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Abstract:



Cells respond to their mechanical environment in different ways: while their response in terms of differentiation and proliferation has been widely studied, the question of the direction in which cells align when subject to a complex mechanical loading in a 3D environment is still widely open. In the present paper, we formulate the hypothesis that the cells orientate in the direction of unitary stretch computed from the right Cauchy-Green tensor in a given mechanical environment. The implications of this hypothesis are studied in different simple cases corresponding to either the available in vitro experimental data or physiological conditions, starting from finite element analysis results to computed preferential cellular orientation. The present contribution is a first step to the formulation of a deeper understanding of the orientation of cells within or at the surface of any 3D scaffold subject to any complex load. It is believed that these initial preferential directions have strong implications as far as the anisotropy of biological structures is concerned.
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1. Introduction


Tissue engineering and cell-based therapies constitute a promising alternative to current therapies in the repair of numerous biological tissues. One first milestone in the challenge of regenerating complex tissues is to understand the behavior of isolated cells, particularly when subject to external mechanical loading. It is well known that stem cells respond to their mechanical environment in different ways: particularly, cell proliferation, differentiation, and migration depend on substrate properties and external loading (for recent examples see [1,2]). The biochemical mechanotransduction principles underlying these reactions have been largely studied over the last decade (for recent reviews, see [3,4,5]). Another outstanding characteristic of adherent cells’ response to external mechanical load is their ability to reorient along a particular angle when the substrate is subject to cyclical stretching. This specificity may play a crucial role in the formation of the most efficient functional configuration during tissue development via the production of an anisotropic collagen network [6].



Indeed, it has been clearly observed that adherent cells align in particular directions when they are seeded on a 2D substrate subject to different uniaxial or biaxial stretching [7,8,9,10,11,12]. For instance, experiments performed on elastic membranes [9,10,11,12,13,14] have emphasized that cells align in particular directions in the range of 60°–70° with respect to the stretching direction when simple elongation was applied to the membrane, while they stay aligned in a random manner in the case of equibiaxial stretching, and they align perpendicular to the stretching direction when pure uniaxial stretching is applied (i.e., locked transverse compaction) [11]. Intuitively, this reorientation has been observed and interpreted as a “stretch avoidance reaction” [7,15]. The idea that cells align in the direction of zero strain has been corroborated by further experiments [14,16] performed on stretched 2D elastic substrates.



Simple models have been proposed in order to predict the direction along which adherent cells align when subject to 2D stretching [10,14]. More recently, a new model based on the relaxation of the elastic energy density stored in the cell has been proposed [8], resulting in a good agreement with the experimental data concerning cell reorientation on a 2D substrate subject to biaxial stretching. Nevertheless, the proposed theories are only applicable if one wants to predict the cellular preferential orientation on a linear elastic 2D substrate subject to simple well-known mechanical loading. Moreover, the prediction ability of these models depends on the fitting of parameters (corresponding for example to cell anisotropy [8] or strain thresholds [10,14]), which would be hard to determine in a more general case. Consequently, the question of the direction in which cells align when subject to any complex mechanical environment and when seeded on any 3D scaffold with a potentially complex constitutive law is still widely open.



It has been observed that the preferential cellular orientation was identical whether the substrate is contracted or stretched [10]. The authors concluded that “the deformation signal responsible for cell reorientation was the peak-to-peak axial strain”. In another study [17], it was proposed that vascular cells orientate in such a way that they are subject to the smallest “range of cells shortening or lengthening” for a maximal vessel contraction. Expressing these ideas from a mechanical point of view, it may be therefore stated that cells align along the direction of unitary stretch, which may be easily computed from the right Cauchy-Green tensor.



It is our assumption in the present paper that cell preferential orientation is guided by the direction of unitary stretch for a given 3D mechanical state (when such a direction exists). In the next section, we firstly present how the direction of unitary stretch in a given mechanical environment may be computed from the results of finite element (FE) analysis. Then, we corroborate our hypothesis by computing the preferential cellular orientation in different simple cases corresponding to either available in vitro experimental data or physiological conditions. As an illustration of the proposed method to determine cellular orientation in any complex mechanical environment, we further compute cell orientations at the surface of a trabecular bone sample subject to a compression loading. We conclude by discussing the consequences of our contribution, as well as its limitations and perspectives.




