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Abstract

Cells exert traction forces on the extracellular matrix to which they are adhered through the

formation of focal adhesions. Spatial-temporal regulation of traction forces is crucial in cell

adhesion, migration, cellular division, and remodeling of the extracellular matrix. By cultivat-

ing cells on polyacrylamide hydrogels of different stiffness we were able to investigate the

effects of substrate stiffness on the generation of cellular traction forces by Traction Force

Microscopy (TFM), and characterize the molecular dynamics of the focal adhesion protein

zyxin by Fluorescence Correlation Spectroscopy (FCS) and Fluorescence Recovery After

Photobleaching (FRAP). As the rigidity of the substrate increases, we observed an incre-

ment of both, cellular traction generation and zyxin residence time at the focal adhesions,

while its diffusion would not be altered. Moreover, we found a positive correlation between

the traction forces exerted by cells and the residence time of zyxin at the substrate elastici-

ties studied. We found that this correlation persists at the subcellular level, even if there is

no variation in substrate stiffness, revealing that focal adhesions that exert greater traction

present longer residence time for zyxin, i.e., zyxin protein has less probability to dissociate

from the focal adhesion.

Introduction

Cells detect, process and translate the mechanical information that is provided by the extracel-

lular environment to make decisions about growth, motility and differentiation [1]. In particu-

lar, the stiffness of the microenvironment impacts in cell spreading [2], cell morphology,
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cytoskeletal organization and contractility, and stem cell differentiation [3]. For instance, cells

can respond to their microenvironment by changing mechanical properties, such as cell elas-

ticity modulus, which is altered in its transformation from normal to malignant within the

tumor’s microenvironment in cancer progression [4]. Cells actively sense the rigidity of their

surroundings, exerting traction forces through the focal adhesions, large multiprotein struc-

tures that mechanically connect cytoskeleton components with the extracellular matrix,

through the integrin membrane receptors. Focal adhesions are highly dynamic structures that

exhibit mechanosensitive properties acting, not only as traction points, but also as signaling

organelles in the cell mechanotransduction process [5]. Many of the molecules that compose

them are proposed to interact with one another to form an integrated mechanical and bio-

chemical network that regulates the processes involved in cell adhesion and substrate sensing.

In particular, we are interested in one of the key focal adhesion proteins, zyxin, postulated as a

mechanosensor protein. By interacting with a great variety of cellular proteins, it is known to

contribute to fundamental cellular functions such as cell migration and adhesion, having a

leading role in cellular response to mechanical cues. Zyxin protein is recruited at the final

stages of the focal adhesion assembly [6], and its binding kinetics is known to be influenced by

mechanical forces. Previous findings have shown that zyxin unbinding kinetics is altered by

substrate stiffness [7], by mechanical disruption or pharmacological inhibition of cytoskeletal

tension [7–9] and by increasing cellular tension by mechanically stretching cells [9].

To study cellular responses to substrate stiffness, polyacrylamide hydrogels (PAA) are one

of the most commonly used substrate materials, due to their mechanical tunability, optical

translucency, and elastic material behavior. By controlling the relative fraction of their constit-

uents, polyacrylamide hydrogel of varying Young’s modulus can be obtained [10]. Moreover,

fiducial markers can be embedded into these hydrogels to be used as substrate for quantitative

measurements of cellular traction forces, in traction force microscopy (TFM). TFM is a power-

ful and widely used tool that provides spatially-resolved measurements of the direction and

magnitude of cellular traction forces on an elastic substrate through the quantification of its

deformation [11]. It has been seen in previous studies using deformable gels [12] or micropost

arrays [13, 14], that substrate stiffness can strongly influence the generation of cellular traction

forces, indicating that cellular traction forces increase in cells cultivated at increasing substrate

rigidity. The stiffness of the microenvironment also affects the magnitude of forces generated

by metastatic and non-metastatic cells [15], suggesting that metastatic cells are able to exert

greater net traction forces than non-metastatic cells. It was also shown that substrate rigidity

increases cellular traction forces and enhances epithelial ovarian cancer cell migration [16].

Focal adhesion dynamics and cellular traction forces are closely related and are both

involved in substrate rigidity sensing. Therefore, the ability to measure cellular traction forces

together with quantifying focal adhesion molecular dynamics is essential to better understand

the molecular mechanisms behind substrate mechanosensing. In this work, we present an

approach based on a combination of several microscopies and quantitative data analysis that

allowed us to explore the correlation between the generation of traction forces and zyxin

dynamics at focal adhesions, by combining live cell imaging, traction force microscopy,

advanced fluorescence techniques such as fluorescence recovery after photobleaching (FRAP)

and fluorescence correlation spectroscopy (FCS), in addition to the fabrication of adjustable

stiffness polyacrylamide hydrogels and the characterization of their elasticity by force spectros-

copy using an atomic force microscope. By cultivating cells on polyacrylamide hydrogels of

different stiffness we were able to investigate the effects of substrate stiffness on the generation

of cellular traction forces by TFM and characterized the molecular dynamics of the focal adhe-

sion protein zyxin, by FCS and FRAP. As the rigidity of the substrate increases, we observed

an increment of both, traction force generation and zyxin residence time at the focal adhesion,
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while there was no appreciable change in its diffusion. Moreover, at the studied substrate elas-

ticities we found a positive correlation between the traction forces exerted by cells and the resi-

dence time of zyxin at focal adhesion. To further explore this correlation, we performed

combined TFM and FRAP experiments. Even though there were no variations in substrate

stiffness (combined experiments are performed in the same cell), we observed a linear correla-

tion–at the subcellular level- between the zyxin residence time and the magnitude of the trac-

tion forces exerted by focal adhesions revealing that regions of focal adhesions that exert

greater traction forces, present smaller dissociation rate constants for zyxin. Previous works

have suggested a relation between mechanical stimulus and zyxin dynamics [7, 8]. However,

no experimental quantitative evidence of the direct relation between measured cellular traction

forces and zyxin dynamics at focal adhesions was reported. A key advantage in the approach

presented here lies in the possibility of an integral and multiparametric single cell analysis.

This approach allows us to establish a direct correlation between cellular traction force and

zyxin molecular dynamics which, to our knowledge, was not established before. These results

provide further evidence reinforcing the mechanosensitive properties of zyxin, pointing it out

as a key protein for cellular traction forces.

Results

Polyacrylamide hydrogels exhibit reproducible and adjustable stiffness

values

In order to study the effects of the elasticity of the substrate in the generation of forces and in

the dynamics of the focal adhesion protein zyxin in mouse mammary epithelial living cells, we

need a reproducible and reliable way to obtain substrates with different mechanical properties.

