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Cell modulus (stiffness) is a critical cell property that is important in normal cell functions and
increasingly associated with disease states, yet most methods to characterize modulus may skew results.
Here we show strong evidence indicating that the fundamental nature of free energies associated with
cell/substrate interactions regulates adherent cell morphology and can be used to deduce cell modulus.
These results are based on a mathematical model of biophysics and confirmed by the measured
morphology of normal and cancerous liver cells adhered on a substrate. Cells select their final
morphology by minimizing the total free energy in the cell/substrate system. The key mechanism by
which substrate stiffness influences cell morphology is the energy tradeoff between the stabilizing in-
fluence of the cell-substrate interfacial adhesive energy and the destabilizing influence of the total
elastic energies in the system. Using these findings, we establish a noninvasive methodology to deter-
mine the intrinsic modulus of cells by observing global changes in cell morphology in response to
substrate stiffness. We also highlight the importance of selecting a relevant morphological index, cell
roundness, that reflects the interchange between forms of energy governing cell morphology. Thus, cell-
substrate interactions can be rationalized by the underlying biophysics, and cell modulus is easily
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measured.
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1. Introduction

The impact of cell modulus (the deformability of cells or
resistance to morphological change) extends beyond knowledge of
a mechanical property to include cellular processes important in
developmental biology, pathology, molecular biology, etc., as well
as cell-material interactions in tissue engineering and regenera-
tive medicine. For instance, cell modulus also affects many cell
functions [1—3], correlates with disease states [4,5], has potential
as a biomarker to distinguish normal and cancerous cells, and
corresponds with embryonic stem cell fate [6,7]. Smooth muscle
cell stiffness has been recognized recently to contribute to aortic
stiffening, which relates to a host of aging processes and vascular
diseases, including hypertension, atherosclerosis, and aortic
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aneurysms [8]. Glial cell stiffness has also been suggested as both a
mechanism responsible for rigid glial scars that impair neuro-
regeneration after spinal cord injury as well as a target for
regeneration therapies [9]. Likewise, tumor cell modulus corre-
sponds with metastatic potential, and biochemical means to alter
the modulus can change that metastatic potential [10], leading to
the proposal of cell modulus as a “mechanical signature” of cancer
cells and potentially a new biomarker of malignancy to aid in
diagnosis and treatment of cancer [11]. In addition, controlling cell
modulus is one potential approach to direct stem cells into the
desired lineage for regenerative medicine applications, where a
key challenge is optimizing mechanical and structural properties
of scaffolds (substrates) to promote the desired tissue regeneration
[12].

Our objective is to provide a noninvasive measurement of
intrinsic cell modulus based on fundamental free energy con-
cepts in cell-substrate interactions. Currently available methods
to measure cell modulus typically involve either physical
perturbation of cells adherent to two-dimensional substrates
[11,13,14], where mechanical contributions from the substrate
can be difficult to delineate from cell properties (e.g., atomic force
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Fig. 1. The process of cell spreading. A, Typical microphotographs of M3 cell spreading obtained at different time points up to 10 h. Scale = 20 pm. B, Cell area and perimeter
obtained as a function of time for normal (L02) and cancerous (M3) liver cells attached to glass substrates coated with fibronectin (2.5 pg/mL). In general, cell spreading exhibits
three regimes (three-phases) starting with an initial basal growth regime for the nucleation of adhesion sites (not recorded for the plots). This basal phase is followed by a phase of
fast continuous spreading, a non-steady process where cells constantly move and modulate their shapes. Finally, cell spreading slows down and effectively reaches a steady state.
Cells were imaged for 10 h using inverted phase contrast microscopy. Each data point represents the mean value from at least 30 cells, and each error bar is one standard deviation

and represents the standard uncertainty. Lines are drawn to aid the reader’s eyes.

