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Abstract
Stress fibers in the cytoskeleton are essential in maintaining cellular shape and influence cellular adhesion and migration. 
Cyclic uniaxial stretching results in cellular reorientation orthogonal to the applied stretch direction. The mechanistic cues 
underlying changes to cellular form and function to stretch stimuli are currently underexplored. We show stretch-induced 
stress fiber lengthening, their realignment, and increased cortical actin in NIH 3T3 fibroblasts stretched over varied ampli-
tudes and durations. Higher amounts of actin and stress fiber alignment were accompanied with an increase in the effective 
elastic modulus of cells. Microtubules did not contribute to the measured stiffness or reorientation response but were essen-
tial to the nuclear reorientation. We used a phenomenological growth and remodeling law, based on the experimental data, 
to model stress fiber elongation and reorientation dynamics based on a nonlinear, orthotropic, fiber-reinforced continuum 
representation of the cell. The model predicts the changes observed fibroblast morphology and increased cellular stiffness 
under uniaxial cyclic stretch which agrees with experimental results. Such studies are important in exploring the differences 
underlying mechanotransduction and cellular contractility under stretch.

Keywords Nonlinear fiber-reinforced continuum · Effective modulus · Cytoskeleton · Nuclear orientation · Growth and 
remodeling

1 Introduction

D’Arcy Thompson’s influential book, titled “On Growth and 
Form,” suggested the importance of physical cues in pro-
ducing a rich array of biological patterns in nature (Thomp-
son 1917). This work helped spur several studies that seek 
to understand the design principles underlying biological 
form and function. Growth and remodeling is a powerful 
paradigm, frequently referred to as morphometrics, which 
aims to link the diversity of shapes in living systems to their 
underlying function. The mechanistic description of growth 
is of potential interest in our understanding of development 

processes, including morphogenesis and homeostasis, 
pathological disorders, and in the progression of diseases 
like fibrosis and aneurysms. Continuum mechanics-based 
approaches to address biological growth and remodeling 
suggest an intimate relationship between the cellular level 
mechanobiology and the underlying tissue properties (Hum-
phrey and Rajagopal 2002).

Adherent fibroblasts in tissues, such as arteries and 
lungs, undergo cyclic stretch and respond to changes in their 
mechanical milieu through a complex interplay between the 
cytoskeletal components and integrin-mediated pathways 
to influence cell contractility and secretion of extracellular 
matrix constituents (Robertson and Watton 2013; Hsu et al. 
2010). Cell-driven biochemical processes result in gain or 
loss in mass and induce remodeling of the underlying mate-
rial properties, such as stiffness and anisotropy, that result 
in non-uniform changes to the structural form and function 
over time. How do mechanosensing processes influence cel-
lular growth and remodeling under stretch? Stretch-induced 
reorientation of cells involves both passive mechanical 
response to cyclic substrate deformation, and dynamic 
changes to the cytoskeleton (Livne et al. 2014). Contractile 
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stress fibers (SF's), comprised primarily of actin and myosin 
II, are essential in the development of intracellular stresses 
which are transmitted through focal adhesion (FA) com-
plexes, and depend on the activity of RhoA, active Rac1, or 
Cdc42 (Balaban et al. 2001; Cirka et al. 2016; Perrault et al. 
2015). Cyclic uniaxial stretching of fibroblasts, seeded on 
isotropic elastomeric substrates, leads to cell reorientation 
from random to a near-perpendicular angle with respect to 
the loading direction (Buck 1980; Wang et al. 2001). Vas-
cular smooth muscle cells show an initial rapid growth and 
reinforcement followed by disassembly of SF aligned in 
the direction of stretch; SF's subsequently rearrange in an 
orthogonal direction (Hayakawa et al. 2001). The associ-
ated actin reorientation under stretch is accompanied with an 
increase in FAK signaling, MAP kinases, and a correspond-
ing dynamic increase in the size of FA complexes (Hsu et al. 
2010; Chen et al. 2013; Hoffman et al. 2017). Application 
of uniaxial cyclic stretch results in activation of p38 MAP 
kinase and induces actin remodeling (Hoffman et al. 2017). 
Higher strain rates cause rapid disassembly of SF’s along 
the direction of deformation (Nekouzadeh et al. 2008). The 
application of cyclic stretch also influences cell spreading on 
soft substrates. SF formation is known to persist up to four 
hours after stretching and is related to temporal changes in 
the movement of MRTF-A and YAP from the cytoplasm to 
the nucleus (Greiner et al. 2013; Cui et al. 2015).

Stress fibers are exquisitely sensitive to changes in the 
mechanical environment, and are essential in the regula-
tion of cell polarization and transmission of tensional force 
from the FA to the cell (Goldyn et al. 2009). Cell spread-
ing, dependent on the stiffness of the underlying substrate, 
results in a biphasic cellular orientation caused by de novo 
formation of ventrally oriented actin in the cell. Jungbauer 
and colleagues (2008) reported that the characteristic time 
for cellular reorientation decreased with an increase in the 
applied stretch frequency (< 1 Hz), and remained constant 
for stretch frequencies higher than 1 Hz. Cell alignment 
under cyclic uniaxial stretch is hypothesized to be an avoid-
ance reaction to stretch which is facilitated via cell–substrate 
interactions and their links to the cytoskeleton (Jungbauer 
et al. 2008). Mean cellular orientation after stretch contrib-
utes to the tensional homeostasis and helps maintain an opti-
mal internal stress (Kaunas et al. 2005). More recently, Chen 
et al. showed that traction boundary conditions are crucial 
in the determination of cellular orientation under stretch 
(Chen et al. 2018). The precise mechanistic cues in cellular 
mechanosensitivity to dynamical environments, and links 
to SF growth and cell stiffness changes, however, remain a 
fundamental open question.

