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Abstract

Electrospun scaffolds combine suitable structural characteristics that make them strong
candidates for their use in tissue engineering. These features can be tailored to optimize other
physiologically relevant attributes (e.g. mechanical anisotropy and cellular affinity) while
ensuring adequate degradation rates of the biomaterial. Here, we present the fabrication of
microstructured scaffolds by using a combination of micropatterned electrospinning collectors
(honeycomb- or square-patterned) and poly(lactic acid) (PLA)-based copolymers (linear or
star-shaped). The resulting materials showed appropriate macropore size and fiber alignment
that were key parameters to enhance their anisotropic properties in protraction. Moreover,
their elastic modulus, which was initially similar to that of soft tissues, gradually changed in
hydrolytic conditions, matching the degradation profile in a 2- to 3-month period. Finally,
honeycomb-structured scaffolds exhibited enhanced cellular proliferation compared to
standard electrospun mats, while cell colonization was shown to be guided by the macropore
contour. Taking together, these results provide new insight into the rational design of
microstructured materials that can mimic the progressive evolution of properties in soft tissue

regeneration.
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1. Introduction

Damaged native soft tissues are often the cause of major chronic health problems (potentially
leading to tissue or organ failure) with an equally important economic impact [1]. Tissue
transplantation is the most widespread used method to restore damaged or lost tissues. It
presents, nevertheless, several downsides such as shortage of tissue donors, the loss of
biological function in the site of tissue extraction and immuno-rejection of the transplanted
tissue (particularly when an allograft is employed), which diminishes relevance and
applicability of this procedure [1,2]. The increasing trend of tissue engineering alternatives
over transplantation is based on the successful development of biomaterials (either from
biological or synthetic sources) that recapitulate the biological and physical characteristics of
the damaged (or lost) tissue/organ and allow its further de novo formation [3]. Among the
different strategies to fabricate cellular scaffolds [4], electrospinning stands out as a facile and
versatile process to produce nano-to-micron sized polymeric fibrillar mats, resembling the
rather complex extracellular matrix (ECM) architecture [5—7]. One of the major drawbacks of
this technique is the poor cellular infiltration and migration that electrospun scaffolds exhibit
because of their highly packed fibers, thus reducing the advantages of 3D tissue cultures in
these materials. To overcome this problem, different research groups have proposed the use of
microstructured collectors [8,9] to induce and tailor the formation of macropores that ensure
adequate cell penetration and nutrients diffusion. These macropores also impart directionality
to the fibers, a structural feature that has proved to promote biological processes such as
cellular migration and proliferation [10,11]. Moreover, orientation of fibers can also influence
the mechanical anisotropy of the scaffold [7], an attribute that permits engineered tissues to
maximize their performance in the preferred direction of function and that is (most of the
time) overlooked during scaffold designing [12]. Besides, ideal scaffold candidates must
feature mechanical strength similar to that of native tissues while ensuring adequate

degradation times that match ECM formation and healing processes, therefore avoiding post-
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operation removal [13,14]. Consequently, the choice of a polymer remains crucial to modulate
the expected gradual change of mechanical properties/cues which have a significant impact on

the cellular behavior at different stages of the regenerative process [14].

To the best of our knowledge, only a few studies have been conducted on electrospun
degradable polymers combined with microstructured collectors; the most relevant among
them are based on poly(lactic acid) (PLA) [10], poly(lactic-co-glycolic acid) (PLGA) [15],
PLA/collagen [16] and poly(e-caprolactone) (PCL) [17,18]. While PCL has shown a greater
ease to conserve the macroporous structure over time compared to PLA [19], its hydrolytic
degradation proceeds more slowly than PLA or PLGA [20,21]. On the other hand, the use of
PLA has been limited so far to the fabrication of thin microstructured scaffolds with thickness
lower than 100 um (hence similar to 2D models), or thicker scaffolds that require longer
collection times but exhibit a notable loss of structuration [22,23]. As a matter of fact,
increasing the thickness of the polymeric network to several hundreds of microns without
losing the macrostructure design remains still a challenge [19,22]. Previous reports from our
group have shown the feasibility of synthesizing aliphatic block copolymers based on PLA
and poly(ethylene glycol) (PEG): PLA-b-PEG-b-PLA (linear) and PEGgam10k-b-PLA (star-
shaped) [24-26]. These copolymers combine PLA favorable mechanical properties and
biocompatibility (being used in FDA-approved applications) with the hydrophilic behavior
imparted by the inert PEG moiety, opening the possibility to produce electrospun biomaterials

with tailorable (hydrolytic) degradation rate and intrinsic fiber mechanical strength.

