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Abstract—Understanding the role of mechanophenotype in
competitive adherence of cells to other cells versus underlying
substrates can inform such processes as tissue development,
cancer progression, and wound healing. This study investi-
gated how mechanophenotype, defined by whole-cell, elastic/
viscoelastic properties for the perinuclear region, and cellular
assembly are intertwined through the mechanosensing pro-
cess. Atomic force microscopy was used to characterize the
temporal elastic/viscoelastic properties of individual and
assembled fibroblasts grown on substrates with elastic
moduli above, below, or similar to whole-cell mechanophe-
notypes measured for three, genetically modified cell lines.
All cells were at their most compliant immediately after
plating but transitioned to distinct, stiffer mechanopheno-
types by Day 1 after acclimation. This mechanical state, and
cellular assembly/morphology, did not change significantly
over the following three days of testing, regardless of
substrate compliance or cellular organization (multi-cell
nodules/plaques or single cells). Interestingly, cells formed
3D nodules when attached to substrates with elastic moduli
less than their own but spread readily on substrates with
moduli equal to or greater than their own, suggesting a
preference to adhere to the stiffest surface sensed (substrate
or cell). This suggests that inherent mechanophenotype plays
a role as a competing surface during microenvironment
mechanosensing and subsequent cell–cell-substrate organiza-
tion.

Keywords—Mechanosensing, Atomic force microscopy,

Nodule, Plaque, Elastic/viscoelastic properties, Cellular

assembly.

ABBREVIATIONS

AFM Atomic force microscopy
COL-I Collagen type-1
dnRhoA dnRhoA (T19 N) - GFP transfected WI-38

cells
ECM Extracellular matrix
Eelastic Elastic modulus
E0 Instantaneous modulus
ER Relaxed modulus
FN Fibronectin
LN Laminin
PAAm Polyacrylamide
WI-38 WI-38 VA-13 subline 2RA
b-Actin b-Actin-GFP transfected WI-38 cells
l Apparent viscosity

INTRODUCTION

Mechanophenotype, which can be characterized
using whole-cell, elastic and viscoelastic properties, has
emerged as a viable biomarker and descriptor of cel-
lular function and fate.6–8,33 Changes in cellular
mechanophenotype have been observed in different
cell states, such as stem cell pluripotency/differentia-
tion, cancer invasion, and cytoskeletal disruption or
rearrangement.6,9,15,20 Cells generate specific pheno-
typic responses to stimulatory factors in the cellular
microenvironment, including an intricate combination
of soluble and insoluble signaling molecules, physical
stimuli, and cell–matrix and cell–cell interactions.3,19

Previous studies have demonstrated how the extracel-
lular environment drastically shapes cell behaviors.
However, intrinsic properties of the cell, specifically

Address correspondence to Eric M. Darling, Center for

Biomedical Engineering, Brown University, 175 Meeting Street,

Box G-B397, Providence, RI, USA. Electronic mail: Eric_Darling@

brown.edu

Annals of Biomedical Engineering, Vol. 45, No. 8, August 2017 (� 2017) pp. 2036–2047

DOI: 10.1007/s10439-017-1841-5

0090-6964/17/0800-2036/0 � 2017 Biomedical Engineering Society

2036

http://orcid.org/0000-0002-3932-8623
http://crossmark.crossref.org/dialog/?doi=10.1007/s10439-017-1841-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10439-017-1841-5&amp;domain=pdf


mechanophenotype, have typically been overlooked
but are invariably important to cell function (e.g.,
proliferation, self-renewal, differentiation, apoptosis,
etc.).10,11,31 We hypothesize that mechanophenotype
will play a role in how a cell responds to its physical
microenvironment, influencing the process of multi-
cellular organization when in the presence of physio-
logically compliant surfaces.

Cellular assembly, defined by 2D and/or 3D cellular
organization, is influenced by interactions between
cells and substrates as well as between cells and other
cells. While substantial effort over the past decade has
been devoted towards understanding the effects of
substrate compliance on cell behavior, the role of cel-
lular mechanophenotype in cell–cell and cell-substrate
interactions is not clearly understood.12,23 Cells typi-
cally display a more rounded morphology and tend to
aggregate on softer substrates, whereas cells attach and
spread to a greater extent on stiffer substrates, with the
latter also being dependent on the type and density of
extracellular matrix (ECM) ligand coating.14,23 Cellu-
lar mechanosensing of the microenvironment is linked
to inherent mechanophenotype through cytoskeletal
components, including focal adhesions, integrins, and
cadherins.28,32,35 Studies by Guo et al. and Gilchrist
et al. both report formation of tissue-like aggregates on
compliant substrates, observed across a range of cell
types that included fibroblasts, epithelial cells, and
nucleus pulposus cells, postulating that cells gain the
most tension from cell–cell interactions compared to
cell-substrate interactions.14,16,24 The adhesion com-
plexes formed through focal adhesions, integrins, and
cadherins begin with actin polymerization and orga-
nization, followed by activation of myosin-II contrac-
tility that allows cells to migrate to regions of higher
stiffness.16,21,24 While this concept, known as duro-
taxis, has been extensively studied to understand the
role of underlying substrates in cellular migration and
adherence, little has been done in relation to cell–cell
interactions. Understanding mechanophenotype in the
context of cellular assembly could give rise to more
effective tissue-specific constructs where appropriate
cell–cell and cell-substrate interactions can develop.

