAA [59]. However, these previous studies never
achieved subcellular characterization in the cytoskeleton of living
aortic SMCs.

Moreover, we recently found that primary SMCs of aneurysmal
aortas apply larger traction forces than primary SMCs of healthy
aortas [27]. We explained this result by the increased abundance
of hypertrophic SMCs in aneurysmal aortas. This was initially
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thought to result from the phenotypic switch from contractile to
synthetic SMCs, the latter being bigger due to the development of
their synthetic organelles [60]. However, a larger variety of phe-
notypic modulations have recently been introduced, questioning
the duality between “contractile” and “synthetic” phenotypes, and
highlighting other important phenotypes in aortic diseases, such
as osteogenic [61] or degradative [62] SMCs.

The effects of these phenotypic variations on the cytoskeletal
stiffness have never been investigated. It is well known that cell
stiffness is altered in cancer [63]. But the effect of aneurysm on
SMC stiffness still needs to be clarified [57]. Crosas-Molist et al.
[6] found that Marfan VSMC were stiffer than control cells, but
there is a pressing need to clarify if stiffness variations may poten-
tially arise in SMCs from idiopathic aortic aneurysms.

In this study, we address this need using AFM nano-indentation
on individual living human aortic SMCs for the first time, from
healthy and aneurysmal lineages, and derived regional variations
of their cytoskeleton stiffness.

After describing the methodology, we report the measured
force–displacement curves and the deduced maps of stiffness
parameters across the cytoskeleton of 11 control healthy SMCs
and 10 aneurysmal SMCs adhering on substrates with the same
elastic modulus, and 15 healthy SMCs adhering on stiffer sub-
strates. We finally discuss the obtained results with respect to the
cytoskeletal biomechanics and tensional state.

2 Material and Methods

2.1 Healthy and Aneurysmal Cell Lineages. Two types of
SMCs were used for this study:

(1) A commercial human AoSMC lineage from the primary
culture of a healthy aorta from a 30-year-old female donor
was purchased from Lonza (Verviers, Belgium) at passage
3. The cells were cultured for initial proliferation in a
growth medium (SmGM-2, Lonza). Then, we stored the
AoSMCs at passage five into liquid nitrogen. In each ali-
quot, about 3� 106 cells remained in 1.5 mL of a freezing
solution containing 10% fetal bovine serum, 10% dimethyl
sulfoxide as a cryoprotectant, and 80% SmGM-2 complete
medium.

(2) The aneurysmal lineage was developed in our laboratory
[27]. AnevSMCs were extracted from an ATAA tissue col-
lected after informed consent during surgical aneurysm
repair. The aneurysmal lineage called AnevSMC was
extracted from a 69-year-old male patient [27]. Several ali-
quots of each aneurysmal lineage at passage 2 were stored
in liquid Nitrogen.

After thawing, the cells were transferred into a T-75 flask for an
entire week in growth medium (SmGM-2, Lonza). Incubating the
culture dishes at 37 �C and 5% CO2 is necessary to maintain the
pH at 7.2–7.4. Then, the SMC were cultured one week more in a
basal medium (SmBM, Lonza), containing low (2%) fetal bovine
serum and 0.04% heparin, according to the manufacturer’s
instructions in order to preserve a contractile phenotype. Once
they reached 70–80% confluence, we used a standard cell
detachment protocol using a trypsin treatment with a low trypsin –
ethylenediaminetetraacetic acid solution (0.025% Trypsin and
0.75 mM ethylenediaminetetraacetic acid (1X), Sigma, Saint
Quentin Fallavier, France) to break down the focal adhesions in
the culture dish without damaging the cells. Then, the cells in

suspension could be used for subculturing or for sample prepara-
tion. In our study, AoSMCs were seeded onto the sample surface
at passages 5–6 and AnevSMCs at passages 3–4.

2.2 Sample Preparation and Staining. For further compari-
son with AFM images and localization of the cell components
under the membrane, we imaged the cell internal architecture with
fluorescent microscopy. We used fluorescent staining on fixed
AoSMCs adhering to collagen-coated hydrogels. We stained the
filamentous actin (F-actin), focal adhesions (vinculin), and alpha
smooth muscle actin (a-SMA), the latter being specifically
expressed by SMCs.

For each AFM measurement campaign, one aliquot of both Ao-
and Anev- SMCs was previously cultured in conditions promoting
the development of SMC contractile apparatus (as explained in
Sec. 2.3). Then, the cells were seeded in Petri dishes made of
plates containing commercial hydrogels (Cell Guidance System,
PetriSoftTM 35, collagen precoated). We used two different hydro-
gels from cell guidance system: gel A (softer gel with an elastic
modulus of 12 kPa according to the supplier) and gel B (stiffer gel
with an elastic modulus of 25 kPa according to the supplier). As
the gel softness/stiffness may slightly evolve with time, we
assessed it again with AFM on the supplied gels without cells
(Appendix E available in the Supplemental Materials on the
ASME Digital Collection).

