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Supplementary Materials and Methods
Oscillatory Measurements
Ferromagnetic beads (4.5-μm diameter) coated with the integrin-binding RGD (Arg-Gly-Asp) peptide were added to cultured human airway smooth muscle (HASM) cells plated for 4-6 h on collagen-1-coated (0.2 mg/ml), membrane-bottom wells (18,000 cells/well) for 20 min, and then unbound beads were washed away with serum-free medium (1).  Beads were magnetized in a horizontal direction, and then twisted by a sinusoidally varying vertical magnetic field, and the horizontal bead displacements were traced (2).  For each bead, we computed the magnitude of the dynamic modulus (|G*|) as the ratio of the amplitude of the applied specific torque to the amplitude of the corresponding bead horizontal displacement.  This ratio was multiplied by a geometrical factor to obtain |G*| in units of mechanical stress (3).  Two different force regimens were used: Protocol 1, 0.1-1,000 Hz (0.1-100 Hz, 5 cycles; 100-1,000, 10 cycles; applied specific torque of ~90 Pa) and Protocol 2, 0.001-1 Hz, (0.001 Hz, 1 cycle; 0.005 Hz, 2 cycles; 0.008 Hz, 3 cycles; 0.01 Hz, 4 cycles; 0.05-1 Hz, 5 cycles; specific torque amplitude of ~38 Pa).  These protocols were used to shorten the duration of measurements and to reduce the effect of cytoskeletal remodeling.  Measurements were made during ascending and descending frequency sweeps (data were similar in both cases) in Protocol 1, and only during the ascending frequency sweep in Protocol 2.  Since at a given applied torque bead displacement amplitude increased with decreasing frequency (Fig. S1), and thus might become excessive at low frequencies, we used the lower torque amplitude in Protocol 2 to prevent excessive bead motion and stay within linear range.  To test whether different specific torque amplitudes at low and high frequencies might be a cause of two different power-law regimes, we carried out low and high frequency measurements with single specific torque amplitude of ~38 Pa.  We again observed two power-law regimes.  Protocol 2 also was repeated in cells treated with jasplakinolide (0.1 µM for 3 min).  The comparison between the low-frequency oscillatory responses of control and jasplakinolide-treated cells is shown in Fig. S2.
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Harmonic Distortion Analysis

We did a harmonic distortion analysis of individual bead oscillatory motions using an established method (4).  The analysis was carried out for each individual bead and for each measured frequency.  From this analysis we calculated the harmonic distortion index (Kd), defined as the square root of the ratio of the output power due to system nonlinearities to the total input power.  Values of Kd were corrected for non-zero energy at non-input frequencies due to noise, by performing the harmonic distortion analysis of the input signal from which we obtained the contribution of noise to the harmonic distortion (Fig. S3). 


Creep Measurements

The RGD-coated super-paramagnetic beads were added to cultured bovine capillary endothelial (BCE) cells plated for 18-24 h on 35-mm fibronectin-coated (500 ng/cm2), glass-bottomed dishes (5(104 cells/dish) for 20 min, and unbound beads were washed away with serum-free medium (5).  The electromagnetic pulling cytometry device applies a constant pulling force to integrin-bound magnetic beads on the cell’s apical surface, approximately 45( relative to the substrate (5).  We considered only those beads that were located on the apical surface above the central region of the cell.  The horizontal component of the creep displacement of individual beads was measured optically (one bead per cell) (5).  We measured the creep response from 0.02-120 s (sampling rates 50 Hz from 0.02-5.5 s and 6 Hz from 5.5-120 s) with pulling force of ~350 pN.  The reason for the variable sampling rate was to obtain more evenly spread data points in the log-log domain.  

Creep data exhibited two power-law regimes, one less time-dependent at short times, with power law exponent α1, and the other more time-dependent at long times, with power-law exponent α2 (Fig. S4), separated by a plateau regime.  The data were consistent with previously reported creep data from BCE cells obtained with the same technique (5), as well as with published data for myocytes obtained with a different method (6).  Importantly, the multi-power-law behaviors observed during creep and oscillatory measurements indicate a time-frequency consistency that characterizes viscoelastic systems, apparently including living cells.   


We fitted creep data in the log-log domain with the following multi power-law function 
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where u is bead displacement, t is time, C1, C2, α1, α2, t1 and t2 are constants with constrains 
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FIGURE S2 The magnitude of the dynamic modulus (|G*|) vs. frequency (f) relationship of HASM cells prior to (solid triangles) and after addition of jasplakinolide (open squares) measured by oscillatory magnetic cytometry at the low-frequency range (10(3-100 Hz).  Data are median values from ~100 beads.





FIGURE S1 Bead horizontal displacements (d) vs. specific torque (T) loops for different frequencies obtained from HASM cells using oscillatory magnetic cytometry.  With increasing frequency, displacement amplitude decreases.  Above 10 Hz, the loops appear elliptic (i.e., linear), but below 10 Hz they appear sigmoid (i.e., non-linear), indicating stiffening behavior.  Loops are baseline means from ~100 beads from a single well.





FIGURE S3 The harmonic distortion index (Kd) vs. frequency (f) relationship for HASM cells.  Kd increases with decreasing f, indicating the increasing presence of nonlinearities at low frequencies.  Data are median values from 20-90 beads; solid line is a linear regression in the semi-log domain (slope = –0.0074; r2 = 0.48, p = 0.0179).





FIGURE S� SEQ Figure \* ARABIC �4� The creep displacement (u) vs. time (t) relationship measured in BCE cells using electromagnetic pulling cytometry.  The creep response follows a short-time (0.02-9 s) power-law regime, with α1 = 0.19, and a long-time (14-120 s) power-law regime, with α2 = 0.6, separated by a plateau region (9-14 s).  The values of α1 and α2 are significantly different (p < 0.001).  The solid line is the least squares best fit of the data (gray circles) by Eq. S1; data are means from n = 4 beads.
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