Herein, we propose the fabrication of macroporous PLA-based biomaterials by exploiting the
versatility of electrospinning method in order to: 1) dictate the fiber orientation to promote the
scaffold’s mechanical anisotropy, 2) provide sufficient native-tissue-like strength during
healing processes while ensuring gradual degradation times and 3) guarantee nutritional
diffusion and support cellular proliferation and colonization across the scaffold. To this end,
we have synthesized a library of our custom-made block copolymers to explore different
characteristics: 1) molecular structure — linear (PLA-b-PEG10k-b-PLA) and star-shaped
(PEGgarm10k-b-PLA), ii) the degree of crystallinity given by the D-to-L enantiomeric ratio in
PLA and iii) the final molecular weight of the copolymer. Selected copolymers were
electrospun into different microstructures and the resulting scaffolds were then evaluated in
terms of morphology, mechanical properties, degradation and biological behavior. The
combination of our tailorable copolymers and appropriate micro-architectures gathers

promising features for further development of scaffolds for soft tissue engineering.



2. Materials and Methods
2.1 Materials

D,L-lactide (L/D enantiomeric ratio = 50/50 or 94/6; referred to as 50 and 94, respectively)
was purchased from Corbion (Gorinchem, The Netherlands). 8-arm poly(ethylene glycol)
(tripentaerythritol core) (PEGsaml0k, Mw = 10 000 g.mol') was purchased from JenKem
Technology Co., Ltd (Beijing, China). Poly(ethylene glycol) (PEG10k, Mw = 10 000 g.mol
1, tin(ID) 2-ethylhexanoate (Sn(Oct)2, 95%), dichloromethane (DCM), diethylether (Et2O) and
N,N-dimethylformamide (DMF) were purchased from Sigma-Aldrich (St Quentin Fallavier,

France).
2.2 Synthesis of Copolymers

Triblock copolymers PLA-b-PEG10k-b-PLA and diblock copolymers PEGgam10k-b-PLA
were synthesized via ring-opening polymerization (ROP) as described in a previous report
[27]; final molecular weights of 100000 and 200 000 g.mol' were targeted for each
copolymer. This procedure is reported in Supplementary information along with the physico-
chemical characterization methods (sections SI.1 and SI1.2).

PLA-b-PEG10k-b-PLA

"H NMR (300 MHz; CDCl3): § (ppm) = 5.1 (q, 1H, CO-CH—(CH3)-0), 3.6 (s, 4H, CH,—
CH,-0), 1.5 (m, 3H, CO-CH(CH3)-0). (Figure S1)

PEGSarm]Ok-b-PLA

"H NMR (300 MHz; CDCls): § (ppm) = 5.1 (q, 1H, CO-CH—(CH3)-0), 4.3 (m, 2H, O-CH>-
C-CH;-0), 3.6 (s, 4H, CH,—CH»-0), 3.3 (m, 2H, O-CH,-C-CH2-0), 1.5 (t, 3H, CO-CH—
(CH3)-0O). (Figure S2).

Please note that for sake of clarity we have adopted a generic nomenclature for the library of

all the resulting block copolymers as follows:
PLA-b-PEG10k-b-PLA -> PLAx-PEG-PLAXY
PEGsgarm10k-b-PLA -> PEGs8-PLAXY

where the subindex X denotes the PLA L/D ratio (50 or 94) and Y the molecular weight of the
copolymer (100 or 200 for 100 000 or 200 000 g.mol™!, respectively).



2.3 Electrospinning

Selected PLA-PEG-PLA or PEGs8-PLA block copolymers were dissolved in a DCM/DMF
mix (70/30 v/v) at concentrations ranging from 9 to 35 wt% (Table S1). The copolymer
solution was transferred into a 5 mL syringe attached to a 21-gauge needle; the syringe was
loaded onto a vertical syringe holder connected to an automatic KDS Legato 200 syringe
pump (KD Scientific, Holliston, MA, USA) and a flow rate of 1.8 mL.h! was set. The
distance from the brass micro-structured collector (square-or —honeycomb shaped, fabricated
via Electrical Discharge Machining (EDM)) to the tip of the needle was kept at 15 cm, while
the collector’s temperature was maintained at 28 + 2°C using a MINICOR 55 temperature
regulator. A constant potential difference of 15 kV was applied throughout the whole process
with a homebuilt high-voltage electrical generator (Iseg GmbH, Radeberg, Germany).
Experiments were performed at 21 + 1°C with a relative humidity of 43 + 3%. To fabricate
randomly-oriented scaffolds, a (non-heated) flat aluminum foil collector was used while
keeping the rest of the electrospinning parameters unchanged. All the produced scaffolds were

dried overnight before further characterization.
2.4 Degradation Study

Electrospun scaffolds (15 x 15 mm) were weighed (mi = initial mass), immersed in 6 mL of
phosphate buffered saline (PBS, pH = 7.4) and kept at 37°C under constant stirring. At
different timepoints, samples were removed from PBS, weighed (mw = mass of the wet
samples) and dried to constant mass (mx = dry mass after x time in PBS). The water uptake

and remaining mass of the scaffolds were calculated from equations 1 and 2, respectively.

