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Abstract:  

Cell behavior is influenced by the biophysical properties of their microenvironments, and the linear elastic 

properties of substrates strongly influences adhesion, migration, and differentiation responses. Because 

most biological tissues exhibit non-linear elastic properties, there is a growing interest in understanding 

how the viscous component of materials and tissues influences cell fate. Here we describe the use of 

microgel thin films with controllable non-linear elastic properties for investigating the role of material 

loss tangent on cell adhesion, migration, and myofibroblastic differentiation, which have implications in 

fibrotic responses. Fibroblast modes of migration are dictated by film loss tangent; high loss tangent 

induced ROCK-mediated amoeboid migration while low loss tangent induced Rac-mediated 

mesenchymal cell migration. Low loss tangent films were also associated with higher levels of 

myofibroblastic differentiation. These findings have implications in fibrosis and indicate that slight 

changes in tissue viscoelasticity following injury could contribute to early initiation of fibrotic related 

responses. 

 

 



Introduction: 

The mechanics of a cell’s biophysical microenvironment can influence cellular behavior in a 

number of ways. For example, substrate stiffness has been shown to modulate the attachment, 

proliferation, and differentiation of a number of cell types[1–3]. In order to study these phenomena, linear 

elastic materials, such as polyacrylamide gels, are commonly used but unfortunately do not exhibit the 

same time-dependent and non-linear elastic responses as biological tissues[4]. Therefore, there has been 

great interest in elucidating the role of non-linear material properties in controlling cellular phenotypes. 

Recent studies have shown that materials with differing viscoelastic properties are capable of directing 

cellular mechanotransduction responses irrespective of substrate stiffness[5]. Studies by Cameron et al. 

found that hydrogels with constant elastic moduli, but varying loss moduli, increase mesenchymal stem 

cell adhesion, proliferation, and differentiation rates compared to cells seeded on a purely elastic substrates 

with the same stiffness[6,7]. Furthermore, these responses extend to other cell types; myoblasts[8], 

chondrocytes[9], endothelial cells[10], and epithelial cells[11] also show increased adhesion, spread area, 

and proliferation on non-linear elastic substrates when compared to a purely elastic substrates of the same 

elastic modulus. These results also indicate that stiffness alone is not a robust enough characterization of 

non-linear elastic materials since cellular responses can change with small changes in viscoelasticity. 

Therefore, there exists the fundamental need for the development of materials with highly controllable 

viscoelastic properties to further elucidate the role these properties play in mechanotransduction. 

Having a material platform that can accurately model nuanced viscoelastic changes in a cell’s 

microenvironment could also be useful to elucidate the dynamics behind more complex biological 

processes, such as fibrosis. Fibrosis is characterized by the formation of scar tissue, which leads to overall 

tissue stiffening and has been shown to influence cellular responses such as migration, protein expression, 

and cytokine activation/signaling. Increased substrate stiffness leads to the generation of higher traction 

forces, increased mesenchymal cell migration rates, and increased expression of smooth muscle α-actin 

(α-SMA) which enhances cell contractility and promotes fibrosis[12–14]. Additionally, increased cell 



contractility can lead to activation of transforming growth factor beta (TGFb), which contributes to 

myofibroblastic differentiation and fibrotic responses[15–17]. Lastly, fibrosis-associated growth factors, 

such as connective tissue growth factor (CTGF), are increased on stiff substrates[18]. However, it remains 

unclear how these processes are altered at the onset of fibrosis and how diminished tissue viscoelasticity 

may play a roll.  

Here we present the use of microgel thin films as a tunable material platform for investigating the 

role of viscoelastic properties in modulating cell adhesion, migration responses, and fibrosis-associated 

gene expression. Poly(N-isopropylacrylamide)-co-(acrylic acid) (pNIPAm-co-AAc) microgels can be 

fabricated into thin films through layer-by-layer (LBL) assembly with alternating deposition of positively 

charged linear polyelectrolytes, such as polyethylenimine (PEI). Previous studies have demonstrated that 

these films display non-linear properties as evidenced by the ability of certain compositions of microgel 

thin films to self-heal following damage[19]. The self-healing ability of the microgel films diminishes 

upon covalent cross-linking of microgels and linear polyelectrolyte[20], suggesting that microgel film 

self-healing is due to the mobility of polymer chains within the films. Additionally, the cross-linking 

density of microgel films influences cellular attachment[21,22]; cellular attachment was greatest on non-

healing monolayers and highly cross-linked films while less cross-linked, more viscous films had less 

cellular attachment. These previous studies highlight the potential of using microgel thin films as a tunable 

platform for investigating the effect of viscoelastic properties on cell mechanotransduction responses. 

 Microgels are polymerized hydrogel particles that can range from nanometers to micrometers in 

size and have highly tunable properties. By changing the individual constituents of the microgel particles, 

it is possible to control particle size and mechanical properties. High degrees of tunability compounded 

with the film’s ability to interact and influence cellular behavior, makes these films an ideal material 

platform to study how substrate viscoelasticity influence mechanotransduction responses. We hypothesize 

that microgel film viscoelasticity can be controlled by altering the degree of internal cross-linking within 

the microgel particles, without significantly changing their elastic modulus, and can therefore be used to 



study the mechanisms by which cells sense and respond to the non-linear properties of their biophysical 

environment. Here we investigate this hypothesis by characterizing the effect of microgel cross-linking 

on film viscoelasticity. We then demonstrate that film self-healing dynamics and corresponding 

viscoelastic properties correlate with fibroblast spreading, modes of migration, and fibrosis-associated 

protein expression dynamics.  

Results: 

Characterization of microgel thin films with controllable viscoelastic properties 

To modulate colloidal film viscoelastic properties, we synthesized negatively charged microgels 

with varying degrees of N,N'-Methylenebisacrylamide (BIS) cross-linking and then fabricated the 

microgels into 4-layer thin films. Microgel particles were synthesized with either low (1% BIS), 

intermediate (2-4% BIS), or high (7% BIS) internal cross-linking densities. 4 layer films were chosen 

because this number of layers has previously been shown to display self-healing responses, while microgel 

monolayers do not [23] and cellular responses measured on microgel monolayers did not statistically differ 

from glass (Sup. Fig. 1). Nanoparticle tracking analysis (NTA) of the microgels showed that the mean 

hydrodynamic diameter of the particles was 567±34 nm (Fig. 1; Sup. Fig. 2). DLS measurements of 

microgel hydrodynamic radius over the temperature range of 25-45 °C show that below 35° C all microgel 

particles had sizes between 500-600 nm and above 35 °C all microgel particles had sizes between 300-

400 nm (Sup. Fig. 3). This indicates that the volume phase transition temperature of each microgel 

composition is similar even though the percentage of pNIPAm differs slightly between each formulation. 

