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ABSTRACT

This study examines how strain-driven changes in volume fraction and geometry influence the mechanics of porous scaffolds,
aiming to improve the accuracy of their stress-strain description. Single bundles and hierarchical structures (8 bundles surrounded
by a membrane), made of poly(L-lactic) acid and collagen type I, were electrospun as tendon/ligament scaffolds and examined
via In Situ tensile tests in micro-CT. This enabled the development of a framework to compare stress metrics with increasing
complexity. Apparent and net stress were obtained from the initial samples’ cross-sections and material volume fractions. Micro-
CT revealed strain-dependent morphological changes, allowing computation of actual stress-strain behavior. Scaffolds’ nanofibers
orientation/cross-section were quantified via SEM. The mechanical interpretation changed significantly when using strain-
dependent morphometry (actual stress-strain) rather than the initial, static geometry (apparent stress-strain). Bundles’ actual
elastic modulus was statistically higher than hierarchical structures’ one due to membrane-bundle and inter-bundle interactions.
The different stress definitions yield varying levels of accuracy depending on the experimental complexity. Stress models are
provided, allowing a compromise between characterization reliability and experimental complexity. Morphological evolution
during deformation strongly affects mechanical response: at the tissue scale, it improves comparison between scaffold and native
tissue behavior; at the cellular scale, it predicts the substrate stiffness sensed by cells.

1 | Introduction

The hierarchical structure of load-bearing tissues is optimized
for their specific biomechanical function and anatomical region
[1]. This is the case of tendons and ligaments (T/L), which
are constituted by a dense hierarchical fibrous extracellular
matrix (ECM), predominantly composed of fibrils of collagen
type I (Coll), hierarchically organized from the nanoscale to the
macroscale [2].

Ruptures of T/L are common, debilitating orthopedic injuries.
Damaged tendons (e.g., Achilles, patellar, and quadriceps) and
ligaments (e.g., anterior cruciate, posterior cruciate, and col-
lateral) may require reconstruction with biological grafts, such
as autografts or allografts. However, they often present many
criticalities, such as the need for revision after graft failure and the
risk of rejection with allografts. Therefore, synthetic grafts started
to be explored from the Eighties, but they showed quite soon poor
outcomes at medium follow-up and secondary inflammation.
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Innovative artificial grafts have provided a valid solution for
anterior cruciate ligament reconstruction in elderly patients
[3], for multi-ligamentous lesions, and for tissue reinforcement.
Although several T/L synthetic grafts have demonstrated unsat-
isfactory outcomes [3], their market is constantly increasing

[4].

T/L scaffolds should be customized to mimic the hierarchical
organization and biomechanical performance of the target T/L
of interest. Several natural and synthetic biopolymers have been
explored in the literature. Specifically, the semicrystalline Poly
(L-lactic) acid (PLLA) was often employed for tissue engineering
applications for its long-term mechanical stability, bioreabsorba-
bility, and biocompatibility [5]. Across the different biofabrication
techniques [6], electrospinning emerged as one of the most
promising ones to produce biomimetic T/L scaffolds [7-9], being
able of replicating their structure from the fibrils, the fascicles
[10-15], up to the whole tissue level [16, 17], including their
interfaces [18, 19]. These scaffolds have also been shown to modify
the morphology, orientation, and phenotype of human fibroblasts
and stem cells, both in static and dynamic conditions [18, 20].

When examining the mechanical characteristics of scaffolds, it
is important to focus on their definitions. Woo et al. [21] studied
the effects of donor age and specimen orientation on the tensile
properties of the femur-ligament-tibia complex for the anterior
cruciate ligament (ACL) by reading load (N) and elongation (mm)
and comparing stiffness (N/mm), ultimate load (N), and absorbed
energy (Nm). These characteristics are named “extrinsic,” being
proper to the tested complex and not to the specific tissue. The
so-called “intrinsic” (i.e., constitutive) properties instead come
from measuring the specimen’s initial cross-section (mm?) and
length (mm) to transform force-displacement into apparent (i.e.,
engineering) stress (N/mm? = MPa)-strain (mm/mm). Apparent
properties are often used in biomechanics, for example, to
compare the mechanics of the patellar tendon and knee ligaments
[22, 23], to identify a metric for the optimal pre-tensioning of
ACL grafts [24], and to show how a functional scaffold improves
the biomechanical properties of regenerated tendons [9, 25].
They allow a direct comparison of the scaffolds’ mechanical
performance with that of the target tissues. However, they lead to
a significant underestimation of the scaffolds’ actual mechanics
[26]. In fact, along with the presence of liquids (such as water)
within the T/L volume, tissues can be considered completely
filled with ECM (i.e., collagen fibrils, elastin, proteoglycans)
with cells interspersed throughout [2]. Scaffolds, instead, are
designed to be populated by the patient’s cells, which must
produce fresh ECM within them, and often have porosities
above 60%. Due to their high porosity, considering only their
cross-sectional area alone leads to a significant mismatch in the
estimation of scaffolds’ true properties, resulting in a substantial
underestimation of their actual stress.

