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Abstract: The cellular microenvironment plays a critical role in cell differentiation, proliferation, 

migration, and homeostasis. Recent studies have shown the importance of substrate viscosity in 

determining cellular function. Here, we study the mechanoresponse of normal hepatocytes and 

hepatocellular carcinoma cells (HCC) to elastic and viscoelastic substrates using the Huh7 cell line 

derived from a human liver tumor and primary human hepatocytes (PHH). Unlike PHH and fibroblasts, 

which respond to viscoelastic substrates by reducing spreading area and actin bundle assembly 

compared to purely elastic substrates of the same stiffness, Huh7 cells spread faster on viscoelastic 

substrates than on purely elastic substrates. The steady state spreading areas of Huh7 cells are larger 

on viscoelastic substrates, whereas the opposite effect occurs with PHH cells. The viscoelasticity of the 

microenvironment also promotes motility and multiple long protrusions in Huh7 cells. Pharmacologic 

disruption of actin assembly makes cells unable to spread on either elastic or viscoelastic substrates. 

In contrast, upon vimentin perturbation, cells still spread to a limited degree on elastic substrates but 

are unable to spread on viscoelastic substrates. The time evolution of cell traction force shows that the 

peak occurs at an earlier time point on viscoelastic substrates compared to elastic substrates.  

However, the total force generation at the steady state is the same on both substrates after 4 hours. 

Our data suggest that stress relaxation time scales of the viscoelastic substrate regulate cell dynamics 

and traction force generation, indicating different binding-unbinding rates of the proteins that form cell 

attachment sites in HCC cells and normal hepatocytes. These results suggest that liver cancer cells 

may have different characteristic lifetimes of binding to the substrate in comparison with normal cells, 

which causes differences in cell spreading and motility within the diseased tissue.

Introduction: 

Cellular response to the extracellular matrix (ECM) depends on both the chemical and physical 

characteristics of the ECM 1–6.  ECM physical properties influence cell shape, structure, function, and 

migration 7–10. Fibroblasts adapt to the extracellular stiffness and rearrange their cytoskeletal 

organization and thus the cell stiffness 1,7,11. For many, but not all cell types, the higher the substrate 

stiffness, the more cells spread, upregulate adhesion sites and generate force 1,12–14. Mechanical 

features of the ECM affect the proper functioning of cells in organs in vivo 8,12. The development of 
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fibrosis, cirrhosis, hepatocellular carcinoma (HCC) and other chronic liver diseases are often 

associated with increased stiffness and excess matrix deposition due to increased expression of 

collagen, glycosaminoglycans, or proteoglycans during disease progression 15–19. For example, normal 

liver tissue stiffness is 600 Pa to 4 kPa whereas a diseased liver can stiffen up to 15 kPa or more. The 

correlation between increased stiffness and biochemical upregulation remains poorly understood due 

to lack of appropriate in vivo model systems. Biological tissues such as adipose or liver exhibit nonlinear 

rheology and stiffening under compression, and these characteristics are not reproduced  by hydrogels 

or elastomers commonly used in cell culture or by isolated biopolymer networks such as collagen 20,21. 

Moreover, most biological tissues are not only elastic but have viscous components 22,  but  less 

attention is paid to the viscous component in understanding tissue or cell mechanics, especially during 

disease progression or in designing biomaterials for cell mechanics studies. In the case of HCC, tissue 

viscosity increases more than two-fold. Thus, the viscous dissipation within a tissue could be used as 

an additional potential marker for the diseased state 21,23–26. For example, brain tissue has a remarkably 

high viscous component, only a two-fold difference between elastic (G’) and viscous (G”) moduli when 

measured at 1 Hz. (G” ~150 Pa, G’ ~300 Pa). In the case of other tissues such as liver or lungs, the 

shear loss modulus G” is 15 % to 20 % of the shear storage modulus G’, measure at 1 Hz. Not only 

tissues but intracellular microenvironments are characterized as viscoelastic, and the balance between 

elastic and dissipative responses changes with diseases 2,27,28. How cell function changes in response 

to altered viscosity, or whether there is any correlation with diseased state at the single cell level, is 

largely unknown. Hence, the accurate characterization of viscosity in contributing to cell 

mechanotransduction or mechanoresponse along with elasticity needs to be established. 

The dissipative component of the substrate can influence spreading and adhesion of multiple cell types, 

and can arrest or reverse the differentiation of hepatic stellate cells to a contractile fibroblast 

phenotype29. A theoretical model shows that the response of the cell depends on the relation between 

the relaxation timescales of the material and the rates of cell adhesion and deadhesion 30,31. It is not 

yet known whether changes in viscosity of the cell microenvironment affect normal and diseased cells 

differently. In particular, the altered metabolic state and cytoskeletal dynamics of cancer cells suggest 

that they might respond to mechanical dissipation in the substrate differently from normal cells.  

Here we compare the responses of primary human hepatocytes and a human hepatocellular cancer 

cell line Huh7 to changes in the elastic and viscous properties of their microenvironment. This work 

quantifies how initial cell spreading dynamics depend on the viscosity of the substrate and identifies 

possible molecular players in sensing viscosity. We present a quantitative interpretation of viscous 

dissipation on initial cell spreading dynamics of HCC 29,32. Moreover, we have extended our 

understanding by comparing cell traction force exerted by cells on elastic and viscoelastic substrates. 
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We show here the role of the cytoskeleton in sensing viscosity, especially the effect of vimentin, which 

is one of the biomarkers for the epithelial to mesenchymal transition and is upregulated in hepatocellular 

carcinoma  9,33–36. 

Results: 

A. Viscoelastic material characterization and cell spreading dynamics: 
We prepared elastic and viscoelastic hydrogels of constant elastic stiffness G’ (shear storage modulus) 

= 5 kPa and viscous dissipation quantified by G” (loss modulus) = 0 Pa or 600 Pa at a frequency of 1 

Hz. Figure 1.A shows the schematic of the materials used to make viscoelastic substrates.  A purely 

elastic material does not relax after an imposed strain, whereas a viscoelastic material shows stress 

relaxation in the strained state. The network with a viscous component exhibits 10% stress-relaxation 

within 10 s and then reaches a constant, indicating that the material is a viscoelastic solid. Stress-

relaxation curves are fit with a generalized Maxwell model, consisting of two Maxwell units in parallel 

as shown in Figure1.C. . G(t) is the time dependent shear modulus of 𝐺(𝑡) =  𝐺0 +  𝐺1  𝑒
―𝑡/𝜏1 + 𝐺2 𝑒 ―𝑡/𝜏2 

the network. and are the shear modulus and the relaxation time of each component respectively.  𝐺𝑖  𝜏𝑖 

Fitting of the curves show two distinct relaxation time scales in the range of sec (tau1) and𝜏1 ~0.9  𝜏2

sec (tau2) (Figure 1.D).  ~13 

We investigated the response of primary human hepatocytes (PHH) to viscoelasticity. We coated the 

elastic network (blue) with collagen I (green) (Figure 2.A). PHH cells adhered more weakly and spread 

less on viscoelastic substrates (Figure 2.A). This result is consistent with previous findings with 

fibroblasts and hepatic stellate cells. Less than 25% as many hepatocytes made stable adhesions on 

viscoelastic substrates compared to elastic substrates. Cells on viscoelastic substrate show a biphasic 

behavior with a mixture of rounded and spread morphologies after 24 hrs (Figure 2.A, S1 ). The 

spreading rate of PHH is slower on the viscoelastic gel. PHH cells also take more than 24 hours to 

reach maximum spreading (Figure 2. A, B, Figure S2). 