In order to assess the influence of both disease (ATAA) and
substrate stiffness on the subcellular stiffness, we considered three
groups for this study, namely,

(1) AoSMCs on gel A (Group 1),
(2) AnevSMCs on gel A (Group 2),
(3) and AoSMCs on gel B (Group 3).

Our previous studies on SMCs showed that AoSMCs apply
maximum traction forces on gel A [27]. These hydrogels were
made of a 400-lm-thick layer of polyacrylamide, with a type I
collagen coating added during the manufacturing process that pro-
vides a physiological surface for cell adhesion and culture. An
amount of 50,000 cells were seeded in each well and incubated in
basal medium for two days before AFM nano-indentation experi-
ments. This duration was sufficient to ensure that SMCs spread
and apply maximal tractions.

2.3 Atomic Force Microscopy Indentation of Individual
SMCs in Liquid. We used a JPK Nanowizard

VR

3 AFM (JPK
Instruments, Berlin, Germany), equipped with a heating stage
(HTHSTM) that is set at 37 �C, and JPK Data Processing software
(V.6.1.118). We calibrated HQ:CSC17/Cr-Au BS (MikroMasch
Europe, Wetzlar, Germany) probes before our AFM measurements
(Table 1). We also chose an uncoated tip having a significantly
lower radius of curvature (8 nm), which increased the lateral resolu-
tion for AFM images.

Due to the limited volume accessible with the AFM tip
(approximately 30� 30� 6.5 lm3), we paid particular attention
to the choice of the scan area (region of interest: ROI). SMCs
were averagely 200–300 lm long and 5–10 lm wide. We chose
the ROI far enough from the SMC nucleus, in order to limit the
variations of height. We chose similar ROIs for all the cells,
always considering an area taking into account one of the extrem-
ities of each cell. This also permitted to investigate regions near
focal adhesions, which are known to play an important role in
mechanotransduction [34].

Table 1 AFM tip reference and characteristics

Experiment Tip reference Radius of curvature Spring constant k

Cells on gel A HQ:CSC17/Cr-Au BS 8 nm (uncoated) 0.21 N/m
Cells on gel B HQ:CSC17/Cr-Au BS 8 nm (uncoated) 0.26 N/m
Empty gels (A and B) HQ:CSC17/Cr-Au BS 8 nm (uncoated) 0.30 N/m
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Once removed from the incubator, the Petri dishes containing
our cell cultures were stored in a portable incubator (Darwin Cham-
ber, NQ09P, Saint-Louis, MO) set at 37 �C in order to maintain the
temperature constant during transport until the AFM platform and
until the equipment was set to the right parameters. The purpose
was to minimize the experiment duration and to avoid cell damage.
The Petri dish was also maintained at 37 �C. We added a drop of
medium on the AFM probe before approaching it to the sample
until the drop and the bath create a meniscus. We first performed a
soft approach by engaging the tip using the standard automatic pro-
cess. Once the engagement was achieved, we withdrew the tip and
moved the sample in order to select the ROI.

At every point across the ROI, we employed the QI mode to
assign vertical motions of the AFM tip and to measure the vertical
force resulting from the elastic response of the nano-indented sur-
face. We found that a maximum setpoint of 5 nN was needed in
order to avoid damaging the cell and a minimum setpoint of 2 nN
was needed to induce a sufficient deformation of the cytoskeleton.
The precise setpoint values for each investigated cell are given in
Table 2. The setpoint is the reference force for both height (topog-
raphy image) and indentation depth. It is the maximal applied
force: once the setpoint is reached while indenting the surface, the
AFM tip is retracted. The size of the ROI (30� 30 lm) was
always set to 30� 30 lm2. We increased progressively the image
resolution from 128� 128 points (low resolution mapping) to
256� 256 (for high-resolution mapping). The indentation speed
was set at 200 or 250 lm/s in constant speed configuration.

2.4 Mechanical Model of the Indented Cell. Although the
cell is heterogeneous, we simply derived an apparent contact stiff-
ness at every nano-indentation point, which merged the contribu-
tion of both the membrane and the cytoskeleton in a structural
stiffness parameter. Deriving local material stiffness parameters
of the different cell compartments would require inverse methods,
which are discussed in Sec. 4.3.