To this end, we use PAA hydrogels due to their easily controlled mechanical properties, elastic

material behavior and optical transparency. Its main components are acrylamide and bis-

acrylamide, which are catalyzed by ammonium persulfate and N,N,N’,N’-tetramethylethylene-

diamine (TEMED) to form the hydrogel. Depending on the mole fraction of acrylamide and

bis-acrylamide, substrates with different elasticity can be obtained. According to the cell line

studied, there is a range of elasticities for which TFM can be applied; the substrate must be soft

enough for the cell to deform it and sufficiently stiff so the cells can adhere and form focal

adhesions. We tested different concentrations of acrylamide and bis-acrylamide based on the

results published by Aratyn-Schaus et al., 2010 [10], and found that ranges of 0.05% to 0.28%

bis-acrylamide and 7.5% to 12% acrylamide (Young’s modulus between 3.4 kPa and 37 kPa)

were the most suitable for mouse mammary epithelial HC11 cells (see Table 1). In this range

of elasticity, cells are well adhered to the substrate and are able to form focal adhesions. We

performed TFM experiments in a more rigid substrate (Young’s modulus of 46 kPa) but no

appreciable substrate deformations were detected, so no estimation of the traction force was

possible. This would be an upper limit of substrate rigidity for TFM experiments in mouse

mammary epithelial HC11 cells.

Having a reliable value of the Young’s modulus is necessary to reconstruct the traction

forces exerted by the cell on the substrate. The PAA hydrogel Young’s modulus can be esti-

mated from the concentrations of the components used in its fabrication, but to have a more

accurate value it is preferable to measure it. To this end, we characterized mechanical proper-

ties of the PAA substrates by force spectroscopy using an atomic force microscope. The sub-

strate Young’s modulus was determined from the analysis of the approach force-distance

curves, employing the Sneddon model (see the Materials and methods section for further

details). Independent force spectroscopy experiments yielded consistent values of PAA hydro-

gel Young’s modulus. The obtained values are shown in Table 1, and representative force
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curves are presented in S1 Fig. The softest studied PAA hydrogel (hydrogel A) was too soft to

acquire reliable force-distance curves, so the Young’s modulus was estimated by construction,

using as a reference the measured Young’s modulus value of hydrogel B.

As expected, we observed that the measured PAA hydrogels Young’s modulus scales with

the amount of the crosslinker, bis-acrylamide, according to data published in the literature

[10, 17]. This linear behavior was previously found in hydrogels fabricated with a wide range

of concentrations of bis-acrylamide (0.03% to 0.3% w/v) and different percentages of acrylam-

ide (3% to 10%), by using force spectroscopy and employing force sensors with spherical or

pyramidal geometries [17].

Cellular traction generation is modulated by substrate elasticity

To analyze the effect of the substrate elasticity on the generation of cellular traction forces, we

performed TFM experiments in HC11 cells cultivated on fibronectin-coated polyacrylamide

hydrogels of different Young’s modulus (3.4 kPa, 13 kPa, 37 kPa and 46 kPa) containing 40

nm fluorescent nanospheres as reference markers. To quantify the elastic deformation of the

substrate and cellular tractions induced by a single cell, it is necessary to find an isolated cell,

that is, cells must be sufficiently separated so that the deformations generated by one cell do

not interfere with those of another. Once a cell of interest is found, the distribution of the fluo-

rescent markers is recorded to show the derformed substrate. Then cells are detached from the

substrate by trypsinization and a second image is acquired to serve as a reference of the unde-

formed substrate. From these images, the positions of the markers were tracked using the par-

ticle image velocimetry (PIV) algorithm employing the open-source Matlab code MatPIV

V1.6.1 [18]. This algorithm is based on cross-correlating image sub-regions between sequential

pairs of images. The deformation map shows in each window the vector of the deformation

obtained by locating the peaks of the cross correlation between the PRE and POST images of

each interrogation window. The color code represents the module of the intensity of the

deformation.

Once the deformation field is obtained, it is necessary to know some elastic parameters of

the substrate for the traction force reconstruction, such as its Young’s modulus and the value

of the Poisson’s ratio, as we assume PAA hydrogels are an elastic, isotropic and semi-infinite

material. The hydrogel is considered an incompressible material, its Poisson’s ratio value being

equal to 0.5, and in order to have a reliable value, Young’s modulus was determined experi-

mentally by force spectroscopy (Table 1). The traction field was obtained by applying Fourier

transform traction cytometry (FTTC) [19]. Since being a poorly conditioned inverse problem,

highly sensitive to deformation errors, we employed the Tikhonov regularization method [20],

Table 1. Composition of acrylamide/bis-acrylamide of fabricated polyacrylamide substrates.

PAA hydrogel Acrylamide (%) Bis-Acrylamide (%) Nexp E (kPa)

A 7.5 0.05 - 3.4 �

B 7.5 0.3 6 13 ± 1

C 12 0.14 7 18 ± 1

D 12 0.28 4 37 ± 7

E 12 0.6 6 46 ± 4

Young’s modulus, E, measured averaging the results of force-distance curves obtained in Nexp experiments. More than 1000 curves were analyzed for each PAA

composition. Errors represent the standard error (SE).

� estimated by relative concentrations, using as a reference values obtained in Aratyn-Schaus et al., 2010 [10] and the measured E of hydrogel B.

https://doi.org/10.1371/journal.pone.0251411.t001
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incorporating a regularization parameter. To select the optimal value of the regularization

parameter we use the L-Curve criterion [21] (see Materials and methods).

For the elasticities studied we present in Fig 1A representative deformation and traction

maps together with the cell transmission image. As it can be seen in the transmission images

presented in Fig 1A, cells are completely extended and well adhered, so substrate deformations

are mainly contained in the plane and normal forces to the substrate surface are minimized.

Also, TFM experiments were performed in isolated cells, so there are no deformations due to

surrounding neighbours cells and only the deformation due to the studied cell is quantified. It

Fig 1. Cellular traction forces of cells cultivated on substrates of different stiffness. (A) Representative deformation

(left column) and traction maps (right column) for HC11 cells grown on PAA substrates of different Young’s modulus

(3.4 kPa, 13 kPa and 37 kPa). The border of each cell is delimited by red dashed lines in each image. Transmission

images (center column), scale bars 10 μm. The average deformation D (B), traction T (C), and force F (D) magnitudes

generated by HC11 cells grown on PAA substrates of different elasticity (N = 4, N = 8, N = 2 cells for hydrogels of 3.4

kPa, 13 kPa and 37 kPa, respectively; bars are the SE error). The values of deformation, traction and force were

analyzed by the MannWhitney test, the populations that are significantly different from each other (P<0.05) are

indicated with �.

https://doi.org/10.1371/journal.pone.0251411.g001
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can be appreciated in the deformation maps presented in Fig 1A that, no matter the elasticity

of the substrate, deformations are located preferencially at the periphery of the cell where focal

adhesions are more frequent. It can also be distinguished in Fig 1A that the generated cellular

tractions increase as the substrate becomes more rigid. As mentioned, to estimate cellular trac-

tions, the substrate is considered as an elastic, isotropic and semi-infinite material. The PAA

hydrogels can be considered elastic for small deformations with respect to the spatial scale of

deformation variation, which in this case is determined by the characteristic size of the focal

adhesions. Since the typical size of focal adhesion is about 1 μm, and for all the elasticities stud-

ied, the maximum deformations are smaller than 1 μm, this hypothesis is satisfied. Moreover,

as the hydrogel thickness (~50 μm) is much greater than the deformations, the hydrogel can be

considered as a semi-infinite space.