The goals of this study are to investigate the morphome-
chanical changes in fibroblasts due to SF dynamics under 
uniaxial cyclic stretch, and relate their growth and remode-
ling to the cellular reorientation response using a continuum 

mechanics-based nonlinear elasticity framework. We used a 
custom fabricated stretcher to subject fibroblasts to uniaxial 
cyclic stretch for different amplitudes over varied time peri-
ods. We show that the lengthening and realignment of SF 
primarily contributes to the cellular remodeling response 
under cyclic stretch. We model the cell using a nonlinear, 
hyperelastic, fiber-reinforced material description which 
includes two families of SF that grow and reorient under 
uniaxial cyclic stretch. The measured changes in cell stiff-
ness in response to the stretch amplitude and time duration 
due to SF reorientation are well captured using the model. 
We report an increase in the cortical thickness of actin under 
the application of uniaxial cyclic stretch that may contribute 
to the measured mechanical properties. We also show that 
microtubules do not contribute to the measured stiffness 
or reorientation response but were essential in the nuclear 
reorientation. These results show the specific contributions 
of SF growth in the elongation and orientation response of 
cells under cyclic stretch that have not been shown earlier.

2  Results

2.1  Cyclic stretch‑induced changes in the cell 
and nuclear morphologies

Uniaxial cyclic stretch experiments were performed on 
NIH 3T3 fibroblasts seeded on thin flexible elastomeric 
membranes using a custom stretching device (Fig. 1). The 
device includes a bioreactor, and uses a novel clamping sys-
tem that allows stretching of thin, cell-seeded membranes 
based on user-defined stretch amplitudes and frequencies 
over extended durations. The device with bioreactor was 
placed within a humidified, temperature-controlled incuba-
tor to maintain sterility during experimentation (Fig. 1a, b). 
Cell-seeded constructs were stretched uniaxially at 5% and 
10% amplitude at a frequency of 1 Hz for 3 and 6 h. Confo-
cal images of fibroblasts stretched at 10% amplitude for 6 h 
(A10T6) show distinct changes in the overall cellular mor-
phology (Supplementary Fig. S1). Cells were significantly 
elongated and elliptical in a direction perpendicular to the 
applied stretch direction as compared to unstretched con-
trols. The cytoskeletal and nuclear orientations were clearly 
different at higher amplitude and over longer stretching dura-
tions (A10T6) (Fig. 2a, b).

A total of ~ 30 cells were included in each set and the 
data for individual cells were averaged to compute an overall 
SF angular and length distribution for each group of cells 
subjected to different amplitudes and durations of cyclic 
stretch (Table 1). Results show SF realignment in a direction 
near perpendicular to the direction of applied cyclic stretch 
(Fig. 2c). SF orientations changed from relatively random 
orientations in unstretched cells to a unimodal distribution 
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orthogonal to the stretch direction due to uniaxial stretch. 
Because unstretched cells demonstrate random orienta-
tions, the standard errors in the measured angular orien-
tation distributions for the control unstretched group are 
much larger than those for aligned cells obtained at higher 
amplitudes and cyclic stretch durations (Table 1). Applica-
tion of cyclic stretch alters the cellular and nuclear morpho-
metrics. To quantify these differences, we segmented and 
fitted an ellipse to each of the individual cell and nuclear 
images using ImageJ (NIH) software (Goldyn et al. 2009). 
The aspect ratio was calculated as a ratio of the major axis 
to the minor axis of the fitted ellipse. Angles were measured 
relative to the uniaxial stretch direction. We observe sig-
nificant differences in the cellular and nuclear aspect ratios 
(p < 0.01, p < 0.05, respectively) between cyclically stretched 
cells (A10T6) and unstretched controls (Fig. 2d). The angu-
lar nuclear orientations under stretch were also perpendicu-
lar to the applied stretch direction (Fig. 2e).

2.2  Role of stress fibers in the cellular reorientation 
and stiffness changes under cyclic stretch

We used cytoskeletal inhibitors to delineate the individual 
contributions of SF’s and microtubules under cyclic stretch. 
Cells were treated with cytochalasin-D, to inhibit actin 
polymerization, and nocodazole (Barreto et al. 2013), to 
disrupt microtubules, and the constructs stretched uniaxi-
ally as described earlier. Submaximal concentrations of the 
cytoskeletal disruptors were used to prevent cellular detach-
ment from the basement membrane during the application 
of cyclic stretch or for the AFM indentation experiments 
(Barreto et al. 2013). Stretching experiments clearly demon-
strate that the inhibition of microtubule polymerization did 
not abrogate the reorientation response of cells; in contrast, 
inhibition of actin led to a complete loss in the reorientation 

response of cells. Both actin and microtubule depolym-
erizations significantly abrogated the nuclear reorientation 
under cyclic stretch. Cytochalasin-D treated cells showed 
~ 7° change in nuclear orientation in the A10T6 group as 
compared to nocodazole treated cells that did not change 
under stretch (Fig. 2e). These results show conclusively the 
primary contribution of actin to the cellular reorientation 
responses as compared to microtubules that are essential to 
the nuclear reorientation.

We quantified the differences in cellular stiffnesses after 
stretch using an atomic force microscope (AFM). Individual 
cells were indented with a spherical indenter and the modu-
lus was calculated using a thin layer, finite thickness, Hertz 
model (Kulkarni et al. 2018; Darling et al. 2007; Dimitradis 
et al. 2002) (Supplementary Information 1). Fibroblasts 
stretched at 10% for 6 h were indented in the presence or 
absence of cytoskeletal inhibitors, and the corresponding 
cell stiffnesses were compared with unstretched controls. 
Our results show that cyclically stretched cells had signifi-
cantly higher stiffness as compared to unstretched controls 
(p < 0.05; Fig. 2f). There was no significant change in the 
effective elastic modulus for cytochalasin-D treated cells 
under stretch. In contrast, nocodazole treated cells showed 
a significant increase in cell stiffness following stretch 
(p < 0.01). Depolymerization of microtubules did not affect 
the stretch-induced increased cell stiffness.

