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[bookmark: _Hlk167989234]ABSTRACT: The physical properties of nanoscale cell-extracellular matrix (ECM) ligands profoundly impact biological processes such as adhesion, motility, and differentiation. While the mechanoresponse of cells to static ligands is well-studied, the effect of dynamic ligand presentation with "adaptive" properties on cell mechanotransduction remains less understood. Utilizing a controllable diffusible ligand interface, we demonstrated that cells on surfaces with rapid ligand mobility could recruit ligands through by activating integrin α5β1, leading to faster focal adhesion growth and spreading at the early adhesion stage. By leveraging UV light-sensitive anchor molecules to trigger a "dynamic to static" transformation of ligands, we sequentially activated α5β1 and αvβ3 integrins, significantly promoting osteogenic differentiation of mesenchymal stem cells. This study illustrates how manipulating molecular dynamics can directly influence stem cell fate, suggesting the potential of "sequentially" controlled mobile surfaces as adaptable platforms for engineering smart biomaterial coatings.
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Cells live in a highly dynamic microenvironment where they constantly sense and respond to the nanoscale features of matrix through the integrin-ECM molecules interactions.1,2 These transmembrane "linkers" not only anchor cells to the ECM but also enable them to apply forces to probe neighboring cells or the matrix, initiating signaling pathways.3 A crucial aspect of integrin-based mechanotransduction is the regulation of integrin mechanical behaviors, including force-induced ligand motion, localization, and activation.4 Initially, extracellular ligand binding triggers a series of biochemical reactions, recruiting adaptor proteins and integrins, causing them to crosslink into nanosized clusters, which further assemble into larger clusters to reinforce cell adhesion.3,4,5 Thus, understanding the interplay between force and ligand dynamics during receptor-ligand interactions is essential for deepening our knowledge of various cellular mechanoresponses and guiding the design of novel active biomaterials.
Consequently, significant efforts have been directed towards synthetic approaches that mimic these molecular-scale interactions at the cell-matrix interface. Control over ligand density, binding affinity, mobility, and molecular flexibility to replicate natural ligands' mechanics (e.g., protein turnover, unfolding, and lifetime dynamics) are crucial in guiding desired cell responses.6 Functional bio-interfaces can be achieved by immobilizing ligands on a bioinert background. By carefully adjusting the ratio, chemical structure of bio-functional units on substrate, one can control the density, separation, and binding affinity of ligands with their receptors.7 Additionally, advanced nanopatterning technologies now allow highly precise control of the spatial distribution and orientation of ligands. For instance, using block or diblock copolymer micelle nano-lithography (BCML) and polymer pen lithography (PPL), researchers can achieve precise spatial arrangements of nanodots/lines and integrin receptors.8–11 These technologies open a new door that enables people to realize the inter-ligand spacing and the anisotropic ligand presentation show great impact on the focal adhesion formation.12,13 Even though the mechanism of cellular response to ligand spacing is still debated, these studies offer deep insights into the effects of nanoscale ligand presentation on cell adhesion, focal adhesion (FA) formation, and cell motility and differentiation.