Atomic force microscopy (AFM) height traces showed increasing particle heights as cross-linking 

percentage increased with the lower cross-linked particles having four times shorter particle heights than 

higher cross-linked particles, despite having similar diameters. The difference in microgel particle heights 

is an indication of their deformability, where lower cross-linked particles appear to spread more on a glass 

surface while higher cross-linked particles act more as hard spheres and do not spread extensively[24–

26].  



 AFM nanoindentation demonstrated that film elastic modulus was approximately 107±18 kPa for 

all films (Sup. Fig. 4). A slight increase in modulus was observed with increasing particle cross-linking, 

but the differences were not statistically significant.  Surface roughness calculations of the microgel thin 

films showed that the arithmetic mean deviation (Ra) of the surface features were less than 50 nm on all 

films and no statistical differences were observed between film types (Fig. 1; Sup. Fig. 5). The swelling 

capacity of the microgel films was also measured, and all films had dry film thicknesses of ~500 nm and 

hydrated film thicknesses of ~1500 nm with no statistical differences observed between films (Sup. Fig. 

6).  To determine how properties of the films change during film build-up, we analyzed surface coverage 

and mechanics following the addition of each layer for 2% BIS films (Sup Fig. 7; Sup. Fig 8). It was 

found that as each layer was added, surface coverage improved until no glass or individual microgel 

particles could be seen and stiffness decreased with increasing layer number.  

A summary of the particle hydrodynamic diameter, dry heights, surface roughness, and 

compressive moduli of the microgel films are shown in Fig. 1. We next characterized the self-healing and 

viscoelastic properties of the films. A self-healing assay showed that as the intraparticle cross-linking 

density increased, film self-healing responses were diminished (Sup. Fig. 9). Lower cross-linked films 

exhibited greater healing responses than higher cross-linked films, indicating a higher degree of polymer 

mobility and more viscous materials. We next measured film loss tangent, which is a measure of the ratio 

between a materials loss modulus to its storage modulus, and for materials with similar storage modulii, 

is often used as an indication of material viscosity[5]. There is an inverse relationship between film loss 

tangent and intra-microgel cross-linking (Fig. 1); higher intra-microgel cross-linking densities correlates 

with lower film loss tangents and lower film viscoelasticity. The loss tangent values of the microgel films 

significantly decreased with increased particle cross-linking (p<0.05) and ranged from 1.8±0.1 for 1% 

BIS films to 0.8±0.2 on 7% BIS films (Sup. Fig. 10). These values were seen to be consistent for 3 

different areas on 3 different films from different batches indicating that the viscoelastic properties of the 

films are homogenous across the film surface and between fabrication batches. We ran a correlation 



analysis to further explore the relationship between microgel %BIS and the resulting loss tangent/ Young’s 

modulus of the films (Sup. Fig. 11); a strong, statistically significant, linear correlation exists between 

loss tangent and %BIS, while a weak, not statistically significant, linear correlation exists between 

Young’s modulus and %BIS and between Young’s modulus and loss tangent.  

Quantification of fibroblast spreading and migration rates on microgel thin films 

 To analyze the influence of film loss tangent on cell migration, human dermal neonatal fibroblasts 

(HDFns) were seeded on collagen coated microgel films and imaged over a 24-hr period (Sup. Videos 1-

5). Image stacks were processed in ImageJ and analyzed in the cell tracking software Aivia[27] to quantify 

cell velocity, path length, and straight-line length (Fig. 2). Path length is defined as the length of the path 

taken between each consecutive time interval from the beginning to the end of the tracking period and 

straight-line length is defined as the shortest distance between the first and last frame of the track. As film 

loss tangent decreased, cellular velocity, path length, and straight-line length increased. The differences 

in migration on the low loss tangent and high loss tangent films correlated with two different modes of 

cell migration (amoeboid or mesenchymal). In amoeboid migration, cells change shape rapidly by sending 

out many protrusions and then rapidly migrate large distances, which correlates with the low path lengths 

and high straight-line lengths observed. In mesenchymal migration, cells have distinct leading and trailing 

edges and migrate in a more stepwise fashion correlating with higher path lengths and straight-line lengths. 

Figure 2A further visualizes the different modes of migration by showing representative migration 

patterns of the cells seeded on microgel films with varying cross-linking densities, which correspond with 

the description of amoeboid and mesenchymal cell migration. 

 Increased material elastic modulus has previous been shown to lead to increased cell 

spreading[28], increased myofibroblastic differentiation[29], and increased expression of fibrosis related 

genes such as α-SMA and CTGF[30]. We were therefore interested in characterizing how these responses 

correlate with loss tangent on our films with stiff elastic moduli. HDFns were cultured on microgel thin 

films with varying loss tangents for 24 hrs, then fixed and stained for α-SMA and CTGF (Fig. 3). Cell 



area and circularity was measured in ImageJ, and it was found that cell area on high loss tangent films 

increased significantly compared to low loss tangent films. Cell circularity was also highest on the 

intermediately cross-linked, low loss tangent films. Quantification of α-SMA expression showed no 

significant differences in overall expression between films, however the percentage of stress fiber positive 

cells, indicative of myofibroblastic differentiation, was seen to increase as film loss tangent decreased. It 

was found that the highest amounts of CTGF expression occurred on the intermediate cross-linked films 

with lower loss tangent values, and were significantly different than the amount of CTGF expression 

measured in the other conditions. Staining for paxillin and FAK also indicated that on lower cross-linked 

films, weak focal adhesions seem to be localized around edges of the cell as seen by the diffuse staining 

around the edges of the cell, while on the higher cross-linked films stronger focal adhesions can be seen 

to be localized around the center of the cell (Sup. Fig. 12). These results indicate that fibroblasts tend to 

have a more myofibroblastic phenotype when seeded on films with lower loss tangent values as seen by 

increased cell areas, stress fiber positive cells, and CTGF expression.  