To quantify the spreading dynamics, we fit the change in area for the first 12 hrs data with a power law 

model,  (where A= spreading area, t= time, C= prefactor, b= exponent) 11 (Figure S2). The 𝐴 = 𝐶 𝑡𝑏 

histogram plot of the exponent b shows that the peak occurs at 0.24 or less for viscoelastic substrates 

whereas on elastic substrates the peak is observed at 0.34 or more within the regime of spreading 

shown in Figure 2.C.  Cell spreading areas show a lower value on viscoelastic substrates compared to 

elastic substrates  after 24 hrs (Figure 2.D).       

To compare normal liver cells with HCC cells, Huh7 cells were plated on elastic and viscoelastic 

substrates. The values of G’ and G” were chosen in the view of previously measured HCC liver stiffness, 
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which falls in the same range 15. The schematic represents the hydrogel combination and the cellular 

response to it (Figure 3.A). Cell spreading is observed over 4 hours (Figure 3.B). Cells on viscoelastic 

substrates spread much faster. It is evident from the response of Huh7 cells on viscoelastic substrates 

that cells do not spread isotropically, and the edge of the membrane is pinned at one end 11. An 

elongated cellular morphology and long protrusions are evident on viscoelastic substrates 

(supplementary movie1, movie2) but are absent in cells on purely elastic substrates. 

In addition, cells spread much faster during the first hour of attachment, followed by a slower spreading 

rate that reaches a plateau after 3 hrs (Figure 3.B). To quantify the spreading dynamics, we fit the 

change in area with the same power law model,  11(Figure S3) as previously used for PHH 𝐴 = 𝐶 𝑡𝑏 

cells. We have considered only 1.5 hrs of spreading. The histogram plot of the exponent b shows that 

the peak occurs at 0.3 or higher for viscoelastic substrates whereas on elastic substrates a sharp peak 

is observed at 0.1 or less within the regime of spreading shown in Figure 3.C. However, we lack the 

early stage of cell spreading in these experiments which could reflect even faster spreading on 

viscoelastic substrates. 

To investigate the molecular mechanism that might account for the opposite responses of PHH and 

Huh7 cells, we have stained actin, vimentin, microtubules and the nucleus for both cell types (Figure 

S1, S3). The vimentin and actin in Huh7 cells, both form long filamentous bundles following the cell 

morphology on viscoelastic substrates, whereas on elastic substrates, a sparse distribution of actin in 

network-like structures is observed. Images show a higher intensity of vimentin near the nucleus of the 

cell, which is similar to other findings 3,27,37,38. PHH cells do not have vimentin intermediate filaments. 

However, they do express keratin intermediate filaments as shown in the image (Figure S1). Images 

on glass show a distinct actin and microtubule network structure. 

         

B. Huh7 cell motility and traction force measurement: 
Next, we investigate if viscosity affects cell migration and traction forces for HCC cells. Migration assays 

show a higher displacement and a 2-fold increase in average cell speed on viscoelastic substrates 

when calculated over 4 hrs. (Figure 4.A, B). Cells on viscoelastic substrates exhibit higher persistence 

compare to elastic substrates (Figure 4.B). Moreover, cells start forming protrusions on both these 

substrates with time as depicted in Figure 4.C (movie1,2). The average protrusion length shows a 

significant difference between the substrates after 4 hrs (Figure 4.D). The percentage of cells with 

protrusions increases over time (Figure 4.E). 

To measure cell substrate interaction, we have measured cell traction forces on these substrates. A 

typical cell traction stress map on these substrates is shown in Figure 4.F. Over the course of spreading, 

forces are calculated at 0.5, 1, 2, 3, and 4 hrs. Traction stresses are normalized with respect to 
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measured stresses at 0.5 hr showing that the stress reaches a maximum by 0.5 hr on viscoelastic 

substrates, whereas on elastic substrates the maximum occurs at later times (Figure 4.G) and reaches 

a stable level of traction that is similar for both substrates by 4 hrs. (Figure 4.H). 

        

C. Model explains different viscoelastic regulation results for PHH and Huh7 cells
To understand the mechanisms involved in the spreading behavior of PHH and Huh7 cells, we 

implement our recently developed motor clutch model for cell spreading on viscoelastic materials 32 

(Figure 5.A). In this model, molecular bonds (clutches) connect actin filaments to the substrate and can 

randomly break (with dissociation rate ) and re-engage (with association rate ). The connected 𝑟𝑜𝑓𝑓 𝑟𝑜𝑛

actin filaments are continuously pulled towards the cell center by myosin motors, leading to retrograde 

flow. Engagement of clutches with the substrate reduces this retrograde flow, which allows 

polymerization at the leading edge to push the cell membrane forward (eventually resulting in the cell 

spreading). Here, we assume that each individual clutch (adhesive ligand on collagen I) is a slip bond, 

with a dissociation rate that increases exponentially with the force it transmits. For cells on elastic 

substrates, these clutches are attached to elastic PAA networks represented by a linear spring with 

stiffness  (Figure 5.A). On the viscoelastic substrates, the clutches are also attached to the elastic 𝑘𝐸

PAA (as only the elastic PAA networks are coated with collagen I). However, this linear elastic 

component is then in series with a generalized Maxwell model with two relaxation timescales 

, as characterized in Figure 1.D. The parameters for these substrates are identified (𝜏𝑠1 =
𝜂1

𝑘𝑎1
,𝜏𝑠2 =

𝜂2

𝑘𝑎2)
directly from our experimental relaxation tests (Results section A, Figure 1.C-D). It should be noted that 

this new clutch-substrate linking mode (collagen I coated only on elastic PAA networks) differs from our 

previous work, in which clutches are attached to both elastic and viscous components 32. Importantly, 

this arrangement of mechanical components causes cells to sense a smaller effective stiffness on 

viscoelastic substrates, because the effective stiffness of the viscoelastic substrate (a spring in series 

with a generalized Maxwell model) is smaller than the elastic substrate stiffness (i.e. ). This 𝑘𝑒𝑓𝑓 < 𝑘𝐸

may be understood in the sense that the effective stiffness of two springs in series is lower than that of 

either spring alone. Our simulations show that the clutches of PHH cells first form stable adhesions, 

and then break after a certain (long) time (which we term the adhesion lifetime shown in Figure S5.D) 

greater than clutch binding timescale (i.e. ). This motor-clutch dynamics with adhesion 𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 > 𝜏𝑏𝑖𝑛𝑑𝑖𝑛𝑔

formation and breakage is also called as the “load and fail” regime 39 (refer to materials and methods), 

where cell spreading increases with stiffness. Thus, on viscoelastic substrates, as cells sense a lower 

effective stiffness, adhesions are weaker and offer a lower resistive force to retrograde flow, leading to 

a low cell spreading area. Our model therefore supports the experimental findings (Figure 2.D) that cell 

spreading speed decreases on viscoelastic substrates compared to elastic substrates (Figure 5.B). 
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However, this trend is reversed for Huh7 cells, which attain higher spreading areas on viscoelastic 

substrates (Figure 3.D) than on elastic substrates. In Huh7 cells, vimentin intermediate filaments are 

extensively expressed  and have been shown to increase the turnover rate of paxillin 9. PHH cells do 

not express vimentin. To account for this effect in our model, we increase the clutch dissociation rate 