) _ mw-mi

Eq. 1: Water uptake (% * 100

mi—-mx

Eq. 2: Remaining mass (%) = (1 — ) * 100

mi

The molecular weight and dispersity of dried samples were determined with Size Exclusion
Cromatography (SEC). Instrument and method can be found in the supplementary material

(section SI.2).
2.5 Tensile tests

The mechanical properties of electrospun scaffolds were measured in elongation with an
ARES G2 rotational rheometer (dynamic mechanical testing mode; TA Instruments, United

States) equipped with a 20 N normal force sensor (0.001 N precision). Samples (30 x 10 mm)



of known thickness were analyzed in linear tension at room temperature (21 + 1°C) in their
dry state; while for the hydrated state, samples were immersed in deionized water at 37°C for
6 hours using a BioPuls Bath (Instron, United States), prior to the tensile test. A deformation
rate of 10 mm.min"! was used for all the experiments. Young’s modulus (E, MPa), stress at
yield (0yie1q, MPa), strain at yield (€ye1q, %), stress at break (Opreqr, MPa) and strain at
break (&preqr,%) were expressed as the mean value of three measurements for each condition.

The yield point was determined at 5% offset in the initial slope of the stress-strain curve.

2.6 Cellular Behavior

Cell culture

C2C7 myoblasts (kindly provided by Prof. Mercier’s lab, PhyMedExp, University of
Montpellier, France) were cultured (either during expansion in plastic or when seeded in the
electrospun scaffolds) in DMEM high glucose supplemented with 10% Fetal Bovine Serum
(FBS), 2 mM L-glutamine and 1% penicillin/streptomycin and cultured at 37°C and 5% CO»

under sterile conditions.

NIH3T3/GFP murine cells (Cell Biolabs, batch 72720170-4) were grown in DMEM high
glucose supplemented with 5% Fetal Bovine Serum (FBS), 2 mM L-glutamine, 0.1 mM
MEM Non-Essential Amino Acids (NEAA), 1% penicillin/streptomycin and 10 pg.mL!
blasticidin, cultured at 37°C and 5% CO- under sterile conditions. Both cell lines were tested

for mycoplasma contamination and passaged at 80% confluence.

Proliferation assay

Scaffolds were sterilized with UV-C radiation (2-minute exposure on each side) prior to
placing them on a 24-well plate (non-treated) and kept them fixed with o-rings. The samples
were then soaked for 90 min in ethanol (70% v/v) twice and finally washed with phosphate-
buffered saline (PBS) three times. Cell growth medium was added to each well (2 mL) and
myoblasts were seeded (final concentration = 5.1x10° cells/mL) and allowed to attach to the
scaffold at 37°C. After 3 hours, growth medium was exchange for fresh one to remove non-

adherent cells.

PrestoBlue® assay (Invitrogen A13262) was used to determine cell viability at 24, 48, 72 and
96 h according to the supplier instructions. Briefly, PrestoBlue® cell viability reagent in a
1:10 volume ratio with growth medium was added to each well and incubated in the dark for

30 min at 37°C. Fluoroscence intensity of the supernatant was measured (wavelength: 558 nm



excitation, 590 nm emission) in a CLARIOstar® microplate reader. After each measurement,

fresh medium was used to wash the samples and also added to continue with the culture.

Cell colonization assay

Sterile scaffolds were placed in 23 mm FluoroDish cell culture dishes and positioned in the
center with o-rings. Then, a removable culture-insert 2 well (Ibidi) was placed in the midle of
the scaffold followed by the addition of growth medium and 6 x 10* cells (NIH3T3 GFP cell
line) in each well. After 4h at 37°C, both growth medium and culture insert were removed and
fresh medium was added in each culture dish, allowing the seeded scaffold to incubate at
37°C up to sixteen days in sterile conditions. Samples were imaged on days 3, 9 and 16 under
controlled atmosphere (37°C and 5% CO2) using a NikonTi2 inverted epifluorescence
microscope (10X objective lense) and an Andor Dragonfly® inverted confocal spinning disk

(20X and 40X objective lenses).

R software version 3.5.2 was used to perform statistical analysis. Each experimental
evaluation was performed in sextuplicate. Significance was assessed by 2-way ANOVA with
repeated measures followed by Tukey test (multiple comparisons). Values of *P <0.05 were

considered as statistically significant; **P <0.01; ***P <0.001.

3. Results and discussion

The selection of a polymeric biomaterial is generally based on their ability to match
physiologically-adequate mechanical properties, degrade consistenly over time and to ensure
cytocompatibility and cell adhesion to promote the re-establishment of tissues along with their
biological functions [3]. PLA was chosen as a suitable candidate due to its biocompatibility
(FDA-approved for medical devices), sufficient mechanical strength and biodegradability
[24], while association with PEG offers the possibility to modulate the hydrophilic behavior
of the final structured material (thus the mechanical properties and degradation rate).
Moreover, copolymerization of PLA with PEG would avoid the well-studied phase separation
phenomena and surface erosion on electrospun fibers, arising from the different surface

energies (hence limited miscibility) between the two polymers when they are blended [28].
3.1 Synthesis and processing of block copolymers

We have synthesized by ROP in bulk a library of PLA-PEG block copolymers with aim to
screen the following design parameters: i) molecular weight (100 000 or 200 000 g.mol ™), ii)

macromolecular structure (linear or star-shaped) and iii) the degree of crystallinity
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(amorphous PLA5¢ or semi-crystalline PLLAos). In all the cases, the molecular weight of PEG
core (linear or star-shaped) was kept at 10 000 g.mol"! based on the ease of clearance upon
degradation of ester bonds contained in PLA moieties (PEG is cleared from the body at

molecular weights below 20 000 g.mol™! [29]).