 Since cell spreading and migration are contractility mediated responses, we next quantified cell 

contractility following incubation for 12 hrs on microgel thin films using both AFM single cell stiffness 

measurements and traction force microscopy (TFM) to measure the amount of tension forces generated 

by cells (Fig. 3). As film loss tangent decreased, mean single cell stiffness increased significantly from 

0.3±0.1 kPa on the 1% BIS films to 1.4±0.2 kPa on the 7% BIS films (p<0.05; Sup. Fig. 13). TFM results 

demonstrated that cells seeded on control surfaces, i.e. PA gels without film coatings, generated 

significantly more traction than cells cultured on film-coated surfaces (Sup. Fig. 14). Results, from TFM 

did not result in significant differences between films, however cells were able to generate traction forces 

ranging from 100-250 Pa on the film-coated surfaces, while traction forces averaging 750 Pa were 

measured on control surfaces. It is possible that differences in traction forces could be greater at earlier 

timepoints. Due to the viscoelastic nature of the films, after 12 hrs it is possible that creep could have 

occurred causing the bead position to relax and move closer to its original location and result in lower 



traction forces. Furthermore, since the fluorescent beads are embedded in the PA gel and not in the 

microgel film, it is possible that the system is not sensitive enough to pick up smaller traction forces 

generated by cells seeded on the microgel layers. 

Cell contractility inhibitors normalize cell spreading and migration responses on microgel thin films 

To determine the influence of GTPase signaling on the observed responses, cell migration, 

spreading, and protein expression were analyzed on microgel films in the presence of Rac, ROCK, and 

CDC42 inhibitors (Fig. 4; Fig. 5; Sup. Videos 6-20). The addition of each inhibitor was found to 

normalize cellular migration velocity across all conditions. Addition of the ROCK and CDC42 inhibitor 

significantly increased total cell migration, as both the straight-line length and path length of the cells 

were increased in the presence of ROCK and CDC42 inhibitors, however the magnitude of these responses 

in the presence of the CDC42 inhibitor were not as stark as those observed in the presence of the ROCK 

inhibitor. Finally, the addition of the Rac inhibitor greatly reduced all migration responses as both straight-

line length and path length were significantly reduced.  

Inhibition of Rac was also found to significantly decrease cell spread area while increasing cell 

circularity after 24 hrs, while inhibition of ROCK and CDC42 appeared to normalize both cell spreading 

and circularity across all conditions. Rac inhibition also significantly decreased the amount of stress fiber 

positive cells, while both CDC42 and ROCK inhibition normalized the amount of stress fiber positive 

cells on all films. Finally, across all conditions, CTGF expression was normalized with the addition of all 

of the inhibitors. Overall, with the addition of the cell contractility inhibitors, the responses due to 

differences in film loss tangent were no longer apparent. Addition of all of the inhibitors normalized 

migration velocity, while addition of the ROCK inhibitor was seen to increase total cell migration, and 

the addition of a Rac inhibitor significantly diminished spreading responses. 

Outlook and implications in fibrotic responses: 

In these studies, we demonstrate that microgel thin films are a tunable platform with controllable 

loss tangent properties and film loss tangent drives fibroblast modes of migration and contributes to pro-



fibrotic responses. To ensure that the cellular responses measured were due primarily to the differences 

film loss tangent values, a robust characterization of both the microgel particles and films was first 

performed. Microgel particles were similar in size (~600 nm in diameter), films had similar compressive 

modulii (~100 kPA), and the average surface feature of each film was less than 50 nm. Previous work has 

shown that fibroblast adhesion and spreading responses plateau on substrate stiffnesses greater than 50 

kPa[3]; with a mean stiffness of 107±13 kPa, our films are above this threshold, therefore, any observed 

differences in cellular responses should be primarily due to the differences in loss tangent.  

We first characterized film viscoelasticity using a film self-healing assay and results showed that 

as intraparticle cross-linking density increases, the ability for the films to heal decreases. These results 

corroborate previous work demonstrating that inter-microgel cross-linking decreases microgel thin film’s 

self-healing ability[20] by restricting the ability of polymer chains to move and rearrange. Intraparticle 

cross-linking appears to result in a similar effect, which is likely due to the decreased mobility of polymer 

chains within individual microgel particles with increasing intraparticle cross-linking. Loss tangent 

imaging demonstrated that increasing intraparticle cross-linking density led to lower loss tangent values. 

A correlation analysis between loss tangent and microgel %BIS showed a strong correlation between the 

two parameters (Sup. Fig. 11). These results showed that microgel particles are highly tunable, as both 

the size and stiffness can be controlled during synthesis and used to create films with different viscoelastic 

properties.  

Loss tangent imaging showed that our films had loss tangent values over the range of 1.8 to 0.8. 

Other studies performing AFM based imaging to find the loss tangent values of biological cells or tissues 

can help put these values into a relevant biological context. Loss tangent values for sheep aorta were found 

to be 1.0 in young sheep and decreased to 0.86 in aged sheep[31]. Loss tangent values for the benign cell 

types NIH 3T3, MDCK-II, NMuMG, and MCF-10A all fell within the range of 1.0-1.5, while loss tangent 

values for malignant cell types SW-13, A549, MCF-7, MDA-MB-231, and CaKi-1, all fell within the 



range of 1.5-3.0[32]. Also, loss tangent values of human lung epithelial cells have been measured at 

~0.5[33].  

Other methods, including dynamic material analysis and contact resonance, have been used to 

measure the loss tangent values of biological tissues, however these methods have been shown to provide 

values that are much lower than those measured by AFM[34]. This has been attributed to the differences 

in the frequency to which the material responds, which for AFM can be 10-100 kHz, compared to the 

frequency of 1-100 Hz used commonly by other methods. As such, it is not accurate to directly compare 

values obtained by other methods to the measured values of our films, however the trends observed 

through other methods remain relevant. For example, studies by Yin et al. found the loss tangent value of 

a mouse liver following injury and before fibrosis was ~0.1 and then decreased to ~0.03 at the onset of 

fibrosis, which was lower than the measured healthy tissue loss tangent of ~0.06[35], indicating that 

decreased loss tangent could contribute to fibrotic responses in vivo. Indeed, our studies investigating the 

effect loss tangent on cell migration and fibrosis related responses supports this hypothesis. 