It can be distinguished in the reconstructed traction maps presented in Fig 1A, that traction

forces follow the deformation and are located preferentially at the periphery of the cell. Con-

sidering the traction stress color map indicated on each map, it can be seen that the generated

cellular tractions increase as the substrate becomes more rigid. To have an overall view, for

each TFM experiment, the total amount of deformation and traction exerted by a single cell

were characterized. To this end, cellular area were delimited in the transmission images and by

applying the cell mask to the deformation or traction maps, the average values of the deforma-

tion and traction exerted by the cell on each hydrogel were calculated. Then the results of the

experiments performed on each substrate condition were averaged. The average values of the

deformations decrease according to the increase of the Young modulus of the substrate,

although no significant differences were seen, while the average cellular traction and cellular

forces increase by increasing the stiffness of the substrate, and is significantly different for 3.4

kPa substrates with respect to 13 kPa and 37 kPa (Fig 1B–1D).

These results indicate that mouse mammary epithelial cells respond to increasing substrate

stiffness by generating greater traction forces. These results agree with previous studies of trac-

tion force exerted by human mammary epithelial cells [15] and bovine aortic endothelial cells

[12] at increasing substrate stiffness (1–10) kPa, and are in the same direction as published

results employing microposts deflection to measure cell traction exerted by human pulmonary

artery endothelial cells [13] and human embryonic fibroblasts [14].

Substrate elasticity alters molecular kinetics of the focal adhesion protein

zyxin

Zyxin protein is recruited at the final stages of the focal adhesion assembly [6], and may inter-

act with a great variety of cellular proteins, having a leading role in cellular response to

mechanical cues. To get a deeper insight into the effect of substrate rigidity at a focal adhesion

level, we will explore the relation between the dynamics and binding kinetics of zyxin protein

and the substrate elasticity.

To investigate the effects of substrate elasticity on the dynamics of zyxin, we characterized

the molecular diffusion of zyxin protein in living cells exploiting the temporal scales of single-

point fluorescence correlation spectroscopy (pointFCS). PointFCS experiments were carried

out in HC11 cells expressing zyxin-EGFP, cultivated on 13 kPa PAA substrates and on glass

coverslips as a rigid substrate (elasticity ~ 70 GPa). Temporal fluorescence fluctuations in a

small volume generated by a focused laser beam within a focal adhesion were recorded and the

auto-correlation function was calculated. For each substrate condition, the average auto-corre-

lation curves were fitted by 1- or 2- component model (Eq 3), and one or two effective diffu-

sion coefficients were estimated. Since zyxin molecules may, not only diffuse, but also interact

with other proteins and bind to the focal adhesion complex, an effective diffusion coefficient is
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obtained from FCS analysis. In the 2- component model, the fast-diffusing component can be

associated to diffusion in cytosolic and the slower component is associated to transient binding

to immobile structures such as adhesions [22]. Correlation analysis was performed using a cus-

tom-made routine written in Matlab platform.

Representative autocorrelation curves are presented in Fig 2A and 2B, and average effective

diffusion coefficients for zyxin, together with the corresponding average amplitudes estimated

for the 1- or 2- component fitting, are summarised in S1 Table. By fitting the experimental

auto-correlation obtained in cells grown on the 13 kPa hydrogel using the two component

model, the same effective diffusion coefficient value was obtained for both components (D1 =
D2 = 11.5 μm2/s), and this value was the same as the one obtained from the fitting of 1-compo-

nent (D1 = 11.5 μm2/s). This indicates that the correlation can be described by one representa-

tive diffusive component. In the case of cells grown on coverslips, data fitted by 1-component

diffusion model, almost the same diffusion coefficient was obtained, D = 11.7 μm2/s, (Fig 2C).

When fitting the data with 2-component diffusion model, there is one term corresponding to

the fastest diffusion that has a similar diffusion coefficient (D1 = 15.8 μm2/s) as the one deter-

mined by 1-component fit (D = 11.7 μm2/s); and a second term with greater errors in the

parameters, associated with a very slow diffusion ~30-fold slower (D2 = 0.34 μm2/s). The faster

component associated with the diffusion of the protein presents a diffusion coefficient similar

Fig 2. Effect of substrate stiffness on focal adhesion protein zyxin kinetics and mobility. (A-C) Effective diffusion coefficient for zyxin evaluated

by FCS. Representative auto-correlation curves for zyxin at focal adhesions of HC11 cells grown on PAA substrate of 13 kPa (A) and on coverslips (B).

In red and green lines, fitting of diffusion model of 1- or 2- components, respectively (Eq 3). Corresponding residues are shown on bottom panels. (C)

Mean effective diffusion coefficient of zyxin in focal adhesions of cell grown on 13 kPa PAA substrate and on coverslips. Error bars represent SE. (D-F)

Zyxin unbinding kinetics in HC11 cells grown on PAA substrates evaluated by FRAP. (D) Confocal image of a cell region with focal adhesions, scale

bar 1 μm. Region selected for photobleaching within a focal adhesion is indicated with a red circle. (E) Representative fluorescence recovery curve for

zyxin (black or blue line) and fitting (red line) by focal adhesion model Eq 7. (F) Mean dissociation rate constant koff of zyxin as a function of substrate

elasticity modulus. Last column refers to cells cultivated on glass coverslips (elasticity ~70 GPa). Error bars represent SE. Data presented in C and F,

were analyzed by the MannWhitney test, the populations that are significantly different from each other (P< 0.05) are indicated with �.

https://doi.org/10.1371/journal.pone.0251411.g002
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to the one observed for other focal adhesion proteins [22, 23], and the slower component most

likely associated with binding to the focal adhesion has similar order as the one found for the

protein paxillin [22].

Since the parameters estimated with the 2-component model present greater errors, and

the fastest term can be associated to the 1-component model, we will consider the 1-compo-

nent diffusion model to describe the correlation. Comparing the 1-component fit results for

both substrates (S1 Table), there are no differences in the effective diffusion coefficients for

zyxin estimated in cells grown on 13 kPa PAA hydrogels compared to cells cultivated on cover-

slips. Moreover, the characterization of the autocorrelation curves by one diffusive component

gives diffusion coefficients for zyxin, comparable to those of other focal adhesion proteins

such as vinculin, paxillin and focal adhesion kinase [23], and similar characteristic correlation

time for zyxin in rat embryo fibroblast cells cultivated on glass [24].

These results would indicate that there is no appreciated effect of the elasticity of the sub-

strate in zyxin mobility and dynamics at focal adhesion, although the signal to noise ratio

could not be sufficient to appreciate differences in the effective diffusion coefficient. We will

further investigate the effects of substrate on zixin molecule with another approach, to specifi-

cally address the binding kinetics, more than mobility.

Focal adhesions are highly dynamic multi-protein complexes and the dissociation rate con-

stant, koff, of individual proteins from the adhesion complex is a key determinant of the turn-

over of focal adhesions and is proven to be sensitive to changes in applied forces [25]. In

particular, molecular binding kinetics of zyxin, is known to be altered by mechanical forces.

