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Abstract

In contrast to homogeneous materials, the mechanical properties of fibrous substrates depend on the probing length-
scale. This suggests that cells feel very different mechanical cues than expected from the macroscale characterisation
of the substrate materials. By means of multiscale computational analyses we study here the mechanical environment
of cells adhering to typical electrospun networks used in biomedical applications, with comparable macroscopic stiff-
ness but different fibre diameters. The stiffness evaluated at the level of focal adhesions varies significantly, and the
overall magnitude is strongly affected by the fibre diameter. The microscopic stiffness evaluated at cell scale depends
substantially on the network topology and is about one order of magnitude lower than the macroscopic stiffness of the
substrate, and two to three orders of magnitude below the fibres’ elastic modulus. Moreover, the translation of stiff-
ness over the scales is modulated by global deformations of the scaffold. In particular, uniaxial or biaxial stretching
of the substrate induces nonlinear microscopic stiffening. Finally, although electrospun networks allow long-range
transmission of cell-induced deformations, the comparison between the range of forces measured in cell traction force
microscopy and those required to markedly deform typical electrospun networks reveals an order of magnitude differ-
ence, suggesting that these scaffolds provide a rather rigid environment for cells. All these results underline that the
achievement of mechanical biocompatibility at all relevant lengthscales, and over the whole range of physiological
loading states is extremely challenging. At the same time, the study shows that the diameter, length and curvature of
fibre segments might be tunable towards achieving this goal.
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1. Introduction

The ability of the electrospinning process to handle a large variety of fibre base materials and to control multiple
topological parameters allows manufacturing fibrous networks within a wide design space [1, 2]. This quality made
electrospun networks (ESNs) potential candidates for multifarious applications, amongst others in biomedical research
and regenerative medicine [3-5], where the micro-fibrous and network-like structure of ESNs bears the potential to
mimic the morphology of the extracellular matrix (ECM) [6]. Significant amounts of research have therefore been
dedicated to ESNs as scaffolds for tissue engineering of, e.g., skin [7], cardiac [8] and vascular [9] grafts. Such grafts
aim at substituting defective native tissues with an engineered equivalent, i.e. a living construct of a synthetic scaffold
and native cells [10—12]. The scaffold needs to functionally substitute the native ECM, and would thus ideally provide
the same chemical, biological and, finally, mechanical environment for the cells (see e.g. Vacanti et al. [13]). It is
therefore the scaffold’s ability to satisfy these different aspects of biocompatibility that will finally be decisive for its
interaction with the surrounding cells and tissues [14, 15], and finally determine the success of the graft.

The different aspects that govern the mechanical biocompatibility of the scaffold [16] can mainly be related to two
distinct length scales [17]: Macroscopically, the mechanical biocompatibility is associated with the necessity of com-
patible deformations between the engineered scaffold and the surrounding host tissues [16, 17], typically characterised
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by non-linear, time dependent and anisotropic characteristics [18]. Further macroscopic requirements originate from
functional aspects, i.e. from the functions that the engineered construct takes over from the native (replaced) tissue,
such as load carrying capabilities, adequate strength and maintaining tissue integrity. Microscopic requirements arise
since the scaffold defines the immediate environment of the cells living within the engineered construct. At first in-
stance, this implies prerequisites on scaffold morphology, e.g., with respect to pore size and shape, and the availability
of sites that allow and promote cellular adhesion [19]. In addition to these morphological and purely static aspects, the
requirements on this length scale (~pum) relate to the sensitivity of cells to mechanical loads, perceived through their
mechanotransductive apparatus [20]. More precisely, the need to provide a suitable mechanical microenvironment
constrains the admissible deformations of such scaffolds at fibre length scale, experienced by the cells as motions,
forces and structural stiffness at their focal adhesions (FAs) [17].

The complex multidisciplinary and multiscale task of scaffold design is therefore key for the development of
successful tissue engineered implants. While the suitability of a graft is unequivocally revealed during the in-vivo
clinical evaluation, it can be useful to assess its biomechanical compatibility already during the design phase, based on
quantitative design criteria. Following the biomimetic approach, such design criteria might be established from a direct
comparison with native soft tissues [17]. The macroscopic requirements are accessible through the well established
experimental methods for soft tissue mechanical characterisation. The identification of quantitative benchmarks at
cellular length scale, however, is more intricate as it requires experimental techniques to probe the tissue at pm-
length scale, e.g., by micro-indentation methods [21-23] or analysis of local microscopic strain fields by imaging
techniques [24, 25]. The available results generally suggest that soft tissues are governed by peculiar, typically non-
affine micromechanics, which strongly differ from the ones expected for homogeneous materials. This concerns,
for example, attenuation and amplification effects when strain is transferred over the scales [24—27], the long-range
transmission of cell-induced deformations [28], and stiffness parameters that vary over multiple orders of magnitude
with the probing length scale [29].

Additional cell-related requirements can be retrieved from mechanobiological assays and in-vitro studies with
synthetic substrates [30]. For example, studies with cells cultivated on homogeneous flat substrates allow quantifying
cell-exerted forces by means of traction force microscopy [31-33], and elucidated a large number of mechanosen-
sitive pathways [34, 35]. This includes, e.g., the cell’s sensitivity to surrounding stiffness and its gradients [36-38],
topography [39, 40], and to mechanical loads [41-44]. Compared to the numerous studies performed on homoge-
neous continuous elastomer or hydrogel substrates, much less is known on the impact of the cell-scale stiffness in
electrospun networks. Notwithstanding, information on beneficial or adverse morphologies of fibrous scaffolds has
been derived from mechanobiological studies and assays (cf. [45]). Several studies have shown a strong dependence
of cell shape, spreading, differentiation and proliferation on electrospun fibre diameter [46-50]. Fibre orientation
was shown to affect mainly the shape and orientation of cells, which align and elongate in the direction of the fibres
[51, 52]. Other critical morphological parameters in ESN are the network porosity and pore size, which mainly in-
fluence cell proliferation and infiltration, the latter being particularly high if pores and cells are of comparable size
[53]. By modifying the stiffness of the fibre material while maintaining topology, multiple studies revealed significant
changes in the cell phenotype expression, differentiation and proliferation [54-56]. Since this modification impacts
directly the stiffness felt by the adhering cells, these results suggest the latter as a particularly relevant parameter with
regard to the mechanobiology of cells adhering to ESNs.