2. Materials and Methods


2.1. Calculation of Unitary Stretch and Numerical Implementation


In a continuum media subject to a given displacement field [image: there is no content], the right Cauchy-Green tensor can be easily determined from the relation (for more details, refer to any reference book of continuum mechanics such as [18] or [19]):


[image: there is no content]



(1)







This lagrangian symmetric tensor corresponds to the transformation of a dot product between two material vectors from a reference configuration to a deformed configuration. It enables the calculation of the stretch [image: there is no content] in any direction starting from a unit vector [image: there is no content] in the reference configuration according to the relation:


[image: there is no content]



(2)







We note that a unitary stretch corresponds to neither compression nor tension in the direction [image: there is no content]. Consequently, from the computation of the Cauchy-Green tensor field, the directions in which the stretch is unitary (i.e., no lengthening or shortening) can be determined by minimizing the quantity [image: there is no content] for a wide range of directions [image: there is no content].




2.2. Numerical Implementation


In the following examples, the tensor field [image: there is no content] was determined from the computation of the Green-Lagrange strains by using the FE code FEBio (see for example [20]). The pre- and post-treatment were realized using dedicated in-house algorithms. For each mesh node where [image: there is no content] was determined, the stretch was calculated from Equation (2) in different directions of space located in a plane tangent to the surface of the meshed object. The directions [image: there is no content] for which the amount [image: there is no content] were null were then computed and represented. As previous studies suggest, there may be a strain threshold (evaluated at 3.5% [10]) under which the cells do not reorient. Consequently, the preferential direction was set to a random angle when no direction respecting the condition [image: there is no content] was found.




2.3. Planar Case: Stretching of a Membrane


The evolution of cellular orientation when seeded on a 2D substrate subject to simple cyclic stretching states has been largely assessed. Particularly, it has been observed that cells reorient along “two mirror-image angles” with respect to the stretching direction in the case of simple extension (i.e., transverse compaction is free). Depending on the studies [8,9,10,11,12,13,14], angles in the range of about 60°–70° with respect to the stretching direction have been observed. In order to apply our assumption and implementation to this simple case, and based on the work of [11], we considered an elastic membrane subject to (1) simple extension; (2) pure uniaxial stretch; (3) equibiaxial stretch. Cellular preferential orientation of the cells seeded on this 2D substrate were computed according to the above procedure. A 10% strain was applied for these three cases, as proposed in [8,12]. The membrane was considered as a Neo-Hookean material: the FE code FEBio thus required two material parameters, and values of 0.38 [10] and 1 MPa [8] have been chosen respectively for Poisson’s ratio and Young’s modulus of the elastic membrane. The membrane size was 10 × 30 mm2 with a thickness of 0.25 mm [12]. The distribution of orientation angles with respect to the stretching direction was plotted and compared to the reported values.




2.4. Physiological Case: Inflation of an Arterial Segment


In order to assess the implication of our methodology in the case of non-planar loadings, an inflation test was modelled on an arterial segment. A 2 mm-long arterial segment was modelled as two layers standing for the media and the adventitia. The blood pressure has been estimated to 13 kPa (100 mm Hg, assumed to be the mean arterial pressure as proposed in similar studies [21,22]). The dimensions of the two layers were taken from [23]. Layers were considered to be isotropic linear elastic and nearly incompressible; the elastic modulus of the media was taken from [24], and the ratio between adventitia and media elastic properties was taken from [23]. The preferential cell directions were computed at the inner surface of the media and the outer surface of the adventitia following the above procedure. The orientation angle was expressed with respect to the transverse plane of the arterial segment to be consistent with the angle used in the literature (see for instance [25]).




2.5. Illustration for a Complex 2D Mechanical Environment: Stretching of a Perforated Membrane


As an illustration of the above procedure to more complex 2D mechanical environments, the cellular preferential orientation was computed at the surface of a perforated elastic membrane subject to a 10% uniaxial stretch. This simple case has the particularity to lead to heterogeneous strains (both tensile and compressive) and to be experimentally testable. It may also correspond to the case of wound healing, which has been the subject of numerous studies recently due to its implication in scar formation [26,27]. The silicone membrane was modelled as a Neo-Hookean material as described above, and had the same geometry as the above membrane, except that a 5 mm hole was added in the centre of the membrane.




2.6. Illustration for a Complex 3D Mechanical Environment: Compression of a Trabecular Bone Sample


As an additional illustration of the procedure in a more complex 3D environment, we simulated a compression of 1% on a trabecular bone sample. The trabecular bone sample was issued from the distal extremity of a porcine femur, and its geometry was obtained by micro-Computed Tomography (μ-CT) (resolution of 9.8 μm). We selected a 1 mm3 cube within the CT volume and simulated the compression test with FEBio. Bone tissue was considered to be linearly elastic, with a Young’s modulus of 17 GPa and a Poisson’s ratio of 0.3. The two directions that minimize [image: there is no content] with [image: there is no content] as a unitary vector in the plane tangent to the surface were computed at each surface node.