The goal of this study was to (1) investigate the
stability of inherent cellular mechanophenotype with
respect to time and the compliance of the underlying
substrate and (2) determine whether mechanopheno-
type can influence cellular adhesion and assembly
when cells are grown on gels of known, physiologic
elasticity. Human lung fibroblasts were mechanically
characterized using atomic force microscopy (AFM)
during four days of culture on collagen 1 (COL 1)-
coated polyacrylamide (PAAm) gels to assess if and
when mechanophenotype reached a state of equilib-

rium. Fibroblasts were transfected with three plasmids
to create mechanically distinct cell lines: (1) GFP
(control plasmid), (2) dnRhoA (to disrupt cytoskeletal
regulation) and (3) b-Actin (to increase actin synthe-
sis). The behavior of these stably transfected cell lines
was then investigated when cells were grown on gels
with stiffness above, below, and matching their whole-
cell, elastic moduli. Changes in cellular mechanical
properties and organizational phenotypes were
assessed in relation to the mechanophenotype of the
cell. We hypothesized that cells would maintain an
inherent, internal mechanophenotype regardless of
substrate stiffness. Additionally, cells would spread
and attach more readily on substrates with elastic
moduli equal to or greater than their own and that cells
would compete to find and adhere to the stiffest surface
sensed (substrate or cell).

MATERIALS AND METHODS

Cell Culture

WI-38 VA-13 subline 2RA (WI-38, human lung
fibroblasts, purchased from ATCC, #CCL-75.1) were
expanded and maintained in phenol red-free MEM
(CellGro, Corning) supplemented with 10% (volume/
volume, v/v) FBS (Calsson Labs, lot #08142019 and
#08152003), 1% (v/v) penicillin/streptomycin (Hy-
clone, GE Healthcare), 2 mMGlutamax (Hyclone, GE
Healthcare), and 1 mM sodium pyruvate (Thermo
Fisher Scientific). Cells were maintained in humidified
incubators at 37 �C, 5% CO2 and passaged at 60-80%
confluence using 0.25% trypsin–EDTA (Hyclone, GE
Healthcare). MG-63 (osteosarcoma) and SH-SY5Y
(neuroblastoma) cell lines were also used to confirm
cell–cell-substrate assemblies and mechanical proper-
ties. The methodology and results for these additional
experiments involving MG-63 and SH-SY5Y cells is
shown in electronic supplementary text.

Development of Stable Cell Lines

WI-38 cells were plated in 96 well plates at 25,000
cells/well. After 24 h, cells were transfected using Na-
noJuiceTM Transfection Reagent (Novagen) according
to product literature. Cells were transfected with one of
three plasmids: pAcGFP1-Actin (b-Actin, #632453,
Clontech), pcDNA3-EGFP-RhoA-T19N (dnRhoA, a
gift from Gary Bokoch, #12967, Addgene), and
pEmGFP-N1 (GFP, a gift from L. E. O. Darling,
Wellesley College). Once cells reached 80-90% con-
fluence post-transfection, cells were trypsinized and re-
plated at low densities in 6-well plates in WI-38 culture
media supplemented with 400 lg/mL Geneticin. After
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4–7 days, when positively transfected colonies were
visible (based on GFP fluorescence), 3–5 colonies were
picked and expanded under antibiotic conditions.
Colonies were grown and developed into stable cell
lines in the presence of antibiotics.

Gel Fabrication and Functionalization

Polyacrylamide (PAAm) gels of three different
stiffnesses were fabricated to be lower than, equal to,
or greater than the stiffness of the transfected cell lines
(0.3, 0.5, 1.4 kPa). Mechanical properties of the gels
were modulated by using 3% acrylamide (#161-0140,
Bio-Rad) with varying concentrations of bis-acry-
lamide (0.05, 0.07, and 0.2%, #161-0142, Bio-Rad) in
phosphate buffered saline based on previously pub-
lished protocols.34 Gels were polymerized using 10%
(weight/volume, w/v) ammonium persulfate (#BP179,
Thermo Fisher Scientific) and 1.5% (v/v) tetram-
ethylethylenediamine (#BP150, Thermo Fisher Scien-
tific). 60 lL of the final PAAm solution was placed
between a hydrophilic glass coverslip prepared using
0.5% (v/v) 3-aminopropyl-trimethoxysilane (#313251
000, Acros Organics) and 0.5% (v/v) glutaraldehyde
(#A17876, Alfa Aesar) and a hydrophobic glass slide
prepared using 0.5% acetic acid (#A38-212, Thermo
Fisher Scientific) and 2.5% (tridecafluoro-1,1,2,2-te-
trahydrooctyl)trichlorosilane (#SIT8174, Gelest Inc.)
in hexane (#H292, Thermo Fisher Scientific). An
additional slide was used to provide a base, with three
glass coverslips creating a spacer that held the solution
apart to yield a flat gel with a standardized thickness.
After polymerization (~10 min), the gels were soaked
in PBS for at least 1 h before functionalization.

