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High Strength and High Toughness Electrospun
Multifibrillar Yarns with Highly Aligned Hierarchy Intended
as Anisotropic Extracellular Matrix
Xiaojian Liao,* Valérie Jérôme, Seema Agarwal, Ruth Freitag,* and Andreas Greiner

Electrospun nanofibers can be effectively used as a surrogate for extracellular
matrices (ECMs). However, in the context of cellular mechanobiology, their
mechanical performances can be enhanced by using nanofibrous materials
with a high level of structural organization. Herein, this work develops
multifibrillar yarns with superior mechanical performance based on
biocompatible polyacrylonitrile (PAN) as surrogate ECM. Nearly perfect
aligned nanofibers along with the axis of the multifibrillar yarn are prepared.
These highly aligned yarns exhibit high strength, high toughness, good stress
relaxation behavior, and are robust enough for technical or medical
applications. Further, this work analyzes the influence of the highly
aligned-hierarchical topological structure of the material on cell proliferation
and cell orientation using cells derived from epithelial and connective tissues.
Compared to nonoriented electrospun multifibrillar yarns and flat films, the
well-ordered topology in the electrospun PAN multifibrillar yarns triggers an
improved proliferation of fibroblasts and epithelial cells. Fibroblasts acquire
an elongated morphology analogous to their behavior in the natural ECM.
Hence, this heterogeneous multifibrillar material can be used to restore or
reproduce the ECM for tissue engineering applications, notably in the skeletal
muscle and tendon.

1. Introduction

Fabricating a functional material that closely mimics the nat-
ural extracellular matrix (ECM) is a typical tissue-engineering
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approach because it allows cell orga-
nization into a physiologically relevant
architecture.[1] Attachment, proliferation,
and function of anchorage-dependent cells
greatly depend on the physical properties
of the underlying substratum.[2] Cells tend
to adhere to structures that minimize the
distortion of their cytoskeleton.[3] Benefit-
ing from the aligned hierarchical structure
in their natural ECMs, skeletal muscle
and tendon tissues are strong enough to
bear or transfer external forces and store
or release energy.[4] For tissue engineering
of these tissues, besides the material’s
biocompatibility, its mechanical flexibility
and robustness are critical properties deter-
mining its suitability as an artificial ECM.[5]

Advanced materials with good mechanical
performance are still needed for such
ECM surrogates. Whereas high-strength
materials have a high resistance to defor-
mation, high toughness (damage-tolerant)
materials absorb a lot of energy and de-
form without breaking.[6] Combining
high strength and high toughness in an

innovative artificial ECM would be a cutting-edge approach to ob-
tain scaffolds with superior mechanical properties for tissue en-
gineering. However, high strength and high toughness, on the
other hand, are usually mutually exclusive in most materials.

Electrospun nanofibers have attracted attention as excellent
candidate materials for artificial ECM due to their small diam-
eters, which are in the same order of magnitude as the nat-
ural fibers in the ECM (e.g., collagen).[7] Notably, single elec-
trospun polymer nanofibers exhibit a perfect combination of
high strength and high toughness.[8] These single nanofibers,
however, are not robust enough for technical or medical ap-
plications. Consequently, electrospun nanofibers are usually as-
sembled into fibrous structures with various shapes, ranging
from fibrous yarns[9] and fibrous membranes[10] to fibrous
sponges.[11] Yet, due to the intrinsic chaotic structure of electro-
spun fibers, the mechanical performance of these assemblies is
rather weak. Various approaches, including collecting fibers by
a high-speed collector,[12] controlling the fiber deposition by ad-
justing the electrical field,[13] or mechanically aligning the fibers
by stretching,[14] have been used to improve the alignment of
fiber. Though the aligned structure in the fibrous membranes
or yarns could increase the strength of the corresponding ma-
terials, achieving the required combination of high toughness
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and high strength is still challenging.[14,15] Recently, our group
proposed a method for the fabrication of high strength (1236
± 40 MPa) and high toughness (137 ± 21 J g−1) multifibrillar
yarns through a combination of thousands of highly aligned poly-
acrylonitrile (PAN) fibrils and interfibrillar reactions between the
PAN and a small amount of poly(ethylene glycol) bisazide (PEG-
BA).[6] These yarns exhibit good fatigue resistance even after 5000
loading and unloading cycles at a maximum tensile strength of
400 MPa, as shown by a negligible change in the final tensile
strength (≈5.3%) and plastic deformation (≈4.2%). Due to their
excellent mechanical properties, these materials are expected to
be well-suited for developing biomaterials for which mechanical
stimulation, i.e., the “driving force” of cellular mechanobiology,
is essential.

The compatibility of PAN for applications in cell culture has
been first recognized in the mid 70’s.[16] PAN homopolymer is
nontoxic and is highly effective for the attachment and culti-
vation of various cell types (e.g., human HepG2 hepatoma).[16]

Pure PAN homopolymer membranes (i.e., films) provide ex-
cellent conditions for human skin fibroblast attachment and
spreading.[17] Electrospun PAN, e.g., in form of nonwovens, was
reported as a suitable material to support the cultivation and dif-
ferentiation of stem cells.[18] Recently, PAN has been reported as
a promising material for biomedical applications, showing no in-
flammatory response and de novo cell colonization after subcu-
taneous implantation in mice.[19]

In this contribution, we investigate the suitability of high
strength and high toughness PAN multifibrillar yarns to sup-
port cell attachment and proliferation in vitro. Various hierar-
chical topologies containing different amounts of PEG-BA, used
as an interconnecting molecule, were produced. Specifically, we
compared nonaligned (i.e., unstretched) and aligned yarns with
films prepared with the corresponding polymer. Surface wetta-
bility and mechanical properties of the produced materials were
analyzed by contact angle measurements and tensile test, respec-
tively. The biocompatibility of the materials was estimated by a
standardized (ISO-10993) MTT assay. The spreading and prolif-
eration capability of fibroblasts and epithelial cells on PAN/PEG-
BA-based materials were investigated qualitatively and quantita-
tively by cell staining and AlarmarBlue assay, respectively. Finally,
electron microscopy analysis was performed to provide a closer
look at the cell-material interaction.

