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Abstract Elasticity of living cells is a parameter of increasing importance in cellular physiology, and the atomic force microscope is a suitable instrument to quantitatively measure it. The principle of an elasticity measurement is to physically indent a cell with a probe, to measure the applied force, and to process this force–indentation data using an appropriate model. It is crucial to know what extent the geometry of the indenting probe influences the result. Therefore, we indented living Chinese hamster ovary cells at 37°C with sharp tips and colloidal probes (spherical particle tips) of different sizes and materials. We furthermore developed an implementation of the Hertz model, which simplifies the data processing. Our results show (a) that the size of the colloidal probe does not influence the result over a wide range (radii 0.5–26 μm) and (b) indenting cells with sharp tips results in higher Young’s moduli (∼1,300 Pa) than using colloidal probes (∼400 Pa). Keywords Cystic fibrosis transmembrane conductance regulator . Mechanical properties . Force . Deformability . Membrane strength . Mathematical model



Introduction Cells are subjected to a complex chemical and mechanical environment. Changes in the physical forces applied to the cells activate cell signaling pathways and induce cytoskeletal rearrangements. Quantifying the mechanical properties of a living cell provides information about the actual condition of the cell and allows a functional characterization of the P. Carl : H. Schillers (*) Institute of Physiology II, University of Münster, Robert-Koch-Str. 27b, 48149 Münster, Germany e-mail: [email protected]



cytoskeleton [11, 15, 42, 63]. Many cells such as muscle cells, red blood cells, endothelial cells, and most epithelial cells are continuously squeezed and stretched. These cells need a certain compliance to survive this mechanical stress. In addition, the process of converting physical forces into biochemical signals (mechanotransduction) depends on the elasticity of the cell. A change in cell elasticity to nonphysiological values disturbs these mechanisms and may result in a pathophysiological state, i.e., a disease. An increase of cell elasticity was shown for endothelial cells under high sodium conditions [48] and hyperaldosteronism [24, 45], for chondrocytes in arthritis [62], for airway smooth muscle cells in bronchial asthma [2], for erythrocytes in malaria [59], for cardiac muscle in ischemia [19], and several other conditions [34]. A decrease of cell elasticity was shown for cancer cells, e.g., in bladder cancer [35] and breast cancer [21]. In addition, during tissue remodeling and cancer cell migration, the biophysical properties of the extracellular microenvironment are altered [39]. Furthermore, alterations in the stiffness of lipid bilayers are likely to serve as a general mechanism for the modulation of plasma membrane protein function [40]. Among others, G-protein-coupled receptors (GPCRs) play an important role in cellular biomechanics, e.g., sensing mechanical forces like shear stress [7] and modulating the actin cytoskeleton [6]. GPCRs are a ‘hot topic’ in pharmaceutical research because they are the major target of today’s prescription drugs. Elasticity measurements can disclose the specific effects of pharmaceuticals [1, 54, 58] and hormones [24, 25, 46, 47]. In the literature, the biophysical property of a cell is reported as elasticity (elastic modulus), viscoelasticity, and stiffness. Although all of these parameters provide information about the resistance of a material to deformation (the amount of deformation is called the strain), they describe distinctly different properties. (1) A material is said to be elastic if it