We quantified the SF orientations using confocal images 
of cells stained for actin (Fig. 3a) (Schriefl et al. 2013; 
Kulkarni et al. 2018). Images were binarized (Fig. 3b), and 
the SF angular orientations relative to the stretch direction 
were quantified based on spatial frequencies computed in 
Fourier space (Fig. 3c, d) using a custom MATLAB code 
(see  Sect. 4.5). The SF lengths were quantified using Hough 
transform of the confocal images (Fig. 4a, Supplementary 
Table 1). This method allows us to map any arbitrary straight 

Fig. 1  a and b Custom designed  bioreactor used in the study. A thin 
PDMS membrane was held using custom designed clamps in the 3D 
printed bioreactor that may be subjected to uniaxial or biaxial stretch-

ing. c Green–Lagrange strains under uniaxial cyclic strain (15% 
amplitude) were quantified using particle tracking algorithm based on 
markers located on the PDMS substrate
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line in the x–y plane to a single point in the Hough parameter 
space that is defined using the angle of the straight line with 
the X-axis (θ), and its algebraic distance from the origin (ρ). 

Restricting θ within the interval (0, π) ensures uniqueness of 
the line parameters in Hough space. The binarized images 
of the cell (Fig. 4b) were used to segment the SF’s, and the 
edge points were stored (Fig. 4c) as demonstrated for a small 
representative volume element (RVE) of 30 µm × 30 µm high-
lighted in the figure for clarity. Data from coordinates cor-
responding to all points in the accumulator were used to com-
pute the SF lengths (Fig. 4d). Additional details are provided 
in Methods (Sect. 4.6) and in the Supplementary Fig. S2.

We measured the F-actin fluorescence intensity at the 
cell boundaries and calculated the peak intensity values 
and full width at half maximum (FWHM) values corre-
sponding to the intensity distribution for each cell. These 
metrics were used to quantify possible contributions of 
the cortical actin to the overall increase in cell stiffness 

Fig. 2  a and b Confocal images 
of unstretched control, and 
uniaxially stretched fibroblasts 
at 10% amplitude for 6 h stained 
for F-actin (red), microtubule 
(green), and DAPI nucleus 
(blue). Scale bar represents 
50 µm. c and d Distribution of 
SF orientations subjected to 
uniaxial cyclic stretch (1 Hz), 
5 and 10% stretch amplitude 
for 6 h. (n = 33, 32 and 35 cells 
in control, A5T6 and A10T6 
groups, respectively). d Cyclic 
stretch-induced fibroblast 
cell and nuclear aspect ratio 
increased under uniaxial cyclic 
stretch for control (n = 33) and 
A10T6 (n = 35), respectively. e 
Changes in the angular orienta-
tion of nucleus (Mean ± SEM) 
under uniaxial cyclic stretch 
(1 Hz) with/without cytoskeletal 
inhibitors compared under 5 
and 10% stretch amplitude for 
6 h for control (n = 33), A5T6 
(n = 32) and A10T6 (n = 35) 
groups, respectively. f The elas-
tic cell modulus (Mean ± SEM) 
for cells subjected to cyclic 
stretch with/without cytoskel-
etal disruptors shown for control 
(n = 25, in each group) and 
stretched cells (A10T6; n = 25, 
for each group). Significant 
differences are indicated for 
p < 0.01 (**) and p < 0.05 (*); 
n.s represents not significant

Table 1  Distribution of SF angular orientations and lengths 
(Mean ± SEM) for fibroblasts subjected to uniaxial cyclic stretch (5 
and 10% amplitude, stretch frequency 1 Hz)

SF angles (°) (Mean ± SEM) SF length (µm) 
(Mean ± SEM)

Control 43.6 ± 4.9 and 150.9 ± 7.9 24.22 ± 2.25
A5T3 51.8 ± 5.3 and 148.9 ± 4.9 33.71 ± 2.18
A5T6 76.2 ± 7.5 and 127.5 ± 5.5 35.33 ± 1.5
A10T3 72.7 ± 7.6 and 115.2 ± 7.3 37.19 ± 2.44
A10T6 79.9 ± 2.8 and 99.2 ± 1.4 44.52 ± 1.76
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due to stretching (Fig. 5a, b). We used image segmenta-
tion techniques to subtract the intracellular and extracel-
lular background intensities from the cellular boundary. 
The intensity distributions obtained at the cell edges 
(Fig. 5c) were fit to a Gaussian distribution function to 
calculate the peak position and intensities (Clark et al. 
2013). FWHM values corresponding to the intensity dis-
tribution for each cell and the peak intensity values were 
used to characterize the thickness of the cortical actin for 
the cell (Fig. 5d, e). FWHM was 40% higher for cycli-
cally stretched (A10T6) cells as compared to unstretched 
controls (p < 0.05); stretched cells also had significantly 
higher peak intensities as compared to controls (p < 0.01). 
Cells in A10T6 group showed ~ 40% increase in the total 
actin fluorescence intensity as compared to unstretched 
controls (p < 0.05) (Fig. 5f). These results suggest that 
a reinforcement of the cortical actin, caused by cyclic 
stretch, contributes to the increase in cellular stiffness.

2.3  Morphoelastic model for cells under cyclic 
stretch and comparison with experiments

Morphoelasticity is a mechanics-based approach used in 
the description of growth in biological structures. In this 

approach, the deformation gradient, F, is decomposed 
into the product of a growth tensor, G, to account for 
local addition/ removal of material, and an elastic tensor, 
A, to characterize reorganization within the body. The 
elastic part is used to ensure compatibility and integrity, 
and is a crucial aspect in modeling biological growth. 
This multiplicative decomposition is based on geometric 
modeling of growth such that stresses, generated in the 
body due to addition/ removal of material, depends on 
A alone. Volumetric growth in the cell, associated with 
mass addition, is described in our study within a finite 
strain elasticity framework based on deformations caused 
by non-uniform changes in the mass at the local level at 
each material point of the body (Rodriguez et al. 1994). 
Based on a continuum mechanics framework, we modeled 
the cell as a fiber-reinforced, orthotropic, hyperelastic 
material (Merodio and Ogden 2002; Gundiah et al. 2009). 
The cell is comprised of two families of SF's that grow 
and reorient under application of uniaxial cyclic stretch. 
Additional details on the theoretical model are given in 
the Methods (Sect. 4.8) and in Supplementary Informa-
tion 2–5.

