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Highlights:  16 

● The oscillatory behaviors of single PSM cells respond to substrate rigidity in a switch-like 17 

manner, with a critical threshold between 2.9 kPa and 6 kPa.  18 

● As rigidity increases, both the oscillation percentage and the number of cycles decrease, 19 

while the period does not show a clear dependency on rigidity. 20 

● Oscillating cells exhibit distinct biophysical properties compared to non-oscillating cells, 21 

including higher and more sustained circularity, lower motility, and reduced contractility.  22 

● Cell aggregates exhibit similar trends in response to rigidity, except for significantly 23 

increased oscillation percentages across different rigidity conditions, suggesting a 24 

potential interplay between cell-cell communications and rigidity in influencing cell 25 

aggregate behavior.  26 

Summary  27 

 28 

The segmentation clock, a genetic oscillator in the presomitic mesoderm (PSM), is known to be 29 

influenced by biochemical signals, yet its potential regulation by mechanical cues remains 30 

unclear. The complex PSM microenvironment has made it challenging to isolate the effects of 31 

mechanical perturbations on clock behavior. Here we investigated how mechanical stimuli affect 32 

clock oscillations by culturing zebrafish PSM cells on PDMS micropost arrays with tunable 33 
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rigidities (0.6-1200 kPa). We observed an inverse sigmoidal relationship between surface rigidity 34 

and both the percentage of oscillating cells and the number of oscillation cycles,  with a switching 35 

threshold between 3-6 kPa. The periods of oscillating cells showed a consistently broad 36 

distribution across rigidity changes. Moreover, these cells exhibited distinct biophysical 37 

properties, such as reduced motility, contractility, and sustained circularity. These findings 38 

highlight the crucial role of cell-substrate interactions in regulating segmentation clock behavior, 39 

providing insights into the mechanobiology of somitogenesis. 40 

 41 

Keywords 42 

Segmentation clock, somitogenesis, oscillator, presomitic mesoderm, surface rigidity  43 

Introduction 44 

The rhythmic formation of somites during vertebrate embryogenesis is regulated by the 45 

segmentation clock, a genetic oscillator operating in the presomitic mesoderm (PSM) that relies 46 

on the periodic expression of cyclic genes from various signaling pathways, including the Hes/Her 47 

family, Delta/Notch, Wnt, and Fgf1–4. This clock exhibits notable spatiotemporal changes along 48 

the anterior-posterior (AP) axis of the PSM, such as period elongation as it moves anteriorly and 49 

a transition from asynchrony to synchrony5–8. While biochemical regulation plays a crucial role in 50 

governing the segmentation clock's dynamics, it alone is insufficient to fully explain these spatial 51 

phenomena. Recent studies suggest that tissue mechanics may contribute to the regulation of 52 

the segmentation clock's spatiotemporal properties9–13. In this study, we investigate how 53 

modulating mechanical forces changes the segmentation clock’s temporal properties, which 54 

remain largely unknown. 55 

The mechanical properties of the PSM microenvironment undergo significant changes during 56 

somitogenesis. Zebrafish embryos possess a unique foam-like PSM architecture, with little or no 57 

extracellular matrix (ECM) between cells in the posterior region13,14. As clock-active progenitor 58 

cells migrate from the posterior to the anterior region of the PSM, they encounter a stiffening 59 

process known as the "jamming transition." This transition is characterized by posterior to anterior 60 

spatiotemporal changes in the ECM composition, cell density, and motility14. In the posterior PSM, 61 

the ECM primarily contains hyaluronic acid, while in the anterior region, the ECM becomes dense 62 

and stiff due to the increasing abundance of fibronectin and collagen fibers12. These observations 63 

suggest that in addition to the three-tier model of single-cell oscillators, cell-cell communications, 64 
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and morphogen gradients, the mechanical gradient of the PSM microenvironment may act as a 65 

potential fourth tier of regulation, significantly impacting the properties of the segmentation clock. 66 

This notion is further supported by in vitro cultures of mouse PSM cells, where Hubaud et al. 67 

demonstrated that these dissociated PSM cells can sense substrate adhesion and switch 68 

between quiescent and oscillatory states by manipulating the transcriptional co-activator YAP 69 

pathway, suggesting a link between mechanical signal and the oscillatory dynamics of the clock10. 70 

However, these studies were conducted on highly rigid glass surfaces. It remains unclear how 71 

the dynamical properties of the oscillator respond to varying mechanical stimuli within a 72 

physiological dynamic range. Furthermore, how the mechanical properties of the PSM 73 

microenvironment, which play a critical role in shaping the cellular physical properties, such as 74 

morphology and migration, may correspond to the changing oscillatory behavior of individual cells 75 

remains unclear. 76 

In recent studies, YAP has emerged as a key mediator of mechanical signals from the 77 

extracellular matrix to the nucleus15. YAP translocation to the nucleus has been shown to be 78 

dependent on substrate rigidity, with stiffer substrates above a rigidity threshold of 5 kPa 79 

promoting nuclear localization16. This mechanosensing mechanism is mediated by talin, a 80 

cytoskeletal protein that allows force transmission to the nucleus only above a threshold in 81 

substrate rigidity16. In the context of the segmentation clock, this suggests that individual cell 82 

oscillations may depend on a specific stiffness threshold mediated by YAP signaling. Notably, 83 

YAP activity has been linked to the regulation of the Delta/Notch pathway, which plays a crucial 84 

role in the synchronization and persistence of the segmentation clock. An increase in YAP activity 85 

has been shown to cause ‘in cis’ inhibition of the Notch signaling17, suggesting that mechanical 86 

regulation mediated by YAP can influence the oscillatory dynamics of the segmentation clock. 87 

This could lead to varying responses to rigidity between isolated cells and cell aggregates. 88 

Although single PSM cells function as self-autonomous oscillators with minimal cell-to-cell contact 89 

or juxtacrine Delta/Notch activity4, they may undergo cis-inhibition of Notch due to mechanical 90 

interactions with the extracellular matrix (ECM). In comparison, cell aggregates within the PSM 91 

tissue may modulate the spatiotemporal features of the segmentation clock through the 92 

antagonistic interplay between trans-activation of Notch via  Delta/Notch interactions among 93 

neighboring cells and YAP-mediated cis-inhibition of Notch via mechanical feedback.  94 

In this study, we investigated how mechanical cues affect the oscillatory behavior of isolated and 95 

aggregated zebrafish PSM cells, dissociated from transgenic zebrafish embryos expressing cyclic 96 

