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Materials and Methods 

Staining of samples for Optical Microscopy imaging 

Intact RBC, ghosts and shear-force open RBC directly adsorbed on PLL coated glass 

slide were stained using lipophilic styryl dye FM 4-64 (Invitrogen, France) for membrane 

staining and Atto-488 Phalloidin (Sigma-Aldrich, France) for specific F-actin staining. 

Briefly, samples were incubated during 5 min in 5 ug/mL solution of FM 4-64 in PBS at 

room temperature. In the case of F-actin labeling, samples were incubated during 45 min 

in a 0.1 uM solution of Atto-488 Phalloidin in PBS at room temperature. Finally, samples 

were rinsed three times in SB before optical microscopy imaging.  

Optical microscopy experiments were performed on a BioScope Catalyst (Bruker, 

Santa Barbara, CA) mounted on an inverted optical microscope (X71 Olympus, Tokyo, 

Japan).  

 

Peak Force Quantitative Nanomechanics Imaging and calculations 

PeakForce QNM imaging mode is based on oscillating the sample at constant rate (2 

kHz) and amplitude (between 5 and 30 nm). During each oscillation cycle, the deflection 

of the cantilever is monitored to obtain cycles of force-distance curve. The vertical 

amplitude of the piezoelectric displacement is set to allow the tip to completely separate 

out of contact from the sample surface, allowing accurate determination of the zero force 

and the maximum applied indentation force.  Each part of the force-distance curve is then 

used to provide the nanomechanics of the sample on the fly. The approach trace was used 

to control the maximum force applied (300 pN as a general minimum loading force or 

increased vertical force values, �50 pN, to provide a mechanical response upon different 



loading forces) and the deformation. The retraction regime was used to determine the 

Young’s modulus (E). E was calculated at each pixel of the image from the contact part 

of the retraction trace of each oscillation cycle by fitting the Hertz model of a spherical 

tip of radius R=2 nm indenting an elastic half-space  

F =
4E

3 1−υ 2( )
Rδ 3 / 2  

being ν=0.5 the Poisson ratio and δ, the indentation. 

To avoid the contribution of the long-range forces coming from electrostatic and van 

del Waals interactions, we restricted the fit to a range between 5% and 70% of the 

maximum indentation force. The deformation was calculated as the indentation range 

corresponding to the 85% of the maximum force of the approach curve. For large 

indentation rates, mostly in the case of intact RBC, estimation of E with a conical tip 

model should provide better quantitative values. Notice however, that our measurements 

reflect the elasticity of the membrane components at the nanoscale and not of the whole 

erythrocytes. Thus, quantitative values are a priori difficult to compare with other studies 

carried out on whole cells. 
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Supporting Figure S1.  

Characterization of the different samples prepared to study the structural and 

mechanical response of intact RBC directly immobilized on PLL coated mica (top series) 

extracellular face of RBC on ghosts (middle series) and cytoplasmic face of RBC on 

sheared open RBC (bottom series). PF images showing the topography (AFM 

topography) and elastic modulus map (PF-QNM elasticity map) differences found in 

these samples together with optical microscopy images where the membrane (membrane 

staining, with lipophilic styryl dye FM 4-64) and F-actin (F-actin staining, with Atto-488 

Phalloidin) were stained to relate structural features found on AFM images. False color 

scale is 250 nm for topography and 5 MPa for elasticic modulus. Scale bar is 5 um. 



 

Supporting Figure S2.  

Effect of ATP on the topographic and mechanical remodeling of intact RBCs directly 

immobilized on PLL coated mica at different loading forces (300 pN, 400 pN, 500 pN, 

and retrieved 300 pN) (ATP-depleted cells, left series, and ATP-containing cells, right 

series). Time line along experiments is set above each series. False color scale is 250 nm 

for topography, 2.5 MPa for elastic modulus map, and 50 nm for deformation map. Scale 

bar is 5 um. 



 

Supporting Figure S3.  