microscopy (AFM), poking, magnetic twisting cytometry, micro-
pipette aspiration), or qualitative evaluation of deformability via
filtration processes [15]. These measurements provide a relative
or apparent cell modulus that depends on the measurement
technique rather than an intrinsic modulus, which is a funda-
mental property of the cell that is independent of cell adhesion
and assembled cytoskeletal networks of adherent cells. Our in-
terest here is not to compare the relative merits of existing
methods but to establish a method to quantify intrinsic cell
modulus based on cell-substrate interactions. The effect of
deformable substrates on cells is an active research area in cell
mechanics [16—20]. In vitro studies of cells on substrates with
different moduli indicate that cells sense substrate modulus and
respond by changing their cell morphology (shape and size)

[14,21]. This morphological change is accomplished through as-
sembly/disassembly of focal adhesions and used by cells to
regulate physiological processes [22—25]. In this investigation,
we show that the underlying physics of free energy in the cell/
substrate system can describe how substrate modulus is trans-
lated into cell morphology, and that morphological stability of
cells is dictated by the minimum total free energy in the system
provided that the surrounding chemical environment remains
constant. The combination of mathematical modeling and cell
measurements reveals a new method to obtain intrinsic cell
modulus using the variation of cell morphology in response to
substrate stiffness. Moduli of normal and cancerous cells are
quantified via our morphology analysis and compared with
conventional AFM measurements.
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Fig. 2. Cell morphology as a function of substrate modulus. A, Typical microphotographs of cell morphology for M3 cells cultured for 10 h on substrates with different shear moduli.
Scale = 15 pm. B, Dependency of spreading area and perimeter on substrate stiffness for L02 and M3 cells at steady state. The substrates were either polyacrylamide (PA) hydrogels
of varying modulus or glass coverslips (modulus ~70 GPa). Fibronectin (2.5 pg/mL) was covalently cross linked to all substrate surfaces, and fibronectin uniformity was confirmed
via immunofluorescence. Data points represent best fits of mean values of at least 30 cells at the steady state shown in Fig. 1B, and each error bar represents one standard deviation

and serves as the estimate for standard uncertainty.

2. Materials and methods®
2.1. Preparation and mechanical properties of polyacrylamide gels

Polyacrylamide (PA) gels were prepared as described [16]. Gels with different
stiffness values were achieved by varying the relative amounts of acrylamide and
bis-acrylamide constituting the gel. Briefly, the PA gel solutions were prepared with
acrylamide solution (A3553, Sigma, St. Louis, MO, USA) at final concentrations of
5.5%, 7.5%, and 12% by mass and bis-acrylamide (A2792, Sigma) at final concentra-
tions from 0.06% to 0.3% by mass. To polymerize the solutions, 40 uL tetramethy-
lethylenediamine (TEMED) and 40 pL of 10% ammonium persulfate (by mass, A3678,
Sigma) were added with the appropriate amount of water to yield a final volume of
5 mL. The resulting solution was placed between two parallel glass sheets spaced
0.75 mm apart. After polymerization, the PA gel sheets were cut into cylindrical
pieces with diameters of 15 mm or 25 mm.

The shear modulus (¢*) of each PA gel was quantified by rheometry (TA in-
struments, AR2000ex). Prior to measurement, gels with a diameter of 25 mm were

3 Certain commercial materials, equipment, and software are identified in this
paper in order to specify adequately the experimental and analysis procedures. In
no case does such identification imply recommendation or endorsement by the
National Institute of Standards and Technology (NIST) nor does it imply that they
are necessarily the best available for the purpose.

immersed in phosphate buffered saline (PBS) for 24 h to fully swell with water. u°
was determined from the shear stress in phase with oscillatory frequency of 0.2 Hz
and maximum shear strain (amplitude) of 1% at 37 °C. For each PA gel concentration,
3 to 5 samples were measured. The elastic modulus (E) of each gel was calculated
assuming that all PA gels tested are incompressible and have a Poisson’s ratio of 0.5,
ie, E = 3*u’. No significant difference in shear modulus was found for PA gels with
and without fibronectin coatings.