3. Results


3.1. Simple Example: Sensitivity to Poisson’s Ratio in Uniaxial Tension


As an illustration of the previous equations, let us consider a case of planar uniaxial tension, for which the right Cauchy-Green tensor may be written in terms of the Poisson’s ratio [image: there is no content] and the applied strain [image: there is no content] in the direction [image: there is no content]:


[image: there is no content]



(3)







The calculation of stretch in any direction [image: there is no content] is thus straightforward:


[image: there is no content]



(4)




where [image: there is no content] stands for the angle between the direction [image: there is no content] and the stretching direction [image: there is no content].



By minimizing the quantity [image: there is no content], the angle of minimal stretch is easily obtained and is expressed as a function of the applied strain and Poisson’s ratio. Therefore, the sensitivity of the computed minimal stretch to Poisson’s ratio can be assessed, as illustrated in Figure 1 for the particular case [image: there is no content] and for Poisson’s ratio in the range [image: there is no content], therefore including auxetic cases.


Figure 1. Illustration of the minimal stretch calculation in the case of two-dimensional uniaxial stretch. (a) Description of the orientation angle on a membrane subject to uniaxial tension; (b) Stretch as a function of the orientation with respect to the stretching direction for different values of Poisson’s ratio; (c) Orientation of the minimal stretch or unitary stretch as a function of Poisson’s ratio. Interestingly, a discontinuity is observed for auxetic material with a Poisson’s ratio of −1.



[image: Bioengineering 04 00016 g001]






Obviously, for auxetic materials, no direction corresponds to unitary stretch since the substrate is elongated in every direction. In this case, we only considered the direction in which the stretch was minimal. Interestingly, we observed that the orientation of minimal stretch is discontinuous for auxetic cases, with a preferred direction going from 90° when Poisson’s ratio is in the range [image: there is no content] to 0° when Poisson’s ratio is lower than −1.




3.2. Planar Case: Stretching of a Membrane


In Figure 2, we represented the computed preferential orientation of cells seeded on a membrane subject to a 10% strain. Three cases were distinguished as proposed in [11]: (1) simple extension; (2) pure uniaxial stretch; (3) equibiaxial stretch. Unsurprisingly, there was no preferential orientation in the case of equibiaxial stretch since the stretch is equal in every direction. In the case of pure unitary stretch, the predicted orientation was found to be perpendicular to the stretching direction (orientation angle equals to ±89.78°). The stretch is indeed unitary in this direction due to locked transverse compaction. These two results are in accordance with the reported results [11]. In the case of simple extension, two mirror-image angles were computed with values of ±61.03°, in accordance with numerous reported studies [9,10,11,12,13,14].


Figure 2. Computed preferential orientation of cells seeded on an elastic membrane under different stretch conditions. (a) Simple elongation (free transverse compaction); (b) Pure uniaxial stretch (locked transverse compaction); (c) Equibiaxial stretch. The results are in accordance with the reported results [11].



[image: Bioengineering 04 00016 g002]







3.3. Physiological Case: Inflation of an Arterial Segment


The preferential cellular orientations were computed at the inner surface of the media and the outer surface of the adventitia after the simulation of the inflation of an arterial segment (see Figure 3). We found mean angles between the predicted cell orientation and the transverse plane of the arterial wall of ±56.6° (±0.8°) at the inner surface of the media and ±55.5° (±1.2°) and the outer surface of the adventitia, respectively. These computed orientations are to be compared with the experimental values of 51.2° and 40° used for the media and adventitia, respectively, in the modelling of the anisotropic structure of the arterial wall [23]. The underlying assumption in this statement is that the cellular orientation within a loaded structure may be strongly correlated with the anisotropy of the collagen network, as proposed in the literature [6].


Figure 3. Computed cellular orientation in the physiological case of the inflation of an arterial segment. Orientation angles (defined as the angle between computed preferential orientation and the transverse plane of the arterial segment) were computed at the inner surface of the media and the outer surface of the adventitia. Values were respectively ±56.6° (±0.8°) at the inner surface of the media and ±55.5° (±1.2°) and the outer surface of the adventitia, to be compared with the values around 50° used when modelling the anisotropic structure of the collagenous structure of the artery [23].