 Analysis of cell migration on microgel films showed that velocity, path length, and straight-line 

length increased as loss tangent decreased. This quantification, in conjunction with detailed observation 

of the time-lapse videos, indicates that two different modes of migration are occurring. These two modes 

of individual cell migration have been well characterized and are described as amoeboid and mesenchymal 

cell migration. Amoeboid migration is characterized by rounded or ellipsoid cells that do not have mature 

focal adhesions or stress fibers and, during locomotion, change shape by rapidly protruding and retracting 

filopodia[36,37]. Amoeboid migration is also associated with cancer cell infiltration and metastasis[38]. 

This is particularly interesting as the loss tangents of malignant cell lines are similar in value to the lower 

cross-linked microgel films in which amoeboid migration was also observed, indicating a potential link 

between substrate loss tangent and cancer cell infiltration and metastasis. On the other hand, mesenchymal 

migration is characterized by elongated, polarized cells that contain a leading edge with protrusions 

leading to the new site of migration and a trailing edge that retracts upon initiation of migration[39]. 



Interestingly, mesenchymal migration is promoted on stiffer substrates and has been associated with 

fibrotic responses[40].  

In our studies, we observed that on 1% BIS films, corresponding to the highest loss tangent value, 

filopodal amoeboid cell migration occurs, while on 7% films, corresponding to the lowest loss tangent 

value, mesenchymal migration occurs. On 2% and 4% BIS films, corresponding to the intermediate loss 

tangent values, a transition between amoeboid and mesenchymal migration occurs. On 1% films, an 

inverse relationship between path length and straight-line length is observed, which supports the 

conclusion that amoeboid migration is occurring. Since path length is the measurement of the total distance 

traveled and straight-line length is the measure of the shortest distance between the start and end of the 

track, having a cell that is not moving but instead sending out many protrusions will lead to a lower average 

path length per cell, and will concurrently lead to a larger straight-line length due to the large distances 

traveled during one of the quick migratory movements characteristic of amoeboid migration[39]. More 

elongated, ellipsoid cells with decreased cell areas were observed on the lower cross-linked films due to 

the short lived and loose interactions with the substrate, preventing the cells from generating sufficient 

internal tensional forces needed for spreading. These observations were also confirmed by characterizing 

focal adhesion formation after 24 hours (Sup. Fig. 12), where diffuse staining of paxillin and FAK around 

the edge of the high loss tangent films indicates weak focal adhesion formation. Additionally, lower 

amounts of stress fiber positive cells were observed on lower cross-linked films, which is also a key 

characteristic of amoeboid migration. Furthermore, single cell force mapping showed lower cell stiffness 

on the lower cross-linked films, which is expected in cells that are loosely attached to the surface. 

Collectively, our data indicates that materials with higher loss tangent drive amoeboid migration.  

On the 7% BIS cross-linked films, corresponding to the lowest loss tangents, mesenchymal cell 

migration was observed. This conclusion is supported by greater rates of migration, increased spread area, 

and increased cell stiffness observed on these films, compared to the 1% BIS cross-linked films. Due to 

the low viscosity of these films, cells are able to actively polarize into a trailing and leading edge, which 



allows for more step-wise migration leading to longer pathlengths. Cells are also able to generate larger 

internal tensional forces, which leads to greater spread areas, stress fiber formation, and cell stiffness 

values. The ability for cells to generate larger tensional forces was also confirmed by the staining of 

paxillin and FAK on the low loss tangent films indicating strong focal adhesion formation (Sup. Fig. 12). 

On the 2% and 4% BIS films, corresponding to the intermediate loss tangent values, a transition from 

amoeboid to mesenchymal migration is observed. This conclusion is supported by the range of 

morphology and migratory responses measured on these films.  

Taken together, these results show that substrate loss tangent can modulate cell migration by 

determining the mode by which cells migrate where loss tangent values lower than 1.4-1.5 promote 

mesenchymal migration, loss tangent values greater than 1.4-1.5 promote amoeboid migration, and loss 

tangent values of 1.4-1.5 promote the transition between the two modes of migration. These results are 

also supported by the aforementioned loss tangent values of epithelial, benign, and malignant cells which 

were found to be 0.5, 1.0-1.5, and 1.5-3.0 respectively. For single epithelial cells, mesenchymal migration 

is the normal mode of migration[41] and for cancer cell metastasis amoeboid migration is the most 

commonly found mode of migration[42,43] which further demonstrates that a loss tangent values of 1.4-

1.5 lead to a transition between the two modes of migration. On the material level, loss tangent values 

greater than 1.5 cause the films to flow away from the cell as it exerts a force on the film. Due to the 

movement of the film in the direction away from the cell, the cell is unable to generate internal tensional 

forces sufficient enough to allow for large spread areas. The inability to spread inhibits the cell from 

polarizing to form a leading and training edge resulting in amoeboid migration. However, loss tangent 

values lower than 1.4 provide enough resistance within the film to prevent the movement of the film away 

from the cell. This allows for the cell to obtain the internal tensional forces required for larger spread 

areas. With sufficient enough internal tensional forces, the cell can then polarize to form a leading and 

trailing edge and undergo mesenchymal migration. Focal adhesion staining also shows a more diffuse 



staining around the periphery of the cell on the lower cross-linked films and more robust staining by the 

nucleus of the cell on the higher cross-linked films (Sup. Fig. 12). 

