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Experimental procedures 

Cell culture. Wild-type, pKO-αV/β1 and pKO-αV fibroblasts50 were provided by R. Fässler. 

HeLa cells (Kyoto) were provided by A. A. Hyman. All cell lines were cultured in 

Dulbecco’s modified Eagle’s (DMEM) GlutaMAX (Gibco-Life technologies) containing 100 

units ml–1 penicillin (Gibco-Life technologies), 100 μg ml–1 streptomycin (Gibco-Life 

technologies) and 10% (v/v) of fetal calf serum (FCS, Sigma). All cell lines were grown on 

T25 tissue culture flasks (Jet BioFil) and kept at 37C with 5% CO2. For the fibroblasts cell 

lines, tissue culture flasks were freshly coated overnight at 4C with 50 μg ml–1 fibronectin 

(Calbiochem-Merck). Cells were split when reaching a confluence of 70–80% and were used 

for a maximum of 20 passages after thawing. Cells were regularly tested for mycoplasma 

contamination.

Microcantilever preparation. Tipless silicon microcantilevers (Mikromasch, 

HQ:NSC35/tipless/No Al) were cut using a focused ion beam (FEI Helios NanoLab 650). 

Standard rectangular shaped cantilevers had dimensions of approximately 120x45x2 μm3 as 

previously described51. FIB-modified cantilevers present the same outer geometry; however, 

they had a rectangular window cut into the middle of their wider surface which was 

approximately 80x30x2 μm3. Cantilevers were calibrated in air using the Sader method52. 

Before use, cantilevers were cleaned in 95% sulfuric acid for 15 min at room temperature, 

then rinsed in ultrapure water and dried with precision wipes (Kimtech Science). Then, 

cantilevers were plasma treated for ≈15 min and subsequently incubated overnight at 4C in 

PBS with the substrate of interest: 2 mg ml–1 ConA (Sigma), 50 μg ml–1 fibronectin 

(Calbiochem-Merck) or 0.03 mg ml–1 collagen type I (PureCol). For the fluorescent controls 

(Fig. S5), Alexa Fluor 555 NHS ester (Invitrogen) was first dissolved in DMSO at a 10 mg 

ml–1 concentration. Then, it was added to a solution of 50 μg ml–1 fibronectin in PBS and 
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pure PBS in a 1:100 concentration, and incubated at room temperature for 1 h. Then, the 

cantilevers were coated with this solution as described above.

Picobalance setup. Single cells mass measurements were carried out using the picobalance 

setup as previously described51. Briefly, microcantilevers are mounted onto a customized 

AFM head which was equipped with piezo motors for movements in the z-axis. In addition, 

the AFM head presented a low-power intensity-modulated blue laser (405 nm), which served 

for the photo-actuation of the microcantilever via a current control mode. The power of the 

blue laser was set to 10 μW and its temperature was kept at 25ºC by a laser diode controller. 

The infrared laser (852 nm) used to detect the deflection at the free end of the microcantilever 

was set to ≈150 μW and reflected onto a four-quadrant position-sensitive photodiode (Si PIN 

S5980 Hamamatsu). The picobalance was mounted on top of an inverted optical microscope 

(Zeiss Observer Z1) equipped with a digital camera (Hamamatsu Orca Flash 4.0) and a 

10x/0.3 M27 Plan-Apochromat objective (Zeiss), which allowed for the acquisition of 

differential interference contrast (DIC) and fluorescent images during cell mass 

measurements. Finally, the picobalance had an in-house built environmental chamber which 

provides cell culture conditions (37C and 5% CO2) and prevented the medium from 

evaporating during cell mass measurements.

Amplitude measurements. To determine the amplitude of the two cantilever designs in air 

and in cell culture medium, a frequency sweep was carried out via a customized LabVIEW 

software. Each sweep is centered around the resonance frequency and acquired for a 

frequency range of ± 1.2 kHz for sweeps in air and ± 19.5 kHz for sweeps in cell medium. 

Each sweep was composed of 256 points acquired at 10 ms resolution. Both the sweeps in air 

and medium were carried out at 37C. To convert the amplitude signal from millivolts units 

to nanometers, we first acquired the optical lever sensitivity for 9 cantilevers of each design 
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by approaching the cantilever against the bottom of a Petri dish (Ibidi, μ-Dish 35 mm, low) to 

get the deflection curve of the cantilever. Then, the deflection curve is fitted with a linear fit 

and the slope is extracted, which corresponds to the optical lever sensitivity (units mV nm–1). 

The amplitude curves recorded in millivolts are then divided by the average value of the 

optical lever sensitivity to extract the amplitudes in nanometers.

