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ABSTRACT: Material surface topographic feature has been shown to be crucial for tissue regeneration and surface treatment of implanted devices. Many biomaterials were investigated with respect to the response of cells on surface roughness. However, some conclusions even conflicted with each other due to the unclear interplay of surface topographic features and substrate elastic features as well as the lack of mechanistic studies. Herein, wide-scale surface roughness gradient hydrogels, integrating the surface roughness from nanoscale to microscale with controllable stiffness, were developed via soft lithography with precise surface morphology. Based on this promising platform, we systematically studied the mechanosensitive response of human mesenchymal stem cells (MSCs) to a broad range of roughness (200 nm - 1.2 µm for Rq) and different substrate stiffness. We observed that MSCs responded to surface roughness in a stiffness dependent manner by reorganizing the surface hierarchical structure. Surprisingly, the cellular mechanoresponse and osteogenesis were obviously enhanced on very soft hydrogels (3.8 kPa) with high surface roughness, which was comparable or even better than that on smooth stiff substrates. These findings extend our understanding of the interactions between cells and biomaterials, highlight an effective non-invasion approach to regulate stem cell fate via synergetic physical cues. 

Introduction 
Cell growth and functions are tightly associated with the cellular interactions at cell-extracellular matrix (ECM) biointerfaces. Increasing evidences indicate that the cellular response to environmental signaling goes far beyond the biochemical cues.1 Physical cues from ECM, especially matrix stiffness and topography, have gradually recognized as key factors that mediate many cell behaviors.2-3 ECM is a complex fibrous network with micro/nano hierarchical features and tunable elastic properties.4 In addition to its well-known elastic factors,5 the topography of the ECM also regulates various cellular behaviors ranging from cell adhesion to differentiation.6-8 The topographic features on cell adhesive substrates can cause the non-uniform mechanosensing of adherent cells to interfacial stiffness, resulting in the alteration of adhesion maturation, mechanotransduction, and other cellular behaviors.9, 10 Particularly, topographic features especially the nanotopographic features, which are at the similar size to individual receptors but far smaller than the size of the cell, have the possibility to target to receptor-driven pathways and hence mediate the corresponding cellular responses.11
The mechanism behind topography-induced cellular response is complex and remains yet unclear. However, the concept of using topographical cues as regulators to manipulate cell functions has already been broadly accepted and utilized in guiding the design of implant devices.12-14 Over the past two decades, plenty of substrates with designed topographic features and/or surface roughness have been developed to study the topographic effects on cell behaviors.3, 11, 15-18 However, most of the studies focused on roughness only evaluated a few different roughness values due to the limited fabrication technologies. Moreover, most of the reported material substrates with roughness features or roughness gradients, e.g., titanium,12 semiconductor,14 glass,19 hydroxyapatite,13 and polymeric materials,20 exhibited stiffness ranging from MPa to GPa, which was out of the physiological range for cells to sense the interfacial stiffness (Pa to hundreds kPa).5 It is very difficult to precisely present surface features on hydrogels, particularly the soft hydrogels with stiffness less than a few kPa. Although roughness gradients were achieved on a polydimethylsiloxane (PDMS) surface21 and it is possible to adjust the stiffness of PDMS elastomer, cells do not sense the elastic cues of a PDMS regularly and the mechanism could not be revealed.22 To the best of our knowledge, none of previous works studied cellular response to surface roughness gradient from nano- to micro-scale in combination with tunable stiffness in a physiological relevant range. In fact, increasing roughness was reported to enhance, decrease, or even not affect cell mechanoresponse in different specific conditions.23-25 A general conclusion of cellular response to surface roughness is still lacking, and thus, it is not sufficient to guide the design of biomaterial surface properties. Therefore, high-throughput tools for roughness gradients are urgently required, which  cover a broad range of roughness scales as well as controllable elastic properties.
Herein, hydrogels with surface roughness gradients ranging from nanometer to micrometer coupled with controllable substrate stiffness were fabricated via soft lithography. A template with surface roughness gradient was firstly obtained from one-step tilted dip-coating of catecholic polymers on glass. Stiff (31.3 kPa) and soft (3.8 kPa) hydrogels, corresponding to the stiffness of osteoid and adipose tissue,5 were further prepared via soft lithography based on the fabricated template to integrate the surface roughness with substrate stiffness (Scheme 1). Based on these high-throughput tools, the influence of combined surface roughness and substrate stiffness on MSC adhesion and mechanotransduction was systematically investigated. Interestingly, cellular mechanosensing was enhanced in the regime with high roughness (1.08 µm for Rq) on soft hydrogels and optimized in the regime with intermediate roughness (645 nm for Rq) on stiff hydrogels. The mechanistic study revealed roughness and stiffness synergize to drive cellular mechanoresponse to reorganize the hierarchical structure presented on rough surfaces through a force-dependent signaling pathway. Therefore, the osteogenic differentiation of MSCs was surprisingly promoted on soft hydrogels to the comparable or even better level as that on stiff substrates. These results expand our understanding on how MSCs respond to complex physical features and provide a roadmap to manipulate stem cell functions and fate determination by artificial cues, as well as guide the design of synthetic ECM in the development of tissue engineering and regenerative medicine. 
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Scheme 1. Fabrication of soft and stiff hydrogels with surface roughness gradients via soft lithography. The template with surface roughness gradient originated from a one-step tilted dip-coating of catecholic polyglycerol (PG), followed by transfer-printing the surface features onto a PDMS mold. GelMA and LAP represent the gelatin-methacryloyl macromonomer and the lithium phenyl-2,4,6-trimethylbenzoylphosphinate photo-initiator, respectively. The R5%-R95% represents the positions from the low (nanoscale) to high roughness (microscale) on roughness gradient hydrogel surfaces. 