[image: Bioengineering 04 00016 g003]







3.4. Illustration for a Complex 2D Mechanical Environment: Stretching of a Perforated Membrane


As shown in Figure 4, the uniaxial tensile test simulated on a perforated membrane led to heterogeneous strains in the neighborhood of the hole. The equivalent Lagrange strain was represented at the surface of this membrane, as well as the predicted cellular orientation. We observe that this heterogeneous strain field involves heterogeneous cellular orientation. Far from the neighborhood of the hole, the orientation was unsurprisingly similar to the case of simple extension reported above (homogeneous orientation around 60°).


Figure 4. Illustration of the procedure enabling the computation of cell orientation in the case of a complex 2D strain field that is experimentally testable. (a) Uniaxial stretch of a perforated membrane leads to a heterogeneous strain field in the neighborhood of the hole; (b) Mirror-image angles are heterogeneously distributed on the membrane surface.



[image: Bioengineering 04 00016 g004]







3.5. Illustration for a Complex 3D Mechanical Environment: Compression of a Trabecular Bone Sample


An additional illustration regarding the determination of cell orientation in a complex 3D mechanical environment is given in Figure 5, in which a 1% compression of a trabecular bone sample has been modelled. This compressive force locally corresponds to either tensile or compressive stimuli, and corresponds to the trabecular bone physiological loading. The strain field is obviously largely heterogeneous in this case, and two preferential orientations have been predicted at each node of the mesh. As far as these directions are involved in the creation of an anisotropic collagen network [6], the results of this simulation are a starting point for further simulation of the creation of a collagenous extracellular matrix. It is important to emphasize that we simulated a case that is mostly applied to tissue engineering: cells are seeded at the surface of a solid scaffold, and are dynamically stimulated in order to encourage tissue growth. To extend this simulation to more realistic bone tissue, cells could be initially placed within both the mineral phase and the inorganic extracellular matrix. The cellular preferential direction would then be computed in a similar way, by finding the unitary stretch for any 3D direction.


Figure 5. Computed cellular preferential directions computed at the surface of a trabecular bone sample subject to a uniaxial 1% compression test. Color code corresponds to effective Lagrange strain before (a) and after (b) the compression. Two cellular preferential directions were computed for each mesh node, as visible for the whole sample on (c) and for a specific trabeculae on (d).



[image: Bioengineering 04 00016 g005]








4. Discussion


The reorientation of cells adhered on a substrate subject to external mechanical loadings has been studied experimentally and mathematically for the last two last decades. However, the proposed models such as the “zero-strain theory” have never been generalized to 3D structures, potentially with a complex constitutive law, and subject to combined mechanical loadings. Instead, these models have only been exploited in the case of simple stretch conditions on linear elastic 2D substrates. In the present paper, we presented and discussed a simple and novel procedure to predict preferential cell orientation in a given mechanical environment, based on the results of common FE analysis. The main advantage of the proposed hypothesis is its simplicity and versatility, as it may be applied to any 3D substrate subject to any complex mechanical load, without requiring the identification of fitting parameters.



In a first illustration, we observed that cell orientation may exhibit a particular response to auxetic materials when the Poisson’s ratio is around −1. The interest and existence of such auxetic materials have been largely described and studied, including in our group [28,29]. Performing dynamic cell cultures on such materials, that are potentially 3D-printed at the sub-micron scale from a definition of its microstructure, may therefore constitute an interesting topic for studying the cellular response to a particular mechanical environment. The numerical implementation of our simple assumption has then successfully predicted the reported observations concerning cell orientation in the case of simple extension, pure uniaxial stretch, and equibiaxial stretch [14]. It is worth noting that the proposed approach may not be applicable in the case of very soft substrates, for which the tension in the cytoskeleton is not sufficient to maintain focal adhesions. In this case, it has been indeed observed that the cells did not align in the same direction than that for the stiff substrates [30]. The procedure was then applied to the computation of cellular preferential directions within a two-layer arterial wall subject to physiological pressure. Interestingly, the computed directions were satisfyingly aligned with the directions of the collagen fibres in the anatomic structure of an arterial wall, with different values for the media and adventitia consistent with those considered in the relevant literature. It may indicate that these preferential cellular directions have strong implications as far as the anisotropy of the secreted collagen network is concerned, which is consistent in the reported results [6].



