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Abstract

:

In tissue formation and regeneration processes, cells often move collectively, maintaining connections through intercellular adhesions. However, the specific roles of cell–substrate and cell-to-cell mechanical interactions in the regulation of collective cell migration are not yet fully understood. Finite element modeling (FEM) may be a way to assess more deeply the biological, mechanical, and chemical phenomena behind cell adhesion. FEM is a powerful tool widely used to simulate phenomena described by systems of partial differential equations. For example, FEM provides information on the stress/strain state of a cell adhering to a substrate, as well as on its mechanobiological behavior. This review paper, after briefly describing basic principles of cell adhesion, surveys the most important studies that have utilized FEM to investigate the structural response of a cell adhering to a substrate and how the forces acting on the cell–substrate adhesive structures affect the global cell mechanical behavior.
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1. Introduction


1.1. Theoretical Background (Principles) of Cell Adhesion and Mechanotransduction Mechanism


The interaction between the cell and environment originating from cell–substrate contact is mediated by cell adhesion phenomena entailed in crucial cell mechanisms (e.g., motility and cellular life cycle phases from growth to differentiation) [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19]. The assembly of protein complexes called focal adhesions (FAs), deriving from early protein agglomerate at the lamellipodia–environment interface, allows cells to adhere to the underlying surface and carry on cellular activities triggered by cell–environment interaction [20,21,22,23,24,25,26,27]. FA architecture consists of (i) transmembrane proteins (i.e., integrins), which link to extra-cellular matrix ligands, thus ensuring cell–substrate connection; and (ii) an intracellular protein structure composed of vinculin, paxillin, talin, adaptor protein p130Cas, zyxin, vasodilator-stimulated phosphoprotein, and focal adhesion kinase, which binds integrins to stress fibers, thus enabling the interaction between cytoskeleton and cellular membrane [28,29,30,31,32,33,34] (Figure 1). The cytoskeleton serves as a framework, offering mechanical support to the cell to uphold specific morphology and internal organization. Cytoskeleton structural components (i.e., F-actin bundles (F-abs), microtubules (MTs), and intermediate filaments (IFs)) are, in turn, connected to internal nuclear architecture through nesprin and Sad1-UNC-84homology (SUN) protein complexes (i.e., the linker of nucleoskeleton and cytoskeleton (LINC) complexes) [35,36]. These protein complexes are constituted by SUN proteins that span over the inner nuclear membrane (INM) and bind the perinuclear space (PS) to nesprin isoforms that pass through the outer nuclear membrane (ONM) and link directly with F-actin and IFs and MTs via plectin and kinesin-1, respectively. On the nucleoskeleton side, SUN proteins connect to the nuclear lamina and interact with chromatin (Figure 2).



Therefore, the interconnection between the cellular adhesion region and the nuclear domain allows environment mechanical cues to be detected by FAs at the contact interface and to be transmitted to the cell nucleus through the load-carrying cytoskeletal components in the form of stress waves traveling along cytoskeleton structures at a speed approximately 15 times faster than chemical diffusion and 28 times faster than motor-driven transport [20,22]. This architecture ensures that mechanical information can be swiftly transferred to multiple locations within the cell, resulting in a cascade of biochemical signals. Force transmission towards the nuclear region leads to altered cellular behavior and functions in response to environment cues by determining the rearrangement of chromatin, the opening of nuclear pores, and inducing genetic and transcription programs [35]. In order to prevent the dissipation of mechanical energy caused by the transmission across totally soft cytoskeletal material, the information contained in mechanical stimuli must be carried to the nucleus along cytoskeletal preferential transferring channels (i.e., actin bundles). These channels are characterized by a prestressed state that results in stiffened filaments compared to the surrounding cytoskeleton domain. Therefore, stiffness variations in the cell structure effectively canalize mechanical signals to the nucleus along stiffer paths that prevent quick stress wave energy dissipation. Moreover, the tensional state characterizing cytoskeleton architecture allows the cell to auto-support its constantly evolving structure, in which bundles of cytoskeletal filaments polymerize and depolymerize continually, thus adapting cell conformation to the external environment [36]. Simulation of cell adhesion phenomena requires careful consideration of all these issues related to cell structure and behavior.



The cell adhesion process is the main interest of the many researchers who try to design and optimize the surface of biodevices, such as scaffolds for bone tissue engineering. The analysis of the current state of the art indicates that extensive research was conducted to determine the optimal scaffold architecture [37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52]; however, rather few studies focused on the identification of the optimal surface micro-geometry favoring the most extended adhesion of mesenchymal stem cells (MSCs) to the scaffold walls and their subsequent differentiation in the osteoblastic sense [53].




