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The mechanical properties of cells are important for many biological processes, including wound healing, cancers, and embryogenesis. Currently, our understanding of cell mechanical properties remains incomplete. Different techniques have been used to probe different aspects of the mechanical properties of cells, among them microplate rheology, optical tweezers, micropipette aspiration, and magnetic twisting cytometry. These techniques have given rise to different theoretical descriptions, reaching from simple Kelvin-Voigt or Maxwell models to fractional such as power law models, and their combinations. Atomic force microscopy (AFM) is a flexible technique that enables global and local probing of adherent cells. Here, using an AFM, we indented single retinal pigmented epithelium cells adhering to the bottom of a culture dish. The indentation was performed at two locations: above the nucleus, and towards the periphery of the cell. We applied creep compliance, stress relaxation, and oscillatory rheological tests to wild type and drug modified cells. Considering known fractional and semi-fractional descriptions, we found the extracted parameters to correlate. Moreover, the Young’s modulus as obtained from the initial indentation strongly correlated with all of the parameters from the applied power-law descriptions. Our study shows that the results from different rheological tests are directly comparable. This can be used in the future, for example, to reduce the number of measurements in planned experiments. Apparently, under these experimental conditions, the cells possess a limited number of degrees of freedom as their rheological properties change.
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INTRODUCTION
The mechanical properties of cells are of great importance in a wide diversity of biological phenomena, which include cell migration [1, 2], cell differentiation [3], cell division [4], embryogenesis, and cancers [5, 6]. To investigate cell mechanics [7], a broad range of techniques have been established. Examples here are seen with beads moved by optical tweezers [8, 9], magnetic twisting cytometry [10, 11], microplate viscometry [12], cell monolayer shearing, and atomic force microscopy (AFM) [13–21]. Comparisons across techniques have revealed strong quantitative differences, even when the same parameter has been probed for the same cell type [22]. Differences in the mechanical state of the cells might be involved here. Such differences can be caused by biochemical signaling; for instance, through specific adhesion to a substrate [19, 21]. Moreover, cells actively react to deformation, which means that their mechanical properties are history dependent [23]. Probing on different time and length scales might result in large differences in cell responses that are accompanied by different mechanical properties. Cell deformation at small scales follows a linear description [46]. In this regime, the validity of a power-law description was found to hold for many different cell types [24]. Large-scale deformation requires a more sophisticated description, taking into account non-linear and history-dependent properties [23]. Accordingly, small-scale cell deformation cannot simply be integrated to obtain the response at larger scales [25].
Here, we used AFM to characterize the viscoelastic properties of living cells in a liquid environment and at physiological temperatures [26]. Depending on the shape of the cantilever used to establish the mechanical contact with the cells, AFM can be used to probe the viscoelastic properties globally [27] or locally [28]. The Hertz-Sneddon model [29] is most commonly used to extract quantitative elastic material properties from AFM measurements. However, this model assumes purely elastic materials, while cells exhibit viscoelastic properties [14, 18–21, 30]. Creep compliance [14, 31], stress relaxation [20, 32], and oscillatory microrheology [17, 18] are standard rheological tests that can been applied with AFM, thereby giving information about both the elastic and the viscous properties of the cells.
Here, we asked whether the tests performed are interdependent, such that the main parameters from these different tests are correlated. For this study, we applied well-known pharmacological agents to alter the cellular cortex, and potentially thereby also altering the mechanical properties of the cells. These drugs have been extensively characterized in other studies. Here, we were not interested in the precise working actions or properties of these drugs; rather, we used them to alter the mechanical properties of the cells to determine whether these changes are reflected by the different rheological tests in ways that are related and that can be understood. In our local probing experiments, we identified correlations and further interrelations between the parameters obtained.
RESULTS
In this study, all of the probing was performed either at the cell nucleus or at the perinucleus. We took the perinucleus as the region between the border of the nucleus and the periphery of the cell (see Figure 1A for details). At each location, we performed the different rheological methods, as schematically shown in Figure 2A.