Cell mass measurements. The day before measurements, cells were washed 3x in PBS 

previously warmed up at 37C and serum-starved overnight in DMEM GlutaMAX containing 

100 units ml–1 penicillin and 100 μg ml–1 streptomycin to minimize cell cycle variations 

during measurements53, 54. The day of measurement, a Petri dish (Ibidi, μ-Dish 35 mm, low) 

was mounted on the picobalance stage and filled with 1.5 ml of phenol red-free high-glucose 

DMEM medium, supplemented with 1 mM sodium pyruvate, 4  mM GlutaMAX, 100 

units ml–1 penicillin, 100 μg ml–1 streptomycin and 10% (v/v) FCS. A coated cantilever was 

mounted on the cantilever holder and placed inside the Petri dish with warm medium. 

Afterwards, the actuation and readout lasers were positioned on the cantilever and the system 

was let to equilibrate for 30 min. In the meantime, serum-starved cells were washed in PBS, 

detached using 0.25% trypsin-EDTA (Sigma) and let to recover for 15 min in the same 

medium which was previously added to the Petri dish55. Afterwards, suspended cells were 

added to the Petri dish placed in the picobalance. The mass measurements were then 

performed in “continuous sweep mode” as previously described56. First, a frequency sweep 

was performed to identify the resonance frequency of the bare cantilever without any cell 

attached. The sweep acquisition was carried out via a customized LabVIEW software, 

whereby each sweep is centered around the resonance frequency of the cantilever and 

acquired for a frequency range of ± 19.5 kHz. Each sweep was composed of 256 points 

acquired at 10 ms resolution. Then, the cantilever was brought into contact with a target cell 
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for 5–10  s. Usually, only cells with round contours and regular in size were chosen for 

measurements. Afterwards, the cantilever was retracted by 200 μm from the bottom surface 

of the dish, to completely detach the cell from the dish57 and to avoid hydrodynamic effects 

on the cantilever movement58. Another frequency sweep was recorded to extract the 

resonance frequency of the cantilever with a cell attached. Afterwards, frequency sweeps 

were automatically recorded every ≈10 s for a desired amount of time. Simultaneously, DIC 

microscopy images of the cell on the cantilever were acquired every 5 min and were later 

used for the estimation of the migration distance and the spreading area of the cell. The cell 

position on the cantilever was determined via an in-house software59 using the DIC images 

collected during the cell mass measurements.

Cell volume measurements and expected mass calculation. A Coulter counter (Z2 

Beckman Coulter Inc.) with an aperture of 100 μm was used to measure the diameter of HeLa 

and mouse fibroblasts cells. The counting range was set from 8 to 24  μm. The aperture was 

thoroughly flushed 3x with an electrolyte solution (Isoton II diluent) before minimizing the 

background noise. Afterwards, each measurement was performed by adding 1  ml of cell 

culture medium containing roughly 106 cells to a cuvette containing 10  ml electrolyte 

solution and placing it on the instrument. All cells within a volume of 0.1  ml were 

characterized. The cell diameter distribution obtained with the Coulter counter measurements 

was used to calculate the average cell volume distribution by assuming that suspended cells 

retain spherical shapes. The average cell volume was then used to calculate the expected 

mass distribution of the cells by assuming a constant density value found in literature (1.06 

g ml–1 for HeLa cells and 1.13  g ml–1 for mouse fibroblast cells)51. 
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Gelatin bead fabrication and measurements. Gelatin beads were prepared as previously 

described60. Briefly, gelatin (5% w/v) was dissolved in milliQ water heated to 60°C. The 

gelatin solution was added dropwise into a bath of liquid paraffin preheated to 60°C under 

constant stirring. After dropwise addition of the gelatin, the paraffin bath was emulsified 4°C 

for 30 minutes under constant stirring. A two times excess of 4°C cold acetone at was then 

dropwise added to the mixture which and the solution was left to stir for an additional 30 min. 

The solution was then spined down at 4°C for 5 min at 2500 rpm to separate the gelatin beads 

from the paraffin. After removal of the supernatant, the beads were washed with 4°C acetone 

and spined down again. The process was repeated a total of 5 times. Gelatin beads were then 

resuspended in 4°C DL-glyceraldehyde aqueous solution (1% w/v) under constant stirring for 

20 min. The mixture was then filtered, spined down and washed with acetone a total of five 

times. The beads were then kept at 4°C until used for a maximum of two weeks. On the 

picobalance, beads were measured following the same procedure explained for cell mass 

measurements.