We tested the model predictions for changes in SF lengths 
and angles under stretch and related their influence on the 

Fig. 3  a Confocal images 
show an individual NIH 3T3 
fibroblast cell, stained with 
phalloidin to visualize SF and 
DAPI to identify the nucleus. 
Scale bar represents 50 µm. b 
Corresponding binarized image 
of the confocal image is shown. 
c The computed Fourier power 
spectrum was obtained using 
the binary image. d Distribu-
tion of SF's in the cell was 
calculated using their spatial 
frequency distributions
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measured cell stiffness using experimental data. The evolu-
tion Eq. (3) for increase in SF length under stretch fits the 
experiments (r2 ~ 0.99) (Fig. 6a). Figure 6b shows the cor-
responding surface plot which satisfies the thermodynamic 
inequality term for biological growth (M: (GG−1) > 0) for 
5% stretch amplitude as a function of time, and fiber angles. 
M is the Mandel stress tensor which is a thermodynamic 
conjugate to the velocity gradient, (GG−1), and is used as 
a natural descriptor for growth processes in open systems 
(Goriely 2017; Imatani and Maugin 2002). From Fig. 6b, we 
note that M: (GG−1) is positive to establish consistency of 
our growth laws for all values of time and fiber angles, and 
satisfies the thermodynamic constraints. The timescale for 
SF growth is described using �g . We explored changes in SF 
growth by parametrically varying �g in the model (Fig. 6c, d) 
for the 5% and 10% stretch amplitudes, and compared these 
results with experimental data. Model predictions show a 
good match with experimental data for �g = 2 h.

We compared model predictions with the experimentally 
obtained SF orientation distributions for both 5% and 10% 
stretch using the reorientation law described in Eq. 5. The 
theoretical model shows good agreement with experiments 
for increased SF orientational dynamics at higher stretch 
(Fig. 7a, b). Remodeling timescale for SF orientation, �r , 

changed significantly with the magnitude of applied stretch. 
Model predictions show a good match corresponding to 
�r = 3 h for 10% stretch and �r = 9 h for 5% stretch (r2 > 0.9 for 
both). Supplementary Fig. S3 shows parametric variations, 
corresponding to various initial conditions and times, for 
the SF reorientation law. These results clearly demonstrate 
that higher stretch amplitude reduced the reorientation time 
under cyclic stretch; this has been shown experimentally 
by other studies (Cui et al. 2015; Jungbauer et al. 2008) but 
have not been related to changes in SF lengths and changes 
in cellular stiffness.

We calculated changes in the effective elastic modulus, 
Eeff, of cells as function of fiber reorientation angle and time 
(Eq. 6). To account for the anisotropic fiber reinforced prop-
erties of the cell, we define the modulus, Eeff in a given direc-
tion as the gradient of the reaction stress, N, with respect to 
the stretch ( � ) in that direction evaluated for the stress-free 
state corresponding to � = 1 , given by, Eeff =

�N(�)

��
|(� = 1) 

(Goriely 2017) (Supplementary Information-6). Variations 
in Eeff with fiber angles (θ1 ∈ (0°, 90°) and θ2 ∈ (90°, 180°)) 
from the two SF families are shown in Fig. 8a, b. These 
plots show an increase in Eeff when both fiber families align 
perpendicular to the applied stretch direction. Variations in 
Eeff with stretching duration were also calculated for both 5% 

Fig. 4  a Confocal image of an 
individual NIH 3T3 fibroblast 
cell, stained with phalloidin 
to visualize SF. Scale bar 
represents 50 µm. An RVE 
(representative volume element) 
of 30 µm × 30 µm is selected 
to quantify stress fiber lengths 
within this domain. b Cor-
responding binarized image 
of the RVE with detected SF 
(green lines; red lines show SF 
with maximum length within 
the RVE) superimposed on the 
image. Scale bar represents 
30 µm. c Mapping of detected 
lines as points in the Hough 
space (ρ, θ). d Computed 
lengths of the detected SF's 
using Hough transformation.
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and 10% stretch amplitudes using the dynamics of change in 
fiber orientations with time as described in Eq. 6 (Fig. 8c). 
These results demonstrate that the effective elastic modu-
lus of the cell increases with SF realignment at orientations 
orthogonal to the direction of stretch. The model also shows 
that the cell modulus significantly increases after 10% cyclic 
stretch which correlated with the SF reorientations under 
stretch. Changes in cell modulus are not very significant 
at lower stretch amplitudes (5% stretch) since the SF's are 
more randomly oriented, and not very uniformly aligned in 
a direction perpendicular to the applied stretch. These model 
predictions are in good agreement with our experimental 
observations of changes in cell modulus under uniaxial 
cyclic measured using AFM (Fig. 2f).

Finally, we calculated the variation in stresses along the 
direction of uniaxial cyclic stretch (T11) as a function the 
fiber orientation angles  corresponding to the two SF familits 
(θ1 and θ2) for 5% and 10% stretch amplitudes represented by 
the two surface plots (Fig. 8d). We observe a reduction in the 
intracellular stress (T11) with higher realignment of the SF's 
along a direction perpendicular to the applied stretch. We 
have used the overall SF orientation distributions, obtained 
for cells subjected to different amplitudes and durations of 
cyclic stretch (Table 1), to construct the structure tensors 
and calculate the change in stresses due to change in fiber 
orientation at various stretch amplitudes and time (Supple-
mentary Information-7). Figure 8d shows the stresses (T11) 
plotted using different markers at various stretch amplitudes 
and time. Experimental data show a similar trend with the 
model, and lie very close to the surface plots. These obser-
vations are in agreement with previous models that show 
cyclic stretch-induced cell reorientation along the direction 
of minimal stress (De et al. 2007).