[image: Figure 1]FIGURE 1 | Scanning electron microscopy images. (A) Schemes of AFM cantilever positioning at the nuclear (left) and perinuclear (middle) cell regions, showing also a side-view of a hTERT-RPE1 cell after membrane removal (right). (B) Representative images of the AFM cantilever (top) and the indenter (middle, bottom). (C) A representative hTERT-RPE1 cell after membrane removal at different magnifications (color-coded frames highlight the magnified regions). Arrows, exemplary actin bundles. Scale bars: (A): 10 μm; (B) top to bottom: 300 μm, 10 μm, 1 μm; (C): 20 µm (top left), 5 µm (top right), 1 µm (bottom left, black frame), 1 µm (bottom right, blue frame).
[image: Figure 2]FIGURE 2 | Methods and raw data. (A) Overview of the rheological test protocols used in this study, where either force or cell height are imposed, and the other parameters are measured. (B) Raw data from the tests in (A). Fits of Eqs 1, 6, 7, and 10 to data are in color; force (magenta), height (blue). G′ over full frequency range: black line, G′ over 1–10 Hz (approximated with single power law): dashed black line. G″ over full frequency range: red line. G″ over 1–10 Hz (approximated with single power law): dashed red line.
From analysis of the force-indentation data during the cantilever approach, the Young’s modulus E was determined using the Hertz-Sneddon model (see Supplementary Figure S1 for an example curve).
In oscillatory microrheology, the complex modulus of the cell (Figure 2B, left panel) can be described by a power-law structural damping material model [17, 33, 34]:
[image: image]
where G0 is the shear modulus scaling factor, α is the power-law exponent, which describes the fluidity of the sample, and μ is the (linear) viscosity [18]. f0 is a frequency scaling factor, assumed to be f0 = 1 Hz. The viscosity related term is known to describe the higher frequency behavior. To demonstrate that the lower frequency range can be described by a single power law, we fitted Equation 1 without the viscosity term to the data f = 1–10 Hz (Figure 2B, dashed curves), yielding G0 = 620 ± 40 Pa and α = 0.14 ± 0.02. This agrees with the fit including the viscous term (G0 = 580 ± 60 Pa, α = 0.17 ± 0.02, µ = 1.4 ± 0.1). We used the model including the viscosity term for the oscillatory microrheology analysis, but a single power law for the two time-domain related methods as described in the following.
We describe the creep compliance of the cell (Figure 2B, 2nd left panel) as:
[image: image]
where E0 is the modulus scaling parameter, which is a measure of the stiffness of the material and equivalent to the apparent Young’s modulus of the material at time [image: image], which is usually set to [image: image]. The power-law exponent β is a measure of the fluidity of the material, where β ranges from 0 for a purely elastic solid to one for a purely viscous fluid.
We describe the stress relaxation response of the cell (Figure 2B, 3rd left panel) by modelling as a thin contractile shell according to:
[image: image]
where KA is the area compressibility modulus, and γ is the fluidity. The time scaling parameter t0 is set to [image: image]. However, since a single power law was not sufficient for accurately describing the stress relaxation here (see Supplementary Figure S2), we included the cortical tension T0 as an additional parameter (see Methods for details).
More information on the formalism and the extraction of the numerical values from the experiments is included in the Methods section.
Cytoskeletal Perturbation Using Drugs
Here, we only refer to the results from the nuclear region of the cell (Figures 3A,B), as the results from probing within the perinuclear regions were similar (Figures 3C,D).