2. Results and Discussion

2.1. Electrospun Multifibrillar Yarns

Continuous as-spun multifibrillar yarns with a diameter of about
130 μm were fabricated by electrospinning. Such yarns consist of
approximately 3000 unaligned (with an alignment factor of about
46.0%) individual nanofibers with a diameter of about 1.2 μm, as
shown in Figure 1a. The subsequent stretching and annealing
processes lead to a high-level alignment of the nanofibers, repre-
sented by the high alignment factor of about 99.4% at a stretch
ratio of 8 (SR8) and a threefold reduction of the nanofiber di-
ameter (400 nm) (Figure 1b). To obtain high strength and high
toughness yarns, a small amount of PEG-BA oligomer was added
to the yarns. PEG-BA works as a flexible interconnector to cova-
lently bind the nanofibers by cycloaddition reaction between the

azide groups of PEG-BA and the acrylonitrile ones of PAN. The
as-spun (unstretched) and annealed (at 130 °C for 4 h) yarns with-
out PEG-BA are designated as EAY and the as-spun yarns pro-
cessed with PEG-BA, and annealed (at 130 °C for 4 h) are abbre-
viated as i-EAY. While, the electrospun, stretched (SR8), and an-
nealed yarns without PEG-BA are designated as EASY-X and the
yarns processed with PEG-BA, stretched (SR8), and annealed at
130 °C for 4 h are abbreviated as i-EASY-X, where X corresponds
to the wt% of PEG-BA. Table S1 (Supporting Information) shows
the details abbreviation information of samples. As reported in
our previous work,[6] a strength of 72 ± 3.0 MPa was measured
for EAY. The combination of stretching (i.e., introduction of high
fibril orientation) and annealing with 4 wt% PEG-BA as an inter-
linking molecule resulted in both high strength (about 1200 MPa)
and high toughness (about 137 J g−1). The obtained combination
of high strength and high toughness in our materials is similar
to the properties of drag-line spider silk. Though our yarns fea-
ture a lower strength than the Kevlar fibers, carbon fibers, and
CNTs fibers, the toughness is higher, which means our mate-
rials can absorb more energy before rupturing. Meanwhile, the
toughness of our materials is higher than any other man-made
yarns, while their strength is comparable.[6] Though single poly-
mer nanofibers could yield very high strength and toughness,[8]

handling a single nanofiber with nanometers diameter has pre-
vented many glorious nanofibers, confirmed in research labora-
tories, from finding real-world applications in viable and robust
forms. Combining thousands of highly aligned nanofibrils per-
fectly overcomes the problems of single nanofibers. Thus, these
robust yarns can be widely used in practical applications.

To further investigate the mechanical properties of i-EASY-
4 yarns, a stress-relaxation test at a given strain for 2 h was
performed, as shown in Figure 1c,d. The i­EASY-4 was tensile-
extended until the yield strength, i.e., near 400 MPa was achieved.
Then, the stress relaxation kinetic was recorded by keeping this
constant strain for 2 h during which the tensile stress steadily
decreased to about 190 MPa. A steep stress relaxation from 400
to 300 MPa occurred within the first 0.3 min of the kinetic (Fig-
ure 1c,d), followed by a relaxative stress decrease over the remain-
ing analysis time (119.7 min). According to a common assump-
tion in material sciences, a material can return to its prior state
when the stress is removed as long as the applied force is be-
low the yield strength. However, when the applied force exceeds
the yield strength, the material deformation becomes to a certain
extent permanent and irreversible. Such behavior is called plas-
tic deformation. Because of this yarn’s yield strength of about
400 MPa,[6] this long-time holding hardly induces defects in the
materials. Thus, after this stress–relaxation test, the yarns can
still keep high strength (1320 MPa). It also attests to material ro-
bustness. Yarns produced here exhibit a hierarchical structure.
Highly aligned nanofibers, composed of densely aligned PAN
molecules along with the axis of yarns, are assembled into mul-
tifibrillar yarns, which are then assembled in parallel into bulk
multiyarn bundles (Figure 1e). To some extent, these structures
closely mimic the skeletal muscle or tendon hierarchy (Figure
S1, Supporting Information). Moreover, the surface roughness
of these yarns is in the nanosize range. As recently reviewed,
nanoroughness is considered to mirror natural ECM morphol-
ogy and has a positive effect on cell attachment and proliferation
might.[20]
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Figure 1. Microstructure and mechanical properties of electrospun multifibrillar yarns. a,b) Scanning electron microscopy (SEM) images of EAY-4 (a)
and i-EASY-4 (b). c) Stress–relaxation test curve of i-EASY-4. When the applied stress of 400 MPa is reached, the i­EASY-­4 is held constant strain for 2 h.
A tensile test of i-EASY-4 was recorded immediately after the stress–relaxation test. d) Detail of the stress–relaxation test curve during the first 5 min
(pink dot line area). e) Schematic representation of the hierarchical structure of yarn bundle, single multifibrillar yarn (diameter of unstretched yarn at
130 μm, and stretched yarn at 40 μm), single nanofiber (diameter of 400 nm) and PAN molecule.

The surface wettability of materials has a massive implication
on cell attachment and growth. It has been reported that optimal
hydrophilicity is required for supporting efficient cell adhesion
and proliferation.[21] The influence of PEG-BA incorporation and
material topology (film versus yarn) on the hydrophilicity of the
materials was assessed by static water contact angles (WCA) mea-
surements (Figures S2 and S3, Supporting Information). In the
film state, PAN is a hydrophilic polymer with a WCA value of (61
± 2.7)°. The incorporation of 4 wt% PEG-BA in the films led to a
slight decrease of the WCA (58 ± 2.7)°, which is not statistically
significant (p = 0.110) (Figure S2, Supporting Information). Due
to the small diameter of the yarns (diameter: ≈40 μm), the assess-
ment of the WCA for a single yarn was technically challenging.
Thus, for testing, we aligned the individual yarns into yarn bun-
dles as shown in Figure S3 (Supporting Information). During the
test, we observed water permeation into the bundles. The porous
inner structure of the yarn bundle, as well as the hydrophilicity

of the PAN polymer, conceivably contribute to this phenomenon.
The kinetics of the wetting process was recorded. Independently
of the nanofibers’ orientation (stretched versus unstretched) or
the presence of interconnector molecules, all yarn bundles are
visibly wettable within less than 5 s. We found that the wetting
time for the EASY material (pure PAN with aligned fibrous struc-
ture) was longer (about 4.46 s) than for EAY with a nonoriented
structure (about 0.7 s) (Figure S3a,b, Supporting Information).
This suggests that the nonoriented structure with bigger pores in
the unstretched yarns facilitates water permeation compared to
the highly aligned and dense topological structure of the EASY
yarns. Moreover, the addition of PEG-BA improved yarn wetta-
bility, as shown by a shorter wetting time for both unstretched
(i-EAY-4, Figure S3c, Supporting Information) and aligned (i-
EASY-4, Figure S3d, Supporting Information) materials com-
pared to the respective without PEG-BA ones (Figure S3a,b, Sup-
porting Information).
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Figure 2. Cytotoxicity analysis of EAY and i-EAY-4 materials by MTT assay. L929 cells were exposed for 24 h to the culture medium (negative control),
material (direct MTT), or extracts prepared from materials (indirect MTT), and Triton-X100 was used as the positive control (Pos. cont.). a) Direct contact
method with various amounts of i-EAY-4 yarns. b) Indirect MTT assay with 0 to 100% extracts prepared with EAY and i-EAY-4 yarns. Data represent mean
± SD (PAN n = 1 with two technical replicates; i-EAY-4, n = 2 biological replicates). Statistical significance within a group is indicated by **p < 0.001 and
*p < 0.05. Statistical significance between “15.9 mg” and “21.8 mg” i-EAY-4 treatment is p = 0.038.