For example, manipulation of intracellular cytoskeletal structure or contractility, alters zyxin

binding kinetics. It has been shown that dissipating contractile forces exerted by the actin cyto-

skeleton by either pharmacologically employing ROCK inhibitors or physically disrupting by

laser ablation of stress fibers, resulted in an increase of the dissociation rate constant of zyxin

from focal adhesions [7].

To study the effect of substrate elasticity on the molecular binding kinetics of zyxin to focal

adhesions, we used an approach based on Fluorescence Recovery After Photobleaching

(FRAP) [26, 27] on living HC11 cells expressing zyxin-EGFP cultivated on PAA of different

elasticities. Thus, a small area within a focal adhesion was photobleached employing the confo-

cal laser spot (Fig 2D), and the fluorescence recovery curve was monitored over time. Consid-

ering a spatially homogeneous concentration of freely diffusing molecules, temporally

constant during the course of the FRAP experiment, and assuming that the diffusion of

unbounded molecules is much faster than the binding kinetics, the fluorescence recovery is

dominated by the dissociation of the protein from the focal adhesion [27, 28]. Under these

conditions, the normalized recovery curves were fitted by Eq 7 and the unbinding constant koff

and mobile fraction m were obtained (see Materials and methods). Note that this approach

provides an effective koff, representative of all the unbinding interactions of the protein, since

zyxin may interact with multiple different partners in the focal adhesion complex.

We have already corroborated in a previous work [9] the suitability of this approach to esti-

mate zyxin koff in HC11 cells cultured on coverslips, by performing FRAP experiments using

the ROCK kinase inhibitor Y-27632, which dissipates cytoskeletal tension. As expected,

decreasing the internal force exerted on the focal adhesions by the inhibitor treatment caused

a faster fluorescent recovery of zyxin molecule into the photobleached region, i.e, caused an

increase in zyxin’s koff.

Table 2 summarizes the results obtained with this approach, including the mobile fraction

and zyxin’s residence time, corresponding to the inverse of koff. Fig 2E shows representative

normalized recovery curves obtained at 3.4 kPa and coverslips substrate, which evidence a

faster fluorescence recovery of zyxin in the photobleached regions for a more rigid substrate,
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such as glass. Fig 2F presents the average values of the unbinding constant of zyxin at the dif-

ferent mechanical conditions studied, showing that the dissociation constant of zyxin dimin-

ishes at increasing substrate elasticities and is significantly smaller compared to the observed

in cells grown on a rigid substrate as fibronectin coated coverslips. The same tendency of

decreasing koff values was found in bovine adrenal capillary endothelial cells cultivated on sub-

strates of 50 kPa compared to 300 kPa [7]. If a wider range of PAA substrate stiffness would

have been studied (e.g., 3.4kPa–300kPa), the differences in zyxin kinetics could have been sig-

nificant, as it was seen in Lele et al. 2006 [7]. Since HC11 cells were not found to deform sub-

strates of 46kPa or stiffer, a physiological relevant range of PAA stiffness (3.4kPa–37kPa) was

chosen, in which TFM can be performed in order to investigate the correlation between cellu-

lar traction and zyxin dynamics. The average mobile fraction, m, did not presented an evident

tendency, having similar values for the different studied conditions except for PAA of 13 kPa

which had a slightly higher value.

Recently, in Sigaut et al., 2018 [9] we have reported, employing a mechanical stretching

device, that in living HC11 cells the zyxin dissociation from the focal adhesions is significantly

faster for cells under low normal strain compared to cells under higher strain or grown on cov-

erslips. We have also found that increasing the normal strain applied to the cells substrate, not

only significantly decreases the dissociation rate of zyxin from the focal adhesion, but also

induce focal adhesions stability together with an increase in their size. In both cases, by either

growing cells on increasing substrate stiffness or increasing cellular tension by mechanical

stretching, zyxin residence time at focal adhesion is found to increase suggesting that higher

cellular traction forces correlates with focal adhesion in which zyxin remains bind longer time

i.e., is less probable for zyxin to unbind from focal adhesions. In the following section we will

explore this hypothesis.

Cellular traction correlates with the dissociation kinetics of zyxin at

cellular and subcellular level

The results gathered up to now expose a modulation of substrate rigidity on the generation of

the traction force and on the dissociation kinetics of zyxin. The estimated dissociation rate

constants were then used to calculate the residence time, the inverse of koff. This residence

time would represent the average time a zyxin molecule remains at a binding site in the focal

adhesion. The results obtained at different substrate mechanical conditions, show an incre-

ment of both, the average cell traction and average zyxin residence time as the rigidity of the

substrate increases. To further explore this relationship, Fig 3A shows the correlation between

the traction forces exerted by cells and the residence time of zyxin at the substrate elasticities

studied, suggesting a linear relationship between both magnitudes. Although there is a

Table 2. Zyxin unbinding kinetics evaluated by FRAP in HC11 cells cultivated on substrates of different stiffness.

Substrate N koff (1/s) tres (s) m
3.4 kPa PAA 17 0.038 ± 0.003 27 ± 2 0.44 ± 0.03

13 kPa PAA 18 0.034 ± 0.003 30 ± 3 0.57 ± 0.03

37 kPa PAA 9 0.031 ± 0.002 32 ± 2 0.38 ± 0.04

Coverslips ~70 GPa� 12 0.016 ± 0.001 61 ± 5 0.41 ± 0.04

Average unbinding constant for zyxin, koff, and mobile fraction, m, determined by fitting FRAP recovery curve by Eq 7, obtained from N experiments. The characteristic

time, tres, was obtained from koff (Eq 8). Errors are SE.

� Data reported in a previous work, Sigaut et al., 2018 [9].

https://doi.org/10.1371/journal.pone.0251411.t002
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Fig 3. Correlation between cellular traction and residence time of adhesive protein zyxin. (A) Correlation at cellular level—different substrate

stiffness:correlation between average cellular traction and zyxin average residence time for cells cultivated on different elasticity substrates. Linear fit in

dashed line as a guide to the eye. Error bars: SE. (B) Combined FRAP and TFM experiments at focal adhesions regions: (B.I) Transmission and

fluorescence merged images of a cell expressing zyxin-EGFP cultured on a substrate of 3.4 kPa elasticity (scale bar: 10 μm). The boxes show the

zoomed-in fluorescent images of the areas selected for the FRAP analysis (scale bar: 1 μm). The regions considered in the calculation of the recovery

curve are marked with circles and rectangles. For each region, the dissociation rate constant, koff, and residence time, tres, of zyxin are presented. (B.II)

Traction map and zoomed-in images of the selected regions for the calculation of average traction (T). (C) Correlation at subcellular level: focal
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variation within the residence time for zyxin at a given substrate elasticity (evidenced in a con-

siderable error in the average value), there is a tendency to increase when the substrate elastic-

ity increases. This variability could be due to different magnitude of forces generated at the

focal adhesion. Notice that the data presented in Fig 3A is the average residence time for zyxin

measured at different focal adhesions, while the average magnitude of traction force is the one

produced by the entire cell.