However, the strategies discussed above mainly utilize covalent modifications to conjugate ligands on substrates, resulting in static or limited ligand dynamics for cells. It is not possible to know how spatial-temporal redistribution of ligands are involved in a dynamic assembly nature. To this end, a few supramolecular-based surface (e.g., supported lipid bilayer surfaces (SLBs) and polymer surface) have been used to establish artificial self-dynamics system.7,14–18 These polymer-based surfaces composed of diﬀerent molecules exert diﬀerent viscosity and could oﬀer additional molecular ﬂexibility, binding aﬃnity, ligand density, and ligand mobility for cells, and therefore can inﬂuence cellular behaviors such as cell adhesion, spreading, and diﬀerentiation.4,19
Recently, by using a self-assembled monolayer of amphiphilic block copolymers, we established a dynamic and adaptive cell-material interface with tunable ligand diffusivity to investigate how ligand diffusion affects cell adhesion and differentiation.20,21 Intriguingly, we observed integrin-dependent biphasic cell spreading in response to different ligand mobilities. Fast mobile surfaces-initiated Rac signaling through α5β1 activation, promoting lamellipodium expression and cell spreading. Meanwhile, on immobile surfaces, intracellular forces-initiated ROCK signaling and stem cell osteogenesis via the activation of both αvβ3 and α5β1 integrins.21 Despite these intriguing findings, fundamental questions about ligand mobility's role in governing cell spreading remain unanswered. 1) How do cells deform surfaces with varying ligand mobility? 2) How does the combined effect of ligand density and mobility impact cell adhesion? 3) Can ligand mobility be sequentially controlled to regulate cell function? In this study, we aim to investigate the co-effects of ligand density and mobility on cell spreading by establishing a surface coating system with varied ligand density and mobility. We then label the ligands with dye to track ligand dynamics during cell adhesion and study how cells deform mobile surfaces. Notably, we have demonstrated that ligand mobility can be controlled sequentially using photochemistry during cell culture and presented its effects on cell adhesion, differentiation, and signaling activation.
The ligand structure and construction of the diffusible system at the cell-matrix biointerface are depicted in Figure 1a. By assembling the linear polyglycerol-based amphiphilic block copolymer (LPG) on alkyl-modified substrates with varying hydrophobicity (propyl and octyl functionalized glass substrates) through dynamic hydrophobic interactions, we controlled interfacial ligand diffusivity (Figure 1b and g).21 The hydrophilic domain's head was modified with the integrin binding motif (ClycoRGD). Crucially, the amphiphilic polymer chain utilized benzophenone (BPh) as the hydrophobic domain, not only can form the controllable, dynamic bonds with the hydrophobic substrate but also allow a covalent binding to the substrate via highly efficient "BPh-induced aliphatic C-H insertion" photochemistry under mild conditions (Figure 1c).22 This enabled us to fabricate three coating systems, including two mobile surfaces and one static surface for control, respectively. Importantly, the mobile surface could be transitioned to the static surface through a mild UV irradiation at any time during cell culture, offering a sequential mechanical stimulus for cells.
Surface morphology, characterized by AFM as shown in Figure 1d, revealed "island" like dots with high density on all the diffusible surfaces and the photo-crosslinked surface, indicating successful monolayer coatings.22 The ligand density on all surfaces was approximately 25 ligands per 100 nm^2, sufficient to support cell adhesion and spreading as demonstrated in our previous studies.21 Importantly, there were no differences in surface morphology or hydrophobicity after photo crosslinking in all coatings (Figure 1e, f and Figure S1). The ligand diffusibility has been reported in our previous work, showing 2.6×10-3 µm2 s−1 and 5.2×10-4 µm2 s−1 on propyl and octyl substrates, respectively.21 The diffusibility of our coatings is 1-3 order of magnitude lower than the classical SLBs and other polymer based diffusible coating systems (Figure 1g). Furthermore, the excellent fouling-resistance ability and coating stability in complex cell culture conditions were confirmed through a 7-day cell culture test to examine protein fouling of our coatings (Figure S2).
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Figure 1. Sketch of the systems used to control surface ligand mobility. a) The surface was coated with RGD-functionalized ligand polymers using tunable hydrophobic interaction. The ligands can be crosslinked through UV-based photochemistry for static control. b) Water contact angle images and structures of propyl and octyl substrates. c) Chemical structure of the ligands and the concept of the "Dynamic to Static" transformation of ligands on the substrate. d-g) Surface characterization of the surfaces, including surface morphology, roughness, contact angle, and ligand diffusibility. h) Representative images of F-actin and paxillin of cells after 4 hours of culture on surfaces with different ligand mobility. i-k) Quantification of spreading area, cell aspect ratio, and paxillin area after 4 hours of culture (n = 20–30, three technical replicates).
