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Abstract

Introduction—Neuronal cells are sensitive to mechanical
properties of extracellular matrix (ECM) such as stiffness
and topography. Cells contract and exert a force on ECM to
detect the microenvironment, which activates the signaling
pathway to influence the cell functions such as differentia-
tion, migration, and proliferation. There are numerous
transmembrane proteins that transmit signals; however,
integrin and neural cellular adhesion molecules (NCAM)
play an important role in sensing the ECM mechanical
properties. Mechanotransduction of cell–ECM is the key to
understand the influence of ECM stiffness and topography;
therefore, in this study, we develop a multiscale computa-
tional model to investigate these properties.
Methods—This model couples the molecular behavior of
integrin and NCAM to microscale interactions of neuronal
cell and the ECM. We analyze the atomistic/molecular
behavior of integrin and NCAM due to mechanical stimuli
using steered molecular dynamics. The microscale properties
of the neuronal cell and the ECM are simulated using non-
linear finite element analysis by applying cell contractility.
Results—We predict that by increasing the ECM stiffness, a
neuronal cell exerts greater stress on the ECM. However, this
stress reaches a saturation value for a threshold stiffness of
ECM, and the saturation value is affected by the ECM
thickness, topography, and clustering of integrin and
NCAMs. Further, the ECM topography leads to asymmetric
stress and deformation in the neuronal cell. Predicted stress
distribution in neuronal cell and ECM are consistent with
experimental results from the literature.
Conclusion—The multiscale computational model will guide
in selecting the optimal ECM stiffness and topography range
for in vitro studies.
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INTRODUCTION

One of the most critical aspects of recent advance-
ments in regenerative medicine is directing stem cell
differentiation toward a specific lineage.70 It is espe-
cially challenging to guide them to differentiate and
mature as a neuronal cell.11 In vivo neuronal cell dif-
ferentiation and proliferation are guided by complex
chemical and microenvironment factors; it is difficult
to understand the niches of specific microenvironment
influence. Thus, in vitro studies help to identify the
influence of microenvironment, and to better
understand the cell signaling pathway.65 Generally,
in vitro studies use an extracellular matrix (ECM) to
mimic the microenvironment of neuronal cells.
Experimental studies have varied the mechanical
properties of ECM, which changes the microenviron-
ment between the cell and ECM.16,52,63

An ECM has a range of mechanical properties that
have been identified to influence cell differentiation,
such as ECM composition, stiffness, topography, and
growth factors.14 An experimental study has demon-
strated that an increase in ECM stiffness has yielded an
increase in neuronal cell differentiation.14 However,
experiments to find ECM stiffness or the
mechanosensing range at which maximum cell differ-
entiation occurs have thus far produced ambiguous
results.46,55 The ECM stiffness or Young’s modulus (E)
is an equivalent measure of the resistance to applied
deformation.2 Experiments that test cell response to
change in ECM mechanical properties often utilize
synthetic ECM, since its stiffness can be varied by
changing the concentration.63 Commonly used bio-
compatible synthetic materials are polyelectrolyte
multilayers (PEMs), polyacrylamide hydrogels, and
Matrigel�.50,58 In particular, Matrigel has resulted in
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higher neuronal cell differentiation when compared to
other synthetic materials, and its stiffness can also be
tuned similar to in vivo conditions.21 Numerous
experiments have shown that when ECM topography
changes, it can significantly influence the neuronal cell
differentiation.8,14,37,44

Dowell et al.14 conducted neuronal cell growth
experiments on the laminin-coated patterned substrate
(arrays of microposts) have exhibited an increase in
neuronal cell growth when there is an increase in ECM
stiffness. They demonstrated that as the stiffness of
microposts increases, there is an increase in stress, cell
area, and the number of receptors. The maximum force
on the microposts also showed dependence on sub-
strate stiffness. On flat substrates, the study by Po-
lacheck et al.43 has shown that an increase in cell
spreading area is dependent on substrate stress for
applied cell contractility. Despite numerous experi-
mental observations, it is still unclear how the pat-
terned ECM surface influences the stress on cells.
There is also a lack of understanding about the stress
and deformation asymmetry response in patterned
ECM surfaces.29

Cells react to differences in ECM mechanical
properties by pushing and pulling on ECM via myosin-
induced contractility in the cytoplasm. This is referred
to as cell contractility.1,56 Due to cell contractility,
mechanical force is transmitted from receptors (intra-
cellular proteins) to ligands (ECM proteins), and they
form a mechanical anchor and play a crucial role in
mechanosensing and mechanotransduction.47 There
are numerous receptors that bind with ligands, but
integrin and neural cellular adhesion molecules
(NCAM) are the main mediators for sensing ECM
properties.35 Cell culture experiments have shown that
suppressing the integrin using antibodies has negligible
influence on neuronal cell deformation.3 Similarly,
NCAM has been found to mediate cell–ECM and cell–
cell adhesion.35 NCAM binding also stimulates intra-
cellular signaling for neuronal cell differentiation and
cell–cell interconnection.60 It was observed that the
distribution of integrin and NCAM is predominantly
concentrated on the periphery of the cell membrane
and cytoplasm. However, it is unclear how an increase
in ECM stiffness affects the integrin and NCAM
clustering.68