Gels were functionalized byUV-photoactivation of a
heterobifunctional cross linker, sulfo-SANPAH
(#13414, CovaChem), followed by overnight incubation
at 4 ºC in 100 lg/mL solution of collagen type 1 (COL-
1, #08-115, Lot #2373345, Millipore).34 Prior to cell
seeding, the gels were washed twice with sterile water
and incubated for 10 min in 100% ethanol for steril-
ization. Gels were then rinsed and allowed to equilibrate
in base medium, MEM, prior to seeding cells.

Atomic Force Microscopy

Mechanical Characterization of Cells

Non-transfected and transfected WI-38 cells were
mechanically characterized using AFM to identify
differences in mechanophenotype. Briefly, single-cell
elastic and viscoelastic tests were performed using an
AFM based on our previously published techniques,
with minor modifications.7,8,15 Four mechanical
parameters were quantified using AFM: elastic mod-

ulus (Eelastic), instantaneous modulus (E0), relaxed
modulus (ER), and apparent viscosity (l). Eelastic is the
measure of a cell’s resistance to deformation; a more
compliant cell has a lower Eelastic. E0 is the initial
resistance to deformation, and ER denotes the stiffness
of the cell at equilibrium. Lastly, l represents the
resistance to flow of a cell when a specific stress is
applied. Spherically tipped cantilevers were made by
adhering 5 lm borosilicate beads to the end of silicon
nitride, triangular cantilevers (Bruker Corporation,
MLCT-O10, k ~ 0.03 N/m). The AFM was calibrated
prior to each experiment by calculating cantilever
spring constants based on the power spectral density of
the thermal noise fluctuations. Indentation and stress
relaxation tests were performed on the perinuclear re-
gion of single cells or the center of cell aggregates, with
an approach velocity of 10 lm/s and a 30 s relaxation
period. Trigger forces ranged between 0.6 and 1.5 nN
to limit indentations to <15% strain based on the
height of the cell. All AFM testing was performed at
room temperature. Cell and nodule/plaque heights
were determined by using the AFM to measure the
difference in initial contact location of the cell com-
pared to a reference contact location on the substrate.

Three, separate experiments were performed to
characterize the mechanophenotype of transfected and
non-transfected cells. The first experiment investigated
whether mechanophenotype would change over time
on a compliant gel. Non-transfected WI-38 cells were
grown on COL-1-coated coverslips and PAAm gels for
5 days. Cells were tested on Day 0 in a spherical
morphology (~30 min after seeding) and after 1, 2, 3,
and 4 days in the nodule/plaque assemblies that
formed. The second experiment investigated differ-
ences in mechanical properties among GFP-, dnRhoA-
, and b-Actin-transfected WI-38 cells. Cells were
allowed to adhere to a glass coverslip for 48 h prior to
elastic and viscoelastic testing to determine their
mechanophenotype in a spread morphology. The third
experiment investigated mechanophenotype and
assembly behavior of the mechanically distinct cell
types when grown on compliant PAAm gels tuned to
precise elasticities. GFP, dnRhoA, and b-Actin cells
and cell assemblies grown on COL-1-coated gels or
coverslips were mechanically characterized 96 h after
plating. Number of samples tested for each experiment
are shown in Supplementary Table 1.

Mechanical Characterization of PAAm Gels

Gels were also characterized using AFM. Briefly, a
4 9 4 array of indentation sites in 3 distinct locations,
for 3 gels per stiffness were collected. As described
above, spherically tipped cantilevers were used to in-
dent gel substrates with an indentation rate of 10 lm/s.
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The resulting force-indentation curves were fit to the
Hertz contact model for spherical indentation of a flat
surface. Trigger forces ranged between 1.0 and
1.75 nN to maintain indentations ranging from 0.5 to
1.5 lm.

Confirmation of Transfections Using Western Blot

Protein levels of GFP, dnRhoA, and b-Actin were
assessed using Western Blot, following previously de-
scribed protocols.27 Briefly, 5 lg of protein were sep-
arated on pre-cast SDS-PAGE gels (Bio-Rad) and
transferred onto Immobilon IP membranes (Millipore)
before probing for GFP (1:2500, Abcam, #ab6556),
RhoA (1:500, #MA1-134, Thermo Fisher Scientific), b-
Actin (1:2500, #ab170325, Abcam), and GAPDH
(1:50,000, #PA1-9046, Thermo Fisher Scientific). Pri-
mary antibodies were detected using IRDye 800CW
goat anti-mouse (#925-332210), IRDye 680RD donkey
anti-rabbit (#925-68073), or IRDye 800CW donkey
anti-goat (#926-32214) secondary antibodies (1:15,000,
LI-COR). Blots were visualized on an Odyssey Infra-
red Imaging System (LI-COR). Blots were stripped
with NewBlot PVDF Stripping Buffer (LI-COR) and
reprobed once to allow for detection of all four pro-
teins on the same blot.