To derive the local apparent indentation stiffness, we used the
Sneddon contact model between a cone and an elastic half-space
[64]. We assumed that the cell has a linear elastic behavior with
negligible adhesive interactions between the AFM tip and the cell
in liquid [43,64]. The cell was also assumed as incompressible,
similar to soft gel-like materials [65]. More details about the
theory can be found in the work of Sirghi [47].

The position z of the tip is first converted into an indentation
depth d such as

d ¼ z� F

k
(1)

where F
k represents the probe deflection due to the applied force F,

and k is the spring constant of the cantilever. This operation is
automatically performed by the JPK data processing software.

The eventual relationship between F and d according to the
Sneddon contact model is

F ¼ 2

p
E

1� �2ð Þ ðtanaÞd2 (2)

where � is the Poisson’s ratio (�¼ 0.5), a is the half-angle of the
tip (a ¼ 20 deg for a HQ:CSC17 tips) and E is the “apparent” stiff-
ness of the cell.

By adjusting the indentation curve obtained experimentally
with Eq. (2), we obtained the apparent stiffness at every indented
point of the ROI. This adjustment was achieved with a standard
least squares method, which minimizes the sum of squares of
errors at all the N time points throughout force application,
according to

S Eð Þ ¼
XN

i¼1

Fexp dið Þ � Fmod di; Eð Þ
� �2

(3)

where Fexp is the measured force and Fmod is the calculated force
for the same d. The solution is obtained by minimizing S Eð Þ such
as

E ¼ p 1� �2ð Þ
2tana

PN
i¼1

di
2Fexp dið Þ

PN
i¼1

di
4

0
BBB@

1
CCCA (4)

2.5 Data Processing. The force–displacement curves
obtained at each measurement point were used to reconstruct two
maps: a map of the height when the setpoint force is applied
(called further the topography map) and a map of the local appa-
rent stiffness (called further the stiffness map). The procedure was
performed on 11 AoSMCs adhering onto gel A, 10 AnevSMCs
adhering onto gel A, and 15 AoSMCs adhering onto gel B. The
total number of measurements is reported in Table 3. Supplemen-
tal data were acquired on empty gels (gel A and gel B) to verify
their stiffness values (Appendix E available in the Supplemental
Materials on the ASME Digital Collection).

In order to reconstruct the topography and the stiffness maps,
the 256� 256 (128� 128 for the empty gels) raw
force–displacement curves across the scanned area were proc-
essed with the JPK SPM software, using a program called “Hertz
fit,” which consists of the following steps:

� Adjustment of the sensitivity and spring constant of the tip
(calibration step described in Sec. 3.3).

� Selection and adjustment of the baseline (adjustment of the
Y-axis offset). The function automatically calculates the
average value of the selected area (by user), and subtracts
this from the whole curve (Fig. 1).

� Determination of the contact point: adjustment of the X-axis
offset. The function automatically calculates the point where
the force curve crosses the baseline and sets this as the zero
of the X-axis.

Table 2 Setpoint values (F, in nN) for each indented cell from
the different groups: (a) AoSMCs adhering on gel A, (b)
AnevSMCs adhering on gel A, and (c) AoSMCs adhering on
gel B

F 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

A 2 3 3 3 3 3 3 3 3 3 3
B 2 2 2 3 3 3 3 3 2 4
C 5 3 3 5 5 3 3 3 3 5 4 5 3 3 5

Table 3 Total number of nano-indentation points for the two
cell lines and for empty gels

AoSMC AnevSMC Empty gels

Gel A 11 cells 10 cells 2 gels
220,279 points 206,915 points 158,464 points

Gel B 15 cells — 2 gels
382,292 points 147,456 points

Table 4 Parameters of the lognormal distribution for the three
individual SMCs shown in Fig. 2

l r

AoSMC, Gel A 2.82 0.58
AnevSMC, Gel A 2.88 0.31
AoSMC, Gel B 3.05 0.38
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� Calculation of the vertical tip position by subtracting the can-
tilever deflection to the scanner height according to Eq. (1)

� Determination of the local apparent stiffness E according to
Eq. (4).

Although these steps are automatic, we checked if the
force–displacement curves were correctly adjusted. Each curve
consisted of a baseline representing the origin of the Y-axis where
the force remains null, and a contact area (between the vertical
dotted lines on Fig. 1), where the force increases with the indenta-
tion depth, until the maximal applied force (the setpoint of 2nN,
represented by the point at the top of the curve, in the upper left
corner on Fig. 1(a)). After deriving the apparent stiffness parame-
ter according to Eq. (4), the force–displacement curve predicted
by the model was deduced (the smooth curve giving the trendline
of the experimental data in Fig. 1).

