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Abstract

In this paper, we describe the application of the 4D biofabrication approach for the fabrication of
artificial nerve graft. Bilayer scaffolds consisting of uniaxially aligned
polycaprolactone-poly(glycerol sebacate) (PCL-PGS) and randomly aligned methacrylated
hyaluronic acid (HA-MA) fibers were fabricated using electrospinning and further used for the
culture of PC-12 neuron cells. Tubular structures form instantly after immersion of fibrous bilayer
in an aqueous buffer and the diameter of obtained tubes can be controlled by changing bilayer
parameters such as the thickness of each layer, overall bilayer thickness, and medium counterion
concentration. Designed scaffolds showed a self-folded scroll-like structure with high stability after
four weeks of real-time degradation. The significance of this research is in the fabrication of
tuneable tubular nerve guide conduits that can simplify the current existing clinical treatment of

neural injuries.

1. Introduction

More than a million people each year are affected by
peripheral nerve injuries, which can lead to the reduc-
tion of motor function, sensory perception, and in
severe cases even death [1, 2]. Neural injuries, in gen-
eral, can be caused by physical trauma, accident or
genetics [3-5]. One of the biggest challenges in the
treatment of nerve injuries is to bridge both end-
ings of the ruptured nerve without causing inflam-
mation or fibrosis, and this is especially important for
neural defects with a large gap [6]. Autografts are used
in clinical practice to oppose nerve ends. Although
this technique has shown promising outcomes for
nerve injury repair, it requires suitable donor mater-
ial [7, 8]. Therefore, tissue engineering approach
and usage of implantable hollow nerve guide con-
duits (NGCs) have been introduced as an attract-
ive alternative; however, until now, NGCs have been

© 2020 The Author(s). Published by IOP Publishing Ltd

used only for small defect repair [9]. Various tissue
engineering and biofabrication approaches includ-
ing bioprinting, micropatterning, self-assembly, and
electrospinning have been used to solve this issue
by providing 3D scaffolds that could support and
guide neurons during regeneration [10-15]. Vari-
ous approaches have been explored to develop tubu-
lar structures as conduits with specific topographies
and anisotropic morphology to guide nerve growth
[3, 14-20]. 3D bioprinting of cell-laden hydrogels
is one of the most used and promising methods
for the fabrication of NGCs in the latest years. This
approach allows homogenous cell distribution [21].
Nevertheless, there are several limitations of 3D print-
ing such as the low resolution of printing of a
tubular structure [22], narrow NGCs wall thickness
to ensure waste product and nutrient permeability
[23], and high shear forces during direct printing of
NGCs [24].
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Another shortcoming of tubular NGCs is the
complex fixation of endings of the ruptured nerves.
As a solution to this problem, 4D biofabrication is
expected to allow wrapping and fixing of the endings
of a ruptured nerve with a shape-morphing mater-
ial. 4D biofabrication is based on the fabrication of
complex 3D structures out of simple 2D and 3D
objects by their shape transformation in a response
to external stimuli [25, 26]. Therefore, 4D biofabric-
ation can offer a number of advantages that are not
accessible using conventional 3D fabrication tech-
niques. Furthermore, it shows great potential in mim-
icking human tissues with tubular and anisotropic
structures such as blood vessels [27-30], muscle fibers
[31-33], and neural tissues [15, 34-38]. Self-folding
materials have shown the potential to encapsulate
cells, guide the differentiation of neuron cells, and
neurites outgrowth using various fillers [15, 36, 39].
Recently, the possibility of fabrication of the NGCs
was demonstrated with the example of a self-folding
bilayer of non-porous solid chitosan film and electro-
spun spider silk fibers. The inner part of the tubular
constructs were filled with a collagen cryogel [15]. It
can be expected that the non-porosity of the chitosan
layer can negatively affect the transport of nutrition
to the inner part of the formed tube.

In this study, we introduce an advanced struc-
tural design—porous and completely electrospun
self-folding bilayer as a potential NGC. The elec-
trospun self-folding bilayers are unique materi-
als because of their ability to offer a remarkable
combination of fiber guided shape transformation
[40-42], extra-fast actuation [43, 44], high per-
meability [27, 33, 45], and cell growth and align-
ment [33]. We show that biodegradable electrospun
bilayer made of polycaprolactone-poly(glycerol seba-
cate) (PCL-PGS) and methacrylated hyaluronic acid
(HA-MA) forms stable scroll-like tubular structures
where the inner layer with aligned fibers provides
the contact guidance to cells to form unidirec-
tional neurites outgrowth. In advantage to all previ-
ously used shape-changing layers (alginate hydrogel-
polycaprolactone fibers [33], chitosan film with silk
fibers [15], alginate and hyaluronic acid hydro-
gels films [28], poly(N-isopropyl acrylamide)-based
bilayers [46], and gelatine hydrogel/polycaprolactone
film [47]), the system presented in this paper offers
a unique combination of important advantages such
as improved biocompatibility, suitable structural and
mechanical anisotropy, adjusted mechanical prop-
erties, porosity, biodegradability, and the possibil-
ity to tune shape-transformation behaviour. In par-
ticular, in this research, we have proven that NGCs
can be fabricated within a wide range of diameters
(0.1-40 mm) that should allow personalized fabric-
ation of NGCs which closely fit damaged and rup-
tured nerve stumps and could solve the existing prob-
lem of NGCs with over- and undersized diameters
[48]. All main polymers (PCL, PGS, and HA), used
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in this study to fabricate NGCs, are Food and Drug
Administration (FDA) approved, biodegradable and
biocompatible polymers, that in the latest years, have
shown high potential for soft tissue engineering [49—
53]. Moreover, we, for the first time, present a study
on the degradation rate of shape-changing materials.

