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Living cells sense and respond to their extracellular environment. Their contact guidance is affected by
the underlying substrate morphology. Previous studies of the effect of substrate pattern on the mechanical
behavior of living cells were only limited to the quantification of the cellular elasticity. However, how the length
and time scales of the cellular mechanical properties are affected by the patterned substrates have yet to be
studied. In this study, the effect of the substrate morphology on the biomechanical behavior of living cells was
thoroughly investigated using indentation-based atomic force microscopy. The results showed that the cellular
biomechanical behavior was affected by the substrate morphology significantly. The elasticity and viscosity of
the cells on the patterned PDMS substrates were much lower compared to those cultured on flat PDMS. The
poroelastic diffusion coefficient of the cells was higher on the patterned PDMS substrates, specifically on the
substrate with 2D pitches. In addition, fluorescence images showed that the substrate topography directly
affects the cell cytoskeleton morphology. Together, the results suggested that cell mechanical behavior and
morphology can be controlled using substrates with properly designed topography.

Anchorage-dependent cells sense and respond to the
underlying substrate1. The cells tune their focal ad-
hesions to adapt to their extracellular environment2.
Recent developments in micro- and nano-scale fabri-
cated materials provide new prospects for the investi-
gation of cell mechanics change affected by substrate
topography3–6. For instance, it has been reported
that patterned substrate affects cell regulation such as
migration7, gene expression8, cell signaling9, and cell
polarization10. However, the effect of the substrate’s pat-
tern on cellular mechanical properties at different time
and length scales is poorly understood. Thus, to have an
in-depth understanding of the substrate effect on cell me-
chanics, study of the length- and time-dependence of the
cell mechanical behavior subject to different substrate
patterns is necessary.
Currently, the effect of substrate texture on the cellu-

lar behavior has been mostly studied by quantification of
the cell Young’s modulus at a single measurement depth
using atomic force microscopy (AFM) due to its high
spatial and nanoscale resolution11,12. For instance, Mc-
Kee et al. (2011) investigated the biomechanical behav-
ior of the HTCEpi cells on patterned substrates using
AFM and found that increasing the pitch size of the sub-
strate led to the Young’s modulus increase of the cells
in the area where the nucleus was present12. Rianna
et al. (2017) investigated the Hertzian elastic modulus
of the cancer cells on PDMSs with nanogroove patterns
using AFM and reported that the textures led to a de-
crease in Young’s modulus of the cancer cells compared
to the control13. However, these methodologies do not
account for the biphasic nature of living cells, in which
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the porous solid cytoskeletal network is bathed in liq-
uid cytosol14. Therefore, poroelastic behavior should be
quantified as well to investigate living cell mechanical
behavior15. Poroelasticity of living cells describes the
cells’ ability to equilibrate the intracellular pressure when
external force stimuli exist, and is represented by the dif-
fusion coefficient, D, which is related to the pore size of
the cytoskeleton, ξ, the elastic modulus, E, and the vis-
cosity of the cytosol, µ16. Thus, the quantification of the
poroelasticity along with viscoelasticity (i.e., apparent
viscosity) and elasticity can provide a complete picture
of the cell biomechanics’ variation caused by substrate
texture. Moreover, since it is well known that the cell
mechanical response is length (i.e., indentation depth)
dependent15,17,18 due to heterogeneity of cell structure,
it is also necessary to study the cell mechanical behav-
ior under various stimulation depths to understand the
effect of substrate’s pattern on the length-dependence of
cell mechanics.

Polydimethylsiloxane (PDMS) materials have been
widely used as common cell culture substrate. Despite
the drawbacks of the PDMS such as hydrophobicity,
its flexibility, optical transparency, gas permeability,
and non-toxicity make it as an appealing substrate for
cell studies19,20. For instance, PDMS substrates with
different rigidities have been used to manipulate the
signaling pathway of the neuronal differentiation of the
human embryonic stem cells21, and it was reported
that the primary mouse cortical neurons co-cultured
with neurons derived from mouse neural stem cells
inside PDMS microconduits generate electrical signal
interactions22. Therefore, the effect of PDMS substrate
topography on mechanical behavior of MDCK cells using
AFM force-indentation measurement technique has been
investigated in this study. Specifically, mechanical
characterization is performed on Madin-Darby canine
kidney (MDCK) cells cultured on PDMS substrates of
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FIG. 1. AFM topography images of (A) flat PDMS, (B) 1D PDMS, and (C) 2D PDMS substrates.