In view of the difficulties associated with the experimental characterization of the cellular microenvironment in
ESNs, computational models may provide a valuable alternative towards understanding some key aspects. The poten-
tial of numerical models for such investigations has been previously showcased in studies on biopolymer networks,
which investigated the transmission of strain through the scales [57, 58], the long-range transmission of deformation
[59-61] and the stiffness sensing of cells [62]. In this work, an ESN-specific [63] computational model is employed
to investigate aspects of mechanical biocompatibility of typical ESNs for biomedical use. Specifically, stiffness and
kinematics at cellular length scale are investigated, and compared to the mechanical behaviour at macroscopic length
scale. By this means parameters are identified that characterise the translation of these mechanical properties over the
scales, and how this depends on network topology and macroscopic loading state. Through numerical simulations,
this contribution thus provides qualitative and quantitative information on multi-scale properties of ESNs that may be
essential for their mechanical biocompatibility, but are hardly accessible in experiments. In combination with experi-
mental data on native tissues, this information can be used to rationalise the performance and, eventually, improve the
design of ESNs as scaffolds for tissue engineering.



2. Methods

2.1. Multiscale simulation framework for electrospun networks

The multiscale mechanical analysis was performed using a previously presented 2.5D discrete network model
specific to electrospun networks (cf. Ziindel et al. [63]). Briefly, representative volume elements (RVEs) of networks
made of very long and planarily arranged fibres are generated using a custom Python (2.7, Python Software Foun-
dation, OR, USA) algorithm. This algorithm accounts intrinsically for the layered disposition of fibres with limited
out-of-plane reach typical for networks produced by electrospinning, and allows a physically motivated identification
of cross-links, i.e. of the locations where fibres interact mechanically with each other. The mechanical analysis of the
generated network geometries is performed using a commercial finite element software (Abaqus, Version 6.10-EF1,
Dassault Systemes Simulia Corp., Providence, RI, USA). To this end, the fibres are discretized with sequences of
beam elements (element type B22), while the cross-links are implemented by coupling all degrees of freedom in the
intersection location of the two fibres. Macroscopic deformation states are imposed on the RVE through the applica-
tion of homogeneous or periodic boundary conditions on the networks boundary, and the problem is solved through
implicit finite element analysis. While this gives access to the microscopic deformation patterns of the fibres within
the RVE, the macroscopic homogenised stress tensor of the RVE is computed from the resulting force vectors at the
boundary nodes (cf. [64-66]).

In particular, network RVEs with normalized dimensions of 2515 x 2515 x 10#; were considered for the prediction of
the macroscopic response (Fig. 1b), where s and 1 indicate the average segment length and the interaction thickness,
respectively [63]. Periodic boundary conditions were defined to represent uniaxial tension with nominal tensile strain
€1, and the tensile nominal (first Piola-Kirchhoff) stress P; was computed. As a measure of homogenized stiffness at
macroscopic scale, the elastic modulus E™*™ was estimated from the secant of the stress-strain response to uniaxial
tension (P; vs. €1, Fig. 1b) at &; = 0.5%.

2.2. Modelled electrospun networks

In this study, two electrospun scaffolds with different network characteristics were considered. Specifically, the
analysed networks were set-up to represent networks of poly-e-caprolactone (PCL) fibres with diameters of dr =
0.3um and dr = lum respectively, representative for previous mechanobiological and tissue engineering studies
presented in literature (cf. [67]). Although changes in fibre diameter are typically accompanied by alterations in
network porosity [68], different means have been discussed to change the latter independently [68, 69]. Thus, due to
the lack of a unique relation between fibre diameter dr and porosity @, the latter was set to the same value of ® = 90%
for both networks, which is representative for PCL ESNs with diameters in the range considered here, cf. [70-72].
The other network parameters were varied with fibre diameter dr (Tab. 1). For a given df, the average curvature radius
7 and the average segment length I5 were defined from the experimental relations determined by Pai et al. [73], and
the fibre material’s Young’s modulus was selected according to the results of single PCL fibre tensile tests reported by
Wong et al. [74], assuming linear elastic and incompressible material behaviour (fibre Poisson’s ratio yibre = 0.5).