3  Discussion

Growth and dynamics of SF networks are important in 
maintaining cell shape, control of cellular properties, and 
mechanotransduction processes underlying the adhesion 
and migration of cells. The primary aim of this study was 
to quantify the morphomechanical response of fibroblasts 
under uniaxial cyclic stretch. There are three main implica-
tions of this work. First, we show that cyclic stretch-induced 
SF growth and reorientation is primarily responsible for the 
changes to the cellular morphometrics. SF's elongate based 
on the amplitude of cyclic stretch; their orientations changed 
from an initial random configuration in unstretched cells to a 
uniform direction perpendicular to the applied stretch. Corti-
cal actin thickness also increased with applied stretch. Sec-
ond, we quantified the differential roles of actin and micro-
tubules in cellular and nuclear reorientations under stretch 
using submaximal concentrations of cytoskeletal inhibitors. 

We show that SF reorganization is essential to the cellular 
orientation changes under cyclic stretch. Further, SF orien-
tational response directly contributes to changes in the effec-
tive elastic cell modulus measured using AFM. In contrast 
to actin, the role of microtubules in the cytoskeleton under 
cyclic stretch primarily influences nuclear reorientations. 
Third, we use a nonlinear, orthotropic, hyperelastic, and 
fiber-reinforced constitutive model for the cell to elucidate 
the combined effects of amplitude and duration of uniaxial 
cyclic stretch using a growth and remodeling framework. 
The model uses SF evolution equations that depend on the 
stretch amplitude and time, and were determined experi-
mentally to predict the effects of uniaxial cyclic stretch on 
SF dynamics.

Actin growth dynamics is exquisitely sensitive to 
mechanical stimuli; dense branched actin networks grown on 
functionalized surfaces demonstrate nonlinear mechanical 
responses (Bauer et al. 2017). Parekh et al (2005) measured 
the force–velocity relationships of growing actin networks 
in-vitro using a modified atomic force microscope (AFM) 
and showed the dependence of actin network growth velocity 
on the history of applied loading. These studies were, how-
ever, reported on in vitro preparations of isolated and puri-
fied actin networks. Our results show similar responses for 
actin networks in NIH 3T3 fibroblast cells under stretch. We 
observe that the SF lengthening in fibroblasts under stretch 
is mechano-sensitive, depends on the stretch amplitude and 
time duration, and eventually reaches a steady state. We 
hypothesized that the mechanism of SF elongation under 
uniaxial cyclic stretch is mediated by stretch-activated actin 
polymerization (Pender and McCulloch 1991). F-actin flu-
orescence intensity, associated with actin polymerization, 
has previously been shown to increase with stretch ampli-
tude and duration in gingival fibroblast cells (Pender and 
McCulloch 1991). Greiner et al. (2013) used live cell imag-
ing techniques to demonstrate the effect of that application 
of uniaxial cyclic stretch on actin polymerization in fibro-
blasts, which leads to formation of increased cell protrusions 
perpendicular to the direction of stretch which initiates cell 
elongation orthogonal to the stretch axis.

Changes to the cellular mechanical properties associated 
with SF growth and remodeling, through a process of mor-
phoelasticity, have not been demonstrated earlier. The actin 
cortex also plays an important role in maintaining cellular 
shape and maintaining deformations (Salbreaux et al. 2012; 
Haase and Pelling 2013). We show that the application of 
uniaxial cyclic stretch increases cortical actin thickness, to 
reinforce the cytoskeleton, that also results in an increased 
cell stiffness (Figs. 2f and 5d). Comparison of the cell modu-
lus to the actin network orientations based on experimen-
tal data and model predictions demonstrates that cells with 
higher SF dispersions have a more compliant response, as 
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compared to cells with highly aligned SF's (Figs. 2f and 8a, 
b) (Kulkarni et al 2018; Gavara and Chadwick 2016).

Uniaxial cyclic stretch experiments in our study high-
light that the growth and realignment of SF’s from a ran-
dom configuration to a uniform orthogonal direction 
depends on the amplitude of applied external stretch which 
changes the overall cellular mechanical properties (Sup-
plementary Fig. S1; Table 1). We used a phenomenologi-
cal nonlinear, stretch-dependent evolution equation for SF 
elongation that was dependent on time and cyclic stretch 
amplitude (Fig. 6). We incorporated two different time-
scales to represent changes in the SF length and orientation 
under cyclic stretch. The timescale for fiber growth, �g , is 
constant and depends on the intrinsic properties of SF. �r 
represents SF remodeling timescale which is sensitive to 
the applied stretch and decreases with increase in stretch 
amplitude (Fig. 7). We quantified the individual contribu-
tions of SF and microtubules to the cellular and nuclear 
reorientations under stretch, and showed that microtubule 
depolymerization did not significantly affect cellular reorien-
tation. These results are in close agreement with a previous 
study by Goldyn et al. (2009) who showed that the depend-
ence of force-induced cell reorientation was independent of 
the contributions from microtubule networks. Microtubule 
stability plays an important role in the kinetics of stretch-
induced cellular reorientation (Goldyn et al. 2010). Coupling 
between microtubules and actin is critical to the cellular 
remodeling under stretch in human airway smooth muscle 
cells (Morioka et al. 2011). More recent studies show that 
microtubule disassembly facilitates transverse reorientation 
in epithelial cells, whereas inhibition of myosin II results 
in cell orientation along the direction of stretch (Lien and 
Wang 2021). AFM indentation experiments in our study 
also show that the depolymerization of microtubules did 
not change the increase in cellular stiffness under stretch. 
Microtubule disruption with nocodazole results in increased 
RhoA activation and a corresponding increase in SF forma-
tion and anisotropy perpendicular to the direction of cyclic 
stretch (Goldyn et al. 2010; Foolen et al. 2014). Studies also 
show that nocodazole treatment increases myosin phospho-
rylation and enhances cellular contractility (Kolodney and 
Elson 1995; Morioka et al 2011). The increased stiffness 