Results and discussion 
Hydrogels with surface roughness gradients
Gelatin-methacryloyl (GelMA) hydrogels with a surface roughness gradient were fabricated via soft lithography with roughness gradient catecholic polyglycerol (PG-Cat) coatings as templates. Mimicking the adhesion properties of mussel foot proteins, the PG-Cat polymer was developed and recognized as an excellent tool to fabricate versatile coatings with tunable coating thickness and morphology benefiting from its heteromultivalent character.26-28 The PG-Cat polymers underwent covalent crosslinking and quickly formed stable coatings on pre-cleaned glass slides under basic conditions. Two possible processes may be involved during coating: 1) The polymer directly adsorbed/anchored onto the substrates and formed a homogenous layer with high surface coverage; 2) Under basic condition, the catechol groups of PG-Cat were oxidized and cross-linked with the amine and other catechol groups to form partially insoluble particles in the MeOH/pH 8.6 MOPS buffer solution. The consecutively growing aggregates progressively precipitated from solution and deposited onto the substrates. The aggregates firstly formed nanoscale particles and further grew into microscale particles with the increasing coating time and/or solution depth. The size of the aggregates and the roughness of resulting coating surface could be subtly tuned by adjust the pH value of the buffer solution and the concentration of the coating polymer. Therefore, this unique coating technology provides possibility to precisely control the chemical and physical parameters of coatings, e.g., thickness and morphology. Based on those properties, polymer coating with a surface roughness gradient was successfully fabricated by a one-step dip-coating by tilting (75o) the substrate slides (3 cm × 2 cm) in a PG-Cat solution (Scheme 1). The surface topographical features of the obtained coatings were characterized by scanning electron microscope (SEM) and atomic force microscopy (AFM). The roughness of the resulting coating increased gradually with the immersion depth for the coating and ranging from 54 nm (R5%) to 880 nm (R95%) for root-mean squared surface roughness (Rq) (Figure S4 and S5). Subsequently, these rough surface features were accurately transfer-printed onto a PDMS mold that was generated by soft lithography29 (Figure S4 and Figure S5).
[bookmark: _Hlk23433169]GelMA is a photo cross-linkable macromolecule modified from natural ECM components30 and presents cell binding motifs31. The stiffness of GelMA hydrogels can be simply controlled by adjusting the concentration of the macromonomers. As shown in Figure 1, the surface morphology of PG-Cat gradient coatings can be successfully transferred onto the obtained GelMA hydrogels. Soft (E < 10 kPa, soft microenvironment for hMSC adipogenic differentiation5, 32) and stiff (E > 10 kPa, stiff microenvironment for hMSC osteogenic differentiation5) hydrogels with similar surface roughness gradients were prepared. All of the related experiments and characterizations were carried out on the fully swollen hydrogel surfaces in DPBS. The Rq and Ra of the soft (Figure 1c and Figure S5c) and stiff (Figure 1d and Figure S5d) hydrogels retained similar surface roughness gradients, as calculated from the re-constructed surface images collected from confocal laser scanning microscopy (CLSM) 3D scanning. The roughness values were a little higher than that on PG-Cat template coatings, which should be ascribed to the slight configuration changes during swelling.33 Additionally, no GelMA was left on the PDMS template (Figure S6), suggesting the successful hydrogel detachment. Moreover, the structure of the mold remained stable after being reused for more than three times  (Figure S6). The stiffness of the soft and stiff hydrogel was measured by rheology (Figure 1e). It was 3.8 kPa for soft and 31.3 kPa for stiff hydrogels, which were comparable to the elasticity of soft adipo-tissue and stiff osteoid, respectively.5 This stiffness range is significant to affect stem cell behaviors, including adhesion, growth, and differentiation.34-35 
Considering the surface roughness might induce heterogeneous mechanosensing of a single cell, the roughness gradient ratio of the surfaces was quantified. It was less than 0.05 nm/µm (Rq) in the region from R5% - R75% and 0.12 nm/µm in the region from R75% - R95% on both soft and stiff hydrogels. The largest roughness difference sensed by a well-elongated cell was less than 5 nm, suggesting that the roughness under a single cell was approximately homogeneous. 
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Figure 1. Morphological and mechanical properties of roughness gradient hydrogels. Surface morphology of the soft (a) and (b) stiff hydrogels with surface roughness gradients. The photographs were collected from CLSM 3D scanning. (c) Root-mean squared surface roughness (Rq) of soft and (d) stiff hydrogels at different surface region. (e) Average elastic modulus of the soft and stiff hydrogels. Mean values and standard deviations from 3 independent samples are presented. 