2.2. Cross-linking and analysis of adhesion proteins

A heterobifunctional crosslinker, sulfo-SANPAH (N-sulfosuccinimidyl-6-(4’-
azido-2'-nitrophenylamino) hexanoate, Pierce 22589, Rockford, IL, USA), was used
to crosslink human plasma fibronectin (FO895, Sigma) onto the PA gel surfaces. First,
the top surface of the gel was completely covered with 1 mmol/L sulfo-SANPAH
solution and irradiated for 10 min using an ultraviolet (UV) lamp. This entire pro-
cess (coating-irradiation) was repeated once. Excess crosslinker was removed via
three washes of 3 mL 200 mmol/L HEPES (H3375, Sigma) at pH 8.6. Afterwards,
200 pL of fibronectin solution (2.5 pg/mL, 25 pg/mL, or 100 pg/mL in HEPES) was
added to the PA gel and reacted for 12 h at 4 °C. Fibronectin-coated PA gels were
washed twice with Roswell Park Memorial Institute (RPMI)-1640 medium to
remove unreacted fibronectin prior to cell seeding. For fibronectin visualization,
fibronectin-coated PA gels were incubated with mouse anti-human plasma fibro-
nectin primary antibody (1:200, F7387, Sigma) overnight, washed with PBS twice,
and incubated with rhodamine-conjugated goat anti-mouse secondary antibody (R-
6393, Invitrogen, Carlsbad, CA, USA) for 1 h. After staining, samples were imaged
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using a laser scanning confocal microscope (Leica, Germany) equipped with a 100 x
objective lens, and immunofluorescence analyses were performed to exam fibro-
nectin uniformity on the surfaces. Glass substrates were functionalized and char-
acterized following the same procedures.

2.3. Cell culture and morphology

Human hepatic cell line (L02) and human hepatocellular carcinoma cell line
with highly metastatic potential (HCCLM3, termed M3) were obtained from the
Liver Cancer Research Institute of Zhong Shan Hospital of Fudan University. L02 and
M3 cells were routinely cultured in RPMI-1640 medium supplemented with 10% (by
volume) fetal calf serum at 37 °C and 5% CO,. PA gels (15 mm in diameter) and glass
substrates were sterilized by immersing in 75% alcohol for 30 min, washing twice
with HEPES for 30 min each, and then exposing to UV light for 30 min. Afterwards,
PA gels and glass substrates were placed in individual wells of 12-well plates and
seeded with 10° cells per well.

To capture the dynamic process of cell spreading on glass substrates, cells were
imaged in 30 min intervals for 2 h and then in 2 h intervals for up to 10 h by inverted
phase contrast microscopy. Cell perimeter and area of at least 30 cells were quan-
tified at each time point using Image ] software [26]. To quantify cell morphology at
steady state as a function of substrate modulus, cells were cultured for 10 h, fixed
with 4% paraformaldehyde, and stained for the actin cytoskeleton with 0.5 pg/mL
fluorescein isothiocyanate (FITC)-phalloidin (Sigma). After washing with PBS, fixed
cells were visualized on a Leica epifluorescence microscope with 100x oil immer-
sion objective. Experiments were repeated at least three times, with at least 40 cells
evaluated for each condition per repeat.

2.4. Atomic force microscopy

The stiffness of cells cultured for 10 h on PA gels and glass substrates coated with
2.5 pug/mL concentrated fibronectin was quantified using atomic force microscopy
(AFM, JPK Instruments, NanoWizard II, Germany). Measurements were obtained at
room temperature in tapping mode using quadratic pyramid cantilevers with a
nominal stiffness of 0.04 N/m. The half-angle to face of the AFM tip was 17.5°, and
the Poisson’s ratio of the cell was taken to be 0.5, typical for soft biological materials
[27]. Employing the AFM software, the tip was positioned precisely over the peri-
nuclear region between the edge of the cell and the nucleus. Force-displacement
curves were used to calculate the apparent cell stiffness (E) of individual cells
(N > 30).