The characterization results of the produced block copolymers are summarized in Table 1.
First, while there is a good agreement between the theoretical and experimental molecular
weight determined by "H NMR (Mny, , calculated from the ratio of characteristic PLA (5.1
ppm —CH group) and PEG (3.6 ppm —CH: group) integration peaks), lower Mn values were
obtained with SEC for a given copolymer (e.g., PLAso-PEG-PLAs0100: Mny,z= 104 900
g.mol ™! vs. Mngsg. = 41 000 g.mol ™). We ascribed the latter to be the result of the amphiphilic
behavior of the synthesized materials, leading to variations in their hydrodynamic volume and
thus underestimating the molecular weight in the chromatographic method [30,31]. Moreover,
the dispersity of the linear block copolymers varied from 1.6 to 1.8 while the star-shaped
version ranged from 1.3 to 1.5; this is a notable indication of a more homogeneous mass
distribution when compared to similar materials produced by ROP in solution [32]. Second,
the measured thermal properties corroborated important differences between the block
copolymers. Interestingly, increasing the final molecular weight (i.e. the lactic acid/ethylene
glycol ratio) led to an increase in the glass transition temperature (Tg) regardless the type of
macromolecular structure (e.g. PLA5o-PEG-PLA50100 Tg = 26°C vs. PLAs5o-PEG-PLA50200
Tg = 43°C). A similar trend was found by introducing a higher degree of crystallinity,
particularly, for the star-shaped polymers (e.g. PEGs8-PLA50200 Tg = 36°C vs. PEGs8-
PLA94200: Tg = 46°C).

Electrospun fibers were collected into square and honeycomb-like shapes by using EDM-
made collectors (Figure 1A). These macrostructured templates consist on different millimeter-
sized peak arrays where the electric field is preferentially distributed on, improving the
electrical point effect and dictating the way fibers are deposited [10]. Fibers are initially
attracted and accumulated onto the peaks surface; then, charged fibers would stretch over to
interconnect with the nearest conductive peak, leading to the formation of the corresponding
sides and vertices of squares or hexagons, with a rather low probability of fibers crossing the
central gap of the structure as it represents a longer path for the fiber to fly across [10]. This
repeating process allowed the fabrication of patterned scaffolds (Figures 1B and 1C)
characterized by distinct high fiber density zones located on peaks and between neighboring

peaks, and lower density zones in the center of the elementary patterns, promoting a tunable
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anisotropy [33]. Mats with randomly-oriented fiber distribution were also fabricated as

standard controls (Figure 2A, bottom panel).

Table 1. Library of copolymers synthesized in this work along with their number average molecular

Type of block copolymer Mn NMR Mn SEC D Tg (°C) mp (°C)
(g.mol) (g.mol?)

PLAs0-PEG-PLAs0100 104 900 41 000 1.8 26 /

PLAs0-PEG-PLA50200 197 000 148 000 1.8 43 /

PLA94-PEG-PLA94200 191 000 144 000 1.6 44 148.0
PEGs8-PLAs0100 100 000 64 000 1.3 32 /
PEGs8-PLA350200 221 000 99 000 1.5 37 /
PEGs8-PLA94200 212 000 138 000 1.4 46 149.0

weight (Mn), dispersity (D), glass transition temperature (7g) and melting point (mp). Two types of
copolymer were produced: PLAx-PEG-PLAxY (linear) and PEGs8-PLAxY (star-shaped), with
subindex X being the PLA L/D ratio (50 or 94 for amorphous or semi-crystalline, respectively) and Y
the theoretical molecular weight of the copolymer (/00 or 200 for 100 000 or 200 000 g.mol,

respectively).
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Figure 1: Sample of microstructured scaffolds obtained by electrospinning: (A) Electrospinning setup
and representation of the two types of patterned collectors used in this work; micrographs of collectors
before and after fiber deposition as well as the final electrospun mats for (B) square and (C)
honeycomb patterns.