of nocodazole treated cells under stretch in our study may 
hence be related to these molecular mechanisms. Forma-
tion and re-organization of SF's under stretch were, however, 
critical in the stretch-induced cytoskeletal stiffening. Recent 
studies show that reduction in actin-myosin II interactions 
in smooth muscle cells (SMCs) enhances cyclic stretch-
induced SF disassembly (Huang et al. 2021). Intermediate 
filaments also play an important role in the dynamics of cell 
reorientation and the cellular mechanical properties under 
the application of uniaxial cyclic stretch (Wang and Sta-
menovic 2000; Zielinski et al. 2018; Leccia et al. 2013). 
Vimentin deficient fibroblasts exhibit a softer mechanical 
response as compared to control cells (Wang and Stameno-
vic 2000). Vimentin networks in endothelial cells also reori-
ent along a direction perpendicular to the applied stretch 
(Zielinski et al. 2018). Desmin is critical in determining the 
morphology, cell spread area, and the reorientation of myo-
blasts under cyclic stretch (Leccia et al. 2013).

Stress or strain-based homeostasis in cells is hypothesized 
to be important in cyclic stretch-induced cytoskeletal reor-
ganization (De et al. 2007; Kaunas et al. 2010). Chen et al. 
modeled changes in SF orientations based on the varying 
oscillatory stretches at focal adhesions in the cell (Chen 
et al. 2012). Cell reorientation under cyclic stretch has been 
studied in recent years; however, the context of evolution 
of cellular morphometrics due to this active reorientation 
process remains underexplored. SFs are generally classi-
fied into four categories as ventral and dorsal SF, transverse 
arcs, and perinuclear actin cap (Livne and Geiger 2016). We 
have not considered the effects of branched networks in this 
study, and have only considered the ventral SF in this study. 
FAs destabilize under oscillatory forces and slide or relo-
cate on the membrane that may result in SF reorientations 
and length changes (Greiner et al. 2013). We have also not 
considered the dynamic effects of focal adhesion remodeling 
which is also a limitation  in our study.

In conclusion, we used a novel growth and remodeling 
framework to characterize the effects of uniaxial cyclic 
stretch in fibroblasts using experimental stretching methods 
in combination with a continuum mechanics framework. We 
show that an increase in the cellular stiffness under cyclic 
stretch is linked to SF growth and reorientation in a direction 
orthogonal to the direction of stretch. The theoretical model 
provides new understanding on a well-observed phenom-
enon of cell re-orientation under cyclic stretch that we show 
is linked to the growth of SF and their orientation. Such 
studies demonstrate the importance of uniaxial stretching 
in mechanotransduction processes, related to changes in the 
cytoskeleton, which are essential in disease models for aneu-
rysm growth and fibrosis that use a qualitative representation 
of the cell under stretch.

Fig. 5  a Confocal image of NIH 3T3  fibroblast stained for F-actin 
(red). b Intensity distributions calculated from the binarized image 
at three equidistant transverse sections along the major cell axis. c 
Representative image of cortical actin intensity shown at one trans-
verse section. d The full width at half maxima (FWHM) was calcu-
lated to compute the actin cortex thickness. e Peak intensity of corti-
cal actin increased in cells subjected to cyclic stretch (A10T6). f The 
total actin fluorescence intensity in stretched cells (A10T6, n = 35) 
increased as compared to unstretched controls (n = 33). Significant 
differences are indicated for p < 0.01 (**) and p < 0.05 (*)

◂
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4  Materials and methods

4.1  Design and assembly of the bioreactor for cell 
stretching

The custom designed cell stretcher allows for both uniax-
ial and biaxial stretching with equal and different strain 

rates on each actuator. We designed a novel clamping 
arrangement to clamp a thin stretchable membrane (width 
10  mm × length 20  mm × thickness 150  μm) between 
two opposite translating actuator arms located within a 
custom bioreactor for the dynamic stretch experiments. 
The clamps were 3D printed using a biocompatible 

Fig. 6  a Changes in SF lengths 
with time (h) under 5% and 
10% amplitude cyclic stretch 
calculated from experiments 
(Mean ± SEM) used to obtain 
the SF growth evolution law 
(n ~ 30 in each group). b 
Thermodynamic inequality for 
growth was assessed as a func-
tion of stretch duration and SF 
orientation. c and d The growth 
timescale ( �

g
 ) was parametri-

cally varied for 5% (black) and 
10% stretch (red)

Fig. 7  a and b Comparisons 
of the computed SF reorienta-
tion under cyclic stretch with 
experiments show the relation 
between SF remodeling time-
scale ( �

r
 ) and stretch amplitude. 

�
r
 was 9 h for 5% and 3 h for 

10% uniaxial cyclic stretch, 
respectively
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acrylic compound (Verro White; Stratasys) (Fig. 1a, b). 
The actuator arms were connected to a controller for 
the motorized biaxial stretching device (BiSS, India) 
and operated using user-controlled stretch amplitude 
and frequency inputs over extended time periods. The 
entire setup was placed within a humidified temperature-
controlled incubator at 37 °C and 5%  CO2 to maintain 
sterility.

4.2  Strain quantification

In-plane strains were quantified by tracking fiduciary 
markers in the PDMS (poly di-methyl siloxane; Sylgard 
®184, Dow Corning) sheet, mixed in the ratio of 10:1 
elastomer to curing agent, using an overhead video cam-
era (Sony HD HDR-XR100E). Marker displacements 
from the referential to the deformed configuration were 
measured and the deformation gradient, F, was computed 
as F = I + H, where H = ∂u/∂X is the displacement gradi-
ent in the referential configuration. A strain interpolation 
algorithm, implemented using MATLAB (v R2016a), 
was used to quantify in-plane Green–Lagrange strains in 
the specimen using measured values of the deformation 

gradients (Fig. 1c) (Gundiah et al. 2009; Agrawal et al. 
2013).