1.2. Finite Element Modeling (FEM)


Computational models became increasingly valuable in supplementing experimental observations to better understand the mechanisms underlying collective cell migration. Cell models were developed in order to investigate mechanical interactions between cells and the ECM. Among computational approaches, finite element modeling (FEM) [54,55,56,57,58] represents a very effective tool for mimicking cell behavior in adhesion. FEM provides researchers with useful techniques, instruments, and modeling options that allow them to address crucial issues, such as stiffness differentiation within cellular components, prestressed auto-supporting architecture, and rearranging the cytoskeletal load-bearing structure [59]. FEM-based approaches including lattice spring modeling were adopted to simulate cells adhering to a substrate and subjected to nanoindentation measurements [60]. High-fidelity computational models can be developed by embedding in the FEM framework strategies that (i) divide cells into regions with assigned specific constitutive behaviors, (ii) subdivide numerical analysis into consecutive steps where material properties and loading conditions are updated as analysis proceeds, thus accounting for intrinsic changes in adhering cell behavior, and (iii) adopt predefined fields by assigning pre-existing tensional and deformation states to cell domain.



The strong multidisciplinary character of FEM is the pivotal aspect characterizing the development of these techniques over the years. The broad range of applications has led finite element software to be equipped with numerous algorithms and simulation techniques suited for the various fields (i.e., structural, thermal, fluid dynamic, electromagnetic, chemical, and diffusive aspects). This peculiarity is very useful in the investigation of complex systems, like cells, as it provides analysts with several routines derived from many scientific fields for simulating cellular behavior. Indeed, the study of cellular adhesion phenomena encompasses several aspects ranging from materials science and mechanics to fluid mechanics, passing through signal transmission via cellular pathways. General-purpose finite element codes (i.e., ABAQUS, ANSYS, ADINA, COMSOL) include user-friendly interfaces to integrate modules with analysis procedures and routines for modeling the cell and its environment. This multidisciplinary approach to modeling may result in a fruitful interaction among research profiles with different backgrounds. In this sense, researchers with expertise in physics and engineering may share information with biochemists, biotechnologists, and physicians to obtain a comprehensive perspective of the cell–substrate system. Therefore, the integrated approach offered by finite element software may result in an enhanced predictive ability of the cell model. Moreover, FE numerical solutions allow us to overcome difficulties in defining a closed-form analytical formulation that takes into account the complex multi-physical character of cellular behavior. The finite element method is also able to handle geometrical and material nonlinearity, which inherently characterize cell–substrate interaction, by resorting to the implicit and explicit formulation to limit convergence problems due to the nonlinear behavior of the analyzed system. Furthermore, large deformation FE analysis allows researchers to investigate cell behavior at a larger time scale than that commonly analyzed with linear elastic theory, thus providing a more complete perspective on the cell–environment interaction mechanisms. Another advantage of FEM is the possibility of implementing user-defined routines either written in some programming language (i.e., Python and Fortran) or coded in commercial software, such as MATLAB. This allows us to customize the modeling strategy by integrating innovative algorithms able to face complex cellular physics. Moreover, the suites proposed by software providers (i.e., Autodesk, Dassault Systèmes, Siemens, Altair, Hexagon) allow to integrate FE solver potentialities with the geometrical modeling advanced capacity of 3D CAD software (i.e., Inventor, CATIA, SolidWorks). High-quality CAD software can enhance the fidelity level of numerical analysis by offering the possibility of replicating the complex geometries of the environment surrounding the cell, which presents a 3D architecture characterized by curved surfaces, porous features, and lattice structures.



This review article presents an overview of useful guidelines for implementing accurate finite element simulation of cellular adhesion phenomena. By adopting appropriate modeling approaches, it is possible to reproduce findings obtained through experiments [61,62,63,64,65] and develop numerical frameworks capable of predicting cell behavior evolution, thus providing an in-depth insight into cell adhesion mechanisms.





2. Physical Modeling of Cells in Adhesion Phenomena


The development of physical models schematizing cellular architecture and cell interaction with the surrounding environment underlies the realization of computational frameworks able to simulate cellular behavior by reproducing experimental findings. The definition of the most suitable physical model to analyze the adhesion phenomenon between cell and substrate is strongly influenced by the nature of the cell and by the type and conditions of the interacting environment. Based on these distinguishing phenomenological factors, and by adopting simplifications, it is possible to select the appropriate cellular physical model that will be used to build up the computational framework in the chosen simulation software platform. The numerical framework originating from the physical model relies on the definition of environment and cell morphology, constitutive equations with related material properties, and boundary conditions, as stated by the physical model. In order to maximize the reliability of numerical models in predicting the cell’s response, frameworks should be enriched by reducing the level of simplification and by adding characteristic phenomenological aspects.