. This reduces the adhesion lifetime (which becomes lower than the clutch binding timescale, i.e. 𝑟𝑜𝑓𝑓

) and causes the adhesion (or collective clutches) to break catastrophically before 𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 < 𝜏𝑏𝑖𝑛𝑑𝑖𝑛𝑔

forming large stable focal adhesions (blue lines in Figure S5.D). The motor-clutch dynamics is also 

called “frictional slippage” 39 where retrograde flow is now predominantly regulated by the adhesion 

lifetime. A reduction in the effective stiffness sensed by the cells, as on viscoelastic substrates, will 

increase this adhesion lifetime as it has properties of a slip bond. This reduces time-averaged 

retrograde flow and leads to an increase in cell spreading (refer to Materials and Methods for detailed 

explanation). Our simulations therefore support the experimental result that Huh7 cells spread more on 

viscoelastic substrates (Figure 5.C). Our analysis also provides an explanation for the higher migration 

rate of Huh7 cells (compared to PHH cells), as they can easily break their weak adhesions (in the 

frictional slippage regime) to migrate.

D. Role of cytoskeletal filaments in sensing viscoelasticity 

The cytoskeleton is known to maintain cellular architecture, morphology and traction stress 1,40. Actin 

is responsible for the force generation, and by polymerization and depolymerization, it facilitates cell 

migration. Recent studies show that the vimentin intermediate filament network maintains cellular 

architecture by sustaining large deformation 9,36. It has also been observed that vimentin can alter cell 

migration, adhesion by regulating integrin function and  protects the nucleus from DNA damage 
34,37,38,41. To investigate the role of actin and vimentin in cell spreading dynamics and adhesion in 

response to viscosity, we have used the pharmacological agents latrunculin A (LatA) and withaferin A 

(WTFA) to perturb the actin and the vimentin network respectively.

      

Before seeding cells on the hydrogel, drugs were added to the culture medium, and cell spreading was 

monitored for 4 hrs (Figure 6.A, B, movie 3,4). When vimentin is perturbed, cells on elastic substrates 

spread at a slower rate up to certain degree with an initial delay of ~30 mins and reach maximum 

spreading within 1.5 hours (Figure 6.B). In contrast, cells on viscoelastic substrates are unable to 

spread and remain mostly round (Figure 6.A, movie 4). We have quantified the area difference between 

control and WTFA-treated cells (Figure 6.C). After 4 hrs of treatment, vimentin-perturbed cells display 
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1.5-fold and 3-fold decreases in average cell area on elastic and viscoelastic substrates respectively 

(Figure 6.D). The cell area change is fitted with a power law model (A ~ tb). The peak of the exponent 

values lies between 0.07 and 1.27 for the elastic substrate whereas it is lower than 0.05 on viscoelastic 

substrates showing a slower spreading rate (Figure 4.E).

In contrast to the effects of vimentin disruption, actin perturbation affects cell spreading in a similar 

manner on both the substrates (Figure 7, movie 5, movie 6). The spreading rate is slower, and the 

average cell spreading area is smaller on both substrates compared to control (Figure 7. B, C). It may 

appear that cells are more rounded on the viscoelastic substrate (Figure 7. C) but the difference is not 

significant. The effects of WTFA and latrunculin A (Lat A) are confirmed by the immunostaining (Figure 

S3). LatA perturbs the actin network but other networks were unaffected. WTFA perturbs the vimentin 

network, and there was some effect on actin well, as revealed by immunostaining (Figure S3). 

             

Discussion 
In this work we showed that the spreading dynamics of normal and HCC cells are differently regulated 

in response to viscoelasticity. Here we observe two different modes of cell spreading for carcinoma 

cells. Normal human hepatocyte cell responses are similar to our previous finding with  fibroblasts 

where cell area is smaller on viscoelastic substrates compared to elastic substrates (Figure 2)29. On 

the other hand, hepatocellular carcinoma cells show opposite effects compared to normal human 

hepatocytes. Cells spread more, and higher motility is observed on viscoelastic substrates (Figure 3,4). 

These results may explain the correlation between elevated viscosity and metastasis in liver cancer 
42,43. In addition, cells are more anisotropic at the later stage of spreading and sometimes migrate while 

pinning one edge of the membrane to the substrate (movie 2). In contrast, cells on the elastic substrate 

are less dynamic and exhibit more isotropic spreading (movie1). On viscoelastic substrates, membrane 

pinning at one edge facilitates formation of long protrusions (Figure 4.C-E, movie2). Our findings are in 

agreement with others finding that the cell spreading area increases with the increase of loss modulus 

of the substrate for Huh7 cells (Figure 3.D) 44. 

The discrepancies between cell types can be explained by the different dynamic regimes of motor-

clutches. PHH cells are in the “load and fail” regime (Figure S5.B and S5.D). In this regime, clutches 

first make stable adhesions that break after a given (long) adhesion lifetime, and the adhesion lifetime 

is greater than the clutch binding timescale (i.e. ). Cells sense a lower effective 𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 > 𝜏𝑏𝑖𝑛𝑑𝑖𝑛𝑔

stiffness on viscoelastic substrates (as described in Results Section C), and thus the adhesion lifetimes 

are increased significantly even though adhesion forces are reduced. This facilitates high retrograde 

flow, and the outcome is a reduction in cell spreading on viscoelastic substrates. In contrast, Huh7 cells 
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are in the “frictional slippage” regime (Figure S5.B and S5.D) as their higher vimentin expression or 

other changes in composition and signaling increases the clutch disassociation rate. Here, clutches 

quickly bind and then break catastrophically without forming large stable focal adhesions (i.e. 𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 <

). In this frictional slippage regime, a lower effective stiffness (as sensed by cells on viscoelastic 𝜏𝑏𝑖𝑛𝑑𝑖𝑛𝑔

substrates) extends the adhesion lifetime significantly, stalls the retrograde flow, and leads to an 

increase in cell spreading on viscoelastic substrates. Interestingly, Huh7 cells migrate faster than PHH 

cells. This indicates that Huh7 cells have smaller adhesions (corresponding to lower clutch bound 

fractions with shorter adhesion lifetimes in Figure S5.D) and exhibit frictional slippage dynamics, and 

in turn validates our model.