2. Materials and methods

2.1. Materials

Glycerol (BioXtra, >99% (GC), Product num-
ber G6279, Merck KGaA), Sebacic acid (99%,
Product number V001987, Merck KGaA), Polycapro-
lactone (PCL) (M, = 80000 g mol™!, Product
number 440744, Merk KGaA), Hylauronic acid
sodium salt (MW 1-2 Million Da, Product num-
ber YH05852, Carbosynth), a Poly(ethylene oxide)
(PEO) (MW 1000000 g mol~!, Product number
21295, Polysciences Inc.), Pluronic® F-127 (Product
number P2443, Merk KGaA), 2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure
D2959) (Merk KGaA), Chloroform anhydrous (Merk
KGaA), Methacrylic anhydride (MA) (Merk KGaA),
Ethanol 99% (EtOH) (Merk KGaA), Sodium hydrox-
ide (NaOH) (Merk KGaA), Ethylenediamintet-
raaceticacid (EDTA) (Merk KGaA), Calcium chloride
dehydrate (Merk KGaA), Potassium chloride (BioX-
tra, >99.0%, Merk KGaA), Hydrochloric acid (ACS
reagent, 37%, Merk KGaA), Potassium hydroxide
(BioXtra, >85% KOH basis, Merk KGaA) Dulbecco’s
phosphate buffered saline (DPBS) (Merk KGaA),
Roswell Park Memorial Institute (RPMI) 1640
Medium (gibco), Dulbecco’s Modified Eagle Medium
(DMEM) low glucose (Merk), Horse Serum (gibco),
Penicillin Streptomycin (Pen/Strep) (gibco), Fetal
Bovine Serum (FBS) (Merck), GlutaMax (gibco), 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic  acid)
(HEPES) (Carl Roth), Gentamycin (Merk KGaA),
Albumin Fraction V (BSA) (Roth), Collagen IV
(Product number AB756P, Merk KGaA), Calcein AM
(Thermo Fisher Scientific), Ethidium homodimer
(EthD-1) (Thermo Fisher Scientific), alamarBlue™
HS Cell Viability Reagent (Thermo Fisher Scientific),
Nerve growth factor (NGF), Rb pAb to beta III
tubulin (abcam 18207), Alexa fluor goat anti rabbit
1gG 488 (Thermo Fisher Scientific), 4’,6-diamidino-
2-phenylindole (DAPI) (Thermo Fisher Scientific),
Triton X-100 (Merk KGaA). The PC-12 cell line
derived from a transplantable rat pheochromocyt-
oma were purchased from ATCC (Manassas, VA)
(ATCC® CRL-1721™)

2.2. Synthesis of mildly cross-linked PGS

To synthesize mildly cross-linked PGS, the described
procedure by Jaafar et al was used [54]. Briefly, gly-
cerol and sebacic acid were mixed in ratio 1:1 at
120 °C under nitrogen flow for 24 h. The obtained
prepolymer after this reaction was moved to a vacuum
oven and mildly cross-linked for 24 h. The yield of the
synthesis was above 80% [55]. The chemical nature
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of mildly cross-linked PGS was assessed via Fourier
transform infrared attenuated total reflectance spec-
troscopy (ATR-FTIR) (IRAffinity-1S, Shimadzu Cor-
poration, Kyoto, Japan). Therefore, 40 spectral scans
were averaged across the spectral range of 4000 to
400 cm ™! with a resolution of 4 cm~!. The measure-
ment was performed at room temperature. The data
was visualized via Origin (OriginLab, Northampton,
MA, USA).

The chemical nature of synthesized PGS
was confirmed by FTIR spectroscopy. PGS pre-
polymer before crosslinking showed all char-
acteristic IR bonds of PGS: 2927 cm~! (CH,
stretching-asymmetric), 2852 cm ™! (CHj stretching-
symmetric), 1298 cm™! (C-O and C-C stretching in
the crystalline phase), 1732 cm™! (carbonyl stretch-
ing), 1224 cm™! (C-O-C stretching asymmetric),
3431 cm ™! (hydroxyl stretching) (figure S1 (available
online at stacks.iop.org/BF/12/035027/mmedia)).
These characteristics are in accordance with previ-
ous research [49, 56, 57].

2.3. Synthesis of methacrylated hyaluronic acid
(HA-MA)

The methacrylate groups were introduced in HA acid
using the procedure described by Smeds et al [58]. A
20-fold excess of methacrylic anhydride regarding to
HA acid was added dropwise to a 2% HA solution.
Reaction pH was constantly adjusted to pH 8 using
5M NaOH. The mixture was incubated at 4 °C for
24 h using constant stirring at 800 rpm. To clean HA-
MA from impurities, the dialysis process was started
against the Milli-Q water for a week at 37 °C. In this
case, the dialysis tubes (Spectra/Por) with a molecular
weight cut-off (MWCO) of 12000-14 000 Da and a
pore diameter of 25 A was used, and the solution after
one week of dialysis was freeze-dried using Freezone
2.5 (USA) for 48 h. The yield of synthesis was 84 %.