Apparent stress-strain characteristics are widely used because
they require only simple measurements obtained before the test,
such as with a calliper or scaled photographs. However, they
may not describe the actual constitutive state of the material
due to: (i) section changes during the mechanical test along
with the increasing deformation; (ii) presence of voids, so the
specimen density is not equal to the material density; (iii) non-
homogeneous strain that differs from the clamping regions to the

specimen’s centre. To consider points (i) and (ii), the evolution
of microstructure with deformation in the ACL was analyzed
[27]. Point (ii) was also considered for electrospun T/L scaffolds,
by calculating the initial material volumetric fraction [26] to
transform apparent stress into net stress [17, 28-30]. Point (iii)
was considered by applying digital volume correlation (DVC) on
electrospun scaffolds and materials in general [28].

The study aims to change the perspective in characterizing the
mechanical behavior of scaffolds, focusing on two aspects: (i)
investigating the hypothesis that strain-dependent morphology
significantly influences stress metrics through a non-standard,
complex, experimental testing approach; (ii) exploring ways to
enhance the standard metrics by incorporating morphological
strain-dependency into a standard testing setup using a few
simple solutions. Advancing the mechanical characterization of
T/L-inspired PLLA/Coll-based electrospun scaffolds serves as a
case study to validate the proposed method for testing innovative
hierarchical porous materials in tissue engineering.

A micro-CT In Situ test was implemented to measure changes
in deformation (namely, the updated morphology) of the speci-
mens’ section and material volumetric fraction, and to quantify
the effects on stress-strain characteristics of net vs apparent
stress and of updated vs non-updated morphological quantities.
Moreover, the same tests contributed to linking the mechanical
response peculiarities and the morphological changes of scaffolds
during load application. Finally, this study provides practical
guidelines for achieving reliability in the mechanical charac-
terization of porous scaffolds without the need for time- and
money-consuming imaging.

2 | Materials and Methods

This study is partially based on data collected from a previous
study [28]. The experimental campaign has been integrated with
additional tested specimens, one for each scaffold type. Above all,
this work analyzes the data with new metrics and models. The
experimental procedure is fully reported here for clarity.

2.1 | Materials

For the scaffolds’ preparation, collagen type I (Coll) from
bovine skin (Kensey Nash Corporation DSM Biomedical, Exton,
USA) and PLLA (Lacea H.100-E, Mw = 8.4 X 104 g mol-1,
PDI = 1.7, Mitsui Fine Chemicals, Dusseldorf, Germany)
were employed. The solvent system was composed of a mix-
ture of 2,2,2-trifluoroethanol (TFE) and 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) (Sigma-Aldrich, St. Louis, USA) at 50:50 (v/v).
As cross-linkers for collagen, N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), and 95% ethanol (Sigma-Aldrich, St. Louis, USA) were
employed.

2.2 | Electrospun Scaffolds Preparation

A polymeric blend of PLLA/Coll-75/25 (w/w) obtained
from an 18% (w/v) solution of PLLA and Coll dissolved
in TFE:HFIP = 50:50 (v/v) was employed to electrospun
nanofibers mimicking the T/L fibrils’ morphology [31-33].
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Electrospun T/L bundles of axially aligned nanofibers were
obtained following a consolidated method [13, 14, 34]. An
industrial electrospinning machine (Spinbow srl, Bologna,
Italy) with a high-speed aluminum rotating drum collector
(length = 405 mm, diameter = 150 mm; peripheral speed = 19.6
m s7%; drum rotations = 2,500 rpm) was adopted. The following
electrospinning parameters were used: applied voltage of 22 kV;
feed rate of 0.5 mL h™! (syringe pump KD Scientific 200 series,
IL, United States); solution delivered by four metallic needles
(internal diameter = 0.51 mm); needle-collector distance settled
at 200 mm; excursion of the sliding spinneret supporting the
needles of 180 mm, with a continuous speed of 1500 mm min™;
electrospinning session of 2 h; room temperature; relative
humidity of 20-30%. After the end of each electrospinning
session, mats were cut into circumferential stripes of 45 mm,
rolled up, and removed from the drum, obtaining single
bundles (SB) of axially aligned nanofibers (Figure 1b,c). To
simulate the whole hierarchical morphology of T/L [31—
33] (Figure 1la), electrospun hierarchical composite scaffolds
(EHCS) (Figure 1d,e) were obtained by adapting a consolidated
procedure [20, 29]. A group of N = 8 SB per each EHCS was
collected and covered with an electrospun membrane mimicking
the epitenon/epiligament-one, using a second electrospinning
apparatus. Each assembly was mounted in a custom-made
machine in front of an aluminum flat-plate collector, capable of
rotating the bundle group during the electrospinning session.
For the production of the membrane, the group of bundles was
maintained in a static phase alternated by rotational sessions (5
sessions of 10 rpm for 30 sec every 20 min of stasis) (Figure 1d).
At the end of the process, to fix the collagen on the nanofibers,
SB and EHCS were cross-linked with a solution of EDC and NHS
0.02 M in 95% ethanol for 24 h followed by samples’ immersion for
30 min in PBS (pH = 7.4) and then, to remove the remaining salt
traces, washed for 2 h in distilled water, following a consolidated
protocol [14]. Previous studies demonstrated the ability of this
cross-linking protocol to maintain collagen within nanofibers,
both with and without cells [14, 18]. After cross-linking, SB
and EHCS were cut into segments of 20 mm for the following
characterizations.