Her1-Venus6, by culturing them on polydimethylsiloxane (PDMS) micropost arrays with tunable 97 
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surface stiffness. By varying the height and diameter of the microposts, we precisely controlled 98 

the substrate rigidity and investigated cellular responses to a range of mechanical environments18. 99 

This approach enabled us to decouple the effects of mechanical cues from those of morphogen 100 

gradients and cell-cell communication, which are known to influence the segmentation clock in 101 

vivo19. We focused specifically on the intrinsic her1 negative feedback loop that drives cell-102 

autonomous oscillations4 providing a unique opportunity to study the role of mechanical cues in 103 

regulating the segmentation clock at the single-cell level. 104 

We report that the segmentation clock exhibits a switch-like response to changes in surface 105 

rigidity, with a significantly reduced oscillation percentage beyond 6 kPa. However,  the period, 106 

ranging widely between 60 to 100 minutes, shows no clear trend of changing in response to 107 

varying mechanical stimuli. This suggests that individual PSM cells may determine the period 108 

through an intrinsic pacemaker, likely driven primarily by transcriptional delays in the her1/7 109 

negative feedback loop20 and influenced by other position-dependent biochemical signals. In 110 

contrast, mechanical factors may provide a gating mechanism to determine whether the cells 111 

remain quiescent or oscillate. Furthermore, compared to isolated cells, cell aggregates exhibit a 112 

higher probability of oscillations across all rigidity conditions without a clear switching threshold, 113 

suggesting that the restoration of cellular interactions and tissue-level mechanics can co-114 

modulate the segmentation clock dynamics. This mechanical regulation of the segmentation clock 115 

could represent an additional tier of control, complementing the existing models based on genetic 116 

circuits, cell-cell communication, and morphogen gradients. 117 

Results 118 

Substrate Rigidity Modulates Single-Cell Segmentation Clock Oscillations 119 

 120 

To examine the influence of substrate rigidity on the oscillatory behavior of isolated zebrafish 121 

presomitic mesoderm (PSM) cells, we modified a single-cell assay4 by using mechanical 122 

dissociation to minimize the potential effects of chemical dissociation. Cells were dissociated from 123 

PSM tailbuds of embryos at the 5- to 8-somite stage containing the Tg(her1:her1-Venus) 124 

transgene6 and cultured on two distinct surfaces: Pluronic-coated glass, which inhibits cell-surface 125 

adhesion, and Matrigel-coated glass, which enhances cell-surface adhesion (Figure 1A). Notably, 126 

cells isolated from the anterior PSM (A-PSM) exhibited earlier Her1-Venus oscillation peaks 127 

compared to those from the posterior PSM (P-PSM), suggesting that the oscillation dynamics of 128 
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individual cells may vary depending on their original location within the presomitic mesoderm, 129 

potentially indicating that cells retain positional information from their endogenous tissue 130 

environments (Figure S1A). For the remaining results presented in this study, we utilize P-PSM 131 

cells. The Her1-Venus oscillatory behavior and morphology of single cells displayed marked 132 

differences between these two surface conditions (Figure 1B-J; Movie S1). On Pluronic-coated 133 

glass, around 55% of isolated cells exhibited self-sustained Her1-Venus oscillations (Figure 1B; 134 

Figure 1I, red; Figure 1J, left), while on Matrigel-coated glass, majority of cells are non-oscillatory 135 

(Figure 1C; Figure 1J, right) with around 4% of cells exhibiting oscillations (Figure 1I, blue). 136 

Moreover, on Pluronic-coated glass, both oscillating (Figure 1D, red; Figure 1F, solid red) and 137 

non-oscillating (Figure 1D, black; Figure 1F, dotted red) cells exhibited relatively low mean 138 

squared displacement (MSD); however, on Matrigel-coated glass, non-oscillating cells 139 

demonstrated significantly greater cell migration areas (Figure 1E) and MSD values that were 140 

orders of magnitude higher compared to oscillating cells (Figure 1F). On both Pluronic-coated 141 

and Matrigel-coated conditions, oscillating cells maintained high circularity throughout the time 142 

(Figure 1G-H, green; Figure 1J, left), while non-oscillating cells eventually became polarized after 143 

cell seeding (Figure 1G-H, red; Figure 1J, right), suggesting a potential relation between cell 144 

polarity and oscillatory state. These findings suggest that the surface coating significantly 145 

influences the oscillatory behavior of isolated cells, with cells that could perform self-sustained, 146 

autonomous oscillations on Pluronic-coated glass losing their oscillatory capability when attached 147 

to glass via Matrigel-coating  (Figure S1B). The observed differences in oscillatory behavior and 148 

morphology between cells cultured on low-adhesion Pluronic-coated and high-adhesion Matrigel-149 

coated glass surfaces suggest that mechanical cues, such as cell shape and spreading, play a 150 

potential role in regulating the segmentation clock. 151 

 152 

Compared to the stiff surface of a typical imaging cover glass, which has a reported elastic 153 

modulus of 48 GPa21, the tissue stiffness of the posterior PSM (P-PSM) measured using atomic 154 

force microscopy (AFM) was approximately 0.67 ± 0.04 kPa (Figure S2A-B). To investigate how 155 

the Her1-Venus oscillatory behavior may change across a gradient of rigidity covering the range 156 

of biological tissues, we cultured the PSM cells on Matrigel-coated PDMS micropost arrays with 157 

varying stiffness: 0.6 kPa, 2.9 kPa, 6 kPa, and 1.2 MPa18 (Figure 2A, Movies S2 and S3) as well 158 

as on Pluronic-coated and Matrigel-coated glass surfaces, as two control conditions. We found 159 

that cells on soft surfaces (0.6 and 2.9 kPa) maintained a high percentage of oscillations, about 160 

40-50%, comparable to the Pluronic-coated control condition. However, as surface rigidity 161 

increased, the oscillation percentage exhibited a pronounced drop to 20% between 2.9-6 kPa and 162 
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remained low with further increases in rigidity (Figure 2B). This switch-like characteristic was 163 

independent of selection criteria and remained consistent regardless of whether one-cycle cells 164 

were considered oscillatory(Figure S2C-D). This suggests a critical rigidity threshold on the order 165 

of a few kPa, where PSM cells are most sensitive to mechanical variations in the 166 

microenvironment, determining whether they oscillate or not. In line with this observation, the 167 

number of clock cycles exhibited a higher mean and variations on soft substrates (0.6-2.9 kPa) 168 

and dropped in a switch-like manner with increasing rigidity (Figure 2C). Furthermore, we 169 

examined the distribution of single-cell periods under various rigidity conditions. As a control, 170 

dissociated PSM cells on Pluronic-coated glass typically exhibited a wide distribution of periods, 171 

which were longer and more variable compared to in vivo segmentation clock oscillations, with a 172 

period distribution of 70.9 ± 16.8 minutes (mean ± SD), consistent with the reported values for 173 

chemically-dissociated cell cultures4. The cells on different surface conditions maintained a broad 174 

range of periods that are comparable to the Pluronic-coated glass condition and did not exhibit a 175 

clear dependency on rigidity (Figure 2D). This suggests that while cells can transition between 176 

quiescent and oscillatory states in response to mechanical cues, the period of the segmentation 177 

clock may depend on an intrinsic timing mechanism that is robust to mechanical perturbations. 178 