the same base/curing agent ratio with different patterns
(flat, ridges (1D) and elevated disks (2D) with 80 nm
height and 0.5 µm pitch size, see Fig. 1), and the relation
between the substrate’s texture and cell mechanical
behavior (elasticity E, shear modulus G, viscoelasticity
η, and poroelasticity D) at different indentation depths
is presented. To investigate the effect of substrates’
pattern on the biomechanical behavior of the cells, the
cells were indented with the indenting velocity of 20
µm/s until the desired indentation depths were reached
(i.e., the indenting process) and the probe was then
rested on the cells for one second (the force-relaxation
process). The cell poroelasticity (i.e., D) was quantified
through fitting the force-time relaxation curve (i.e., force
vs. time response during the force-relaxation process)
using the following empirical poroelastic model14:

F (t)− Ff

Fi − Ff
= 0.493e

−0.822
√

Dt
a2 + 0.507e−1.348Dt

a2 . (1)

where a is the probe-cell contact size during the time
force relaxes from Fi to Ff . Complete details of AFM
mechanical characterization procedure are given in Sup-
plementary Information. Furthermore, the actin filament
(F-actin) morphology change caused by different sub-
strate patterns is also investigated. Details on the cell
preparation and AFM measurement procedure are pre-
sented in the supplementary material.
As shown in Fig. 2, the synthetic structured substrates

affect the cellular mechanical behavior significantly.
Agreeing with previous studies, the nonlinearity (me-
chanical property vs. indentation relation) of E, G, and
η of the cells seeded on the all PDMS substrates are
synchronized with the substrates’: all decreased mono-
tonically with the increase of the indentation depth18,23.
Specifically, the stiffness of the PDMS substrates is
decreased by almost 45% when the indentation depth
is increased from 300 nm to 500 nm. As a result, E
of the cells cultured on the flat, 1D, and 2D PDMS

substrates decreased by 69%, 54%, and 60% when
the indentation depth was increased from 325 to 1300
nm, respectively, and similar trend of nonlinearity of
G and η were observed for all measured cells on the
three substrates as well. This observed similarity in
mechanical nonlinearity between cells and substrates
is caused by mechanical adaptation of the living cells
to the substrate’s nonlinear mechanics18. However, the
diffusion coefficient, D, was monotonically increasing:
D increased by 600%, 1050%, and 1700% for the cells
seeded on the flat, 1D and 2D PDMS substrates, respec-
tively, when the indentation was quadrupled from 325
nm. This result is consistent with the poroelastic scale
law, D ∼ Eξ2/µ (where µ is the viscosity of the cytosol),
that the pore size is more dominant than E in affecting
the poroelastic behavior of the cells14,15. As the cells
are subject to local cytoskeleton stretching at bigger
indentations, larger lateral expansion is resulted, which
directly leads to larger pore size, ξ, of the cytoskeleton
meshwork. Therefore, the diffusion coefficient increases
at higher indentation depth, regardless of the substrate
mechanical nonlinearity.

Besides the cell adaptation to substrate mechanical
property, the experiment results show that the cell
mechanical behavior can be directly altered by the
substrate topography. Compared to the values measured
from the the control (i.e., cells on the flat PDMS),
the Young’s modulus of the cells on the 1D PDMS at
the indentation depths of 325, 650, 1000, and 1300 nm
decreased by 71%, 62%, 67%, and 57% , and the decrease
was 67%, 65%, 67%, and 57%, respectively, for the cells
cultured on the 2D PDMS. In addition, G and η of the
cells on the 1D and 2D PDMSs at each indentation
depth reduced by at least 50% and 64%, respectively,
with respect to the ones of the control. These reductions
are caused by the reduced cell-substrate contact area
on the patterned substrates. Previous studies have
shown that the smaller contact area on the structured
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FIG. 2. (A) Young’s modulus, (B) shear modulus, (C) apparent viscosity, and (D) diffusion coefficient of MDCK cells seeded on
different substrates, respectively, measured at four indentation depths (325, 650, 1000, and 1300 nm) and the indenting velocity
of 20µm/s. n=6. Students t-test was performed to analyze the statistical difference: for each indentation, data were compared
with respect to the ones measured on the flat PDMS at the same indentation; and for each substrate, the data measured at the
minimum indentation (325 nm) for that substrate were chosen as control. A p <0.05 was yielded for each comparison unless
otherwise denoted in the figure (N.S.: not significant.).