[image: Figure 3]FIGURE 3 | Selected parameters obtained from rheological tests. (A) Position of the cantilever. (B) Data for control and applied drugs for G0 and α from microrheology; E0 and β from the creep compliance; T0 and γ from stress relaxation and the proportion of cells actively responding during stress relaxation; ΔF/Δt for the active response. (C, D) Same as in (A) and (B), except for the cantilever positioned at the perinucleus. Arrows, exemplary actin bundles. n. s., p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001 vs. untreated cells (ctrl) (Student’s t-tests). Scale bars (A, C): 20 µm (middle images), 1 µm (right images). Cell numbers N apply to all parameters tested by the particular protocol (including Figure 4 and Supplementary Figure S3). Cell numbers N are in the following order: Ctrl, Blebb, CalA, Y-27632, CK-666, Smifh2, LatA. Microrheology (B): N = 28, 28, 20, 29, 29, 24, 26; Microrheology (D): N = 27, 29, 26, 27, 24, 19, 22; Creep compliance (B): N = 53, 86, 38, 51, 63, 45, 40; Creep compliance (D): N = 52, 73, 34, 49, 47, 31, 43; Stress relaxation (B): N = 26, 21, 28, 23, 19, 20, 17; Stress relaxation (D): N = 22, 22, 26, 24, 15, 21, 17; Active response (B) for ΔF/Δt: N = 9, 7, 7, 16, 16, 18, 2; Active response (D) for ΔF/Δt: N = 9, 13, 8, 15, 12, 20, 3. The total numbers of cells analyzed for active responses were the same as for stress relaxation.
The inhibition of nonmuscle myosin II (NM II) using blebbistatin is expected to decrease the pre-stress of the cellular cortex [35]. Here, the addition of blebbistatin had no significant influence (Figure 3A), with the exception of an increase in viscosity μ (Figure 4). Calyculin A is reported to increase the NM II activity via inhibition of PP1 and PP2A [36]. Compared to untreated cells (control), calyculin A resulted in a significant increase in the scaling factor G0, and a decrease in the power-law exponents α and β (Figure 3B). Treatment of the cells with Y-27632 is reported to inhibit Rho-associated protein kinase (ROCK), with downstream effects on cofilin activity, for example [37]. Here, Y-27632 resulted in a decrease in the Young’s modulus E, and in the cell viscosity μ, and G0 and E0. All of the power-law exponents (i.e., the fluidities) appear to be increased by Y-27632 (Figure 3B). According to the literature, CK-666 inhibits the Arp2/3 complex [38], and its application here resulted in a decrease in E0 and μ (Figure 3B). Smifh2 inhibits formin via the FH2 domain [39], and it showed very similar effects to CK-666 here; however, in addition, Smifh2 resulted in an increase in β and a decrease in G0 (Figure 3B). Finally, treatment with the actin polymerization inhibitor latrunculin A [40] resulted in an increase in the power-law exponents α and β, while the parameters G0, E0, µ, and E decrease concomitantly (Figure 3B).
[image: Figure 4]FIGURE 4 | Viscosity μ as an additional parameter obtained from oscillatory microrheology tests at the nucleus and at the perinuclear region.
Active Responses of Cells Upon External Mechanical Stimuli
Cells are not just viscoelastic objects, they are viscoelastic objects that can actively respond to external mechanical stimuli [41]. Depending on the cytoskeletal alterations performed, active responses were obtained for 10–50% of the cells (Figure 3B, right column), which developed forces ΔF of up to a mean of 200 pN; these were reached within a time interval Δt of 8 s on average (Supplementary Figures S3B, D). Typically, the active response (if any) started after a few seconds of force relaxation, and continued until the end of the measurement (after 15 s), as would be expected [42]. Perturbation using various drugs reduced the maximum force per unit time (ΔF/Δt) compared to the control (while the majority of cells, as 50–90%, show no active responses; see Figures 3B,D). Moreover, drug perturbations enabled cells to reach their maximum active force faster than for the control if they were probed at the nucleus; however, this was slower than the control if probed at the perinucleus (compare Δt in Supplementary Figures S3B, D). This difference can be attributed to the higher cortical tension within the perinucleus that is induced by actin bundles, which were observed for all of the drug treatments (Figure 1C). Potentially, these bundles are a reason for the lower active response forces of the perinucleus compared to the nucleus (Supplementary Figures S3B, D).
Parameters From Power-Law Descriptions of the Different Rheological Tests Strongly Correlate
As the individual cells presented a large spread in their parameters, we examined the drug-induced changes as illustrated in Figures 5A–C. Here, G0, E0, and T0 correlated positively with the Young’s modulus E. The power law exponents (i.e., the so-called fluidities α, β, γ) of all of the tests correlated positively (Figures 5D,E), as did the scaling factors E0, KA, and G0. The scaling factors and fluidities were inversely correlated, as has been reported previously [20, 43]. T0, E, and µ correlated positively to the scaling factors (and inversely to the exponents α, β, γ), as shown in Figures 5D,E, which suggested universal scaling laws for living cells. Figure 5G underlines the correlation of the scaling factors (stiffnesses) and exponents (fluidities) of all three tests in a three dimensional plot.