2.4. Electrospinning

A custom-made electrospinning device with a multi-
syringe pump and high voltage source was used for
fiber spinning. Omnifix® 1, 3 and 6 ml syringes were
used, and flow rates were adjusted to 0.2 ml h—! and
0.36 ml h™! for PCL-PGS and HA-MA solutions,
respectively. Needles with 0.8 mm inner diameter
were used, and 15 kV and 28 kV were applied to
the tip of the needle for the spinning of the PCL-
PGS and HA-MA solutions, respectively. Electrospun
fibers were collected on a custom-made rotating four-
bar grounded collector (500 rpm), with a 4 cm dis-
tance between the bars. The distance between the
needle tip and collectors was kept constant 15 and
28 c¢cm for PCL-PGS and HA-MA fibers, respect-
ively. Bilayer systems were produced by the sequen-
tial deposition of different polymer solutions during
electrospinning. 8.5 wt% PCL solution in chloro-
form was used for PCL fiber preparation. Whereas
for PCL-PGS fibers various solutions with wt%
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from 8%-13% were prepared in chloroform, where
the ratio between PGS and PCL was varied from
1:1 till 1:4. For the fabrication of hyaluronic acid
fibers, 2 wt% solution of HA-MA was mixed with
10% (w/v) Irgacure D29590 solution to reach the
concentration of 99.9% hyaluronic acid and 0.1%
(w/v) photo crosslinker. To increase the spinnability,
5 wt% PEO and 20 wt% Pluronic F127 solutions were
added to the HA-MA solution. For the final electro-
spinning solution, the weight ratio of each solution
was 44/38/18 (HA-MA/PEQO/Pluronic F127)[59].
The electrospun HA-MA fibers were photo-cross-
linked under UV light (VL-215, 8 W cm™2) with
254 nm wavelength for 15 min with a distance of
2 cm.

2.5. Scanning electron microscopy (SEM)

The fiber morphologies were investigated using a
field emission scanning electron microscopy (FE-
SEM) (FEI Teneo, FEI Co., Hillsboro, OR, and Carl
Zeiss Microscopy GmbH, Germany) and Apreo SEM
(Thermo Fisher Scientific, USA). Fully dried samples
were covered with ~10 nm gold or 1.3 nm platinum
to ensure the electrical conductivity.

2.6. Dynamical mechanical analysis (DMA)

The mechanical properties of electrospun fiber mats
were characterized by dynamic mechanical ana-
lysis (Anton Paar MCR 702 TwinDrive, Austria).
Samples with dimensions 50 x 10 x 0.8 mm?’
were prepared and dual cantilever tension mode was
used for the measurement. During measurement,
static (60 mN) and dynamic forces (50 mN) were
applied. The frequency (1 Hz) was kept constant
during the measurement. The temperature range
used during the measurement was varied from 20
to 37 °C with a scanning rate of 2 °C min™!
to characterize the viscoelastic properties of the
materials.

2.7. Thermogravimetric analysis (TGA)
Degradation of the PCL and PCL-PGS fibers was
studied using a temperature ramp applied by Met-
tler Toledo TGA 2 STAR System (USA) from 25 °C to
600 °C at a heating rate of 20 °C min~! under nitro-
gen atmosphere.

2.8. Differential scanning calorimetry (DSC)

The thermal behaviour of the PCL, PCL-PGS electro-
spun fibers, and mildly cross-linked PGS was studied
using DSC (Metler Toledo DSC3, USA). Samples were
prepared by loading 5-27 mg of finely cut PCL, PCL-
PGS electrospun fibers, and mildly cross-linked PGS
in a closed aluminum crucible. The polymers were
scanned in three steps: (1) heating from —10 °C to
120 °C, (2) cooling down to —10 °C, and (3) heating
to 120 °C again. For all samples, the heating/cooling

rate was 10 K min—".
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2.9. Zeta potential measurements

Zeta potential was measured using the streaming
potential measurement mode of Electrokinetic Ana-
lyzer EKA (Anton Paar, Austria). 10 x 20 mm
sample size, 150 ml min~! flow rate, 250 mbar
max. pressure was used during measurements. KCl,
¢ = 1072 mol 17! was used as a measuring solution.
Titration in acidic and alkaline range was done using
HCl or KOH solutions with ¢ = 0.1 mol 171,

2.10. Small-angle x-ray scattering (SAXS)

The scattering patterns were recorded using the SAXS
system ‘Ganesha-Air’ from (SAXSLAB/XENOCS,
France). The x-ray source of the laboratory-based
system was a D2-MetalJet (Excillum, Sweden) with a
liquid metal anode operating at 70 kV and 3.57 mA
with Ga-Ka radiation (wavelength A = 0.13414 nm)
providing a very small beam (<100 pm). The beam
was slightly focused with a focal length of 55 cm using
a specially made x-Ray optics (Xenocs) to provide a
very small and intense beam at the sample position.
Two pairs of scatter less slits were used to adjust the
beam size depending on the detector distance. For
the covered q range of 0.08 nm™! to 22 nm™!, two
detector distances were used. The electrospun fibers
were fixed on a metal frame with scotch tape and dir-
ectly put in the x-ray beam. The empty camera was
used for background subtraction including transmis-
sion correction. As the exact thickness of the samples
was not measured, the data was not presented on an
absolute scale. Azimuthal averages of the low q part
(0.13 to 0.3 nm™!) corresponding to the fiber orient-
ation, the mid q part (0.3 to 0.6 nm™~!) corresponding
to the oriented internal crystalline domains perpen-
dicular to the fiber direction and the high q part (14
to 15 nm~!) were used for the order parameter ana-
lysis. The q ranges from the radially averaged profiles
were chosen to cover the whole peak as seen on the
2D detector image. The order parameter S = Wf"_l
for all extracted peaks was obtained with the Kratky
method by directly fitting the azimuthally averaged
scattering profiles [60, 61] which was described more
in detail in the supporting info.