23 | SEM

To investigate the SB and EHCS morphology, a Scanning Electron
Microscope (SEM) (Phenom Pro-X, PhenomWorld, Eindhoven,
Netherlands) was used. The scaffolds were sputtered with gold
and imaged at 10 kV. The mean and standard deviation (SD) of
the nanofiber diameters of both SB and EHCS membranes (mag-
nification = 8,000x) were obtained by measuring 100 nanofibers
with ImageJ [35]. The diameters of SB and EHCS were obtained
using an optical microscope (Axioskop, Zeiss, Pleasanton, CA,
United States) equipped with a camera (AxioCam MRc, Zeiss,
Pleasanton, CA, United States), and the mean and SD were com-
puted from 20 measurements. The orientation of the nanofibers
was quantified with the Directionality plugin of ImageJ [15, 36].
In brief, the Local Gradient Orientation method of Directionality
was used for both bundles and the EHCS membrane on four
pictures (magnification = 8,000x) along the axis of each scaffold.
The results were obtained as the mean + SD of the four images,
with 0° corresponding to an orientation of the nanofibers along
the axis.

2.4 | Micro-CT In Situ Test

SB (n = 4) and EHCS (n = 4) samples were both mechanically
tested and scanned inside a micro-CT apparatus. First, initial
length (L,, mm) and section (diameter d,, mm; area A, = ﬂdfz,
mm?) of the dry samples were measured using Image] on
specimen photos (Figure 2a). Their mass (w) was measured by a
microbalance. The initial volume fraction (f;) was calculated as:

_w
LyAg p

fo @

where blend density p was taken equal to 1.27 g/cm? from previous
measures [28].

Samples were then immersed in a two-minute saline bath before
being clamped in the micro-CT testing system (Skyscan 1172,
Bruker, Belgium). Each sample’s gauge length (L,,) corresponded
to the starting clamp-clamp distance (~ 10 mm for both SB and
EHCS, Figure 3) from a single micro-CT image at the minimum
load cell sensitivity (0.45 N, corresponding to 2% strain in SB and
0% strain in EHCS). The first micro-CT scan was acquired under
these conditions. Based on L, displacements were imposed to
reach defined ¢ strains (SB: 3%, 4%, 5%, 7%; EHCS: 1.5%, 3%, 5%,
7%); corresponding tensile forces (F, N) were read by the load cell
(max 200 N). These specific strain levels were chosen as relevant
in the force-strain curves from previous reference tests [28]. Each
strain step included a fifteen-minute stress-relaxation period
to stabilize the sample microstructure, followed by subsequent
micro-CT scanning [37].

Samples were scanned using a micro-CT protocol described in
[28]. Briefly, SB were scanned adopting a voltage of 40 kV and
a current of 75 A, on a 180° orbit with a rotation step of 0.8°,
for a voxel size of 13 ym and a scan duration of ~ 17 min. The
scanning protocol for EHCS was similar except for the voxel size,
which was 9 um, resulting in a better discrimination of bundles
and membranes. The image reconstruction was performed using
the SkyScanTM Nrecon software, with a level-5 ring artifact
correction applied.

The identification of the Volume of Interest (VOI) and the related
morphometric analysis were carried out with the SkyScan CT-
Analyser software. The VOI was of 6 mm in the vertical direction
(i.e., gauge length of 10 mm minus 2 mm from each steel clamp
to remove artifacts) (Figure 2b and Figure S1), and the sample’s
cross-section was included inside the VOI (Figure 2c). For the
EHCS, to separate membranes and bundles (Figure 2c and Figure
S2), a semi-automatic procedure was adopted (Figures S2 and
S3). Various parameters were obtained for each specimen at each
strain step:

1. Micro-CT porosity (Po, %), volumetric fraction (f, %), and
section (A’, mm?): after binarization, Po is the percentage
of measurable void space inside the VOI (3D analysis in
CT-Analyser, Figure 2c and Figure S2) and f* = 1-Po. Since
part of the voids cannot be measured, f* is significantly
higher than the actual volumetric fraction. It is assumed
that the percentage of unmeasured voids remains constant,
so the ratio k = f,/f, is defined for each specimen and
assumed constant at each strain test, where f;, is the volume
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FIGURE 1 | Structure of natural tissues and scaffolds’ fabrication. (a) Hierarchical structure of T/L; (b) electrospun SB fabrication; (c) typical SB

(scale bar = 5 mm); (d) EHCS production; (e) typical EHCS (scale bar = 5 mm).

fraction measured at Equation 1, and f,” is the volume
fraction obtained from Po at strain 0% (the first micro-
CT scan for EHCS, extrapolated from 2%-7% strain trend
for SB). A’ is the VOI cross-section area averaged on the
451 transversal sections along the VOI vertical length (2D
analysis in CT-Analyser, Figure 2c and Figure S2). In analogy
with volumetric fraction, y = A,/A’, is defined for each
specimen and assumed constant at each strain step.