Up to this point the effects of substrate rigidity on the generation of the traction force and

on the kinetics of dissociation of the protein zyxin were evaluated independently. These

results, would suggest that cells that generate greater traction forces are those that have focal

adhesions where is less probable for zyxin to dissociate from. To test this hypothesis, combined

TFM and FRAP were performed, addressing the correlation of traction forces exerted by a sin-

gle cell with the dissociation kinetics of the protein zyxin at a subcellular level of focal adhe-

sions regions. For this purpose, the experimental procedure was slightly modified: after

acquiring the marker images for TFM, FRAP experiments were performed in several focal

adhesions; then cell-substrate adhesion contacts were removed by trypsinization, and finally

another image of the fluorescent markers was acquired.

To estimate traction forces generated by focal adhesion, average cellular traction forces

were quantified at different cell regions of the same area with a high presence of focal adhe-

sions. Each of these areas contained a minimum of 3 up to 5 focal adhesions, and the average

traction value was determined in an area of ~20 μm2. In this way, averaging the traction force

of a small region of the cell, dense in focal adhesions, we minimize the error of quantifying the

traction force associated to a single focal adhesion (focal adhesion area is ~2.5 μm2). We have

also seen that neighbour focal adhesions present similar values of zyxin residence time.

Fig 3B shows the results of a representative combined TFM-FRAP experiment performed

in a HC11 cell expressing zyxin-EGFP, grown on a substrate of 3.4 kPa. The left panels of Fig

3B show the merged image of the transmission and confocal fluorescent images, where it can

be seen that focal adhesions are localized preferably at the periphery of the cell. Three zoomed

regions containing focal adhesions were selected for FRAP experiments. Its corresponding

traction map is shown on the right in Fig 3B, as well as the enlargements of the regions studied

in FRAP. For each selected region, the residence time measured by FRAP and the average

focal adhesion traction value over an area of ~20 μm2 were estimated, the results of three inde-

pendent experiments are shown in Fig 3C. For all the experiments, regions that exert greater

traction forces correspond to regions with focal adhesions where zyxin has less probability of

unbind. To better illustrate this correlation, in Fig 3C is presented the linear regression

between traction forces and zyxin characteristic time. Even though there are no variations in

the elasticity of the substrate (combined experiments were all performed in 3.4 kPa PAA

hydrogels), the analysis of the data indicates a correlation -at focal adhesions regions—between

the dissociation kinetics of zyxin and the magnitude of the traction forces exerted by a focal

adhesion, suggesting that focal adhesions in which zyxin has less probability of dissociate,

would exert greater traction forces.

These results are in agreement with the ones obtained for another mechanosensitive focal

adhesion protein, vinculin, in mouse embryonic fibroblasts cultured on 3-, 5- or 14-kPa

microfabricated post-array-detectors (mPADs) [29], where vinculin residence time at focal

adhesions varied linearly with applied force for stiff substrates, while the residence time at

adhesions regions—correlation between focal adhesion traction forces, T, and zyxin residence time, tres, for three independent combined FRAP and

TFM experiments. Average traction was calculated over an area of ~20 μm2 in each region where FRAP experiments were performed (note that traction

values are higher than those obtained by averaging the whole cell). Linear regression in solid red line.

https://doi.org/10.1371/journal.pone.0251411.g003
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focal adhesions of other adhesive protein, paxillin, was independent of local applied force and

substrate stiffness. One disadvantage of mPADS is that cells are presented with topographical

cues so their adhesion sites grow on laterally restricted islands, making this system fundamen-

tally different from unconstrained adhesion on flat substrates such as the ones employed here

[30]. The direct relationship between zyxin molecular dynamics and traction force generation

presented here, not established before, provides further evidence reinforcing the mechanosen-

sitive properties of zyxin, pointing it out as a key protein for cellular traction forces.

Discussion

In this work, we investigated the effects of substrate stiffness and the correlation between the

generation of cellular traction forces and the molecular dynamics of focal adhesion protein

zyxin. We explored the relationship between traction forces generated at focal adhesions and

the unbinding kinetics of zyxin from focal adhesions. To this end, a combination of quantita-

tive experimental approaches was used. Polyacrylamide hydrogels were fabricated as elastic

substrates; by varying the relationship between their components, substrates of different elas-

ticities were obtained ranging from 3.4- to 46- kPa. Through Force Spectroscopy-AFM, the

elasticities of the polyacrylamide hydrogels were characterized, and reliable Young’s moduli

for the reconstruction of the forces generated by the cells on the hydrogel were obtained.

These kinds of unconstrained flat substrates allow a cellular adhesion and spreading closer to

physiological in comparison with restricted ones, such as micro post arrays. In the range of

elasticity explored, cells were well adhered to the substrate and were able to form focal

adhesions.

In order to study the effects of substrate stiffness in the generation of cellular traction forces,

we quantified the substrate deformation and traction forces exerted by mouse epithelial mam-

malian living cells cultivated on polyacrylamide substrates of different elasticity ranging from

3.4- to 37- kPa, by TFM. The analysis of the traction maps indicated that the magnitude of the

forces generated by cells increases while cultivating them on more rigid substrates. We found

that 46 kPa Young’s modulus substrate was an upper limit for TFM experiments in mouse

mammary epithelial HC11 cells, for which substrate deformation due to cellular traction was

not detectable.

In particular, we investigated the effects of substrate elasticity on the molecular binding

kinetics and diffusion of zyxin, postulated as a mechanosensor protein. To this end, we

employed a fluorescent version of zyxin transiently expressed in HC11 cells. A point-FCS

analysis allowed us to compare the mobility and possible interactions of zyxin under differ-

ent mechanical conditions. We did not observe differences in the effective diffusion coeffi-

cient, representative of the mobility of the protein in vivo, from cells grown on 13 kPa PAA

substrates and on coverslips (~70 GPa), suggesting that the mobility of zyxin is not altered

by the substrate stiffness. To better assess the molecular binding kinetics of zyxin we charac-

terized the dissociation rate constant of zyxin by means of the FRAP technique, in the same

substrate elasticity conditions as the TFM experiments were performed. We found that the

dissociation rate constant is modulated by substrate stiffness: the probability of zyxin to

unbind from the focal adhesion, decreased as the rigidity of the substrate increases, or in

other terms, the residence time for zyxin at the focal adhesion increases. This modulation is

in agreement with our previous study in which we observed a modulation in zyxin binding

kinetics due to increasing normal strain, employing a mechanical stretching device in living

HC11 cells [9]. Thus, zyxin residence time at focal adhesion is increased, either by increas-

ing cellular tension by mechanical stretching or by growing cells on increasing substrate

stiffness.
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The results obtained from independent TFM and FRAP experiments performed at the

same substrate elasticity conditions, revealed a correlation between the average cellular trac-

tion and the average residence time for zyxin molecule at the focal adhesion (presented in Fig

3A), indicating that cells exerting greater traction would present longer residence time for

zyxin at the focal adhesion. We found however a considerable variation within the residence

time for zyxin characterized at a given substrate elasticity in comparison with the variations in

the magnitude of traction force produced by the entire cell, probably due to different magni-

tude of forces generated at single focal adhesions. We further performed combined TFM and

FRAP experiments, in which the variation in the traction generated at focal adhesions regions

was confirmed. These variations in the traction exerted by individual focal adhesions were

concealed by performing the average of the traction exerted throughout the cell.