2.11. Rheology

The rheological behaviour of a 2% HA-MA elec-
trospinning solution was measured using MCR 702
(Anton Paar, Graz, Austria). Plate-plate geometry
with a diameter of 25 mm was used. The complex
viscosity, storage, and loss modulus of the polymer
solution were evaluated by performing a frequency
sweep measurements from 50 °C to 100 °C and vary-
ing from 0.1 to 100 Hz. Shear rate was kept constant
to 3 s~! (calculated theoretical shear rate in electro-
spinning needle).

2.12. Real-time degradation test
The degradation rate of the materials was tested at
various time points such as 1, 2, 3, and 4 weeks in
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DPBS solution at 37 °C. DPBS solution pH was kept
constant at pH 7 during all degradation. Samples were
weighted after freeze-drying at each time point.

2.13. Contact angle measurements

The surface hydrophobicity of PCL and PCL-PGS
films was analyzed using a commercial contact angle
meter KRUSS Drop Shape Analyzer DSA25E (Ger-
many). Films were carefully cast and dried on sil-
icon wafers to form a thin layer for measurements.
Sessile drop measurements were done to measure
the contact angle (©). The selected probe liquid was
Milli-Q water with a volume of 2 ul and a rate of
2.67 pl s71. All the measurements were made at room
temperature.

2.14. Cell culture studies

PC-12 cells (with a passage number less than 7) were
cultured on the PCL, PCL-PGS aligned fibers, HA-
MA random fibers, and bilayer PCL-PGS/HA-MA
fibrous scaffold. To analyze the cell behaviour on the
bilayers, two sets of experiments were performed. In
one set fibrous scaffolds (bi- and mono-layer) were
fixed in the crowns (Scaffdex CellCrown™ inserts)
for a better visualizing of the cells in the 3D con-
structs. In the second set, freestanding bilayer scaf-
folds were used to study the self-folding and entrap-
ping the cell suspension within the formed tubes.
Scaffolds were sterilized using 70% ethanol for 1 h
and UV light under the clean bench for 30 min. To
increase the adhesion of the PC-12 cells on the PCL-
PGS side of the bilayer, as well as the monolayer con-
trol samples (PCL and PCL-PGS fibers), the surface
of the fibers were coated with sterilized 20% col-
lagen type IV solution in DPBS for 30 s. The fol-
lowing 30 000 cells cm™2 and 10 000 cells cm™2
were seeded on scaffolds for cell viability, adhe-
sion, and differentiation test, respectively. The growth
medium of PC-12 cells was prepared based on the
cultural method suggested by ATCC® CRL-1721™
and it was composed of RPMI 1640, 10 v/v %
horse serum, 5 v/v % FBS serum, 2 mM glutam-
ine. The culture medium was refreshed every three
days.

2.14.1. Live/dead assay

Viability of the neuronal cells on fibrous scaffolds
(PCL, PCL-PGS aligned fibers, HA-MA random
fibers, and bilayer PCL-PGS/HA-MA fibrous scaf-
fold) was measured using Live-Dead assay at 4 and
7 d after the culture. Staining solution containing 1 ul
of Calcein AM and 4 pl of Ethidium EthD-1 was
prepared in 2 ml DPBS and samples were covered
with staining solution and incubated for 20 min at
room temperature before imaging using fluorescence
microscopy (Nikon Ti2, Japan). The cell viability was
analyzed by measuring the area of live and dead cells
in 10 random images.
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2.14.2. Cell metabolic activity

The proliferation rate of the PC-12 cells cultured on
various fiber mats was measured using Alamar Blue
assay after 4 and 7 d of culture. According to the
manufacturer protocol, 10% of Alamar Blue reagent
was added to the samples with 500 pl of cell culture
growth medium and incubated for 165 min at 37 °C.
24-well plates were carefully rocked back and forth
every 30 min to avoid the gradient formation. After
the incubation time, the supernatant collected from
each sample was kept on ice in the dark condition to
stop the reaction. 100 pl of the aliquots were trans-
ferred to 96-well plate to measure the fluorescence
using a plate reader (BertholdTech TriStar2S, Ger-
many) (535 nm of excitation wavelength and 590 nm
of emission wavelength). As positive control com-
pletely reduced Alamar Blue was used and as negative
control 10% Alamar Blue in growth media without
cells.

2.15. Cell differentiation

To investigate the cell differentiation, 10 000 cells
cm~2 were cultured on the collagen-coated samples
and after two days of culture growth medium was
exchanged by differentiation medium containing
DMEM with low glucose, horse serum, Glutamine,
Penicillin/Streptomycin, HEPES and 100 ng ml™!
NGE The differentiation medium was refreshed
every two days. After 7 d of differentiation, the fol-
lowing immunostaining protocol was performed to
visualize the behaviour and morphological changes
of the cells. First, the samples were washed twice with
DPBS and then fixed using 3.7% formaldehyde solu-
tion for 15 min in room temperature. After the fixa-
tion of cells, the samples were washed two times with
DPBS and the cell membranes were permeabilized
with 0.1 v/v % Triton solution for 5 min at room tem-
perature. Then, 5 wt.% BSA in DPBS blocking solu-
tion was added and incubated at 37 °C for 15-30 min.
The solution was aspirated and samples were washed
twice with DPBS. Next, primary antibody Anti-beta
III Tubulin 500x diluted in 0.1 wt.% BSA was added
and incubated overnight at 4 °C. Samples were fur-
ther washed twice with DPBS and then secondary
antibody (goat anti-mouse 1gG 488) and DAPI in
1000x dilution in 0.1 wt.% BSA was added and incub-
ated in dark at 37 °C for 1 h. After removing the stain-
ing solution samples were washed again with DPBS
two times and images were taken using a fluorescent
microscope.

