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Materials and Methods
Nanoindentations were performed using spherical indenters made out of tungsten. To avoid dehydration of the samples and any change to the mechanical properties of the cell wall, all tests were performed on leaves attached to the whole plant. To have consistent results the tests were done on three-week-old plants on leaves at the same developmental stage. The nanoindentation was performed on cells within the same area on the abaxial (lower) side of leaves.

In order to quantify the real value of cell wall failure stress, it was essential to find the size of indenter that can puncture the cell without considerable volume loss or relaxation during compression. The tips also needed to be strong enough to penetrate through the cell wall without buckling. High stiffness of tungsten (Young’s modulus = 411 GPa; Poisson’s ratio = 0.28; mass density = 1.9 g/m3) makes it a very good choice for the tip material. A range of indenters with different tip sizes, 25 nm to 1750 nm radius, were prepared by etching in KOH solution.[1] The etching set-up was equipped with an automated pull out system that allowed for removal of the etched tip immediately after formation of the sharp tip. Using this system it was also possible to fabricate tips having a similar shape and size. The diameter of each tip was measured with SEM after fabrication. Using these indenters, nanoindentations were performed on live plant leaves; leaves were mounted on a sample holder while attached to the plant to avoid dehydration of the cells. The tips were then checked by SEM for any mechanical damage. According to the results nanoindentation using tips with a radius smaller than 50 nm leads to buckling of the tip. Two examples of tips with R < 50 (R~25nm) and R [image: image2.png]


 50 nm (R ~ 50nm), before and after penetration, are shown in Figure S1. Therefore, in order to survive penetration, the tips must be etched such that R [image: image4.png]


 50 nm. 

Five tips with radii of R = 50, 250, 500, 750, and 1750 nm were prepared. The SEM images of these tips are shown in Figures S2a-e. Area functions of these tips were determined from the geometry of the tips measured from SEM images (see Figure S2f). Nanoindentations were performed on wild type Arabidopsis thaliana cells by using a triangular load function. Experiments were performed in displacement-controlled mode and the loading rate was set at 250 nm/sec. Each tip was checked for damage with SEM after the measurements.

The results obtained from nanoindentation with different tip sizes (R = 50 to 1750 nm) were compared with each other. Blunt tips showed a typical load and unloading curve (Figure S3a), while the nanoindentation with sharp tips showed a clear step (Figure S3b). At the onset of penetration using sharp tips, the cell wall material under the tip fails such that there is a measurable drop in the force. This step observed is related to the failure stress of the cell wall. According to the results obtained using the tips, a drop in the load-displacement curves was not observed in all cases, dependence related mostly to the indenter tip size. Nanoindentation on a cell with a wide tip, in most cases, resulted in no observable failure. However, in those cases the failure occurred after a large deformation of the cell wall that was outside of the range validity of our model. Nanoindentation on a cell with a sharp tip on the other hand, leads to failure with minimum cell wall relaxation or volume change. In the measurements with the sharp tip (R = 50 nm) a step occurred repeatedly and no buckling was observed in the SEM images afterwards. For each of the environmental conditions tested, fifteen measurements were made to quantify the uncertainty show in the results.
Finite element simulations
Finite element simulations were used to quantify stress at different indentation depth using different tip sizes (assuming a rigid tip). By pushing the indenter deeper into the material the stress value at the indentation point increases while the increase rate depends on the tip size. A smaller tip size leads to a higher stress value at similar indentation depth (higher stress concentration). Select results of the simulations are shown in Figure S4.
Failure using a larger tip 

In order to study the effect of the tip size on the failure stress, nanoindentation was performed using a tip with a radius of 140 nm. The force-displacement nanoindentation curve is shown in Figure S5. As seen in the figure the penetration displacement occurs at a depth of 4600 nm, nearly twice the depth required for the 50 nm tip (2400 nm). To estimate the failure stress for this tip, stress-displacement simulation curves for each tip size were plotted in logarithmic scale (Fig. S5). Then each curve was fit with a function that could satisfy the simulation data points (at large depths these curves are linear). Finally a failure stress of 310 MPa is estimated for the tip with R = 140 nm. 
Reference
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Figure S1. SEM images of the indenters after penetration (R is the tip radius). Tip with R = 25 nm (a) before penetration (b) after penetration. Tip with R =[image: image7.png]


50 nm (c) before penetration (d) after penetration.
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Figure S2. (a-e) SEM images of the tips used for nanoindentation; radius of the tips from left to right: 50, 250, 500, 750 and 1750 nm, scale bar is 2µm, (f) Area function of the tips obtained from SEM images, R is the radius of the tip. 
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Figure S3. Force-displacement results from the nanoindentation measurements on a plant cell in water using (a) blunt tip (R = 750nm), (b) sharp tip (R = 50nm), the step in the curve corresponds to the failure of the cell wall and the force and displacement at failure can be extracted from this curve.
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Figure S4. Stress versus displacement obtained from finite element simulations of nanoindentation for different tip sizes. 
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Figure S5. Force versus displacement curve obtained from nanoindentation using a tip with R = 140 nm. The cell wall failure occurs at 4600 nm.
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Figure S6. Stress versus displacement curves obtained from finite element simulations. Results for different tip sizes are shown in logarithmic scale for both axes. In this format, the large depth trend is linear such that the failure stress for larger tips can be estimated. Thus, the failure stress for the measurement in Fig. S5 (a tip with R = 140 nm) is estimated to be 310 MPa by extrapolation.