[image: Figure 5]FIGURE 5 | Correlations among all of parameters extracted from the different rheological tests. (A–C) Correlation of the Young’s modulus to G0, E0 and T0, as determined within the nuclear region of hTERT RPE1-cells; error bars represent standard deviations. Cell numbers N are in the following order: Ctrl, Blebb, CalA, Y-27632, CK-666, Smifh2, LatA: (A) N = 81, 114, 58, 80, 92, 69, 66; (B) N = 106, 172, 76, 102, 126, 90, 80; (C) N = 75, 108, 64, 75, 78, 66, 57. (D, E) Correlations among all of the accessible parameters of all of the three rheological tests, as well as the Young’s modulus as determined within the nuclear and perinuclear region. (F) Multiplication of Pearson R coefficients of each respective pair belonging to nucleus and perinucleus. (G) Three dimensional correlations between the scaling factors (“stiffnesses”) and exponents (“fluidity”) of creep compliance (E0, β), stress relaxation (KA, γ) and microrheology (G0, α); representation of the z-axis corresponds to the color code. Cell numbers N for correlations are based on seven data points each (see A–C). Therefore indirectly, each Pearson correlation coefficient between tests in (D) and (E) is based on typically N = 500–750 single cells (addition of cell numbers for the seven (drug) conditions for two tests).
Parameters are Conserved Over Cell Regions
Statistically, it is likely that correlations will be found even if the parameter set considered is random. To rule out such effects, we repeated the experiments at the perinucleus (i.e., the region between the nucleus and the cell periphery). Almost all of the parameters of creep, stress relaxation, and oscillatory microrheology showed similar results, and we observed the same correlations (Figures 5D,E). As the probing of the nucleus and the probing of the perinucleus are independent of each other, we can conclude that the correlations presented are statistically sustainable, as represented by the multiplication of the nuclear and perinuclear Pearson R values (Figure 5F). However, the perinuclear region did lead to larger scaling factors for all of the tests (compare Figures 3B,D).
DISCUSSION
The exponents α, β, and γ from the power-law descriptions above are known as the fluidities, and they were clearly correlated (Figure 5). The scaling parameters, E0, KA, and G0 were also correlated. The scaling parameters and fluidities were inversely correlated. This agrees well with earlier studies (see Supplementary Tables S1–S4), where the inverse behaviors of the scaling parameters and fluidities have been observed for each test protocol independently [14, 18, 20]. Both creep and stress relaxation are linked to the viscous properties of the cell. At the same time, under the assumption of a linear viscoelastic material and a Poisson ratio of 0.5 that is time or frequency independent (both are usually assumed), the scaling parameters E0 and 3G0 should be identical [33]. This appears to be the case at the nucleus (Supplementary Figure S4), but not for the perinucleus. We hypothesize that this is due to the higher cortex tension within the perinucleus [44], which can lead to nonlinear material behavior [43, 45, 46], plasticity [47], or different memory effects in oscillatory microrheology when compared to creep compliance.
We see that the viscosity parameter μ correlated with the above parameters. However, the cortical tension T0 and the Young’s modulus also correlated with the fluidities (and stiffnesses). This might appear surprising, as a viscosity is a-priori independent of a stiffness; however, we have already shown that only very small deformations (i.e., of the order of 10 nm) lead to deformation size independent, “real” elasticities [25, 46]. Although large-scale deformations show in-phase, linear force-deformation relations as expected for a purely elastic body, they must be suspected of being pseudoelastic; i.e., to include a restructuring component [34, 48]. Therefore, if only a single parameter was to be used to follow cell mechanics, it would indeed appear to be justified to use the Hertz-Sneddon model, which considers elastic properties only [49–51].