In the study of cellular adhesion mechanisms, physical models of cell structure generally rely on the principles of continuum mechanics and fluid mechanics. The physical models address cell structure as a multi-region domain constituted of an inner portion surrounded by an elastic membrane or an actin-enriched envelope (elastic cortex) [66,67,68]. The inner part of the cell consists of the nuclear region, cytoskeletal region, and cytoplasm.



Differences in the nature of cells imply variations in functional and structural aspects of cellular regions. Therefore, depending on cell typology and functionality, a specific constitutive behavior can be associated with each cellular domain region. Viscous fluid mechanics can be suitable for modeling the cytoskeleton conformation of cells (e.g., white and red blood cells) lacking a defined supporting cytoskeletal architecture and whose mechanical behavior is mainly influenced by an elastic cortex enveloping the internal fluid region. Conversely, for endothelial and epithelial cells that have a well-developed cytoskeletal architecture playing a relevant role in cell mechanical response, it is more appropriate to model cell inner regions as continuum domains following elastic and viscoelastic constitutive laws [69]. Furthermore, schematizing load-carrying cytoskeletal components through an architecture consisting of prestressed cables and struts, to which continuum mechanics constitutive properties can be assigned, results in a better physical model than assuming the cytoskeleton as a whole continuum region. However, the increasing complexity of the cell’s physical model makes it more difficult to characterize material parameters. Therefore, a satisfactory balance between model accuracy and complexity must be achieved by adopting an appropriate level of simplification.



In the study by Thoumine et al. [70] on the behavior of chick fibroblasts spreading on glass microplates, a cellular physical model commonly used for leukocytes was extended to fibroblasts on the basis of a similarity in the adhesion mechanism of the two cell types. The authors highlighted that fibroblasts, just like leukocytes, may unfold packed sectors of the cellular membrane to increase cell surface area during spreading. In particular, experimental evidence in [70] showed that the surface area of spreading fibroblasts may increase up to almost 50%. The proposed fibroblast physical model schematizes the cell as a highly viscous fluid region encased in a cortical envelope behaving like an isotropic elastic membrane that undergoes a biaxial tension τ. Assuming that deformed cell configurations resemble truncated spheres that preserve the cell’s initial volume, it was supposed that, beyond a certain equilibrium value τo (evaluated through an aspiration test resulting in the formation of a cell hemispherical cap into a micropipette), the tension τ carried by the elastic cortex linearly increases with the surface area as follows:


  τ =   τ   0   + K α ,  



(1)




where τ is the tension sustained by the cortex, K is the area expansion elastic modulus accounting for cell surface elasticity, and α is the relative difference in cell area between the initial and final configuration. The entire cellular region confined by the cortical domain, without distinction between nuclear and cytoskeletal portions, was treated as a highly viscous fluid. By fitting the theoretical physical model with experimental data, the authors were capable of reproducing adherent fibroblast behavior during tests quite well and evaluating the area expansion elastic modulus K and the apparent viscosity η.