2. Actual volumetric fraction (f), namely volumetric fraction
considering the unmeasured voids (Figure 3a-d):

f=k-f @

3. Actual section (A):

A=y A (3)
4. Apparent stress (MPa):
F
T4y = A_o (€))

5. Apparent net stress (MPa):

04, F

Oagfo = A Logp; (5)
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N O contours A

FIGURE 2 | Sample length, cross-section, and porosity measures. (a) Photography of SB and EHCS sample with schematic measure of diameter
(dg) and length (L), where L, was obtained by measuring on ImageJ sofware the sample centre-line (broken line in case of sample curvature, e.g. SB);
(b) micro-CT radiography of SB and EHCS sample highlighting the vertical (z) length of the volume of interest (VOI, out-of-green), and a cross-section
(x-y, red line); (c) gray-level (up) and binarized (down) micro-CT cross-section (x-y) of SB and EHCS sample highlighting VOI (out-of-green), relative
actual section area (A’, contoured in blue) and porosity (Po, ratio between voids in black, and voids + material in white).

¢ d
” v .
A
. N X

1mm —

FIGURE 3 | Sample porosity, tortuosity, and orientation. Frontal view cut of SB at 2% strain (a) and 7% strain (b), of EHCS at 0% strain (c) and 7%
strain (d), highlighting changes in porosity (arrows), bundle’s tortuosity (dotted lines) and orientation (full lines).

6. Actual stress (MPa): of the specimen was considered using Poisson’s ratio, v,
obtained from changes in SB and EHCS diameter and
o= F (6) length, measured from micro-CT images, for each sample
A and strain, and then averaged:
7. Net stress (MPa): 1+4¢—2ve
V=V0(1+(1—2v)£):»A=AO( )
o 1+¢
Afo T 5
0 Ve 2ve
=A, (1 -7 +E> > Oa,0 = a0/ <1 -1 +£> ©
8. Actual net stress (MPa):
Ouf = 24 ) (1-2v) (-2v)
7 V=V,(1+e) " 7 A=A4,1+¢)
. . _ = Gap = s,/ +6) 7 (10)
9. Estimated net stress (MPa): to predict cross-section area e270 070
change, the first- and second-order volume (V) change
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FIGURE 4 | SEM investigation of scaffolds: (a) overview of EHCS with its 8 SB inside (scale bar = 300 um; magnification = 250x); (b) detail of internal
SB and membrane (scale bar = 100 um; magnification = 680x); (c) SB preferentially axially aligned nanofibers (scale bar = 10 um; magnification = 8000x);
(d) randomly arranged nanofibers with a slightly circumferential orientation of EHCS membranes (scale bar = 10 um; magnification = 8000x); (e)
electrospun nanofibers’ diameter distribution; (f) orientation analysis of SB and EHCS membrane nanofibers.

10. Bundle orientation (6, °): bundle average angle with respect
to the loading axis, i.e., the angle between the loading axis
and the line connecting the top and bottom centroids of the
bundle (0° = parallel, details in [28]). It is a single value
for SB, whereas in EHCS it is the mean of the 8 bundles
(Figure 3c,d).

11. Bundle tortuosity (7): bundle length divided by the VOI ver-
tical length, where bundle length is automatically calculated
by the CT-Analyser software as the length of a rod equivalent
to the bundle in terms of volume and diameter. Briefly,
the software calculates the average diameter of an object
(i.e., bundle) and its volume, considers a rod with those
geometrical values, and derives its length; 7 is 1 when the
bundle is perfectly aligned with the loading axis and without
crimps (details in [28]). It is a single value for SB, whereas in
EHCS it is the mean of the 8 bundles (Figure 3c,d).

12. Stress-strain gradient: d(-)/de, where ¢ is the strain absolute
value and (+) is 04,, 04, f,» Ou» Oay, OF Oap, in MPa.

3 | Results
3.1 | Morphology of Scaffolds as Fabricated

Artificial single bundles (SB) and hierarchical composite struc-
tures (EHCS), fabricated by electrospinning, showed an initial (ex
situ) cross-sectional diameter of 0.6 + 0.1and 2.1 + 0.1 mm, weight
0f 2.0 + 0.3 and 29.0 + 4.4 mg, volumetric fraction f, of 0.30 + 0.05
and 0.33 = 0.05, respectively. The SEM investigation (Figure 4)

showed that nanofibers in bundles and membranes were contin-
uous and bead-free, with diameters of 230 + 60 nm for bundles
(Figure 4c,e) and 262 + 80 nm for membranes (Figure 4d,e). The
orientation analysis confirmed a preferential axial distribution
for bundles’ nanofibers and a circumferential orientation for
membranes, though with a more random distribution (Figure 4f).