3. Results
3.1. Typical cell spreading

Fig. 1 provides typical development of cell area and perimeter
for human normal (L02) and cancerous (M3) liver cells on glass
substrates coated with fibronectin. When cells adhere to substrates,
binding of diffusible cell membrane receptors to immobilized li-
gands on the substrate (i.e., fibronectin) mediates adhesive in-
teractions [28,29]. As binding events increase, cells spread and the
cell-substrate adhesion zone grows. Within 10 h, these cells reach a
steady state where cell area and perimeter have plateaued, and
major changes in morphology associated with active development
of cell spreading are complete. Throughout spreading, cellular
traction is formed at cell-substrate adhesion sites, and substrate
deformation is induced. As substrate modulus changes, traction,
and therefore the final cell morphology, is expected to vary. Fig. 2
demonstrates experimentally that substrate modulus alters
steady state cell area and perimeter.

3.2. Hypothesis and mathematical model of total free energy

The key mechanism by which substrate stiffness influences cell
morphology is the energy tradeoff between the stabilizing influ-
ence of the cell-substrate interfacial adhesive energy and the
destabilizing influence of the total elastic strain energies in the
system. A continuum model is used to prove our hypothesis that
stability of a given cell morphology depends upon total free energy
(Etot) of the system, and further to show that morphological
response to substrate modulus can be used to estimate intrinsic cell
modulus. The adaptation of a continuum description for the energy
in the cell and substrate is appropriate because the actin mesh-size
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Fig. 3. Theoretical determination of morphological stability due to substrate stiffness.

A, The energy variation (AE) as a function of perturbation mode n for different values

of § that reflect changes in substrate rigidity while cell rigidity and interfacial energy

density are kept constant. The morphological perturbation can be described mathe-

matically as r(f) = R, + " dnexp(in ¢), where R, and r are the radii of the cell at the
n

initial state and perturbed states, respectively, ¢ is the angular coordinate, n is a pos-
itive integer denoting the discrete azimuthal wave number, i is the imaginary unit, and
On represents the perturbation amplitude of the nth mode. §, the ratio of interfacial
energy density to strain energy density of the cell/substrate system, is defined as

B = wSy/(1 —v%)12, u® and »* are the shear modulus and Poisson’s ratio of the substrate,
respectively. v is the interfacial energy density along the cell edge, and 7 is the traction
of the adherent cell. It should be noted that the morphologies in the insets are for
illustration purposes only. Experimental results are not expected to mirror the regular
patterns seen here. B, The variation of §/f as a function of substrate to cell rigidity
ratio, u%/uS, for two interfacial energies, yiand vy, (y2 > 71), corresponding to two
different cell/substrate systems. The sensible interaction window is defined as a win-
dow of substrate/cell rigidity ratio in which cells can sense and respond to the change
in substrate modulus.

(<0.1 pm) and observed minimal cell shape size (periphery) are
orders-of-magnitude different [30].

When steady state morphology is achieved, i.e., when active cell
spreading (Fig. 1A) is completed, Ey in the cell/substrate system is
the sum of the interfacial energy or work of adhesion (Ej,), the
strain energies in the cell (E;,) and substrate (E3;,), and other en-
ergies (Eop, €.2., surface energies of the cell and substrate):

Etot = Eint + Eger + E3tr + Eomn (1)

Eint is due to biochemical reaction energy at cell-substrate
binding sites and is primarily stored in a narrow strip along the
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cell periphery at focal adhesions [31,32]. and are attributed to
elastic responses in the cell and substrate, respectively, due to
traction generated along stress fibers through actin-myosin
contraction and transmitted to the substrate across integrin link-
ages. Changes in substrate stiffness alter the cell-substrate force
balance. The subsequent force-based feedback control loop alters
the focal adhesions and cell morphology. Consequently, cell
morphology is characterized by competition between Ej,¢ and Eg;
(Estr = ES + E3;p), with Ejy stabilizing the morphology and Esy,
destabilizing it. The cell morphology is energetically favorable
when E is minimized. If Ey¢ is not minimized, cell morphology
may change, e.g,, through the reorganization of focal adhesions, so
as to reduce the energy in the system. Therefore, the energetic
favorableness of cell morphology at steady state is governed by the
variation of Eot (AEtot) in the cell/substrate system associated with
any cell shape perturbation, which can be expressed as:

AEior = E{Jot - Egot (2)

where superscripts p and u represent perturbed and unperturbed
states, respectively.