Based on [70], to analyze the mechanical behavior of chick fibroblasts spreading onto glass substrates, Frisch et al. [71] developed a physical model describing the evolution of fibroblast contact radius at the interface between cell and glass substrates coated with glutaraldehyde. In fact, experimental behavior exhibited by fibroblasts is characterized by a regular deformation mechanism where the adhering cell’s conformation evolves during the interaction with the substrate through successive morphologies resembling truncated spheres. A similar smooth mechanical behavior is presented by liquid drops wetting an underlying surface [70,72]. Therefore, supposing that fibroblast behavior in early phases—i.e., until the depletion of folded membrane reserves—resembles that of a liquid drop, the wetting theory formulation could be adopted for studying the fibroblast spreading mechanism and finding cell contact radius time progress. In accordance with the model by Thoumine et al. [70], cell physical schematization consists of an inner region (behaving as a high-viscosity fluid) surrounded by an envelope representing the cellular cortex, which carries the cortical tension τ. The simplification adopted by Frisch et al. [71] consists of (i) neglecting variation in apparent viscosity during cell adhesion and (ii) assuming for apparent viscosity η a constant value equal to the mean of the variability range of η experimentally estimated [70,72]. In addition to the definition of η and τ as constant parameters, the developed formulation introduces another parameter (the adhesion energy per unit area wad), which is representative of the cell’s underlying surface interaction and contributes to determining the overall cell morphology resulting from the equilibrium between τ and wad. Adhesion energy is affected by local phenomena (i.e., nascent adhesion growth and mature adhesion complexes clustering) that occur at the cell–substrate interface and can increase adhesion energy in cell spreading. However, the interaction between cell and substrate was hypothesized in Ref. [71] to follow a uniform adhesion mechanism; hence, the value of adhesion energy wad can be assumed as constant during spreading. The apparent viscosity constant (i.e., taking the properties of the cytoskeleton uniform) is consistent with neglecting local effects represented by the growth and movement of focal complexes as these effects, in turn, lead to inhomogeneity in the cytoskeletal structure by inducing the aggregation of actin filaments into bundles at mature adhesion sites. Based on experimental evidence [70,72], Frisch et al. [71] hypothesized that when fibroblast spreads on the substrate, it deforms (i) while maintaining its initial volume unchanged and (ii) assuming at the macroscopic level the conformation of truncated spheres. Under these hypotheses, the cell’s spreading on the substrate leads to an increasing contact area, which can be approximately considered a circular area. Hence, the physical model developed in [71] describes at the macroscopic level the overall change in cellular morphology during adhesion by reproducing the increase in contact area experimentally observed for fibroblast spreading on glass substrates [70,72]. Localized changes in the cell profile involving curvature variations were neglected, and two geometrical parameters were used to define at the macroscopic level the cell morphologies resembling spherical caps: the contact radius R and the contact angle θ (Figure 3). The contact radius R is defined by the diameter of the contact area identified by the planar interaction region between the cell and the underlying substrate. The contact angle θ is identified by the plane tangent to the substrate’s top surface and the plane tangent to the cell’s outer profile passing through a point that in the wetting theory is called a three-phase contact point (i.e., the point where the cell’s free profile of meets substrate). In [72], contact radius R was estimated using the cell top view, from which the adhesion region can be evaluated by the projection of the cell surface area onto the substrate. Finally, the contact radius of the adhesion area was found as the root square of the projected cell area Ap divided by π (i.e., R = √(Ap/π)). The model developed by Frisch et al. [71] allows time progress curves of the contact radius to be plotted as the ratio between the parameters wad and τ changes. By fitting the physical model to experimental data, the theoretical curve that best reproduces contact radius experimental values measured during spreading was obtained, thus estimating adhesion energy wad and cortical tension τ entailed by cell–substrate adhesion mechanism.



Modeling approaches based on continuum mechanics can be successfully used to analyze the mechanical response of cells characterized by the presence of a structured cytoskeletal architecture. Epithelial cells belong to this category and exhibit an elasticity-dominated mechanical response. In order to develop a simplified FE framework to mimic the adhesion behavior of airway epithelial cells, Kamm et al. [69] implemented a plane strain 2D homogeneous continuum linear elastic model simulating the cell’s response to an external stimulus generated by magnetic tweezer micromanipulation and the corresponding induced stress–strain field. In the proposed FE framework, the external mechanical stimulus is represented by a force of 100 pN/μm acting in the Y direction (i.e., the parallel direction to the substrate on which the cell adheres) applied to the center of a rigid bead with a 0.4 μm diameter initially attached to the apical cellular region. Under the action of the external force, the bead is subjected to translation and rotation movements towards the right, while staying adherent to the cell surface. This generates a stress–strain field in the cell. The highest effective stress computed by the numerical framework (i.e., about 5 Pa) is localized at the left end of the contact interface between the bead and cell surface. Strains in the Y direction vary from 5% to 1% passing from the left to the right end of the contact region. Since increasing membrane stiffness too much would have led to an overestimated cell’s resistance to deformation, thus reducing the accuracy of simulations, the authors of Ref. [69] investigated how reduced values of membrane rigidity effect the stress–strain field in the cell.



Kamgoué et al. [73] successfully used FEM to analyze the dispersion in cell stiffness experimental values gathered from tweezing micromanipulation tests (i.e., optical and magnetic tweezers experiments). The dispersion of experimental data also occurred in tests relative to a given type of adherent cell (i.e., epithelial or endothelial cells) performed with the same probing technique. Both tweezer micromanipulation techniques induce the cell’s material response by applying an external force to the center of a solid spherical bead, which is partially embedded in the outer layers of the cellular material (Figure 4). The force acting in the direction parallel to the cell surface causes the bead translational movement until, at the equilibrium, the cell’s material counterbalances the effect of the external stimulus by resisting deformation. In general, optical tweezer micromanipulation employs silica beads with a radius ranging between 1 and 2.7 μm, whereas magnetic tweezer tests utilize ferromagnetic beads with a radius between 0.6 and 2.2 μm [74,75,76,77]. In both testing techniques, beads are coated with an RGD (Arg-Gly-Asp) peptide, enabling a connection between bead and integrin proteins, which spans the cellular membrane and ensures the interaction between beads and cytoskeletal load-carrying architecture.