2.16. Statistical analysis

Obtained data were shown as the mean =+ standard
deviation (SD) (3-5 replicates were used). Student’s
t-test and one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison tests were
performed to analyze differences between every two
experimental groups. A value of p < 0.05 was con-
sidered statistically significant.

I Apsite et al

3. Results and discussion

In this work, we decided to use PCL-PGS/HA-MA
bilayer electrospun mats. The top layer is formed by
uniaxial aligned PCL-PGS fibers; the bottom layer is
formed by disordered HA-MA fibers. This structure
has certain advantages to previously used electrospun
PCL-alginate bilayer. In particular, we replaced algin-
ate, which has a negative effect on cell viability [33],
by hyaluronic acid, which is a natural component of
the extracellular matrix. PCL is a semicrystalline poly-
mer with elastic modulus in the order of hundreds of
megapascals that is much higher than that of soft tis-
sue. PGS is expected to soften PCL by lowering the
elastic modulus. Considering the aimed application
of the bilayer mats, the upper layer must provide guid-
ance for the neural cells that is achieved by generat-
ing of uniaxially aligned fibers. The orientation of the
bottom layer is however not important for cell align-
ment. Having both layers highly porous is also very
important for providing diffusion of nutrition and
oxygen to cells. The pore size shall be smaller than
the size of the cells to avoid cell migration inside the
tube. Therefore, electrospinning was used to produce
the bilayers.

The electrospinning technique was used for the
fabrication of PCL-PGS/HA-MA bilayer scaffolds
with uniaxially aligned PCL-PGS fibers. PCL-PGS
solution in chloroform was electrospun first and HA-
MA was electrospun on the top of the PCL-PGS elec-
trospun mat. We have used specially designed four-
bar rotating collector to achieve a high degree of ori-
entation of produced fibers (figures 1(a) and (b))
[33, 62, 63]. Separate PCL-PGS and HA-MA mats
were also prepared by electrospinning and were used
as reference material.

Each component of the bilayer was character-
ized first. DSC measurement showed that pure mildly
cross-linked PGS is semi-crystalline and has two
melting temperatures measured at 7 and 37 °C (T,)
that agrees with previously reported data [56] (fig-
ures 1(c), S2-3). Based on the DSC analysis, the crys-
tallinity of mildly cross-linked PGS after cooling to
0 °C and warming to room temperature was meas-
ured to be about 20 %. The crystallization point of
PGS is around 0 °C meaning that PGS after evapora-
tion of the remaining solvent (glycerol) is amorphous
as solvent plays the role of plasticizer, which reduced
melting/crystallization temperatures of the polymer
[64, 65]. Whereas melting (Ty,) and crystallization
(T.) temperatures of PCL fibers were measured to
be 60 °C and 25 °C, respectively meaning that the
PCL fibers are solid. The degree of crystallinity of
PCL is ca 50% as it was revealed by DSC (figures
1(c), S3). Interestingly, PCL-PGS electrospun fibers
showed two melting points at 45 and 60 °C, which
confirmed the presence of both polymers PGS and
PCL, respectively, in the electrospun fibers and their
partial miscibility. We believe that 45 °C could be the
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Figure 1. PCL-PGS fiber mat properties: (a) fiber morphology (insert scale: 5 um); (b) PCL-PGS fiber alignment; (c) DSC of PGS
polymer and PCL, PCL-PGS electrospun fibers; (d) mechanical properties of PCL-PGS and PCL; (e) Zeta potential of electrospun

melting point of sebacic acid, in which one carboxylic
group reacted with glycerol. We did not observe sep-
arate crystallization of PGS at around 0 °C. These res-
ults agreed with previous reports [56].

Contact angle measurement revealed that hydro-
phobicity of uniform cast PCL films decreased with
the addition of PGS in the structure—contact angle
decreases from 77° for pure PCL down to 45° for
PCL-PGS blends with 50 wt.% of PGS content. Pure
mildly cross-linked PGS showed hydrophilic proper-
ties with a water contact angle of about 35° (figure
S4). Casted polymer films were used for contact angle
measurements to avoid surface influence and increase
the reproducibility.

The presence of PGS in PCL changed its charge—
PCL-PGS fibers demonstrate more negative zeta
potential than PCL fibers do (figure 1(e)). The
reason for this difference could be the presence of a
large number of terminal carboxylic groups in PGS.
Adsorption of collagen increased slightly negative
value of the zeta potential of PGS-PCL fibers.

We explored the effect of ratio between PCL and
PGS on the properties of produced nanofibers and
found out that PCL-PGS blends with 75% and 80%
of PCL content formed the most uniform and bead
free fibers with fiber diameter ~0.6 &= 0.2 pm (figures
1(a) and S5). Moreover, a blend of 75% PCL and 25%
PGS showed favorable hydrophobicity (64°). Thus,
this composition was used in further experiments.