After completing the derivation of the apparent stiffness and
baseline height at every point of the ROI, the results were
exported as JPK data files, which can be opened in JPK SPM or
GWYDDION software for further processing. We eventually applied
a background correction removing some punctual defects. For
that, we fitted a plane (linear in our case) to the selected area and
subtracted this from the measured data to detect these defects.
Another function called “remove lines” was also useful for cor-
recting the lines where the tip sticked to the surface and then
pulled off, leaving streaks in the image. This function replaced the
selected lines by the average of the neighboring scan lines. After
these cleaning procedures, data (arrays of baseline heights and
apparent stiffness values) were eventually exported to MATLAB for
statistical analyses and figure creation.

In MATLAB, a filter was applied to separate points belonging to
the gel and points belonging to the cell. For that, we applied two
successive thresholds on both height and measured stiffness. More
precisely, the points belonging to the gel were defined as points
with a baseline height below 1 lm and an apparent stiffness below
25 kPa for gel A and below 50 kPa for gel B. After separation of
the gel and cell areas across the ROI, we processed separately the
height and stiffness values of each area to display histograms and
perform statistical analyses.

Histograms, which represent the distribution of the apparent
stiffness values, consisted of 100 bars equally distributed over the
range 0-45 kPa. The median value was reported as a vertical line
on these histograms.

2.6 Statistics. For each cell, we derived the median value of
the stiffness properties. The medians obtained for each cell were
grouped into group 1 (AoSMCs on gel A), group 2 (AnevSMCs
on gel A), and group 3 (AoSMCs on gel B). Each group was rep-
resented as a boxplot in MATLAB. To compare the groups, we per-
formed a statistical analysis consisting in using the nonparametric
Mann–Whitney test based on the null hypothesis of equal medians
between two groups. A p-value under 0.05 indicates that the test
rejects the null hypothesis at the 5% significance level.

We also represented the distributions of apparent stiffness val-
ues as histograms in MATLAB. We inferred that the logarithm of the
apparent stiffness, denoted E, is normally distributed, meaning
that the distributions satisfy a lognormal distribution, which may
be written such as:

P Eð Þ ¼ 1

Er
ffiffiffiffiffiffi
2p
p exp � ln Eð Þ � l

� �2

2r2

 !
(5)

where l is the mean of ln Eð Þ, r is the standard deviation of ln Eð Þ
and PðEÞ is the probability distribution. Note that for a lognormal
distribution with parameters l;rð Þ, the mean of E is el and the

standard deviation is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
er2 � 1ð Þe2lþr2

p
.

For each cell and for each group, we derived the coefficient of
determination R2 in order to measure the strength of the lognormal
distribution in approximating the stiffness distributions.

Eventually, given the lognormal distributions and their parame-
ters, we estimated the probability PðE2 > E1Þ that cells of group 2
have a larger stiffness than cells of group 1, and the probability
PðE3 > E1Þ that cells of group 3 have a larger stiffness than cells
of group 1, using the following expression:

P Ej > Eið Þ ¼
1

2
1þ erf

lj � li

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

i þ r2
j

q !" #
(6)

where li and lj are the expected value or mean of ln Eið Þ and
ln Ejð Þ, ri and rj are the expected value or mean of ln Eið Þ and
ln Ejð Þ and erf is the error function defined such as:

erf zð Þ ¼
2ffiffiffi
p
p
ðz

0

exp � t2

2

� �
dt (7)

Fig. 1 Force curves obtained from the indentation experiments on AoSMC (a) and AnevSMC (b). The experimental data is fit-
ted with the Sneddon model. These curves were obtained at a point of the corresponding AFM images representing the appa-
rent stiffness parameter. The corresponding apparent stiffness value is written in a box on each graph. The maximal applied
force F (setpoint) is 2nN. The d parameter is the maximum indentation depth reached at the setpoint force of 2nN, which is
used to reconstruct the topography maps (Figs. 3(e) and 3(f)). The baseline corresponds to the contactless part of the force
curve: it is used to define the zero of the Y-axis.
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PðEj > EiÞ is an estimation of the confidence interval that the
assumption Ej > Ei is reliable. A confidence interval of 95% is
quite standard. Eventually, given the variance of the distribution
functions obtained in our experiments, we deduced the minimum
difference between the means of two groups eli and elj that corre-
sponds to the 95% interval.