The pie charts in Figure S3A provide a comprehensive overview of the distribution of cell 179 

behaviors across different experimental conditions in this study.  180 

 181 

To explain the switch-like response of oscillations to rigidity, we propose a mechanism involving 182 

YAP-mediated regulation of the her1 negative feedback loop in response to surface rigidity 183 

(Figure 2E). The specific mechanical threshold observed between 2.9-6 kPa may represent a 184 

critical point at which YAP activity switches, leading to the suppression of oscillations. This 185 

hypothesis coincides with the switch-like nuclear translocation of YAP observed at a threshold of 186 

5 kPa in mouse embryonic fibroblast cells16. Furthermore, a previous study modeled the mouse 187 

segmentation clock as an activator-repressor oscillator based on the FitzHugh-Nagumo (FHN) 188 

model and proposed that the Yap pathway modulates the excitability threshold, effectively acting 189 

as a gate for Notch signaling as an external current10. To model our system, we used a time-190 

delayed genetic oscillator model22 incorporating the effects of Notch and YAP signaling on her1 191 

production. The model incorporates a Gaussian distribution of her1 production rates, a critical 192 

production rate threshold modulated by mechanical forces acting through YAP, and the rescue of 193 

oscillations by Notch signaling. The model predicts a sigmoidal decrease in the percentage of 194 

oscillating cells as rigidity increases, consistent with our experimental observations (Figure 2F).  195 

 196 
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Oscillating and Non-Oscillating Cells Exhibit Distinct Biophysical Properties 197 

 198 

We further explored the relationship between cell morphology and oscillatory behavior on 199 

surfaces of varying rigidity. Similar to our observations in the two control conditions, oscillating 200 

and non-oscillating cells exhibited distinct morphological and biophysical properties on surfaces 201 

of varying rigidity. Across all tested rigidities (0.6 kPa-1.2 MPa), and consistent with the controls 202 

(Figure 1G-H), oscillating cells consistently maintained higher and more persistent circularity 203 

compared to their non-oscillating counterparts (Figure 3A-A'''; Figure S4A-B). Distinct patterns of 204 

circularity changes were associated with oscillatory behavior. Actively oscillating cells maintained 205 

high circularity (Figure 3B) while non-oscillating cells exhibited low circularity (Figure 3B'). Cells 206 

took longer to spread on softer substrates, with non-oscillating cells decreasing their circularity 207 

more rapidly on increasingly rigid surfaces (Figure 3B''). 208 

 209 

Analysis of mean square displacement (MSD), including windowed MSD (Figure S4C) and real-210 

time MSD (Figure S4D), revealed that oscillating cells exhibited lower MSD values compared to 211 

non-oscillating cells across all rigidity conditions, suggesting that reduced motility may be 212 

favorable for the persistence of clock oscillations. Comparing the median values of windowed 213 

MSD for oscillating and non-oscillating cells across rigidity conditions, we found that oscillating 214 

cells maintained low MSD values all the time that are independent of rigidity (Figure 3C); in 215 

contrast, non-oscillating cells displayed a significantly increasing MSD over time, with the slope 216 

higher for more rigid surfaces (Figure 3C’). These differences are demonstrated in the MSD 217 

diffusion coefficient (D) analysis, indicating that oscillating cells have low D regardless of surface 218 

conditions, while non-oscillating cells have increased D with increasing rigidity (Figure 3B'''). 219 

Maximum MSD values followed similar trends for oscillating (Figure 3C’’') and non-oscillating cells  220 

(Figure 3C''').  221 

 222 

To provide a detailed view of cell-substrate interactions for oscillating and non-oscillating cells, 223 

we captured higher-resolution images of cells on 0.6 kPa and 2.4 kPa micropost arrays and 224 

analyzed the traction forces they exerted on the substrates as they attached and migrated. The 225 

subcellular level traction forces were quantified based on the deflection of the microposts18. In 226 

Figure 4A-C, we showed that an oscillating cell on 0.6 kPa micropost arrays maintained a round 227 

shape and exerted low traction forces (Figure 4A; Figure 4C, red; Movie S4A), whereas a non-228 

oscillating cell on the same substrate became polarized and increased traction forces 229 

approximately 4 hours after seeding (Figure 4B; Figure 4C, blue; Movie S4B). These differences 230 
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were consistent on 2.4 kPa micropost arrays (Movie S4C-D). The traction force normalized by 231 

cell spread area indicated that oscillating cells exhibited lower contractility compared to non-232 

oscillating cells on both 0.6 kPa and 2.4 kPa micropost arrays (Figure 4D-E).  233 

 234 

These findings suggest that cell morphology, spreading dynamics, motility, and mechanical 235 

tension are closely linked to the oscillatory behavior of the segmentation clock. The morphological 236 

and biophysical differences between oscillating and non-oscillating cells may be linked to the 237 

activation of the YAP pathway, which is known to respond to mechanical cues and cell stretches16. 238 

Collectively, these results highlight the importance of mechanical cues from the microenvironment 239 

in modulating the oscillatory dynamics of the segmentation clock through changes in cell shape, 240 

contractility, and mechanical tension. 241 

 242 

Multicellular Aggregates Display Emergent Oscillatory Properties Influenced by Cell-Cell 243 

Interactions and Mechanical Cues 244 

 245 

To investigate the oscillatory behavior of multicellular systems, we cultured cell aggregates on 246 

PDMS micropost arrays and compared their properties to those of single cells across different 247 

surface conditions (Figure 5A). Similar to isolated cells, cell aggregates displayed oscillatory 248 

behavior linked to morphology and substrate conditions, suggesting the continued influence of 249 

mechanical signals in cell clusters  As an example, we showed two cell clusters (Figure 5B-E; 250 

Movie S5A). The colony on Pluronic-coated glass exhibited sustained Her1-Venus oscillations 251 

and stable circularity over time (Figure 5B-C, red), with a slight reduction in circularity from the 252 

beginning due to the protrusion of peripheral cells (Figure 5D). In contrast, the cell aggregates 253 

on 1.2 MPa PDMS microposts were non-oscillatory (Figure 5B, blue) and experienced a 254 

significant reduction in circularity over time (Figure 5C, blue; Figure 5E; Movie S5B).   255 