As cells attach to an adhesive substrate, the initial adhesion events involve integrin binding to adhesive ligands on the surface, leading to focal adhesion formation.23 Therefore, we initially focused on the early cell adhesion behavior of human mesenchymal stem cells (hMSCs) on our diffusible surface. Figure 1h displays fluorescent images of cell morphology after 4 hours of culture. The cell spreading exhibited a biphasic response to ligand diffusibility, with enhanced cell spreading and paxillin expression observed on FAST and CONS surfaces (Figure 1i-k). There were no significant differences in cell spreading area and FA formation between cells on FAST and CONS surfaces (Figure 1i-k). Notably, these results contradicted previous studies on other mobile surface systems (e.g., SLBs) where excessive ligand diffusibility suppressed cell spreading. It is understood that high diffusible surfaces can hinder force transmission, leading to a cell phenotype similar to what is observed on very soft substrates. However, our LPG system yields different results, as cell adhesion on the low diffusible surface (SLOW) was significantly inhibited. Considering the ligand binding force on SLOW surface (76 pN) being significantly higher than on the FAST surface (53 pN), with no difference in ligand density between the FAST and SLOW surface (Figure S3),21 we hypothesized that the force loading of ligands on both dynamic surfaces was below the threshold force required to unfold key adapter proteins in FA formation (e.g., talin). Additional unidentified factors related to ligand diffusion may strengthen force loading on highly diffusible surfaces, thus promoting cell adhesion.
Increasing evidence highlights cells’ ability to apply force to alter the mechanical properties of their surroundings for enhanced mechanotransduction.24-29 To explore how cell force deforms diffusible ligand distributions and their impacts on early cell adhesion, we labeled the LPG-based cell adhesive ligands with fluorescent dyes (Rhodamine) to track the reorganization of the diffusible coatings during cell spreading (Figure 2a). Remarkably, on FAST surfaces, cells were observed to recruit ligands in the perinuclear region after 1 hour of culture. A similar but weaker ligand accumulation was observed on SLOW surfaces, while no ligand reorganization was found on CONS surfaces, as expected (Figure 2b and f). Prolonged observation revealed that diffusible ligands began to cluster after 1 hour, showing higher fluorescence intensity underneath the cell compared to the non-cell region. The clustering progressed over the next 2 hours, reaching its peak at hour 3, followed by a decrease over time, with no significant ligand accumulation observed after 16 hours of culture (Figure 2c and g). Similar time-dependent ligand accumulation behavior was also observed on the adipose-derived stem cells (ADSCs) (Figure S4).  These behaviors may result from the complex interaction between cells and their time-dependent ECM production (Figure S5).
The clustering of ligands or cell integrins has been demonstrated to enhance cell adhesion by accelerating the nucleation of RGD-integrin clusters.30–32 These behaviors can lead to enriched actin filaments over the binding sites, subsequently promoting cell spreading.1 Therefore, we hypothesized that the ligand accumulation behavior may increase the density of local binding sites, speeding up cell spreading.
To test this hypothesis, we varied the ratios of RGD-labeled LPG-BPh ligands and bare LPG-BPh ligands (10:0, 8:2, 4:6, 2:8, 1:10) to evaluate cell adhesion and morphology as a function of ligand density and mobility after 8 hours of culturing on both dynamic and static surfaces. (Figure 2d). As the density of RGD ligands decreased, cell spreading reduced due to limited binding sites (Figure 2e), consisted with previous observations in other cell types on SLBs. Interestingly, the response of cell adhesion kinetics to different ligand densities on various diffusible surfaces varied significantly. Cells on FAST and CONS surfaces were more resistant to decreased ligand density than those on SLOW surfaces, with a slight decrease of 10% and 14%, respectively, when the density fell to 40%. However, when the density decreased to 10%, a sharp decrease of 58% was observed on FAST surfaces, compared to a 32% decrease on CONS surfaces (Figure 2e, h, and i). Additionally, we examined ligand recruitment behavior on the mobile surface with low density (4:6), noting continued ligand recruitment on the FAST surface but no significant ligand organization on SLOW surface (Figure S6). These results reaffirm that ligand recruitment behavior can promote the early-stage cell adhesion in a ligand density-dependent manner.7 Above a certain ligand density threshold, recruitment behavior can efficiently increase local ligands, compensating for weak single-ligand binding force (53 pN on FAST surfaces). Conversely, on static surfaces, cells appear less sensitive to reduced binding sites to some extent, possibly due to ligand binding force surpassing the threshold for adapter protein unfolding and recruitment, resulting in a relative higher tolerance for ligand density.