Assessment of Actin Organization and Cellular
Assembly

Transfected WI-38 cells were seeded on the three
fabricated PAAm gels at a density of 20,000 cells/gel
within a 24 well plate (1 gel/well). Three, separate
iterations of the experiment were run, with a total of
7–8 gels per condition. After 96 h of culture, the cells
were fixed with 10% formalin, permeabilized with a
0.1% solution of Triton X-100, and blocked with 3%
bovine serum albumin. Cells were then stained with
phalloidin (#A22287, Molecular Probes, Thermo
Fisher) for actin filaments and 4¢,6-diamino-2-
phenylindole (DAPI, Thermo Fisher) for nuclei. Nine
to sixteen images were captured per gel using a
10 9 objective on the Cytation 3 cell imager (Biotek
Instruments Inc.), and cellular assembly was described
as either multi-cellular nodules/plaques or single
cells/monolayers. Nodule frequency was quantified
per field of view (FOV) as a function of cell and gel
stiffness using a custom ImageJ (NIH) macro and
confirmed by hand counting. Brightness and contrast
were uniformly adjusted across entire images to show
morphology. Confocal imaging of cellular organiza-
tion was performed using a Zeiss LSM 510 Meta
Confocal Laser Scanning Microscope built on an
Axiovert 200M inverted microscope with ZEN 2
software (Carl Zeiss MicroImaging). All images were

taken using the 40x objective with 1.05 lm slices.
DAPI was visualized using a 405-nm diode laser, and
phalloidin was visualized with a 633-nm Helium–
Neon laser.

Statistical Analysis

All statistical analysis was performed using Sig-
maPlot 12.5 (Systat Software Inc.). All data are rep-
resented as arithmetic mean ± standard deviation
(SD). Cellular mechanical and height data collected
using AFM were non-normal, according to the Sha-
piro–Wilk test. Non-parametric analysis was per-
formed on all data using a Kruskal–Wallis analysis of
variance (ANOVA) on ranks, followed by Dunn’s test
for multiple comparisons with a significance of
p< 0.05. Nodule frequency data were normalized by
logarithmic transform. Significant differences between
cell type and PAAm gel stiffness were assessed using a
two-factor ANOVA, followed by a Holm-Sidak post
hoc test for multiple comparisons using significance of
p< 0.05.

RESULTS

Elastic Properties of PAAm Gels

COL-1-coated PAAm gels were fabricated to exhibit
elasticities lower, equal to, or greater than those
exhibited by transfected WI-38 cells (0.47 ± 0.21 kPa).
Resultant gels exhibited elastic moduli of
0.3 ± 0.02 kPa, 0.5 ± 0.04 kPa, and 1.4 ± 0.1 kPa, as
measured by AFM.

Temporal Mechanophenotype Characterization
of WI-38 Cells

To determine if there was a time component
involved in defining cellular mechanophenotype,
mechanical properties of non-transfected WI-38 cells
were measured across four days while cultured on 0.3,
0.5, and 1.4 kPa gels and glass coverslips (CS). Four
parameters, Eelastic, ER, E0, and l, were measured to
obtain a panel of elastic and viscoelastic properties for
individual cells exhibiting a spherical morphology on
Day 0 (about 30 min after seeding) or assemblies of
cells in nodule (defined as multi-cellular aggregates) or
plaque (defined as flattened versions of nodules) mor-
phologies from Days 1–4 (Fig. 1). Individual cells on
glass CS were also tested over the same period. Aver-
age Eelastic increased from ~0.2 kPa to ~0.5 kPa
between Day 0 and Days 1–4 (Fig. 1a). From Days 1–
4, cells and nodules/plaques typically exhibited Eelastic

ranging from 0.4 to 0.6 kPa, regardless of cellular

Mechanophenotype and Competitive Adherence 2039



assembly or substrate stiffness (p> 0.05). As with the
elastic modulus, ER, E0, and l varied on Day 0 based
on substrate stiffness but stabilized to a consistent,
stiffer mechanophenotype on Days 1–4 (p> 0.05,
Fig. 1b–1d). In general, WI-38 cells in nodule forma-
tion on 0.3 and 0.5 kPa gels were significantly taller
than their corresponding plaques formed on 1.4 kPa
gels for each day (Supplementary Fig. 1). Individual
WI-38 cells on glass CS were significantly shorter than
nodules or plaques on gels.

