[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Conformal Nanopatterning of Extracellular Matrix Proteins onto Topographically Complex Surfaces
Yan Sun1,2, Quentin Jallerat1, John M. Szymanski1 and Adam W. Feinberg1,3
SUPPLEMENTARY TEXT AND FIGURES
[bookmark: _GoBack]
SUPPLEMENTARY NOTE
Current Soft Lithographic Methods for Patterning ECM Proteins on Surfaces

A range of soft lithography techniques have been developed for controlling cell adhesion, structure and function on 2D biomaterial surfaces1-8. In particular, microcontact printing (μCP) has been used extensively to achieve accurate and reproducible chemical patterning9-11 and to control the transfer of biomolecules such as DNA12 and the ECM proteins FN and laminin13 to a range of substrates. 

The transfer of biomolecules depends in large part on the quality of the conformal contact between the substrate and the raised topographical features of the elastomeric stamp. PDMS (Sylgard 184, Dow Corning) is the most commonly used material for the elastomeric stamp because its relatively low Young’s modulus (E ~1.7 MPa)14 enables it to conform to a range of typical cell culture surfaces. Based on mechanical models, PDMS is expected to conform to sinusoidal asperities with a height of 100 nm and a 1 μm wavelength (an approximate depth-to-width aspect ratio of 1:10)15. This aspect ratio is predicted to be preserved across several orders-of-magnitude, extending into the 10 to 100 μm range we investigate in our current study. Decreasing the Young’s modulus of the elastomeric stamp and increasing the normal pressure applied during stamping are major factors that decrease the energy threshold required for conformal contact with rough surfaces. However, it has been shown theoretically15, 16 and experimentally17 that taking these steps to improve contact can come at the cost of decreased pattern fidelity due to collapse and/or buckling of the raised features on the PDMS stamp. Our results demonstrate this fact, as decreasing the Young’s modulus of the PDMS stamp (E ~50 kPa) enabled patterning of the bottom of trenches between micro-ridges, but at the expense of pattern fidelity on the ridge tops (Supplementary Fig. 7). Specifically, the raised features of the stamp will compress and lead to protein transfer from the recessed areas16. Thus, µCP is limited by the compromise between the need for a stamp to be able to conform to a rough surface and the requirement that the micro and nanoscale features do not deform and cause loss of pattern fidelity.

To address this challenge, many groups have developed modified versions of μCP in order to pattern a wider range of surfaces. For example, researchers have created composite stamps made of a thin layer of stiff PDMS (E > 9 MPa) to provide rigid microtopography supported by a layer of softer PDMS so that the stamp can conform to non-planar and rougher surfaces5, 18, 19.  Patterning of non-planar, curved surfaces has also been achieved by rolling cylindrical substrates over flat stamps20. Other researchers have devised a two-step process where biomolecules are first μCP onto a sacrificial surface that is then put in contact with a non-planar substrate and dissolved21, 22. These examples have improved the ability to μCP non-planar surfaces and can adapt to greater surface roughness; however, the surfaces still need to be relatively smooth so that a conformal contact can occur either between stamp and substrate or sacrificial mold and substrate. This requirement prevents the transfer of biomolecules to high aspect ratio topographies.

Increasing interest in designing complex cellular microenvironments has led to the development of several methods to engineer substrates with both chemical and topographical micropatterning. The simplest approach is to use μCP to pattern proteins on the top of raised features in a microtopographically patterned substrate. For example, the tops of micro-ridges can be μCP with FN to increase endothelial cell alignment over microtoprography or micropatterned FN alone23. Multiple research groups have used similar approaches to selectively pattern the tops of microtopographical features with either cell-repellant or cell-adhesive chemicals24-26. In these cases, the recesses in the substrate, such as the bottom and the sides of the trenches between micro-ridges, can be functionalized by adsorption from solution. Thus, the microtopography defines the spatial organization of the chemical pattern. There have also been efforts to engineer chemical micropatterns independent of surface microtopography. For example, photolithography was used to create lanes of aminosilanes across 6 µm tall ridges on etched glass substrates27. Charest et al. used µCP instead of photolithography in order to pattern regions of fibronectin across the top of 4 µm tall ridges in polyimide28. However, constrained by the limits of standard µCP, they were unable to get FN within the trenches and concluded that the discontinuity of the chemical pattern was a determinant factor to explain why cells cultured on these substrates aligned with the microtopography for all conditions studied. Morase et al. have also shown that micro-ridges with conformal fiber-like proteins can be generated by controlled crack formation in multilayered microfabricated materials under applied strain, removing the requirement for lithographic equipment29. However, while all of these techniques improve the ability to engineer micropatterned chemistry and topography on surfaces, none enables independent control. 