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Figure 2.  Cells reorganize ligand distribution to enhance adhesion. a) Schematic representation of fluorescence dye-labeled ligands for ligand redistribution tracking. b) Representative fluorescence images of diffusible coatings after 4 hours of culture. The red color indicates the labeled ligands. c) Time-lapse of the fluorescent coating reorganization by cells at different time points.  d) Schematic illustration of preparing diffusible surfaces with different RGD densities. e) Representative fluorescent images of cells on diffusible surfaces with varying RGD densities after 8 hours of culture. The RGD density on coatings is controlled by tuning the ratio of RGD-LPG and LPG ligands during the coating preparation. Red (actin), blue (nucleus). f) Fluorescence profile along the white dashed line of labeled ligand surfaces after 4 hours of culture. g) Quantification of average fluorescence intensity of labeled ligands within cell spreading areas at different time points. h) Cell area and i) Relative changes in cell area against RGD density of cells on diffusible surfaces with varying RGD densities (n = 20–30, three technical replicates).
Having established the crucial role of active ligand accumulation in cellular mechanoresponse, we aimed to explore the involvement of different integrins and their activities in ligand dynamics during the early stage of cell adhesion. Integrins αvβ3 and α5β1 are known for their vital roles in force transduction and transmission in adhesion.13,33 Thus, it was assumed that both integrins could influence ligand dynamics. Figure 3a and c illustrate the mapping of ligand distribution on FAST surfaces after blocking cells with anti-α5β1 and anti-αvβ3 antibodies, respectively. Blocking α5β1 significantly reduced ligand accumulation on FAST surfaces, whereas anti-αvβ3 treatment had a slight effect, indicating a close relationship between α5β1 integrin and ligand accumulation behaviors. The results were further confirmed by the cell adhesion and differentiation studies.  Cells treated with α5β1 blocking on FAST surfaces experienced the larger decrease in spread area and osteogenic maker expression compared to those treated with anti-αvβ3 (Figure 3b, d, e and f). These findings highlight α5β1 integrin is the key player enabling cells to recruit ligands on highly mobile surfaces to maintain sufficient force loading during cell adhesion maturation.32 The αvβ3-integrin interaction may facilitate force signal transduction on CONS surfaces, as it has been reported to be a less stable bond.34 Additionally, differences in binding affinity to RGD motif between the integrins can impact ligand-mobility-dependent cell adhesion. Our previous modeling work expanded the classical motor-clutch model with Langevin dynamics to explore the regulation of ligand binding dynamics in ligand-mobility-dependent cell adhesion. By considering the force-regulated binding/breakage of individual molecular bonds connecting actin bundles to the ECM. The model predicts a biphasic relationship between adhesion and ligand diﬀusivity, aligning with our experimental results.35 
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Figure 3. Cell spreading and differentiation on diffusible surfaces dependent on integrin type. a) Representative fluorescence images of MSCs on labeled ligand surfaces after treatment with α5β1 or αvβ3 integrin antibodies for 4 hours. b) Representative fluorescence images and c) quantification of MSC spreading area on FAST surfaces with labeled ligands after treatment with α5β1 or αvβ3 integrin antibodies for 4 hours (n = 20-30, three technical replicates). d) Fluorescence profile along the white dashed line of labeled ligand surfaces after 4 hours of integrin inhibition. e) Representative fluorescence image and f) quantification of osterix expression in cells after treatment with α5β1 or αvβ3 integrin antibodies for 3 days during osteogenic induction (n = 20-30, three technical replicates).