2.2. Cytotoxicity of EAY and i-EAY-4 Yarns on L929

PAN has previously been used in various cell culture applications
and generally displayed good cell compatibility.[22] Owing to its
hydrophilic and biocompatible properties, PEG has been widely
used as an additive for the manufacturing of biodegradable (elec-
trospun) scaffolds.[23] However, to the best of our knowledge, the
biocompatibility of PAN/PEG-BA-based materials is not known.

Therefore, we first assessed the cytotoxicity of the EAY and i-
EAY-4 yarns by direct MTT assay using the murine fibroblasts
cell line L929 as recommended by the ISO guidelines (ISO 10993-
5).[24] This cell line has been reported to be more sensitive than
primary fibroblasts (e.g., human pulpal fibroblasts) to the toxic-
ity of specific test agents (e.g., zinc oxide-eugenol).[25] L929 cells
were seeded into wells of a 6-well plate and cultivated with 1.5 to
22 mg i-EAY-4 bundles per well for 24 h. We restricted our test-
ing to unstretched yarns because the stretching process induces
only a physical change of material (i.e., reorientation of the fibers)
and hence should not influence its biocompatibility. The viability
of nontreated cells (negative control) was set to 100% and com-
pared to the cell survival after exposition to 0.3% Triton X-100
(positive control) and to test samples. The results are presented
in Figure 2a. As per ISO guidelines, any treatment that reduced
cell viability below 70% of the negative controls should be con-
sidered to have cytotoxic potential. In cultures exposed to Triton-
X100, the viability was always <5%, confirming the responsiv-
ity of the cells to a known toxic agent and, hence validating the
approach.

Based on the direct MTT assay results, the viability of the L929
cells was ≥80% for ≤16 mg i-EAY-4 material per well, corre-
sponding to a polymer concentration of 8 mg mL−1. The trend
toward reduced cell viability after incubation with 16 mg ma-
terial per well was not statistically significant. These results re-
veal good biocompatibility of the material and demonstrate that
the introduction of the interconnector PEG-BA into the yarns
does not interfere with the previously reported biocompatibility
of PAN.[22] Increasing the material amount further (i.e., 22 mg
polymer per well, 11 mg mL−1) induces a statistically significant
decrease of the cell viability to 40%, indicating some noxious ef-

fects of the i­EAY-­4 yarns on the cells. Diffusion hindrance for
nutrients/oxygen/metabolites due to large pieces of the material
above the cells (i.e., a mass effect) could be responsible for this
drop in viability. Moreover, the release of chemicals (i.e., leach-
ables) remaining from the production steps could also negatively
influence cell viability.

To clarify this point, we assessed the cytotoxicity of the yarns
by indirect MTT assay as recommended by the ISO guidelines
(ISO 10993-12).[26] Here, L929 cells were only exposed to “ex-
tracts” of the material to estimate the toxicity of putative leach-
ing agents. Extracts were prepared with EAY and i­EAY­-4 yarns
incubated in a growth medium, choosing the extraction ratio
(100 mg mL−1) recommended for irregularly shaped porous ma-
terials (low-density materials). Growth medium submitted to a
mock extraction (0% extract) was also prepared to assess the in-
fluence of the treatment on the growth medium quality. Cells
were incubated for 24 h with growth medium containing 0% to
100% extract. To determine the 100% viability, cells were also cul-
tivated in a fresh growth medium under otherwise similar con-
ditions. As shown in Figure 2b, there is only a statistically sig-
nificant (p ≤ 0.05) decrease in cell viability for 80% and 100% ex-
tracts prepared from the i­EAY­-4 material. A trend toward higher
toxicity of extracts prepared with the EAY material was detected,
indicating that the number of leachables released from the EAY
sample was higher than for PEG-BA-containing ones. Altogether
these results suggest that a nonnegligible amount of leachables
were released in the medium, inducing cytotoxicity. During the
nanofibers production, acetone (boiling point: 56 °C) and in par-
ticular N,N´-dimethylformamide (DMF; boiling point: 153 °C)
might not fully evaporate during the electrospinning, stretching,
and annealing phase performed at 130 °C. Considering that no
toxicity was detected at 10% to 20% extract prepared with 100 mg
mL−1 material, one can assume that the noxiousness witnessed
in the direct MTT for about 11 mg mL−1 i-EAY-4 material (Fig-
ure 2a) was related to the experimental setting discussed above
(i.e., disturbance of the cells’ supply) and not to the release of
leachables. Overall both cytotoxicity analyses indicate that the
prepared materials/yarns are biocompatible and in consequence
can be used for cell seeding tests.
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Figure 3. Microstructures of representative electrospun multifibrillar yarns and films (all processed with 4 wt% PEG-BA) after 8 days of cultivation
with L929 cells. Cells inoculation density: 2.6 × 104 cells cm−2. MTT staining of i-EAY-4 yarns (a), i-EASY-4 yarns (d), and film (g). Inserts (a,d,g) are
representative of the full samples. Scanning electron microscopy (SEM) analysis at low (b,e,h) and high (c,f,i) magnifications of i-EAY-4 yarns (b,c),
i-EASY-4 yarns (e,f), and film (h,i), respectively. Artificial colors were applied to ease visualization (pink: cells; green: fibers). The original SEM pictures
are given in Figure S4, Supporting Information). The arrow indicates some wrapping of the cells around the fibers.