substrates (e.g., 1D and 2D PDMS substrates) results
in lower focal adhesion and contractility compared to
the flat PDMS substrate24. Then as a result, lower
cellular Young’s modulus were observed24. Note that
the Young’s modulus of MDCK cells measured in this
study 4-40 kPa is in agreement with previously reported
values25. Furthermore, the lower contractility of the cells
on the structured substrates leads to lower shear stress
of the cells18,26. Thus, the shear modulus (G=shear
stress/shear strain) of the cells seeded on the 1D and
2D PDMSs is lower than that of the control at each
indentation depth. Note that E and G values measured
for the cells on the 1D and 2D PDMSs are similar
indicating that the pattern shape (with the same height
and pitch size) does not affect the stiffness of the cells
much. Meanwhile, the high degree lateral expansion of
the cells seeded on the patterned PDMSs leads to higher

intracellular fluid flow rate (i.e., shear rate). Therefore,
the cell apparent viscosity (η = shear stress/shear
rate27) measured for the cells on the 1D and 2D PDMSs
decreases at each indentation depth compared to that of
the cells on the flat PDMS (i.e., control).

However, the diffusion coefficient was higher for
the cells on the patterned PDMSs at each indentation
depth compared to the values measured on the flat
PDMS. Specifically, at the higher indentation depths:
with respect to the values measured from the control,
D of the cells on the 1D PDMS at the indentation
depths of 1000 and 1300 nm increased by 4% and
31%, respectively, and the increase was 75% and 54%,
respectively, for the cells seeded on the 2D PDMS. The
MDCK cells seeded on the 2D PDMS behave more
poroelastic at the measured indentation depths due to
the lower contractility and larger expansion of the cells
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FIG. 3. Example of optical images ((A1)-(A3)) and F-actin cytoskeleton images ((B1)-(B3)) of MDCK cells seeded on the
three substrates, respectively. (C) and (D) show the comparison of the F-actin alignment angle deviations and the cell area
quantified from the F-actin cytoskeleton on each substrate, respectively. n=10. Students t-test was performed to analyze the
statistical difference: data were compared with respect to the ones measured on the flat PDMS. A p <0.05 was yielded for each
comparison unless otherwise denoted in the figure (N.S.: not significant.).

which further result in larger pore size, and thus, bigger
diffusion coefficient. It is noticed that the difference
of D is not significant at the indentation of 325 nm as
the substrate morphology effect is not significant at low
measurement depth due to the thick plasma membrane
of MDCK cells28. Moreover, for the cells seeded on
the 1D PDMS, D was not much different compared
to that measured on the flat PDMS. We suspect this
might be due to the constrained cell morphology on
the 1D PDMS. Therefore, we investigated the F-actin
cytoskeleton morphology for an in-depth understanding
of the biomechanical behavior of the cells.
As can be seen in Fig. 3, the F-actin alignment and

the cell shape were guided by the substrate patterns.
The alignment angles of F-actin of the cells seeded on
the 1D PDMS substrate is more uniform than the other
two cases. This is because the F-actin alignment follows
the substrate topography patterns13,24,29. Specifically,
on the 1D substrate, focal adhesions are mostly located
on the top surface of the ridges24,30, therefore, the
cell shape and the F-actin alignment directly follow
the direction of the 1D ridges29,31. Thus, the cells are
stretched along one direction, i.e., the cells are thin
and long, and the cell area is smaller compared to the
other two cases. Similarly, the cells on the 2D PDMS
are stretched along multiple directions (i.e., with square
or round shapes) due to the pitches on the substrate.
As a result, the larger F-actin alignment deviation
and cell area are yielded24,32,33. Different from the
patterned substrates, the flat PDMS allows the cell
membrane and cytoskeleton to expand freely, i.e., the
cell shape is more random. Thus, the F-actin alignment

deviation is between the values for the other two cases,
and the cell area is relatively large. As a result, the
difference in F-actin cytoskeleton morphology directly
reflected the cell mechanical behavior difference during
the biomechanical measurement since the cytoskeleton
morphology has been shown to play a fundamental role
in cellular mechanics18.

The cell morphology images and the quantified F-actin
cytoskeleton data together with the cell biomechanical
characterization results indicate that the substrate
topography affects the cell biomechanical behavior and
the cell morphology, simultaneously. Therefore, the
results of this study suggest that it is possible to achieve
cell mechanical behavior and morphology control using
substrates with properly designed topography patterns.
For further studies, it would be interesting to investigate
the effect of substrate topography on cytoskeleton mor-
phology in details, and quantify the relation between the
cytoskeleton morphology and cell mechanical properties
to provide more information on cell mechanical behavior
control through extracellular environment.

See supplementary material for the details of materi-
als, PDMS and cell preparation, and AFM mechanical
characterization procedure.
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