For the drug-based perturbations, some of the rheological tests were more affected than others (Figure 3). In stress relaxation tests, only latrunculin A had significant effects on γ and T0 (but not on KA) (Figure 5; Supplementary Figure S3). The absence of detectable differences upon treatment with the other drugs might appear to contradict reports by others [18, 20]. We hypothesize that the statistically weaker significance of the changes in stress relaxation upon drug treatment as compared to creep and oscillatory microrheology are due to the initial approach at the relatively higher velocity (5 μm/s). Stress relaxation analysis yields different results if a cell is approached at a velocity of 0.5 μm/s [20]. Although, the differences that appear between drug-treated cells and the controls are often too small to be statistically significant, they were again consistently correlated, following a similar pattern to that discussed above. Notably, only for stress relaxation a material model with additional constant term had to be used, which is probably due to the fact that entirely different assumptions are made here (cortical shell model) as compared to the other two methods (viscoelastic half space).
For the oscillatory microrheology, the situation was different from the other two rheological tests. Oscillatory microrheology fixes the timescale of the perturbation according to the applied frequency, while the other tests probe a superposition on many timescales in a single test. This has the advantage that the frequency-dependency of the material response can be measured directly and that the measurement frequency can be adopted to the frequency range of interest [52]. However, time- and frequency-domain data are mathematical equivalents and time-domain data of the cells viscoelastic response can even be directly transformed into the frequency domain [53].
Investigation of the perinuclear region led to larger stiffness-related parameters than at the nuclear region. We hypothesize that this is a result of actin bundles under high tension within the perinucleus, as depicted in Figure 1 (perinucleus top-view, red arrowheads). This is well reflected by the increased (approximately by a factor of 2) cortical tensions T0 from nucleus (Figure 3B) to perinucleus (Figure 3D). Another explanation might be the presence of the substrate, as suggested in the studies by Garcia [54, 55], or local strain stiffening of cytoskeleton as proposed recently [56–58].
In conclusion, although different viscoelastic parameters are determined in different rheological tests, these parameters are far from independent. This suggests that cells regulate their mechanical parameters in a way that stiffening cells become less fluid at the same time.
Summary
Here, we show that the investigational methods of stress relaxation, creep compliance, and oscillatory microrheology are interdependent, since the parameter sets used for the description are clearly correlated. We analyzed the force-indentation during the initial approach to cells by Hertz-Sneddon contact mechanics [50, 59]. Although this purely elastic approach neglects viscous properties a priori, it produces a useful description. The Young’s modulus of cells is the most commonly determined mechanical parameter in AFM studies. We probed this parameter at a different approach velocity, so that viscous relaxation does not occur during the approach. We do not claim to universally explain the connections between these different rheological tests. A full study would require much more data, which is unfortunately beyond our reach to date, given the combinatorial explosion of multivariate experiments. However, we have shown that the different deformation patterns that were applied using these different methodologies are related, which indicates that the underlying connections here need to be investigated further to be fully understood.
MATERIALS AND METHODS
Cell Culture
All of the experiments were performed with retinal pigmented epithelium cells (hTERT-RPE-1; ATCC, Manassas, VA, United States ). The cell culture medium was DMEM/F12 with 1% Glutamax, 1% Pen/Strep and 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, United States ). The cells were incubated in cell culture flasks (Cellstar, Greiner Bio-One, Kremsmünster, Austria) at 37°C and 5% CO2. Before each measurement, low numbers of cells were plated in Petri dishes (FluoroDish, World Precision Instruments, Sarasota, FL, United States ), which were incubated overnight at 37°C and 5% CO2. The cell medium was then replaced with fresh medium with 25 mM Hepes (Sigma-Aldrich, St. Louis, MO, United States ). If a pharmacological agent was added, the cells were incubated at 37°C in air for 30 min, or for 10 min for latrunculin A.
Cellular Regions
We investigated two cellular regions within the adhered hTERT-RPE1 cells: the nuclear and perinuclear regions (Figure 1A). We defined the nuclear region as the cellular region where the nucleus was identified by brightfield illumination, using the microscopy system specified below. We defined the perinuclear region as the region between the edge of the nucleus and the cell periphery. AFM experiments were always performed within the middle of the two-dimensional projections of those regions, rather than on the edges. As the indentations were less than 10% of the cell height (which corresponds to absolute values in the range of several 100 nm; data not shown), we expected to probe predominantly the viscoelastic properties of the cellular cortex, rather than the nucleus itself, or the substrate the cells were adhered to (35-mm glass bottomed FluorDishes, Ibidi, Germany).