At the equilibrium point of the cell–bead system, it can be assumed that in the tweezing micromanipulation, the bead is totally contained in the cell. Furthermore, the cell behaves as an infinite elastic domain of incompressible material characterized by a linear elastic constitutive relationship. In view of this, analytical formulas were developed in [78,79,80] to relate the external force F to the cell’s material stiffness E and the resulting bead displacement U or, equivalently, the corresponding associated bead rotation θ as follows:


  F =   1   2   E S δ ,  



(2a)






  F =   1   2   E S θ ,  



(2b)




where S is the surface area of the bead (i.e., S = 4πR2 with R bead radius) and δ is the normalized bead translation (i.e., δ = U/R). By substituting the experimental values of force and displacement in these analytical expressions, it is possible to roughly estimate the stiffness E exhibited by the cell’s material. However, this approach yields high dispersion and discrepancy in cell rigidity values when testing operations are conducted on the same cell type [79,80]. The explanation for the inhomogeneity in cell rigidity resulting from the analytical approach was identified by Kamgoué et al. [73] in the spurious nature of Young’s modulus E included in Equation (2a,b), which does not represent the actual cell Young’s modulus Ecell, rather an apparent modulus Eapp affected by geometric factors related to the experimental technique and the cell type. The bead radius R, the bead embedding half angle γ, and the cell height h were recognized in [73] as the driving geometric parameters of the deviation of the apparent Young’s modulus Eapp obtained by experimental measurements from the intrinsic cell Young’s modulus Ecell (see Figure 5).



In order to provide a valid mathematical formulation for overcoming this issue, Kamgoué et al. [73] introduced the correction functions α and β dependent on R, γ, and h. These functions establish a relationship between Ecell and Eapp and make it possible to obtain the actual cell stiffness once the bead force and the induced translation or, equivalently, the associated rotations are known as follows:


    E   a p p   δ   = α   R , γ , h     E   c e l l   ,  



(3a)






    E   a p p   θ   = β   R , γ , h     E   c e l l   ,  



(3b)




where     E   a p p   δ     and     E   a p p   θ     are the apparent cell rigidity returned by Equation (2a,b), respectively. Since the cell’s height h can be expressed as h = hu + R(1 − cosγ) using R, h, and the under-bead cell thickness hu, some authors pointed out that the mathematical formulations of functions α and β actually depend on the adimensional factor hu/2R and γ [73]. In order to quantitatively evaluate the correcting functions, an FEM framework studied the effect of geometrical factors hu, R, and γ on the cellular response induced by an external force during tweezer micromanipulation. The finite element framework considered 300 testing scenarios corresponding to different combinations of the factor’s triplet (h, R, γ), thus simulating the corresponding bead motion that can extract the force-bead displacement values useful to determine the scalar value assumed by correcting functions in every testing condition. In the parametric FE framework proposed by Kamgoué et al. [73], tweezer micromanipulation experiments were modeled by considering a deformable cell representative volume element (RVE), which interacts with a rigid spherical bead partially embedded in the cellular material (see Figure 5b). The cell RVE has a rectangular parallelepiped shape characterized by a cell length l equal to 10R, a height h, and a width w equal to l/2. By exploiting the symmetry plane perpendicular to the cell top surface passing through the bead’s center, it was possible to reduce the width of the modeled cell portion from l to l/2, thus saving computational cost. Force values used in numerical simulations by Kamgoué et al. [73] are consistent with those gathered from experimental works [74,81] and correspond to an average value of 50 pN.



Responses of epithelial and endothelial cells to micromanipulation testing were simulated by adopting a continuum mechanics modeling approach, which schematizes the cellular region as a continuum quasi-incompressible homogeneous domain whose material behavior is described by the neo-Hookean hyperelastic strain energy function W as follows:


  W = a     I   1   − 3   ,  



(4)







The above mathematical formulation depends on the hyperelastic constant a and the trace I1 (i.e., the linear invariant) of the right Cauchy–Green strain tensor. According to the neo-Hookean constitutive behavior, the material intrinsic stiffness Ecell can be related to the hyperelastic constant a via the stretch ratio λ relative to the uniaxial test (i.e., λ = L/Lo, with L extended length and Lo initial length) as follows:


    E   c e l l   = 2 a   2 +   λ   − 3     ,  



(5)