DO00524; No of Pages



Pflugers Arch - Eur J Physiol



deforms under stress (e.g., external forces) and returns to its original shape when the stress is removed. The relationship between stress and strain (force–deformation) is linear, and the deformation energy is returned completely. Elasticity is often referred to as the Young’s modulus (E). (2) Viscoelasticity is the property of materials that exhibit both viscous and elastic characteristics when undergoing deformation. Viscosity is a measure of the resistance of a fluid to being deformed by either shear stress or extensional stress. It is the result of the diffusion and interaction of molecules inside of an amorphous material. The reciprocal of viscosity is fluidity. The relationship between stress and strain is non-linear for viscoelastic material, and the deformation energy is not returned completely. The amount of this lost energy is represented by the hysteresis of a loading and unloading cycle (hysteresis in the force–deformation curve). (3) Stiffness is the resistance of a solid body to deformation by an applied force. In general, elastic modulus is not the same as stiffness. Elastic modulus is a property of the constituent material; stiffness is a property of a solid body. The elastic modulus is an intensive property (it does not depend on the size, shape, amount of material, and boundary conditions) of the material; stiffness, on the other hand, is an extensive property (depends on the size, shape, amount of material, and boundary conditions) of the solid body. For example, a solid block and a soft flat spring made from the same material (e.g., steel) have the same elastic modulus but a different stiffness. The principle of an elasticity measurement is to indent a cell with a probe and measure the applied force. Fitting the force– indentation curve with an appropriate model allows the calculation of the Young’s modulus. The Hertz model, developed by Heinrich Hertz in 1882, is widely used. This theory allows a calculation of the components of stress and deformation and gives a relation for elasticity, loading force, indentation, and Young’s modulus. This model describes the case of a rigid probe indenting a semi-infinite, isotropic, homogeneous elastic surface. Although the cell is finite, viscoelastic, and anisotropic, these assumptions can be approximately met if the cell is indented slowly enough. Under this condition, viscous contributions are small, and force measurements are dominated by the elastic behavior [38, 43]. It was shown for skeletal muscle cells [10] and airway smooth muscle cells [18] that the normalized viscous dissipation at a probe velocity of 1 μm/s was consistently around 15% of the total energy added. In these studies, condition of low probe velocity minimized viscous losses so that the apparent elastic modulus could be accurately determined. The Young’s modulus describes the tendency of an object to deform along an axis when opposing forces are applied along that axis; it is defined as the ratio of tensile stress to tensile strain. The unit of the Young’s modulus (E) is the pascal (Pa). Given the large values typical of many common materials, E is usually quoted in megapascal or



gigapascal, e.g., very soft silicone rubber has 2 MPa, polystyrene has 3 MPa, bone has 17 GPa, enamel (the hardest substance in human body) has 50–84 GPa, steel has 200 GPa, and diamond has 1,100 GPa. The atomic force microscope (AFM) enables the detection of very small forces and therefore enables quantification of the interaction between a probe and a sample [14, 27]. An AFM equipped with either a sharp tip or a colloidal probe in which the tip is replaced by a sphere [4, 13, 36] has been widely used to measure the mechanical properties of soft materials. The difference between sharp tips and colloidal probes is that a colloidal probe indents a much larger area of the sample than the sharp tip. However, the elasticity of a cell is not homogeneously distributed, i.e., cellular structures such as the cytoskeleton, the nucleus, and the lamellipodia show differences in elasticity. Therefore, a sharp tip rather resolves the local elasticity, while a colloidal probe measures the mechanical properties of virtually the whole cell. Furthermore, a sharp tip is more likely to damage the sample than a colloidal probe, especially at high loading forces. In the present work, we measured the mechanical properties of living BQ2 cells, a stably cystic fibrosis transmembrane conductance regulator [20, 56] (CFTR)-overexpressing Chinese hamster ovary (CHO) cell line, as a function of the type and size of the colloidal probe. To analyze the acquired data, we calculated the Young’s modulus of the cells by an implementation of the Hertz model. An accurate determination of the contact point is crucial for a reliable calculation. The contact point is defined as the point where cantilever deflection starts to rise. Soft samples exhibit a rather small increase in cantilever deflection at low indentations, and, therefore, a clear determination of the contact point is often impossible. The way we have implemented the Hertz model does not require the determination of the position of the contact point and furthermore makes it possible to determine the portion of the curve to be analyzed. Here, we discuss the validity of the Hertz model applied to living cells and evaluate which Hertz model (cone or sphere) is most suitable.



Materials and methods Cell cultures The stably CFTR-overexpressing CHO cell lines, kindly provided by X.-B. Chang and J. Riordan (Scottsdale, AZ, USA), were cultured as previously described [29]. In brief, cells were cultured on glass cover slips (15-mm diameter) and kept at 5% CO2 at 37°C. The medium consisted of MEM medium supplemented by 80 g/l fetal calf serum, 10 g/l penicillin/streptomycin, and 100 mg/l methotrexate.
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Elasticity measurements were performed in HEPES buffer (in mM: 140 NaCl; 5 KCl; 5 Glucose; 1 MgCl2; 1 CaCl2; 10 HEPES (N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid); pH=7.4) using a Nanoscope III Multimode-AFM (Veeco Instruments, Santa Barbara, CA, USA). All measurements were carried out in a fluid cell at 37°C (MMFHTR-2 Air and Fluid Sample Heater, Veeco Instruments, Santa Barbara, CA, USA). The different cantilevers used for this work, MLCT (Veeco Probes, Camarillo, CA, USA), CSC12 (MikroMasch, Talin, Estonia), and PT.PS (Novascan Technologies, Armes, IA, USA), were calibrated with a NanoScope V controller (Veeco Instruments, Santa Barbara, CA, USA) by measuring the thermally induced motion of the unloaded cantilever [5, 9, 30, 55]. Spring constants of the used cantilever are summarized in Table 1. Prior to the measurements, we calibrated the cantilever deflection sensitivity on a bare glass coverslip immersed in
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Table 1 Summary of the data and comparison of the probes used in this study