It was found that the presence of PGS in PCL
fibers substantially affects the mechanical properties
of fibers. In particular, PCL-PGS fibers with 75%
PCL content showed 3 times lower storage modulus

(0.6 MPa) than that of pure electrospun PCL fibers
(1.9 MPa). Considering that 25% of PGS decreased
storage modulus by 3 times, we speculate that PGS
and PCL are partially miscible and PGS acts as a plas-
ticizer. It is known that the mechanical properties
of polymers should mimic that of the natural tis-
sues. Here in agreement with previous studies, it is
proved that PGS can affect the mechanical proper-
ties of the PCL [49]. However, the elastic modulus
of the PCL-PGS fibrous mat is still two orders mag-
nitudes higher than the modulus of the natural neural
tissue (0.1-10 kPa [66]) (figure 1(d)). On the other
hand, it was previously reported that NGCs made of
cross-linked urethane-doped polyester with a similar
modulus (0.64 MPa) was shown a good cell response
in vivo for the peripheral nerve regeneration [67].
This allows us to assume that the mechanical prop-
erties of our mats might not have a negative effect on
cells. Moreover, it is worth to mention that the storage
modulus 0.6 MPa of the PCL-PGS electrospun fibers
is lower than that of the natural collagen type I fibrils
(1.1 MPa) [68].

SAXS and wide angle x-ray scattering (WAXS)
were used to elucidate the structure of aligned PCL-
PGS fibers (figure 2). Obtained results showed that
PCL-PGS fibers are semi-crystalline as evidenced by
the typical (110) and (200) reflections of the PCL
crystals. The degree of crystallinity was measured
around 50% that is similar to that obtained from DSC
results. There were also two reflexes at ¢ = 0.15 per-
pendicular to the fiber direction which correspond
to the long period of lamellar stacks (d = 15 nm).
Both SAXS and WAXS measurements confirmed the
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high degree of orientation of polymer chains and
crystalline lamellas. We obtained the following val-
ues of order parameters from analysis of peak widths
at different ¢ S = 0.45 (q = 0.13-0.3 nm™!);
S =025 (q = 03-0.6 nm~!); S = 0.22 (q = 14—
16 nm™"'). These values, however, show an under-
estimated degree of orientation for polymer chains
and crystalline lamellas in the fiber structures as fibers
themselves were not perfectly uniaxially aligned in the
macro-scale (figure 1(b)).

The second component in the bilayer is a layer of
randomly oriented HA-MA fibers with a diameter of
around 0.2 + 0.1 pum (figure 3(a)). HA-MA, similar to
the methacrylated alginate (AA-MA) from our previ-
ous work [33], was electrospun after the addition of
PEO (10° g mol~!) as a polymer chain extender for
fiber formation and Pluronic F127 to reduce the sur-
face tension of water. The polymer chain extender is
forming hydrogen bonds between natural and syn-
thetic polymers that allow the reduction of solu-
tion viscosity and increase the stability of the hydro-
gel. These crosslinks ensure entanglements between
hydrogel chains during electrospinning.

The storage modulus of the HA-MA aqueous
spinning solution was about 2 Pa at 0.1 Hz and 50 Pa
at 100 Hz. Storage modulus increased to ca 100 Pa
(0.1 Hz) and 10* (100 Hz) after irradiation with a UV
light that indicated on crosslinking of the polymer.

Decrease of storage modulus with a decrease of fre-
quency indicated the existence of temporary phys-
ical crosslinks with relaxation time approximately one
second, which contributes to the rigidity of hydrogels
at high frequency.

We found out that the swelling degree of cross-
linked electrospun HA-MA mats depends on the
counterion concentration and pH of the media: a
swelling degree was measured ca 2000% in pure
water, 3000% in 0.1 M DPBS and 4000% in cell cul-
ture medium (figure 3(c)). This variation in swelling
degrees could be attributed to the difference in com-
position of the media such as the presence of spe-
cific ions and compounds [28, 33, 69]. We observed
the variation of the ion content of the media also
affected the swelling degree where an increase of Ca**
ion concentration in solution from 0 to 0.1 mol 17},
resulted in a decrease of swelling degree of HA-MA
by 50 %. Similar swelling changes were observed
with a change of the medium from water, DPBS to
cell growth medium with low counterion content. It
has been discussed before that swelling of hyaluronic
hydrogels is not just dependent on ion strength but
as well on the pH of the medium [70]. Our results
showed the highest swelling degree was measured in
cell culture media with pH 7.58, next in DPBS with
pH 7.37 and finally, the lowest swelling was measured
in deionized water with pH 6.79. In conclusion, HA
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Figure 3. HA-MA fiber mat properties: (a) fiber morphology (insert scale: 5 m); (b) rheological properties of HA-MA solution
and photo-cross-linked fibrous mat; (c) swelling degree of HA-MA fibrous mat in various media after 24 h.
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swelling degree increases in media with higher pH,
which agrees to previously reported research [70].
Next, we prepared the bilayer electrospun mats
based on aligned PCL-PGS fibers and disordered HA-
MA fibers. The improved hydrophilicity of the PCL-
PGS layer and low thickness of each layer improved
the integration of both layers in the designed bilayer
system and no delamination of layers was observed
during all experiments. The thickness of the mats var-
ied in the range between 70 and 200 pum. Mats pos-
sess high porosity (95%) that is valuable for the fast
exchange of nutrients, oxygen, and waste products
in the tissue engineering applications. The storage
modulus of the bilayer in the wet state (1.2 MPa)
was lower compared to the dry state (3.4 MPa) that
can be attributed to the swelling of HA-MA fibrous
mat. Indeed, swollen HA-MA is very soft and does
not contribute to the rigidity of bilayer. The meas-
ured value of the storage modulus of the bilayer in
the wet state (1.2 MPa) was slightly higher than that
of the PCL-PGS mat (0.6 MPa). This discrepancy can
be explained by the difficulty of measurements of the
thickness of the mats due to their compressibility.
The PCL-PGS/HA-MA bilayer demonstrated
shape-transformation behaviour in an aqueous
environment (cell culture medium, DPBS, and
water), which means as soon as the bilayer film is
immersed in aqueous media, it started to roll and
formed a hollow tubular scroll-like structure (Movie
S1). To investigate the shape-transformation of PCL-
PGS/HA-MA bilayer systems, we studied the effects
of various factors on the tube inner diameter formed
after the self-folding. In particular, the concentration
of Ca** ions in the aqueous media, the ratio between
the thickness of each layer, and the overall thickness
of the bilayer were varied and the inner diameter of
the resulted tubes was measured (figures 4(b)—(e)).
We found out that the self-folded bilayer mat unfolds
with the increasing calcium ion concentration in the
medium. This process was reversible and a decrease
of concentration of Ca** ions led to the refolding
of the unfolded bilayer. This behaviour is in agree-
ment with our previous study with AA-MA [33].
The folding/unfolding of bilayer upon changes of the