In the second part, we provided two illustrations of the versatility of the procedure in the case of 2D and 3D complex mechanical environments. The simple case of the uniaxial stretching of a perforated membrane enables us to obtain a heterogeneous strain field, and is easily testable experimentally. Experimental observations in this case may result in rapid validation or rejection of the present model. It will also provide precious information concerning the cell orientation in the case of heterogeneous combined tensile/compressive strains. These experiments are currently carried on with perforated and non-perforated membranes using a dynamic bioreactor designed by our group [31]. Moreover, these computed directions may have implications concerning the direction of collagen fibers during the healing of circular wounds, which has been very recently studied from computational approaches [27]. It has indeed been reported that collagen fibers surrounding a healing wound were clearly aligned in preferential directions [26] that may correspond to the computed directions of minimal stretch presented above.



Finally, the procedure was applied to compute preferential directions at the surface of 3D geometry corresponding to trabecular bone. This procedure may be particularly applied to the culture of cells within computer-aided designed scaffolds for tissue engineering. Indeed, FE analysis has often been performed on 3D porous scaffolds [32,33] and more recently by our team on ligament fibrous scaffolds [34,35]. From the present procedure, the preferential cell directions at the surface of these scaffolds may be easily computed from the calculation of the strain tensor field issued from FE analysis. The initial cell orientation constitutes crucial information in further simulation of collagen network formation within a scaffold, since cell orientation is directly linked to the direction of the cell-produced collagen matrix [6].



The present hypothesis obviously has limitations, since the cellular direction in a given environment certainly depends on numerous other factors, such as the gradient of concentration of biochemical substances, the cellular phenotype, and most importantly the presence, amount, and type of the neighbouring cells. Indeed, one underlying assumption in the present work is that cells respond independently to the substrate stretch, which requires that cells are plated at low density. It is likely that the reported results cannot be extended to the case of confluent cells, as cell-cell communication should affect the cellular preferential direction [7,10]. In the case of confluent cells, different approaches (stochastic simulations [36], reaction-diffusion equations [37], or other mathematical methods [38]) are used to model cell population dynamics. Moreover, it has been clearly observed that the cellular orientation also depends on the substrate curvature (this phenomenon has been modelled recently [39]), or on the micro- or nano-structured surfaces [40]. These aspects may be added in the future to the assumption formulated here. However, the illustrations proposed in the present work correspond to specific cases where the substrate curvature may be neglected as long as the curvature is largely higher than the size of a cell, and where subcellular-size topography may be neglected. These two assumptions are verified in most of the common studies in which cellular orientations are studied under dynamic stimulation.



While several studies have studied the dynamics of cell reorientation during the first hours of stretching [8], as well as the effect of strain frequency [7] or waveform [9], it is worth noting that in the present work we only focused on the final orientation of cells when a cyclical load is applied with no consideration of the specificity of the loading cycle. The pathways by which the cells sense the substrate stretch were not addressed within the present contribution. Nevertheless, without entering into the details of mechanotransduction, the assumption made in the current study may simply be interpreted using this reasoning: (1) cells require a level of stretch (sometimes called basal strain energy [14]) in order to adhere onto the substrate; (2) lengthening a cell involves strain energy within its stress fibers, energy which is minimized during homeostasis; (3) shortening a cell causes the required level of stretch to vanish, as long as actin filaments cannot bear compression and thus buckle [14].



Despite these obvious limitations, the present work constitutes a first attempt to propose a general model for the computation of cellular preferential directions in various 3D scaffolds that are subject to a complex mechanical load, and constitutes a milestone in the simulation of the creation of an anisotropic collagen network in a given mechanical environment. This point, on which our team actively focuses, may enable us to predict the evolution of mechanical properties due to extracellular matrix formation in the framework of tissue engineering, which is one of the most challenging tasks in the design of a suitable substitute for specific clinical applications.




5. Conclusions


In conclusion, the assumption that cells align in the direction of unitary stretch (computed in any environment from the right-Cauchy Green tensor) was assessed and validated in the present work. A simple method was reported to compute such directions, and the results were compared to the previously reported experimental data. New insights concerning future experiments to be performed were exposed, and some elements indicating that cellular direction may be the basis of the orientation of collagen fiber secretion were detailed. This work constitutes a first step to the formulation of a deeper understanding of the orientation of cells within or at the surface of any 3D scaffold subject to any complex load.