3.2 | Micro-CT In Situ Test

The specific stress metric strongly affected computed stress
(Figure 5a-e) and resistance to deformation (Figure 5f-1), both
for SB and EHCS. The first- or second-order stress models
(Equations 9 and 10) accurately replicated both the average
and the specimen-specific net stress (Figure 6), considering
equivalent Poisson’s ratios of 0.3 for SB and of 1.2 for EHCS,
values close to those computed from micro-CT scans. It must
be noted that Poisson’s ratio is here referred to as “equivalent”
because it is based on the whole SB and EHCS structures, not the
single fibre. This also explains the high value obtained for EHCS:
its hierarchical structure is largely anisotropic and nonlinear;
under tension, when v > 0.5, the volume decreases as the tissue
is strained [38], as observed for EHCS but not for SB (Figure 3):
this behavior was largely the result of fibre rearrangement during
tension. Values of v > 0.5 have been measured for many collagen
fibrous materials [38], up to 4 in tendon fascicles [39], and in a
0.52-5.5 range for polymeric nanofibrous structures [40, 41].

In EHCS, bundles showed a strain-dependent arrangement,
which appeared exhausted in SB, as indicated by orientation and
tortuosity in Figure 7 (decreasing in EHCS, stable in SB).
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FIGURE 5 | Curves of stress—strain (a-e; mean + SD, n = 4 for each scaffold type) and of stress-strain gradients (g-m; mean) comparing the various
samples (SB vs. EHCS) for the various stress metrics (crAO, T ayfor OA» TAfy> O'Af); curves of stress—strain (mean + SD, n = 4 for each scaffold type)
comparing the various stress metrics for SB (f) and EHCS (n). The choice of stress metric changes the interpretation of scaffold stiffness by up to 300%
(see Table 1 and Figure S4).
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FIGURE 7 | Bundles morphology. Bundles’ tortuosity-strain (a,b) and orientation-strain (c) graphs (mean =+ SD, n = 4 for each scaffold type).

4 | Discussion

The overall results on the biomimicry of fabricated scaffolds
confirmed the previous analyses by some of the present authors
[28]. Specifically, electrospun bundles and hierarchical structures
displayed morphology and thickness of T/L as reported in the
literature [2, 31-33]. The SEM investigation showed nanofibers
of scaffolds’ bundles and membranes in the same order of
magnitude as T/L collagen fibrils [25]. Differences between
bundle and membrane nanofibers were similar to our previous
studies [20, 28]: the diameters were comparable, but there were
significant differences in orientation, with bundle nanofibers
showing a preferential axial distribution and membranes show-
ing a circumferential distribution. Even if the nanofibers in
bundles and membranes were identical in composition, the
different electrospinning strategies modified their orientation

and diameter distribution while remaining closely similar to their
biological counterparts. The stress-strain differences between SB
and EHCS thus depend on the membrane’s nanostructure, and
on the inter-bundle and membrane-bundle interaction in EHCS.

Regarding the scaffold stress-strain description, the material
volume fraction (f) had the greatest impact, with this effect
amplified by its dependence on the imposed strain, as measured
by micro-CT. This dependence with strain appears realistic: in
SB, the volume fraction slightly increased with strain because
of bundle transversal contraption due to traction (Figure 3); in
EHCS it decreased with strain because bundles-membrane spaces
increased (Figure 3). The effect of strain is clear also comparing
the differences between apparent net stress (o 4, 7, , obtained using
the initial, out of micro-CT section, and volumetric fraction) and
actual net stress (04, obtained considering the strain-dependence
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of A and f as measured in micro-CT). If o, is taken as the
most accurate metric, the firstimprovement toward reliable stress
evaluation comes from including the initial volume fraction (f;)
as defined in Equation (1). This metric does not require complex
procedures and facilities. A better estimate can be achieved
by also considering the change in cross-sectional area with
strain, which leads to net stress (o,,). Though this change was
evaluated through micro-CT scan in this study, a similar measure
could be performed through macro-photos or videos during a
standard mono-axial test, and repeating the area evaluation at
different strains using the same procedure shown in Figure 2a.
Otherwise, a simplification of the experimental procedure is
obtained by predicting the cross-sectional area change with strain
with the first- or second-order models (Equations 9 and 10). In
fact, the use of estimated metrics, o, 7, and oy, ,, does not
require photos or videos during the test, and the subsequent
image analyses. Models in Equations (9) and (10) are defined as
predictive, since they actually predict changes in cross-sectional
area with strain. However, a rough estimate for the Poisson’s
ratio of the structure to be analysed is required, since this is
also a parameter that depends on the structure’s mechanical
characteristics. It is worth noting that in this work, given the
small dimension of the population (n = 4), a full cross-validation
could not be performed, but the authors limited to verifying that
changing the Poisson’s ratio between average values obtained by
excluding a single sample at a time (thus computed on all groups
n = 3), still allows to predict the results in all samples, which was
the case for both SB and EHCS.