2.3. Influence of Material Topology and the PEG-BA Content on
Fibroblasts Attachment

Cell attachment and proliferation on a given polymer surface are
essential factors that directly influence the suitability of the ma-
terial for TE applications.[27] As shown above, some remaining
leachables from the production process are still present in the
yarn bundles and need to be washed away before using these
bundles as scaffolds for cell cultivation to avoid experimental bias
due to charge variation. Therefore, the yarn bundles were always
preincubated in a growth medium containing 10 vol% fetal calf
serum at 37 °C for 16–24 h before seeding the cells. Incidentally,
besides washing away most of the leachables remaining from the
production step, it is expected that this treatment concomitantly
allows for serum proteins deposition on materials’ surfaces. It is
widely accepted that specific proteins in serum promote cell ad-
hesion (e.g., fibronectin). Protein adsorption thus improves the
polymer surface’s suitability for cell attachment.[28] In the past,
we have successfully used such a prewetting step to increase the
wettability of poly(MA-co-MMA-co-MABP) and PLA/PCL-based
scaffolds.[29] As shown above by WCA measurements, the hy-

drophobicity of the materials was not a concern in the case of
the PAN-based yarns. Nevertheless, the preincubation step in the
growth medium was expected to further facilitate cell attachment.
To investigate cell attachment/proliferation on the electrospun
orientated and nonoriented fibers, fibroblasts L929 cells were
seeded on i-EASY-4 and i-EAY-4 yarns and cultivated for 8 days,
respectively. Thereafter, the samples were stained with MTT to
macroscopically assess the cell spreading and further analyzed
by scanning electron microscopy (SEM) for a more detailed in-
vestigation of the cells/material interaction (Figure 3). Films (i.e.,
regular smooth surface) produced from the same material were
also used to evaluate the influence of the material topology (i.e.,
smooth versus fibrous structure) on cell behavior.

The qualitative analysis of the cell distribution on the yarn bun-
dles (MTT staining) revealed that L929 cells tend to spread ho-
mogeneously on the surface of the yarns and films (Figure 3a,d).
However, aligned i-EASY-4 yarns and films offer a more favor-
able environment than the corresponding i-EAY-4 (i.e., nonori-
ented) one for cell attachment and proliferation (Figure 3a,d,g).
Of note, after MTT staining the cells tended to detach from the
films but not from the yarns, indicating differences in interaction
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Figure 4. Cultivation of L929 cells on electrospun multifibrillar yarns. Cell proliferation after cultivation on multifibrillar yarns containing 0–5 wt% PEG-
BA. Cells inoculation density: 6 × 105 cells per well. Cell proliferation was measured on the given days with AlamarBlue. a) Cell proliferation measured
with AlamarBlue on day 8. Presented data issued from independent experimental replicates. b) Kinetic of cell proliferation on multifibrillar yarns with
different weight percent of PEG-BA. EAY-X/i-EAY-X yarns (unstretched, empty symbols); EASY-X/i-EASY-X yarns (stretched, solid symbols). Presented
data issued from two independent experimental replicates (n = 2). Identical symbols were used in both panels.

strength between cells and materials. A subsequent SEM analy-
sis of the samples reveals major differences in the morphology
of the cells grown on various materials. Whereas the cells tend
to be round-shaped in the context of i-EAY-4 (Figure 3b,c), they
display a flattened morphology (Figure 3h,i) with an elongated
triangular morphology characteristic for fibroblasts (Figure 3h)
when grown on films. After cultivation on aligned fibers (i-EASY-
4) (Figure 3e,f), cells display also a flattened morphology. Of note,
in the case of unstretched yarns, the cells tended to enclose the
fibers (Figure 3b,c).

In a subsequent experiment, we investigated the influence of
the amount of PEG-BA (0, 3, and 5 wt%) on the cell morphology
by SEM analysis (Figures S5 and S6, Supporting Information).
The results confirmed the observations made with i-EAY-4 and
i-EASY-4. Independently of the amount of PEG-BA in the yarns,
the cell attachment was improved on stretched materials. Hence,
the amount of interconnector molecules during the yarn pro-
cessing has little influence on the cell adhesion property of the
material. Interestingly, the SEM images suggest that the cells
aligned along the aligned fibers. Such behavior is known as con-
tact guidance[30] Altogether, these results allow hypothesizing
that for the unstretched material, the spacing of the fibers is in
most cases not suitable to accommodate a proper binding of the
cells (i.e., the distance between anchoring points is not adequate).
For the stretched material, the distance between the fibers is nar-
row and hence exhibits a rough surface which has been described
in the past to be most suitable for cell attachment.[20]

2.4. Influence of PEG-BA Content on L929 Cells Proliferation

Next, we investigated to which extent the amount of PEG-BA
could influence cell proliferation. Using an experimental setting
analogous to the one used in Figure 3, we quantified the cell pro-
liferation after 8 days of cultivation on nonstretched and stretched
yarns prepared with 0% to 5% PEG-BA. The cell proliferation was
quantified using the AlamarBlue assay.[31] The data presented in
Figure 4a proved the suitability of the stretched yarns to support
L929 cell proliferation and incidentally confirm that the stretch-

ing process does not change the biocompatibility of the materials.
The variation among the biological replicates could, to some ex-
tent, be associated with a nonhomogeneous binding of the cells
to the materials during the seeding phase. Further, there is a
trend toward an improved proliferation on yarns processed with
PEG-BA amounts>3 wt%. These results are in line with previous
studies showing that modulation of cell adhesion on electrospun
fibers, such as polyamide and PCL, can be achieved by blending
in various amounts of PEG.[21b,25a]

Taking the advantage that AlarmarBlue is a nondestructive,
nontoxic, and repetitive method,[31] we subsequently analyzed
the growth kinetic of L929 cells on specific multifibrils bundles
containing 0% to 5 wt% PEG-BA over 8 days of cultivation (Fig-
ure 4b). The results confirmed that L929 cells proliferate better
on the stretched yarns. If at all, unstretched yarns only support
low cell proliferation over the analyzed cultivation time. Major
proliferation differences between the i-EASY and EAY materi-
als become discernable after 6 days of cultivation. Hence, the
development of cell proliferation on i-EASY displays a biphasic
growth behavior, indicating that the cells need to first adapt to
the material surface. In comparison, cells seeded at the same
density and cultivated in parallel under standard conditions in
tissue culture plates displayed a monophasic growth (Figure S7,
Supporting Information). The biphasic proliferation behavior is
observed independently of the amount of PEG-BA incorporated
in the yarns. As observed in the former experiment (Figure 4a),
cell proliferation on yarns containing 4–5 wt% PEG-BA is gener-
ally higher than for EAYs yarns or yarns containing less PEG-BA.
As previously published, pure PAN nanofibers do not promote
cell adhesion, while PAN blending with additives (e.g., gelatin)
improves cell attachment.[32] Moreover, it is usually accepted that
incorporating PEG improves the biocompatibility of materials for
tissue engineering.[33] Our data demonstrate that oriented fibers
provide a good surface supporting fibroblasts’ proliferation (i.e.,
L929 cells), particularly after modification with PEG-BA. In vivo,
fibroblasts are present in connective tissues,[34] where they bind
to the proteinous fibers (e.g., collagen) of the ECM. Here, the
highly aligned i-EASY-X materials supposedly mimic this in vivo
environment.