For the analysed morphologies (Fig. 1a) and fibre material laws, the model predicts very similar macroscopic
behaviour for the two network types. Subjected to uniaxial tension, the networks exhibit a fairly linear stress response
with strong lateral contraction (Fig. 1b). Macroscopic elastic moduli of the ESNs were determined as E™* =
4.04MPa and E™*"® = 4.33MPa for fibre diameters of dgp = 0.3um and dp = 1um, respectively. The linearised
stiffness values of the analysed networks are therefore representative for the lower end of the wide range of tensile
stiffness commonly reported for soft biological tissues (2-560MPa [29]). Similarly, in the analysed deformation range

dr [pm] 7 [um] Is [um] O[] Efb [MPa] Vibre ]
0.3 467 15.2 0.9 332.3 0.5
1.0 1737 4.56 0.9 258.6 0.5

Table 1: Topographical parameters used for the generation of the ESN. T Fibres have been assumed to be sinus-shaped,
and the according shape parameters (amplitude and wavelength) were selected to match the given average curvature
radii.
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Figure 1: a) Graphical visualization of the networks analysed in this study with dp = 0.3um and dp = 1pm. Red
symbols indicate the locations of fibre cross-links. b) Macroscopic response of the considered networks to uniaxial
tension, reported as nominal stress (left) and lateral contraction (right) response to tensile strain ;. Results are
reported as mean and standard deviation (shaded areas) of N = 5 networks.

the networks feature incremental Poisson ratios (cf. [75]) between 2 and 5, comparable to the values reported for soft
tissues, e.g., Glisson’s capsule [76], ligaments [77] and tendons [78].

2.3. Modelling of cell-network interactions

To study the interaction between cell and network the former was strongly simplified, accounting mainly for the
attachment sites of the cell to the substrate, i.e. the focal adhesions, and the contractile capability of the stress fibres
of the cytoskeleton. The model assumes a quasi-circular, non-polarized cell which adheres to the top surface of the
modelled networks at its centre, which coincides with the origin of the coordinate system (Fig. 2a). For simplicity, the
cell’s adhesion sites to the network (i.e. the focal adhesions) were placed with constant distance from the cell centre
and therefore lie on circle, here with 30pm diameter (Fig. 2ab). Experimental observations reported in literature
suggest that cells with comparable spread area typically have between 20 and 100 focal adhesions [79]. Considering
that focal adhesions which are very close to each other might adhere to the same fibre and therefore can be considered
as a single interaction location, a total of 24 interaction sites between cell and network (i.e. single focal adhesions
or clusters) were assumed. These interaction sites were identified based on the projected intersection of the circular
pattern with the fibres nearest to the upper network surface (Fig. 2b). The involved fibres were partitioned at these
locations and remeshed, allowing a localized tie coupling of the fibres with the stress fibres of the cell model. The latter
were discretized using connector elements that link mechanically each contact site with the centre of the cell (Fig.
2c¢). Modelled as linear actuators, these connector elements can either generate cell contraction when the connector
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Figure 2: Schematic representation of the modelled interaction of a cell adhering to the networks surface (a). First the
intersections of cell edge with the nearest fibres were identified (b), allowing the successive coupling of fibres with a
connector network representing the function of the cell’s cytoskeleton (c). d) Contraction of connector network for
the simulation of homogeneous cell contraction.



lengths are reduced through a prescribed contraction, or stretch passively in absence of such prescribed conditions
to accommodate the displacements induced at the attachment sites when the network deforms (Fig. 2d). The forces
acting in the connector elements due to imposed contraction were extracted and provide the force vectors exerted by
the individual focal adhesions. The stiffness that cells feel at their attachment sites is of structural origin and was
approximated for each focal adhesion i by the secant of the force displacement response

kmicro — HAfl” (1)
i 5 TR
At - &
where & indicates the unit vector in direction of the force A f_7 , which is oriented in radial direction towards the cell
centre (Fig. 3a). The RVEs used for the analysis of cell-network interactions were selected large enough (300pum) to
assure negligible influence of the RVE boundaries on the cell (see Appendix B). During cellular contraction the fibre
nodes on the lateral network boundaries were fixed, whereas macroscopic network deformation was imposed with
homogeneous boundary conditions if required (see Sec. 2.6).

2.4. Analysis of cell interactions with homogeneous isotropic substrates

To compare the cell-network interaction with the case of cells adhering to highly deformable, homogeneous and
continuous substrates, analogous continuum finite element simulations were performed. The interaction of cell and
substrate was modelled with 24 attachment sites to the network (focal adhesions) of elliptic shape (2pm X 1pm) [80]
spaced regularly on a circular pattern (diameter 30pum) and pulling towards the centre with traction forces homo-
geneously distributed within each focal adhesion (Fig. A.l1a in Appendix A). The substrate is modelled as a nearly
incompressible hyperelastic body using the neo-Hookean material law provided by the finite element software with
Poisson’s ratio v = 0.4995 and shear modulus adjusted to match the linearised stiffness E™*“™ of the analysed networks
(Sec. 2.2). For the numerical solution, the substrate geometry was discretized with a very fine mesh (characteristic
element size 0.1um, see Fig. A.1b in Appendix A) in the region of the focal adhesions, and the degrees of freedom
of the lateral boundaries were fixed. The force exerted by each focal adhesion is given by the multiplication of area
with applied traction stress, whereas the corresponding displacement was evaluated as the average displacement of
all finite element mesh nodes within the focal adhesion (Fig. A.1c in Appendix A). For comparison with the network
simulations (see Sec. 2.5), the applied traction force was modulated to generate either an equivalent focal adhesion
displacement ug, or cell contraction &* (Eq. 2).

2.5. Evaluations at cellular length scale and multiscale stiffness factor
At the level of a whole cell, the contraction can be defined through the change of the projected area A®" of the
polygon spanned by the attachment sites, allowing the quantification of cell contraction through the areal strain
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In the simulations, the work W*!! spent by the cell to achieve this contraction on an ESN is given by the sum of the
work, i.e. the integral of axial force over elongation, of the individual cell connectors (Fig. 2c).
We define the multiscale stiffness factor I, which relates the linearised macroscopic stiffness E™*™ of an ESN to
a stiffness exhibited by the material at cell level, comparable to an equivalent homogeneous isotropic substrate with
E®%Y_ This relation can be expressed as
Eequiv — [ Emacro , (3)

where I' < 1 indicates a softer microscopic response than expected from the macroscopic response. Considering the
difficulties associated with the definition of a material stiffness at microscopic lengthscale, we propose here to compute

I" by comparing the work We!! with the energy Wﬁgﬂl computed for an equivalent contraction &* on a homogeneous

substrate (dashed lines in Fig. 6a), therefore approximating the multiscale stiffness factor as

chll(SA)
F(SA) = ‘/VCT((QA) . (4)
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To study the influence of fibre diameter dr, mean segment length s, and average curvature radius 7 on E™Mcro, fequiv
and I" (Sec. 3.3.1), these topological parameters were varied from 20 to 250% of their original value, using the ESN
with dpp = 1.0um as a reference and keeping the porosity constant (® = 90%).