 Since cell contractility plays a major role in both cell migration and spreading, cellular responses 

were characterized in the presence of the GTPases inhibitors Rac, ROCK, and CDC42. In general, the 

addition of the contractility inhibitors had a normalizing effect and eliminated any differences observed 

due to the changes in the loss tangent values between the microgel films. However, the effects from 

inhibiting Rac indicate that it is a crucial pathway contributing to the mesenchymal migration observed 

on lower loss tangent films (Sup. Fig. 15). Previous reports by Cameron et al. also identified the 

importance of Rac1-mediated signaling in responses of mesenchymal stem cells on hydrogels with 

variable rates of creep; in those studies, increased Rac1 signaling was observed on high creep hydrogels 

where spread area, migration, and differentiation was also the highest. High Rac signaling is also known 

to increase leading edge extension, elongated morphology, integrin engagement, and mesenchymal 

migration[44–46]. However, ROCK signaling in the absence of Rac has been shown to increase the 

rounded cell shapes associated with amoeboid migration[44], which also matches the increase in rounded 

cell shapes and cell circularity we observed on microgel films upon the addition of a Rac inhibitor. These 

results further indicate that Rac mediated signaling is an important factor for directing mesenchymal cell 

migration on low loss tangent films since amoeboid cell migration is observed in the absence of Rac. 

The effects from inhibiting ROCK indicate that it is a crucial pathway contributing to both the 

mode and rate of migration on microgel thin films with varying loss tangents. Studies by Totsukawa et al. 

showed that fibroblast cells cultured on glass coverslips and treated with a ROCK inhibitor migrated 

further and in a straighter direction than untreated fibroblasts[47]. Similarly, our results obtained for cell 

migration on microgel films in the presence of ROCK inhibition showed greater path lengths and straight-

line lengths when compared to cells on films with the identical loss tangent values, but different inhibitory 

conditions. Previous reports have also shown that high Rac activity in the absence of ROCK further 

promotes elongation and mesenchymal migration; likewise, we observed an increase in area and migration 



rates of cells that underwent ROCK inhibition on films that otherwise supported amoeboid migration (Fig. 

4; Sup. Fig. 16)[45]. It was also found that ROCK inhibition significantly increased migration and spread 

area on high loss tangent films where amoeboid migration was the dominant mode of migration when 

compared to low loss tangent films where mesenchymal migration was already the dominant mode of 

migration (Sup. Fig. 17). These results further indicate that ROCK mediated pathways are critical for 

directing amoeboid cell migration on films with low loss tangents since mesenchymal cell migration is 

observed in the absence of ROCK. 

CDC42, along with Rac, is involved in controlling the filipodia dynamics at the leading edge 

during cell migration[48]. If Rac and CDC42 worked in conjunction with one another during 

mesenchymal migration on the microgel films, then it would be expected that inhibition of CDC42 would 

yield similar results to the inhibition of Rac. However, the converse was observed and inhibition of CDC42 

yielded similar results to inhibiting ROCK on microgel films (Sup. Fig. 18). Inhibition of CDC42 led to 

cells with increased spread areas, stress fibers, and migration distances, but the magnitude of these 

observations was not as great as with ROCK inhibition. It was also observed that inhibiting CDC42, 

similar to when ROCK was inhibited, resulted in a significant increase in migration and spread area on 

high loss tangent films where amoeboid migration was dominant when compared to low loss tangent films 

where mesenchymal migration was dominant (Sup. Fig. 17), although the magnitude of the increase was 

not as great as when ROCK was inhibited. These results suggest that CDC42 plays a more important role 

in controlling filipodia dynamics at the leading edge during amoeboid migration and a smaller role during 

mesenchymal migration on microgel films. However, it appears that ROCK is the more dominant pathway 

controlling amoeboid migration. The previously reported results, combined with our own, further identify 

both Rac and ROCK as the dominant pathways in measuring and responding to viscoelastic substrates. 

The observations that small changes in substrate viscoelasticity have such a large effect on cell 

migration and morphology have broader implications for more complicated processes such as the 

propagation of fibrosis. Previous studies have shown that substrate stiffness plays a significant role in the 



propagation of fibrosis with higher rates of fibrosis found on stiffer substrates[15,49,50]. Furthermore, 

ROCK has been identified as a key driver in fibrotic related responses. Upregulation of ROCK has been 

shown to increase fibroblast contractility[29,51], increase fibrotic responses[16], and increase the length 

and severity of fibrotic responses[15]. Our results suggest that such responses might be more nuanced 

than just a straightforward increase in ROCK expression or substrate stiffness. For example, slight changes 

in substrate viscoelasticity could cause cells to transition from amoeboid to mesenchymal cell migration 

modes leading to an increase in actin stress fiber formation, cell spread area, and other myofibroblastic 

phenotypes, thereby resulting in an increase in ECM deposition and accelerating fibrotic responses. It is 

possible that slight changes in tissue viscoelasticity following injury could lead to initiation of fibrotic 

related responses, however more research on this topic is needed.  

Additionally, the role that substrate stiffness has on the propagation of fibrotic related responses 

has been well characterized, however, these studies have predominately utilized linear elastic materials. 

Our studies highlight that it is not sufficient to only consider elastic modulus and that loss tangent is also 

an important descriptor for such responses. Further studies are needed to fully understand the combinatory 

effects that substrate stiffness and loss tangent have on cellular responses and the initiation of fibrosis. To 

begin to probe these complex interactions, we built microgel thin films on top of PA gels with Young’s 

moduli of 8.8 kPa. Initial results (Sup Fig. 19) do show differences in the cell area of fibroblasts seeded 

on such substrates when compared to fibroblasts cultured on microgel films built on glass, further 

exemplifying the need to investigate the complex relationship between substrate stiffness and film loss 

tangent on cellular responses in greater detail. 

 Overall, we have shown that microgel thin films can be constructed to have differential viscoelastic 

properties and can be used as a platform to study how these properties influence cellular behavior. 

Specifically, as film loss tangent decreased, cell area, circularity, stress fiber formation, and CTGF 

expression increased, while migration transitioned from amoeboid to mesenchymal (Fig. 6). In the 

presence of cell contractility inhibitors, it was found that inhibiting Rac had the greatest effect on the high 



loss tangent films, while inhibiting ROCK and CDC42 had the greatest effect on the low loss tangent films 

further indicating that Rac is an important pathway in mesenchymal migration and ROCK and CDC42 

are important pathways in amoeboid migration. While these results begin to provide some insight into the 

effects that material viscosity has in modulating cellular behavior, much remains to be fully elucidated. 

Overall, we demonstrate that microgel thin films provide a highly tunable, easily synthesized material 

platform for further elucidating such responses and have the potential to be used as a platform to build 

substrates with specific properties to elicit desired cellular responses. 