Pharmacological Perturbations
In this study, hTERT-RPE-1 cells were treated with a range of inhibitory drugs. Blebbistatin (20 μM; para-nitroblebbistatin; Optopharma Ltd., Hungary) inhibits nonmuscle myosin II (NM II) [35]. Calyculin A (1 nM; Cayman Chemical, MI, United States ) increases cell contractility by increasing NM II activity [36]. Y-27632 (10 μM; Biomol GmbH, Germany) inhibits Rho-associated protein kinase (ROCK), which among other effects, lead to an indirect inhibition of NM II and activation of phospho-cofilin via LIMK [37]. CK-666 (100 μM; Abcam, UK) inhibits the actin nucleator Arp 2/3 that is also involved in crosslinking of actin filaments [38]. Smifh2 (10 μM; Sigma-Aldrich, Germany) inhibits the stabilization of actin filaments via the formins [39]. Latrunculin A (0.1 µM; Sigma Aldrich, Germany) inhibits polymerization of filamentous actin [40].
AFM: Setup and Measurements
All of the AFM measurements were performed using an atomic force microscope (Nanowizard 3; Bruker, Berlin, Germany) mounted on an optical microscope (Eclipse Ti-U, Nikon, Minato, Tokyo, Japan) and equipped with a PlanFluor 40x/0.6 Ph2 objective (Nikon). The system used lever C of a MLCT cantilever (Bruker, Billerica, MA, United States ) with a nominal spring constant of 0.01 N/m, and a four-sided pyramidal tip with half-opening angle of [image: image] (axis to face) and a nominal tip radius of 20 nm (see Figure 1B). A Petri dish heater (Bruker, Berlin, Germany) was used to keep the samples at 37°C during all of the measurements. A built-in camera (ProgRes MFcool, Jenoptik, Jena, Germany) and a motorized precision stage (Bruker, Berlin, Germany) were used to identify single adhered cells. The cantilevers were calibrated using the thermal noise method [60]. Calibration and measurements were controlled with the SPM software (Bruker, Berlin, Germany). At the beginning of each measurement, the cantilever approached the samples with a velocity of 5 μm/s, until a setpoint force of 400 pN was reached. For oscillatory microrheology only, the setpoint force was readjusted after each frequency step. The low approach velocity of 5 μm/s was chosen to avoid the effects of hydrodynamic drag on the cantilever (data not shown). The measured force F was calculated from the measured cantilever deflection d as F = k*d with spring constant k. The indentation δ was determined from the vertical cantilever position z as δ = z—d and was set to zero at the contact point. As the approach velocity of the cantilever to the cell might have a significant effect on the outcome of measurements, we chose a fixed approach velocity to keep any possible influence of the approach velocity constant. We stopped as soon as the setpoint force or height was reached to perform either creep, stress relaxation, or oscillatory microrheology tests on these hTERT-RPE1 cells. As these tests probe mainly on much longer timescales than the initial indentation, they are probably independent of the initial approach, but mainly sensitive to the cell viscoelastic response. That elastic, viscous, and active cell responses have different time scales was shown earlier [12].
To analyze the AFM data, various models are available. A good overview can be found in [61]. The models we used for the data analysis are detailed in the following section.
Young’s Modulus
The Young’s modulus was analyzed using the Hertz-Sneddon model for four-sided pyramidal indenters, which was described in detail by Bilodeau and co-workers [62]. Here, the force is defined as in Eq. 4:
[image: image]
where [image: image] is the Young’s modulus, [image: image] is the Poisson’s ratio, [image: image] is the half-opening angle of the indenter (axis to face), and δ is the indentation. The Poisson’s ratio was taken as [image: image] here, and in all other methods [63–65]. As all of the AFM approach settings were identical for all of the experiments, we could have used any of the approach curves to obtain the Young’s modulus. We decided to use the approach curve of the creep compliance for this purpose.