Transfection and Mechanical Characterization of WI-38
Cells

Successful transfections of WI-38 cells with GFP,
dnRhoA, or b-Actin plasmids were visualized by green
fluorescence from the GFP reporter (Fig. 2a). Western
blots confirmed successful incorporation of plasmid
DNA and subsequent expression of GFP-fused pro-
teins based on the presence of higher molecular weight
bands for all modified groups (Fig. 2b). Eelastic of the
three transfected cell lines was mechanically charac-

terized after two days on glass coverslips using AFM
(Fig. 2c). b-Actin cells were ~30% more compliant
than GFP cells (p< 0.05), while dnRhoA cells
were ~60% stiffer (p< 0.05). dnRhoA cells
were ~130% stiffer than b-Actin cells (p< 0.05).

Effect of Mechanophenotype on Cellular Organization

Two, distinct, organizational phenotypes, multi-
cellular nodules/plaques versus single cells/monolay-
ers, were visible across all cell lines and across gels
regardless of their stiffness. DAPI and phalloidin
staining provided more detail on these particular cell
arrangements (Fig. 3). Qualitatively, GFP and
dnRhoA cells primarily formed nodules on 0.3 and
0.5 kPa gels, elastic moduli that were equal to or less
than that measured for either cell type (Fig. 3a).
Interestingly, b-Actin cells displayed the lowest nodule
frequency per FOV compared to the other two cell
types across all three gel stiffnesses (p< 0.05, Fig. 3b).
While not statistically significant, b-Actin cells tended
to form fewer nodules on the 0.3 kPa gels than either

FIGURE 1. Mechanical characterization of the cellular assemblies formed by WI-38 cells on compliant substrates over 5 days. (a)
Different cellular assemblies formed when cells were cultured on compliant gels. Nodules represent three-dimensional cellular
aggregates. Plaques represent a flattened version of the nodules. And lastly, single cells represent a variety of morphologies
demonstrated by non-assembling cells, present at early time points for all substrates and at later time points on substrates with
elasticities stiffer than the mechanophenotype of the cell. Average mechanical properties, (b) Eelastic, (c) ER, (d) E0, and (e) l, of
single and assembled WI-38 cells over four days across PAAm gels and glass coverslips (CS). In general, cells tested on Day 0,
about 30 min after seeding, showed the most variation due to substrate stiffness for all four mechanical properties. WI-38 cells
maintained their mechanophenotype from Day 1 onwards, regardless of organizational morphology and substrate stiffness. At
later time points, cells only formed plaques on the 1.4 kPa gel, which exhibited mechanical properties similar to the nodules
formed on other gels and single cells on glass CS. Data shown as mean 6 S.D., with statistical significance determined using
Kruskal–Wallis ANOVA on ranks within each day, followed by a Dunn’s post hoc analysis (*p< 0.05). #, Only single cells were
present for this condition, instead of nodules/plaques. +, Individual cells in spherical morphologies were tested on Day 0 for all
substrates.
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GFP or dnRhoA cells (50–55% fewer, p = 0.07 for
both comparisons). b-Actin cells also formed signifi-
cantly fewer nodules than dnRhoA cells on 0.5 kPa
(60% fewer, p = 0.01) and 1.4 kPa (71% fewer,
p = 0.02) gels. Similar trends were observed between
b-Actin and GFP cells on 0.5 kPa (53% fewer,
p = 0.15) and 1.4 kPa (62% fewer, p = 0.13) gels. For
all cell types investigated, nodule frequency on the
1.4 kPa gels was significantly less than on 0.3 and

0.5 kPa gels (p< 0.05). Similar observations were
made for cell types spanning across other lineages
(Supplementary Figs. 2, 3).

Mechanophenotype of GFP, dnRhoA, and b-Actin Cells
on Compliant Gels

The behavior of mechanically distinct, stably
transfected cell lines was then observed when grown on
substrates with stiffness above, below, and equal to the
elastic modulus of the cell. Mechanical properties of
cells from the four cell lines grown on COL-1-coated
0.3, 0.5, 1.4 kPa gels and glass CS were measured at a
single time point, Day 4. The mechanophenotype of
cells in nodule or plaque morphologies was recorded
for each of the cell types. Interestingly, no differences
in Eelastic, ER, E0, or l (Fig. 4) were observed among
nodules and plaques formed by GFP, dnRhoA,
or b-Actin cells on the gels (p> 0.05). Additionally, no

FIGURE 2. Characterization of GFP, dnRhoA, and b-Actin
cells. (a) Stably transfected cell lines exhibited uniform GFP
expression. Scale bar 5 50 lm. (b) Expression of fusion pro-
teins was confirmed via Western blot analysis. (c) Each cell
line was mechanically characterized when adhered to glass
coverslips for two days, with results showing higher
(dnRhoA) and lower (b-actin) elastic moduli in comparison to
the control, GFP-transfected cells. Data shown as
mean 6 S.D., with statistical significance determined using
Kruskal–Wallis ANOVA on ranks, followed by a Dunn’s post
hoc analysis (*p< 0.05).