2.6. Analysis of the influence of macroscopic deformations on cell-scale stiffness

Under the in-vivo loading conditions to which tissue engineered grafts are subjected, the scaffold undergoes
macroscopic deformations. These deformations are associated with local changes of network morphology that may
affect the stiffness experienced at cell scale. To study this, the network RVEs were deformed by imposing homo-
geneous boundary conditions prior to the multiscale stiffness analysis described in Sec. 2.5. In particular, uniaxial
tension and equibiaxial extension up to 10% strain were applied to the networks prior cell contraction (Fig. 3bc).
Subsequently cellular contractions of e* = 10% were imposed with respect to the new (deformed) configuration of
the cell, for which the cell centre was placed in the centre of the 24 adhesion sites (Fig. 3d).
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Figure 3: a) Schematic representation of the force and displacement vectors at focal adhesion level. Schematic
representation of the modelled cell-network interaction for macroscopically imposed deformation: b) Adhesion sites
and cell-connectors on the undeformed network, after macroscopic uniaxial tensile deformation (c) and subsequent
connector contraction (d).

2.7. Statistical Methods

All numerical simulations were performed multiple times (N=5-50, as describe in the respective figure legends)
to account for the randomness of the modelled networks. Unless otherwise specified, all quantitative data is presented
as mean (+) standard deviation which were computed with Matlab (Version 2013a, TheMathWorks Inc., Natick, MA,
USA). No statistical analysis was performed to characterize significance.

3. Results

3.1. Network kinematics at cellular length scale

The analysis of the displacement field induced by the contraction of an adherent cell, reported quantitatively and
qualitatively (in the inset) in Fig. 4a, reveals that the cell induced perturbation decays slowly in radial direction and ex-
hibits significant spatial heterogeneity, as reflected by the high variability of the displacement magnitude. Comparison
of the spatial decay observed in the ESNs and on the homogeneous substrate reveals substantial differences in the kine-
matics at cellular length scale: Compared to homogeneous substrates, both analysed ESNs exhibit markedly different
displacement patterns, associated with a transmission of the cell-induced substrate deformations over a significantly
larger range (Fig. 4b).
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Figure 4: a) Cross-link displacements (shaded markers) induced by contracting cells for focal adhesion displacements
of upya = 1.0um on ESN with dp = 1.0um. Data is reported for N = 10 networks, and the solid line marks the upper
bound of the 95% interval. The color bar decodes the fibre displacement magnitudes of the cell-deformed networks
reported in the inset. b) Comparison of the upper bound of the 95% interval of the displacement fields induced by the
cell on the ESNs and the homogeneous solid substrate. To facilitate the comparison, the curves were normalized by
their respective value at the cell edge.

3.2. Network stiffness at cellular length scale

The results presented in the previous section are purely based on kinematics and independent of network stiffness,
representing only one aspect of the micromechanical environment. The ability of cells to induce such deformations,
however, depends strongly on the compliance of the substrate. Therefore this section presents a detailed investigation
of the stiffness experienced by cells adhering to the two ESNs of comparable macroscopic stiffness.

3.2.1. Stiffness heterogeneity at the level of focal adhesions
Evaluations of the cell-scale stiffness for the two considered ESNs are reported in Fig. 5ab for FA displacements
of 0.1um and 1um, showing that the microstructural stiffness k™™ is extremely scattered in both network types, thus
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Figure 5: a,b) Distributions of secant stiffnesses felt by cells on ESN at focal adhesion level for upy = 0.1pm and
upa = 1.0pm, respectively on networks with dp = 0.3pum (a) and dg = 1.0pum (b). c¢) Average FA forces exerted
by cells reported in function of FA displacement magnitude and ESN fibre diameter. Data is reported for N = 50
simulations each (1200 FAs).



strongly heterogeneous. Interestingly, the comparison of averaged stiffness values suggests that both ESNs exhibit a
non-linear response to deformation at the level of focal adhesions, resulting in a softer response for increasing cell
contraction. In terms of stiffness magnitudes, the two networks are very different: The force required to induce the
same focal adhesion displacements on the networks with dr = 0.3um is, on average, 7 to 8 times lower than on the
networks with thicker fibres (Fig. 5c), despite the nearly identical mechanical response exhibited by the two ESNs at
the macroscopic scale (Fig. 1b).

3.2.2. Work as a measure of stiffness at whole cell level

The evaluation of cell work for both network types reported in Fig. 6a shows again the significantly softer mi-
cromechanical environment provided by the ESN with thinner fibres. Additionally, the comparison with Fig. Sab
shows that the evaluation at cellular length scale for N = 50 cells results in much lower variability at this than at FA
length scale. This indicates that the mechanical heterogeneities have a characteristic length smaller than the spatial ex-
tension of the cell (i.e. cell diameter), leading to mechanical cues with significanty reduced variability when averaged
over the cell.
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Figure 6: a) Cellular work needed for contraction on ESN, reported as mean (solid line) and standard deviation (shaded
area) for N = 50 cells on ESNs with dp = 0.3um (green) and dr = 1.0um (red). Dashed lines indicate the cellular
work needed on homogeneous substrates with macroscopic stiffness (elastic modulus) equal to the analysed ESNs. b)
Multiscale stiffness factor I'(e*), reported as mean (solid line) and standard deviation (shaded area) for N = 50 cells
on ESNs with dp = 0.3um (green) and dg = 1.0um (red).