Author Contributions


Cédric P Laurent, Jean-François Ganghoffer and Rachid Rahouadj conceived and designed the content of the present paper together; Cédric P Laurent wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Liu, Y.-S.; Lee, O.K. In Search of the Pivot Point of Mechanotransduction: Mechanosensing of Stem Cells. Cell Transplant. 2014, 23, 1–11. [Google Scholar] [CrossRef] [PubMed]

	2. 
Skardal, A.; Mack, D.; Atala, A.; Soker, S. Substrate elasticity controls cell proliferation, surface marker expression and motile phenotype in amniotic fluid-derived stem cells. J. Mech. Behav. Biomed. Mater. 2013, 17, 307–316. [Google Scholar] [CrossRef] [PubMed]

	3. 
Humphrey, J.; Dufresne, E.; Schwartz, M. Mechanotransduction and extracellular matrix homeostasis. Nat. Rev. Mol. Cell Biol. 2014, 15, 802–812. [Google Scholar] [CrossRef] [PubMed]

	4. 
Ingber, D.E. Cellular mechanotransduction: Putting all the pieces together again. FASEB J. 2006, 20, 811–827. [Google Scholar] [CrossRef] [PubMed]

	5. 
Ricca, B.L.; Venugopalan, G.; Fletcher, D.A. To pull or be pulled: Parsing the multiple modes of mechanotransduction. Curr. Opin. Cell Biol. 2013, 25, 558–564. [Google Scholar] [CrossRef] [PubMed]

	6. 
Wang, J.H.-C.; Jia, F.; Gilbert, T.W.; Woo, S.L.-Y. Cell orientation determines the alignment of cell-produced collagenous matrix. J. Biomech. 2003, 36, 97–102. [Google Scholar] [CrossRef]

	7. 
Jungbauer, S.; Gao, H.; Spatz, J.P.; Kemkemer, R. Two Characteristic Regimes in Frequency-Dependent Dynamic Reorientation of Fibroblasts on Cyclically Stretched Substrates. Biophys. J. 2008, 95, 3470–3478. [Google Scholar] [CrossRef] [PubMed]

	8. 
Livne, A.; Bouchbinder, E.; Geiger, B. Cell reorientation under cyclic stretching. Nat. Commun. 2014, 5, 3938. [Google Scholar] [CrossRef] [PubMed]

	9. 
Nagayama, K.; Kimura, Y.; Makino, N.; Matsumoto, T. Strain waveform dependence of stress fiber reorientation in cyclically stretched osteoblastic cells: Effects of viscoelastic compression of stress fibers. Am. J. Physiol. Cell Physiol. 2012, 302, C1469–C1478. [Google Scholar] [CrossRef] [PubMed]

	10. 
Wang, H.; Ip, W.; Boissy, R.; Grood, E.S. Cell orientation response to cyclically deformed substrates: Experimental validation of a cell model. J. Biomech. 1995, 28, 1543–1552. [Google Scholar] [CrossRef]

	11. 
Wang, J.H.-C.; Goldschmidt-Clermont, P.; Wille, J.; Yin, F.C.-P. Specificity of endothelial cell reorientation in response to cyclic mechanical stretching. J. Biomech. 2001, 34, 1563–1572. [Google Scholar] [CrossRef]

	12. 
Zhang, L.; Kahn, C.J.F.; Chen, H.-Q.; Tran, N.; Wang, X. Effect of uniaxial stretching on rat bone mesenchymal stem cell: Orientation and expressions of collagen types I and III and tenascin-C. Cell Biol. Int. 2008, 32, 344–352. [Google Scholar] [CrossRef] [PubMed]

	13. 
Kanda, K.; Matsuda, T.; Oka, T. Two-dimensional orientational response of smooth muscle cells to cyclic stretching. ASAIO J. Am. Soc. Artif. Intern. Organs 1992, 38, M382–M385. [Google Scholar] [CrossRef]

	14. 
Wang, J.H.-C. Substrate Deformation Determines Actin Cytoskeleton Reorganization: A Mathematical Modeling and Experimental Study. J. Theor. Biol. 2000, 202, 33–41. [Google Scholar] [CrossRef] [PubMed]

	15. 
Buck, R.C. Reorientation response of cells to repeated stretch and recoil of the substratum. Exp. Cell Res. 1980, 127, 470–474. [Google Scholar] [CrossRef]

	16. 
Faust, U.; Hampe, N.; Rubner, W.; Kirchgeßner, N.; Safran, S.; Hoffmann, B.; Merkel, R. Cyclic Stress at mHz Frequencies Aligns Fibroblasts in Direction of Zero Strain. PLoS ONE 2011, 6, e28963. [Google Scholar] [CrossRef] [PubMed]

	17. 
Standley, P.R.; Camaratta, A.; Nolan, B.P.; Purgason, C.T.; Stanley, M.A. Cyclic stretch induces vascular smooth muscle cell alignment via NO signaling. Am. J. Physiol. Heart Circ. Physiol. 2002, 283, H1907–H1914. [Google Scholar] [CrossRef] [PubMed]