In vivo, crucial biological processes occur within specific timeframes and mechanical microenvironments.4 The time-dependent mechanical properties of the matrix certainly influence cellular responses and functions over time.36 Therefore, advanced biomaterials necessitate matrices that can adapt to cells with defined spatial-temporal resolution, optimizing the synergy between cellular behaviors and biomaterials. Leveraging the unique photosensitive anchor molecule "benzophenone" in our coating system enables a diffusibility transition from "dynamic to static" through short and gentle UV light exposure anytime during cell culture, allowing a sequential mechanical stimulus at a specific time point for cells (Figure 1c). This inspired us to investigate the combined impact of dynamic and static ligand stimuli on cell mechanoresponse.
[image: ]
Figure 4. “Dynamic to Static” transformation of ligand dynamics regulating cell adhesion and mechanotransduction. a) Representative fluorescence images (in red) showing the redistribution of labeled ligands after cell deformation and photo-crosslinking at 4 hours and 24 hours, respectively. Cell outlines are marked by white or yellow lines. Cell morphology at 24 hours shown by F-actin staining (yellow) and cell nucleus (blue). b) FRET images capturing changes in actin force of cells in response to FAST, CONS and “D-S” trans surfaces at different time points. c) Schematic representation of actin tension sensor. d) Relative FRET ratio changes of a single cell on FAST, CONS and “D-S” trans surfaces at various time points. e) Quantification of relative FRET ratio of cells on FAST, CONS and “D-S” trans coatings at certain time points. (n = 20-30, three technical replicates). f) Representative images of p-myosin II staining (Cyan) and g) quantification in the cells attached to FAST, CONS and “D-S” trans surfaces at specific time points (N = 30-40, three technical replicates). h) Representative images of F-actin staining and quantification of spread area of Y27632 (ROCK inhibitor) treated cells on FAST and CONS surfaces after 4 hours of culture (n = 20-30, three technical replicates). i) Representative images of F-actin staining and quantification of spread area of Y27632 treated cells on the "D-S" trans and CONS surfaces after 24 hours of culture (n = 20-30, three technical replicates). 
[bookmark: OLE_LINK1]Given this, we initially optimized the UV exposure time for the "dynamic to static" diffusibility transition. A 30s UV irradiation (10 mW/cm2) sufficed for ligand immobilization. Subsequent phototoxicity assessment and cell proliferation analysis revealed no significant cell damage post short UV exposure (Figure S7). As described in Figure 2c, ligand accumulation peaked at 3-4 hours and diminished by 24 hours. Consequently, the optimal time frame for ligand diffusibility alteration was identified as 3-4 hours. Following a 4-hour incubation period, typical ligand accumulation behavior under the perinuclear region was observed, and the surface underwent 30 seconds of UV irradiation for ligand fixation (Figure 4a). After an additional 20 hours of culture, the accumulated ligand area persisted due to stable chemical crosslinking at 4-hour timepoint. However, the cell morphology at 24 hours did not precisely correspond to the accumulated area, due to cell migration during prolonged culture (Figure 4a and Figure S8). Conversely, no accumulated ligand regions were observed in the control group lacking UV treatment (Figure 4a). These data clearly demonstrate the successful "dynamic to static" diffusibility transformation of the surface (“D-S” trans) throughout live cell culture. Cell area was evaluated after 24 hours of culture, revealing a markedly lager cell spreading area on the “D-S” transform sample compared to the FAST substrate (Figure 4a and i). 
To further elucidate how the sequential ligand dynamics regulate cell tension, prolonged monitoring of cell actin tension was conducted using a genetically coded Förster resonance energy transfer (FRET)-based force sensor.37 Following the “D-S” transformation at the 4-hour time point, cell actin tension experienced a rapid increase of 25.2 % in subsequent 4 hours before reaching a steady state. In contrast, only slight elevation of 9.9 % and 13.7 % were observed in the FAST and CONS groups, respectively (Figure 4b-e). These findings were further confirmed by the p-myosin II quantification results (Figure 4f and g), indicting the potential of the sequentially controlled ligand dynamics in cell mechanotransduction.