It has previously been reported that vimentin promotes cell migration, which may be correlated with 

denser and longer filaments on viscoelastic substrates as shown by immunostaining images 9. Our 

results show that the inhibition of vimentin restricts cell spreading on the viscoelastic environment more 

than on the elastic substrate. This indicates that the vimentin activity might be important not only to 

sustain large deformation but also at the leading-edge dynamics and the reinforcement of cell 

adhesion. Interestingly, when cells are treated with WTFA, cell spreading on elastic substrates is 

delayed for 30 mins before starting to form adhesion sites, which needs further investigation for better 

understanding of the mechanism of delay to overcome the perturbation. 

Our finding confirms that normal and carcinoma cells have different spreading dynamics at the 

molecular level, which are influenced by the viscosity of the substrate. However, the work is focused 

only on one cancer cell line, and cell substrate interactions are tested for only one ligand: collagen I. 

One of the main technical limitations of this work is the viscosity range, which is limited to 10% of the 

shear modulus value G. A proper theoretical framework for traction force measurement, which will 

include the dissipative component of the substrate, is required. 

In summary, our results suggest that the use of purely elastic materials to understand cell 

mechanoresponse in tissues whose function requires nonlinearity and dissipation will not fully describe 

mechanosensitivity. To approximate biological tissues or to reveal cellular behavior in a diseased state, 

use of viscoelastic substrates would be more appropriate to mimic the mechanical environment of cells. 

Our data demonstrate that using a dissipative system, normal and cancerous cell mechanics and 

behavior can be characterized and differentiated. This result indicates that the relaxation timescales 

regulate hepatocellular carcinoma cell motility, force generation, intracellular organization and cell 

substrate interactions differently compared to normal hepatocytes. The underlying mechanism of 

increased viscosity in liver metastasis would be important to identify and its possible consequences 

can now be better characterized using this new class of viscoelastic substrates. 
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Statistical analysis
Data are expressed as means ± standard error of the mean. Statistical relevance was evaluated using 

Student’s t-tests and the p-value is indicated (n.s= non-significant, * p<0.05, ** p<0.01, *** p<0.001) 

otherwise specified.

Materials and Methods:
Hydrogel preparation: Hydrogels are prepared as described in the previous work32. Briefly, for elastic 

substrate 8% acrylamide and 0.1% bis-acrylamide (Bio-Rad), 2% N-hydroxysuccinimide (dissolved in 

DMSO) (Sigma), 0.375 % 3-Aminopropylsilyl (Thermo Fisher Scientific), 0.125% 

tetramethylethylenediamine (Millipore Sigma) added into water to prepare elastic gel of stiffness 5kPa 

(G’=5kPa and G” =0Pa) and for viscoelastic gel (G’ = 5kPa, G” =600Pa) 14.3 % linear acrylamide 

(5%stock) and 0.15% bis-acrylamide (instead 0.1%) added to the same protocol as elastic substrate 

recipe (Fig1(a)). Gels are laminated with (100 μg/ml) collagen type I (Corning) by incubation overnight 

at 4 °C.

Rheological Measurement: Rheology measurements were performed using an RFS3 strain-

controlled rheometer fitted with 25 mm diameter parallel plates and a Peltier element incorporated in 

the bottom plate of the rheometer. For each sample, the gel is directly polymerized between the parallel 

plates of the rheometer 1. Time evolution of polymerization is measured for elastic and viscoelastic 

substrates in 2% strain and 1rad/sec. The equilibrium shear modulus (G′ and G′′) determined by the 

plateau (Figure 1.B). Stress-relaxation experiments were performed by applying 10% strain. Stress-

relaxation curves were fitted with a generalized Maxwell model consisting of two Maxwell units in 

parallel and relaxations times are obtained using Origin Pro (Origin Lab). 

Cell Culture, reagents, immunostaining: Huh7 cells (ATCC) are well differentiated hepatocyte 

derived cellular carcinoma cell line taken from a liver tumor of a 57-year-old Japanese male in 1982 

(The line was established by Nakabayshi, H. and Sato, J). Huh7cells are grown in DMEM 1X (Life 

Technologies) supplemented with 10% (vol/vol) FBS (GE Healthcare Life Sciences) at 37 °C with 5% 

(vol/vol) CO2. Before seeding the cells, protein solutions are removed, and hydrogels are incubated 

with respective medium for 30mins at 37 °C with 5% CO2. Cells are plated at a density of 50,000 

cells/gel or less in 100 µl of medium for 22 mm diameter coverslip. Primary human hepatocytes from 

multiple lots (BD Gentest, Tewksbury, MA; Lonza, Walkersville, MD; Thermo Fisher Scientific, 

Waltham, MA) are grown in hepatocyte maintenance medium (Williams Medium E (Sigma-Aldrich) with 

maintenance supplements (CM4000, Thermo Fisher Scientific) ) and hepatocyte plating medium 

(Williams Medium E (Sigma-Aldrich) with plating supplements (CM3000, Thermo Fisher Scientific)) 

(TRL). Cells are taken for time lapse imaging immediately after seeding. PHH cells are plated at a 
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density of 100,000 cells/gel or more in 100 to 200 µl of plating medium for 22x22 mm diameter 

coverslips. To maintain nearly the same cell density as Huh7 cells on the gel, PHH cell density was 

kept higher as not all the cells adhere to the substrate. After 12hrs of culture in plating medium, PHH 

cells are cultured with maintenance medium.

For immunofluorescence experiments, cells are fixed with 4% paraformaldehyde (Affymetrix) followed 

by 5% BSA and 1% Saponin (Sigma) for blocking and permeabilization. Primary antibodies are Alexa- 

Fluor 647 phalloidin (Invitrogen), and anti-vimentin (Novus Biologicals), dapi (Sigma). To perturb actin 

and the vimentin network, latrunculin A (2μM) and withaferin A (8μM), (Millipore) were added 

respectively to the culture medium prior seeding the cells on the hydrogels.

Video microscopy and Imaging and Analysis: Time lapse images of the cell are acquired with Leica 

DMIRE2 microscope using ivision software. An environmental chamber is used to maintain the 

temperature at 37 °C and 5% CO2 for live cell imaging. Cell spreading images are acquired at multiple 

positions at every 5 minutes of time interval for 4 hours or more with a 10X objective. Cell images after 

24 hours are taken with 10X or higher magnification. Immunofluorescence images are acquired with 

100X and 40X objectives. Image J software is used for cell spreading, protrusion length (using the 

freehand tool) and the motility assay. Cell area, dynamics, migration and protrusion are calculated using 

Fiji. Cell speed is calculated by finding the centroid of the cell by manual tracking using Fiji at a rate of 

10 mins per frame. A Matlab routine is developed for power law spreading analysis. 

Motor clutch model for cell spreading on viscoelastic substrates

We adopted the canonical motor-clutch model to study the impact of viscoelasticity on cell spreading. 