While we tested the electrospinnability of all the produced block copolymers (Table S1), we
also hypothesized that the ones with the lowest Tg (i.e. PLA5o-PEG-PLA50100, PLA50-PEG-
PLA50200, PEGs8-PLAso100 and PEGs8-PLA50200) would facilitate the fabrication of
electrospun fibers featuring high degree of orientation in temperature controlled collectors.
Indeed, polymers in their rubbery state present high conductivity and a minimized
electrostatic shield phenomenon [34], which would be beneficial for the deposition of orderly

aligned fibers and to prevent a potential loss of expected architecture in the final scaffold. It
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must be noted that copolymers with increased molecular weight (PLAs5o-PEG-PLA50200 and
PEGs8-PLA50200) exhibited higher intrinsic viscosities (Figure S3) which made some of the
solutions rather difficult to electrospin. Moreover, their higher LA/EG ratio also affected the
neat structuration of the macropores; for instance, evaluation of PEGs8-PLA50200 electrospun
mats showed a very poor (almost non-existent) fiber alignment at 20 minutes of deposition
(Figure S4). Conversely, copolymers with lower molecular weight (PLAso-PEG-PLAs50100
and PEGs8-PLAs0100) were easier to electrospin and did not present any major loss of
microstructure during the same deposition time. Based on this, we established a collection
time of 20 min that is sufficient to reach a mat thickness of 250 um which is above than the
reported values for similar microstructured materials [22,23], adding relevance to our
scaffolds in terms of 3D cellular environment. Therefore, only PLAso-PEG-PLAso100 and
PEGs8-PLAs5p100 were considered as the most promising candidates to produce
microstructured scaffolds (from here on referred only as PLA-PEG-PLA and PEGs8-PLA,

respectively) and thus further characterization was focused on these two copolymers.

The structural characterization of these scaffolds revealed fiber features that changed
according to the template and type of copolymer used. First, directionality of fibers between
two interconnected peaks varied according to the collector used (e.g. 0° or -45° for square or
honeycomb-like pores, respectively), although unimodal distributions were less evident in
square patterns (Figures 2A and 2B); the latter can be attributed to the electrostatic repulsion
caused by the accumulation of charged fibers over time [22,35], affecting their orientation to a
higher extent when the template peaks are closer to each other (square template area = 4 mm;
honeycomb template area = 5.7 mm). Second, the average fiber diameter remained on the
microscale for both copolymers (2.60 + 0.34 um and 2.66 + 0.32 um for PLA-PEG-PLA and
PEGs8-PLA, respectively) and even if inter-peak fibers experienced a certain degree of
elongation (hence thinning), their diameter did not present any substantial change compared
to those located on top of individual peaks (Figure 2C). Different reports have shown that
micron-scale fibers present a highly interconnected pore area which facilitates cellular
infiltration and diffusion of nutrients, resulting in higher proliferation/infiltration of
endothelial cells and fibroblasts when compared to nanofibers [36,37]. Thirdly, the
heterogeneous collection of fibers dictated by the peaks rendered a higher porosity in
microstructured scaffolds compared to flat collectors (Figure 2D). This significant decrease in
fiber density (provoked by the formation of macropores [38]) was obtained for both

copolymers (e.g. PLA-PEG-PLA: 82 + 1% (square) vs. 76 £ 1% (random); PEGs8-PLA: 84%
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+ 1% (square) vs. 71+ 2% (random)) while no variation was found between both types of
pattern (Table S2). These values are within the range of reported porosities that are required

for different cellular activities [39].

Contact angle assays (Figure 2E) showed the hydrophobic character of all the fibrillar
scaffolds (>120°); the insertion of hydrophilic groups in the polymer backbone did not affect
the hydrophobic behavior of the final material. In other reports, electrospun PLA/PEG blends
have also shown a hydrophobic surface which was ascribed to be the result of both methyl
group enrichment and fibrillar surface roughness [40]. Moreover, the same authors only found
a moderate decrease in hydrophobicity when the PEG content was above 10 wt%; this
concentration is, however, ten times higher than in our block copolymers in terms of EG/LA
molar ratio. Although it has been generally accepted that hydrophilic surfaces enhance cell
adhesion and (overall) biological performance [41], cell-material interactions are rather
complex phenomena and therefore water contact angle alone cannot be used as a determinant
predictor of cellular attachment [42]. Finally, no significant difference in wettability was

spotted between the two types of fabricated microstructure (Table S2).
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Figure 2. Structural characterization of scaffolds: (A) SEM micrographs of patterned (square and
honeycomb) and randomly-aligned scaffolds showing the corresponding fiber alignment. (B)
Dispersity of fiber orientation for square (a,b) and honeycomb (c,d) patterns prepared with either
PEGs8-PLA or PLA-PEG-PLA. (C) Distribution of fiber diameter according to the collection site that
allowed the formation of the macropore (peaks, inter-peak gap). Porosity (D) and contact angle (E) for
the different fabricated mats and for both types of copolymer used. Images in A were taken from tilted
angles to have a view of the topographic relief in both microstructured samples.