 256 

Additionally, we analyzed the oscillation properties of cell aggregates across all surface 257 

conditions and found that as rigidity increased, the percentage of oscillations and the number of 258 

cycles decreased (Figure 5F-G). However, the period remained widely distributed between 60 to 259 

100 minutes and did not show a clear dependency on rigidity (Figure 5H). These observations 260 

were generally consistent with the behavior of isolated oscillating cells. However, the sigmoidal 261 

dependency of oscillation percentage on rigidity was no longer observable. Instead, we found 262 

that across all rigidity conditions, cell aggregates showed a significantly higher percentage of 263 
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oscillations compared to single cells, suggesting that the oscillatory state may be influenced not 264 

only by cell mechanics but also by cell-cell communications.  265 

 266 

These findings highlight the complex interplay between cellular interactions and the mechanical 267 

environment in regulating the segmentation clock dynamics in multicellular contexts. The 268 

observed differences in the oscillatory response to rigidity between cell aggregates and single 269 

cells may be attributed to the enhanced Notch signaling in the aggregates, which positively 270 

regulates her1, coupled with the antagonistic effect of mechano-transduced YAP activity on the 271 

segmentation clock. Another possibility could be the difficulty in activating YAP signaling in cell 272 

aggregates compared to isolated cells, due to the inhibited cell spreading or stretching of the 273 

cells in the middle. This may also explain the heterogeneous pattern of oscillations observed in 274 

aggregates on hard surfaces, where cells at the center are more likely to oscillate while cells in 275 

the periphery tend to spread and do not oscillate.  276 

 277 

Discussion 278 

 279 

Our study reveals that the segmentation clock is sensitive to mechanical cues from the 280 

microenvironment, with substrate rigidity playing a crucial role in modulating the oscillatory 281 

behavior of isolated PSM cells. Notably, we observed a critical rigidity threshold between 2.9-6 282 

kPa, where the percentage of oscillating cells exhibits a switch-like drop, suggesting that the 283 

segmentation clock is finely tuned to respond to specific mechanical ranges. 284 

 285 

The use of PDMS micropost arrays in our study provides a unique and powerful tool to investigate 286 

the role of mechanics in regulating the segmentation clock at the single-cell level and in 287 

multicellular aggregates. This approach allows for precise control over the mechanical 288 

environment, enabling us to explore a wide range of rigidities and their effects on oscillatory 289 

behavior. Other methods, such as hydrogels, require adjusting the densities of the coating, which 290 

impacts not only rigidity but also ligand concentration and other complex factors like biochemical 291 

signaling, cell adhesion properties, and matrix porosity. These complexities make it difficult to 292 

distinguish biochemical effects from mechanical effects on cellular responses. In our study, we 293 

cultured cells on micropost arrays with a uniform 2% Matrigel coating across all rigidity conditions 294 

to isolate mechanical rigidity from other matrix properties. This approach enables a clearer 295 

interpretation of cellular responses specifically to bulk mechanical changes. Additionally, this 296 
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method could be extended to investigate the role of mechanics in segmentation clock systems 297 

across different species, providing a valuable tool for comparative studies and deepening our 298 

understanding of the conserved and divergent mechanisms that regulate the segmentation clock 299 

across vertebrates. 300 

 301 

Our findings also highlight the importance of cell morphology, motility, and mechanical tension in 302 

regulating the oscillatory dynamics of the segmentation clock. We observed that oscillating cells 303 

exhibit distinct biophysical properties, such as sustained circularity, reduced spreading, lower 304 

motility, and decreased mechanical tension. In contrast, non-oscillating cells display altered 305 

morphology, increased spreading, higher motility, and elevated traction forces and contractility. 306 

These results suggest that the mechanical state of individual cells, as well as their ability to sense 307 

and respond to mechanical cues from the microenvironment, are critical factors in determining 308 

the oscillatory behavior of the segmentation clock. 309 

 310 

Furthermore, our study reveals that cell-cell contacts and the mechanical environment within 311 

multicellular aggregates may coordinate, resulting in the segmentation clock of the aggregates 312 

less sensitive to rigidity changes compared to isolated cells. These findings underscore the 313 

importance of investigating the segmentation clock dynamics in multicellular contexts, as the 314 

interplay between cell-cell communication and mechanical cues can give rise to emergent 315 

behaviors that are not observed in isolated cells. 316 

 317 
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Methods  334 

 335 

Data and materials availability:  336 

The raw imaging data and corresponding MATLAB files containing segmentation, tracks, and 337 
data analysis are available upon request, please contact the corresponding author. MATLAB 338 
scripts for data analysis are deposited on GitHub. 339 

Fish husbandry and tailbud cell dissociation  340 

Zebrafish Tg(her1:her1-Venus) embryos were maintained at 28°C in E3 buffer without methylene 341 

blue until 50% epiboly and then held at 19°C overnight before in vitro experiments. Tailbud 342 

dissections were performed at the 5- to 8-somite stage. Embryos were dechorionated in E3 buffer 343 

using sharp tweezers and transferred to L15 medium with penicillin-streptomycin for cell 344 

dissociation and subsequent imaging. The tissue below the notochord, including the progenitor 345 

zone and parts of the posterior PSM, was cut using two syringe needles (30G x 1/2" - BD 305106 346 

PrecisionGlide Needle) where one needle was used to fix the embryo in place within the Petri 347 

dish and another one to scrap the yolk away and cut the tailbud. Three tails were collected in a 348 

microcentrifuge tube with 10 µL of L15 medium and mechanically dissociated by pipetting using 349 

a P20 pipette for 5 minutes. Dissociated cells were plated on glass-bottom dishes pre-coated with 350 

F-127 Pluronic and 2% Matrigel. Cell culture droplets were mounted with mineral oil to prevent 351 

medium evaporation. The dissociation process produced a mixture of single cells and cell 352 

aggregates, both of which were used for the analysis in this study.  353 

Confocal time-lapse microscopy  354 

Images were acquired using an inverted Olympus FV1200 confocal microscope equipped with a 355 

20x objective (Olympus UCPlanFL 20x / 0.70 NA), PMT detectors, and a Z-direction 356 

compensation autofocus function. Her1-Venus was excited using a 515 nm laser with 10% power 357 

and a scan speed of 12 μs/pixel (pixel dwell time) and detected with a high-sensitivity GaAsP 358 
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detector. Transmitted light images were captured using a transmitted light photomultiplier 359 

detector. The image size was 512 x 512 pixels, resulting in a resolution of 1.242 pixels/µm. Both 360 

transmitted light and YFP channels were imaged at 5-minute intervals for a minimum duration of 361 