	18. 
Rudnicki, J.W. Fundamentals of Continuum Mechanics, 1st ed.; Wiley: Hoboken, NJ, USA, 2014. [Google Scholar]

	19. 
Holzapfel, G.A. Nonlinear Solid Mechanics: A Continuum Approach for Engineering; Wiley-Blackwell: Chichester, UK; New York, NY, USA, 2000. [Google Scholar]

	20. 
Lefever, J.A.; Jaime García, J.; Smith, J.H. A patient-specific, finite element model for noncommunicating hydrocephalus capable of large deformation. J. Biomech. 2013, 46, 1447–1453. [Google Scholar] [CrossRef] [PubMed]

	21. 
Holzapfel, G.A.; Gasser, T.C. Computational stress-deformation analysis of arterial walls including high-pressure response. Int. J. Cardiol. 2007, 116, 78–85. [Google Scholar] [CrossRef] [PubMed]

	22. 
Holzapfel, G.A.; Ogden, R.W. Constitutive modelling of arteries. Proc. R. Soc. Lond. Math. Phys. Eng. Sci. 2010, 466, 1551–1597. [Google Scholar] [CrossRef]

	23. 
Jiu-sheng, R. Effects of dispersion of fiber orientation on the mechanical property of the arterial wall. J. Theor. Biol. 2012, 301, 153–160. [Google Scholar] [CrossRef] [PubMed]

	24. 
Karimi, A.; Navidbakhsh, M.; Shojaei, A.; Faghihi, S. Measurement of the uniaxial mechanical properties of healthy and atherosclerotic human coronary arteries. Mater. Sci. Eng. C 2013, 33, 2550–2554. [Google Scholar] [CrossRef] [PubMed]

	25. 
Holzapfel, G.A.; Gasser, T.C.; Ogden, R.W. A new constitutive framework for arterial wall mechanics and a comparative study of material models. J. Elast. Phys. Sci. Solids 2000, 61, 1–48. [Google Scholar]

	26. 
Grant, C.A.; Twigg, P.C.; Tobin, D.J. Static and dynamic nanomechanical properties of human skin tissue using atomic force microscopy: Effect of scarring in the upper dermis. Acta Biomater. 2012, 8, 4123–4129. [Google Scholar] [CrossRef] [PubMed]

	27. 
Buganza Tepole, A. Computational systems mechanobiology of wound healing. Comput. Methods Appl. Mech. Eng. 2017, 314, 46–70. [Google Scholar] [CrossRef]

	28. 
Assidi, M.; Ganghoffer, J.-F. Composites with auxetic inclusions showing both an auxetic behavior and enhancement of their mechanical properties. Compos. Struct. 2012, 94, 2373–2382. [Google Scholar] [CrossRef]

	29. 
Dos Reis, F.; Ganghoffer, J.F. Equivalent mechanical properties of auxetic lattices from discrete homogenization. Comput. Mater. Sci. 2012, 51, 314–321. [Google Scholar] [CrossRef]

	30. 
Tondon, A.; Kaunas, R. The Direction of Stretch-Induced Cell and Stress Fiber Orientation Depends on Collagen Matrix Stress. PLoS ONE 2014, 9, e89592. [Google Scholar] [CrossRef] [PubMed]

	31. 
Laurent, C.P.; Vaquette, C.; Martin, C.; Guedon, E.; Wu, X.; Delconte, A.; Dumas, D.; Hupont, S.; Isla, N.D.; Rahouadj, R.; et al. Towards a Tissue-Engineered Ligament: Design and Preliminary Evaluation of a Dedicated Multi-Chamber Tension-Torsion Bioreactor. Processes 2014, 2, 167–179. [Google Scholar] [CrossRef]

	32. 
Milan, J.-L.; Planell, J.A.; Lacroix, D. Simulation of bone tissue formation within a porous scaffold under dynamic compression. Biomech. Model. Mechanobiol. 2010, 9, 583–596. [Google Scholar] [CrossRef] [PubMed]

	33. 
Sandino, C.; Lacroix, D. A dynamical study of the mechanical stimuli and tissue differentiation within a CaP scaffold based on micro-CT finite element models. Biomech. Model. Mechanobiol. 2011, 10, 565–576. [Google Scholar] [CrossRef] [PubMed]