Cell spreading on roughness gradient hydrogels
MSCs were seeded onto these roughness gradient hydrogels and cultured for 24 h to test the influences of surface topographic features and substrate stiffness on cellular spreading behavior. In general, the adhesion and spreading of MSCs should be suppressed on a soft matrix due to the limited traction force.5 However, the cell spreading area on roughness gradient soft hydrogels gradually increased with the increasing surface roughness (Figure 2a, c). Moreover, clearer and better-aligned actin stress fibers were observed at the higher roughness regions from R50% to R95%, while smaller and even no obvious actin bundles formed in the regions with lower surface roughness (from R5% to R30%). The spreading of MSCs on roughness gradient stiff hydrogels (Figure 2b, d) was slightly enhanced by roughness from low to intermediate roughness regions (R5% - R50%), but was restricted by further increased roughness in a high roughness region (R75% - R95%). As expected, more pronounced actin stress fibers were observed in the cells in the R5%- R50% region compared to the R75% - R95% region. 
Besides cell spreading in X-Y directions, cells would invade into the gullies between particles in Z direction on rough surfaces. Therefore, the cell adhesion on the rough surfaces includes both horizontal spreading and vertical invading. The basal surface of the cells on roughness gradient hydrogels was imaged and reconstructed by CLSM 3D scanning. As shown in Figure 2e-f, cell was remodeled by the topographic features of the hydrogels. The roughness of cell basal surfaces was correlated with the roughness on hydrogel surfaces. The invasion of actin networks into the large gully structure was detected in the regions with high roughness (R75% - R95%), especially on the stiff hydrogels (Figure 2b). The vertical invasion could limit cell stretching in horizontal directions by hindering cell membrane mobility.36 

[image: ]
Figure 2. Cell adhesion on roughness gradient hydrogels. MSC spreading on roughness gradient (a) soft and (b) stiff hydrogels after 24 h culturing in growth medium. Cells were stained with Alexa-488 phalloidin (red) and DAPI (blue). Scale bar indicates 100 µm. Cell spreading area on roughness gradient soft (c) and stiff (d) hydrogels. 3D reconstructed images for cells adhered on the roughness gradient (e) soft and (f) stiff hydrogels. The cells were stained with Alexa-488 phalloidin (red) and the scanning area was 25 µm × 25 µm. Inserts were the zoom in the basal surface of the cells. Mean values and standard deviations from 30 to 40 values are presented.