20 hours. The sample dish was maintained at 28°C using the Tokai Hit Stage Top Incubation 362 

System. Multiposition scanning was configured to capture up to 14 positions per experiment. 363 

Image analysis 364 

Isolated cell Her1-Venus expression was tracked using Manual tracking with TrackMate in Fiji. 365 

The tracked circle diameter was set to 10-15 µm to ensure coverage of the entire cell area across 366 

all frames. Peak detection and period statistics were obtained using a custom Matlab script with 367 

the findpeaks function, which smoothens the time series and identifies peaks based on local 368 

maxima, minimum period distance, and minimum prominence. The period was defined as the 369 

peak-to-peak time interval. Oscillating cell percentage statistics were calculated using a 10-hour 370 

cutoff, with non-tracked cells including touched and dead cells, excluded. Pie plots were used to 371 

show the percentage of all cell types from the first frame and tracked cells at 10 hours for each 372 

dataset (Figure S3). 373 

 374 

Cell aggregates were defined as having at least 4 cells at the first frame and surviving for 10 375 

hours. Oscillating cell aggregates were defined as having at least one oscillating cell, with peaks 376 

detected using the custom Matlab script within the 10-hour window. If cells split from the 377 

aggregates, all separated parts containing more than 4 cells were tracked. Cell aggregates were 378 

manually tracked using the Fiji/ImageJ plugin, Mastodon, with the tracked circle diameter set to 379 

approximately 4 µm larger than the object to minimize background noise impact on average 380 

intensity calculation. The algorithm smooths the time series and identifies peaks based on local 381 

maxima, minimum period distance, and minimum prominence. 382 

Fabrication of PDMS micropost arrays 383 

Photolithography and deep reactive ion-etching (DRIE) techniques were used for the fabrication 384 

of the Si micropost mold. The PDMS micropost array was generated by replica molding18,23. 385 

PDMS prepolymer with a 10:1 base-to-curing agent ratio was poured into the Si micropost mold 386 

and cured at 110°C for 30 min. The negative PDMS template containing an array of holes was 387 

formed after peeling off from the Si micropost. Then the template was oxidized with oxygen 388 

plasma and passivated with trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane vapor overnight.  389 

 390 
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PDMS prepolymer with a 10:1 base-to-curing agent ratio was poured over the negative PDMS 391 

template, then covered by the cover glass (Fisher Scientific 12542B), and cured at 110°C 392 

overnight. The final PDMS micropost array was peeled from the negative PDMS template and 393 

subjected to sonication in 100% ethanol for 30 seconds, followed by dry-release with liquid CO2 394 

using a critical point dryer (Samdri®-PVT-3D, Tousimis, Rockville, MD) to recover collapse of 395 

PDMS microposts during peeling process.  396 

 397 

The array surface rigidities selected for PSM cell culture included 1.2 MPa (post diameter: 0.8 398 

µm, post-to-post diameter: 1.6  µm, post height: 0.42 µm), 6 kPa (post diameter: 0.8 µm, post-to-399 

post diameter: 1.6  µm, post height: 3.46 µm), 2,9 kPa (post diameter: 0.8 µm, post-to-post 400 

diameter: 1.6  µm, post height: 4.49 µm), and 0.6 kPa (post diameter: 0.8 µm, post-to-post 401 

diameter: 1.6  µm, post height: 7.57 µm). To attach cells to micropost tops, we functionalized 402 

Matrigel on the tops by contact printing. Firstly, PDMS stamps with a 30:1 base-to-curing agent 403 

ratio were generated and immersed in a solution containing Matrigel (2%; Corning) for 1 hour. 404 

Matrigel-coated PDMS stamps were then placed in contact with the PDMS micropost array pre-405 

treated with UV-ozone (UV-ozone cleaner, Jelight, Irvine, CA) to transfer adhesive Matrigel from 406 

stamps to the tops of PDMS microposts. To avoid undesired cell adhesion to the side surfaces of 407 

microposts, PDMS micropost arrays were submerged sequentially in 100% ethanol (10 seconds), 408 

DI water (three times washing), and 0.2% w/v Pluronics® F-127 solution (Sigma-Aldrich; 30 409 

minutes). Matrigel-coated PDMS micropost arrays could be stored in phosphate-buffered saline 410 

(PBS; Invitrogen) solution for up to a week before cell culture. 411 

Quantification of cell contractility of PSM cells 412 

To quantify the traction forces exerted by isolated cells, we employed PDMS micropost arrays. 413 

The PDMS microposts beneath the isolated cells were stained with Fibrinogen, Alexa Fluor™ 647 414 

Conjugate (Invitrogen™) and imaged using an inverted Olympus FV1200 confocal microscope 415 

equipped with an Olympus UPlanSApo 40x 1.25 Sil objective. Time-lapse images were analyzed 416 

using a custom-developed MATLAB script18,23. The script fitted the deviation of each post's 417 

centroid from its original position, determined by the free and undeflected posts. The horizontal 418 

traction force was then calculated by multiplying the post centroid deviation by the nominal spring 419 

constant K, which was generated through finite element model  (FEM) simulations18,23,24. 420 
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Oscillator model 421 

We modeled the her1 genetic oscillator based on a time-delayed negative feedback model 422 

adapted from Negrete et al.25, which is described by the delay differential equation (DDE): 423 

𝑑𝑌

𝑑𝑡
=  −𝑌(𝑡)  +  𝜒𝐻∞

− (𝑌(𝑡 − 𝑡𝑑))   424 

Here Y is the her1 protein concentration, 𝐻∞
−(𝑌(𝑡 − 𝑡𝑑)) is the negative feedback with an explicit 425 

time delay 𝑡𝑑, and 𝜒 is the production rate. We assume 𝜒 to be constant for a free-running 426 

oscillator without any mechanical effects and 𝐻∞
−(𝑌) = 1 −  𝛩(𝑌 − 1) where 𝛩 is the Heaviside 427 

step function. 428 

 429 

While our model assumes constant production, we assume this production varies from cell to cell, 430 

with a Gaussian distribution. It has been observed in similar contexts that mechanical forces, 431 

acting through the YAP pathway, can create a thresholding effect for the onset of oscillations, and 432 

that Notch can help rescue these oscillations10. With these prior results and our experimental 433 

findings in this study, we treat 𝜒 as a function of Notch and Yap such that 𝜒 = 𝑓(𝑁𝑜𝑡𝑐ℎ)𝑔(𝑌𝐴𝑃) 434 