Macromol. Biosci. 2022, 22, 2200291 2200291 (6 of 12) © 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 5. Microstructures of representative electrospun multifibrillar yarns and films (4 wt% PEG-BA) after 8 days of cultivation with HuH7 cells. Cells
inoculation density: 2.6 × 104 cells cm−2. MTT staining of i-EAY-4 yarns (a), i-EASY-4 yarns (d), and film (g). Inserts (a,d,g) are representative of the
full samples. Scanning electron microscopy (SEM) analysis at low (b,e,h) and high (c,f,i) magnifications of i-EAY-4 yarns (b,c), i-EASY-4 yarns (e,f), and
film (h,i). Artificial colors were applied to ease visualization (pink: cells; green: fibers). The original SEM pictures are given in Figure S8 (Supporting
Information). The arrow indicates some wrapping of the cells around the fibers.

2.5. Influence of Material Topology on Epithelial Cells Attachment

To assess if the improved proliferation of the L929 cells on the
aligned yarns was related to their fibroblast phenotype, we ex-
tended our study to epithelial cells. These cells form epithelial tis-
sues, which display in vivo ordered structures with tightly packed
polarized cells (i.e., cell– junction, apical, and basal poles) embed-
ded in very little ECM and bound to a basement membrane via
the basal pole of the cells.[35] HuH7 cells (hepatoma cells, i.e.,
liver epithelial cancer cells) were cultivated on i-EAY-4 yarns, and
i-EASY-4 (Figure 5). Film (i.e., regular surface) produced from
the same materials was again used to evaluate the influence of the
material topology on cell behavior. To allow for comparison with
the results obtained for L929 cells (Figure 3), the HuH7 seeding
cell density was also set at 2.6 × 104 cells cm−2. After 8 days of cul-
tivation, the distribution of HuH7 cells was first estimated qual-
itatively by staining the samples with MTT dye (Figure 5a,d,g).

HuH7 cells did grow on all investigated materials, although
it should be mentioned that after MTT staining the cells again
tended to detach from the films but not from the yarns. This in-

dicates that, as for the fibroblasts, the strength of cell adhesion
to the materials was higher for the yarns than for the films. This
might be ascribed to the roughness of the yarn’s surface. The
topographic reaction (i.e., reaction to the surface landscape) of
cells to micrometer-range features has been well established for
decades.[36] As observed before for the fibroblasts, the spreading
of epithelial cells on i-EASY-4 was better than on i-EAY-4. Hence,
the aligned surface topology also favors the adhesion of epithe-
lial cells. Remarkably, epithelial cells tended to grow in clusters.
SEM analysis of unstretched i-EAY-4 yarns and films revealed no
major differences between the two cell lines/types. HuH7 cells
also tend to encase the fibers when grown on unstretched ma-
terial (Figure 5b,c). On films, the cells were flattened, indicat-
ing a large adhesion surface to the material (Figure 5h,i). On
both types of yarn, HuH7 cells tended to be round-shaped (Fig-
ure 5e,f) and did not align along with the fibers when grown on
stretched yarns. In this context, the contact area between the cells
and stretched material was twofold lower for the HuH7 cells than
for the L929 ones. Such differences in behavior might be related
to the respective structure of the natural ECM for both cell types.

Macromol. Biosci. 2022, 22, 2200291 2200291 (7 of 12) © 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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In vivo, fibroblasts are located in connective tissues and hence
in contact with a meshwork of collagen fibers.[37] Epithelial cells
are connected to anchoring filaments (i.e., thread-like structures
made of a high amount of laminins and dystroglycan) traversing
the upper part of the basement membrane, the so-called lamina
lucida.[38] Hence, whereas fibroblasts are used to adhere to ori-
ented fibers in some tissues (e.g., tendon), epithelial cells do not.
Yet, our results suggest that the intrinsic topology of the material
and not its chemistry is accountable for reproducing a natural
ECM environment, which is recognized by the cells according to
their phenotype.

2.6. Proliferation of Fibroblasts versus Epithelial Cells on i-EAY-4
and i­EASY-4 Multifibrillar Yarns and Films

Finally, we performed a side-by-side quantitative estimation of
L929 and HuH7 cell proliferation on identical batches of PAN/4
wt% PEG-BA materials. For comparison, we analyzed the pro-
liferation of both cell lines in standard tissue culture plates (i.e.,
surface-treated polystyrene, PStreated). This was an important con-
trol to disclose putative differences that might only be due to
variation in the proliferation rate of the cells. As published else-
where, L929 cells have a cell population doubling time (td) of 28
h.[39] HuH7 cells have a td of 36 h as measured by our group.[29b]

The quantitative analysis of cell proliferation is presented in
Figure 6.

After 3 days of cultivation under standard conditions in a 24-
well tissue culture surface-treated polystyrene plate, an average of
5.9 × 105 and 1.5 × 105 cells were recorded for L929 and HuH7
cells, respectively. This result shows that the overall proliferation
of the fibroblasts is about fourfold higher than for the epithelial
cells. This can be ascribed to the lower td of the L929 cells, i.e., a
faster proliferation rate. For both cell lines, the proliferation on
films (MeanL929: 1.8 × 105 cells, MeanHuH7: 0.2 × 105 cells) was ≥

2.4-fold lower than on the PStreated surface. As mentioned above,
the cell adhesion on films was generally weak, yet higher for the
fibroblasts compared to the epithelial cells. This may have led to
some experimental bias due to an uncontrollable cell loss dur-
ing cell handling (e.g., medium change). Still, these results show
that the PAN/4 wt% PEG-BA film is less suitable than the PStreated
surface (i.e., tissue culture plates) for L929 and HuH7 cultiva-
tion. However, the proliferation difference on films between the
two cell lines was higher (i.e., ninefold) than in the case of the
PStreated culture plates, suggesting that the PAN/4 wt% PEG-BA
material is more suitable for fibroblasts than for epithelial cells.
We can hypothesize that fibroblasts can bind better to the PAN/4
wt% PEG-BA material resulting in a reduced cell loss during
handling.