Several theoretical models have studied the influ-
ence of ECM stiffness and topography. However, the
complex molecular mechanisms of cell–ECM inter-
connection still need to be understood. Multiscale
models can investigate these mechanisms since they
can couple mechanosensing of cell and ECM at mul-
tiple length scales.10 Modeling the behavior of ECM is
a challenging task since ECM is composed of numer-

ous proteins such as collagen, laminin, and
fibronectin.20,36,64 These proteins form a cross-linked
network of the fibrous structure. Few computational
models have been developed for these fibrous struc-
tures.19,36 Although the behavior of ECM can be pre-
dicted by these models, these fibrous structures have
enabled the model dependent on many parameters. An
analytical model based on two-layers with considera-
tion of receptors and ECM interactions has shown that
receptors prefer to cluster on stiffer ECM sub-
strate.16,32,48 A few other models based on coupling
analytical equations and finite element based models
were developed to analyze the cell contractility mech-
anism based on focal adhesion dynamics.30,39,67 They
showed that the remodeling of receptors are affected
by cell–ECM adhesion and cell contractility force.
Biomechanical models for cytoplasm based on the
change in cell contractility have found that receptors
will aggregate near the cell periphery region.3,13

Models were also developed to predict topography
influence on cell stresses and deformation.13,40 These
models considered pillars and microposts as elastic
spring and calculated the traction force at the cell–
ECM interface. It was found out that by increasing the
elastic spring constant of microposts resulted in higher
traction force. Similarly, cells cultured on the microp-
ost patterned ECM has a higher traction force when
compared to a flat ECM surface.44,49 Previous studies
have individually modeled the influence of multiple
parameters such as cell contractility, receptors clus-
tering, ECM stiffness, and topography. However, these
modeling studies only investigated cell structure and
ECM, neglecting the consideration of dendrites, which
also plays an important role in the transfer of signal
from adhesion molecules to cell during cell contractil-
ity.71 Moreover, these adhesion molecules are modeled
as linear elastic springs,20 neglecting the nonlinear
behavior of protein structures such as integrin and
NCAM.

It is challenging to experimentally examine these
open questions due to the number of parameters
involved. Therefore, in this study, we use a multiscale
computational model by considering a neuronal cell
attached to an ECM via receptors integrin and
NCAM. At the atomistic scale, these receptors form
the connection between neuronal cell and the ECM.
We examine the mechanotransduction of receptors to
capture non-linear behavior at the atomistic scale using
molecular dynamics. At the continuum scale, we
investigate how neuronal cell contractility deforms the
ECM using nonlinear finite element analysis (FEA).
We study the effect of ECM stiffness and topography
on neuronal cell, which involves coupling multiple
length scales. The computational model includes
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essential pathways of cell contractility on the ECM,
and we compare our results to analytical equations.
The model developed here can predict a change in
mechanosensing range due to an increase in ECM
stiffness and topography. Parametric studies are car-
ried out to find the integrin and NCAM clustering
influence on neuronal cell stress and deformation.
Results from this study will be useful in finding an
optimal ECM stiffness and topography for neuronal
cell studies.

MATERIALS AND METHODS

Mechanotransduction of Cell--ECM

Cells reside within a complex microenvironment;
therefore, it is necessary to decouple factors to
understand biochemical and biophysical cues on
cells.23 The focus on biophysical cues arises due to
interaction with the ECM, and it has been shown that
there are multiple pathways near the interface between
the cell and ECM.15 These multiple possibilities of
force transfer exist due to numerous adhesion proteins
that are connected to ECM ligands. Recent experi-
ments have shown the importance of transmembrane
protein complexes such as integrin and NCAM in the
role of sensing and transmitting mechanical and bio-
chemical stimuli.26 A schematic representation of the
cell–ECM interactions are shown in Fig. 1, which de-

scribes integrin and NCAM mediated mechanotrans-
duction in the cell.

The cell has three important subcomponents; the
outer cell membrane, cytoplasm, and inner nucleus.
The nucleus is the central unit for receiving the signal
and control the biochemical cues, while the cytoplasm
is the fibrous structure with multiple proteins.4 The
vital function of cytoplasm is to generate cell con-
tractility using actomyosin (stress fibers) against the
ECM. These myosins generated forces transmit to the
ECM via transmembrane molecules, such as integrin
and NCAM. Due to the physical connectivity from
integrin to nucleus, cells sense the properties of ECM.
This process of bidirectional sensing is shown
schematically in Fig. 1a. Transmembrane molecules
such as integrin and NCAM form the linkage between
the neuronal cell and ECM through individual inter-
actions between a receptor and an ECM ligand
(Figs. 1b and 1c). On the cell membrane, integrin is
connected to the cytoplasm through an assembly of
multiple proteins. The fibrous structure of the ECM is
comprised of protein ligands such as laminin, collagen,
and fibronectin. However, modeling the fibrous struc-
ture of the ECM with all ligands is a tedious process.
Hence, an efficient way to model the fibrous structure
of ECM is by using an equivalent approximation
technique.67 Also, the current study focuses on the
influence of variation in ECM stiffness on a neuronal
cell rather than the physical structure of the ECM.
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FIGURE 1. (a) Schematic representation of the neuronal cell. ECM–cell interaction, and their intracellular signalling pathways.
Receptor binding between the extracellular matrix (fibrous structure) and the cell membrane is shown for (b) integrin ab, and (c)
NCAM.