3 Results

3.1 Comparison of the Stiffness Distributions

� Stiffness distribution across single cells
In Fig. 2, we show the distribution of apparent stiffness of a

representative cell of each group (group 1 in Figs. 2(a) and 2(d),
group 2 in Figs. 2(b) and 2(e), group 3 in Figs. 2(c) and 2(f)). The
distributions look similar whatever the lineage and the substrate
stiffness. Nevertheless, the whole set of data given in Appendix B
and C available in the Supplemental Materials on the ASME Digi-
tal Collection reveals a high variability between cells from the
same group in terms of median apparent stiffness values. The log-
normal distribution shows a good agreement with these distribu-
tions of apparent stiffness values. The full statistical analysis
including individual median values and the parameters of the log-
normal distribution are reported in Appendix C available in the
Supplemental Materials.

� Differences between the different groups of cells

The median value for each cell is reported in Appendix C
(Table C1) available in the Supplemental Materials, whereas the
means and standard deviations are reported in Tables C2 and C3
available in the Supplemental Materials, respectively.

The statistical test revealed that there were no significant differ-
ences between the medians of the three groups (Appendix C,
Fig. C1 available in the Supplemental Materials).

For each group of cells, we pooled off the obtained stiffness
values together in order to obtain the complete distribution of val-
ues across the whole group as a histogram. Results are shown in
Fig. 3. The lognormal function shows a very good agreement with
these distributions of apparent stiffness values, with R2 values
ranging from 0.64 to 0.88, as reported in Table 5. The distribution
of group 2 is the one deviating the most from the lognormal distri-
bution, with R2¼ 0.64, mostly because of several secondary peaks
in the histograms in the range 15–25 kPa (Fig. 3).

From these distributions, it appears clearly that there is a slight
increase of stiffness in group 2 (aneurysm cells) compared to the
two other groups. The probability that cells of group B have a
larger stiffness than cells of group A is PðE2 > E1Þ ¼ 0:61.
Therefore the confidence interval of the assumption that aneurys-
mal SMCs are stiffer than healthy ones is only of 61%. The proba-
bility that cells of group 2 have a larger stiffness than cells of
group 1 is PðE2 > E3Þ ¼ 0:62 and the probability that cells of

Fig. 2 Apparent stiffness maps and corresponding histograms for an isolated AoSMC (a and d) (setpoint 2nN,
speed 200 lm/s, 38,712 points) and AnevSMC (b and e) (setpoint 4nN, speed 250 lm/s, 30,688 points) on gel A,
and AoSMC (c and f) on gel B (setpoint 4nN, speed 250 lm/s, 34,933 points). In (f), the first values until x 5 8.77
(equivalent to the first 20 bars) were removed to obtain the lognormal fitting. Stiffness range: 0–45 kPa, 100
bars. The median values are shown with vertical lines. The bold line curve represents the regression with a log-
normal distribution (Parameter values are given in Table 4). The full set of data is reported in Appendix B avail-
able in the Supplemental Materials on the ASME Digital Collection.
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group 3 have a larger stiffness than cells of group 1 is only of
PðE3 > E1Þ ¼ 0:52.

Moreover, the standard deviations reported in Table 5 for each
group (and even in Table C2 available in the Supplemental Mate-
rials on the ASME Digital Collection for each cell) are relatively
large. We estimate that, given standard deviations of about 15 kPa
as reported for group 1 and 2 in Table 5, the 95% confidence inter-
val could only be reached when the means of two groups are sepa-
rated by at least 30 kPa. Such a difference is much larger than the
maximum difference between means of group 1 and 2. Interest-
ingly though, there are only a couple of cells in group 3 showing
means above 35 kPa, but they usually correspond to distributions
with larger standard deviations.

3.2 Localized Differences of Apparent Stiffness Values

� Apparent stiffness maps

The obtained stiffness maps revealed heterogeneities across
each cell. For instance, the structure under the membrane is
clearly visible, showing the trace of stress fibers, in the apparent
stiffness mapping (Figs. 4(c) and 4(d)). The structure is even
revealed with a higher contrast than topography maps (Figs. 4(e)
and 4(f)). Interestingly, the AFM images of the given AoSMC
show a lamellipodium-like substructure on the thinnest region
(upper region on Figs. 4(c)–4(e)). We also noticed a stiffer and
uniform layer around the AnevSMC (Fig. 4(d)). The full set of
data are shown in Appendix A available in the Supplemental
Materials.

We also report in Appendix E available in the Supplemental
Materials the distribution of stiffness obtained on empty gels, with-
out cells. The median stiffness value measured on gel A was
15.9 kPa and the median stiffness value measured on gel B was
25.7 kPa. The obtained values were close to the ones indicated by
the gel supplier (12 kPa for gel A and 25 kPa for gel B). There is
again a relatively large scattering in the stiffness values. The scat-
tering of the stiffness values in the gel is clearly an effect of the
very high spatial resolution of stiffness measurements with our
8 nm-AFM tip. The porous structure of the gels can even be
detected in the AFM stiffness and topography maps, as shown in
Fig. E2 available in the Supplemental Materials.