Materials and Methods: 

All reagents were purchased from Sigma-Aldrich unless otherwise noted. 

Microgel Synthesis and Purification 

Microgel particles were synthesized in a precipitation-polymerization reaction. Poly(N-

isopropylacrylamide) (poly-NIPam), N,N’-methylenebis(acrylamide) (BIS), Acrylic Acid (AAc), and 

sodium dodecyl sulfate (SDS) were added to 95mL of de-ionized water and added to a three-necked 

reaction vessel, where it equilibrated at 70oC for one hour. Ammonium persulfate (APS) was added to 

initiate the reaction. The reaction was allowed to proceed for 6 hours at 70oC and a stir speed of 450 RPM 

and cooled overnight while continuing to stir. Once cooled, the solution was filtered over glass wool to 

remove any microgel aggregates and then transferred to 1000 kDa dialysis tubing (Spectrum 

Laboratories). Water for dialysis was changed every 12-16 hours over the course of 48 hours and 

microgels were then freeze dried. Microgel composition was varied by keeping the amount of Aac constant 

at 5%, varying the amount of BIS to be either 1, 2, 4, or 7%, and then calculating the remaining percentage 

of Poly-NIPAM. SDS was added in order to control the size of the microgel particles. 

Microgel Size characterization 

Microgel particle hydrodynamic radius was measured using nanoparticle tracking analysis using a 

NanoSight (Malvern). Microgel particle hydrodynamic radius as a function of temperature was measured 

with dynamic light scattering (Malvern Zetasizer Nano S) over the range of 25-45 °C. Microgel heights 



were measured using a MFP-3D atomic force microscope (AFM; Asylum) in AC mode with ARROW-

NCR cantilevers (Nano and More USA) with a spring constant of 42 N/m.   

4 Layer Thin Film Construction 

Microgel thin films were fabricated through active centrifugal deposition in a layer-by-layer fashion on 

glass coverslips by alternating layers of microgel solution with poly(ethyleneimine) (PEI)[52,53]. The 

glass coverslips were first functionalized in a solution of 1% (3-Aminopropyl)trimethoxysilane (APTMS) 

in absolute ethanol for 2 hours and washed once with DI water. Then, a 0.1 mg/mL solution of the microgel 

particles was added to the functionalized coverslip and centrifuged a 3000xg for 10 minutes. The solution 

was then removed and the coverslips were washed 3 times in DI water for 5 minutes. A solution of 0.05 

monomolar PEI was then added and shaken at room temperature for 30 minutes. The PEI solution was 

removed and the coverslips were then washed 3 times in DI water for 5 minutes. This process was then 

repeated 3 more time for a total of 4 microgel layers with the last layer of the film being a layer of the 

microgel particles.  

4 Layer Thin Film Characterization 

The surface coverage, surface roughness, and Young’s Moduli of the constructed microgel films were 

characterized using a MFP-3D AFM (Asylum). To measure the surface coverage of the films after each 

layer, ARROW-NCR cantilevers (Nano and More USA) with a spring constant of 42 N/m were used in 

AC mode and a 20x20 µm area was imaged after each film was built. To calculate surface roughness, 

ARROW-NCR cantilevers (Nano and More USA) with a spring constant of 42 N/m were used in AC 

mode. Then, 3 90x90 µm areas were measured in 3 different locations on 3 different films for a total of 9 

images per film. The arithmetic mean deviation (Ra) of each film was then calculated using the AFM 

software. To measure the swelling capacity of the 4-layer microgel films, a razor blade was used to scratch 

the films and film thickness was measured while the films were dry and hydrated using AFM [54,55]. 

Two 90x90 micron scratch areas were imaged on 3 different films for a total of 6 film thickness values 

per film. To measure the Young’s Modulus of film layers and completed films measurements were made 



with PNP-TR cantilevers with a pyramidal tip geometry and a cantilever constant of 0.08 N/m (Nano and 

More USA) were used in contact force mode. An area of 10 x 10 µm was used for the force maps with a 

total of 256 force curves being measured in the selected area. A total of three different spots were measured 

on each film tested and three different films from three different microgel film batches were used. The 

resulting indentation curves were then fit with the Hertz model using analysis software from Asylum. Loss 

tangent imaging was performed using a Cypher ES AFM (Asylum) and BL-AC40TS-C2 cantilevers 

(Olympus) with a cantilever constant of 0.09 N/m. An area of 5x5 µm was used and three different 

locations were measured on each film. A total of 3 different films from 3 different batches were used to 

give a total of 9 loss tangent values for each film. 

4-Layer Thin Film Self-Healing Analysis 

Previous studies have shown that uncross-linked microgel thin films constructed from 4% BIS microgels 

undergo rapid self-healing, while identical films cross-linked to the PEI chains through EDC/NHS cross-

linking do not[21]. We therefore, were interested in characterizing the role of interparticle BIS cross-

linking, within non-cross-linked thin films, on modulating film self-healing ability. Microgel self-healing 

experiments were therefore performed on 4-layer thin films created on polydimethylsiloxane 

(PDMS)[20,24,54]. PDMS was made using a mixture of nine parts elastomer to one-part curing agent and 

placed in a vacuum desiccator for 20 minutes to remove any air bubbles. The PDMS was then allowed to 

cure for 24 hours at room temperature and then cut into 9x18 mm strips. In order to remove any uncured 

PDMS and prepare the PDMS for surface functionalization, the PDMS strips were submerged in hexanes 

for 2 hours at room temperature and then drained and heated at 50oC for 2 hours to evaporate any 

remaining hexanes followed by incubation in 1.2M HCl for 16 hours at room temperature. Upon removal, 

the strips were washed three times with DI water, twice with absolute ethanol, and then shaken at room 

temperature in absolute ethanol for 30 minutes. The PDMS strips were then functionalized with APTMS 

and 4-layer thin films constructed as previously described. To perform the self-healing experiments, the 

4-layer thin films on PDMS were imaged dry using a MFP-3D AFM (Asylum) in AC mode with ARROW-



NCR cantilevers, with a pyramidal tip geometry and a cantilever constant of 42 N/m, (Nano and More 

USA) before damage, after damage, and after healing. Damage was induced by taking a micropipette tip 

and scratching the surface of the film until there was a visible white line. Microgel film healing was then 

controlled through steam exposure and films were exposed to steam for <1 second, 1 second, or 5 seconds. 