Assuming λ values close to 1, which corresponds to having a small extension of the cell’s material during the uniaxial test, Equation (5) yields Ecell ≅ 6a. For small extensions, once the external force and the actual cellular stiffness defined by the neo-Hookean law (i.e., 500 Pa [82]) were given in input to the model, the FEM framework of [73] was capable of computing bead displacement for all the geometric parameter combinations. Knowing the simulated bead motion derived from each hypothesized testing condition and the applied force, Equation (2) was used to determine the apparent cell stiffness, which represents the corresponding material rigidity analytically calculated during experimental tests. Then, Equation (3) can be rearranged in order to return the scalar value of correction functions α and β corresponding to each combination (hu/2R,γ). Having at their disposal a set of values consisting of the quantitative estimate of α(hu/2R,γ) and β(hu/2R,γ), Kamgoué et al. identified the most appropriate mathematical formulation of the correction functions α and β able to match the calculated values [73,79].



The FE framework proposed by Ohayon et al. [80] successfully described the adhesion response of epithelial cells to the external stimulus induced by magnetic twisting cytometry (MTC). Cells probed by MTC are subjected to large deformation with respect to tweezer micromanipulation, as the MTC probing technique induces a higher rotation of the ferromagnetic bead. The cellular structure was schematized by Ohayon et al. by adopting a continuum mechanics-derived homogeneous representation characterized by the neo-Hookean hyperelastic constitutive behavior. The proposed FE model allowed to quantify the intrinsic Young’s modulus of the cell by providing values of correction functions for the apparent cell stiffness, which depend on the dimensionless geometric factor hu/2R.




3. Discussion


Finite element modeling (FEM) is a powerful approach to the study of cellular adhesion phenomena due to its capability to accurately replicate shape, material properties, and environmental constraints specific to the type of cell under investigation. In order to expedite computational processes, various levels of simplification can be introduced in modeling. Symmetry features can be included in the finite element models to reduce computational cost [57,61], such as, for example, axisymmetry or modeling only a quarter of the cell [66,83]. Cell domain partitioning can be applied to allocate constitutive properties to the principal cellular elements, such as the nucleus, cytoplasm, cytoskeleton, and membrane. The continuum mechanics approach, using an isotropic linear elastic model, can effectively represent the behavior of cells with organized internal structures, such as epithelial cells [69]. The assumption of linear elastic behavior made by Kamm et al. [69] for modeling the cell’s response to tweezing micromanipulation (thus avoiding the characterization of nonlinear material parameters) was confirmed by the study of Kamgoué et al. [73]. The cell’s response to the external stimulus induced by tweezer micromanipulation is independent of geometric nonlinearity. In fact, numerical curves reporting the bead displacement with respect to bead force preserve their linear shape, regardless of having considered a linear elastic constitutive behavior or a neo-Hookean hyperelastic behavior in the finite element analyses.



The FE framework by Kamgoué et al. [73], based on the nonlinear neo-Hookean hyperelastic behavior, returned values of an effective strain induced in the cell’s material at the bead–cell contact region, which are comparable with those obtained by Kamm et al.’s [69] modeling approach (i.e., effective strain maximum values of about 2.6% localized at the left end of the contact arc vs. strain values ranging from 5% to 1% along the contact region). As stated by some authors, the models proposed by Kamgouè et al. [73] and Kamm et al. [69] do not account for the rearrangement of cytoskeletal architecture during the testing operations, as the probing force acting on the cell is applied for a limited time period, which does not allow significant modifications in filaments’ spatial arrangement. Moreover, the cell’s RVE studied by Kamgoué et al. [73] is a homogenous single-layer domain neglecting the nucleus presence in the cellular region and its effect on cell response. This modeling approach was justified by the authors in view of the presence of other studies dealing with micromanipulation techniques [84,85], which showed that models embedding the nuclear domain return a cell response to the external stimulus very close to that obtained through simplified models neglecting the nucleus. An explanation of this behavior lies in the nature of the mechanical deformation induced in the cell by the tweezer micromanipulation, which affects the outer layers of the cell’s material, thus limiting the nuclear domain contribution to the cell material activity in resisting external loads. This aspect was confirmed by the study by Mijailovich et al. [79], who pointed out how the intensity of stress–strain fields generated by magnetic twisting micromanipulation in an isotropic homogeneous cellular material decreases with the cube of the distance in the radial direction proceeding from the cell–bead interface towards the cell’s interior region. Therefore, cellular features and components approximately located at a distance greater than the bead diameter have a small effect on cell response. Similar considerations have been performed by Boccaccio et al. [66,67] and Vaiani et al. [60], who assumed approximate mechanical properties for the cell nucleus, as it is rather far with respect to the point where the nanoindenter touches the cell surface. Interestingly, Kamgoué et al. [73] pointed out that Equation (3a,b) can also be extended to the case of cells probed at different load frequency values f by replacing the scalar moduli, Ecell and Eapp, with the complex moduli, Ẽcell(f) and Ẽapp(f), and maintaining the unchanged α and β formulations that depend exclusively on geometrical parameters hu, R, and γ.