The PoT printing technique we have developed is unique in its ability to engineer surfaces with largely independent control of surface ECM protein chemical patterning and topographical micropatterning. We use micro-ridges with various width, spacing and height in order to create uniform surfaces to evaluate fidelity and repeatability.  Results clearly demonstrate that we can pattern a range of microscale topographic feature dimensions from <1 to >100 µm  (Fig. 1, 2, 3 and Supplementary Figs. 2, 3, 4, 5, and 6) with a variety ECM proteins and pattern dimensions. Further, surface features with depth-to-width aspect ratios as high as 1.85 can be patterned with conformal ECM proteins and greater than 2.4 if some loss of pattern fidelity is acceptable. Thus, PoT represents the only viable method to pattern biomolecules in a continuous or near continuous manner across rough and high aspect ratio microtopographies.

Limitations of the PoT printing technique

The PoT printing technique has the ability to micropattern ECM proteins on a wide range of surface microtopographies.  However, it has inherent limitations based on the way protein transfer is achieved. During PoT the ECM protein patterned on the PIPAAm surface is released and pushed onto the microtopography, which means it must be stretched.  There are two factors that determine how much the ECM protein can be stretched and the scale of surface roughness that can be patterned, the thickness of the PIPAAm layer and the mechanical properties of the ~5 nm thick ECM protein layer. The thickness of the PIPAAm layer can be tuned by changing the spincoating parameters and the viscosity and concentration of the PIPAAm/butanol solution (Supplementary Fig. 1). The thicker the PIPAAm layer the more material there is to swell and push the ECM protein during the thermal dissolution process (Fig. 1a). There is also a limit to (i) how far the ECM protein layer can be strained before it fails and (ii) the mechanical force required to do so. Previous work has demonstrated that the FN nanofibers patterned on the PIPAAm are initially in a pre-stressed state, and that this is ~3.5 times longer than the contracted length if released directly into solution30, 31. From this fully contracted state, previous experiments have shown that the FN nanofibers can be stretched up to 9 times32. During PoT the regions of topographic surface that touch the PIPAAm pin the FN in these locations and the remaining regions of FN are stretched by the expanding PIPAAm during transfer. For the 20 µm wide, 20 µm spaced micro-ridges the FN on the ridge tops is pinned and only the FN between the ridges (i.e., over the trench) is stretched. Results show that we can PoT print on 37 µm deep micro-ridges to achieve a depth-to-width aspect ratio of 1.85 (Supplementary Fig. 3), which equates to straining the section of FN between ridges (initially 20 µm in length) nearly 400%. We also demonstrate that we can PoT print on micro-ridges 48 µm deep at a depth-to-width aspect ratio of 2.4, however at this amount of strain (nearly 500%) some loss of fidelity due to gaps in the transferred FN is observed (Supplementary Fig. 3). These results reveal that in PoT printing with FN, the maximum strain that can be achieved before some mechanical failure of the FN occurs is between 400% to 500%. Beyond this failure point PoT printing still works, but it appears that the FN begins to tear apart in places and forms gaps on the vertical sidewalls, though importantly the trench bottoms are still patterned. In terms of applications, the effect these gaps might have on cell behavior is unknown, and will likely be cell type and context dependent. 
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