Dynamic Cell Migration and Spreading Experiments 

4-layer microgel films were sterilized in a solution of 20% ethanol for 30 minutes before being washed in 

sterile phosphate buffered saline (PBS) and incubated in sterile PBS at room temperature for 24 hours. 

The films were then coated in type I rat tail collagen (Fisher Scientific) at a concentration of 10 µg/cm2 in 

sterile PBS overnight at 4oC. An empty 12-well plate was then coated in 1% bovine serum albumin (BSA; 

Fisher Scientific) overnight at 4oC to block non-specific cellular attachment to the well plate. The collagen 

coated films were adhered to the BSA coated well plate using a glass epoxy (VWR) in order to prevent 

the movement of the films throughout the experiment. The glass epoxy was tested prior to use to ensure 

that there were no cytotoxic effects by first seeding cells on glass coverslips coated with collagen with 

cured epoxy exposed to the cell culture media. A live/ dead assay was performed on glass coverslips with 

and without the epoxy present and there were no statistical changes in cell viability measured (Sup. Fig. 

20). Neonatal human dermal fibroblasts (HDFns; Gibco) were then seeded onto the films at a density of 

12-15k cells/ cm2 and imaged every 500 seconds at a temperature of 37oC and compiled into image stacks 

using ImageJ and analyzed in the software AIVA (DRVision). In the experiments where an inhibitor was 

use, the inhibitor was added 2 hours after seeding the cells on the films. Concentrations used for each 

inhibitor is as follows: ROCK inhibitor Y-27632 (Fisher Scientific) added at a concentration of 10 

µM[47,56], Rac inhibitor CAS 1177865 (Fisher Scientific) added at a concentration of 100 µM[57], and 

CDC-42 inhibitor ML141 (EMD Millipore) added at 10 µM[58]. For each experiment, cell behavior was 

analyzed on thin films constructed from 1, 2, 4, and 7% BIS microgels; a collagen-coated glass coverslip 

was used as a control. 

Analysis of Cell Spreading 



4-layer films or monolayers were sterilized and collagen coated in the same manner as the films used in 

the dynamic experiments. HDFns were then seeded at a density of 15-20k cells/cm2 and incubated for 24 

hours at a temperature of 37oC and 5% CO2. In the experiments where an inhibitor was used, the inhibitor 

was added 2 hours after seeding the cells on the films at the same concentrations used in the dynamic 

experiments. At the end of the 24 hours, the cells were fixed and immunohistochemistry staining was 

performed. HDFn cells were fixed in a solution of 95% methanol (Alfa Aeser) and 5% glacial acetic acid 

(EMD Millipore), that was cooled to -20oC, and placed in a -20oC freezer for 10 minutes. The fixed cells 

were then washed 3 times with ice cold PBS and then permeabilized in PBS with 0.1% Tween-20 (PBST; 

Fisher Scientific) for 30 minutes. The cells were then blocked for 30 minutes in a solution of 5% non-fat 

milk (Fisher Scientific) dissolved in PBST while shaking at room temperature. Next, the cells were 

incubated with the primary antibodies α-smooth muscle actin (α-SMA) clone 1A4 (Fisher Scientific) and 

connective tissue growth factor (CTGF) clone ab6992 (Abcam) in a solution of 5% non-fat milk dissolved 

in PBST at a concentration of 25 µg/mL for 2 hours shaking at room temperature and then washed 3 times 

with PBS. Alexa-fluor 488 and Alexa-fluor 594 secondary antibodies (ThermoFisher) along with NucBlue 

live cell stain (ThermoFisher) were then added in a concentration of two drops per mL to a solution of 5% 

non-fat dry milk and incubated shaking at room temperature for 1 hour. The coverslips where then 

mounted on glass slides using Fluoromount G mounting media (Electron Microscopy Science) and imaged 

on an EVOS FL Auto (ThermoFisher). Images were then analyzed in ImageJ where area, circularity, 

corrected total cell fluorescence, and the percent of α-SMA positive cells were measured. To measure 

CTGF expression, the calculation of the corrected total cell fluorescence for each cell was found by taking 

the integrated density of the signal from the cell and subtraction area of the cell multiplied by the 

fluorescence of the background[59]. This raw value was then normalized to the average CTGF expression 

of the control for each experiment. In order to find the percent of α-SMA positive cells, the total cells 

were counted in an image and the percent of cells with α-SMA positive stress fibers was calculated. 

Single Cell Force Mapping 



4-lyaer microgel films were created on top of glass bottom petri dishes (World Precision Instruments) in 

the same manner as previously stated. The films were sterilized and collagen coated in the same manner 

as previously mentioned. HDFns were seeded at a density of 15-20k cells/cm2 and allowed to attach for 

12 hours at 37oC and 5% CO2. After 12 hours, the media was removed and the cells were placed in sterile 

PBS for AFM force mapping. Cells stiffness was measured using a MFP-3D AFM (Asylum) and CP-qp-

CONT-ps cantilevers (NanoAndMore) that have a spherical tip geometry with a two-micron diameter and 

a cantilever constant of 0.1 N/m. Force maps were performed twice in two different spots over the 

cytoplasm in order to measure the stiffness of each cell and a total of 5-10 cells were measured per 

condition. Each force map was over a 5 µm by 5 µm area with a total of 36 force curves being measured 

in that area. The resulting force curves were fit with the Hertz model and analyzed in software from 

Asylum. 

Traction Force Microscopy 

Traction force microscopy was performed using a modification of standard protocols[60–64]. A solution 

of 0.1M sodium hydroxide (NaOH) was left to evaporate in a glass bottom 12 well cell culture plate 

(MatTek) before the plate was functionalized with pure APTMS for 6 minutes at room temperature while 

shaking. The well plates were then washed 3 times with de-ionized water (dIH2O) for 5 minutes, before 

being allowed to dry completely. Once dry, a 0.05% solution of glutaraldehyde in PBS was left in each 

well for 30 minutes followed by three more washes with dIH2O and being left to dry completely. 