where 𝑓 is a monotonically increasing function of Notch and 𝑔 is a monotonically decreasing 435 

function of YAP. Additionally, we modeled YAP following a Hill function relationship with rigidity, 436 

aligning with the experimental observation of switch-like YAP translocation in response to 437 

increasing rigidity16. 438 

 439 

For this DDE with constant production, there is a thresholding effect here at 𝜒 = 1. For 𝜒 < 1 440 

there are no oscillations. Under these assumptions, and with this thresholding effect, one 441 

observes that the percentage of oscillating cells decreases as rigidity increases. This reflects what 442 

is seen in our experimental results. 443 

 444 

This model also coincides with our results from the cell aggregated data. Cell aggregates engage 445 

in Notch signaling, which increases 𝜒 in the model, and leads to a greater number of cell 446 

aggregates cells oscillating.  447 

Mean squared displacement 448 

The mean squared displacement (MSD) gives a measure for the type of motion displayed by 449 

particles in a given time interval26. For each stage position, a background fixed point was tracked 450 

to account for slide movements from the stage. These displacements were subtracted from the 451 

cell tracking data in that position. Windowed MSD plots were generated for oscillating and non-452 
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oscillating cells on varying rigidity. The equation 𝑀𝑆𝐷 (𝑡) = < 𝑟2 > = < (|𝑟(𝑡 + 𝒕𝒐) − 𝑟(𝒕𝒐)|𝟐 > 453 

and time from 0 to 600 min was used to produce plots. A windowed MSD calculation was also 454 

generated for each individual cell to generate span plots using the equation 𝑀𝑆𝐷 (𝑇𝑎𝑢) = <455 

(|𝑟(𝑡 + 𝑇𝑎𝑢) − 𝑟(𝑡)|𝟐 >. We selected all time frames and Tau values to generate smooth MSD 456 

estimates for each cell. The windowed MSD was verified with two separate algorithms and MSD 457 

at to = 0 was compared to the windowed MSD. Span plot areas were colored by 10% quantiles 458 

in MSD data. 459 

 460 

Diffusion coefficients (D) were calculated using equation MSD=2pDt  where p=2 is the number of 461 

dimensions. We performed a linear least squares fit centered at the origin for each individual cell 462 

displacement track to evaluate diffusion in each condition. Span plot areas were colored by 10% 463 

quantiles in MSD data. 464 

Circularity 465 

Isolated cell circularity was collected manually by tracing the boundaries of cells in Fiji (Image J) 466 

software. Circularity was collected for 120 frames over 10 hours for the selected cells. The 467 

degree of circularity was calculated using the equation 4𝜋(𝐴𝑟𝑒𝑎/𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2). 468 

Time to shape transition was calculated as follows: a time-lapse was divided into 40-minute 469 

windows, a given frame for non-oscillating cells was considered to have undergone a significant 470 

shape transition if it’s 5-frame moving average circularity was 2 standard deviations less than 471 

the moving average of the oscillating cells’ circularity; If an entire 40-minute window consisted of 472 

frames designated as having undergone a shape transition, the first frame was marked as the 473 

time to shape transition for the condition. 474 

  475 
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Figure legends  533 

 534 

Figure 1: Her1 negative-feedback loop exhibits sustained limit cycle oscillations on low-535 

adhesion surfaces. (A) Schematic of the zebrafish tail during somitogenesis. The segmentation clock 536 

in the presomitic mesoderm is known to respond to morphogen gradients (RA, Fgf) and a potential 537 

extracellular matrix mediated mechanical gradient. Progenitor cells harvested from the tailbud are 538 

exposed to surfaces with varying rigidities. (B) Sustained Her1-Venus expression in oscillating cells 539 

on a Pluronic- (hydrophobic) coated glass surface and (C) Matrigel-coated glass surface. The red line 540 

indicates the cell shown in the pluronic montage panel. Gray lines represent cells from independent 541 

experiments. The blue line indicates the cell shown in the Matrigel montage panel. (D-E) Tracked cell 542 

trajectories of an oscillating and non-oscillating cell on Pluronic- and Matrigel-coated surfaces. Red 543 

and blue lines represent cells shown in the respective montage panels. (F) Windowed mean squared 544 

displacement of oscillating and non-oscillating cells on pluronic and Matrigel-coated glass surfaces. 545 

Red and blue lines indicate the respective cells shown in the montages. (G-H) Circularity traces of 546 

isolated oscillating (red) and non-oscillating (blue) cells on Pluronic-coated and Matrigel-coated glass 547 

surfaces. (I) The percentage of oscillating cells on pluronic and Matrigel-coated surfaces across 548 

experiments. (J) Montage of a single cell on Pluronic- and Matrigel-coated glass surfaces. Transmitted 549 

light indicates cell viability, Her1-venus intensities indicate oscillations, and circularity demonstrates 550 

the PSM cell maintaining a low contact area and spherical conformation on the Pluronic-coated glass 551 

surface, while completely spreading on the Matrigel-coated glass surface. 552 

 553 

Figure 2: Increasing surface rigidity reduces the percentage of oscillating cells, the number of 554 

cycles, and modulates the segmentation clock period in isolated zebrafish tailbud cells. (A) 555 

Schematic of the PDMS micropost arrays. Single cells from zebrafish tailbuds were cultured on 556 

micropost arrays with varying Young’s modulus: 0.6 kPa, 2.9 kPa, 6 kPa, 1.2 MPa. Pluronic and 557 

Matrigel coatings on glass served as extreme controls for the rigidity range, with Matrigel-coated glass 558 

exhibiting the highest rigidity and Pluronic-coated glass displaying low cell adhesion. (B) Semi-log plot 559 

of the percentage of oscillating cells across varying rigidities. Grey and white backgrounds indicate 560 

Pluronic vs Matrigel surface coatings, respectively. Isolated cells on micropost arrays with rigidity <104 561 

Pa showed a higher percentage of oscillating cells compared to more rigid micropost arrays. The 562 

percentage of oscillating cells exhibits a switch-like drop between 2.9-6 kPa. (C) Semi-log plot 563 

displaying a decrease in oscillation cycles with increasing rigidity. (D) Semi-log plot depicting the 564 

segmentation clock period response to increasing surface rigidity. (E) Illustration of the proposed 565 

mechanism for YAP-mediated regulation of the Her1 negative feedback loop in the segmentation 566 
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clock. (F) A time-delayed genetic oscillator model captured the decrease in the percentage of 567 

oscillating cells with increasing surface rigidity. Surface rigidity may exhibit a switch-like threshold to 568 

modulate the segmentation clock in single cells. Number of cells in each condition are provided in SI 569 