Previously, we demonstrated that a diffusible surface with self-adaptive properties solely activate Rac signaling to enhancing cell spreading,21 whereas a static surface triggers RhoA/ROCK signaling to facilitate cell mechanosensing and spreading (Figure 4c and d). We further investigated whether the "dynamic to static" diffusibility transformation could reactive RhoA/ROCK signaling-based adhesion. Results in Figure 4e and f show that cells treated with Y27632 for 4 hours after 24 hours of the diffusibility transformation exhibited a comparable decrease in cell spreading between CONS and the diffusibility transition samples, indicating the sequential activation of Rac and RhoA/ROCK signaling on the "Sequentially" engineered mobile surface.
We next evaluated if these sequentially activated signals could guide stem cell fate toward defined lineages. The osteogenesis differentiation capacity of hMSCs and ADSCs were evaluated on the sequentially engineered surface. Alkaline phosphatase (ALP) activity, a key marker of the osteogenic differentiation capacity of cells on the “D-S” trans coating, was notably elevated on the “D-S” trans coating compared to other dynamic/static coatings (Figure 5a and b). These results highlight the promising utility of this "sequential" signaling activation strategy in developing innovative active biomaterials. 
Our diffusible coating system offers a versatile molecular tool for investigating the complex mechanical interactions among cell membrane receptors and their surrounding microenvironment. Unlike conventional bulk hydrogel or lipid bilayer models, our model allows for easy adjustment of binding strength and dynamics by manipulating ligand density, substrate hydrophobicity, and crosslinking time window. While alkylated glass was utilized as a hydrophobic model in this study to demonstrate our concept, our LPG-BPh coating can also be applied to commonly used biomaterials or substrates such as polystyrene, poly(dimethylsiloxane) and poly(tetrafluoroethylene)-based implant devices through hydrophobic interactions.22 These capabilities significantly expand the potential application scenarios of our coating system in the field of bio-regeneration and bioimplants.
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Figure 5. "Sequentially" controlled ligand mobility regulates cell differentiation. a) Alkaline phosphatase staining and b) quantification of stem cell osteogenesis on surfaces with different ligand mobility for 7 days (n = 5-10, three technical replicates). c) Schematic representation of cell adhesion, mechanotransduction pathways, and differentiation during the "D-S" transition.
Together, our diffusible coating system contains two different mechanical stimuli models including “adaptive model” and “synergic model”. At the early adhesion stage, cells on high diffusible surface can spontaneously recruit the mobile ligands using α5β1 integrin to increase the local density of the binding sites (adaptive model), resulting in an enhanced Rac activation and cell spreading. After the ligands are fixed by the mild UV irradiation at a proper time point, the resulted more stronger ligand binding force and the higher ligand density will activate the αvβ3 integrin and ROCK/RhoA signaling, the synergic effect of the subsequent two activated signaling pathways will then strengthen the osteogenesis differentiation (Figure 5i). We believe this new "sequentially" controlled molecular dynamics has the potential to provide critical insight on the mechanosensing within the receptors and ligands in ECM.
Here we established a bioactive coating system with the controllable ligand diffusible modes (adaptive model and synergic models) to explore the cellular mechanoresponse to the ligand dynamics. In the adaptive mode, the diffusible surfaces allow cells to actively recruit ligands by activating α5β1 integrin, resulting an enhanced cell spreading, increased resistance of ligand shortage, and activation of Rac signaling. In the synergic models, we take advantage of the difference cellular mechanoresponse to ligands diffusibility and manipulate the ligand dynamics at certain time points, enabling a “sequentially” activation of signaling pathways. This approach greatly enhances cellular mechanoresponse and the capacity of stem cells to undergo osteogenic differentiation. These findings have important implications. On one hand, they highlight the suitability of our diffusible coating system as a biomimetic interface for regulating stem cell behavior over both short and long-term periods by engineering ligand presentation. On the other hand, the tunable nature of our coating system can provide a versatile molecular platform that enable us to deepen the molecular understanding of the effect of ligand conjugation, ligand mobility, flexibility and affinity on the integrin signing based mechanotransduction.
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