For a given cell line, the proliferation on yarns is tendentially
better than on films but not as good as on the PStreated culture
plates in most cases. The proliferation of L929 cells on i-EASY-
4 is improved compared to unstretched material (i-EAY-4) but
was still below the values obtained with the PStreated surface.
Whereas proliferation of HuH7 cells on i-EASY-4 and 24-well
plate was similar (no statistical difference, p = 0.115), their pro-
liferation on films was similar to the unstretched yarns (no sta-
tistical difference, p = 0.425). On i-EAY-4 (non-oriented fibers),
L929 cells grow better than HuH7 ones (MeanL929: 2.5 × 105 cells,

Figure 6. Cultivation of L929 and HuH7 cells on 24-well plate, films, and
yarns. 24-well plate: surface-treated polystyrene. Film and yarns: PAN/4
wt% PEG-BA. Cells inoculation density: 2.6 × 104 cells cm−2. Cell prolifer-
ation was measured by MTT assay after 72 h of cultivation. Therefore, the
formazan crystals produced during the MTT assay were dissolved, and
the absorption at 580 nm was measured. L929 cells (fibroblast, white);
HuH7 cells (epithelial cells, gray). Presented data issued from six indepen-
dent experimental replicates (n = 6). Statistical significance between PS-
treated surface (24-well plate) and PAN/4 wt% PEG-BA-based materials
(Films, yarns) is indicated as *p < 0.001. Statistical significance between
“L929” and “HuH7” groups for a given cultivation type is indicated as #p
< 0.001. Statistical significance between “i-EASY-4” and “i-EAY-4” groups
for a given cell line is indicated as § (L929: p < 0.001; HuH7: p = 0.007).
Statistical significance between “Film” and “Yarn” groups for a given cell
line is indicated as & (L929: p = 0.007; HuH7: p < 0.001). The number
of cells was extrapolated from calibration curves (Figure S9, Supporting
Information).

MeanHuH7: 0.4 × 105 cells), and the difference in proliferation
between L929 and HuH7 (6.5-fold) is higher than determined
for PStreated culture plates. Using aligned fibers (i-EASY-4) im-
proved the cell proliferation in both cases (MeanL929: 4.3 × 105

cells, MeanHuH7: 1.1 × 105 cells), and a 3.9-fold increase in cell
number was observed for L929 compared to HuH7 cells. Alto-
gether, the difference in proliferation between L929 and HuH7
cells is higher for films (ninefold) and unstretched yarns (6.5-
fold) than for the standard tissue culture material (fourfold), in-
dicating that PAN/PEG-BA (4 wt%) better support fibroblast pro-
liferation. Moreover, the proliferation of fibroblasts on i-EASY-4
is only 1.4-fold lower than in the tissue culture plate, suggesting
that this material is highly suitable for fibroblast cultivation.

3. Conclusion

We showed that the interconnector PEG-BA used to increase
the strength and toughness of PAN-based electrospun yarns
slightly increases the material’s wettability and improves bio-
compatibility, as shown by standard MTT assay. In terms of ma-
terial structure, compared to unstretched i-EAY-X multifibrillar
yarns, aligned (i-EASY-X) multifibrillar yarns improve fibrob-
lasts’ attachment, proliferation, and orientation. Of note, PEG-BA
positively influences fibroblast proliferation in a concentration-
dependent manner only in the case of aligned multifibrillar

Macromol. Biosci. 2022, 22, 2200291 2200291 (8 of 12) © 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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yarns. Moreover, we demonstrated that electrospun nanofibers
assembled into highly aligned-hierarchical multifibrillar struc-
tures (i-EASY-X) are not only well-suited to support the cellular
proliferation of fibroblasts (i.e., cells resident in the connective
tissues) but also allow cultivation of hepatoma cells (i.e., epithe-
lial cells). Comparing the proliferation behavior of fibroblasts and
epithelial cells on i-EASY-X allows us to hypothesize that the in-
trinsic topology of the material and not its chemistry is account-
able for the mimicking of a natural ECM environment, which
is recognized by the cells according to their phenotype. To con-
clude, we developed a cutting-edge material with unique com-
bined properties of biocompatibility, high alignment, hierarchy,
as well as high mechanical strength, toughness, and stability that
could in the future be of high interest for the replacement of fi-
brous connective tissues (e.g., tendon tissue engineering).

4. Experimental Section
Materials: PAN (Mn of 120 000, co-polymer with 6 wt% methyl

acrylate, Dolan, Germany), poly(ethylene glycol) bisazide (PEG-BA; Mn
of 1100; Sigma–Aldrich, Taufkirchen, Germany), DMF (99.99%; Fisher
Chemical, Germany), and acetone (Sigma-Aldrich, ≥99.5%) were used
as received. If not otherwise indicated, Greiner Bio-One (Frickenhausen,
Germany) was used as a supplier for cell culture materials. Trypan
blue solution (0.4%) was from VWR (Ismaning, Germany). Minimum
Essential Medium Eagle (MEM) with and without phenol red, Dul-
becco’s phosphate-buffered saline without Ca 2+ and Mg 2+ (DPBS),
fetal calf serum (FCS), L-glutamine, penicillin, and streptomycin were
from Biochrom AG (Berlin, Germany). AlamarBlue solution was from Bio-
Rad (Feldkirchen, Germany). 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT), paraformaldehyde, and glutaraldehyde solu-
tion (grade I, 70%), Triton-X100, Na cacodylate, and MgCl2 were from
Sigma–Aldrich.

Methods: Fabrication of Multifibrillar Yarn Bundles: The electrospun
multifibrillar yarns were fabricated following the previously published
method.[6] The electrospinning solution (15 wt%) was prepared by dis-
solving 2.0 g PAN powder and 0.08 g poly(ethylene glycol) bisazide (the
weight according to the content of PEG-BA to PAN, here is up to 4 wt%)
in 9.4 g DMF with 1.93 g acetone. The yarns were fabricated with a home-
made setup including two syringe pumps, a high-voltage DC (direct cur-
rent) power source, a poly(vinyl chloride) (PVC) funnel (8.0 cm in diam-
eter) with a motor controller, and a yarn winder collector (1.73 cm in di-
ameter). Two syringes with the solution were connected separately to the
positive and negative electrodes of the DC power supply. The feed rate
was 0.5 mL h−1, and the applied voltage was 12 kV (positive pole: +12 kV;
negative pole: −12 kV). After turning on the electric field, two oppositely
charged fibers flew to the funnel at 1500 rpm rotation speed. A continu-
ous yarn was drawn by a presuspended yarn, which was connected with the
winder collector with the rotation speed set at 13 rpm. The whole electro-
spun yarn process was operated under an infrared lamp (250 W) at about
45 °C and with 10%–15% humidity. After electrospinning, in some cases,
electrospun yarns (nonoriented) were stretched at 160 °C by a homemade
heat-stretching instrument consisting of three parts: a tubular furnace with
one heat position zone (Heraeus, D6450 Hanau, Typ: RE 1.1, 400 mm in
length, Germany), two rollers controlled by electronic motors, and a lap-
top with “LV2016” software used to precisely control the velocities of the
motors.

Equation (1) was used to calculate the stretch ratio:

SR = Vf∕Vs (1)

where Vf and Vs represent the velocities of fast roller and slow roller, re-
spectively.