The ability to measure cellular traction forces together with quantifying focal adhesion

molecular dynamics is crucial to better understand the relation between focal adhesion

dynamics and cellular traction generation and their relation in substrate rigidity sensing.

Therefore, combined single cell experiments of TFM and FRAP allowed us to explore the cor-

relation between the unbinding kinetics of zyxin and the magnitude of the traction forces

exerted by a focal adhesion. The analysis of these experiments indicated a linear correlation–at

a subcellular level–between the unbinding kinetics of zyxin and the magnitude of the traction

forces exerted by focal adhesions: focal adhesions that exerted greater traction forces presented

a longer zyxin residence time.

Many of the molecules that constitute focal adhesions are proposed to interact with one

another to form an integrated mechanical and biochemical network that regulates the pro-

cesses involved in cell adhesion and substrate sensing. But the relationship between traction

force generation and focal adhesion molecular dynamics is poorly understood, especially

regarding the zyxin protein. The relationship between traction force and molecular binding

kinetics was previously explored for two other focal adhesion proteins, vinculin and paxillin:

while vinculin residence time at focal adhesions was shown to vary linearly with traction force,

paxillin residence time was found to be insensitive to the traction [29]. These results are consis-

tent with paxillin not being implicated as a regulator of force transmission, but acting as an

important component of the integrin signaling layer [31], and vinculin regulating force trans-

mission between the cell and the extracellular matrix [32]. We have indeed shown in our previ-

ous work (Sigaut et al., 2018 [9]) that vinculin molecules in living HC11 cells follow the

mechanical stretching of the substrate, by increasing their intramolecular tension within focal

adhesions. However, the direct relationship between zyxin molecular dynamics and traction

force generation was, to our knowledge, not established before.

In conclusion, to reach a better understanding of substrate mechanosensing and the rela-

tion between cellular force generation and zyxin molecular dynamics at focal adhesions, we

have examined the effect of substrate rigidity at a cellular and subcellular level of focal adhe-

sions regions, by combining live cell imaging, traction force microscopy (TFM), fluorescence

recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS). In

addition, we have fabricated adjustable stiffness substrates and characterized their elasticities

by Force Spectroscopy-AFM. Using this multidimensional approach, we found a modulation

of substrate stiffness on the generation of traction forces and zyxin molecular kinetics, unveil-

ing a positive correlation between the traction forces exerted by cells and the residence time of

zyxin at the focal adhesions of HC11 cells. Moreover, combined TFM and FRAP experiments

revealed that this correlation endures at the subcellular level, even if there are no variations in

substrate stiffness, suggesting that focal adhesions that exert greater traction, present longer

residence time for zyxin, i.e., zyxin protein has less probability to dissociate from the focal

adhesion. This multidimensional strategy allowed us to address and establish a direct and

PLOS ONE Correlation of cellular traction forces and dissociation kinetics of adhesive protein zyxin

PLOS ONE | https://doi.org/10.1371/journal.pone.0251411 May 11, 2021 13 / 21

https://doi.org/10.1371/journal.pone.0251411


linear correlation between the generation of traction forces and the molecular dynamics of

protein zyxin at focal adhesions regions. These results provide further evidence reinforcing the

mechanosensitive properties of zyxin and its key role in cellular traction forces.

Materials and methods

Activation of the coverslips surface

To ensure tight attachment of the PAA hydrogel to the glass surface, circular glass coverslips of

25 mm or 12 mm diameter were chemically modified to allow covalent attachment of poly-

acrylamide substrates using previously developed protocol [10]. Briefly, coverslips previously

cleaned with 0.1% HCl and ethanol were first submersed in a solution of 0.5% (v/v) 3-amino-

propyltrimethoxysilane (Sigma-Aldrich, St. Louis, MO) in ethanol for 5 minutes and washed

with ethanol. Then, were treated with a solution of 0.5% glutaraldehyde (Fluka1 Analytical) in

deionized water for 30 minutes, washed with deionized water and left to dry.

Fabrication of polyacrylamide substrates

To produce PAA hydrogels, stock solutions of 40% acrylamide (Sigma-Aldrich, St. Louis, MO)

and 2% bis-acrylamide (Sigma-Aldrich) were combined, following the previously developed pro-

tocol [6]. Depending on the mole fraction of acrylamide and bis-acrylamide, substrates with elas-

tic moduli between 3.4 kPa and 46 kPa were obtained (see Table 1). Crimson fluorescent

nanospheres of 40 nm diameter (carboxylate-modified, Ex/Em 625/645, Thermo Fisher Scien-

tific, Waltham, MA), were thoroughly mixed with the polyacrylamide solution (0.004% v/v). The

polymerization was initiated by incorporating N,N,N,N-tetramethylethylenediamine (TEMED,

Sigma-Aldrich) and ammonium persulfate 10% solution (APS, Bio-Rad Laboratories, Inc., Her-

cules, CA). Droplets of 10 μl of the final solution were placed on top of activated circular cover-

slips (25 mm diameter) and then carefully covered with untreated coverslips (12 mm diameter)

to produce flatten PAA hydrogels of approximately 50 μm thickness. The thickness of the sub-

strate was measured by confocal microscopy. Following polymerization, the untreated coverslips

were mechanically detached and the PAA substrates were always maintained hydrated.

Characterization of nanomechanical properties of PAA hydrogels

To determine nanomechanical properties of PAA hydrogels, Force Spectroscopy-AFM was

performed by an atomic force microscope. Hydrogels of 50 μm thickness were prepared on

activated circular coverslips of 12 mm diameter and were always kept in optimal conditions of

humidity. Force Spectroscopy-AFM experiments were performed with a Bruker Multimode 8

AFM with a Nanoscope V controller (Bruker, Santa Barbara, CA, USA) employing a sharp

nitride lever AFM probe (SNL, Bruker), with nominal values of 2 nm tip radius, 0.06 N/m

spring constant and 18 kHz resonant frequency. Before each experiment, the spring constant

was calibrated using the thermal tune method [33]. The AFM tip radius was measured using

the standard polycrystalline titanium roughness sample provided by Bruker and the Tip Quali-

fication function in NanoScope Analysis software. The deflection sensitivity was determined

using a hard sample (sapphire sample provided by Bruker).

Force curves were acquired in solution (PBS, Phosphate Buffered Saline) distributed in dif-

ferent regions of PAA hydrogels. The contact point of each individual curve was determined

according to a published algorithm [34]. Young’s modulus (E) was estimated from the

approach force-distance curves by fitting using the Sneddon model [35, 36]:

F ¼
2

p
�

E
1 � n2

� tan að Þ � d
2

ð1Þ
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where F is the force, δ is the indentation, α the tip half open angle and ν the Poisson’s ratio

(usually assumed to be 0.5 for such hydrogels).