A Multiscale Model to Predict Neuronal Cell Deformation 231



Experimentally, changing the mechanical properties
of ECM without altering other system characteristics
can be challenging. However, computational models
can decouple such variables and study the influence of
individual change in material properties. Furthermore,
an effective computational model is one that can
characterize the behavior of the complex system while
predicting qualitative results similar to those observed
in experiments. We develop a multiscale model of
neuronal cell and ECM to study the effect of change in
ECM stiffness and topography on cell deformation.
This model captures the essential signaling pathway
mechanism, as shown in Fig. 1. Details of the multi-
scale model, the required geometrical parameters for
cell, dendrite, and ECM structures are explained in the
following sections.

Geometrical Details

Neuronal Cell

Computational studies by Wong et al.67 represented
neuronal cell as a single entity with homogenous
mechanical properties. However, few studies have
considered the layered components of the neuronal cell
such as cell membrane, cytoplasm, and nucleus, as
shown in Fig. 2. It is necessary to capture the geometry
and material properties of all neuronal cell compo-
nents, to study the force transmission across the nu-
cleus of a neuronal cell. Analysis of the signaling
pathway in the previous study38 has shown that
transmembrane proteins send the signal to cytoplasm
which is internally connected to the nucleus. Therefore,
modeling the cell membrane, cytoplasm, and nucleus
are essential. Indentation of neuronal cell using atomic
force microscopy (AFM) has examined the geometry
variation in the rat cortical neuronal cell.6 They found
an average diameter and height of neuronal cell using

‘‘cross-diameter’’ estimates.61 Here, we assume the
semi-spheroid shape with an average height of 7.9 lm,
and a diameter of 16.8 lm for the neuronal cell, based
on the experimental study.6 The neuronal cell and
ECM are connected via receptors (refer; Fig. 2);
therefore the neuronal cell remodeling or spreading is
not considered in this study.

Dendrites

Experimental studies by Soba et al.54 shows the
importance of dendrite contribution in sensing the
microenvironment properties of ECM. However, den-
drite properties were not included in previous compu-
tational studies by assuming that dendrite is not
connected to the ECM.10 Recent Traction Force Mi-
croscopy (TFM) study have revealed that intracellular
molecules such as integrin and NCAM mediate the
dendrite growth process.22 The computational model
developed in this study includes dendrite, and they
protrude from the cell body and tapers along the
length, as shown in Fig. 2. Based on experimental
observation,54 dendrite shape and size fluctuate over a
certain range. Hence, we assume an average size
(1.17 lm in width, 0.80 lm in height and length 6 lm),
tapered shape, and four dendrites per neuronal cell53,54

in our model.

Extracellular Matrix (ECM)

Matrigel is made up of ligands such as laminin,
collagen, and heparin21,59 and is widely used in cell
proliferation, migration, and differentiation due to its
biocompatibility and enhanced cell adhesion21 prop-
erties. In this study, Matrigel is considered as the ECM
substrate. In experimental studies, changing the stock
concentration varies the stiffness of Matrigel. There-
fore, we vary the ECM stiffness from 4 Pa to 5000 Pa
to study the stiffness effects.
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FIGURE 2. Neuronal cell cross-sectional view that consists of cortex (cell membrane) outer layer, middle layer cytoplasm, and
inner nucleus region and dendrite (green line). The dendrite is connected to the cell membrane, and the ECM (Matrigel) via
receptors (springs).
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Patterned ECM Substrate

Experimental studies on the effect of patterned
substrate on cell differentiation, proliferation, and
migration have shown significant influence due to the
geometry of the pattern.28 A variation in cell behavior
was observed for different patterned substrates con-
sisting of pillars, microholes, and gratings. Particu-
larly, gratings show directional cell growth and
enhanced cell differentiation.18,57 Varying the width of
grating have yielded a higher neuron growth when
compared to changing the gap between the gratings.14

In this study, we generate gratings made with a cylin-
drical asperity by varying asperity diameter (/), with a
constant gap between asperities, as shown in Fig. 3.

Multiscale Modeling of Neuronal Cell and ECM

Interaction between the neuronal cell and ECM
occurs at multiple length scales, and it is challenging to
describe the transfer of force from the nanoscale to
microscale. As described in ‘‘Mechanotransduction of
Cell–ECM’’ section, mechanotransduction of cell–

ECM process of bidirectional sensing is a multiscale
process, where receptors such as integrin and NCAM
transfer force at nanoscale while the neuronal cell
contractility occurs at the microscale. To capture this,
we develop the geometry of the neuronal cell, dendrite
and ECM at microscale using non-linear finite element
analysis (FEA). At the nanoscale, we model integrin
and NCAM using the molecular dynamics method as
implemented in LAMMPS.42 Figure 4a shows
schematics of the multiscale model of neuronal cell and
the ECM. The dendrite structure and its connection to
the cell membrane layer are shown in Fig. 4b. The
coupling between the microscale and nanoscale is
captured by a spring element, which characterizes the
non-linear behavior of integrin and NCAM. Springs
are connected between cell–ECM and dendrite–ECM
as shown in Fig. 4c. The protein structure of NCAM
and integrin are extracted from the protein database
(PDB), and their atomic structures are shown in
Fig. 4d. To analyze the neuronal cell and ECM in
FEA, we require a material model that predicts the
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FIGURE 3. Patterned ECM substrate with cylindrical asperity aligned along the x-direction. (a) ECM with 2.5 lm asperity diameter
(/), (b) shows the schematic of the patterned substrate. The diameter is varied from 0.5 to 2.5 lm. The spacing between the
asperities is 4 lm.