In this model, myosin motors pull the actin filament bundle towards the cell center, generating 

retrograde flow of actin. The molecular clutches, connecting the F-actin with the substrate, were 

assumed to be able to randomly break or re-engage with a dissociation or association rate of  or 𝑟𝑜𝑓𝑓,𝑖

 respectively. The master equation describing the evolution of the state of each clutch can be written 𝑟𝑜𝑛

as:

𝑑𝑃𝑏,𝑖

𝑑𝑡 = (1 ― 𝑃𝑏,𝑖)𝑟𝑜𝑛 ― 𝑃𝑏,𝑖𝑟𝑜𝑓𝑓,𝑖 ,                                                              [𝑺𝟏]

where  represents the probability for clutch  to remain engaged. As the F-actin slides, a bound 𝑃𝑏,𝑖 𝑖

clutch (treated as a linear spring with stiffness, ) undergoes stretching and hence generates a force 𝑘𝑐

 resisting the retrograde flow of actin. If the displacements of the filament- and substrate-end of the 𝐹𝑐,𝑖

clutch are denoted as  and , then the force can be expressed as . For slip bonds, 𝑥𝑐,𝑖 𝑥𝑠 𝐹𝑐,𝑖 =  𝑘𝑐(𝑥𝑐,𝑖 ― 𝑥𝑠)
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the dissociation rate is expected to increase exponentially with , that is , where 𝐹𝑐,𝑖 𝑟𝑜𝑓𝑓,𝑖 = 𝑟0
𝑜𝑓𝑓 ∙ exp (𝐹𝑐,𝑖

𝐹𝑏 )
 is a characteristic unbinding force and  represents the breaking rate of unloaded clutches. 𝐹𝑏 𝑟0

𝑜𝑓𝑓

A generalized Maxwell model with two relaxation timescales was used to fit the rheological data for 

viscoelastic substrates. Because collagen I is coated only on the elastic network, one extra elastic 

component (represented by linear spring) was added in series with a generalized Maxwell model, 

representing a viscoelastic network (Figure S5.A). The force-displacement relation can be written as:

𝑘𝑎1 + 𝑘𝑎2 + 𝑘𝑙 + 𝑘𝐸

𝑘𝐸
𝐹

𝑠
= (𝑘𝑎1 + 𝑘𝑎2 + 𝑘𝑙)𝑥𝑠 ― 𝑘𝑎1𝑥𝜂1 ― 𝑘𝑎1𝑥𝜂1;         

𝜂1
𝑑𝑥𝜂1

𝑑𝑡 =
𝑘𝑎1

𝑘𝐸
(𝑘𝐸𝑥𝑠 ― 𝑘𝐸𝑥𝜂1 ― 𝐹𝑠);              

𝜂2
𝑑𝑥𝜂2

𝑑𝑡 =
𝑘𝑎2

𝑘𝐸
(𝑘𝐸𝑥𝑠 ― 𝑘𝐸𝑥𝜂2 ― 𝐹𝑠).                                                                   [𝑺𝟐]

Here  and  are the first and second additional stiffness and viscosity respectively 𝑘𝑎1,  𝜂1  𝑘𝑎2,  𝜂2

corresponding to the first and second relaxation timescales, i.e.,  and  (Figure 𝜏𝑠1 = 𝜂1/𝑘𝑎1 𝜏𝑠2 = 𝜂2/𝑘𝑎2

S5.A).  and  are the displacement of first and second dashpot respectively. Since the elastic PAA 𝑥𝜂1 𝑥𝜂2

component is dragged out to directly attach on clutches, the elastic component that is left (spring with 

stiffness ) should be less stiff than the elastic PAA networks (spring with stiffness ). That is  𝑘𝑙 𝑘𝐸 𝑘𝑙 < 𝑘𝐸

for viscoelastic PAA substrates. On the other hand, when the left stiffness  approaches infinite (𝑘𝑙 𝑘𝑙 ≫ 𝑘𝐸

), the whole model becomes a linear spring with stiffness . 𝑘𝐸

The total load from focal adhesion transmitted to the substrate  is the sum of all forces sustained by 𝐹𝑠

bounded clutches, that is

𝐹𝑠 = 𝑘𝑐∑𝑛𝑐

𝑖 = 1
(𝑥𝑐,𝑖 ― 𝑥𝑠).                                                                        [𝑺𝟑]

Based on the Hill’s relation, the substrate force can be related to the retrograde flow speed, , 𝑉𝑓

𝑉𝑓 = 𝑣𝑢 ∙ [1 ―
𝐹𝑠

𝑁𝑚𝐹𝑚],                                                                      [𝑺𝟒]

Where,  is the number of myosin motors,  refers to the characteristic stalling force, and  𝑁𝑚  𝐹𝑚 𝑣𝑢

represents the maximum retrograde flow velocity. For a clutch that remains engaged, its filament-end 

moves with the F-actin, while a broken clutch carries zero load and moves with the substrate ( ):𝑥𝑐,𝑖 = 𝑥𝑠

𝑑𝑥𝑐,𝑖

𝑑𝑡 = 𝑃𝑏,𝑖𝑉𝑓 + (1 ― 𝑃𝑏,𝑖)
𝑑𝑥𝑠

𝑑𝑡 .                                                             [𝑺𝟓]
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Besides, we were able to relate the cell spreading speed, , to the retrograde flow ( ) and  𝑉𝑠 𝑉𝑓

polymerization velocity ( , treated as a constant) as : 𝑉𝑝  

𝑉𝑠 = 𝑉𝑝 ― 𝑉𝑓.                                                                                      [𝑺𝟔]

By solving all those equations (S1-S6) with the Monte Carlo method, we can simulate the cell spreading 

speed with time for both elastic and viscoelastic substrates (Figure S5.D). The time-averaged spreading 

speed is used to characterize the cell spreading. Here we did not include the talin unfolding (clutch 

reinforcement mechanism) 45–47, as the PAA substrates are relatively soft where talin cannot unfold. 

We should note here, similar to the case that the effective stiffness of two springs in series is smaller 

than either spring alone, the effective stiffness of the viscoelastic substrate (a spring in series with 

general Maxwell model) should be smaller than the elastic substrate stiffness (i.e. ). The 𝑘𝑒𝑓𝑓 < 𝑘𝐸

stiffness ratio  characterizes how a viscoelastic model behaves close to a pure elastic 𝛽 = 𝑘𝑙/𝑘𝐸

substrate of stiffness . Our simulation shows that, for PHH cells, spreading speed increases as the 𝑘𝐸

substrate becomes more elastic (  increases). However, for Huh7 cells, the vimentin intermediate 𝛽

filaments will increase the paxillin turnover rate. This is equivalent to an increased clutch disassociation 

rate . We also increased the polymerization speed and unloading retrograde flow to account for the 𝑟0
𝑜𝑓𝑓

high motility and dynamics of Huh7 cells. By implementing this into our model, we can find the reverse 

viscoelastic regulation effect that cell spreading speed decreases as substrate becomes more elastic 

(Figure S5.C). 