3.3. The topological decoupling of stiffness

The previously defined microstructural stiffness k™™ might be suited for the comparison of networks at micro-
scopic scale, but difficult to relate to their macroscopic response, which is needed to compare the network’s mechan-
ical characteristics at different scales. Evidently such scale dependence is not present in continuous homogeneous
substrates, for which macroscopic stiffness and that experienced by the cells coincide. To compare fibrous and ho-
mogeneous substrates the work (Wﬁgﬂl ) exerted by contracting cells on the latter was used as benchmark as described
in Sec. 2.5, and the multiscale stiffness factor I' (Eq. 4) was calculated. To this end, the material properties of the
homogeneous substrates were adapted so that their linearised response to uniaxial tension matched the response of the
analysed ESNG, i.e. both types of substrates had identical E™*“™. The values of I" (Fig. 6b) indicate that for a cellular
contraction £* = 0.1, the ESNs with dg = 1.0um feel three times softer to cells than a macroscopically equivalent
homogeneous substrate, while for dp = 0.3um they feel even 20 times more compliant.

3.3.1. The dependence of multiscale stiffness on topological parameters

The results presented in Fig. 7 highlight the different, length scale dependent impact of the topological param-
eters dp, Is and r on the multiscale stiffness. A strong dependence of I" on fibre diameter is observable (Fig. 7c),
which results from a negligible effect of dr on E™*“™ in contrast to a strong impact on the stiffness at cellular length
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presented ESN with dp = 1.0num was used as reference. Data is reported as mean and standard deviation for N = 10
networks each.

scale (E®4UV), eventually resulting in microscopically softer networks with decreasing diameter. The influence of fibre
curvature is opposite, mainly because higher fibre curvatures (i.e. small curvature radii) results in an initially softer
homogenised response, and therefore in a lower elastic modulus at macroscopic scale, while the microscopic response
is less influenced. Similarly, very long average segment lengths seem to have a stronger impact on macroscopic than
on microscopic stiffness, therefore leading to increasing values of I'.

3.4. External deformation induced microscopic stiffening

The analysis of cell-scale stiffness for uni- and equibiaxially pre-stretched networks reveals that the multiscale
stiffness factor can change significantly with type and magnitude of the applied macroscopic deformation (Fig. 8).
Specifically, the results highlight that equibiaxial stretching alters the microscopic stiffness, with a substantial increase
of I already for a few % of macroscopic deformation, while for larger deformations (A™*™ > 1.05) the value of I
stabilizes for both network types (Fig. 8). The ESNs with dp = 1.0pum exhibit stronger microscopic stiffening induced
through macroscopic extension and, contrary to the networks with dp = 0.3um, also uniaxial pre-stretching has a
significant effect. Noteworthy for the dp = 1.0um-fibre network, a moderate equibiaxial extension turns the stiffness
ratio from a 50% attenuation to a 50% amplification (Fig. 8b). We remark that the microscopic stiffening caused by
macroscopic loads cannot be predicted, or even foreseen, from the macroscopic response, which is fairly linear for
both analysed ESNs (Fig. 1b).
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4. Discussion

4.1. The mechanical environment of the cell

In line with experimental observations [56], the computational results in Sec. 3.1 (Fig. 4) suggest that ESNs allow
for long-range transmission of cell induced deformations similarly as observed in biopolymer networks (cf. [81, 82]),
and even with similar characteristic length scales [81]. The analysed networks feature a nearly linear stress-strain
response, suggesting that the ability to transfer locally induced displacements over long distances originates in the
fibrous nature of the material rather than from a non-linear macroscopic response as previously suggested (cf. [81, 82]).
In fact, it might be the non-linear response of the single fibres itself, given by their low compressive resistance and
high tensile stiffness (once straightened) that allows passing on displacements over wide ranges within the considered
ESNs. Since pulled fibres act as stiff rods in an otherwise compliant environment, in which fibre segments that are
cross-linked to the cell-pulled fibres simply rotate to accommodate cross-link displacements, cell-induced network
deformations can be transferred radially over wide distances.

Interestingly, the long-range transmission of deformations induced by cells is in opposition to the very narrow near-
field of defects observed in both natural and synthetic fibre networks. In fact, corresponding investigations suggest that
the strain amplification induced by the ‘singularity’ decays very rapidly with increasing distance from the crack tip,
so that a significantly smaller region is affected by the presence of the defect than in homogeneous materials [83, 84].
A possible explanation for these contrasting observations is given by the strongly load-case dependent kinematics of
fibrous networks. Contrary to the cell-induced displacements studied here, that lead to a biaxial extension dominated
state around the cell, the near field of defects is characterized by a quasi-uniaxial tension state close to the free edges
of the defect, where fibres can easily reorient towards the loading direction. Due to their non-linear response this
causes significant lateral contraction, leading to a compaction of the fibre network around the defect, which shields
the network from the stress concentration [84], and limits the defect-induced perturbations in the displacement field
to a close region.