FIGURE 3. Effect of mechanophenotype on cellular assem-
bly into nodules or plaques. (a) Representative images of
transfected WI-38 cells on PAAm gels (nuclei: blue, actin fil-
aments: red; scale bar: 200 lm). (b) Abundant nodule forma-
tion occurred on gels that were more compliant than the
inherent mechanophenotype of cells in the noted cell line.
Nodule frequency per field of view (FOV) shown as
mean 6 S.D. (*p< 0.05, as determined by a two-factor ANOVA
between cell type and gel stiffness on logarithmically trans-
formed data, followed by Holm-Sidak post hoc analysis).
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differences in mechanical properties were observed
between nodules or plaques on gels and individual cells
on glass CS (Fig. 4 and electronic supplementary
material, table S1c). While the heights of individual
cells compared to nodules and plaques varied due to
increased cell numbers (Supplementary Fig. 4), this did
not affect cellular mechanophenotype.

Confocal Imaging of Actin Cytoskeleton

Confocal z-stacks of DAPI- and phalloidin-stained
cells were taken 96 h after culture on gels of designated
stiffness (Fig. 5). Qualitatively, nodules formed by
GFP cells on 0.3 kPa and 0.5 kPa gels showed more
centralized actin cytoskeleton that became more dif-
fuse and less visible towards the edges of the nodule.
On the 1.4 kPa gel, GFP cells primarily formed pla-
ques that displayed a highly structured network of
actin filaments. dnRhoA cells on 0.3 kPa gels dis-
played minimally structured actin cytoskeleton, instead
presenting punctate actin structures throughout the
cytoplasm. Similar to GFP cells, dnRhoA on 0.5 and
1.4 kPa gels had a centralized actin cytoskeleton where
cells were in contact with other cells and had minimal

interaction with the underlying compliant gel. b-Actin
cells cultured on 0.3 kPa gels showed diffuse phalloidin
staining throughout the cytoplasm and minimal
structured cytoskeleton. Conversely, on 0.5 and
1.4 kPa gels, which were stiffer than b-Actin cells, cells
displayed organized actin fibers. Unlike other cell
types, b-Actin cells were able to adhere to gels as single
cells and completely spread out.

DISCUSSION

Results from this study indicate that inherent
mechanophenotype influences cellular assembly when
grown on substrates exhibiting elasticities similar to
the cells themselves. Cells maintained a characteristic,
perinuclear, whole-cell mechanophenotype on all sub-
strates, regardless of their stiffness, and across all
group morphologies and assemblies formed by the
cells. Non-transfected WI-38 cells reached a
stable mechanical state one day after plating and
maintained this mechanophenotype throughout the
remaining three days of the experiment. Mechanically
distinct GFP-, dnRhoA-, and b-Actin-transfected cells

FIGURE 4. Average mechanical properties, (a) Eelastic, (b) ER, (c) E0, and (d) l, of GFP-, dnRhoA-, and b-Actin-transfected WI-38
cells after four days on 0.3, 0.5, and 1.4 kPa PAAm gels and glass coverslips (CS). In general, cells displayed similar mechanical
properties, regardless of organizational morphology (nodule vs. plaque vs. single cells) and substrate stiffness. Data shown as
mean 6 S.D., with statistical significance determined using Kruskal–Wallis ANOVA on ranks for each mechanical parameter within
each cell line, followed by a Dunn’s post hoc analysis (*p< 0.05).
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also displayed inherent, whole-cell mechanical signa-
tures that appeared to be largely decoupled from the
external microenvironment. Additionally, the results
from this study indicate that cells have the ability to
mechanosense their environment and selectively adhere
and spread on whatever material, PAAm substrate or
neighboring cells, that is stiffer than their inherent
mechanophenotype. The most compliant cell type in
the study exhibited the least amount of nodule for-
mation across all three gels, suggesting a preference to
adhere to the stiffer substrate than soft, neighboring
cells. Furthermore, for all cell types, significantly
greater nodule formation was observed on 0.3 and
0.5 kPa PAAm gels compared to 1.4 kPa gels, where

cells were able to spread and develop a more structured
actin cytoskeleton.

The inherent mechanophenotype of WI-38 cells
varied during initial attachment to a substrate but re-
mained largely stable over time. The different cellular
assemblies observed throughout the study also formed
within the first day, indicating that cells could react
quickly to their microenvironment. Since the mechan-
ical properties of WI-38 cells did not change over time,
comparisons among the transfected cell lines were
made at a single time point. Mechanically distinct,
transfected WI-38 cell lines also maintained their
inherent, whole-cell mechanophenotypes on substrates
of varying stiffness. These results are supported by