The different cell spreading responses to viscoelasticity are due to the fact that motor-clutches lie in 

different dynamic regimes. Based on the classical motor clutch framework 39, different dynamic 

behaviors are determined by the competition of two timescales: the clutch binding timescale  𝜏𝑏𝑖𝑛𝑑𝑖𝑛𝑔

and the adhesion lifetime scale  (Figure S5.D). In the “load and fail” regime, the adhesion lifetime 𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

is always larger than binding timescale (i.e. ), and the adhesion force responses to 𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 > 𝜏𝑏𝑖𝑛𝑑𝑖𝑛𝑔

stiffness dominate the regulation. Thus, a higher stiffness increases adhesive forces and resists the 

retrograde flow more, even though the adhesion lifetime is slightly reduced. This leads to a positive 

regulation trend that a higher stiffness increases cell spreading. However, in the “frictional slippage” 

regime, the adhesion lifetime is smaller than binding timescale (i.e. ), and the 𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 < 𝜏𝑏𝑖𝑛𝑑𝑖𝑛𝑔

regulation effect is mainly determined by the adhesion lifetime. A higher substrate stiffness decreases 

the adhesion lifetime greatly, and thus shortens the adhesion working time on resisting retrograde flow. 

This causes a larger time-averaged retrograde flow even though the adhesive force is slightly larger, 

which leads to a reverse effect that a higher stiffness decreases cell spreading (Figure S5.B).
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PHH cells are in the “load and fail” regime 39, since clutches firstly form stable adhesions and break 

after certain adhesion lifetime longer than clutch binding timescale (i.e. ). In this 𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 > 𝜏𝑏𝑖𝑛𝑑𝑖𝑛𝑔

regime, a lower stiffness (sensed by cells on viscoelastic substrates) decreases adhesion forces 

greatly, promotes the retrograde flow and eventually decreases cell spreading. However, Huh7 cells 

are in the “frictional slippage” regime 39, because the higher clutch disassociation rate reduces the 

adhesion lifetime greatly causing a smaller lifetime scale than clutch binding timescale (i.e. 𝜏𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 <

). In this regime, clutches quickly bind and unbind without forming large stable focal adhesions. 𝜏𝑏𝑖𝑛𝑑𝑖𝑛𝑔

Even though single bounded clutch force is smaller on viscoelastic substrates as cells sense a lower 

effective stiffness, the adhesion lifetimes are increased greatly. This extends the adhesions working 

time on resisting the retrograde flow, thereby decreasing the time-averaged retrograde flow on 

viscoelastic substrates. Thus, a lower stiffness (sensed by cells on viscoelastic substrates) decreases 

the retrograde flow and leads to an increase of cell spreading. All the motor-clutch and substrate 

parameters can be seen in the Table.S1. 

Cell Traction Force Microscopy: To perform TFM experiments, hydrogel substrates were prepared 

as described before1,6. In addition, 1% of 200 nm fluorescently labeled green beads (2% solid, Thermo 

Fisher Scientific) were added to both of the PAA gel solution before leaving it for polymerization. After 

24 hrs of plating cells, phase images of the cell, stressed and relaxed images of fluorescently labelled 

beads were acquired.  For the TFM analysis, a custom-built Matlab code was used. At any time, the 

exerted force can be calculated from the displacement of the bead embedded in the hydrogel 6. Images 

of the bead with and without cells are taken. The same Green’s function is used for both elastic and 

viscoelastic substrate considering that the bead relaxation time is long enough for complete relaxation 

after detaching the cells from the viscoelastic substrate48,49. The details of the calculation can be found 

in reference 48. From the displacement fields, we calculated cellular contractile forces per unit area 

using constrained Fourier Transform Traction Microscopy 49.  

References

1 K. Mandal, D. Raz-Ben Aroush, Z. T. Graber, B. Wu, C. Y. Park, J. J. Fredberg, W. Guo, T. 

Baumgart and P. A. Janmey, ACS Nano, 2018, acsnano.8b05286.

2 L. Duciel, O. Anezo, K. Mandal, C. Laurent, N. Planque, F. M. Coquelle, D. Gentien, J.-B. 

Manneville and S. Saule, Sci. Rep., 2019, 9, 2990.

3 M. E. Murray, M. G. Mendez and P. A. Janmey, Mol. Biol. Cell, 2014, 25, 87–94.

4 A. F. Pegoraro, P. Janmey and D. A. Weitz, Cold Spring Harb. Perspect. Biol., 2017, 9, 

Page 13 of 27 Biomaterials Science



a022038.

5 T. Yeung, P. C. Georges, L. A. Flanagan, B. Marg, M. Ortiz, M. Funaki, N. Zahir, W. Ming, V. 

Weaver and P. A. Janmey, Cell Motil. Cytoskeleton, 2005, 60, 24–34.

6 K. Mandal, I. Wang, E. Vitiello, L. A. C. Orellana and M. Balland, Nat. Commun.,2014 

ncomms6749.

7 J. Solon, I. Levental, K. Sengupta, P. C. Georges and P. A. Janmey, Biophys. J., 2007, 93, 

4453–4461.

8 M. H. Zaman, L. M. Trapani, A. L. Sieminski, A. Siemeski, D. Mackellar, H. Gong, R. D. Kamm, 

A. Wells, D. A. Lauffenburger and P. Matsudaira, Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 

10889–94.

9 M. G. Mendez, S.-I. Kojima and R. D. Goldman, FASEB J., 2010, 24, 1838–51.

10 L. Almany and D. Seliktar, Biomaterials, 2005, 26, 2467–2477.

11 K. Sengupta, H. Aranda-Espinoza, L. Smith, P. Janmey and D. Hammer, Biophys. J., 2006, 91, 

4638–4648.

12 D. E. Discher, P. Janmey and Y.-L. Wang, Science, 2005, 310, 1139–43.

13 F. J. Byfield, Q. Wen, I. Levental, K. Nordstrom, P. E. Arratia, R. T. Miller and P. A. Janmey, 

Biophys. J., 2009, 96, 5095–5102.

14 L. Chin, Y. Xia, D. E. Discher and P. A. Janmey, Curr. Opin. Chem. Eng., 2016, 11, 77–84.

15 Z. Liu and L. Bilston, Biorheology, 2000, 37, 191–201.

16 M. Caralt, E. Velasco, A. Lanas and P. M. Baptista, Organogenesis, 2014, 10, 250–259.

17 E. J. Semler and P. V. Moghe, Biotechnol. Bioeng., 2001, 75, 510–520.

18 P. C. Georges, J.-J. Hui, Z. Gombos, M. E. McCormick, A. Y. Wang, M. Uemura, R. Mick, P. A. 

Janmey, E. E. Furth and R. G. Wells, Am. J. Physiol. Liver Physiol., 2007, 293, G1147–G1154.

19 M. F. Berry, A. J. Engler, Y. J. Woo, T. J. Pirolli, L. T. Bish, V. Jayasankar, K. J. Morine, T. J. 

Gardner, D. E. Discher and H. L. Sweeney, Am. J. Physiol. Circ. Physiol., 2006, 290, H2196–

H2203.