concentration of Ca** ions is due to the changes in
the swelling degree of HA-MA as was discussed pre-
viously (figure 4(b)). It was observed that the tubular
self-folded structure was formed after 10 s of immer-
sion in water, and then the sample was moved to the
solution with higher calcium ion content, it unfol-
ded within 27 s. The sample was folded again within
40 s after immersion in the cell culture medium with
low calcium ion content. We can conclude the bilayer
systems can undergo reversible folding in less than
1 min.

The increase of the ratio between the thickness
of the hydrophobic PCL-PGS layer and the hydro-
philic HA-MA layer also resulted in an increase of
inner tube diameter, which correlates with the pre-
diction of the Timoshenko equation [71]. In fact,
Timoshenko equation predicts that the higher the
ratio of thicknesses of the hydrophobic (PCL-PGS)
layer versus the hydrophilic (HA-MA) layer is, the lar-
ger the bilayer tube diameter will be. This depend-
ence can be explained by the restricted swelling of the
hydrophilic polymer (HA-MA) by more rigid hydro-
phobic polymer (PCL-PGS) (figure 4(c)). An increase
in the overall thickness of the bilayer also resulted in
the increase of the diameter of the tube that also cor-
relates with the Timoshenko equation. Circular shape
bilayers were used for folding to set the fiber align-
ment along the long axis of the tubular construct [33].

The degradability of the bilayers as well as the con-
trol materials such as PCL, PCL-PGS, and HA-MA
electrospun mats were studied for 4 weeks in DPBS
solution at 37 °C. We have observed cavities on the
surface of ‘as prepared’ electrospun PCL fibers (fig-
ure 5(a)), which are due to the usage of highly volat-
ile solvents such as chloroform in electrospinning
[72, 73]. After 4 weeks of incubation of PCL fibers in
DPBS buffer, the area of these cavities on the fibers
has increased from 8%-40% (figures 5(a), (e), (j), and
S7).In contrast to pure PCL fibers, ‘as prepared’ PCL-
PGS fibers did not have cavities on their surface before
the degradation test. However, we observed the form-
ation of cavities on the surface of PCL-PGS fibers after
2 weeks of degradation. Moreover, the morphology
of PCL-PGS fibers changed during degradation and
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fused fibers with a dense fibrous network were formed
(figures 5(b), (f), and S7). In our opinion, these pores
on the ‘as prepared’ PCL-PGS fibers were not visible
before the degradation test as they are filled by PGS.
PGS is initially liquid at room temperature (crystal-
lization point 0 °C) and we believe that it fills the
cavities during electrospinning. On the other hand,
it is known that the degradation rate of polymers
depends on their structure and mobility of the poly-
mer chains; therefore, highly crystalline polymers like
PCL degrade slower, while liquid amorphous poly-
mers like PGS degrade faster. Therefore, we believe
that PGS degrades first resulting in disclosing of cav-
ities, which were hidden and filled with PGS polymer
after fiber spinning.

Electrospun HA-MA fibers also showed signific-
ant morphological changes after one week of incub-
ation in DPBS solution during the degradation test.
Swollen HA-MA fibrous mat did not show any
fibrous structure. Instead, a dense hydrogel layer
was observed, which gradually degraded and became
more porous until only a few polymer particles were
remained (figures 4(c), (g), (j), and S7). The fast
degradation rate of the HA-MA layer can be explained

by its nature—hydrogel is a highly swollen substance
and the polymer chains are mobile.

Similar degradation behavior of the HA-MA layer
was observed in bilayers. After 1 week of degrad-
ation, the HA-MA fibers formed a film on the
top of the PCL-PGS fibers (figure S7). After 2 and
3 weeks of degradation, the remaining of HA-MA
and PGS coating was completely removed from the
PCL fibers and the porous PCL fibers were remained
after 4 weeks of degradation (figures 5(d), (h),
and S7).