3.2 Mechanical properties and anisotropy

Due to the relevance of anisotropy in cellular processes such as attachment and metabolic
activity [7,12], we evaluated the mechanical properties of electrospun scaffolds on different
tensile orientations (longitudinal and transversal; Figure 3A). Particularly, we were interested
in the honeycomb pattern because it exhibited a higher degree of alignment compared to
square shape (Figure 2B); results related to the square microstructure can be found in the

supplementary information (Figure S5 and Table S3). The anisotropic behavior in the
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honeycomb scaffold was evidenced in the strain-stress curves and particularly within the 1-
10% deformation range (Figure 3B). The longitudinal elongation rearranged the inter-peak
fibers along the tensile direction, inducing a reduction of stress resistance in the low
deformation region. On the other hand, the transversal tension prevented the alignment of
fibers located perpendicular to the y axis in domains of high fiber density (i.e. the pore’s
contour), generating a higher stress resistance (higher gy;4) compared to longitudinal
protraction. We found this phenomenon to be similar for both copolymers. Notably, the
patterned scaffolds withstood more deformation without breaking (€break) than random

controls. Specifically, PEGs8-PLA presented a higher tensile strain at break compared to

PLA-PEG-PLA, which was accentuated with the longitudinal strecthing (EbreakPEGs8-PLA=

137£1% (transversal) vs. 184+£8% (longitudinal); EpreakpLA-PEG-PLA= 102+3% (transversal) vs.

98+3% (longitudinal)). We believe that these marked anisotropic features in PEGs8-PLA
samples are likely to arise from 1) a better distribution of fibers in the macropores (and not in
the center) compared to PLA-PEG-PLA (data not shown) and 2) their superior degree of fiber

aligment compared to the linear version (Figure 2B, panels ¢ and d).

As seen in Table 2, the final elastic modulus (E) of all the scaffolds remained unchanged
regardless the tensile orientation and even the type of copolymer used. A decreased bulk fiber
density (caused by the presence of macropores) could play a more important role in the
scaffold’s strength rather than the fiber re-organization itself, as evidenced by the higher E
values for the random version (e.g. Epra-pegpra: 41.2 £ 3.2 MPa and 38.7 £ 5.7 MPa for
honeycomb, longitudinal and transversal, respectively, vs. 90.8 + 8.4 MPa for random). This
trend is in agreement with other reports on 3D composite constructs with hexagonal-shaped
pores even with a lower size than ours (D = 160 um [22]). It is important to note, however,
that the porosity of the microstructured scaffolds was not taken into account for the

calculation of E, and therefore our results might be underestimated to a certain extent [43].

Table 2: Mechanical properties of (PLA-PEG-PLA or PEGs8-PLA) honeycomb and random scaffolds
based on tensile orientation (Longitudinal (Long) or Transversal (Trans)) in dry state at room
temperature. (Data are expressed as means + SD and correspond to measurements with n=3).

Scaffold pattern- Oyield Eyield Obreak €break E

Copolymer tensile orientation (MPa) (%) (MPa) (%) (MPa)

PLA-PEG-PLA  Honeycomb Long 0.88+0.08 2.6+0.1 132+0.12 98+3 412+32
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Honeycomb Trans  1.07+0.11 3.1+0.1 143+£0.02 102+3 38.7+5.6

Random 1.73+£0.11 2.0+£0.1 229+007 84+2 90.8+84

Honeycomb Long  0.78 £0.14 24+0.1 136+0.16 184+8 372+32

PEGs8-PLA Honeycomb Trans  1.05+0.09 2.6+0.1 122+0.12 1371 358+£35
Random 223+£0.08 35+0.1 244+005 992 66.8+£2.6
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Figure 3: Mechanical properties of microstructured scaffolds: (A) top: representation of different
tensile orientations in a honeycomb scaffold; bottom: micrographs of unstrained (¢=0%) and elongated
(e=4%) scaffolds. (B) Typical stress-strain curves for the honeycomb and random scaffolds made of
different copolymers under longitudinal and transversal deformation (dry state at room temperature).
(C) Young’s modulus of the different honeycomb scaffolds in 1) dry state at room temperature and 2)
hydrated state at 37°C. (D) Water uptake of the different copolymer-based honeycomb scaffolds.
(Data are expressed as means +SD and correspond to measurements with n=3).
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When elongated (longitudinal tension) in wet conditions at 37°C, the patterned scaffolds
showed an almost 10-fold decrease in E (Figure 3C) compared to the dry state (e.g. EpLa-PEG-
pLa: 41.2 £ 3.2 MPa vs. 4.78 + 0.33 MPa for dry and hydrated states, respectively). These
results correlate with the water absorption capacity of both copolymers due to PEG’s
hydrophilicity (interaction with water increases the softness of materials due to plasticization)
and the higher molecular chain mobility resulting from raising the temperature above their Tg.
Interestingly, the hydrated PEGs8-PLA scaffold exhibited a significantly lower E value (2.70
+ 0.38 MPa) than PLA-PEG-PLA (4.78 £+ 0.33 MPa), in spite of presenting a greatly reduced
water uptake (Figure 3D). This lower absorption by PEGs8-PLA probably arises from 1) a
higher packing density: being protected by eight hydrophobic PLA chains, the PEG core is
less accessible to water molecules [44] and 2) a higher degree of chain entanglements, which
restrict the mobility of the star-shaped copolymers [29]. Therefore, exposure of PEG moieties
to water is not sufficient to explain the difference in mechanical behavior between the two
copolymers; other features (e.g. fiber re-arrangement in wet conditions) might have thus a
bigger contribution on the elastic strength of these scaffolds. Further, it is worth noting that
the resulting Young’s moduli from both type of scaffolds are in the order of those commonly

found in soft tissues [45].