FIGURE 4. (a) The neuronal cell and ECM models, with geometric dimensions obtained from Jerusalem et al.24. (b) Dendrites are
connected to the cell membrane, and their structure is modeled based on the experimental observation by Smith et al.53 (c)
Longitudinal springs are distributed randomly at the ECM–cell and dendrite–ECM periphery. (d) The protein structure of NCAM and
integrin a1b1.
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mechanical behavior of cell and ECM, details of the
model are discussed in the Supplementary Material.

Nanoscale Material Properties and Deformation
of Integrin and NCAM

To understand the atomistic behavior of integrin
and NCAM, we use the molecular dynamics method.
The protein structure of receptors such as inte-
grin a1b1 (1CK4 pdb41) and NCAM Ig 1-2-3 (1QZ1
pdb60) of Rattus norvegicus are extracted from protein
database.5 Deformation characteristics of an individ-
ual receptor at the atomistic scale are analyzed using
steered molecular dynamics31 (SMD). The SMD
method mimics an atomic force microscopy study of
proteins. SMD applies an external force using a virtual
spring with a stiffness kc and displaces atoms that are
connected to the spring at a constant velocity. This
method enables us to predict the receptor deformation
mechanisms for an externally applied mechanical
force. Integrin and NCAM protein structures consist
of amino acid residues. Previous studies have predicted
mechanical behavior of protein using the Chemistry at
HARvard Macromolecular Mechanics (CHARMM)
force field,33,34 and the predictions were consistent with
experimental results.66 We use the CHARMM force
field along with SMD to predict the force–deformation
behavior of integrin and NCAM (see Figs. 5a and 5b).
The integrin and NCAM intracellular adhesion mole-
cule binding region is considered as the C and N ter-
minus41,60 (refer Figs. 5a and 5b insets). We first
minimize the integrin and NCAM structures and then
equilibrate them by maintaining pressure and temper-
ature of 1 atm and 300 K. To find the position and
velocity of atoms at each time step, we use the Nose–

Hoover method. The equilibration of proteins is car-
ried out until the root mean square deviation ~ 1 Å.

Atomic force microscopy (AFM) studies on inte-
grins have used pulling velocity range of 0.1–10 lm/s
and inferred that for different rate of pulling there is
fluctuation in the unfolding force. However, rate of
pulling has a negligible variation on integrin stiffness.
After performing parametric studies using SMD sim-
ulations, we have chosen spring constant kc ¼
0:325N=m and velocity of pulling as 2m=s. The non-
linear force–displacement data of integrin and NCAM
are shown in Figs. 5a and 5b. The atom position and
forces are extracted by recording the trajectories every
200 fs. Extracted force–displacement data are
smoothened using moving average method.12 This
force–displacement behavior is then assigned to the
non-linear spring elements in the FEA model. The
spring elements mimic the nanoscale non-linear
behavior of integrin and NCAM when there is a force
transmission between the neuronal cell and ECM.

Finite Element Analysis and Modeling

To predict the influence of ECM mechanical prop-
erties on cell, we use a commercially available software
ANSYS�, which can capture the geometry of cell and
represent the material behavior using constitutive laws
(see Supplementary Material for details). A 3D FEA
model of cell–ECM is meshed using higher-order solid
elements (refer to the supplemental material for a de-
tailed description of FEA formulation and analysis
procedure). We perform convergence studies to opti-
mize the mesh density (refer the supplemental material
for the information on mesh convergence results).
Figure 6 shows FEA mesh with substrate thickness
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FIGURE 5. The force–displacement response of (a) integrin a1b1 and (b) NCAM under tensile loading. Inset shows the SMD
boundary and loading conditions. The C-terminus chains are fixed, and a displacement boundary condition is applied to N-
terminus chains.
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t = 1 lm. We assume that ECM and dendrite as
nearly incompressible (t = 0.49) and linear elastic
isotropic material. Considering an elastic modulus
range of 4–5000 Pa and different thicknesses (t = 6, 3,
1, and 0.5 lm) for ECM will provide an insight into
how geometry and material property will influence the
distribution of stress and deformation in neuronal cell
and the ECM.

Boundary Conditions of the Multiscale Model

As discussed in ‘‘Mechanotransduction of Cell–
ECM’’ section, during mechanotransduction of cell–
ECM, cell sense microenvironment by contracting,
which is induced by stress fibers on ECM via receptors
(refer Fig. 1). However, the magnitude of cell con-
tractility is based on cell type, maturation, and cell
area. Few experimental studies have quantified defor-
mation and traction stress of ECMs due to cell con-
tractility using Traction Force Microscopy (TFM).49

An experimental study on migratory neurons has
shown that ECM deformation has varied from 0.2 to
0.4 lm due to neuronal cell contractility.25 Therefore,
we apply average cell contractility of 0.3 lm as a dis-
placement boundary condition on the cell membrane
in our model (see Fig. 6a). The spring elements
between cell membrane and the ECM represents
properties of integrin and NCAM (refer Fig. 6b). The
results of stress and deformation that follows have an
applied cell contractility of 0.3 lm on the cell mem-
brane.