By employing FE analysis, Kamgoué et al. [73] simulated several testing conditions occurring in optical and magnetic tweezer experiments. They defined correction functions that allow the establishment of a relationship between the intrinsic cell Young’s modulus and the measured apparent cellular stiffness. Other authors have pointed out that adopting a simplified description of the cell’s response to micromanipulation may introduce artifacts with respect to the actual cell–bead interaction mechanisms, thus leading to an inaccurate simulation of cell behavior. In this particular FE framework, beads directly interact with the membrane, which mainly sustains the applied load by redistributing tension across it [69]. This results in a limited transfer of stress from the bead–membrane contact interface towards the neighboring cytoskeletal region. Therefore, in the FE framework, a cell’s capability to resist deformation is driven by the membrane’s mechanical properties and is less affected by the cytoskeleton, which has to carry a lower load fraction with respect to the membrane. The leading role of the cellular membrane in the overall cell’s mechanical response was highlighted by showing that reducing membrane stiffness by 50% leads to an increase by one order of magnitude in both the cell’s maximum effective stress and strain in the Y direction. Conversely, the actual physical interaction mechanism involves bead binding to specific receptor (integrin) sites, which span the cell membrane and link to the cytoskeletal load-bearing structure. The presence of these preferential connecting loci between beads and intracellular supporting architecture allows us to exert the external load almost completely on the cytoskeletal network, unlike what was assumed in the FE framework developed by Kamm et al. [69] where the mechanical resistance exhibited by the cell is strongly determined by membranes. Therefore, the higher stiffness exhibited by the cell surface in response to a simulated mechanical load acting in correspondence with receptor sites results from the linking of receptor sites with the underlying intracellular load-bearing architecture, which opposes external stimulus [86]. When the simulated mechanical load is exerted on a receptor site neighborhood at a certain distance from the receptor site, a drop in cell surface stiffness can be observed due to the absence of these preferential gateways (i.e., receptor sites) through which an external mechanical stimulus can be canalized towards cytoskeleton load-bearing architecture, which mainly concurs to determine the cell resistance to deformation. The same approximation in the bead–cell surface interaction mechanism can also be found in more complex 3D finite element frameworks developed for studying cell stiffness in response to micromanipulation techniques involving probing beads in contact with the cell surface [73]. The main reason for simplifying cell–bead interaction, by distributing the stress generated by bead–cell membrane surface contact across the outer layers of cellular material, is to circumvent the complex FE modeling of the bead–integrin–cytoskeletal filaments interlinking chain.



As a summary for the reader, Table 1 lists the most representative studies surveyed in this review. The studies are categorized according to the types of cells analyzed.