AEo: was calculated based on this biophysics to determine cell
morphology stability at steady state. For problem tractability and
mathematical simplicity (feasible calculations), a number of ideal-
izations were made. A hypothetical adherent cell at steady state is
assumed to have a circular spread morphology and isotropic trac-
tion. The cell and substrate are assumed to be an elastic membrane
and structure, respectively. A homogenous interfacial energy den-
sity exists and is assumed to be uniformly distributed along the cell
periphery. The cell then receives a small morphological perturba-
tion along its edges that can be described mathematically as a
discrete azimuthal wave number, n (perturbation mode). Cell area
and volume remain unchanged during perturbation. With these
simplifications, we believe our approach still captures the main
features of the substrate rigidity effect on the cell/substrate system.

The dependency of cell morphology on the minimization of Ey¢
is elucidated using the relationship between AE: and n
(Supplementary Data) for various substrate moduli at a constant
interfacial energy density (v) and cell modulus (Fig. 3A). The vari-
ation in substrate modulus is reflected by £, the ratio of interfacial
energy density to strain energy density. When g is large (e.g.,
6 = 0.60), AE is always positive and attains a minimum at (cir-
cular morphology), and any perturbation is energetically unfavor-
able. Thus, for our hypothetical cell, the initial circular morphology
is preferred. Lower (3, indicative of increasing strain energy density
due to stiffer substrates, shifts the AEi—n curve below zero. For
example, when § = 0.35, AEy is negative for most perturbation
modes considered and n = 7 is the most energetically favorable
morphology. Decreases in § can therefore give rise to morpholog-
ical instabilities of the initial circular state. Since cell area is
assumed constant, greater morphological instability due to a lower
6 can only be compensated by an increased cell periphery to in-
crease the interfacial energy and stabilize the cell. This phenome-
non will be demonstrated later via a measured morphological index
(cell roundness). Thus, our model shows that a cell will select an
appropriate morphology as a function of §, presumably through
assembly/disassembly of focal adhesions.

Both the substrate modulus relative to the cell modulus and the
interfacial energy (i.e., fibronectin density) also alter cell morpho-
logical stability. Fig. 3B gives the variation in § versus the substrate
to cell shear modulus ratio (u*/u¢) for different interfacial energy
densities, and. § is normalized by a critical value (., determined by
setting AE:=0. For a given initial cell morphology, perturbation
mode, and cell/substrate system, a (. exists such that AEi = 0.
When f > (., interfacial energy dominates AE, AE is positive,

and cell morphology is unchanged (stable) from the initial circular
morphology as substrate modulus varies. When § < f, strain en-
ergy dominates, AEq is negative, and the initial morphology be-
comes unstable.

The relations between § and p®/u¢ (Fig. 3B) are of particular
significance in the interaction window, defined as the region where
B < B In this region, the substrate modulus is comparable to the
cell modulus, and § reaches a minimum. Accordingly, morpholog-
ical changes due to variations in substrate modulus occur only
when cell and substrate moduli are comparable, such that a sensible
interaction can occur (i.e.,, maximum mechanical interaction). The
interaction window contains two modes of behavior. When
uS/u¢ < 1, B decreases with increasing substrate stiffness as ap-
proaches 1, and the energetically-favorable morphology mode, n,
increases (Fig. 3A). As uS/u¢ further increases above 1 in the
interaction window, § increases and n decreases (cell is more
rounded). The results explain the cell morphological response to
substrate modulus by revealing that relative rigidity between cell
and substrate is more critical than absolute substrate rigidity.