RESULTS AND DISCUSSION

Effect of ECM Stiffness on Neuronal Cell

Neuronal cell detect change in ECM properties due
to variation in force transfer from adhesion molecules
and leads to cell contractility. In this multiscale model,
the cell contractility results in mesh elements to move
inwards. Cell contractility causes the dendrite to move
inward as well, which in turn applies a tensile force to
the spring elements (integrin and NCAM) attached to
the ECM. Stress that develops in ECM is due to force
transfer from integrin and the NCAM. We determine
the von Mises effective stress for the cell and ECM.
From Fig. 7a, we observe that by increasing the ECM
elastic modulus, the maximum stress increases in the
cell and ECM. However, the maximum stress value
saturates and further increase of ECM stiffness
from ~ 500 Pa, the rate of stress increase is low. We
also observe similar stress saturation behavior in the
cell membrane, cytoplasm, and nucleus (refer Figs. 7b–
7d respectively). The results show that the cell mem-
brane experiences a higher stress magnitude, and stress
transfer to the nucleus is mediated by cytoplasm. The
neuronal cell culture experiments use diluted stock
concentration of Matrigel varying from 1 to 7%,21 and
this variation in Matrigel stock concentration changes
the ECM stiffness within the range of 40–5000 Pa.

Distribution of stress in ECM (refer Fig. 7a inset) is
localized in the region of integrin and NCAM con-
nection points. Similar stress distribution has been
observed in cell culture experiments25 and it was
observed that the stress distribution is controlled by
integrin distribution on the cell periphery. We observe
that by varying the stiffness of the ECM, the stress
distribution doesn’t change in ECM and reaches a
saturation value. The cell membrane and cytoplasm
stress distribution are at a maximum at the periphery,
indicating that the dendrite connection region domi-
nates the integrin and NCAM pulling force (refer
Fig. 7b and 7c insets). However, the nucleus experi-
ences a biaxial compression from cytoplasm which
results in maximum stress distribution at the nucleus
periphery (refer Fig.7d inset).

Few analytical and theoretical models have investi-
gated the influence of ECM properties on cell defor-
mations; however, these models have a limitation in
predicting the ECM pattern (3D geometry) influence
on neuronal cell. It will be intriguing to compare the
prediction of ECM stiffness influence on neuronal cell
using analytical two spring model48 and the multiscale
model developed here. The two-spring model assumes
that ECM and intracellular components are in series; it
neglects the difference in stiffness of receptors and cell
membrane. Here we extend the two-spring model to a
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FIGURE 6. (a) FEA mesh of the neuronal cell and ECM, with
arrows representing the applied load. The condition of
neuronal cell contractility displacement in the cell
membrane and the connection region of NCAM and integrin
are shown as well. Also, number of integrins and NCAM are
represented as blue dots. (b) Visualization of integrin and
NCAM as a spring element, which connects the ECM and cell
membrane
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three-spring model, which considers ECM, receptors,
and cell membrane in series. As shown in Fig. 8a
springs in series will result in the decomposition of
deformation (u1; u2; and u3), and same force transfer
(F) in the system. Consequently, from the superposi-
tion principle, the independent deformations are added
together to find the total displacement (U) (see Eq. 1).
The displacements can be found from stiffness and
force relation (F ¼ K�U). Total deformation (refer
Eq. 1) and effective stiffness (refer Eq. 2) equations are
derived by combining the deformation and stiffness of
each component of the neuronal cell and ECM.

U ¼ u1 þ u2 þ u3 ð1Þ

1

keffðuÞ
¼ 1

kECM
þ 1

kRECðuÞ
þ 1

kcellðuÞ
ð2Þ

The stiffness for cell membrane (kcellðuÞ) is a function
of displacement and are calculated from the assumed
neo-Hookean model properties (refer to Supplemen-
tary Material Eq. 1 and Table S2). The receptors (in-
tegrin and NCAM) stiffness kRECðuÞ are extracted
from the force displacement curves (Fig. 5), assuming
linear elastic stiffness for the ECM. For an applied cell
contractility, we increase the stiffness of ECM to cal-
culate the total deformation. By varying the stiffness of
ECM, we vary deformation nonlinearly and saturate at
the threshold stiffness of the ECM (refer Fig. 8b). We
normalize the deformation and stiffness of ECM with
the maximum value to show the characteristic differ-
ence between multiscale model and the analytical
three-spring system. The multiscale model shows good
agreement with the analytical three-spring system, with
a variation of 5%. The saturation we observe in mul-
tiscale model is due to number of variables such as
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FIGURE 7. The maximum von Mises stress variation for the ECM, cell membrane, cytoplasm, and nucleus with respect to change
in the ECM elastic modulus are shown in (a)–(d) respectively. The stress variation shows a non-linear trend up to the threshold
ECM elastic modulus (E = 495 Pa). The von Mises stress distribution at E = 495 Pa for ECM, cell membrane, cytoplasm, and
nucleus are shown in the inset of each figure.
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nonlinear behavior of receptors (integrin and NCAM),
and rate-dependent behavior of neuronal cell. How-
ever, for three-spring system the saturation is due to
difference in stiffness of the ECM, receptors, and cell
membrane. For threshold region, the stiffness of
receptors and cell membrane dominates over ECM;
thus, the cell can sense the change in ECM stiffness.
However, above ECM threshold value, stiffness dom-
inates over receptors and cell membrane, which leads
to cell being unable to sense the ECM stiffness change.
Similar saturation behavior has been observed in
experiments for different cell types.27,63 The prediction
from three-spring analytical model is similar to multi-
scale modeling prediction of ECM stiffness effect on
neuronal cell (refer Fig. 8b). However, the multi-scale
model has the ability to predict the effect of ECM
topography on neuronal cell and can capture the 3D
model features compared to the analytical model. FEA
approach can also assess the impact of topographical
shapes on neuronal cell stress and deformation com-
pared to three-spring analytical model. Hence, three
spring analytical model is limited to the prediction of
ECM stiffness and its effects on the neuronal cell.