We prepared colloidal probes cantilevers by gluing glass beads with a nominal diameter of 10–30 μm (07668, Polyscience Inc., Warrington, USA) or 30–50 μm (18901, Polyscience Inc. Warrington, USA) on tipless cantilevers (CSC12, MikroMasch, Talin, Estonia). The bead fixation was performed on an inverted microscope (Zeiss Axiovert 25, Zeiss, Oberkochen, Germany) equipped with a micromanipulator (HS6, Märzhäuser, Wetzlar, Germany) and was performed as follows: After fixing a tipless cantilever at the end of the micromanipulator, a thin stripe of freshly prepared two-component glue (Uhu Plus endfest 300, Uhu, Bühl, Germany) was put on a glass slide next to a small amount of beads. We then carefully dipped the cantilever under optical control (×40 objective) into the glue. This cantilever was then precisely moved on top of a single glass bead and finally approached to the bead until contact was made. Once the cantilever and the bead come in contact, the cantilever is immediately withdrawn. Then, the cantilever is stored for a few hours to allow the glue to reticulate. The size of the glued spheres was subsequently measured using a calibrated inverted microscope (Axiovert 200 with a ×100 1.45NA Objective, Zeiss, Oberkochen, Germany) with the help of a custom-written plugin (http:// rsb.info.nih.gov/ij/plugins/radial-profile-ext.html) developed under ImageJ (U.S. National Institutes of Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/). Colloidal probes with polystyrene beads were purchased from Novascan (Novascan Technologies, Armes, IA, USA).
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Preparation of colloidal probes



Radius [μm] k [N/m] PLE (SD) E (SD) n



Glass



The medium was changed every 3 days. Coverslips with confluently grown cells were used for AFM measurements.
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buffer solution. The sensitivity calibration corresponds to the position of the laser on the cantilever and allows calculating the force derived from cantilever deflection using the following equation: Force½N ¼ Spring Constant ½N=m  Cantilever Sensitivity ½m=V  Deflection ½V:



ð1Þ



Once the sensitivity calibration had been performed, we withdrew the AFM head and prepared the samples in the following way: Glass cover slips with cells were removed from the culture medium and washed two times with HEPES buffer. The coverslip was glued on metal discs with double adhesive tape and mounted on the AFM. All elasticity measurements were carried out in HEPES buffer at 37°C. Probes were placed under optical control (OMV-PAL, Veeco Instruments, Santa Barbara, CA, USA) over the center of the cells, and force–distance curves were obtained with a constant approach velocity of 1 μm/s. The approach and retraction velocity of the probe is an important parameter for data acquisition since cells appear stiffer at higher velocities [22]. At speeds greater than 10 μm/s, the speed-dependent hydrodynamic force acting on the cantilever increases the apparent forces considerably [31]. Furthermore, cells behave in a viscoelastic manner, which means that energy is dissipated into the cell when they are indented by the AFM tip (hysteresis in the force–deformation curve). This hysteresis is minimized at probe velocities at 1 μm/s [37, 43]. Data processing and analysis All force–deformation data were analyzed with PUNIAS (Protein Unfolding and Nano-Indentation Analysis Software; http://site.voila.fr/punias), a custom-built semi-automatic processing and analysis software. The cantilever deflection resulting from the approach/ retraction cycle was monitored as a function of the piezo movement. We then transformed the curves as force versus deformation (δ), the deformation being calculated as follows: Deformation ½m ¼ Piezo Displacement ½m  Cantilever Sensitivity ½m=V  Deflection ½V:



Statistics We used eight different probes in this study, and each probe was used to indent between 95 and 217 cells on two different cell preparations. Mean values ± SD are reported here. Paired and unpaired t tests were performed to test for statistical significance. A P value of 1 kPa) produced by these sharp tips [12]. This would lead to incorrect conclusions concerning the cell elasticities. From previously published data and our own results (summarized in Table 1), we conclude that colloidal probe indentation, regardless of whether it was performed with AFM or tweezers techniques, produces Young’s moduli in the same order of magnitude ( 
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