FIGURE 5. Nodules and plaques of GFP, dnRhoA, and b-Actin cells after 4 days of culture. Confocal projections revealed dif-
ferences in actin bundle formation (nuclei: blue, actin filaments: red; scale bars: 20 lm) on gels, especially as cells transitioned
from nodule to plaque formations on PAAm gels greater than the mechanophenotype of the adhered cells.
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other studies that have also observed a stable, inherent
mechanophenotype despite changes to the cellular
microenvironment. Poh et al. showed that embryonic
stem cells did not increase their apical cell stiffness on
substrates of varying stiffness, while basal traction
forces did increase at the interface of cell-substrate
interactions on PAAm gels ranging from 0.35 to
8 kPa.25 Jagielska et al. observed that oligodendrocyte
progenitor cells were more compliant than differenti-
ated oligodendrocytes. However, both progenitor and
differentiated cell stiffnesses were independent of
PAAm gel elasticity, ranging from 0.1 to 70 kPa.18 It is
important to note that Jagielska’s study observed
changes in cell survival, proliferation, migration, and
other biological factors that were independent of cel-
lular mechanophenotype, emphasizing that this
parameter is not solely a secondary indicator of normal
cell functions.18 Contrary to our results, other studies
have suggested that mechanophenotype is a more
malleable characteristic that changes to match the
elasticity of whatever surface the cell is attached
to.18,25,29–31 However, these experiments differ sub-
stantially in the mechanical testing techniques used
(AFM using sharp pyramidal tips over the cyto-
plasm/cytoskeleton rather than spherical beads over
the perinuclear region), range of PAAm gel stiffness
examined (0.5–40 kPa, many-fold higher than WI-38
mechanophenotype), and cell type investigated (e.g.,
fibroblasts vs. glioma cells vs. endothelial cells). The
current study focused on whole-cell properties to
provide an average measure of mechanical properties
associated with a cell, rather than nanometer-sized,
point tests that can vary widely depending on what
underlying cellular component is contacted. Gel elas-
ticity was also limited to only those stiffnesses imme-
diately higher and lower to the cells used in the work,
rather than including elasticities orders of magnitude
greater. In this way, the work narrowly focuses on
studying competitive adherence, due to elasticity, of
cells on a soft surface.

This study identified that mechanophenotype plays
a role in cellular assembly on mechanically-varied
substrates, which could be a key factor to consider in
tissue formation and development. A clear transition
in organizational phenotype was observed across all
three WI-38-transfected cell lines tested. GFP
(Eelastic ~ 0.55 kPa), and dnRhoA (Eelastic ~ 0.87 kPa)
cell lines exhibited significantly more nodule formation
on 0.3 and 0.5 kPa gels, with cells preferentially
adhering to each other over the softer gel. Compara-
tively, b-Actin cells (Eelastic ~ 0.37 kPa) readily ad-
hered and spread on the softer gels, even maintaining
single-cell morphologies rather than multi-cell assem-
blies. These findings confirmed our hypothesis that
cells would competitively bind with the stiffest sub-

strate they sense, whether that is a surface or neigh-
boring cell.

Confocal imaging provided further insight into the
differences in the actin cytoskeleton network developed
in the various types of cellular assemblies. The inte-
grated cytoskeletal network that existed across multi-
ple cells can form through cadherins in cell–cell
adhesions, which facilitate cell layers and assemblies
within tissues and are the adhesive mechanism for
tissue-specific structures.4,36 Cadherins also direct actin
assembly through coupling proteins, such as b-catenin,
a-catenin, and vinculin.36 Previous studies with similar
observations in cellular assembly attribute this behav-
ior to cells maximizing their mechanical input from the
microenvironment.16 Gilchrist et al. observed nucleus
pulposus cells (Eelastic ~ 0.35 ± 0.20 kPa) preferred to
aggregate (the typical cellular arrangement in vivo) on
0.10 and 0.22 kPa PAAm gels, yet spread out and form
an ordered actin cytoskeleton on 0.72 kPa gels.14

These phenomena may be explained by differences in
expression of Rho pathway components and their link
to myosin-II associated contractility.16 These proteins
help cells sense their environment by regulating for-
mation of focal adhesions (integrins) and by mediating
cell–cell interactions (cadherins). Therefore, cellular
mechanophenotype, in combination with substrate
compliance, can influence mechanosensing of the
microenvironment and, ultimately, tissue formation.

This study strived to create a controlled system to
test the effect of mechanophenotype on the various
cellular assemblies by creating stable cell lines. These
stable transfections minimized variation due to genetic
differences and provided a more consistent phenotype
compared to commonly used pharmacologic treat-
ments, such as cytochlasin D (inhibitor of actin poly-
merization), blebbistatin (myosin II inhibitor), or Y-
27632 (ROCK inhibitor). By transfecting a common
background cell type with cytoskeleton-related genes,
dnRhoA or b-Actin, two mechanically distinct cell
lines were developed, with a GFP-transfected cell line
serving as a control. Transfection with the dominant
negative RhoA (point mutation T19N) created the
stiffest cell type, while transfection with b-Actin cre-
ated the most compliant cell type. While there were
visible changes in morphologies of these two cell types,
their changes in mechanical properties were contrary
to what would be expected. dnRhoA cells were trans-
fected with a mutated, non-functional version of RhoA
that inhibits activation of Rho kinase and downstream
actin assembly but displayed typical cell spreading
behaviors, as observed previously.13 In the current
work, dnRhoA-GFP-transfected cells maintained their
endogenous RhoA (as identified by western blot
expression levels), in addition to the mutated RhoA,
with mechanophenotype stiffening as a response. b-