� Multiple peaks

As previously noticed, local variations of the stiffness (varia-
tions with a high spatial frequency) show undulations, which may
be related to the underlying stress fibers, whose pattern is shown
in the fluorescent microscopy images of Fig. 5.

There are also spatial variations of the measured stiffness for
points which are separated by larger distances. These variations at
low spatial frequency (Fig. 2 and Appendices A and B available
in the Supplemental Materials), manifesting with relatively large
areas of lower or stiffness, also manifest in the histograms with
distinct spikes. Most of the histograms of apparent stiffness values
appear to be multimodal. In Appendix D available in the
Supplemental Materials, we show the results of a supplemental
analysis where we separated the contribution of each secondary
spike in the images. Although the multimodality may be attribut-
able to structures appearing sometimes in the images themselves,
it was not possible to identify specific patterns related to these
local structures if Figs. D2 and D3 available in the Supplemental
Materials. The difficulty of separating precisely the contribution
of each local structure can be explained by the superimposition of
the high spatial frequency variations and scattering, as discussed
previously, onto the low spatial frequency variations. Moreover,
the stiffness in different regions of the cell was measured several
minutes apart, as acquiring the whole AFM scan takes more than
30 min. Therefore, the spikes in the histograms may also be
induced by remodeling effects during the AFM scanning time.

� Cytoarchitecture

Fluorescent imaging of cells from both cell lineages showed
that the SMC cytoskeleton is composed of a complex fibrous net-
work (Fig. 5). The actin network is particularly dense in the lamel-
lipodium near the focal adhesions of the cell, and forms long
stress fibers linking focal adhesions together or linking focal adhe-
sions to the nucleus. A crisscrossed arrangement of actin fibers
was noticed in the lamellipodium, both for the AnevPrim
(Fig. 5(b)) and the AoSMC lineage (Fig. 5(a)). Conversely, in lat-
eral regions, the actin stress fibers were closer and parallel to each
other, forming thick bundles at each side of the cells.

Fig. 3 Histograms showing the distribution of the apparent stiffness values measured on the whole population
of cells from both Ao- (a) (N 5 11, 220,279 points) and Anev- (b) (N 5 10, 206,915 points) SMCs on gel A and
AoSMCs on gel B (c) (N 5 15, 382,292 points). The bold line curve corresponds to the best-fit lognormal distribu-
tion (Parameter values are reported in Table 5). The vertical line indicates the median value. Stiffness range:
0–45 kPa, 100 bars.
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4 Discussion

Aortic SMCs play a vital role in maintaining mechanical home-
ostasis in the aorta. We recently found that SMCs of aneurysmal
aortas apply larger traction forces than SMCs of healthy aortas
[27,66]. We explained this result by the increased abundance of
hypertrophic SMCs in aneurysmal aortas. In this study, we have
investigated whether the cytoskeleton stiffness of SMCs may also
be altered in aneurysmal aortas. For that, we have characterized
for the first time the local apparent stiffness distribution across the
cytoskeleton of human aortic primary SMC (healthy and aneurys-
mal origin) using AFM nano-indentation. Previously, AFM was
rarely used to characterize aortic SMCs or their surrounding
extracellular matrix [6,55–57]. We found that the obtained stiff-
ness distributions were globally lognormal, with a slightly higher
mean in aneurysm cells. However, the differences were not statis-
tically significant due to the very large dispersion of the AFM
nano-indentation stiffness.

There may be different reasons explaining the large disper-
sion. One reason is that, given the large strain rates used in our
measurements (above 100 Hz), the measured apparent stiffness
may actually be a combination of an actual elastic modulus and a
viscous component. Previous work showed that soft biological
objects behave like stiff materials while they undergo a high-
frequency excitation [67,68]. Caporizzo et al. [69] studied the
effect of strain rates on the apparent stiffness of fibroblasts meas-
ured with AFM indentation. They found a stiffness of 2.5 kPa at
0.1 Hz, and a stiffness of 4 kPa at 100 Hz. Therefore, based on
their study, we may approximate that the stiffness in our experi-
ments is about two times larger than the stiffness at 0.1 Hz. In
the work of Nawaz et al. [70], it was also found that the stiffness

increased of about a factor 2 between low and high deformation
rates. This depended though on the magnitude of the deforma-
tion. They found that at low indentation (<0.2 lm) the cell
showed an almost ideal elastic response, whereas at larger inden-
tation the measured cell stiffness depended more significantly on
the loading rate. The contribution of the viscous component to
the apparent stiffness obtained in our study should be determined
in the future in order to derive the actual elastic modulus and
determine its variations across the cell and between different cell
lineages. However, it is important to note that the rate effects did
not appear to affect the mean stiffness of the gels without cells
(Appendix D available in the Supplemental Materials), as we
found similar elastic moduli as the ones provided by the
supplier.