The quantitative analysis of the force magnitudes necessary to induce marked displacements at the adhesion sites
in the two analysed networks (Fig. 5) suggests that these forces are higher than the magnitudes typically reported for
cells in literature (up to 80nN/FA) [85], especially for the networks with dg = 1pum. This indicates that these ESNs
provide a rather stiff micro-environment, at least on average. However, the large spatial heterogeneity of the stiffness
at focal adhesion scale limits the significance of these averaged data for the characterization of the micromechanical
environment, which might be better represented by the cell work. Also, the average stiffness at focal adhesion level
neglects that the network might offer sufficient alternative adhesion sites with higher compliance, to which cells
might actively change over by detaching and reattaching their focal adhesions. While it is generally expected that
the heterogeneity of the environment affects the behaviour of cells [86], the particular impact of these heterogeneities
requires a detailed consideration of the particular mechanotransductive pathways. Irrespectively, a question of general
relevance is whether cells are more sensitive to the individual signals from the FAs and their intracellular variations,
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or to their average. For mechanical signals translated into biochemical signals directly at the adhesion sites through
protein-protein interactions (cf. [87, 88]), this key question is difficult to answer from a mechanical point of view.
However, at least the transfer of loads through the cytoskeleton and the associated deformation of the nucleus [89],
which is associated with mechanosensitive capabilities [90], might point a high relevance of cell-averaged deformation
sensing.

4.2. Decoupling between microscopic and macroscopic properties

The marked differences in microscopic stiffness (Fig. 5) and cellular work (Fig. 6) between the two networks with
fibres of 0.3 or 1 um diameter highlight that, similarly to other structured materials, the mechanical properties in
ESNs depend significantly on the probing length scale. Consequently, the assessment of macroscopic stiffness can
only provide little information on the mechanical stimuli experienced by cells. More information might be contained
in the lateral contraction, which is known to be strongly affected by the micro-kinematics of fibrous networks [84, 91],
since the latter are controlled by topological parameters that affect fibre slenderness, such as fibre diameter or cross-
link density, which have also a strong impact on the multiscale stiffness (Fig. 7). Furthermore, the results show that
fibre topology, not their material properties, governs these differences, since a modification of the fibres’ material
stiffness E"P™ itself is expected to scale both micro- and macroscopic stiffness in a proportional manner, thus leaving
the multiscale stiffness factor (Eq. 3) unaffected for all strain levels. The decoupling of mechanical properties can also
be observed by comparing the stiffness of the individual fibres to the stiffness of the whole network. For the networks
analysed in this study, the ratio Efi’™/E™r ig in the range of 60 to 80, which is in line with experimental results
reported in literature (cf. [92, 93] (macroscopic) and [74] (single fibre)). Since the porosity of the networks (® = 90%)
can explain only a factor of 10 based on the mixture rule, a non-negligible part of the stiffness ratio Efi®/ E™a°r0 myst
originate in the non-affine micro-mechanics of the networks. Together with I' = E™i¢ro/ Emacro jp the order of 107!
(Sec. 3.3), this indicates factors around 10 between E™ and E™. Considering that the microscopic stiffness of
most soft tissues ranges between 0.3-100kPa [29], this suggests that electrospun networks with Ef*"® >100MPa might
provide an excessively stiff micro-environment to adhering cells. In our analysis, substrates were approximately
matched in terms of macroscopic stiffness. Vice versa, due to the mentioned proportionality, we note that matching
the fibre modulus Efi"™ would affect the magnitude of the cell work, i.e. result in a ~30% decrease for the 0.3 pm-
networks, or a corresponding increase for the networks with dg = 1 um. The potential impact of matching of network
kinematics in terms of lateral contraction (Fig. 1b) is more difficult to assess, since the needed changes of topological
parameters would also affect the micro- and macroscopic stiffness with different magnitude.

The predicted ratios of microscopic to macroscopic stiffness are significantly lower than suggested by experimen-
tal measurements in native tissues, which are in typical ranges of ~ 1072 — 1073 (cf. [29]). This points to a still
significantly stiffer micro-environment for cells on an electrospun scaffold with comparable macroscopic stiffness
than the native tissue. Yet, the networks analysed in Sec. 2.2 only represent two possible configurations within the
wide spectrum, and higher ratios may be achieved by other combinations of the governing network parameters, in par-
ticular fibre diameter dr, mean segment length s, and average curvature radius 7. Therefore, these parameters were
varied individually to study their effect on the length scale dependent stiffness. The impact of the network topology
on the multiscale stiffness factor (Fig. 7c) may be explained by different fibre deformation modes that characterize
the decoupling of stiffness over the length scales: While the macroscopic tensile stiffness mainly originates from the
tensile loading of all straightened fibres (parallel arrangement), the stiffness at cell scale results from contributions
of both stretched and bent fibres. This makes the ratio between bending and tensile stiffness a particularly impor-
tant characteristic, which is strongly governed by, and grows quadratically with the fibre diameter. In summary, the
parametric studies demonstrate that the multiscale stiffness ratio (Fig. 7c) can be altered over orders of magnitude by
tuning the topological parameters, thus highlighting the broad design spectrum available for tuning the mechanical
biocompatibility of such materials. At the same time, it emphasises once again the limited information contained in
the stiffness values obtained in macroscopic tensile tests (Fig. 7a), since these may be the result of very different sets
of topological parameters, and thus micromechanical environments (Fig. 7b).