We also observe that neuronal cell morphology or
shape changes as the stiffness of the ECM increases.
The cytoplasm in the neuronal cell reorganizes its
stress fibers based on the ECM stiffness that induces
the change in cell shape. In the current approach of
finite element modeling, the simulation of these stress
fibers in the cytoplasm is a tedious process. We,
therefore, considered cytoplasm as a homogenous
medium with equivalent material characteristics.
Therefore, the multiscale model lacks a forecast of cell
shape change based on stress fiber remodeling. We
predicted the neuronal cell deformations based on
ECM stiffness, which indicates minor shape variations
(refer Supplementary Fig. S4).

Effect of ECM Thickness on Stress Distribution
in the ECM

To examine the influence of ECM thickness on von
Mises stress and deformation in ECM and cell, we vary
the thickness of ECM from 0.5 to 3 lm. Figures 9a
and 9b show the maximum von Mises stress on ECM
and cell membrane respectively as a function of ECM
thickness. We observe that above 1 lm thickness,
change in von Mises stress for ECM, and cell mem-
brane are negligible. However, stress in the neuronal
cell increases if the ECM thickness is below 1 lm.
Therefore, in our multiscale model we use an ECM
thickness of 1 lm. Results for the critical thickness of
ECM and the cross-sectional view of stress distribution
along the ECM thickness are shown in Figs. 9c and 9d.
We observe that for a 0.5 lm thick ECM, the stress
distribution spans below the ECM surface (see
Fig. 9d). Consequently, if ECM thickness is below
0.5 lm thick, the stress distribution in ECM and cell
membrane will be influenced by the thickness. How-
ever, for 1 lm thick sample, stress distribution reaches
only half of the total ECM thickness (refer to Fig. 9c).
For an ECM thickness of 1 lm and above, the effect of
stress distribution in ECM and cell membrane is min-
imal. We observe a similar trend in total deformation
for 1 and 0.5 lm thick ECM substrates as shown in
Figs. 9e, and 9f. Stem cell experiments have shown that
for thicker ECMs, cells can deform more than for
thinner ECMs.50 The quantitative effect of ECM
thickness on the stress distribution of the ECM sug-
gests that the ECM thickness over 1 lm does not
influence the stress distribution on neuronal cell (refer
Fig. 9). This finding will be useful for designing in vitro
experiments for reducing or eliminating the impact of
ECM thickness on neuronal cell mechanical behavior.
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FIGURE 8. (a) The three-spring model representation of ECM influence on a neuronal cell. (b) The ECM deformation dependence
as the ECM stiffness varies.
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Effect of Integrin and NCAM Clustering

The cell–ECM interaction depends on the number
of receptors such as integrin and NCAM. Recent
experiments have shown that as the receptor number
increases there is an increase in ECM stiffness.3,7 The
increase in number of receptors is needed to balance
the traction forces and to strengthen the adhesion.
Therefore, it is important to study the influence of an
increase in the number of integrin and NCAM in our
multiscale model. Since the number of integrins and
NCAM in the cell–ECM interface is unknown from
experiments, we have assumed a random number of
receptors in our multiscale model. We change the
number of integrins and NCAMs in our study from 16
to 32, to find the change in von Mises stress for ECM
and cell membrane. Figures 10a and 10b shows the
maximum von Mises stress for an increase in integrins
and NCAMs by varying the stiffness of the ECM. We
observe that von Mises stress for ECM decreases, while
cell membrane stress increases when increasing the
integrin and NCAM concentration. This may be due to
the higher force requirement for cell membrane layer
to pull at an increased number of integrins and

NCAMs. The ECM stress decrease may be due to the
additional support contributed by the number of
integrins and NCAMs. To understand the effect of
random receptor distribution (integrin and NCAM) on
neuronal cell and ECM, we performed three additional
simulations by varying the location of receptors
(nonlinear springs) in the multi-scale model. Results
indicate that the von Mises stress in neuronal cells and
ECM differs by less than 10% due to receptor position
change (refer Fig. S3, Supplementary Material). This
inference is also consistent with the observed trend in
the experimental results for cancer cell, where the
traction of cell increased with the number of inte-
grins.38 Also, these findings suggest that through the
clustering of receptors in cell culture, experiments
could generate higher adhesion energy between the
neuronal cell and ECM.

ECM Topography Effects

To study the topography or pattern of ECM and its
influence on neuronal cell deformation, we generate
several ECM surfaces with varying asperity diameters.

BIOMEDICAL
ENGINEERING 
SOCIETY

FIGURE 9. Maximum von Mises stress (Pa) for ECM and cell membrane as a function of ECM thickness are plotted in (a) and (b),
respectively. We observe that below a critical ECM thickness, there is a significant change in stress for cell membrane and ECM.
Also, (c) and (d) shows the von Mises stress distribution. (e) and (f) shows the total deformation variation in ECM for 1 and 0.5 lm
cases.
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Asperity or grating in ECM has been widely studied
experimentally to determine the influence of geomet-
rical changes to its pattern on cell behavior such as cell
differentiation, migration, and proliferation.9,51,57 In
this study, we select asperity surface dimensions based
on experimental work discussed in ‘‘Patterned ECM
Substrate’’ section. We study stress variation for
asperity diameters (/) ranging from 0.5 to 2.5 lm. The
results for change in von Mises stress due to an in-
crease in ECM elastic modulus are shown in Fig. 11.
Increasing the asperity diameter leads to decrease in
ECM von Mises stress compared to a flat ECM sur-
face. This is obvious from the bar graphs in Fig. 11 for

ECM elastic modulus values of 49.5, 495 and 4950 Pa
(refer, Fig. 11). The decrease in stress is more evident
at lower stiffness (EECM ¼ 49:5 Pa, max. 38% de-
crease) than higher stiffness (EECM ¼ 4950 Pa, max.
15% decrease).