20 C. Storm, J. J. Pastore, F. C. MacKintosh, T. C. Lubensky and P. A. Janmey, Nature, 2005, 

435, 191–194.

Page 14 of 27Biomaterials Science



21 M. Perepelyuk, L. Chin, X. Cao, A. van Oosten, V. B. Shenoy, P. A. Janmey and R. G. Wells, 

PLoS One, 2016, 11, e0146588.

22 Z. Dai, Y. Peng, H. A. Mansy, R. H. Sandler and T. J. Royston, Med. Eng. Phys., 2015, 37, 

752–758.

23 D. Guet, K. Mandal, M. Pinot, J. Hoffmann, Y. Abidine, W. Sigaut, S. Bardin, K. Schauer, B. 

Goud and J. B. Manneville, Curr. Biol., 2014, 24, 1700–1711.

24 D. Weihs, T. G. Mason and M. A. Teitell, Biophys. J., 2006, 91, 4296–4305.

25 M. S. Hall, F. Alisafaei, E. Ban, X. Feng, C.-Y. Hui, V. B. Shenoy and M. Wu, Proc. Natl. Acad. 

Sci. U. S. A., 2016, 113, 14043–14048.

26 J. Lou, R. Stowers, S. Nam, Y. Xia and O. Chaudhuri, Biomaterials, 2018, 154, 213–222.

27 K. Mandal, A. Asnacios, B. Goud and J.-B. Manneville, Proc. Natl. Acad. Sci., 2016, 113, 

E7159–E7168.

28 K. Mandal, K. Pogoda, S. Nandi, S. Mathieu, A. Kasri, E. Klein, F. Radvanyi, B. Goud, P. A. 

Janmey and J.-B. Manneville, Nano Lett., 2019, 19, 7691–7702.

29 E. E. Charrier, K. Pogoda, R. G. Wells and P. A. Janmey, Nat. Commune., 2018 02906-9.

30 X. Cao, E. Ban, B. M. Baker, Y. Lin, J. A. Burdick, C. S. Chen and V. B. Shenoy, Proc. Natl. 

Acad. Sci. U. S. A., 2017, 114, E4549–E4555.

31 B. L. Bangasser, S. S. Rosenfeld and D. J. Odde, Biophys. J., 2013, 105, 581–592.

32 Z. Gong, S. E. Szczesny, S. R. Caliari, E. E. Charrier, O. Chaudhuri, X. Cao, Y. Lin, R. L. 

Mauck, P. A. Janmey, J. A. Burdick and V. B. Shenoy, Proc. Natl. Acad. Sci. U. S. A., 2018, 

115, E2686–E2695.

33 L. Kreplak, H. Bär, J. F. Leterrier, H. Herrmann and U. Aebi, J. Mol. Biol., 2005, 354, 569–577.

34 Z. Qin, L. Kreplak and M. J. Buehler, Nanotechnology, 2009, 20, 425101.

35 L. Hu, S. H. Lau, C.-H. Tzang, J.-M. Wen, W. Wang, D. Xie, M. Huang, Y. Wang, M.-C. Wu, J.-

F. Huang, W.-F. Zeng, J. S. T. Sham, M. Yang and X.-Y. Guan, Oncogene, 2003, 23, 298.

36 M. G. Mendez, D. Restle and P. A. Janmey, Biophys. J., 2014, 107, 314–323.

37 A. E. Patteson, A. Vahabikashi, K. Pogoda, S. A. Adam, K. Mandal, M. Kittisopikul, S. 

Sivagurunathan, A. Goldman, R. D. Goldman and P. A. Janmey, J. Cell Biol., 2019, 

Page 15 of 27 Biomaterials Science



jcb.201902046.

38 A. E. Patteson, K. Pogoda, F. J. Byfield, K. Mandal, Z. Ostrowska‐Podhorodecka, E. E. 

Charrier, P. A. Galie, P. Deptuła, R. Bucki, C. A. McCulloch and P. A. Janmey, Small, 2019, 

1903180.

39 C. E. Chan and D. J. Odde, Science, 2008, 322, 1687–1691.

40 K. Mandal, M. Balland and L. Bureau, PLoS One, 2012. pone.0037548.

41 R. O. Hynes, Cell, 2002, 110, 673–87.

42 J. Gonzalez-Molina, X. Zhang, M. Borghesan, J. Mendonça da Silva, M. Awan, B. Fuller, N. 

Gavara and C. Selden, Biomaterials, 2018, 177, 113–124.

43 S. Doblas, M. Wagner, H. S. Leitao, J. L. Daire, R. Sinkus, V. Vilgrain and B. E. Van Beers, 

Invest. Radiol., 2013, 48, 722–728.

44 A. R. Cameron, J. E. Frith and J. J. Cooper-White, Biomaterials, 2011, 32, 5979–5993.

45 A. Elosegui-Artola, X. Trepat and P. Roca-Cusachs, Trends Cell Biol., 2018, 28, 356–367.

46 A. Elosegui-Artola, R. Oria, Y. Chen, A. Kosmalska, C. Pérez-González, N. Castro, C. Zhu, X. 

Trepat and P. Roca-Cusachs, Nat. Cell Biol., 2016, 18, 540–548.

47 A. Elosegui-Artola, E. Bazellières, M. D. Allen, I. Andreu, R. Oria, R. Sunyer, J. J. Gomm, J. F. 

Marshall, J. L. Jones, X. Trepat and P. Roca-Cusachs, Nat. Mater., 2014, 13, 631–637.

48 J. P. Butler, I. M. Tolic-Norrelykke, B. Fabry and J. J. Fredberg, AJP Cell Physiol., 2002, 282, 

C595–C605.

49 I. M. Tolic-Norrelykke, J. P. Butler, J. Chen and N. Wang, AJP Cell Physiol., 2002, 283, C1254–

C1266.

Acknowledgments

General: We thankfully acknowledge Elisabeth E. Charrier for the viscoelastic gel protocol. We thank 
LiKang Chin for helping with primary human hepatocyte culture.

Funding: KM was supported by the Physical Science Oncology Center (PSOC) grant U54-CA193417 
and NSF-16 DMR-1720530. A.R was funded by the RET program of the NSF (18-089) through the 
Center for Engineering Mechanobiology NSF STC 1548571 P.A.J acknowledges NIH grant 
GM111942. 

Author contributions: Research Design by K.M., Z.G., V.B.S. and P.A.J. Experiments performed, 
and data analyzed by K.M and A.R. Theoretical model developed by Z.G. and V.B.S. All authors 
contributed in writing the manuscript.

Page 16 of 27Biomaterials Science



Competing interests: There is no conflict of interest. 

Figure Legend

Figure1: 

Hydrogel characterization. (A) schematic of the materials: elastic cross-linked network of polyacrylamide (left) 

and viscoelastic network (right) has been made using linear acrylamide (red). (B) (Left) a typical stress-relaxation 

of a viscoelastic gel (10% strain applied at 1 rad/sec) time. (inset) curve fitting is shown on a different scale. (C) 

Curve is fitted with generalized Maxwell model consists of two Maxwell units in parallel. (D) Average values of 

two relaxation time scales tau1  and tau2 are shown. Error bars represent standard error of the mean (𝜏1) (𝜏2) 

(N=3). 