The extent of mechanical interactions between the cell and
substrate, indicated by the width of the interaction window, is
narrowed and up-shifted with the increase of v (Fig. 3B), suggesting
lower n values at steady state for highery. Once y surpasses a
threshold, the interaction window disappears. Below the threshold,
arange of y values enable the cell to sense and respond to substrate
modulus. Experimentally for a given cell, this optimal y range
corresponds to a concentration range of adhesive ligands (e.g.,
extracellular matrix (ECM) proteins such as fibronectin) on the
substrate.

The minimization of AE;. provides the basis for estimating cell
modulus. The change in the trend of morphological stability (in-
flection point in Fig. 3B) corresponds to if an interaction window
exists (6 < B¢;). Therefore, cell modulus can be estimated as sub-
strate modulus at this inflection. In the mathematical model, the
cell is assumed to have a uniform modulus. For simplicity, we do
not consider separately the cell membrane, cortex and cytoskel-
eton: cell modulus determined by observing the inflection point is
an aggregate quantity. More importantly, the model is based on the
competition of energies, reflecting the knowledge that cells change
shape by assembling/disassembling cytoskeletal networks to
relieve strain and stress. Therefore, the modulus represents an
intrinsic (suspended) cell modulus, independent of cytoskeleton
reorganization during the processes of shape development and
change. The intrinsic nature of the observed cell modulus, which is
independent of ligand concentration, is supported by the un-
changing inflection point as a function of vy (Fig. 3B).

3.3. Experimental validation and application

Our concept of total free energy and our method to measure cell
modulus using cell morphology analysis were validated using ex-
periments that quantified steady state cell morphology as a func-
tion of substrate modulus and fibronectin concentration. Results
confirm a biphasic cell response to substrate modulus and a de-
pendency of the interaction window on fibronectin concentration.
The experiments further provide the intrinsic cell moduli of normal
and cancerous liver cells.

Roundness, S (=C?/4 T A, effectively equivalent to n in Fig. 3A), is
selected as the morphological index to represent alterations in cell
shape. Cell perimeter (C) and projected spreading area (A) at steady
state are associated with interfacial energy and strain energy,
respectively, and vary with substrate modulus (Fig. 2). S = 1 rep-
resents a circular spread area, and higher values indicate increased
deviation from circularity. For substrates coated with 2.5 ug/mL
fibronectin, the morphological index of both cell types has a
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biphasic development as substrate modulus increases (Fig. 4),
matching the biphasic modeling results (Fig. 3B). As Fig. 2B dem-
onstrates, other cell morphology metrics such as cell perimeter and
area do not represent the biphasic morphology response to sub-
strate modulus.

Two additional fibronectin concentrations and the same vari-
ation in substrate modulus demonstrated the effects of cell/sub-
strate adhesion on the interaction window. With 25 pg/mL
fibronectin, the upper bound of the interaction window is reduced
from 20 kPa (for 2.5 pg/mL fibronectin) to 5 kPa (Fig. 4), confirming
the predicted loss of sensitivity to substrate modulus at higher
ligand densities (7 in Fig. 3B). As fibronectin is further increased to
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100 pg/mL, no alterations in roundness are observed. These results
further support predictions of Fig. 3B that cell morphology is un-
changed with respect to substrate modulus when interfacial en-
ergy passes a threshold. This threshold is system dependent and is
expected to vary with parameters such as cell type, growth me-
dium, and ligand. When fibronectin exceeds the threshold, many
cell receptors are arrested firmly during cell attachment, and fewer
receptors are mobile to implement morphological changes. The
enhanced cell-substrate interactions increase the interfacial en-
ergy and prevent the cell from changing its morphology.
Following our theoretical results, at the morphological inflec-
tion point. Thus, cell shear moduli based on observed inflections in
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Fig. 4. Morphology index of cell roundness (S) as a function of substrate modulus. L02 and M3 cells were analyzed after 10 h of culture on substrates with varying moduli coated
using 2.5 pg/mL, 25 pg/mL, or 100 pug/mL fibronectin. Each data point is obtained using mean values for area and circumference (i.e., values for 2.5 pg/mL fibronectin data are taken
from Fig. 2B). Dashed lines indicate best fit curves. For 2.5 pg/mL and 25 pg/mL, the roundness approaches an asymptote as substrate stiffness increases, as expected, since cell
traction increases with increasing substrate stiffness and reaches a maximum due to biochemical limits [33—36].
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and isotropic properties. C, Schematic of an adherent cell having continuous, oriented reinforcing filaments and anisotropic properties. The AFM tip probes in the transverse di-
rection and therefore does not detect mechanical properties associated with the longitudinally-oriented fibers in the spread cell.