[bookmark: _Hlk13833551]Focal adhesion regulates cellular response on roughness gradient hydrogels
Cell mechanosensing is initiated at cell-substrate interface via integrin activation and clustering. Paxillin in adhesion complexes was stained to explore the formation of focal adhesions (FAs). As shown in the Figure 3a, clear punctate structures in the cells on soft hydrogels were observed when the surface roughness is larger than 350 nm (R30%, Rq, soft hydrogels), while no obvious punctate structures were detected in the low roughness regions (R5% - R10%) on the soft hydrogels. In general, punctate structures with micrometer-size indicate the mature FAs.37 The area of FAs progressively increased from low to high roughness regions (Figure 3c). On the stiff hydrogels (Figure 3b), the maximum size of FAs was obtained in the intermediate roughness region, i.e., R50%, as expected from cell spreading behaviors. The FAs area was a little smaller in lower roughness regions (R5% - R30%) and much smaller in highly rough regions with (sub)micrometer roughness (R75% - R95%) (Figure 3d). It is worthwhile to mention that the area of FAs in the region with high roughness on soft hydrogels was comparable to the area in low roughness region on the stiff hydrogels. Moreover, most of the FAs in the cells on soft hydrogel were localized at cell periphery because of the lower matrix stiffness. Meanwhile, the nascent adhesions were moved and matured toward the cell center on the stiff hydrogel surface, which was driven by the flow of actin away from the leading edge due to the high counterforces exerted on stiff hydrogels.38 

[image: ]
Figure 3. Surface roughness and substrate stiffness modulate the focal adhesion (FA) formation of cells. FA formation on the roughness gradient (a) soft and (b) stiff hydrogels. Cells were stained with anti-Paxillin (green). Scale bar indicates 50 µm. Area of FAs on the roughness gradient (c) soft and (d) stiff hydrogels. Mean values and standard deviations from 30 to 40 values are presented.

Surface roughness and substrate stiffness synergize to mediate cellular mechanotransduction
Interfacial mechanical force is transduced into biochemical signals to regulate gene activation via mechanotransduction signaling pathways. Focal adhesion kinase (FAK), a signaling protein involved in the molecular clutch in FA formation, can only be phosphorylated (activated) under mechanical force39-40 and is the initial step to activate the signaling cascades in mechanotransduction.1 Thus, the phosphorylation level of FAK reflects the cellular contractility and the activation of related signaling pathways. The fluorescent intensity of stained pFAK in MSCs increased with the increasing surface roughness on the soft hydrogels (Figure 4a, b), while it was biphasically correlated with the surface roughness on the stiff hydrogels (Figure 4c). The maximum intensity on stiff hydrogels appeared at R50% region with intermediate roughness.
Besides FAK activation, its downstream RhoA/ROCK signaling has been shown to contribute to the activation of non-muscle myosin II motor protein and the formation of cellular stress fibers.5 To explore the roles of RhoA/ROCK signaling and stress fibers in cell mechanosensing on roughness gradient hydrogels, MSCs were treated with small molecule inhibitors Y27632 to inhibit the ROCK activity and blebbistatin to inhibit the myosin II-induced cytoskeleton contractility. As shown in the Figure 4d, e, the cell spread on both soft and stiff hydrogels was obviously inhibited (representative regions: R5%, R50%, and R95%, the images of spreading cells were shown in Figure S7), and the differences of cell-spread area on different roughness were greatly decreased as well. Therefore, RhoA/ROCK signaling and myosin II-induced contractility contributed to sense the synergized roughness and stiffness stimulations. 
Cytoskeletal stress fibers physically bridge the adhesion sites and the cell nucleus, and thus can transmit mechanical force into the nucleus to regulate transcriptional activity.41 Lamin A/C proteins, which are linked to cytoskeletal filaments through the linkers between nucleus and cytoskeleton (LINC), are tension sensitive and scale with the nuclear stiffness.42-44 The level of lamin A/C expression was characterized to investigate the response of the cell nucleus to extracellular mechanical stimulations. As shown in Figure 4f-h, the response of lamin A/C to the combined roughness and stiffness displayed a similar trend to the activation of pFAK, although the expression of lamin A/C level was overall lower on the soft hydrogels compared to the stiff hydrogels. Therefore, the mechanical cues sensed by cell adhesive proteins could be transmitted into cell nucleus.
The transcriptional activity was analyzed by investigating the activation of mechanosensitive transcriptional regulator YAP (yes-associated protein)/TAZ (transcriptional coactivator with PDZ-binding motif).45 The YAP nuclear accumulation level increased with increasing surface roughness on the soft hydrogels, and was highly concentrated in nucleus when Rq > 400 nm (R50% region) (Figure 4i, j). Typically, YAP/TAZ mostly locates in cytoplasm on hydrogels with such low stiffness (~3 kPa) due to the lack of cellular tension.46 It indicated that the surface roughness could alter cell mechanosensing behaviors to activate the transcriptional activity. On the stiff hydrogels, YAP was highly activated to translocate into the cell nucleus on the surfaces with whole roughness range but peaked in the intermediate roughness region (RG50%) benefiting from the highest cell contractility (Figure 4i, k).
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[bookmark: _Hlk36030638]Figure 4. Response of cellular mechanotransduction to surface roughness and substrate stiffness. (a) Immunofluorescent images of pFAK (yellow) of MSCs on the roughness gradient soft and stiff hydrogels after culturing in the growth medium for 24 hours. Scale bar indicates 100 µm. Quantification of the relative pFAK level of MSCs on the (b) soft and (c) stiff hydrogels. Cell spread area on the (d) soft and (e) stiff hydrogels after being treated with Y27632 or blebbistatin for 24 hours. The representative images of F-actin stained cells were shown in Figure S4. (f) Immunofluorescent images of lamin A/C (magenta) of MSCs on the roughness gradient soft and stiff hydrogels after culturing in the growth medium for 24 hours. Scale bar indicates 100 µm. Quantification of the relative lamin A/C level of MSCs on the (g) soft and (h) stiff hydrogels. (i) Representative fluorescence images of MSCs stained with anti-YAP (cyan) on soft and stiff hydrogels. Scale bar indicates 50 µm for hMSCs. Quantification of YAP nuclear/cytoplasmic ratio of hMSCs on the (j) soft and (k) hydrogel surfaces. Mean values and standard deviations from 30 to 40 values are presented.