Another cause of dispersion in the stiffness maps may be
related to the time needed for acquiring an image with the QI
mode. In fact, due to possible remodeling during the scanning
time, AFM scans do not represent any particular state of a cell at a
given time. Only the very local variations of the stiffness (varia-
tions with a high spatial frequency, i.e., between very close points
where the stiffness was assessed almost simultaneously) may
show variations related to the underlying structure. For instance,
we see clear undulations that may indicate the underlying fibrous
structure as it appears in fluorescent microscopy images of Fig. 5.
However, for points that are separated by larger distances, hence
where the stiffness was assessed at times of several minutes apart,
the observed differences of stiffness may be induced by remodel-
ing effects.

One of the manifestations of data dispersion was the multimo-
dality of the histograms, with spikes suggesting the possible pres-
ence of different cell structures. We tried to localize the stiffness

Fig. 4 The Matrigen 35 mm Petri dishes contains a collagen I precoated hydrogel, on which SMCs adhere naturally after seed-
ing (a). The tested stiffness values are 12 kPa (gel A), and 25 kPa (gel B). A scan area was chosen close to the tip of individual
SMCs (b). AFM apparent stiffness maps (c and d) and topography maps (e and f) for an isolated AoSMC (c) (256 px/30 lm, set-
point 2nN, speed 200 lm/s) and AnevSMC (d) (setpoint 4nN, speed 250 lm/s) adhering on a 12 kPa collagen-coated hydrogel.
The full set of data is given in Appendix A available in the Supplemental Materials on the ASME Digital Collection.
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values corresponding to each peak in Appendix D available in the
Supplemental Materials on the ASME Digital Collection. How-
ever, when extracting the local spikes, it was not possible to iden-
tify specific patterns related to these local structures. The
mechanobiological meaning of these spikes in terms of specific
cell structures requires further investigations. It may also be
related to the time variations discussed above.

Although our previous study revealed a hypertrophy of
AnevSMCs [27], differences of stiffness values between
AnevSMC and AoSMC were not statistically significant (Fig. 3).
Both fluoroscopic and AFM imaging also tended to show that
aneurysmal and healthy cells present globally the same local
cytoarchitecture (Fig. 5). These local assessments should be com-
plemented in the future by more global assessments of the cell
stiffness along the long axis, which could be achieved using
microbiaxial stretching [71].

A previous study using punctual nano-indentation on monkey
aortic SMCs showed that stiffness values of SMCs from young
monkeys are in the 10–40 kPa range, which is similar to the stiff-
ness values of healthy human SMCs, for similarly applied force
between 1 and 5 nN [57]. Another study using AFM indentation
on SMCs of Marfan patients showed an increased stiffness, both
in the cells and in the ECM [6]. It was suggested that there may
be a correlation between the stiffness of SMCs and the stiffness of
the aortic wall in which they are embedded [72]. Interestingly,
healthy cell lines investigated in our study had a median stiffness
value of about 12 kPa, whereas the median value of aneurysmal
cells was slightly higher. We also found in a previous study that
the traction forces of SMCs depend on the stiffness of their sub-
strate, and that the highest traction forces were reached on gels of
12 kPa stiffness [27,66].

Stiffness mapping using AFM indentation is quite common on
soft tissues [73–76] but our results are the first using nano-
indentation on human SMCs. Larger tips (generally spherical
probes of 1 lm–1 mm diameter) are usually employed at the tissue
scale. Thinner tips like the one used in our study enable detecting
very small variations, such as the undulations shown in Figs. 2–4
or as the porosity of the gels shown in Fig. E2 (Appendix E avail-
able in the Supplemental Materials on the ASME Digital Collec-
tion). At the tissue scale, a previous study using AFM-based
nano-indentation showed that normal mixtures of collagen, elas-
tin, and SMCs in the wall of a nondiseased aorta had a compres-
sive axial stiffness of 18.7 kPa, as measured by Hayenga et al.
[77]. Another study of Oie et al. found the axial stiffness of the
media (comprising SMCs and collagen fibrils) to be 17.069.0 kPa
(mean6SD) [78]. However, for atherosclerotic plaques, the median
was found to be in a range between 27.5 kPa and 99.2 kPa for the
ECM surrounding the fibrous cap and the intimal region, respectively
[79]. Moreover, another study of Tracqui et al. using AFM found
that cellular fibrotic regions exhibit a mean elastic modulus of
10.465.7 kPa, and hypocellular fibrous caps exhibit a mean Young
modulus of 59.4647.4 kPa, locally rising up to �250 kPa [80].
Therefore, stiffness increase seems to be specific to diseased vascular
tissues, but the stiffness increase likely results from the remodeling
of the extracellular matrix and not from the cells themselves. A num-
ber of limitations need to be acknowledged.

