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Used by cells to sense the physicochemical nature of microenvironment, cell-extracellular matrix (ECM) adhe-
sions are imperative for critical cell functions that regulate growth, differentiation and disease, forming the foun-
dation for the organization of tissues and organs.! Biomolecular nanopatterning has become a powerful tool for
probing cell-matrix interactions at the single-molecule level, which is typically based on metallic nanopatterns
such as gold nanoparticle (AuNP) arrays. A major finding was the spatial effect of integrin ligand positioning on
cell spreading and adhesion formation, with a threshold of ~60 nm spacing.? However, AuNP arrays limited
ligand manipulation to single sites in hexagonal arrangement, while the plasmonic quenching® limited further
investigation by fluorescence-based super-resolution imaging. In order to eliminate the plasmonic quenching
effect, we have developed a novel TiO: nano-biopatterning technology (Fig. 1a).* Using e-beam lithography,
TiO2 nanopatterns with arbitrary geometries can be created on glass surfaces. A new functionalization scheme
was developed® to immobilize ECM binding peptides Arg-Gly-Asp (RGD) on nanopatterns and cover the glass
background by supported lipid bilayers (SLBs) to prevent non-specific adsorption.

Both optical simulations and photobleaching experiments show drastic reduction of fluorescence intensity
on Au nanopatterns and minimal interference on TiO2 nanopatterns (e.g., 100 nm-diameter nanodiscs, Fig. 1b).
By enabling dual-color super-resolution imaging, high precision and consistency among nanopatterns, bioligands
(RGD ligands with neutravidin linkers), and integrin nanoclusters in fibroblast cell adhesion was observed (Fig.
lc,d). It validates the high quality and integrity of nanopattern functionalization and SLB passivation. While the
selective formation of integrin nanoclusters on nanopatterns was always a basic assumption, it was only demon-
strated on our new platform with simultaneous molecular-level patterning and imaging (Fig. 1d). The fibroblast
cell spreading area, paxillin recruitment, and YAP nuclear localization are highly dependent on the nanodisc
diameter (Fig. 1h). There is an optimal threshold at ~100 nm, matching the intrinsic integrin cluster size formed
on SLBs with mobile RGD ligands.

Our work presents a high-fidelity nano-biopatterning technology compatible with super-resolution imaging.
The ligand geometric requirement for cell-ECM adhesion formation is generalized to a basic unit with a diameter
of ~100 nm. In the specific case of hexagonal single-ligand arrays, the minimal threshold of 60 nm spacing cor-
responds to four ligands in a quadrilateral with a diagonal dimension of ~100 nm, which is also in agreement
with our new finding. Super-resolution imaging revealed that unliganded integrins co-cluster with liganded ones,
which implies more importance of liganded
sites surrounding the cluster edge (spanning a
characteristic distance ~100 nm) than the
central region.® Therefore, the 100 nm
threshold could be related to the intrinsic
integrin nanocluster dimension determined
by factors like the cell membrane curvature,
which shed light on the molecular mecha-
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