Polyacrylamide (PA) hydrogels with polydisperse fluorescent beads were then constructed on the 

functionalized glass bottom plates. Solutions of 40% acrylamide and 2% BIS were mixed in dIH2O with 

red fluorescent beads added. The solution was initialized with 10mg/ml APS and 97% 

tetramethylethylenediamine (TEMED) and pipetted into the functionalized glass bottom wells before 

being covered with dichlorodimethylsilane (DCDMS) coated coverslips and allowed to solidify. 

Coverslips were functionalized through addition of 99.5% purified DCDMS under a hood and allowed to 

air dry for a minimum of 12 hours.  Upon hydrogel solidification, the wells were filled with 4-(2-



hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer and left for a minimum of 4 hours. The 

PA hydrogels had Young’s moduli of 8.8 kPa. The coverslips were removed, and the PA hydrogels 

functionalized with sulfosuccinimidyl 6-(4'-azido-2'-nitrophenylamino)-hexanoate (sulfo-SANPAH) by 

activating a solution of 0.01mg/ml sulfo-SANPAH and 0.0083% dimethyl sulfoxide (DMSO) in HEPES 

buffer with UV light (254 nm) before incubating the well with 0.05 monomolar PEI overnight at room 

temperature. Following PA gel functionalization, 4-layer colloidal thin films were made in the layer-by-

layer process described above. The thin films were then incubated with 100 µg/ml collagen in PBS for 12 

hours before HDFns were seeded and left to attach for 12 hours. Following cellular attachment as well as 

following cell lysing with 7mM EDTA in 3% SDS solution, traction force microscopy measurements were 

taken and analyzed through MATLAB and ImageJ[63].  

Statistical Analysis 

All statistical analysis was performed in the Prism software (Graphpad). Data was statistically analyzed 

using either a one-way or two-way ANOVA with subgroup comparisons done using the Tukey post-hoc 

test at a 95% confidence interval. All results are reported as the mean ± the standard deviation. All 

experiments performed had a minimum of 3 replicates. 
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Figures 

Figure 1. Characterization of microgel thin film properties: A) Microgel particles are created in a 
precipitation-polymerization reaction with the constituents p-NIPam, AAc, and BIS and initiated with 
APS at 70oC. Microgel particles were created by keeping the AAc concentration at 5% and by varying the 
amount of BIS to be either 1, 2, 4, or 7%. B) Dry microgel particle diameters and heights were measured
with AFM. C) Summary of microgel particle and film characterization. D) Microgel thin films were 
created in a LBL process through centrifugation where layers of negatively charged microgel particles
were alternated with layers of positively charged PEI. E) Film loss tangent was measure through AFM. F) 
The Young’s Modulus of each film was measured with AFM and data was fit with the Hertz model; * 
p<0.05  

 



Figure 2. Analysis of fibroblast migration responses on microgel thin films: HDFns were seeded on 
collagen coated microgel thin films for 2 hrs and imaged over 24 hrs. A) Representative images of single 
cells migrating using either ameboid or mesenchymal cell migration over 60 mins are shown. Circles 
represent the cell body, while the dots represent the centroid of the cell body. Yellow arrows represent 
direction and relative path of migration. The time-lapse videos were then analyzed in the commercially 
available software Aivia to quantify cellular migration responses including velocity (B), path length (C), 
and straight-line length (D). * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.  

 



Figure 3. Loss tangent of microgel films modulates cell contractility, morphology, stress fiber 
formation, and CTGF Expression: A) HDFns were seeded on collagen coated microgel films and single 
cell stiffness was measured 12 hrs after seeding via AFM. B) TFM was performed on a cell-by-cell basis 
with cells seeded on collagen coated films built on PA gels containing fluorescent beads. 12 hrs after 
seeding images were taken of individual cells before and after lysis. Traction forces were calculated using 
a MatLab algorithm. HDFns were seeded on collagen coated films for 24 hrs and then stained for α-SMA
(E) and CTGF (F). Cell area (C), circularity (D), the percent of stress fiber positive cells (E) and CTGF 
expression (F) were quantified in ImageJ. * p<0.05 

 



Figure 4. Analysis of the contribution of RAC, ROCK, and CDC42 pathways on fibroblast 
migration responses on microgel thin films: HDFns were seeded on collagen coated microgel films and 
allowed to attach for 2 hrs before the addition of either a CDC42, Rac1, or ROCK contractility inhibitor. 
Cells were imaged over 24 hrs. A) Representative images of single cells migrating using either ameboid 
or mesenchymal cell migration over 60 min on each film are shown. Circles represent the cell body, while 
the dots represent the centroid of the cell body. Yellow arrows represent direction and relative path of 
migration. Time-lapse videos were analyzed in the commercially available software Aivia to quantify 
cellular migration responses including velocity (B), path length (C), and straight line length (D). * p<0.05; 
**** p<0.0001 

 



Figure 5. Contractility inhibitors normalize cell morphology and CTGF expression: HDFns were 
seeded on collagen coated microgel films and allowed to attach for 2 hrs before the addition of a CDC42, 
Rac1, or ROCK contractility inhibitor and then incubated for 24 hrs. Cells were stained for α-SMA (A) 
and CTGF (B) and imaged. The percent of stress fiber positive cells (C), CTGF expression (D), cell area 
(E), and circularity (F) were measured using ImageJ.  * p<0.05; **** p<0.0001 

 
 



Figure 6. Overview of the effect of film loss tangent on cell migration: Film loss tangent influences the
fibroblast mode of migration. As film loss tangent increased, amoeboid migration was seen to be the 
dominate mode of cell migration. Amoeboid migration is characterized by round or ellipsoid cells that 
have poor stress fiber formation and are loosely attached to the surface. On low loss tangent films, 
mesenchymal cell migration was the dominate mode of cell migration. Mesenchymal migration is 
characterized by highly spread and elongated cells that have high degrees of stress fiber formation and 
strong adhesions to the surface. Upon adding the cell contractility inhibitors for Rac, ROCK, and CDC42, 
it was observed that both ROCK and CDC42 signaling plays an important role in amoeboid migration,
while Rac signaling is important for mesenchymal migration. 

 