SHAH et al.2044



Actin-transfected cells visibly incorporated b-Actin-
GFP into their actin fibers; however, much diffuse, b-
Actin remained in the cytoplasm as well. While previ-
ous studies indicate a ~5–10% increase in overall actin
expression is to be expected, a corresponding increase
in whole-cell stiffness was not observed in the current
study.5,10 To our knowledge, researchers using the
dnRhoA-GFP or b-Actin-GFP transfections have only
investigated changes in cell morphology, differentia-
tion potential, actin organization, and protein content,
while whole-cell mechanical properties were not
assessed.5,10,13,22 While the mechanisms behind gene-
specific mechanophenotype responses are not within
the scope of this study, we hypothesize the apparent
contradiction may be due to alternative feedback
mechanisms through components of the Rho pathway.
The activation of Rho kinase may occur through sec-
ondary mechanisms (instead of by RhoA), which
would lead to continued stabilization of actin, devel-
opment of stress fibers, and whole-cell stiffening.2

Comparatively, while overexpression of b-Actin leads
to increased monomeric actin (visualized by the diffuse
green fluorescence in the cytoplasm, Fig. 2a), this may
not be completely translated into filamentous F-actin
that makes up stress fibers and correlates with cell
stiffness. Additionally, the b-Actin-GFP fusion protein
has been shown to inhibit various actin binding pro-
teins and myosin-II interactions in protozoa which
could lead to dysfunction of the actin structure, and
thus, a more compliant cell.1,17

While the current study used COL-1 as a substrate
coating for all conditions, it is likely that ECM ligands
will play an important role in cellular assembly by
restricting integrin binding for cell types of more varied
backgrounds. Supplementary experiments explored
this hypothesis by investigating how cells from multi-
ple lineages responded to fibronectin (FN) and laminin
(LN), in addition to COL-1. MG-63 (osteosarcoma,
Eelastic = 1.3 ± 0.5 kPa) and SH-SY5Y (neuroblas-
toma, Eelastic = 0.3 ± 0.1 kPa) cells were grown on
PAAm gels coated in the different proteins. While a
ligand-dependent adhesion response was observed
(Supplementary Fig. 2), cellular mechanophenotype
was still maintained across gels (Supplementary
Fig. 3). Protein coatings had a modulatory effect on
cellular mechanosensing as well, likely due to disparate
integrin binding interactions. MG-63 cells spread more
on COL-1, even on soft gels. Highly compliant SH-
SY5Y cells spread and exhibited the same morpholo-
gies on all three gel stiffnesses, which were greater than
or equal to the ~0.3 kPa elastic modulus of SH-SY5Y
cells. Notably, binding affinity was weak on soft, LN-
and FN-coated gels. Additionally, SH-SY5Y cell
morphologies are inherently cell density dependent,
aggregating when seeded at lower cell densities or

spreading and forming monolayers at higher densities
(Supplementary Fig. 2b, 2c).26 These results suggest
that inherent mechanophenotype influences cellular
assembly across multiple types of cells, but are only
one factor since other environmental conditions like
protein ligands can exert influences of their own.

Single-cell mechanical properties exhibit large vari-
ations. If biological phenotype is not a concern, cell
populations can be chosen that are mechanically dis-
tinct (e.g., MG-63 and SH-SY5Y). While stable trans-
fections of a common background cell type created
mechanically distinct cell populations in the current
study, the induced stiffening or softening were not
extensive enough to completely separate their
mechanophenotype distributions. Therefore, cell
assembly responses on the various substrates were
more heterogeneous. Cells exhibiting a ‘‘soft’’
mechanophenotype were inevitably present in small
proportions in the ‘‘stiffer’’ cell type groups and vice
versa. Regardless, sufficient separation in average
mechanophenotype was achieved to discern general-
ized cell assembly behaviors. Complete knockdown of
genes, promoters, or modulation of other elements that
have a more dramatic effect on the whole-cell proper-
ties may provide even clearer evidence of what is
reported here.

Whole-cell mechanophenotype affects critical func-
tions, including proliferation, differentiation, motility,
shape, and multi-cell assembly.9 Therefore, under-
standing how mechanophenotype influences cell
behavior in relation to the local, mechanical microen-
vironment is vital to directing successful cellular
organization in regenerating tissues. The ability of cells
to aggregate or spread individually depends not only
on cell type, extracellular matrix ligands, and substrate
stiffness, but also importantly on inherent
mechanophenotype.14,37 These findings can provide
insight into future studies on tissue engineered con-
structs as well as the pathological progression of in-
juries and disease based on combined data from
mechanical changes in extracellular matrix and cellular
properties.
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