We next investigated the materials degradation and its effect on the preservation of the
mechanical properties, which is one of the major challenges when mimicking healing
processes from a tissue engineering perspective [46]. Because of the relevant information
gathered on the alignment and mechanical anisotropy of honeycomb scaffolds, we decided to

continue further characterization only with this type of microstructure.
3.3 Mechanical properties over degradation time

We evaluated the scaffolds hydrolytic degradation over 90 days with a special focus on the
molecular weight, polydispersity and remaining mass, while also tracking the change in
mechanical properties in the same timeframe (Figure 4). We found an almost linear decrease
of molecular weight for both copolymers, which correlated with the increase in dispersity
(Figure 4A); both effects were more pronounced for the star-branched polymer than for the
linear version (remaining molecular weight after 90 days: 30% vs. 25% and Ppgo: 2.3 vs. 2.8
for PLA-PEG-PLA and PEGs8-PLA respectively). This difference in degradation can be
attributed to the preferential chain scission at the ester linkage between PLA and PEG [28,47]
which, above all, occurs differently according to the molecular nature of both copolymers.
PLA-PEG-PLA contains two ester groups (one for each PEG-PLA junction) which, after

17



hydrolysis, would render 2 PLA chain blocks (ideally with a Mn = 47 000 g.mol’! from the
initial PLA-PEG-PLA with Mn = 104 000 g.mol™") and the original PEG core (Mn = 10 000
g.mol‘l); whereas PEGs8-PLA possesses eight ester units that, after chain scission, would lead
to PLA portions with lower molecular weight and a higher size variability compared to PLA-
PEG-PLA. Furthermore, the average mass remained above 90% for both copolymers
throughout the whole experiment and the macropore structure was also preserved (Figure 4B).
Hydrolytic degradation of PLA blocks progressively generates shorter polymer chains until
the formation of water-soluble oligomers (Mw =~ 648 g.mol'l) [48]; we believe that cleavage
of PLA contained in our scaffolds results in chains that are still large enough to be insoluble
in water and to diffuse out of the macrostructure [49], a behavior that is related to its fibrillar

nature rather than the geometry itself (Figure S6).

Next, we monitored the evolution of mechanical properties over time of the produced
scaffolds (Figure 4C, table S4). It is desirable that such features are maintained during the
early stages of regenerative processes, with a moderate but continuous decline that matches
the degradation profile and the formation of new ECM [14]. PEGs8-PLA scaffolds exhibited
an increase in E after 8 days (2.70 = 0.38 MPa vs. 4.71 = 0.41 MPa for days O and 8
respectively) followed by a drastic drop at day 15 (1.41 £ 0.50 MPa). As no significant
difference in molecular weight was observed in the first 8 days, the initial increase of E might
be the result of a microphase separation phenomenon caused by the re-arrangement of the
PEG core [50,51] during water uptake. Indeed, this would result in regions that are rich in one
polymer or another due to a loss of plasticizing effect of PEG and therefore they present an
overall increase in stiffness [52]; the subsequent decrease in E can then be attributed to the
hydrolytic degradation effects reached from day 15 onwards. After 30 days the low
copolymer chain entanglement of PEGs8-PLA honeycomb scaffolds no longer ensured
mechanical resistance in our tensile conditions and thus the material became too brittle to be
assessed. On the other hand, PLA-PEG-PLA mats showed a reduction of E that remained
constant after one week (3.57 £ 0.07 MPa and 3.52 + 0.09 MPa for days 3 and 8), correlating
with the high degree of water uptake (~450%) on the first eight days; this water absorption
would lead to a high plasticization effect that may have overshadowed potential microphase
separation phenomena, as in the case with PEGs8-PLA, hence the gradual decrease in E from
day 0. After 60 days, 40% of the initial elastic modulus remained in the scaffold fabricated
with the linear copolymer (Epo = 4.78 = 0.33 MPa vs. Epso = 1.90 + 0.02 MPa).
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Finally, both types of honeycomb scaffolds showed a decrease of 0y,pqr OvVer time as
expected (Figure 4D). Moreover, €;,.qx drastically decreased after 22 days before exhibiting
brittleness. Based previous results of our group, we attributed this phenomenon to the block
copolymer’s chain scission inducing mechanical changes in the scaffold, switching its

behavior from ductile to brittle [25].
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Figure 4. Microstructured scaffolds degradation: (A) Remaining molecular weight (%, solid line) and
dispersity (dashed line), (B) remaining mass (%), (C) Young’s modulus (E, MPa) evolution and the
corresponding (D) Gureak and €preak Of honeycomb scaffolds based on PLA-PEG-PLA and PEGs8-PLA
at different timepoints of the hydrolytic degradation assay. Representative SEM images of such
samples at DO and D90 are presented in B. (Data are expressed as means + SD and correspond to
measurements with n=3).