The subsequent annealing process was performed by wrapping the cur-
able yarns (unstretched or stretched) around a glass tube (2 cm diame-
ter). The cycloaddition reaction between PAN and PEG-BA was achieved
by the azide-nitrile “click” reaction at 130 °C for 4 h. Thereafter, the final
yarns were quickly transferred to a freezer at −4 °C for 20 min. These yarns
are referred to as “i-EAY-X” (unstretched ones) and “i-EASY-X” (stretched
ones), where X corresponds to the wt% of PEG. Some yarns were annealed
without the addition of PEG-BA and are referred to as “EAY” (unstretched
ones) and “EASY” (stretched ones) (Table S1, Supporting Information).

PAN film with 4 wt% PEG-BA was produced as follows: A solution was
prepared by dissolving 1.00 g PAN powder and 0.04 g PEG-BA in 6 g DMF.
Then, the solution was cast on the glass plate and dried in the fume hood
for 12 h at room temperature. Dry solid films were obtained after vacuum
drying at 80 °C for 24 h. After being annealed at 130 °C for 4 h, the final
films were removed from the glass plate.

Yarns (aligned on the glass tube) and films were washed three times
with ethanol and water, respectively. Then, the yarns and films were dried
in the vacuum oven at 60 °C for 24 h. The dry yarns were cut into short
aligned bundles (length about 1.5 cm) from the glass tube using a scalpel,
and the films were cut into short strips (length about 1.5 cm; width about
0.5 cm). Then, these aligned yarn bundles and films were further treated
with UV light (254 nm) for 4 h to decrease the bioburden and stored under
sterile conditions until use.

Cells and Maintenance: L929 cells (murine fibroblasts, CCL-1, ATCC)
were maintained in MEM culture medium (with phenol red), supple-
mented with 10% fetal calf serum, 4 × 10−3 m L-glutamine, 100 units
mL−1 penicillin, and 100 μg mL−1 streptomycin (M10). HuH-7 human
liver cells (hepatocellular carcinoma cell lines generous gift from Dr. Di
Fazio, Marburg, Germany) were maintained in DMEM culture medium,
supplemented with 10% fetal calf serum, 2 × 10−3 m -glutamine, 100 units
mL−1 penicillin, and 100 μg mL−1 streptomycin (D10). Cells were culti-
vated at 37 °C in a humidified 5% CO2 atmosphere. Cells were collected
by trypsinization according to standard cell culture laboratory procedure.
If not otherwise stated, the culture medium was exchanged every second
day during cultivation. Cell numbers and viabilities during passaging and
seeding steps were evaluated using a hemocytometer by trypan blue ex-
clusion assay (Neubauer Improved, VWR International).

Cell Seeding and Cultivation on Electrospun Multifibrillar Yarns and Films:
Pieces of sterilized (UV-254 nm, 4 h) multifibrils-bundles and films were
placed into the wells of cell repellent tissue culture 24-well plates (Greiner
Bio-One). The samples were pre-incubated in the cell’s respective growth
medium at 37 °C for 16 to 24 h to remove putative leachables and to in-
crease the hydrophilicity of the PAN material by nonspecific adsorption of
the serum proteins onto the surface of the material. After discarding the
growth medium, 2.6 × 104 cells cm−2 (estimated sample accessible sur-
face) were carefully dispersed over the surface of the samples. This cell
number was chosen according to the recommended seeding cell density
for standard tissue culture plates. Control cultures, performed in standard
tissue culture plates, were run in parallel under otherwise identical condi-
tions. The seeded samples and the controls were then transferred to the
cell culture incubator (37 °C, 5% CO2, 95 % humidity) for 60 min to allow
cell adhesion. An amount of 100 μL of growth medium was then added to
each well. After a further 5 h of incubation, an additional 900 μL of growth
medium was carefully added along the side of the well to cover the sample.
Well-plates were placed back in the incubator, and the cells were cultured
for the indicated amount of time.

The proliferation of the L929 cells on the multifibrillar yarns was ana-
lyzed daily by AlarmarBlue (AB) assay. After the AB assay, the bundles were
rinsed twice with growth medium and further cultivated in fresh growth
medium. For this purpose, the plate was placed back into the cell culture
incubator.

In some cases, the cell-seeded samples were stained with MTT solution
to visualize cell spreading and estimate overall cell proliferation (see below
“visualization of cell spreading”). As a reference, the cells were also seeded
analogously in standard tissue culture 24-well plates. For calibration of the
assay, the cells collected in the exponential growth phase by trypsinization
and recovered by centrifugation (200 g, 5 min) were seeded at 0.05 to 1.0 ×
106 cells per well (1 mL culture medium; four wells were prepared for each
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cell density) in 24-well plates, and subsequently cultivated for 24 h in the
cell culture incubator. After that, cells were either collected by trypsiniza-
tion and counted by trypan blue exclusion assay or stained with MTT (1 mg
mL−1) as described below (see “cytotoxicity assay”). In both cases, four in-
dependent replicates performed in quadruplicate were analyzed for each
cell line. Calibration graphs were prepared by plotting the A580nm versus
the number of cells. The regression equations derived from linear fitting
of all data points were y = 5.18 × 10-6 × −0.05 (r2: 0.970) and y = 1.9
× 10-6 × + 0.02 (r2: 0.913) for HuH7 cells and L929, respectively (Figure
S9, Supporting Information). In the subsequent analyses, only data points
that fell within the standard curve range were retained.

Mechanical Properties Tests: Tensile tests were performed by a tensile
tester (zwickiLine Z0.5, BT1-FR0.5TN.D14, Zwick/Roell, Germany) with a
clamping length of 10 mm, a cross-head rate of 5 mm min−1 at 25 °C, and
a pre-tension of 0.005 N. The load cell was a Zwick/Roell KAF TC with a
nominal load of 20 N. The two ends of the yarn samples were fixed by dou-
ble side tapes and placed between the two clamp stages with the top clamp
stage applying uniaxial tension on the yarn samples along the vertical di-
rection. The yarn tensile tests were performed by a test program of yarn
shape for cross-section calculation, while the linear density and density of
the specimen material were input parameters. The stress relaxation tests
were performed at maximum stress of 400 MPa with a constant strain for 2
h. The sequential stress of yarn, test time, stain, and work were recorded.
After the stress relaxation test, the final stress–strain tensile tests were
performed automatically until the yarns ruptured.

Contact Angle Measurement: The contact angles were measured at 25
°C using a drop shape analyzer DSA25S from Krüss. Before the measure-
ments, the yarns were aligned into a bundle and fixed on a glass plate by
tape. The films were cut into squares (2 × 2 cm) and tightly taped (both
sides) on the glass plate. Milli-Q water drop size was controlled to 5 μL.
The circle fit was used with Drop Shape Analyzer (Krüss Advance, v1.3.1)
software for the calculations.