roundness are =3.6 kPa for LO2 cells and =2.8 kPa for M3 cells.
Reduced intrinsic stiffness of metastatic cancer cells relative to
normal cells agrees with studies of apparent cell stiffness [11]. In
addition, the sensible interaction window size of M3 cells is
reduced relative to LO2 cells, perhaps indicating stronger cell-
substrate interactions (similar to increasing vy in Fig. 3B).
Increased interactions with the substrate may be due to alterations
in expression patterns of fibronectin-binding integrins, which
change in liver cancer cells relative to normal cells [37]. The pre-
dicted cell moduli do not change with fibronectin concentration
(2.5 pg/mL and 25 pg/mL fibronectin), just as changes in y do not
alter the inflection point in Fig. 3B.

3.4. Comparison to AFM methods

Most cell modulus measurements emphasize relative changes in
cell stiffness (using methods that are ECM and/or cytoskeleton
dependent) or an “apparent stiffness” rather than intrinsic moduli
(14). AFM-measured Young’s moduli (E) of L02 and M3 cells on
substrates with different rigidities were (1—3) kPa (Fig. 5A), lower
than intrinsic cell moduli derived from morphology analysis
(Fig. 4), which provided E for L02 and M3 cells of 10.8 kPa and

8.4 kPa, respectively, assuming incompressible cells (E = 3 x u).
These differences can be explained by considering the cytoskeleton
of suspended and adherent cells. Cells can be treated as composites
consisting of matrix components (e.g., cytoplasm) and reinforcing
fibers (mainly filaments of different types and lengths) [38,39].
Suspended cells can be considered to have randomly oriented short
filaments [24] and isotropic properties (Fig. 5B). Cells spread on
two-dimensional substrates have polymerized cytoskeletal net-
works and can be rationalized as cells enhanced with continuous
filaments mostly parallel to the substrate (Fig. 5C). Spread cells will
thus have anisotropic properties dependent on the orientation of
reinforcing filaments (longitudinal and transverse directions). From
this analogy, cell moduli obtained using AFM have greater contri-
butions from transverse moduli (perpendicular to reinforcing fila-
ments). Reinforcing fibers in adherent cells (Fig. 5C) do not
contribute significantly to stiffness in the transverse direction un-
less the fiber volume fraction is very high, so AFM-measured
moduli of adherent cells are expected to be lower than moduli of
suspended cells.