Substrate reorganization drives cell mechanosensing on roughness gradient hydrogels 
To explain the generation of cellular tension on rough hydrogels, the substrate deformation in the cell adhesive region was investigated. Fluorescent microbeads were incorporated into roughness gradient hydrogels. The cell traction force-induced displacement of microbeads was recorded by imaging the microbead relocation during cell spreading. The displacement of microbeads represents the level of substrate deformation driven by cellular traction force. As shown in Figure 5, cell traction forces increasingly recruited the substrate features and reorganized the local cell-hydrogel interface with an increase of surface roughness on soft hydrogels. The substrate deformation changed the local mechanical properties and increased the density of adhesive ligands to improve integrin-clustering and cellular mechanosensing.47 In contrast, obvious microbeads displacement was only observed from the low to intermediate surface roughness region, but was suppressed in high roughness region on stiff hydrogels (Figure 5b). The substrate deformation quantified by traction force microscopy revealed that the recruitment of substrate surface structure related to the enhancement of mechanosensing. 
As mechanosensing is critical for cell adhesion,1 it explained the linear relationship between cell adhesion and spreading behavior with the increasing surface roughness of hydrogels. But this mechanosensing driven by cell-mediated surface features recruitment exhibited a stiffness dependent manner. The obtained different cell adhesion and mechanosensing on hydrogels with surface roughness gradients resulted from the synergetic contributions from the surface topographic roughness and the matrix stiffness. 

[image: ]
Figure 5. Cell-mediated substrate deformation. Representative displacement fields of (a) soft and (b) stiff hydrogels with embedded fluorescent microbeads in cell adhesive regions. Mean displacement of different single cells on (c) soft and (d) stiff hydrogels with surface roughness gradients. Scale bar indicates 20 µm. Mean values and standard deviations from 30 to 40 values are presented.

Cell mechanosensing regulates the osteogenic differentiation of MSCs
High nuclear accumulation level of YAP/TAZ is recognized to promote osteogenic potential of MSCs.45 The impact of surface roughness and substrate stiffness on MSC osteogenic differentiation was examined. The cells were cultured on hydrogel surfaces under osteogenic induce medium and then stained by alkaline phosphatase (ALP). As shown in Figure 5a, the increase of the surface roughness on soft hydrogels induced higher expression level of ALP, indicating progressively enhanced osteogenic differentiation. On the stiff hydrogels, the osteogenic differentiation tendency was linearly correlated with the surface roughness in low roughness regions and optimized in the intermediate roughness region, where the cells underwent the highest cytoskeletal and nuclear tension (Figure 6b, d). The osteogenic differentiation was suppressed when surface roughness arose to the micrometer scale (R75% - R95%). This reduced differentiation must have resulted from the weak adhesion and cellular tension in high roughness region, which prevented the metabolome activation with associated energy demand required for differentiation.48 

[image: ]
Figure 6. Osteogenic differentiation of MSCs on roughness gradient hydrogels. Alkaline phosphatase staining of MSCs cultured on (a) soft and (b) stiff hydrogels in osteogenic induced media for 7 days. Quantification of ALP positive cells on (c) soft and (d) stiff hydrogels. Scale bar indicates 200 µm. Mean values and standard deviations from 30 to 40 values are presented.