The AFM nano-indentation curves were processed using the
Sneddon model. This resorts to assuming that the cell has a linear
elastic behavior and to neglecting the cell viscosity [43]. Stiffness
measurements on viscous materials using indentation can be
affected by the indentation speed [67,68]. Although the QI mode
has a lower (0.5–100 Hz) indentation frequency than other

Fig. 5 Fluorescent microscopy images of fixed Lonza AoSMC (M, 43 y.o.) (a) and AnevPrim (b). Observa-
tion of cell internal architecture in terms of cytoskeletal structure. The fluorescent channels are: DsRed
(F-actin) and green fluorescent protein (a-SMA). Channels are displayed on the figure as follow (left to
right): all channels - DsRed - green fluorescent protein. Microscope Axio Observer.Z1/7, Objective: Fluar
403/1.30 oil. The square shows the typical AFM scan area chosen for each cell of this study.
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quantitative AFM mapping modes like PeakForce (0.25–8 kHz)
[81], the dynamic effects should be investigated in future work,
more specifically viscoelastic properties. Moreover, the influence
of the substrate under the cell is difficult to determine precisely.
The method should be applied in the perinuclear area of the cell
as well.

Another important point of discussion is the geometry and
dimension of the tip, which is a cone of only radius of curvature
our case. Although a very thin tip is essential to detect the local
variations, it appears that a larger tip is more suitable at the tissue
scale (to estimate the gel stiffness, for instance). Therefore, the
variations and dispersion of stiffness properties in the gels shown
in the images of Appendix E available in the Supplemental Mate-
rials on the ASME Digital Collection, and probably also in the
cells themselves, would be smoothed out with a larger spherical
AFM probe. Larger spherical probes were widely used for aortic
characterization at the tissue scale within the 1–10 lm range for
diameter [78,80], but they are usually not adapted to cell
indentation.

Testing living cells represents also a major challenge. The
imaging time with the QI mode lasted about 20 min in an optimal
setting. This is significantly larger than the timescale of dynamic
effects undergone by filamentous structures of the cytoskeleton as
assembly/disassembly cycles usually last a few minutes [82,83].
Moreover, it was not possible to scan all the cells at the same loca-
tion, which may induce some extra variability.

Our experimental conditions on gels between 12 kPa and
25 kPa are significantly lower than real tissues which is normally
around 100 kPa, and which can be much larger in pathologies like
atherosclerosis [84]. Nevertheless, the specific structure of the
medial layer is made of lamellar units and SMCs are connected to
the elastic laminae by bundles of elastic microfibrils [19,85,86],
which may act as compliant springs between stiffer material, and
therefore results in a globally more compliant substrate for the
cells. Artificial two-dimensional environments may therefore
reproduce similar stiffness properties at the focal adhesion sites,
but obviously it does not reproduce the specific structure of the
SMC micro-environment in the aorta. Considering lamellar three-
dimensional environments in future studies is a priority but this
will require addressing a number of challenges to develop these
environments.

Finally, in spite of the high number of punctual measurements
achieved for each cell, only �10 to 15 cells were tested in each
group. Future work on a larger number of cells should investigate
the mechanical properties of the different cell components in
order to identify more in details their local mechanical contribu-
tions to the cellular functions.

5 Conclusion

We used the recently developed QI AFM mode in order to
achieve nanomechanical mapping of isolated living human aortic
SMCs. The obtained results are the first reconstructions of the
local apparent stiffness values in the cytoskeleton of human aortic
SMCs. The main conclusions are that: (1) all SMCs exhibit glob-
ally lognormal stiffness distributions, with medians in the range
10–30 kPa, (2) the mean of stiffness distributions is 16 kPa in
aneurysmal SMCs and 12 kPa in healthy cells, (3) the differences
between healthy and aneurysmal SMCs are not statistically signif-
icant due to the large dispersion of AFM indentation stiffness.
Further work will try to reconcile local stiffness variations with

traction force variations previously published by our group [27]
using subcellular computational modeling of SMCs. We postulate
that understanding the mechanical regulation of vascular SMCs
will be highly beneficial for future therapeutic developments
against cardiovascular diseases.
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