4.3  Cell culture and immunofluorescence staining

NIH 3T3 fibroblast cells, obtained from ATCC (ATCC® 
CRL-1658™) and cultured in Dulbecco’s minimum essen-
tial medium (DMEM; Sigma-Aldrich) supplemented with 
10% FBS (GIBCO BRL) and 1 vol% of penicillin–strep-
tomycin (Sigma-Aldrich), were maintained in a humidi-
fied temperature-controlled incubator (Panasonic Inc.) 
at 37 °C and 5%  CO2. Following stretching experiments, 
cells were fixed in 4% paraformaldehyde, permeabilized in 
0.5% TritonX-100 (Sigma) solution for 10 min, and stained 
either for actin using rhodamine phalloidin (Thermofisher 
1:200) or microtubules using α-tubulin FITC (Invitrogen 
1:200), and a nuclear DAPI counterstain (Thermofisher 
1:400). Samples were imaged using a confocal micro-
scope (Leica Microsystems, TCS SP5 II) using 10X, and 
63X oil immersion objectives to visualize the cytoskeletal 
organization.

Fig. 8  a and b Variations in 
Eeff for the cell, subjected to 
5% and 10% amplitude cyclic 
stretch, as a function of SF 
alignment angle. c Changes in 
Eeff from the model as a func-
tion of SF reorientation under 
cyclic stretch are shown for 5% 
(red) and 10% (blue) stretch. d 
Changes in cell tractions (T11) 
under stretch from the model 
were compared with experimen-
tal results
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4.4  Uniaxial cyclic stretching of fibroblasts 
in the bioreactor and cytoskeletal inhibitor 
treatments

Thin flexible PDMS membranes, mixed in the ratio of 10:1 
elastomer to curing agent, coated with fibronectin were 
used as substrates to culture cells. Prepared substrates were 
incubated with DMEM containing 10% FBS for 30 min, 
and followed by seeding of cells. Cell-seeded constructs 
were incubated overnight at 37 °C and 5%  CO2 to allow 
cell attachment, clamped to two translating actuator arms as 
described earlier, and were stretched cyclically (5% and 10% 
amplitude) at 1 Hz for varied durations to explore the tem-
poral dependence of stretching on cell alignment (3 h and 
6 h). The bioreactor was filled with cell culture medium to 
ensure cell viability through the duration of the experiment.

To delineate the individual contributions of actin and 
microtubule in cellular response under cyclic stretch, we 
treated cells with either 0.5 µM concentration of cytoch-
alasin-D (Sigma-Aldrich; USA) to depolymerize actin, or 
0.5 µM concentration nocodazole (Sigma-Aldrich) to disrupt 
microtubules (Barreto et al. 2013). Submaximal concentra-
tions of the cytoskeletal disruptors were used in our experi-
ments to prevent cellular detachment from the basement 
membrane. Fibroblasts have long and well-defined SF's in 
contrast to short, choppy actin fibers following cytochalasin-
D treatment, which result in a distinct change in cellular 
morphology. We ensured that the same concentration of the 
drug was present during the stretching and AFM indentation 
experiments to prevent possible repolymerizations of actin 
and microtubules that may contribute to possible artifacts 
in the experiments.

4.5  Quantification of SF orientation under cyclic 
stretch

Confocal images of cells stained for actin were analyzed 
using a custom MATLAB program (Mathworks, 2016b) 
(Schriefl et al. 2013; Kulkarni et al 2018) (Fig. 3a). The 
binarized image of actin in the cell was obtained and repre-
sented using a distribution function f(x, y); (x, y) defines a 
point in the 2-D image (Fig. 3b). We calculated the fast Fou-
rier transformation (FFT) of this image as F  (f (x, y)) = (u, v) 
where (u, v) denotes a point in the Fourier space. The power 
spectrum of this matrix was obtained by P (u, v) = F  (u, v). 
F  * (u, v), F  * is the complex conjugate of the function, 
F in this expression (Fig. 3c). The SFs were distinguished 
based on the spatial frequencies and orientations in Fourier 
space. A wedge-shaped orientation filter was used to quan-
tify the SF orientation distributions (Kulkarni et al. 2018). 
The histogram for angular orientation of SF for each cell 
was fit to a two-peak Gaussian distribution to quantify the 
mean SF orientations (Fig. 3d). We obtained histograms of 

SF orientations for ~ 30 cells in each group, and used them 
to calculate the global peak-average angular distributions 
for cells subjected to different amplitudes and durations of 
cyclic stretch.

4.6  Quantification of SF lengths

We used Hough transforms in a custom MATLAB program 
(Mathworks, 2016b) to compute the SF lengths using confo-
cal images of cells stained for actin (Hough 1962). SF edges 
were detected using a binarized image of actin fibers in the 
cell with the Canny edge detector (Fig. 4a, b). The edge 
points were next mapped to Hough space and stored in an 
accumulator (Fig. 4c). Data from all coordinates correspond-
ing to all points in the accumulator were used to compute the 
fiber lengths (Fig. 4d).

The efficiency of fiber detection in confocal images using 
Hough transform is sensitive to a variety of parameters 
which include the magnification of the images, fluorescence 
intensity, and also the thresholding and segmentation of the 
images. Based on our confocal images, these parameters 
are standardized for improved SF length detection. In this 
method, we set the minimum length of the detected SF to be 
4 µm, and neglected segments which were below this value 
(Fig. 4). To test the accuracy of this method in detecting 
fiber angles and lengths, we created a synthetic network of 
lines with pre-defined lengths at various orientation. Com-
parisons between the results from the Hough transform 
method implemented in this work were in good agreement 
with the actual measurements (Supplementary Fig. S2). A 
limitation of this method is in the quantification of curved 
lines that are not relevant in the context of SF.