The morphological changes explained above dur-
ing the degradation test were also confirmed by the
mass loss measurements for each fibrous mat and
bilayers (figure 5(i)). Pure PCL fibers showed negli-
gible mass loss (< 5%) that correlates with the absence
of morphological changes. The addition of 25% of
PGS to PCL made it more degradable—up to 40%
of its mass was lost after 4 weeks of degradation. It
is notable that while a fraction of PGS in the blend
is 25%, 40% of entire fibrous mesh was degraded
meaning that PCL also contributes to the degrada-
tion. Indeed, our previous experiments showed that
PCL and PGS are partially miscible that results in

9
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Figure 5. Degradation of the electrospun fibers and bilayer scaffold: (a)—(h) morphology of electrospun fiber PCL, PCL-PGS,
HA-MA, and PCL-PGS/HA-MA bilayer before and after 4 weeks of degradation; (i) mass loss of fibrous mats and bilayer scaffold
during 4 weeks of degradation; (j) porosity changes of PCL fibers and HA-MA fibrous mat during 4 weeks of degradation; (k)
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plasticization that can increase the degradation rate
of PCL

The degradation rate of HA-MA fibers was also
measured. However, due to the high swelling and
mass loss, we first removed the mat from the DPBS
solution and freeze-dried it each time prior to meas-
uring its remaining mass. Interestingly, the degrad-
ation rate of HA-MA was slightly lower than that
of PCL-PGS that can be attributed to the error of
measurements—ifreeze-dried polymer could contain
a small amount of salt from the buffer that increases
the mass of the polymer. Furthermore, the HA-MA
mat has completely disintegrated in pieces, which
could not be collected and mass loss could not be
measured in week 4.

At last, the weight loss of the bilayer was meas-
ured by about 70 %, which is due to the nearly com-
plete degradation of PGS and HA-MA fibers after
4 weeks of incubation in the DPBS solution. Despite
the massive degradation of the materials, the rolled

tubes after 4 weeks of degradation remained stable
and only tube diameter had increased up to 3 times
(figures 5(k), ().

Finally, we investigated the interaction of the
neuronal cells PC-12 in contact with the PCL-
PGS/HA-MA bilayer in the form of the mat and
self-rolled tubes. Two sets of samples were used for
cell culture—fixed bilayers in cell culture crowns and
free-standing bilayers. To avoid the full folding of
free-standing bilayers, initially small volume of the
cell suspension was placed on the scaffold and after
the adhesion of cells, the additional culture medium
was added. First, PC-12 neuron cells were cultured on
the top of the unfolded bilayer and the viability and
the proliferation rate of the cells were measured after
4 and 7 d of culture using live-dead and Alamar blue
assay. Due to the weak adhesion of the PC-12 cells,
the surface of the scaffolds, as well as the flasks, which
were used for culturing the cells, was coated with col-
lagen solution (collagen type IV diluted 1:5 in DPBS),

10
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Figure 6. PC-12 cell viability and proliferation on fibrous mats: (a) PC-12 neuron cells on PCL-PGS/HA-MA scaffold (Live-Dead
assay that utilizes Calcein AM (green) (for live cells) and ethidium homodimer-1 (red) (for dead cells)); (b) quantification of the
PC-12 neuron cell viability on fibrous scaffolds after 4 and 7 d of culture; (c) neuron cell proliferation on fibrous mats after 4 and
7 d of culture measured by Alamar Blue Assay; (d) scheme showing the application of the porous self-folding bilayer as a nerve
guide conduit; (e) neuron cell differentiation after 7 d in cell culture (Tubulin (green) cell body, DAPI (blue) nuclei).

which has shown good adhesion of PC-12 cells and
improved expression of proteins, important for PC-
12 cell growth and differentiation [74, 75]. After 4 d
of culture, neuronal cells showed good adhesion and
high viability (93%-96%) in contact with all of the
fibrous mats as well as the bilayer (figures 6(a), (b),
and S8-13). After a week of culture, the viability was
measured 86%—-97%, however, the cell adhesion on
HA-MA fibers was significantly lower, which can be
explained by the fast degradation behaviour of the
materials (figure S8).

Interestingly, the lowest cell proliferation was
measured on HA-MA mats after 7 d of culture (fig-
ure 6(c)), which is in agreement with previous stud-
ies using polysaccharides for the PC-12 cell culture
[76]. Cell proliferation on pure PCL mat, PCL-PGS
mat, and bilayer was nearly the same. It worth men-
tioning that lower proliferation of cells on HA-MA
mat is not affecting the suitability of the bilayer as
the cells are initially cultured on the aligned PCL-PGS
fibrous mats and the cell interaction to this side of
the bilayer will play a role in the formation of the
cell layer. This fact was confirmed by cell proliferation
studies presented in figures 6(c) and (e).

After differentiation of the cells for 7 d in con-
tact with medium containing 100 ng ml~! of NGF, we
observed that neuron cells were spread and elongated
in the direction of fibers and started to form neurites,
which was immunostained using beta III Tubulin and
shown with a green color in figure 6(e). This obser-
vation can indicate the feasibility of shape-changing
PCL-PGS/HA-MA bilayer fibrous mats as an NGC for
neural tissue regeneration (figure 6(d)).

11

4. Conclusions

In this paper, we reported the 4D fabrication and
potential application of the shape-transforming
fibrous mats as NGCs. This approach was based
on the fabrication of electrospun bilayer composed
of disordered HA-MA fibers and aligned PCL-PGS
fibers. The bilayers were able to roll and form tubular
structures in aqueous media. The diameter of the tube
could be precisely controlled by varying the concen-
tration of calcium ions, the ratio between the thick-
ness of the layers and the total thickness of the bilayer.
By blending PCL with PGS, we significantly improved
the softness and degradation rate of the electrospun
scaffold forming a substrate with closer properties to
the soft tissues. Our designed scaffolds showed high
biocompatibility and degradability (70% of mass loss
after 4 weeks of degradation). Formed tubular con-
structs out of bilayer mat showed good stability even
after 4 weeks of degradation and the scroll-like shape
stayed stable. Neural cells cultured on bilayers showed
high adhesion, viability, and proliferation after 7 d of
culture.
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