Profile analysis along the white dashed line of PF-QNM images shown in 

supplementary Figure S2 performed when evaluating the effect of ATP on the 

topographic and mechanical remodeling of intact RBCs directly immobilized on PLL 

coated mica at 300 pN (black solid line), 350 pN (green solid line), 400 pN (orange solid 

line), 450 pN (blue solid line), 500 pN (red solid line), and retrieved 300 pN (black 

dashed line) for ATP-depleted cells (left series) and ATP-containing cells (right series). 



 

Supporting Figure S4.  

AFM topography images displaying the membrane of intact RBCs both in absence (top 

series) and presence (bottom series) of ATP, under a loading force of 300 pN. From left 

to right, images show a progressive magnification (scale bar is 2 um, 1 um and 300 nm, 

respectively) of the highlighted region in the precedent image.  For the most magnified 

images (scale bar 300 nm), the corresponding elastic modulus map is also provided (left 

panels). False color scale is 700 nm, 200 nm and 8 nm, respectively for topography and 

1.5 MPa for the elastic modulus.  



 

 

Supporting Figure S5.  

Effect of MgATP on the topography and mechanics of the extracellular face of RBC 

membrane. AFM maps of topography, elastic modulus and deformation at different 

loading forces (300 pN, 400 pN, 500 pN, and retrieved 300 pN), either with MgATP, 

(right series) or without MgATP (left series). False color scale is 70 nm for topography, 1 

MPa for stiffness and 30 nm for deformation. Scale bar is 300 nm. (B) Elastic modulus 

(bottom left) and deformation (bottom right) of the overall membrane (in green) and 

network junctions (in blue), before (open bars) and after (filled bars) MgATP addition. 

Data are shown as mean ± standard error of the mean. 



 

Supporting Figure S6.  

Effect of the loading force and ATP on the topographic remodeling of the RBC 

extracellular membrane. Topographic AFM images with (top series) and without (bottom 

series) MgATP are displayed in a brown color scale (color scale is 70 nm and scale bar is 

400 nm). Pictures obtained after skeleton extraction of topographic images at different 

loading forces (300 pN, 350 pN, 450 pN, and 550 pN) are displayed in grey scale (color 

scale is 70 nm).  

 



 

Supporting Figure S7.  

Effect of MgATP on the topography and mechanics of the cytoplasmic face of RBC 

membrane. AFM maps of topography, elastic modulus and deformation at different 

loading forces (300 pN, 400 pN, 500 pN, and retrieved 300 pN), either with MgATP, 

(right series) or without MgATP (left series). False color scale is 65 nm for topography, 4 

MPa for stiffness and 30 nm for deformation. Scale bar is 300 nm. (B) Elastic modulus 

(bottom left) and deformation (bottom right) of the overall membrane (in green) and 

network junctions (in blue), before (open bars) and after (filled bars) MgATP addition. 

Data are shown as mean ± standard error of the mean. 



 

Supporting Figure S8.  

Large scan size AFM images acquired at the cytoplasmic face of RBC membrane (top 

left image) together with the skeleton map extraction before (top right) and after MgATP 

addition (bottom right). Graphical representation showing the number of junctional 

complexes against the number per complex found after skeleton map extraction (bottom 

left corner) for samples containing MgATP (in solid white) and without MgATP (in solid 

grey). False color scale for topography is 65 nm. Scale bar is 500 nm. 



 

Supporting Figure S9 

AFM topography (top) and elastic modulus maps (bottom) of the control conditions 

performed at the extrallular membrane face to show the effect on the mechanical 

response of 1mM MgCl2, the inhibition effect of casein kinase I when MgATP is added, 

and the effect of 1 mM MgATP with respect to the negative control (-MgCl2). The 

estimated elastic modulus of the overall membrane was 0.32 ± 0.08 MPa, 0.35 ± 0.07 

MPa, 0. 40 ± 0.14, and 0.68 ± 0.25 MPa for - MgCl2, 1 mM MgCl2, 1 mM MgATP in 

presence of 400 uM CKI inhibitor, and 1 mM MgATP, respectively. False color scale is 

45 nm for topography and 0.8 MPa for elastic modulus. Scale bar is 300 nm. Data are 

shown as mean ± SEM.  

 