Discussion
Owing to the hydrogel-based high-throughput roughness gradient platform, the different trends of cellular mechanoresponse on soft and stiff hydrogels were detected. The cell adhesion and osteogenic differentiation were in line with the surface roughness on the soft hydrogels but were biphasically regulated on the stiff hydrogels and optimized in the intermediate roughness region (R50%) (Figure 7). The increased roughness from the low to intermediate roughness region (R5% - R50%) resulted in the increase of specific surface area, which enhanced cell adhesion on both hydrogels. When the roughness value was above a certain threshold, e.g. in high roughness region (R75% - R95%), the vertical invasion of cell membrane limited cell extension in the horizontal direction on stiff hydrogels but not on soft hydrogels. This can be ascribed to the difference in substrate stiffness. The adhesion of a cell to the extracellular matrix involves cell shape changes that produces mechanical stress not only on the cell itself but also on the matrix.49, 50 On the soft hydrogels, it is easier for cells to push/pull the adjacent hierarchical structure due to the low resistance force. Thus, cells can deform or remodel the substrate hydrogels to balance the high cellular traction force and to collect more adhesive ligands. A similar phenomenon was observed when cells adhered on a microfiber network. Cells recruited soft fibers to enhance cellular mechanosensing.47 Cells can also sense the apparent stiffness of the PDMS micropillars with different length and width.51 The surface roughness could also change the apparent stiffness near the hydrogel-cell interfaces, although the intrinsic stiffness was constant.
The interfacial mechanical cues were transduced into biochemical factors via integrin-based adhesion and mechanotranduction pathways. The integrin directly connects to and transmits the external traction force from substrates. The adhesion is stable only when sufficient force exerted upon the adhesion sites to recruit integrins, which should be very limited on soft hydrogels. Here, mature FAs were clearly observed on soft hydrogels once the roughness was higher than 380 nm (R30%) and the area of FAs progressively increased from low to high roughness regions. On stiff hydrogels, largely enhanced FA maturation was achieved by offering intermediate interfacial roughness (645 nm). Integrin-clustering further initiated pFAK-RhoA/ROCK-actomyosin-lamin A/C-YAP/TAZ pathway to transduce the synergized roughness and stiffness stimulation to regulate cell behaviors and functions including stem cell fate determination (Figure 7).

[image: ]
Figure 7. Schematic illustration of the interplay of substrate surface features and stiffness to regulate cell function and fate determination. Cells sense synergized roughness and stiffness stimulation via focal adhesion - pFAK - RhoA/ROCK - actomyosin - lamin A/C - YAP/TAZ signaling pathway.
In summary, ECM mimicking hydrogels with surface roughness gradients were fabricated via soft lithography engineering. The surface topographic features of the template substrates were successfully patterned onto hydrogels with homogeneous surface chemistry but controllable matrix stiffness. Benefiting from this high-throughput tool, the response of MSCs to the combined roughness and stiffness stimulation was systematically investigated and the mechanism behind was further explored. The cell mechanosensing and osteogenic differentiation of MSCs were surprisingly enhanced to the comparable or even better level than those on smooth stiff substrates. Meanwhile, the optimized roughness and stiffness resulted in a more than three times increase of cell osteogenic differentiation compared with smooth stiff substrates. The substrate reorganization explained the force generation for the cells on soft hydrogels. The force-dependent focal adhesion - pFAK - RhoA/ROCK - actomyosin - nuclear cytoskeleton - transcriptional regulator pathway was identified for the cells to sense the synergized roughness and stiffness. This promising platform offers a unique non-invasive approach to highlight the contribution of surface topographic cues to cell mechanosensing. The results extend our understanding on how MSCs respond to interfacial physical cues and can guide the design of artificial ECM in the development of tissue engineering and regenerative medicine.
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