4. Conclusions and Future Perspectives


This article presented an overview of the most relevant studies documented in the literature that have used finite element modeling to study the process of cell adhesion. The study of the interactions between the different cellular components, as well as the analysis of interactions between the cell and the extracellular environment, give useful information on how mechanical, biological, and chemical stimuli influence the cellular response and fate. Numerous studies using the FEM technique have focused mainly on mechanical and biophysical aspects; very few studies, however, attempted to address and describe biochemical and biological mechanisms with FEM. Future efforts of researchers should be directed towards such problems. Another interesting aspect that could be investigated in the future is the integration of FEM with Artificial Intelligence methods. Such an integrated approach could significantly enhance the predictive power of the FEM technique.
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Figure 1. Schematization of the focal adhesion structure (FAs). As shown, FAs have a multilayer architecture, allowing cells to interact with the extracellular matrix (ECM). Starting from the cell–substrate interface and proceeding towards the inner part of the cell, FA structure can be schematized into two main regions: a transmembrane domain and an intracellular one. The FA transmembrane domain consists of heterodimeric proteins (i.e., integrins (IT)), which span the plasma membrane and act as receptors to ensure a high affinity bind with ECM ligands. At the cytoplasmatic side of the cell, integrins link to the FA intracellular domain consisting of a multiprotein complex which, in turn, links to the actin bundles, thus ensuring the connection between integrins and cytoskeleton structure. The components that constitute the FA intracellular domain are vinculin, talin, zyxin, paxillin, focal adhesion kinase, vasodilator-stimulated phosphoprotein, and adaptor protein p130Cas. Abbreviations in the figure are VCL (vinculin), TLN (talin), ZYX (zyxin), PAX (paxillin), FAK (focal adhesion kinase), and VASP (vasodilator-stimulated phosphoprotein). Reprinted with permission from [35], 2018 Frontiers. 
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Figure 2. Schematization of the linker of nucleoskeleton and cytoskeleton (LINC) complexes binding cytoskeleton structures to the nucleoskeleton. LINC complexes consist of SUN and nesprin protein isoforms. SUN proteins span the inner nuclear membrane (INM) and bind to nesprin isoforms in the perinuclear space (PS). Nesprin isoforms, in turn, pass through the outer nuclear membrane (ONM) and connect to the cytoskeleton structures. In particular, nesprin-1/2 isoform connects directly to actin filaments, nespin-3 isoform connects to intermediate filaments (IFs) through plectin, and nesprin-4 isoform connects to microtubules (MTs) through kinesin. At the nucleoskeleton side, SUN proteins bind to the lamina of the nucleus through lamin A, which interacts with chromatin both directly and through emerin protein. Therefore, thanks to LINC complexes, the stimulus detected by FAs at the cell–substrate interface and canalized through cytoskeletal transferring channels can reach the intranuclear domain, thus resulting in chromatin reorganization and transcription program activation that affect cell behavior. Abbreviations in the figure are MTs (microtubules), IFs (intermediate filaments), PS (perinuclear space), NPC (nuclear pore complex), INM (inner nuclear membrane), and ONM (outer nuclear membrane). Reprinted with permission from [35], 2018 Frontiers. 
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Figure 3. Side view of the cell that adheres and spreads on the substrate. The cell is schematized as a region consisting of a high-viscosity internal fluid domain (colored light blue) enveloped by the cortex (colored dark blue), which carries the cortical tension τ. The cell schematization in (a) refers to the initial phases of the adhesion process (i.e., after a few minutes). Cell schematization reported in (b) refers to the final phases of the adhesion process (i.e., after hours). Assuming that during spreading cell morphologies resemble truncated spheres and spherical caps means that the contact region between cell and substrate can be considered a circular area. Since the figure represents the cell side view, the contact area in the figure corresponds to the line defined by the interaction interface between cell and substrate schematizations. At the macroscopic level, cell morphology is described by two parameters: the contact radius R and the contact angle θ. The contact radius R is obtained by dividing the diameter of the circular contact area between the cell and the substrate by two (i.e., by dividing by two the length of the line defined by the contact interface between the cell and substrate in the figure). The contact angle θ is the angle identified by the plane tangent to the upper surface of the substrate and the plane tangent to the cell-free contour that passes through the point where the cell-free contour meets the substrate. Contact radius R is colored orange. Contact angle θ and planes tangent to the substrate’s top surface and the cell’s free contour are colored dark brown. 
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Figure 4. Schematic of the tweezer micromanipulation technique. An adherent cell is mechanically tested by applying to the bead center an external force acting in the direction parallel to the substrate plane. The bead is partially embedded in the outer layer of the cell material, and the cell–bead interaction is ensured by the link between the RGD peptide-functionalized bead surface and membrane integrins. The substrate is highlighted in white, the cell material in beige, and the bead in light gray. F (i.e., red arrow), which is the external force acting on the bead. 
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Figure 5. (a) Schematization of the probing bead partially embedded in the outer layer of the cell; (b) schematic section view of cell representative volume element (RVE) obtained by cutting the cell’s material with a perpendicular plane to the cell’s top surface passing through the center of the bead partially embedded in the cellular material. The bead is highlighted in gray, and the cell representative volume element is in beige. The bead embedding half angle γ is the angle defined by the vertical dashed line perpendicular to the cell surface and the solid line connecting the bead center with the point where the cell profile meets the cell top surface at the right end of the interaction region. The under-bead cell thickness hu is related to the cell height h by the formula h = hu + R(1 − cosγ). 
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Table 1. Classification of the main studies surveyed in this review paper based on the cell type.
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	Cell Type
	References





	Stem Cells
	[4,13,40,41,49,51,54,60,67]



	Endothelial Cells
	[49,51,57,68,73,79]



	Fibroblasts
	[59,70,71,79,84,86]



	Epithelial Cells
	[69,73,79,80,85]



	Blood Cells
	[8,65,75]



	Cancer Cells
	[66,84]



	Oocytes
	[61,62,63]



	Connective Tissue Cells (Chondrocytes, Osteoblasts)
	[48,64]



	Bacteria
	[83]
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