Differences between SB and EHCS stress-strain behavior were
observed. The gap was also affected by the different metrics, with
volume fraction still having the greatest impact, further widening
the difference between the two (Figure 5a-e). Regardless of
the stress metric, SB showed higher stress values than EHCS.
Generally, stress gradients were also higher for SB at each strain
level, though differences decreased at the highest strains with
exhausted uncrimping. Conversely, the gross shape of stress—
strain curves, including their first derivatives, was not strongly
affected by the chosen stress metric, both for SB and EHCS
(Figure 5). Whatever the metric, indeed, (i) at 2-3% strain, EHCS
still appeared in the toe-region, showing higher non-linearity also
because of the evolving geometry (Figure 7); (ii) non-linearity
near yielding occurred around 3% strain for SB and around 5% for
EHCS, though some EHCS samples reached higher values; (iii)
stress derivative at 7% strain for EHCS reached values comparable
to those in the toe-region (except for o,,;, where it is higher), while
for SB the same derivative is almost constant in the 5-7% strain
range and always lower than the linear region; (iv) both SB and
EHCS do not show failure until 7% strain.

Since SB and EHCS share the same material and nanofibers
geometry, differences can be ascribed to two factors, one at the
micro-geometry and the other at the nano-geometry: (i) in EHCS,
bundles showed a strain-dependent arrangement which appeared
exhausted for SB, as described by orientation and tortuosity
in Figure 7 (decreasing for EHCS, stable for SB); (ii) the bio-
inspired membrane enveloping the bundles of EHCS presents a
random arrangement of nanofibers, while they are preferentially
oriented along the loading axis in SB (Figure 4f), therefore the
membrane stress-shields the bundles but offers less resistance to
deformation. The membrane cross-sectional area was considered,

though its contribution to strain resistance is lower than that of
bundles. This also has an impact on elastic modulus (Figure 5g-m
and Table 1): its value at the end of the linear region (strain = 3%
for SB, 5% for EHCS) was computed using o, is 583 + 97 MPa
for SB and 163 + 107 MPa for EHCS on average. These values are
in the range of the elastic moduli of both human tendon fascicles
(e.g., lliopsoas tendon fascicles = 39.9-232.6 MPa; Achilles tendon
fascicles = 138.2-426.8 MPa) [42] and whole tendons/ligaments,
with similar cross-sections (e.g., anterior cruciate ligament = 65—
541 MPa, posterior cruciate ligament = 109-248 MPa, patellar
tendon = 143-660 MPa) reported in literature [2, 9, 43].

In addition, the load of fibers in EHCS is less uniform than in SB,
due to the higher tortuosity and the composite nature of EHCS:
while some fibers are just entering their linear region, others
are in their non-linear or yielding region, so the actual resisting
section is lower than the measured one. In a previous study [28],
Digital Volume Correlation (DVC) revealed an inhomogeneous
and biomimetic strain pattern of these scaffolds under similar
loading conditions. As for SB, their strain pattern suggested an
increase in nanofiber ruptures, sliding, contraction, yielding,
and waving with increasing strain. Because of the hierarchi-
cal structure, strain-related phenomena were more complex in
EHCS: sliding, contraction, and yielding of both nanofibers and
bundles; these latter also showed realignment and reduction in
tortuosity; membranes further showed sliding and tightening.
These observations explain the differences in Poisson’s ratio
between SB and EHCS. Moreover, when the Poisson’s ratiois
greater than 0.5 under tension, the volume decreases as the tissue
is strained [38], and it was the case for EHCS, while not for
SB, as revealed in this experimental campaign. Moreover, inside
EHCS, also the effect of cross-linking may contribute to the delay
in the reorganization and alignment of bundles to reach their
linear region. In fact, in EHCS, the cross-linking of collagen can
happen not only between the collagen molecules inside the single
nanofiber, but also between nanofibers of different bundles or
of bundles and membranes. This increases friction and delays
the alignment of nanofibers/bundles. Furthermore, similar full-
field and superficial strain patterns were also detected in previous
studies of DVC [44] and Digital Image Correlation (DIC) [45-50]
on natural tendons/ligaments. The full-field strain distribution
produced by scaffolds is one of the main responsible of an effective
stem cell differentiation in a tenogenic/ligamentogenic lineage
and a direct consequence of the scaffolds’ stiffness. In fact, cells
directly interact/attach with the scaffolds’ surface and inter-
nal volume, experiencing their deformations and consequently
producing tendon/ligament-specific ECM [51, 52].