Hundreds of force curves were analyzed using a custom routine written in Matlab (Math-

Works Inc., Natick, USA) platform to select the elastic regime of the approach force distance

curves and then fitted by the Sneddon model. S1 Fig shows representative curves for 4 different

elasticity substrates and histograms showing the distribution of Young’s modulus. The values

obtained are shown in Table 1. In the case of the softest PAA hydrogel (hydrogel A), the diffi-

culty to determine the point of contact in the force-distance curves lead to a great variability in

Young’s modulus, so the measured values were not reliable. In such a case, Young’s modulus

was estimated by proportion of its constituents taking the values from Aratyn-Schaus et al.,
2010 [10] and, using as a reference the closest Young’s modulus value obtained for the mea-

sured hydrogel, see Table 1.

Functionalization of polyacrylamide substrates

To compatibilize PAA substrates with cell culture and promote cell attachment, PAA hydro-

gels were sterilized with UV irradiation and coated with the extracellular matrix protein fibro-

nectin (50 μg/ml, Sigma-Aldrich, St. Louis, MO) using the bifunctional crosslinker sulfo-

SANPAH (Pierce Biotechnology, Rockford, IL).

Cell culture and transfection

The HC11 cell line, derived from pregnant BALB/c mouse mammary glands [37], were

grown under controlled CO2 atmosphere at 37 ˚C in RPMI 1640 medium (Invitrogen–Gibco,

Thermo Fisher Scientific Inc, Waltham, MA) supplemented with antibiotic-antimycotic (Invi-

trogen—Gibco), 10% fetal calf serum and 5 μg per ml of insulin from bovine pancreas (Sigma

Aldrich, St. Louis, MO). In order to visualize focal adhesions via the molecular scaffold protein

zyxin, HC11 cells were transiently transfected using Lipofectamine1 2000 Reagent (Invitro-

gen) employing the zyxin-EGFP construction (courtesy of Dr. D. E. Ingber). Transfected

HC11 cells were allowed to grow for 24 h and then were seeded on top of the fibronectin-

coated PAA hydrogels, and cultured for 12–24 hours to let them completely adhere.

Microscopy—Image acquisition

Live-cell microscopy was performed in a spectral confocal scanning microscope FluoView

1000 (Olympus Co., Japan), employing a 60X UPLSAPO oil immersion objective lens NA

1.35. A microscope incubator chamber was used to maintain 37˚C temperature during experi-

ments. Images were obtained using a pixel size between 33 nm and 69 nm, and the time per

pixel between 10 μs and 20 μs. For TFM, Crimson nanospheres were monitored with a 635 nm

diode laser and the emitted fluorescence was detected in the [655–755] nm range. FRAP and

FCS experiments were performed between 24 and 48 hours after transfection. For monitoring

EGFP the 488 nm line of the Argon laser was used, and the emitted fluorescence was detected

at [500–550] nm. In combined TFM-FRAP experiments, images were acquired in a sequential

mode, to avoid crosstalk between channels.

TFM experiment acquisition and image selection

TFM experiments were performed in HC11 cells cultivated on fibronectin coated PAA sub-

strates of 3.4 -, 13 -, 37—and 46—kPa, maintained at 37 ˚C. Isolated cells -separated at least

15 μm from other cells- were selected, so that the deformations generated by neighboring cells

do not interfere with cellular traction quantification. Confocal sequence images of Crimson
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nanospheres at different depths (PRE z-stack) were acquired, between 3 to 5 planes from the

substrate surface to the interior, in 0.5 μm steps. Images were obtained using Kalman filter,

employing image sizes 1024x1024 or 1600x1600 pixels depending on cell size and maintaining

pixel size smaller than 69 nm. Cells were detached from the substrate by trypsinization. The

time needed to separate the cells from the substrate, and allow the substrate to relax was

between 15–20 min. After cell detachment, another z-stack image was acquired (POST).

For possible stage drift correction, PRE and POST z-stack images were aligned employing

Template Matching plugin (ImageJ, NIH) [38], using as a reference a region not affected by

cellular traction (typically on the edge of the image). The optimal planes for TFM analysis

were selected, choosing the pair of PRE and POST planes that presented maximum nano-

spheres displacement.

Deformation maps

Extraction of a discrete displacement field describing the deformation of PAA substrates was

done by analyzing Crimson nanospheres images before (PRE) and after detachment (POST)

of the adhering cell with trypsin. The positions of the markers were tracked using the particle

image velocimetry (PIV) algorithm employing the open-source Matlab code MatPIV V1.6.1 of

Sveen, 2004 [18]. This algorithm is based on cross-correlating image sub-regions between

sequential pairs of images. By processing the images over a regular grid of small sub-regions, a

displacement vector map is generated. The algorithm was configured to start with large inter-

rogation windows 256x256 or 128x128 pixels (around 10 μm2) whose size was reduced, in

powers of 2, to obtain windows of approximately 32x32 or 16x16 pixels (1 μm2). In order to

reduce the distance between the interrogation windows, an overlap of 50 percent was used. To

remove spurious vectors (in general due to image sub-regions with not enough or too many

particles to create a good pattern for matching), a series of filters are applied: a signal-to-noise

ratio filter, a global histogram filter, a local filter and a masking mode for neglecting regions

without out fluorescent markers. Finally, all the identified outliers are interpolated using a

nearest neighbor interpolation. The deformation map shows in each window the vector of the

deformation obtained by locating the peaks of the cross correlation between the PRE and

POST images of each interrogation window. The color code represents the module of the

intensity of the deformation.

Traction force reconstruction and quantification

Traction force fields were reconstructed from the deformation fields considering PAA sub-

strates as an elastic, isotropic and semi-infinite material, and substrate deformations mainly

contained in the plane. For traction estimation, the Young’s modulus and Poisson’s ratio are

required. Young’s modulus of the substrate was determined experimentally by Force Spectros-

copy-AFM and its Poisson’s ratio was considered equal to 0.5. Traction force reconstruction

was accomplished by applying Fourier Transform Traction Cytometry, employing an adapted

routine in Matlab platform based on FTTC implementation of Sabass et al., 2008 [19]. As this

is an ill-posed inverse problem, the Tikhonov regularization method [20] was used incorporat-

ing a parameter of regularization, this method efficiently produces a continuous and smooth

reconstructed traction field. To select the optimal value of the regularization parameter in an

objective manner, the L-Curve criterion was used [21], considering the point of maximum

curvature as the optimal regularization value.

In order to extract information concerning to the cell, a mask was manually defined by

selecting the cell area from the transmission image, or automatically detected in the zyxin-

EGFP fluorescent image in combined TFM-FRAP experiments. The average magnitude values
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of deformation (D) and cellular traction (T) were estimated by applying the cell mask on the

deformation and traction map, respectively, and then the average cell force magnitude (F) was

calculated by multiplying the average traction by the cell area. Also, the histograms of the mod-

ule of each component of the measured magnitudes can be made. S2C Fig shows the cell mask

applied to the traction field, which was used to calculate the average value of the traction mag-

nitude exerted by the cell. The histograms of the magnitude and components of cellular trac-

tion and deformation field are presented in S2D Fig.