One may argue that a cell adherent on a soft substrate (e.g,
elastic modulus of 1.1 kPa) has a very limited spread area (Fig. 2A:
rounded cell on substrate with = 550 Pa) and should therefore have
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a cytoskeletal organization similar to a suspended cell. Yet, AFM-
measured cell moduli on substrates with E = 0.54 kPa and 1.1 kPa
(1° = 180 Pa and 367 Pa) are lower than cell moduli obtained using
morphology analysis, and very similar to the substrate moduli. In
these cases, we believe that the cells are much stiffer than the
substrates, such that the substrates and not the cells deform during
AFM measurements (inset, Fig. 5A), making cells appear softer than
they are. Other AFM studies also measured a cell modulus equiv-
alent to the substrate modulus at very low substrate moduli (14).
This concept is further supported by cells on E = 3.6 kPa
(1* = 1200 Pa) substrates, which have AFM-measured cell moduli
comparable to neither the substrate modulus nor the cell moduli
determined by morphology analysis. These cells are well spread
(Fig. 2A, u® = 1100 Pa) with an area and perimeter significantly
greater than cells at u* = 550 Pa (Fig. 2B) and are not expected to
indent into the substrate to skew the measurement. Since those
spread cells have a developed, anisotropic cytoskeleton, AFM
measurements provide an apparent modulus lower than that
determined by morphology analysis, as described above.

4. Discussion

Our argument on the sensible interaction window can help
interpret varying observations of cell response to substrate
modulus, where cells require different substrate moduli for normal
function and differentiation [18,21,25,40—44]. Fibroblasts are fan-
shaped on stiffer substrates and more rounded on compliant sub-
strates (u°<1 kPa) [21]. These observations concur with our model
predictions (Fig. 3B), which demonstrate that when u (~2 KkPa,
based on the morphological transition in their data) is comparable
to w* and pS/u < 1, cell morphology becomes less rounded with
increasing substrate rigidity. Cells become more rounded when u
>> u®, equivalent to fibroblasts on substrates with very low stiffness
(u® < 1 kPa)[21]. In contrast, neurons on substrates with u° ranging
from 50 Pa to 550 Pa extend more branches on softer substrates and
have no preference for branching on stiffer ones [19,20]. Based on
our model and a reported shear modulus of bovine spinal cord of
~50 Pa [19], it can be inferred that u of a neuron is =50 Pa. This
inference can be rationalized using results in Fig. 3B: when u€ is
comparable to ¢ and uS/u¢ > 1, cell morphology becomes less
rounded (more branches) with decreasing substrate rigidity (softer).
Thus, the interaction window location depends upon cell type, and
cell modulus can be estimated by morphology analysis.

Moreover, our model can explain conflicting literature results
regarding effects of substrate modulus on cell morphology. For
example, one study revealed that substrate modulus had minimal
effects on neutrophil circumference [21], whereas another study
showed significant changes in neutrophil area with substrate
modulus using the same substrate [45]. When evaluating these
seemingly inconsistent results using our model, the role of adhesive
ligands becomes apparent. The first study used 140 ug/mL fibronectin
[21], which likely increased cell-substrate interfacial energy and
prohibited an interaction window. The second study used 10 pg/mL
fibronectin [45], which allowed for sensible interactions and changes
in cell morphology. These findings highlight both the utility of the
model in interpreting data and the importance of ligands in these
studies. However, we note that these and many other papers report
either cell area or cell perimeter, rather than a more comprehensive
morphological indicator, such as roundness, to correlate cell
morphology and function. Unlike area and perimeter, roundness re-
flects the energy interchange associated with morphological changes
described by the cell-substrate interactions presented in this study.
Thus, there exists a body of images that, if re-analyzed for additional
morphology parameters, would provide substantial information on
intrinsic cell moduli without additional experimentation.

5. Conclusions

The cell response to biochemical and/or mechanical stimuli is
extremely diverse and complex, thus measurements of cell
modulus without perturbation are very desirable. Our break-
through in measuring intrinsic cell modulus is based on and vali-
dated by theory, experiments, and existing literature that
demonstrate that morphology of adherent cells can be rationalized
by the minimization of total free energy in the cell/substrate sys-
tem. Live cells are self-regulating systems that can select their own
response to a given external perturbation or internal force. Our
work indicates that this response, though biological in nature, fol-
lows the laws of the energy interchange in order to achieve the self-
regulated behavior. This knowledge can be extended to yield im-
plications for thermodynamics studies into a cell’s innate self-
regulating activity and new thoughts regarding energetic pro-
cesses at the subcellular level.
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