Figure 3.  570 

 571 

Figure 3: Surface rigidity modulates morphological dynamics and migratory behavior in 572 

isolated PSM cells exhibiting distinct oscillation states. (A-A''') Single-cell circularity traces over 573 

time on 0.6 kPa (A), 2.9 kPa (A'), 6.0 kPa (A''), and 1.2 MPa (A''') surfaces. Oscillating cells (green) 574 

maintain higher and more persistent circularity than non-oscillating cells (red), indicating a key 575 

morphological feature that links to a cell’s oscillatory potential. Non-oscillating cells progressively lose 576 

circularity as they spread and crawl on surfaces over time. (B-B’) Circularity and Her1-Venus intensity 577 

traces of single cells on a 1.2 MPa micropost -arrays surface. The oscillating cell (B) maintains high 578 

circularity, while the non-oscillating cell (B') progressively loses circularity. (B'') Time for single non-579 

oscillating cells to reach a distinct geometry (change in circularity) from their oscillating counterpart. 580 

Non-oscillating cells decrease circularity faster with increasing rigidity. (B’’’) MSD diffusion coefficient 581 

(D) analysis indicating oscillating cells maintain a low D regardless of surface conditions while non-582 

oscillating cells increase D with increasing rigidity. (C-C''') Mean squared displacement (MSD) 583 

analyses of cells on varying surface rigidities, including median MSD of oscillating (C) and non-584 

oscillating (C’) cells and maximum MSD of oscillating cells (C’’) and non-oscillating cells (C’’’). 585 

Oscillating cells maintain a relatively low MSD across all rigidity conditions, while non-oscillating cells 586 

increase displacement with increasing rigidity.  587 

 588 

Figure 4: Oscillating and non-oscillating PSM cells exhibit distinct traction force profiles across 589 

substrate rigidities. (A-B) Her1-Venus intensity and traction force heat maps of oscillating (A) and 590 

non-oscillating (B) isolated cells on 0.6 kPa micropost arrays. Oscillating cells maintain lower traction 591 

forces, while non-oscillating cells progressively increase traction force. (C) Her1 intensity and force 592 

profiles over time for the oscillating (red) and non-oscillating (blue) cells. (D) Quantitative analysis of 593 

total force per cell area for oscillating (N = 2) and non-oscillating (N = 5) isolated PSM cells cultured 594 

on 0.6 kPa micropost arrays. Oscillating cells maintain lower total force per cell area, while non-595 

oscillating cells show a wide range of total force per cell area over time.  (E) Quantitative analysis of 596 

total force per cell area for oscillating (N = 2) and non-oscillating (N = 5) isolated PSM cells cultured 597 

on 2.4 kPa micropost arrays. Similar to the 0.6 kPa condition, oscillating cells maintain lower total force 598 

per cell area compared to non-oscillating cells, which exhibit a wide range of total force per cell area 599 

over time.  600 
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 601 

Figure 5: Surface rigidity modulates clock dynamics and morphological properties of PSM cell 602 

aggregates. (A) Schematic of cell aggregates cultured on PDMS micropost arrays. (B) Her1-Venus 603 

intensity traces of cell aggregates on Pluronic-coated glass surfaces (black) and 1.2 MPa PDMS micropost 604 

arrays (red). (C) Circularity traces of the representative cells in (B). (D) Montage of a cell aggregate on 605 

Pluronic-coated glass and (E) 1.2MPa micropost surfaces. Transmitted light indicates aggregate 606 

viability, Her1-Venus intensities reflect segmentation clock oscillations, and circularity demonstrates 607 

the aggregate maintaining a low contact area on the Pluronic-coated glass surface while spreading 608 

more on the 1.2MPa micropost array surface. (F) Semi-log plot of the percentage of oscillating cell 609 

aggregates on surfaces of varying rigidities. The percentage of oscillating cell aggregates is lower on 610 

rigid micropost arrays (1.2 MPa) and Matrigel-coated glass compared to soft micropost arrays (0.6 611 

kPa and 2.9 kPa), suggesting that increasing surface rigidity may suppress oscillations in cell 612 

aggregates. (G) The number of oscillation cycles decreases with increasing surface rigidity, indicating 613 

the segmentation clock is sensitive to mechanical cues, with stiffer surfaces leading to fewer oscillation 614 

cycles. (H) The segmentation clock oscillation period is modulated by surface rigidity, with a sensitive 615 

range between 100-102 kPa, suggesting that the timing of oscillations can be fine-tuned by the 616 

mechanical properties of the surrounding environment within this rigidity range. 617 

 618 
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Main Figures  
 

 
Figure 1: Her1 negative-feedback loop exhibits sustained limit cycle oscillations on low-
adhesion surfaces. 
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Figure 2: Increasing surface rigidity reduces the percentage of oscillating cells, the number 
of cycles, and modulates the segmentation clock period in isolated zebrafish tailbud cells. 
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Figure 3: Surface rigidity modulates morphological dynamics and migratory behavior in 
isolated PSM cells exhibiting distinct oscillation states. 
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Figure 4: Oscillating and non-oscillating PSM cells exhibit distinct traction force profiles 
across substrate rigidities. 
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Figure 5: Surface rigidity modulates clock dynamics and morphological properties of PSM cell 
aggregates. 
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Supporting Information 
 

 

 
 

Figure S1: Oscillation dynamics of isolated cells from different regions of the zebrafish embryo tail 
and the influence of surface coatings on the percentage of oscillating cells.  (A) Isolated cells were 
obtained from different cutting positions along the zebrafish embryo tail: anterior presomitic mesoderm 
(A.PSM) and posterior presomitic mesoderm (P.PSM). The violin plot of the first peak time indicates that 
oscillating cells isolated from the A.PSM expressed their peaks earlier than those from the P.PSM (N = 9 
for A.PSM and N = 26 for P.PSM). This suggests that the oscillation dynamics of individual cells may vary 
depending on their original location within the presomitic mesoderm. 