FCS experiments and analysis

FCS experiments were performed in HC11 cells expressing zyxin-EGFP cultivated on fibro-

nectin coated PAA substrates of 13 kPa and on fibronectin coated coverslips. For single-point

FCS, fluorescence intensity over a single point within a focal adhesion, I(t), was recorded as a

function of time for 1.5 minutes, at a 100 kHz sampling rate. The acquisition was performed in

the pseudo-photon counting mode, and the fluorescence was detected over [500–600] nm

range. The normalized autocorrelation function of the fluorescence intensity fluctuation, δI(t),
around its mean value hI(t)i is defined as

G tð Þ ¼
dI tð Þ � dI t þ tð Þh i

I tð Þh i
2

: ð2Þ

Autocorrelation curves were calculated with a custom-made routine written on the Matlab

platform. Every record was divided into 1021 sub-records of 213 data-points that were subse-

quently doubled with zeros to avoid aliasing effects. The autocorrelation curve of each of these

sub-records were computed and then averaged. The averaged auto-correlation curves were fit-

ted using a 1- or 2- component model [22], with i = 1 and i = 1, 2, respectively:

G tð Þ ¼
X

i¼1;2
Goi � 1þ

t

tDi

� �� 1

� 1þ
t

o2tDi

� �� 1=2

ð3Þ

where ω = ωz / ωr is the ratio of axial (ωz) to radial (ωr) dimensions of the detection volume

(assuming a Gaussian volume), Goi, is the autocorrelation amplitude and the characteristic cor-

relation time, τDi. This time depends on the diffusion coefficient of the molecule, Di, and on

the size of the detection volume, and is defined as

tDi ¼
w2

r

4Di
: ð4Þ

Prior to estimating a diffusion coefficient from the characteristic time, calibration experi-

ments were performed to determine the geometric parameters of the detection volume (ωz

and ωr), employing an aqueous solution of a known diffusion coefficient (in this case, fluores-

cein, with a diffusion coefficient of 425 μm2/s [39]).

FRAP experiments and analysis

FRAP experiments were performed in HC11 cells expressing zyxin-EGFP cultivated on fibro-

nectin coated PAA hydrogels of 3.4-, 13- and 37- kPa. A selected small region (0.2–0.5) μm2

within a focal adhesion is photobleached employing nominal 100% transmission of the 488

nm line from an Argon laser (approximately 0.5 mW) during 40–200 ms. Before bleaching,

between 5 to 10 control images are taken and immediately after bleaching a sequence of images

is captured every 1 second during the first 40 s, and every 4 s during the last 40 s. Employing a

custom-made Matlab routine, the mean fluorescence intensity within the selected bleached
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region is calculated as a function of time, IPH-FA. To minimize the effect of photobleaching dur-

ing acquisition, IPH-FA, was divided by the mean fluorescence intensity of a control region of

the same area (in a focal adhesion not photobleached), IC-FA, obtaining

IFRAP tð Þ ¼
IPH� FAðtÞ � ICyt

IC� FAðtÞ � ICyt
ð5Þ

where ICyt is the background intensity calculated as the mean fluorescence intensity of a cyto-

plasmic region. Then the recovery curve is calculated as:

F tð Þ ¼
IFRAPðtÞ � Io

IPRE � Io
ð6Þ

where IPRE is the intensity in the bleached region before photobleaching, Io is the intensity in

the bleached region immediately after photobleaching. An example of the selected regions and

the fluorescence intensity on background (IBkg), cytoplasm (ICyt), control adhesion (IC-FA) and

photophotobleached adhesion (IPH-FA), together with recovery curve, are shown in S3 Fig.

Assuming that diffusion of unbound zyxin in the cytoplasm is much faster than its binding/

unbinding kinetics to the focal adhesion, and photobleaching of cytoplasmic protein is negligi-

ble, the recovery during FRAP is purely due to recovery in the bound concentration of protein

to the focal adhesion [27, 28, 40]. When the dissociation kinetics from the focal adhesion is

rate limiting, the unbinding rate constant of zyxin, koff, is determined by fitting (least-squares

best fit) FRAP recovery data to the expression [28]:

FðtÞ ¼ m � 1 � e� koff �t
� �

ð7Þ

where m is the mobile fraction. From the dissociation rate constant, the average time a mole-

cule remains at a binding site, tres, namely the residence time, can be estimated as:

tres ¼
1

koff
: ð8Þ

Supporting information

S1 Fig. Characterization of nanomechanical properties of PAA hydrogels by Force Spec-

troscopy-AFM. (A) Representative approach force-distance curves for different elasticity sub-

strates, 6 curves for each PAA hydrogel are shown. (B) Histograms showing the distribution of

Young’s modulus of PAA hydrogel estimated from the approach force-distance curves by

using the Sneddon model. The composition of Acrylamide/Bis-acrylamide of fabricated Poly-

acrylamide substrates is presented in Table 1.

(TIF)

S2 Fig. TFM experiments to quantify cellular traction of cells cultivated on PAA substrates

containing fluorescent nanospheres. (A) Representative transmission image (center column)

and deformation (left column) and traction (right column) maps for a HC11 cell grown on a

13 kPa PAA substrate. The border of the cell is delimited by red dashed lines in each image,

scale bar 10 μm. (B) Merge confocal image of fluorescent nanospheres distribution before

(red) and after (green) detaching the cell (center column) of the selected region in (A), scale

bar 10 μm. Zoomed-in image of the deformation (left column) and traction (right column)

maps, where vectors indicate the direction, and their magnitudes are given by a color-coded

scale. (C) Cell mask applied to the traction map to calculate the average value of the traction

magnitude exerted by the cell. (D) Histograms of the module of each direction (Ux and Uy)
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and magnitude (|U|) of the substrate deformation and histograms of the magnitude (|T|) and

components (Tx and Ty) of cellular traction.

(TIF)

S3 Fig. FRAP experiment in HC11 cell cultivated on PAA substrate to evaluate zyxin

unbinding kinetics. (A) Representative region of a confocal image of a cell expressing zyxin-

EGFP, scale bar 1 μm. Selected regions to quantify fluorescence intensity on background

(Bkg), cytoplasm (Cyt), control focal adhesion (C-FA) and photobleached focal adhesion (Ph-

FA). (B) Fluorescence intensity at regions selected in (A). Photobleaching is indicated with the

vertical dotted line at t = 0. (C) Fluorescence recovery curve for zyxin (black line) calculated

according to Eqs 5 and 6, and fitting by Eq 7 (red line).

(TIF)

S1 Table. Zyxin dynamics evaluated by pointFCS in HC11 cells cultivated on 13 kPa PAA

substrates and on coverslips. Fitting parameters for FCS experiments, by 1- or 2- component

model, Eq 3. Average autocorrelation amplitude, Goi, and diffusion coefficient, Di, obtained

from data fitting of N experiments. � Two component model fit gives the same diffusive com-

ponent (D1 = D2).

(PDF)
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