Figure2: 

Mechanoresponse of Primary Human Hepatocyte cells revealed by viscoelastic gels. (A) schematic of PHH cell 

response. Cell spreading on elastic and viscoelastic substrates. (A) schematic of the materials and PHH cell 

response. Elastic cross-linked networks (upper) and viscoelastic networks (lower) were made using linear (red) 

and crosslinked (blue) polyacrylamide and collagen I (green) coated only on elastic network. Bright-field images 

of PHH cells plated on elastic (upper panel) and viscoelastic (lower panel) substrates. Note that images are 

representative of different positions at each time point (1 hr, 4 hrs, 8 hrs, 24 hrs). Scale bar: 50 µm. (B) Time 

evolution of cell areas (top) on elastic (black) and viscoelastic (grey) substrates. Error bars represent standard 

error of the mean (N=13 and 15 cells on each substrate respectively). (C) Frequency count of exponents obtained 

from individual cell spreading area growth curve fitting to a power law model. (D) PHH cell areas on elastic and 

viscoelastic substrates at 24 hrs. Error bars represent standard error of the mean (N=13 and 15 cells on each 

substrate substrates respectively). p-values are determined from Student’s t-test for unpaired samples f (* 

p<0.05).

Figure3: 

Mechanoresponse of Huh7 cells on elastic and viscoelastic gel substrates. (A) schematic of the materials and 

cell response. Elastic cross-linked networks (upper) and viscoelastic networks (lower) were made using linear 

(red) and crosslinked (blue) polyacrylamide and collagen I coated only on elastic network. Bright-field images of 

Huh7 cells plated on elastic (upper panel) and viscoelastic (lower panel) substrates. Images are representative 

of 1 hr time interval (1 hr, 2 hrs, 3 hrs, 4 hrs). Scale bar, 10 µm. (B) Time evolution of cell areas (left) on elastic 

(black) and viscoelastic (orange) substrates. Error bars represent standard error of the mean (N=15 cells on 

each substrate). (C) Frequency count of exponents obtained from individual cell spreading area growth curve 
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fitting to a power law model. (D) Huh7 cell areas on elastic and viscoelastic substrates at 4 hrs. Error bars 

represent standard error of the mean (N=15 cells on each substrate substrates respectively). p-values are 

determined from Student’s t-test for unpaired samples f (** p<0.005).

Figure4:

 Huh7 cell dynamics. (A) Bright-field image of Huh7 cell (left) showing cell position at 0 hr. (upper panel) and at 

4 hr (lower panel) on elastic and viscoelastic substrates. Scale bar, 10 µm. Net displacement of cells on elastic 

and viscoelastic substrates. Error bars represent standard error of the mean (N=15 cells on each substrate). 

Each data point represents 5 mins. (B) Cell migration speed and persistence calculated on elastic (blue) and 

viscoelastic (green) substrates during a 4 hr period. (C) Bright field image of cell protrusions. (D) and (E) cell 

protrusions are quantified during cell spreading and average protrusion length determined after 4 hrs on both 

elastic (black) and viscoelastic (orange) substrates (N=80, N=83 cells respectively). Bright field images (left) 

show protrusion during spreading, percentage of cells with protrusion (middle) quantified every hour over 4 hrs, 

average protrusion length (right). (F) traction stress map on elastic and viscoelastic substrates. (G) Cell traction 

dynamics on both elastic (black) and viscoelastic (orange) substrates (N=13 cells for each). Force percentage 

calculated with reference to traction force at 30 min. (H) Average cell traction stress after 4hrs calculated on 

elastic (black) and viscoelastic (orange) substrates with error bars represent standard error of the mean (N=23 

and N=27 cells on elastic and viscoelastic substrates respectively). p-values are determined from Student’s t-

test for unpaired samples with respect to control cells (*** p<0.0001, n.s p> 0.1). 

Figure 5: 
Model explains the viscoelastic regulation results for different cells. (A) Schematic of motor clutch model for a 

cell spreading on an elastic or viscoelastic substrate (collagen I coated only on elastic PAA components). Myosin 

motors pull the actin bundle towards cell center at a retrograde flow velocity . Clutches connect the actin bundle 𝑉𝑓

to the substrate based on the reaction rates  and  and resist the retrograde flow. The spreading speed  𝑟𝑜𝑛 𝑟𝑜𝑓𝑓 𝑉𝑠

is the difference between polymerization speed  and retrograde flow  The viscoelastic substrate is 𝑉𝑝 𝑉𝑓.

represented as a generalized Maxwell model with two relaxation timescale . (B-C) Spreading (𝜏𝑠1 =
𝜂1

𝑘𝑎1
,𝜏𝑠2 =

𝜂2

𝑘𝑎2)
speed  of PHH cells (B) and Huh7 cells (C) on elastic (black) and viscoelastic (orange) substrates. Error bars 𝑉𝑠

represent the standard deviation (N=10 simulations).

Figure6: 
Role of vimentin in Huh 7 cell mechanoresponse. (A) Bright-field image of Huh7 cell plated on elastic (left) and 

viscoelastic (right) substrates when cells are treated with withaferin A at 0 hr and 4 hrs. Scale bar 50 µm. (B) 

Time evolution of cell area (top) and roundness (bottom) on elastic (blue) and viscoelastic (red) substrates. Error 

bars represent standard error of the mean (N=15 cells on each substrates). (C) Huh7 cell areas at 4 hrs (left) 

Page 18 of 27Biomaterials Science



and (D) fold change in areas with respect to control (average cell areas are used) when treated with withaferin 

A on elastic (blue) and viscoelastic (red) substrates are shown. Error bars represent standard error of the mean 

(N=15 cells on each substrate). p-values are determined from Student’s t-test for unpaired samples f (** p<0.005; 

* p<0.05). (E) Frequency count of exponent obtained from individual cell spreading area growth curve fitting to 

a power law model.

Figure 7:  
Role of actin in Huh 7 cell mechanoresponse. (A) Bright-field image of Huh7 cell plated on elastic (left panel) 

and viscoelastic (right panel) substrates when cells are treated with latrunculin A at 0 hr and 4 hrs. time. Scale 

bar 100 µm. (B) Time evolution of cell area (top) and roundness (bottom) on elastic (blue) and viscoelastic (red) 

substrates. Error bars represent standard error of the mean (N=15 cells on each substrate). (C) Huh7 cell area 

at 4 hrs. (left), fold change in area (middle) with respect to control and roundness of the cell (right) when treated 

with Latrunculin A on elastic (blue) and viscoelastic (red) substrates are shown. Error bars represent standard 

error of the mean (N=15 cells on each substrate). p-values are determined from Student’s t-test for unpaired 

samples f (** p<0.005; * p<0.05). 
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Viscoelastic

Hepatocellular carcinoma cells (Huh7)

• Increased spread area
• Long protrusions
• Increased motility

Elastic
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