Finite element simulations. Finite element analysis of gelatin microbeads attached to each 

of the two cantilever designs was performed using the solid mechanics module of COMSOL 

Multiphysics 5.5. The cantilevers were modelled as silicon (Young’s modulus = 170 GPa), 

while the gelatin beads were modelled as a custom material with a Young’s modulus of 

12kPa and a density of 1.050 g cm–3 (ref.61). The cantilever together with the gelatin bead 

were surrounded by a 200x200x200 μm3 water cube, which is set to behave according to a 

Linearized Navier-Stokes Model62 (Fig. S6a). The cantilever motion was simulated in the 

solid mechanics module by selecting one end as fixed constraint and applying 1 nN boundary 

load in the z-direction to the opposite end. Finally, the boundary between the cantilever and 

the surrounding water was defined as an aeroacoustic-structure boundary in the COMSOL 
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Multiphysics module. The frequency sweeps were acquired by performing a frequency 

domain study between 20 kHz and 80 kHz in steps of 0.5 kHz (Figure S6b).

Data analysis. For data analysis, only mitotic cells were discarded while all the other cell 

measurements were included. The mass and spreading area of single cells were calculated 

using the pyIMD software (version 0.1.3)59. Mann–Whitney U test was used to determine 

significant differences between mean values. Differences were considered not significant 

(n.s.) if P > 0.05, and significance is indicated as follows: *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001. All statistical analyses were performed on Matlab R2020b.
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Supplementary figures

Supplementary Figure 1. Microcantilever geometry by SEM. Top view of HC cantilevers 
captured by SEM. The cantilever dimensions show the geometrical variations introduced by 
the focused ion beam (FIB) cutting process. The SEM images and all other SEM images shown 
in this work were acquired by D. Mathys from the Nano Imaging Lab from the Swiss 
Nanoscience Institute (SNI) of the University of Basel.
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Supplementary Figure 2. Comparison of LC and HC cantilever specifications in air. a, b, 
Individual and average amplitude curves (right) for LC and HC cantilevers. Amplitudes are 
centered around their resonance frequency value and recorded for a frequency range of ± 1.20 
kHz. Average curves are presented as mean (black line) and s.d. (grey aera). c, Comparing the 
maximum amplitude between LC and HC cantilevers shows significantly higher amplitudes 
for HC cantilevers. d, e, The resonance frequency, Q factor of HC are significantly lower 
compared than the respective values for LC cantilevers. f, Reflectivity values for LC and HC 
cantilevers obtained for a set point of 6V. Number of independent measurements performed n 
= 45 for LC and n = 52 for HC cantilevers. A new cantilever was taken for each independent 
measurement. Statistical differences were evaluated applying the Mann–Whitney test. 
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Supplementary Figure 3. Cantilever coatings do not influence its resonance frequency by 
more than 2%. Resonance frequency change for LC (a) and HC cantilevers (b) for different 
coatings measured in cell culture media at 37C. n = 8 independent measurements were 
performed for both cantilever designs, with each measurement taking a different cantilever. 
Cantilevers were first cleaned in 95% sulfuric acid for 15 min at room temperature, rinsed in 
ultrapure water and plasma treated for ≈ 15 min as described in the Methods. Then, the 
cantilevers were characterized without any coating (bare) and subsequently after coating with 
a 2 mg ml–1 ConA, 50 μg ml–1 fibronectin (FN) or 0.03 mg ml–1 collagen type I (Col I) as 
described in the Methods. The cantilevers were cleaned as described above after each coating 
step.
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Supplementary Figure 4. Effect of cell migration on the correction of the cell mass 
measurements. a, b, DIC microscopy images of LC (a) and HC cantilevers (b) of a wild-type 
fibroblast adhering to a fibronectin-coated cantilever over the course of 2 h. Scale bar, 20 μm. 
c, d, Recorded mass of two different cells growing on LC (c) and HC (d) cantilevers for 2 h. 
Since the LC cantilevers allow for larger cell migration towards the fixed end of the cantilever, 
the mass measurement is characterized by higher noise. All measurements were carried out in 
cell culture medium at 37°C.
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Supplementary Figure 5. Fibronectin coating fluorescence controls. a, HC cantilever 
incubated with 50 μg ml–1 fibronectin labeled with Alexa Fluor 555 (described in the Methods). 
b, HC cantilever incubated with PBS mixed with Alexa Fluor 555 dye. c, HC cantilever 
incubated with PBS only. Scale bars, 20 μm. All measurements were carried out in cell culture 
medium at 37°C.
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Supplementary Figure 6. COMSOL simulations setup. a, COMSOL model of the HC 
cantilever (in grey, outer dimensions 120x45x2 μm3, cut out window 80x30x2 μm3) with a 
gelatin bead (violet) attached to the free end. The gelatin bead is modeled as a hemisphere with 
a diameter of 8 μm. The cantilever is surrounded by a 200x200x200 μm3 cube of water. b, 
Simulated amplitude response of bare HC cantilever without bead and with bead attached, 
showing the resonance frequency shift upon cell attachment.
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