4.3. The effect of macroscopic deformations

The analysis of fibre topology in stretched networks suggests that the microscopic stiffening correlates with the
fibre slackness in the network. While in the unloaded configuration the initial fibre curvature introduces some slack-
ness and thus a bending dominated early phase of deformation, fibres straighten upon macroscopic deformation. For
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the networks with dp = 1.0pm, corresponding analyses indicate that the fibres finally become taught for strains > 3%
(Fig. 9). Whereas equibiaxial loadings finally straightens all fibres, uniaxial loading is always associated with a large
part of curled fibres due to the large lateral contraction exhibited by the networks. This finding also rationalizes
the dependence of the magnitude of microscopic stiffening depending on the macroscopic loading observed in these
networks (Fig. 8). The threshold strain for fibre straightening and network stiffening observed for the networks with
dp = 1.0um (~ 3%) is very close to the fibre slackness strain of 2.6% determined analytically from the correspond-
ing sinusoidal shape as the ratio of the contour length of one period over the wavelength. For the networks with
dp = 0.3um, the analogously determined slackness strain of 10.3% indicates that these networks only become taught
for higher deformations. This might explains the very low fraction of straightened fibres (Fig. 9) and the modest
stiffness increase (Fig. 8) observed in the analyzed strain range or these networks.
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Figure 9: Fraction of straightened fibres within networks with macroscopically with macroscopically applied uniaxial
(a) and equibiaxial tensile loadings (b). A fibre is identified as straightened when its end-to-end length is greater
than its contour length in the undeformed configuration. Data is reported as mean and standard deviation for N = 10
networks.

Since macroscopically induced microscopic stiffening originates in the topology of the networks, it is not expected
to occur in homogeneous substrates with fairly linear response. Considering that this stiffening provides a cue for
cellular mechanotransduction, this highlights another important difference between homogeneous and microstructured
cell substrates. In [16] we have identified challenges associated with the prediction of the implant-tissue behaviour
in-vivo. Little is known about the presence and magnitude of microscopic stiffening mechanisms in native tissues. It is
thus speculation whether ESNs could be designed that feature similar microscopic stiffening, and that would provide
mechanical biocompatibility with regard to this aspect. However, our numerical studies clearly demonstrate that it
is not sufficient to match the native mechanical environment of cells in one static condition, but probably the whole
range of expected physiological deformations needs to be considered (cf. [16]).

4.4. Transferability of results and limitations

Electrospun networks are treated as promising candidates for tissue engineering applications [6], also — or in
particular — because they provide a fibrous environment to cells that resembles the ECM of native tissues. In many
details, however, these networks differ. On the network scale, ESNs are distinguished by very long, often nearly
straight fibres that form scissor-like or welded cross-links of coordination 4 [63, 94], and are deposited in layers with
typically very little out-of-plane depth. Conversely, collagen networks appear in a wide variety of morphologies,
the structure of cross-links is much more disperse. On the level of single fibre elements, collagen fibres and their
bundles in some soft tissues are indeed of comparable diameter as electrospun fibres, but the latter are composed
of single fibrils furnishing them with bending, compressive and shear behaviour very different from bulk polymer
fibres [95]. Moreover, the present study considered cells on the surface of fibrous substrates. While this may be
representative for specific experimental configurations used in mechanobiological investigations and some types of
cells, e.g. epithelial cells, in their native environment the majority of cells are surrounded by a three dimensional
ECM. A transfer of the here obtained quantitative results to native tissues is thus questionable. Nevertheless, some of
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the results presented in this work point to general characteristics of network-like materials, including soft biological
tissues. This concerns at the first instance (i) the length-scale dependence of material properties that, in fact, is well
known in tissue biomechanics with tissue moduli spanning orders of magnitude [29]. In this regard, our unbiased
computational simulations, that demonstrate the decoupling of stiffness as an inevitable multiscale property, help
reconciliating these apparently controversial results. Further evidence that supports the applicability of our results to
native tissues can be deduced from the many studies that document strain amplifications or attenuations in tissues over
the scales [24, 27, 96] and that thus point to scale-dependent deformation mechanisms. It is furthermore evident that
any type of random network, including ESNs and collagenous ECM, will offer (ii) a broad spectrum of stiffness values
at the anchoring points for a cell. Depending on the ratio between network and cell length scales, this heterogeneity
may vanish when averaged over a cell, so that (iii) cells as a whole within networks may still experience reasonably
homogeneous mechanical cues. The (iv) long-range transmission of cell-induced deformations (Fig. 4b) was shown
to be only weakly dependent on fibre topology, and thus appears as another property transferable to collagenous
networks. Finally, since macroscopic deformation changes the microscopic environment through a deformation and
rotation of fibre segments, it necessarily changes the cell environment so that (v) microscopic stiffness will depend
on the macroscopic state of deformation. With regard to soft tissue characterisation, this seems particularly relevant
since the choice of configuration in which microscopic tests such as indentation are performed, e.g. in-vivo, unloaded
or pre-strained, may strongly affect the result.

Although our fibre network model for the prediction of the mechanical behaviour of ESNs is among the most
dedicated approaches, it is based on several simplifications that may affect the results. For example, fibre diameters in
ESNs are typically non-uniform but distributed around a mean. We have recently investigated the impact of including
these distributions in computational models and found that the macroscopic response was marginally affected [97].
On the contrary, it is expected that a dispersion of fibre diameters would increase the spatial heterogeneity of the cell
felt stiffness, and thus change to some extent the average local stiffness, due to the non-linear relation between fibre
diameter and fibre bending stiffness. Since such variability of dr would affect both networks in a similar, albeit not
entirely equal manner, the general results and conclusions obtained in this study with uniform dr are expected to hold
even for diameters distributed around corresponding mean values.