AlamarBlue Proliferation Assay: The estimation of cell proliferation with
AlarmarBlue (AB) was performed according to the manufacturer’s instruc-
tions. Briefly, the bundles were transferred to fresh 24-well plates before
performing the assay to ensure that only the metabolic activity of cells at-
tached to the yarns was measured. AB working solution (10 vol%) was
prepared in fresh cell culture medium. The AB containing medium was
added to each well. Incubation was performed for 2 h at 37 °C in the cell
culture incubator. Wells without cells served as a negative control. To de-
termine the fluorescence to be expected from the fully reduced form of
the AB (positive control), AB solution (10 vol%) made up in the nonsup-
plemented cell culture medium was autoclaved for 15 minutes (121 °C,
15 psi), as recommended by the manufacturer. Aliquots of the cell culture
medium and positive and negative controls were collected, and their flu-
orescence (Ex. 535 nm/Em. 590 nm) was analyzed in triplicate in a plate
reader (Genios Pro, Tecan Deutschland GmbH, Crailsheim, Germany).

Cytotoxicity Assay: Cytotoxicity tests were conducted by MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium
reduction assay (MTT assay) according to ISO 10993-5[24] and ISO 10993-
12[26] guidelines (direct contact and indirect contact).

For the direct MTT assay, L929 cells were seeded at 2 × 105 cells per
well (2 × 105 cells mL−1) in six well-plates, and the bundles (initially ster-
ilized by 4 h UV treatment) were added 24 h afterward. After another 24
h of incubation, the culture medium and bundles were removed from the
culture plates and each well was rinsed with DPBS and incubated at 37 °C
for 2 h with 1.0 mg mL−1 MTT in MEM without phenol red to assess cel-
lular vitality. The mitochondria of metabolically active cells convert MTT
into purple formazan crystals. The formazan crystals were dissolved in
1 mL isopropanol for 5 min at room temperature under agitation followed
by measuring the absorption at a wavelength of 580 nm (A580; reference
wavelength 670 nm). Cells incubated without bundles or with 1% Triton-
X100 were used as negative and positive controls, respectively.

The indirect MTT assay was intended for the analysis of the cytotoxicity
of chemicals putatively leaching out of the bundles. The surface area of
bundles cannot be precisely quantified due to their configuration; hence
a mass/volume ratio of extracting fluid was used. For this purpose, bun-
dles were initially sterilized (4 h of UV light treatment). Each test sam-

ple was soaked in M10 medium at 37 °C for 24 h inside conical tubes
placed on a rotator − Extraction ratio: 100 mg mL−1. Thereafter, the ex-
tracts were further diluted to 10%, 20%, 40%, 60%, and 80% using fresh
M10 medium or used without dilution (100 %). As a negative control (0
%), M10 medium was incubated in a comparable vessel and subjected to
identical incubation conditions without material. Subsequently, L929 cells
were seeded into 96-well plates at a density of 104 cells per well and incu-
bated overnight for attachment. The culture medium was then replaced by
the sample extracts (100 μL well−1), and cells were incubated further for
24 h. After that, the medium/extract mix was discarded, and 50 μL MTT
solution (1.0 mg mL−1) was added to each well. The culture was then in-
cubated for another 2 h at 37 °C. Then, the MTT solution was removed,
and 100 μL isopropanol was added to each well. The plate was incubated
for 5 min at room temperature under agitation, and then absorbance was
read at 580 nm (reference wavelength 670 nm).

Equation (2) was used to calculate the reduction in culture viabil-
ity of cells exposed to samples in comparison to cell culture viability of
control:

%Viability =
(
100 × Abs580sample

)
∕Abs580untreated (2)

where Abs580 sample is the average absorption of the respective groups that
were in contact with bundles or given amounts of extract; Abs580 untreated
is the average absorption of all wells of “negative control”.

Electrospun multifibrillar bundles were considered to have cytotoxic
potential when the cell culture viability decreases to <70% compared to
the control, which was set at 100% viability. Finally, the average viabil-
ity percentages were obtained for each group based on the outcomes
of the three repetitions of each experiment. Group data are reported as
mean ± SD.

Visualization of Cell Spreading: At the indicated time, the cultivated bun-
dles or films were carefully rinsed with DPBS, placed in fresh well plates,
and incubated at 37 °C (cell culture incubator) for 2 h with 1.0 mg mL−1

MTT in MEM without phenol red. MTT is converted by the mitochondria
of metabolically active cells into purple formazan crystals and therefore
allows a qualitative assessment of the cellular location on bundles and
films. For analysis, the MTT-stained samples were observed with a stereo-
microscope (SMZ745T, Nikon, Amsterdam, Netherlands) and SEM (Zeiss
LEO 1530, Gemini, Germany). For stereo-microscopy, the images were
acquired with the software NIS-Elements D version 5.02.03 (Laboratory
Imaging s.r.o., Praha, Czech Republic).

Scanning Electron Microscopy: The morphology of the materials was vi-
sualized by SEM with a Zeiss LEO 1530 (Gemini) microscope equipped
with a field emission cathode and a secondary electron (SE2) detector. Be-
fore SEM measurement, all yarn samples were sputter-coated with plat-
inum (thickness: 2.0 nm) by a Cressington 208HR high-resolution sputter
coater equipped with a quartz crystal microbalance thickness controller
(MTM-20). SEM images were recorded with an acceleration voltage of 3 kV
and a working distance of 5.0 mm. The SEM images were used to study
the diameter and morphology of the fibrils and yarns.

Cells grown on yarns and films were also analyzed by SEM. Therefore,
samples were extensively rinsed with DPBS and incubated for 60 min at
room temperature in fixation buffer (2.5 vol% glutaraldehyde − 2.0 vol%
paraformaldehyde – 0.1 m Na cacodylate pH 7.2 – 3 × 10−3 m MgCl2) un-
der agitation. Fixed samples were then submitted to three washing steps
(0.1 Na cacodylate pH 7.2 – 3 (w/v)% sucrose− 3× 10−3 m MgCl2) before
dehydration by slow water replacement using a series of ethanol/water so-
lutions (35, 50, 75, and 95 vol%) for 15 min each and final dehydration in
absolute ethanol for 15 min. The imaging of the SEM samples was per-
formed with Smart SEM User Interface software (Zeiss, Gemini).

Statistical Analysis: Group data are reported as mean ± standard de-
viation. If not otherwise stated, n represents the number of independent
experiments. OriginPro software (version 2021, OriginLab, Northampton,
MA, USA) was used for One-way ANOVA with Holm–Sidak multiple com-
parison tests to determine whether data groups differed significantly from
each other. Statistical significance was defined as *p < 0.05, **p < 0.01,
and ***p < 0.001.
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