Asymmetrical Deformation Behavior of ECM Asperity

Based on experimental studies on various cell types,
we hypothesize that stress and deformation in ECM
and cell are dependent on the geometry and stiffness
properties of the patterned surface.17,62,69 Our von
Mises stress results indicate that when there is an in-
crease in asperity diameter, neuronal cell stress de-
creases (refer, Fig. 11). To investigate the effect of
ECM topography shape and size on the neuronal cell,
we plot the ECM and neuronal cell directional defor-
mation in X and Z-directions (refer Figs. 12a–12g).
This shows that flat surface ECM exhibits symmetric
deformation along X and Z-directions (refer Fig. 12a),
while ECM with an asperity diameter of 2.5 lm (refer
Fig. 12b) show asymmetric deformation along X and
Z-directions. The cytoplasm and nucleus follow a
similar symmetric and asymmetric deformation (refer
Figs. 12c–12d and 12e–12f, respectively). However,
asymmetric effects are more evident in the directional
deformation of the nucleus (refer to Fig. 12d) than in
the cytoplasm (refer to Fig. 12f). Further, when the
asymmetry is higher, the ECM stiffness is closer to the
ECM elastic modulus threshold. In the case of cell
membrane deformation, constant maximum deforma-
tion is observed along X and Z-directions because we
apply cell contractility to the cell membrane (refer
Fig. 12g).
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FIGURE 10. Effect of increase in the concentration of integrin and NCAM on von Mises maximum stress (Pa) for (a) ECM, and (b)
cell membrane of the neuronal cell.

FIGURE 11. Effect of change in ECM topography on ECM
von Mises stress. An increase in asperity diameter (/) leads to
a decrease in the von Mises stress. The bar plots at various
ECM stiffnesses (EECM ¼ 49:5;495 and 4950 Pa) show there is a
consistent decrease in von Mises stress with an increase in
asperity diameter.
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From a mechanics perspective, this asymmetric
behavior may be due to the anisotropic behavior of
ECM asperity. In this context, anisotropy is defined as
the difference in the elastic modulus along X and Z
directions due to the shape and size of the ECM
asperity. To further quantify the anisotropic mechan-
ical behavior, we test ECM asperities for a constant
applied force (Fstretch ¼ 1 nN) along parallel (||) and
perpendicular (?) directions to the asperity length
(refer, Fig. 12h inset). ECM deformation for X and Z-
directions are plotted in Fig. 12h with respect to in-
crease in the cylindrical asperity diameter. This plot
shows that for the same applied force, the asperity
deforms more easily along the Z-direction than the X-
direction. These results agree with experimental work
of Rim et al.,45 which showed an asymmetric behavior
of elastic modulus of gratings along the X and Z-di-
rections. They also constructed an empirical relation
which shows that the ratios of elastic modulus along
the X and Z-directions (EX and EZ respectively) are
inversely proportional to the ratios of deformations
along the X and Z-directions (UX and UZ respectively)

to a power of n (refer Eq. 3). From their experiments
with ECM grating patterns, they fitted the equation
and found the exponent (n) to be 0.25. To find the
exponent for our ECM asperity, we fit our model re-
sults to the empirical relation and found n to be 0.1.

EX

EZ

� �
ECM

¼ UZ

UX

� �n

ð3Þ

To examine the asymmetry caused by ECM asper-
ity, we plot the vector field corresponding to total
deformation of ECM (refer Fig. 13) for a flat surface
and surface with asperity diameter of / = 0.5, 1 and
2.5 lm respectively. The length of the vector and color
code signifies the intensity and magnitude of the total
deformation. From Fig. 13a, it is obvious that the flat
ECM surface has a symmetric response in deformation
as indicated by the vector field. However, Figs. 13b–
13d shows deformation vector magnitude in Z-direc-
tion being larger than the X-direction for all ECM
surfaces with asperity diameter of / = 0.5–2.5 lm.
These findings verify that the asymmetric elastic
properties of ECM asperities along X and Z directions
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FIGURE 12. (a–g) The directional deformation (X and Z directions) of ECM and neuronal cell components (nucleus, cytoplasm,
and cell membrane) as a function of ECM elastic modulus. (a) That for a flat ECM surface, deformation along X and Z directions are
symmetric; however, (b) ECM surface with asperity (/ = 2.5 lm) shows an asymmetric deformation along X (i to asperity) and Z (^
to asperity). A similar effect of symmetric deformations in the cytoplasm (c–d), and nucleus (e–f) is observed for a flat ECM, and an
asymmetric deformation for asperity surface (/ = 2.5 lm) respectively. Inset in (a), and (b) visualizes the distribution of total
deformation distribution on flat and ECM surfaces with asperity (/ = 2.5 lm) respectively. We perform an anisotropy test on the
ECM surface with varying asperity diameter (/), to test the reason for an asymmetric deformation behavior in the neuronal cell. (h)
The ECM deformation along X (i to asperity) and Z (^ to asperity) as a function of cylindrical asperity diameter (/). Inset in (h)
shows the representation of simulated anisotropy test (by applying constant force, Fstretch ¼ 1 nN in X and Z directions).
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lead to the observed asymmetric response in neuronal
cell behavior. These conclusions suggest that experi-
ments can develop and utilize various topographies to
control the directionality of neuronal cell growth.