Similarly, simplifications were made for the modelling the cell and its interaction with the substrate. The model
considers the cell quasi-circular, with 24 focal adhesions (or clusters) that have equal distance of 15 um from the
cell’s centre. While the numbers are motivated by experimental data [79], the quasi-circular shape is clearly only
one of many possibilities, and is probably little representative for polarised cells. However, it is well-defined and
advantageous as regards the mechanical analysis since (i) radial forces at sites distributed along the circumference
lead to a force field that directly satisfies force and moment equilibrium, and (ii) the same radial displacement of each
adhesion site leads to an equal amount of global strain in radial direction, thus the stiffness at each site can be directly
computed from the corresponding force. The adhesion sites were selected independent of local mechanical properties,
whereas real cells test their environment, and typically form stable focal adhesions only at sites that provide sufficient
mechanical resistance, while too compliant substrate response leads to focal diffuse and dynamic adhesion assembly
[98]. In view of this, the model might be particularly representative for the phase of isotropic cell spreading, where
the cell steadily increases its projected area but maintains a quasi-circular shape [99]. Also the quantitative results
provided in this study might depend on the used modelling simplifications. To quantify cell work, the model assumes
that all focal adhesions are displaced by the same amount. Relaxing this assumption would probably affect the total
amount of cellular work. However, considering the number of active focal adhesions independent of the substrate,
the assumption leads to a scalar measure which is directly comparable between load cases and substrates. Similarly,
its comparison with values predicted for homogeneous substrates is expected to result in a robust measure since
both models apply the same assumption, therefore substantiating the relevance of the proposed multiscale stiffness
factor. This argument of comparability also applies to the chosen cell size, which has also been found to influence the
microscopic stiffness to some extent, where the number of FAs was held constant (data not shown). However, since
this number typically changes with cell size (cf. [79]) this result is difficult to assess, and emphasizes the fact that the
present study analyses specific cell-network combinations.

While the study focuses on the effect of fibre diameter, curvature and segment length on ESN multiscale stiffness,
other morphological ESN parameters are known to affect the mechanobiological response of adhering cells, such as
porosity and pore shape [53] or anisotropy, i.e. non-uniform fibre orientation [48, 51, 52]. While the model could
be extended accordingly to perform detailed studies, we note that the pore size is related to segment length [63],
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and that changes in cell shape and alignment have been associated with both initial alignment and deformation-
induced reorientation of fibres [42, 100]. The latter case suggests a combination of passive deformation with an active
mechanotransductive response of the cells. The passive part can be captured by our current model (cf. Sec. 4.3), i.e.
the model cell can identify the anisotropy, but does not respond actively.

5. Conclusions

This study is dedicated to the mechanical environment of cells interacting with the surface of electrospun tis-
sue engineering scaffolds in order to quantify metrics that allow assessing the mechanical biocompatibility of these
engineered fabrics on macroscopic and microscopic length scales. The results suggest that, similar to biopolymer net-
works, deformations induced by cellular contraction are transmitted over long ranges in ESNs, and thus affect much
larger regions than on a homogeneous substrate with comparable macroscopic stiffness. The network’s structural
stiffness experienced by the cells at individual attachment sites varies tremendously, but this heterogeneity decreases
substantially when averaging over the cell. This raises the important question, whether the signals from single FAs or
their average is more important for the cell’s mechanosensitive capabilities. While our results show that the cell scale
is already sufficient to obtain a fairly homogenised signal, the study cannot answer this question, and we emphasise
that a cell might additionally be able to detach, and to reattach to favourable network sites in order to actively modulate
the sensed stiffness.

The elastic modulus of the fibres, the cell-scale stiffness and macro-scale modulus of the ESN are largely decou-
pled. Therefore, in contrast to continuous homogeneous substrates, ESNs with comparable macroscopic stiffness can
have a wide range of cell-scale stiffness, with orders of magnitude in between. The stiffness ratio strongly depends
on fibre topology and network morphology, thus offering means to tune macro- and micromechanics independently to
satisfy given requirements on the two scales. In principle, this allows fulfilling the microscopical mechanical function
(suitable macroscopic stiffness and strength) as well as providing the micromechanical compliance and specific local
deformation mechanisms at cell lengthscale. Nevertheless, despite this wide achievable range, the average forces re-
quired to elicit cell-typical displacements in the electrospun scaffolds with typical properties investigated here, exceed
the common cell tractions measured in traction force microscopy. Accordingly, our results suggest that for cells, most
ESNs, with Efi®™ typically in the range of several hundred MPa, will rather feel like stiff or even rigid.

Finally, we have shown that the transfer of loads over the scales depends on the state of deformation, owing to
the discrete structure of the network and the non-affine motion of its constituents. As a consequence, the ratio be-
tween macroscopic and cell-scale stiffness is not a constant but might change considerably. These findings point to
yet another dimension of the already complex task of mechanically biocompatible scaffold design: The engineered
materials have to match the multi-mechanical behaviour of their native templates not in one but all physiologically
relevant states. In summary, our results show that ESNs capture some of the salient multiscale mechanical character-
istics of soft biological tissues, at least qualitatively, including long range interactions within the network and largely
decoupled stiffnesses measured at different length scales. Moreover, the study revealed some important parameters
that affect these characteristics, such as fibre diameter and average curvature radius. The work thus highlights that
computational methods can be used during the process of scaffold design and analysis to guide the development,
particularly because they provide access to essential data that are extremely difficult to collect in experiments.
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Appendix A. Modelling of the interaction of cells with homogeneous substrates
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Figure A.1: a) Application of cell traction stresses on the surface of a homogeneous substrate. b) Detailed view of
mesh discretization in the region around the focal adhesion indicated in a). ¢) Localized surface displacement field
induced by cell tractions in the substrate.

Appendix B. Network size dependence on cell-felt stiffness
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Figure B.1: Dependence of RVE size (length and width) for the cell-network interaction studies. The reported cell
work WCl evaluated at e* = 10% on N = 20 networks with dr = 1.0um stabilizes around 200um.
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