	34. 
Laurent, C.P.; Latil, P.; Durville, D.; Rahouadj, R.; Geindreau, C.; Orgéas, L.; Ganghoffer, J.-F. Mechanical behaviour of a fibrous scaffold for ligament tissue engineering: Finite elements analysis vs. X-ray tomography imaging. J. Mech. Behav. Biomed. Mater. 2014, 40, 222–233. [Google Scholar] [CrossRef] [PubMed]

	35. 
Laurent, C.P.; Durville, D.; Mainard, D.; Ganghoffer, J.-F.; Rahouadj, R. A multilayer braided scaffold for Anterior Cruciate Ligament: Mechanical modeling at the fiber scale. J. Mech. Behav. Biomed. Mater. 2012, 12, 184–196. [Google Scholar] [CrossRef] [PubMed]

	36. 
Nakaoka, S.; Aihara, K. Stochastic simulation of structured skin cell population dynamics. J. Math. Biol. 2013, 66, 807–835. [Google Scholar] [CrossRef] [PubMed]

	37. 
Simpson, M.J.; Landman, K.A.; Bhaganagarapu, K. Coalescence of interacting cell populations. J. Theor. Biol. 2007, 247, 525–543. [Google Scholar] [CrossRef] [PubMed]

	38. 
Arino, O.; Kimmel, M. Comparison of Approaches to Modeling of Cell Population Dynamics. SIAM J. Appl. Math. 1993, 53, 1480–1504. [Google Scholar] [CrossRef]

	39. 
Sanz-Herrera, J.A.; Moreo, P.; García-Aznar, J.M.; Doblaré, M. On the effect of substrate curvature on cell mechanics. Biomaterials 2009, 30, 6674–6686. [Google Scholar] [CrossRef] [PubMed]

	40. 
Martínez, E.; Engel, E.; Planell, J.A.; Samitier, J. Effects of artificial micro- and nano-structured surfaces on cell behaviour. Ann. Anat. Anat. Anz. 2009, 191, 126–135. [Google Scholar] [CrossRef] [PubMed]

















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  bioengineering-04-00016


  
    		
      bioengineering-04-00016
    


  




  





media/file8.jpg





media/file6.jpg
Equivalent Lagrange Strain

MeanAnge ()

(a) Strain field (b) Predicted cell orientation





media/file1.png
T T T T T T T 100 - T T T T T
Stretch X Orientation of minimal stretch
115} i
90~
80
1.1
70~
1.05 \\\ i ol
\ o
\ v=-15 ol
1 —v=-125| |
\ —v=-1
\\\ ——v=-075 401~ b
\\ —v=-05
0.95- \ —v=-025] 4 30k |
—v=0
—v=025 sl |
—v=05
o9r —v=075| -
— vy =1 10+ -
—v=125
—v=15
0.85[- v i 0 i
Direction 6 Poisson ratio v
[ [ [ [ [ [ r r _10 r r r r r
0 20 40 60 80 100 120 140 160 180 -15 -1 05 0 05 1 15

(b) (c)





media/file7.png
T T T et
(\\g

Equivalent Lagrange Strain

! %035

0.3

0.25

. -
. N
. DY . 4
-t ‘. Ll
. i
Py Mo LS
e “0’ - .
.
r 0.2 ", NN A
MRS
.. . e Fon
v .
1 r e

0.15

0.1

&
0 5 10 9 60 -30 0 30 60 90
¥ : Mean Angle (°)

0.05

Mean Angle (°)

(a) Strain field (b) Predicted cell orientation





media/file9.png
Effective

Lagrange strain
002
0.018
0016

0.014
om2
0;m
0.008
0.006 =





media/file5.png
Adventitia

(a) Geometry of arterial wall

Orientation angle at the inner surface of the media

52 54 56 58 60 62
Orientation angle (%)

Orientation angle at the outer surface of the adventitia

50 52 54 56 58 60 62
Orientation angle (°)

(b) Predicted cell orientation





media/file3.png
-61,0° 61,0°

-89,8° 89.8°

=0 090 =90 0 90

Orientation angle

-90 0 90

Orientation angle Orientation angle

.

(a) Simple elongation (b) Pure uniaxial stretch (c) Equibiaxial stretch

(locked transverse compaction)





media/file4.jpg
Advenitia

(a) Geometry of arterial wall

s ange

rtaton ane s et srtc o the et

L
semmssnang

(b) Predicted cell orientation





media/file0.jpg





media/file2.jpg
T o0

Ll

Orentation angle

P 1
(@) Simple elongation (b) Pure uniaxial stretch (© Equibiaxal stretch
(locked transverse compaction)