Dependence of Mechanosensing on Cell Contractility
and ECM Asperity

Mechanosensing of neuronal cell based on change in
ECM stiffness is important to understand when
selecting different ECM concentrations.2 In this study,
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FIGURE 13. Effect of change in ECM topography on total deformation of ECM. a) Flat ECM shows the symmetric total deformation
vector (red arrow). By increasing the asperity diameter (/ ¼ 0:5; 1 and 2:5 lm, as shown in b–d), we observe an increase in the
asymmetry (red and green arrow) of the total deformation vector in the X and Z directions.

FIGURE 14. The mechanosensing range dependence on cell contractility for (a) flat surface and (b) 2.5 lm (/) asperity ECM
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we select an ECM concentration based on the recom-
mendation of manufactures of ECM, and a previous
study.63 We need determine how to select an ECM
concentration range for maximum cell response.
Depending on the cell type and its mechanical prop-
erties, the mechanosensing range will differ. The mul-
tiscale model can predict mechanosensing range, if cell
mechanical properties and cell receptor properties are
known. From previous experiments, we know that by
increasing ECM elastic modulus, stress experienced by
ECM increases due to an applied cell contractility.56

These experiments also showed that at higher ECM
elastic modulus (hard gels) the change in stress is
negligible. In our current multiscale model, we evaluate
the mechanosensing range on the criteria that the dif-
ference in von Mises stress (Dr) should not exceed 5%.
Figure 14a shows the von Mises stress due to neuronal
cell contractility along with mechanosensing range
point (blue dots), which is decided based on Dr<5%.
We observe that as the cell contractility displacement
decreases, the mechanosensing range also decreases
(refer Fig. 14a). Similar observations were made in
experiments, where decreasing the cell contractility
decreased the neuronal cell differentiation.1 To exam-
ine the influence of ECM asperity we analyze for /
= 2.5 lm case and find that there is reduction in
mechanosensing range when compared to the flat
ECM surface (refer Fig. 14b).

CONCLUSIONS

In this study, we developed a multiscale model that
couples molecular behavior of receptors (integrin and
NCAM) to the microscale neuronal cell–ECM inter-
actions using non-linear FEA. The neuronal cell model
consists of a cell membrane, cytoplasm, and nucleus
and is governed by neo-Hookean and viscoelastic
material models. We model dendrites such that they
attach to ECM via integrins rather than assuming them
to be free-standing. To study the influence of ECM
stiffness and topography on the neuronal cell, we apply
cell contractility and vary the ECM asperity diameter
(/) as a function of ECM stiffness.

An increase in ECM stiffness results in an increase
in maximum von Mises stress in neuronal cell and the
ECM. This ECM stiffness has a threshold elastic
modulus of � 500 Pa and above this value it saturates.
We also observe similar saturation behavior in the cell
membrane, cytoplasm, and the nucleus. Below the
threshold elastic modulus point, stiffness of cell and
receptors dominates the ECM stiffness, which results
in a significant change to the ECM stress and dis-
placement. We also find that ECM thickness will
influence the mechanosensing of cells, if the ECM

thickness is below a critical value of 1 lm. This is due
to ECM stress distribution not reaching below the
ECM surface. By increasing the clustering of receptors
at cell–ECM interface, we observe an increase in von
Mises stress of cell membrane and a decrease in ECM
stress. This is consistent with experimental results,
where an increase in traction is observed due to an
increase in cell receptors.38

Patterned ECMs (cylindrical asperity) influences
von Mises stress and deformations for both neuronal
cell and the ECM. Increase in geometrical factor
(asperity diameter) leads to decrease in von Mises
stress and increases the displacement. This shows that
asymmetric elastic property of ECM asperity results in
reduction of stress and an increase in deformation.
This study also demonstrates that the observed asym-
metric deformation is due to difference in elastic
modulus of the asperity along X (i to asperity) and Z
(^ to asperity) directions. These results are expected to
guide experiments to select a patterned surface for cell
growth directionality. Finally, we observe a reduction
in mechanosensing range when we either increase the
ECM asperity diameter or decrease the cell contrac-
tility displacement.

The multi-scale model cannot predict cell shape
remodeling based on ECM stiffness due to the
assumption of homogeneous material property for
cytoplasm. Nevertheless, as shown in Supplementary
Fig. S5 the model can predict the cell asymmetry
response due to ECM topography. However, it can
further be used to uncover several mechanisms. Pre-
vious studies,10 have shown that neuronal cell or any
other cell type vary their mechanosensing range based
on their ECM stiffness. Another important character-
istic is to incorporate dendrite growth and their influ-
ence on cell–cell interactions. Experimental studies40

have found that dendrite growth directionality can be
controlled by changing the ECM topography. The
current multiscale model can also be extended to study
how controlling anisotropy from ECM topography
influences the dendrite growth directionality. It was
experimentally observed that the adhesion of cell–cell
interactions has drastically reduced the migration of
neuronal cells.25 The multiscale model introduced here
can be extended to study deformation and stress under
multiple types of cell interactions and can also predict
the influence of ECM stiffness and topography.
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