This study presents some limitations. Firstly, the stress—strain
behavior of the scaffolds can be considered reliable mainly in
the elastic range, whereas yielding was strongly influenced by
the clamping method and may not have occurred within the
analyzed VOI (a critical aspect for fatigue testing in future studies
simulating in vivo conditions). However, the considerations on
the impact of net vs apparent stress and of strain-dependent
vs strain-independent physical quantities hold already at small
strain (Figure S3). Secondly, micro-CT measures were affected by
the low spatial resolution, in relation to the dimensional scale
of the scaffolds’ architecture: nanoscale, e.g., nano-porosity, was
lost, but also some micro-porosity due to partial volume effect
(PVE) and the voxel size adopted (i.e., a voxel was considered
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TABLE 1 | Stress-strain gradients (mean + SD, n = 4 for each scaffold type) in the linear region (¢ 3% for SB, 5% for EHCS) are assumed as elastic
moduli of the tested samples and are statistically compared between sample types for each stress calculation method (SB vs. EHCS, ranksum test; *
of different colours indicates significant difference between different pairs, p-value < 0.05) and between stress calculation methods for each sample
type (o4, VS. G, f, VS- 04 VS. O 45, VS. Op, Kruskal-Wallis test; couple of letters indicates significant difference between pairs—Small letters for SB,
capital letters for EHCS -, p-value < 0.05). Using the sample’s micro-CT measured section (A’) instead of the actual section (A) (i.e., using stress metrics

oar, O g, Oay) does not change the statistics.

d(o,,)/de d(o4,5,)/de  d(o,)/de d(oayp,)/de  d(oap)/de d(oy)/de doyys,)/de  d(oap)/de
SB 173 + 44 MPa 565 + 93 MPa 196 + 32 MPa 594 + 97 MPa 583 + 97 MPa 272 + 74 MPa 829 + 241 MPa 820 + 240 MPa
€3% ad ae * * * ad * ae* * ad* ae*

EHCS 39+26MPa 117+ 77MPa 47 +30MPa 138 + 86 MPa 163 +107 MPa 56 +42MPa 165+ 122 MPa 195+ 152 MPa

€5% AE* * * *

material when its signal was a combination of material and
void contributions). The contribution of PVE inaccuracy was
quantified at the pixel level, i.e., 13 pm for SB and 9 um for
EHCS. It was not mitigated, but it was taken into consideration.
That is: i) regarding porosity, pores with diameter under 13 um
in SB (sample diameter ~ 500 um) and 9 um in EHCS (sample
diameter ~ 2000 um) could not be revealed; for this reason, as
explained above, the micro-CT porosity measure was not used by
itself, but rather to update the porosity calculated through weight
measurement and density with strain; ii) regarding the Poisson’s
ratio v, which was derived from sample diameter and length
micro-CT measures, the PVE impacted on its quantification for
about 3% for SB and 0.5% for EHCS, respectively, far lower than
the v oscillations with strain and specimen (max coefficient of
variation 39% for SB and 88% for EHCS). Nevertheless, the use
of an average v has proven effective for estimating net stress,
demonstrating its practicality and robustness. A more accurate
quantification of PVE is a goal for future studies (e.g., by increas-
ing image acquisition spatial resolution or using deconvolution
filters in image reconstruction). For these reasons, micro-CT
porosity was used to update the material volume fraction with
evolving strain, but not to directly calculate it. In fact, while
the reference volume fraction—calculated from mass and density
before testing—was about 0.3, the micro-CT volume fraction at
the minimum applied load resulted in 0.8, which is unreliably
high. However, as previously noted, its trend with strain was
considered realistic. This does not change the fact that the loss
of nanoscale phenomena could affect the actual description of
stress: future work will focus on this point, e.g., by exploring
higher-resolution nano-CTs. Third, load-cell sensitivity does not
necessarily ensure an accurate initial no-strain starting point:
the initial state may have an inherent strain that is less accurate
compared to other measurements. This is why the initial section
(Ap), which was updated for strain dependency as evaluated by
micro-CT, was used as the actual section (A) rather than the
section measured by micro-CT (A°). Using A, as base parameter
has also a practical reason: in presence of a valid model estimating
section strain-dependency, as shown in this study, only loads
must be read from a traction test to obtain an estimate (o,,, , Or
Ta,,f,) Of reliable stress (04, ), close to the actual one (o4 (no
significant differences between the two metrics, e.g. see Table 1).
Moreover, the choice of A’instead of A, even if more accurate from
the “actual” point of view, did not seem to significantly change the
scenario (see Table 1). Finally, in future works the number of test
samples will be increased to further consolidate the results; stem
cell cultures on scaffolds, both in static and dynamic conditions,

will be carried out to verify the scaffolds’ capability to drive their
fate toward the tenogenic/ligamentogenic lineage.