Oscillatory Microrheology
During the AFM oscillatory microrheology measures, the oscillation frequency of the cantilever was varied. In contrast to both of the methods above, oscillatory microrheology determines the glassy transition frequency of cells. By indenting a cell with a cantilever and applying a sinusoidal excitation signal to the Piezo motors, in-phase and an out-of-phase deflection signals of the cantilever are detected [17, 18], which are used to determine the complex shear modulus, as:
[image: image]
where G′ is the storage modulus, G″ is the loss modulus, i is the complex unit, ω is the angular frequency, ν is the Poisson’s ratio (assumed to be 0.5), δ0 is the initial indentation, and θ is the half opening angle of the indenter. F(ω) and δ(ω) are the Fourier transforms of the force F and the indentation δ. Eq. 5 can be derived from Hertz-Sneddon contact mechanics for a four-sided pyramidal indenter, as proposed by Alcaraz et al. [17] and corrected by the hydrodynamic drag coefficient, measured as proposed in [16].
In these measurements, the cantilever was oscillated with an amplitude of 15 nm. The frequency was varied from 1 to 300 Hz in five approximately logarithmic steps (as 1, 3, 10, 30, 100, 300 Hz). Before each modulation, the contact force was kept constant at 400 pN for 0.5 s without any modulation. Finally, the cantilever was retracted to its initial position.
Creep Compliance
To characterize the viscoelastic properties of cells, the cell creep behavior can be investigated with the force clamp method, as described by Hecht et al. [14]. After reaching the setpoint force, the cantilever maintains a constant force for a specified time, here chosen to be 1 s, which results in increasing indentation. Subsequently, the cantilever was retracted to its initial position.
The experimental data were analyzed as described previously [14]. Briefly, the analysis assumes that the cell behaves as a power-law material with creep compliance according to Eq. 2. The force history [image: image] was fit according to:
[image: image]
where FClamp is the clamp force, tC is the time until the tip first makes contact with the sample, ΔtA is the duration of the force increase, and a is the shape parameter, as a free parameter. The measured indentation was then fit with:
[image: image]
where [image: image] is a geometrical pre-factor for a four-sided pyramidal indenter, and B is the incomplete beta function, and E0 and β are free parameters using the creep response given by Eq. 2.
The modulus scaling parameter from the creep compliance and the shear modulus scaling parameter from oscillatory microrheology are related, as indicated by [33], and according to:
[image: image]
which simplifies to [image: image] for [image: image] as assumed here [63–65].
Stress Relaxation
Stress relaxation is a method to characterize the viscoelastic properties. As soon as the cantilever reaches the setpoint force, the height of the cantilever is kept constant for 15 s, while the relaxation of the force is measured. Finally, the cantilever retracts to its initial position. The results are to a great extent independent of the AFM feedback-loop [66]. The elastic-viscoelastic-correspondence principle leads to the following expression for the overall tension σ of a shell-like structure with in-plane viscoelasticity:
[image: image]
where α is the relative area change, T0 is the prestress, and [image: image] is the stress relaxation response after Eq. 3. This hereditary integral can be solved analytically if the generic shape functions are approximated by a polynomial of the indentation depth, as described by Cordes et al. [20]. The forces can be computed from the tension as:
[image: image]
where R is the initial radius of the cell when in suspension, g(ξ) is approximated with polynomials.
Statistical Analysis and Data Distribution
Two-sample student’s t-tests were used to find significant changes in the fitting parameters after treating the cells with physiological perturbers. To determine whether linear correlations were detectable, the Pearson correlation coefficients (Pearson R) were calculated for every pair of AFM parameters (Figure 5).
As the Young’s modulus, E0, T0, KA, and G0 are log-normally distributed (see Supplementary Table S5 and [14, 20, 67]) as depicted by the shape of all of the relevant violin plots, the Pearson correlation coefficients were calculated for the logarithms of these parameters (Figure 5). Nonetheless, and of note, a direct (nonlogarithmic) comparison only minimally altered the Pearson R values (data not shown).
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