4.7  Measurement of effective modulus of the cell 
using atomic force microscope (AFM)

We used a Park Systems XE-Bio AFM to quantify the effective 
modulus of the cell using an App Nano Hydra 6V-200NG-
TL silicon dioxide cantilever (stiffness ~ 0.045 N/m) with an 
attached spherical bead of diameter 5.2 μm. The stiffness of 
the cantilever was determined to be 0.041 N/m using ther-
mal tuning method. Specific locations for indentations in the 
cell were selected based on the cell topography, and were 
equidistant from the nucleus and the cell edge to minimize 
the influence of the nucleus. Indentation experiments were 
performed using cells in Hank’s balanced salt solution, and 
the corresponding force–displacement curves for each location 
were used to quantify the effective  modulus of the cell using 
the material properties of the cantilever and a thin layer, finite 
thickness Hertzian contact mechanics model (Darling et al 
2007; Dimitradis et al. 2002). The force curve, corresponding 
to the approach of the tip toward the substrate, was measured 
and a constant indentation depth of 1 μm (~ 14% of the total 
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cell height) was maintained for all data, which lies within the 
4–30% range of the cell height reported in the literature, that 
are required for the equations to be used for such studies.

4.8  Morphoelastic model of the cell under stretch

Let F be the deformation gradient used to describe the cell 
undergoing stretch from an unstretched reference configu-
ration. We model the growth of SF’s in the fibroblast under 
stretch using the growth tensor, G, which is a virtual stress-free 
configuration. The kinematics of SF growth is accompanied 
with an elastic deformation, A. We write,

Coupling between the elastic responses and biological 
growth is integral in morphoelasticity and is consistent from 
kinematic and thermodynamic perspectives. Results from 
experiments to quantify the length changes of SF in fibro-
blasts under uniaxial cyclic stretch were used to determine the 
growth tensor G based on the evolving configurations during 
cell reorientation under stretch. The elastic deformation tensor, 
A, depends on the externally applied cyclic stretch amplitude 
that is measured using the strain quantification experiments 
(Fig. 1c).

We model the cell as a fiber-reinforced orthotropic hyper-
elastic material, comprised of two families of SF, based on the 
microscopy images (Supplementary Fig S1, Fig. 3) (Merodio 
and Ogden 2002; Gundiah et al 2009). SF angular orienta-
tions result in anisotropic cellular mechanical responses that 
are described using a continuum mechanical description for 
the cell using terms to account for fiber orientations (Efremov 
et al. 2019, Sakamoto et al., 2017). A representative element 
of the cell is characterized through dependence on A and is 
given by the strain energy function, W(A) (Supplementary 
Information-2).

� is the shear modulus ( 𝜇 > 0 ) and � is a measurement of 
the additional fiber reinforcement ( 𝛼 > 0).

We quantified SF lengths for individual cells in each data 
set corresponding to different stretch amplitudes (at 5% and 
10%) and duration (2, 3, 4, and 6 h) and averaged them to 
compute an overall SF length distribution (Supplementary 
Table 1). We used these experimental data to formulate a new 
evolution equation for SF length increase ( � ) as a function of 
the applied stretch, �,  and time, t. The evolution equation is 
given by

where

(1)� = � ⋅�

(2)
W(A) = W

iso
+W

aniso
=

�

2

(
I1 − 3

)
+

��

2

[(
I4 − 1

)2
+
(
I6 − 1

)2]

(3a)�(�, t) = f (�)g(t) + c

c is a constant and has a value 24.4 ± 2.3 µm (Mean ± SEM) 
in unstretched (control) cells; �g is a timescale for the growth 
of SF. f (�) is constant for a given stretch amplitude and is 
independent of time.

This form of the growth law is similar to a special case 
of the four-parameter Richards growth model (Tjorve and 
Tjorve 2010) given by

where Kg is the model-specific growth constant that controls 
the maximum growth rate. This term is similar to 1

/
�g in 

our model. The term, a, represents the upper asymptote and 
is equivalent to the value of f (�) . W0 represents the initial 
value and is similar to c in our model. Ti , with units of time, 
is referred to as a location parameter that shifts the growth 
curve horizontally and is excluded in our model for sim-
plicity. The parameter, d, controls the inflection value of 
the curve. We parametrically varied the parameter d in the 
Richards model (Eq. 4) for 5% and 10% stretch amplitude 
and compared these results with experimental data. Supple-
mentary Fig. 4 shows equivalence between the model cor-
responding to d = 1 to the SF growth law (Eq. 3) in our study.

Coefficients in f (�) were obtained by fitting the experi-
mental data to Eq.  (3). The evolution equation for SF 
lengthening shows that γ increases with increase in both 
applied stretch, �,  and time duration, t, and eventually 
reaches equilibrium. We use these evolution equations to 
construct the growth tensor G in the context of pure fiber 
growth for a single SF as

er is the unit vector in SF growth direction. The form of the 
growth tensor chosen in this study is symmetric and has been 
used in previous studies (Goktepe et al. 2010). This reduces 
the number of growth descriptors for anisotropic growth in 
analytic treatments. We next transform the growth tensor 
from the cylindrical ( r − � − z ) coordinate system to Carte-
sian (Eq. 17 in Supplementary Information 3). We tested the 
consistency of our growth law by including thermodynamic 
restrictions for active biological growth subjected to various 
possible fiber angles and experimental duration for different 
stretch amplitudes based on the Clausius–Duhem inequality 
using the standard Coleman–Noll procedure (Supplementary 
Information 3, 4).

We assume a form for the SF re-orientation equations 
along a uniform direction perpendicular to applied cyclic 
uniaxial stretch, corresponding to X-axis, as

(3b)
f (�) = 25.23

(
1 − e−12.39(�−1)

)
and g(t) =

(
1 − e−t∕�g

)

(4)W(t) = a

(
1 −

(
1

d

)
.
(
e−Kg(t−Ti)

)d

+W0

(5)Gr−𝜃−z = I + (𝛾 − 1)er ⊗ er
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The vector n represents the unit vector along the direc-
tion of preferred cytoskeletal orientation orthogonal to the 
applied stretch in the Y-axis (e2) (Melnik and Goriely 2013; 
Menzel 2005). �r is the remodeling timescale which depends 
on the stretch amplitude (Supplementary Information-5). 
The elongation and reorientation dynamics of SF in cells 
for 10% stretch amplitude over 6 h (A10T6) is shown in 
Supplementary Video 1.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10237- 021- 01548-z.
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