The results of this study are both statistically and practically sig-
nificant, having a potential functional/biological impact. Pereira
et al. [53] also tested hybrid polymeric T/L scaffolds in tension
by considering their solid cross-section to calculate net stress.
However, no previous study explicitly accounted for the evolution
of the scaffold’s morphology to reveal the actual stress-strain
behavior. In the present study, statistical differences came out
from the comparison between the elastic response of the differ-
ent types of samples and between the different stress metrics
(Table 1). As previously discussed, EHCS showed a different
stress—strain behavior with respect to SB, being progressively
and nonuniformly stretched, resulting in extended non-linear
region at low (toe region) and high (yielding region) strain.
This has a functional impact: when implanted in substitution
or support of a T/L, EHCS resist deformation in a biomimetic
way. Moreover, there is a potential biological impact: thanks to
the membrane, cells experience lower substrate stiffness in EHCS
than in SB [14, 20]. The general importance of this factor on
cellular mechano-transduction is well known [54]. Specifically
for the tested scaffolds, in terms of stiffness, SB and EHCS
showed stress-strain gradients that were respectively close to
the first and second substrate groups reported in the study by
Islam et al. [55] (100 and 10 MPa stiffness, respectively), which
found that the higher substrate stiffness increased tenogenic
differentiation. In addition, only considering net material and
geometry dependence on strain, the stress calculation actually
differed from the standard apparent stress (Table 1). This has a
functional impact: the composite structures tested here show an
apparent stress distant from the native T/L mechanical response,
while the actual stress falls in the range of tissues with similar
dimensions, making the studied scaffolds quite promising [2, 22].
Moreover, there is a potential biological impact: o, provides a
measure of the actual substrate stiffness and geometry that cells
will face in vivo. Our measures indicate for EHCS a o stress—
strain gradient of 163 MPa (Table 1), close to the stiffest—and most
effective in terms of tenogenic differentiation—substrate studied
by Islam et al. [55].

In previous work on these scaffolds [28], the metrics were evolved
to the apparent net stress to better approximate the actual
material stress. However, the overall strain-dependency of the
stress metrics had not been accounted for, nor had their sensitivity
and impact, which were the objectives of this study. It has been
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highlighted here that strain effect has an important impact on
scaffold morphology, and thus on stress; quantitatively—though
not statistically significant because of the small sample size and of
variability in electrospun products—elastic modulus varied by a
maximum of 40% by considering actual net stress with respect to
apparent net stress (see EHCS, Table 1, Oapfy VS oAf). Moreover,
this work provides a practical solution for predicting actual
stress using a standard experimental setup and Poisson’s ratio.
Definitely, this work provides practical guidelines for scaffold
design that help better guide cell mechanoresponse. The use of
standard apparent stress, besides being common, is reliable for
describing the true mechanical behavior of non-porous scaffolds
at small strains. The use of strain-dependent net stress is more
accurate and reliable for characterizing porous scaffolds that
operate at finite strains and for predicting their substrate stiffness.
The models (Equations 9 and 10) are used to estimate net stress
without imaging, allowing the use of a standard testing setup for
porous scaffolds.

Specifically, the distinction between apparent and actual stress is
not a minor correction but a fundamental requirement for scaf-
fold design and mechanobiology. Conventional characterization,
based on apparent stress, can underestimate the true mechanical
environment. For example, EHCS exhibited an actual elastic
modulus of 163 MPa, a value within the range that has been shown
to promote tenogenic differentiation of mesenchymal stem cells
[55], whereas its apparent modulus was about 40 MPa. This
discrepancy is critical because mechanotransduction, the process
by which cells convert mechanical cues into biochemical signals,
is highly sensitive to substrate stiffness. By determining actual
stress (o), we reveal the stiffness that cells experience at the
nanofiber level, providing a more reliable predictor of cellular
fate. Therefore, morphology-aware stress metrics are essential for
structurally sound, biologically instructive scaffolds.

Based on our findings, we propose a framework to select stress
metrics according to accuracy and experimental complexity:
i) Apparent Stress (0,,): suitable for non-porous materials or
preliminary screening where only relative differences matter;
it is simple but underestimates true stress in porous scaffolds;
it) Actual Stress (o,y): the most accurate metric, accounting
for porosity and strain-dependent geometry; it is recommended
for mechanobiology studies and model validation but requires
advanced imaging such as In Situ micro-CT; iii) Estimated
Net Stress: for standard setups without imaging, we suggest
using predictive models (Equation 9-10) combined with initial
volume fraction (f,). This approach offers a practical compromise
between simplicity and accuracy, as confirmed by our results
(Figures 5 and 6).

5 | Conclusion

Accounting for strain-dependent morphology is essential to
accurately describe the mechanical behavior of micro- and
nanoporous scaffolds, including their stress-strain relationships.
This study demonstrated this using a micro-CT In Situ test
on novel hierarchical composite tendon/ligament scaffolds. An
approximation can be obtained using a model of the cross-
sectional area contraption to yield results similar to those from
standard monoaxial tests. As a final result, this study provides

a framework and predictive models to replace complex imaging
with simple tests, enabling broader adoption of morphology-
aware stress metrics in scaffold design.
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