(B) Comparison of the percentage of oscillating cells cultured on Pluronic-coated glass (red) and Matrigel-
coated glass surfaces (blue) across three independent experiments. The percentage of oscillating cells on 
Pluronic-coated glass was consistently around 45%, while on Matrigel-coated glass, it was approximately 
5%. The number of tracked cells for each condition and experiment is as follows: 

• Exp1: N = 31 for Pluronic-coated glass and N = 40 for Matrigel-coated glass 

• Exp2: N = 62 for Pluronic-coated glass and N = 48 for Matrigel-coated glass 

• Exp3: N = 29 for Pluronic-coated glass and N = 71 for Matrigel-coated glass 

These findings demonstrate that the surface coating significantly influences the proportion of isolated cells 
that exhibit oscillatory behavior, with Pluronic-coated glass promoting a higher percentage of oscillating 
cells compared to Matrigel-coated glass. 
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Figure S2: Measurement of posterior presomitic mesoderm (P.PSM) rigidity using an atomic force 
microscopy and the influence of cell selection criteria on the percentage of oscillating cells. (A) 
Rigidity measurement of the P.PSM using an atomic force microscope (AFM). The AFM tip was positioned 
on the P.PSM, and a total of 46 data points were collected within a 0.5 µm × 0.5 µm square along the 
P.PSM. (B) Young's modulus of the P.PSM was determined to be 0.67 ± 0.04 kPa (mean ± standard error). 
This quantitative assessment of tissue rigidity provides a reference point for understanding the mechanical 
environment experienced by cells within the P.PSM. (C) The percentage of oscillating cells, after excluding 
cells exhibiting only a single peak, still displayed a switch-like behavior as a function of surface rigidity. This 
suggests that the observed trend in the percentage of oscillating cells is robust and not significantly 
influenced by the inclusion or exclusion of single-peak cells in the analysis. 

(D) The percentage of oscillating cells, after excluding cells that contacted other cells within 10 hours, also 
maintained the switch-like behavior. This indicates that the observed trend in the percentage of oscillating 
cells is not primarily driven by cell-cell contact events occurring within the first 10 hours of the experiment. 
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Figure S3: Proportions of oscillating and non-oscillating cells, and their contact status, across 
different surface conditions. (A) Pie charts represent the distribution of cell behaviors and contact status 
for each dataset and surface conditions. All cells included in the analysis were initially isolated in the first 
frame and could be tracked for 10 hours. The following categories are represented: 

• Red: Oscillating cells that remained isolated for the entire 10-hour period 

• Blue: Non-oscillating cells that remained isolated for the entire 10-hour period 

• Pink: Oscillating cells that contacted other cells after the first frame and within the 10-hour period 

• Green: Non-oscillating cells that contacted other cells after the first frame and within the 10-hour 
period 

On rigid micropost surfaces (1.2 MPa) and Matrigel-coated glass, a larger proportion of cells contacted 
other cells within the 10-hour observation period compared to softer micropost surfaces (0.6 kPa and 2.9 
kPa) and Pluronic-coated glass. This suggests that surface rigidity and coating properties may influence 
cell migration and cell-cell interactions, in addition to their effects on oscillatory behavior. 

The pie charts provide a comprehensive overview of the distribution of cell behaviors and contact status 
across the different experimental conditions, allowing for a direct comparison of the relative proportions of 
each category. This visualization complements the main figures by offering additional insights into the 
interplay between surface properties, cell oscillations, and cell-cell interactions. 
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Figure S4: Circularity, windowed mean squared displacement (MSD), and traction force analysis of 
oscillating and non-oscillating cells on surfaces of varying rigidities. (A) The circularity of isolated 
oscillating cells on surfaces of varying rigidities. Oscillating cells display higher and more consistent 
circularity values on soft micropost arrays (0.6 kPa and 2.9 kPa) compared to rigid micropost arrays (1.2 
MPa) and Matrigel-coated glass. (B) The circularity of isolated non-oscillating cells on surfaces of varying 
rigidities. Non-oscillating cells exhibit a wide range of circularity values on rigid micropost arrays (1.2 MPa) 
and Matrigel-coated glass, suggesting more variable cell morphologies on these surfaces. (C) Windowed 
MSD of oscillating (orange) and non-oscillating cells (blue) on Pluronic-coated, micropost arrays, and 
Matrigel-coated glass surfaces. (D) Real-time MSD of oscillating and non-oscillating cells on Pluronic-
coated, micropost arrays, and Matrigel-coated glass surfaces.    
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Figure S5: Comparison of oscillation period length and cycle number between isolated cells and 
cell aggregates.  

(A, B) Period length of the first three (A) and last three (B) oscillation cycles for isolated cells cultured on 
surfaces of varying rigidities. The boxplots represent the distribution of period lengths, with the mean values 
indicated by red dots and outliers by blue dots. This analysis allows for the assessment of period length 
stability and variability over time in isolated cells. 

(C, D) Period length of the first three (C) and last three oscillation (D) cycles for cell aggregates cultured on 
surfaces of varying rigidities. The boxplots follow the same conventions as in (A, B). Comparing the period 
lengths of isolated cells and cell aggregates provides insights into the potential influence of cell-cell 
interactions on the temporal dynamics of oscillations. 

(E) Comparison of the overall period length between isolated cells and cell aggregates across all surface 
conditions. This analysis highlights any systematic differences in the oscillation period between isolated 
cells and cell aggregates, providing insights into the impact of cell-cell interactions on the temporal 
characteristics of the oscillations. 

(F) Comparison of the total number of oscillation cycles between isolated cells and cell aggregates across 
all surface conditions. The boxplots display the distribution of cycle numbers, with mean values indicated 
by red dots and outliers by blue dots. This comparison reveals potential differences in the sustainability of 
oscillations between isolated cells and cell aggregates. 
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Movie S1: Isolated PSM cells on Pluronic-coated and Matrigel-coated glass conditions. Left to right: 
Pluronic-coated glass and Matrigel-coated glass. White arrow: oscillating cells; black arrow: non-
oscillating cells. Scale bar: 50 µm.  

Movie S2: Isolated PSM cells on varying rigidity conditions. White arrow: oscillating cells; black 
arrow: non-oscillating cells. Scale bar: 50 µm.  

Movie S3:  Multiple cycle traces from an oscillating cell on 2.9 kPa micropost arrays. Scale bar: 50 
µm. 

Movie S4A: Oscillating cell on 0.6 kPa micropost arrays. Scale bar: 10 µm.  

Movie S4B: Non-oscillating cell on 0.6 kPa micropost arrays. Scale bar: 10 µm.  

Movie S4C: Oscillating cell on 2.4 kPa micropost arrays. Scale bar: 10 µm.  

Movie S5C: Non-oscillating cell on 2.4 kPa micropost arrays. Scale bar: 10 µm.  

Movie S5A: On 2.9 kPa micropost arrays and Pluronic-coated glass. Scale bar: 50 µm.  

Movie S5B: On 1.2 MPa micropost arrays. Scale bar: 50 µm. The migration of cells from the 
aggregate's center to its edge coincided with a loss of Her1 oscillation and increased cellular spreading. 
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