Considering the results presented in Figure 4, we decided to continue the biological
characterization only with PLA-PEG-PLA-based scaffolds for being more relevant at longer
times (and thus for healing processes) than PEGs8-PLA which showed brittleness just after 22
days of degradation.
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3.4 Cellular proliferation/colonization

The applicability of our microstructured materials for soft tissue regeneration was assessed
with the use of myoblasts and (GFP-labelled) fibroblasts. Honeycomb scaffolds prepared with
PLA-PEG-PLA started to show a significant enhancement of myoblasts proliferation at 48 h
of culture and reached a threefold increase after 96 h compared to the randomly-aligned
control (Figure SA). This improved performance has been corroborated in other reports using
a similar honeycomb-like configuration for the proliferation of fibroblasts [53] and embryonic
murine C3H10T1/2 cells [17]. Some other authors, however, have found contrasting data. For
example, Nedjari et al. [54] showed no significant difference in proliferation between their
honeycomb and random scaffolds after 6 days when using adipose stem cells. From visual
analysis of their scaffolds, we believe their set-up (including the polymer of choice (poly(r-
lactide-co-e-caprolactone)) did not provide sufficient fiber organization to enhance cell
growth, which might have been partially impeded by the selected honeycomb pore size (160
um).

Fibroblasts, which are the main cells in connective tissue, were used to evaluate the migration
in PLA-PEG-PLA scaffolds. They progressively colonized most of the surface area after 16
days of culture (Figure 5B) while ingrowth was also found on the Z axis (depth of the
scaffold; Figure 5C, top panels). The latter is likely to be promoted by a combination of two
factors: firstly, the milimeter-sized macropores, which are known to facilitate cell migration
to different depth levels in electrospun scaffolds compared to micrometric ones [38,55]; and
second, the macroscopic interconnectivity provided by the heterogenous distribution of fibers
in the macropores (more on the edges and less in the center), enhancing the overall cellular
infiltration [38]. Indeed, this distinct fiber density in designated regions of the macropore led
to the formation of inter-fiber pores that were larger in central areas compared to the contour
(Figure S7), facilitating thus the cellular invasion on the Z direction. Notably, the average
pore size of both macropore regions remained within the range that is required for cell-cell
communication and migration throughout the scaffold [56]. Furthermore, fibroblasts also
appeared to migrate along the honeycomb perimeter (Figure 5C, bottom panels), thus guiding
the cell colonization according to the shape of the macropore, which in turn might lead to the
possibility of ECM depositon in an organized fashion as reported by other authors [12].
Taking altogether, design parameters of honeycomb scaffolds (such as pore size and fiber
density) are key features that can facilitate cell penetration, nutrients diffusion and, ultimately,

drive the formation of new soft tissue with anisotropic behavior. Finally, it is important to
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mention that our scaffolds experienced a certain degree of shrinkage (= 25%), which is a
common phenomenon mostly caused by the interaction of the polymeric fibers with the cell

culture medium [57].
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Figure 5: Cell proliferation and colonization on PLA-PEG-PLA microstructured scaffolds: (A) C2C7
cell proliferation on honeycomb and random scaffolds at 24h, 48h, 72h and 96h. (B) NIH3T3 GFP cell
colonization on honeycomb scaffolds made of PLA-PEG-PLA at days 3, 9 and 16; top left micrograph
was acquired using bright field mode. (C) 3D view of NIH3T3 GFP cell invasion on the same
scaffolds after 16 days. (Each experimental evaluation was performed in sextuplicate. Significance
was assessed by 2-way ANOVA with repeated measures followed by Tukey test (multiple
comparisons). Values of *P <0.05 were considered as statistically significant; ***P <0.001).

4. Conclusions

In this work we report the fabrication of microstructured PLA-based electrospun scaffolds
that present elastic anisotropy and that are able to maintain the mechanical properties over
time in a degradation-induced environment. We particularly investigated honeycomb-
patterned scaffolds for presenting a superior fiber alignment compared to the square-patterned

type. The resulting orientation of fibers accounted for the anisotropic behavior under tensile

21



stress for both types of copolymers, with PEGs8-PLA being able to withstand more
deformation at break than the linear version PLA-PEG-PLA. Moreover, these scaffolds
preserved their macrostructure after 3 months while their initial elastic modulus decreased in a
moderate fashion (matching the molecular degradation in hydrolytic conditions), albeit
exhibiting comparable values with soft tissues up to 2 months (when PLA-PEG-PLA was
used). Additionally, the honeycomb macrostructure showed to improve cellular proliferation
compared to non-macroporous randomly-aligned fibers and also to stimulate 3D cellular
invasion, which are critical parameters towards the regeneration of tissue. In perspective,
further work might consider crosslinking of the polymeric scaffold to retain its physical
properties for longer periods as well as tailoring the pore dimension (thus the corresponding
fiber density) to engineer homogeneous cellular colonization and anisotropic responses to

support the formation and alignment of newly developed ECM.
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