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ABSTRACT

In the last decade, nerve tissue engineering has attracted much attention due to the incapability of
self-regeneration. Nerve tissue regeneration is mainly based on scaffold induced nanofibrous
structures using both bio and synthetic polymers. The produced nanofibrous scaffolds have to be
similar to the natural extracellular matrix and should provide an appropriate environment for cells
to attach onto. Nanofibrous scaffolds can support or regenerate cells of tissue. Electrospinning is an
ideal method for producing the nanofibrous scaffolds. In this study, Bacterial cellulose (BC)/ Poly
(e-caprolactone) (PCL) blend nanofibrous scaffolds were successfully prepared by electrospinning
for nerve tissue induced repair. The produced nanofibrous <scaffolds contain well defined
interconnected nanofiber networks with hollow micro/nanobeads. Firstly, in-vitro biocompatibilities
of nanofibrous scaffolds were tested with L2929 murine fibroblasts and improved cell adhesion and
proliferation was observed with polymer blends compared with PCL only. The primary cell culture
was performed with dorsal root ganglia (DRG) cells on nanofibrous samples and the samples were
found suitable for enhancing neural growth and neurite outgrowth. Based on these results, the
BC/PCL (50:50 wt. %) nanofibrous scaffolds exhibited nerve-like branching and are excellent

candidate for potential biomimetic applications in nerve tissue engineering regeneration.
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1. Introduction



Tissue engineering provides a promising approach for new medical therapy, as an alternative to
conventional transplantation methods using bio- or synthetic polymers. Immunological problems
and infectious diseases caused by traditional surgical procedures [1] can be avoided by tissue
engineering with biopolymers with or without living cells [2]. Nerve tissue regeneration is a
valuable remedy making a crucial impact on the quality of human health maintenance. Existing
tissue engineering approaches focus on evolving an alternative route for nerve tissue regeneration
using polymeric nanofibrous scaffolds and striving to find suitable biomaterials for this [3].
Utilizing the polymeric nanofibrous scaffolds for nerve tissue engineering require the use of
constructs which are biodegradable, biocompatible and have high porosity with interconnected
pores, and large surface area [4]. Recently, biomimetic alternatives have been developed to imitate
natural tissues for use in the rehabilitation of damaged tissues such as skin, bone, dura mater, sciatic
nerve, articular cartilage, and tendon in order to enhance functional outcomes [5,6]. Neural tissue
engineering includes combination of three-dimensional (3D) scaffolds and many nerve cells to
create a biomimetic implantable replacement [7-9].

Electrospinning is an established ‘technique for manufacturing nanofibrous scaffolds, where
production of batch quantities of fibers with diameters ranging from several micrometers down to
fews of nanometers can be achieved easily with many polymers [10-12]. Both bio- and synthetic
polymers can be used as scaffolds to improve cell adhesion, maintenance of differentiated cell
function without blocking proliferation, pattern to stimulate and regulate the growth of cells and
help in the function of extracellular matrix (ECM) [13,14].

Electrospun neural nanofibrous scaffolds should be biodegradable and have diversity of using
natural and synthetic biomaterials such as collagen, poly (e-caprolactone) (PCL), poly-L-lactic acid
(PLLA), polyglycolic acid (PGA), polyurethane (PU), and poly(organo)phosphazenes, which have
been discovered as potential biomaterial candidates for neural renewal [15,16]. Hollow micro and
nanobeads with nanoscaled wall thickness generates particular interest due to their potential for

encapsulation of large quantities of guest molecules inside their empty core space [17]. These



materials could be useful in a multitude of different applications, such as drug release carriers and
controlled release systems [18].

Polymer blending is a widely used method for procuring new, enticing biocomposites in tissue
engineering applications [19]. PCL is a frequently preferred synthetic biodegradable polyester due
to its thermal stability, compatibility, and biological composition [20]. Unlike most polymers, PCL
is extremely reliable while evolving the scaffold structure [21]. Electrospun PCL nanofibers
matches the individuality of ECM in the living tissues; however, having low hydrophilicity causes
limitations in their capability of cell adhesion, migration, proliferation, and discrimination [22].
Previous work documented that PCL ducts are suitable for the survival and differentiation of
diverse neural cells with a low risk of rejection [23]. Bacterial cellulose (BC) is generally water
insoluble, flexible, biodegradable, elastic polymer with high tensile strength. It has unique physical
and mechanical properties, such as crystallinity, biocompatibility, and high permeability. All of
these special features makes BC useful for tissue engineering applications [24]. Also, its
biocompatibility, hydrophilicity, and non-toxicity makes it a potential candidate for a wide range of
applications in various fields, especially in biomedical engineering and biotechnology [25]
compared with other biodegradable polymers like collagen, chitosan, and gelatine, BC shows
enhanced mechanical properties, which are needed for scaffolds in tissue engineering applications
[26]. Its high porosity and surface area allows the potential for entry and release of antimicrobial
agents, medicines, and other biofunctional materials [27]. BC shares common features with
extracellular matrix components. Kramer and co-workers [28] classified BC as a “collagen-like”
material. But, BC has the added benefit of immunologic nonreactivity compared with collagen [29].
Peripheral nervous system (PNS) damages may cause malfunction of sensory and/or motor features,
leading to poor recovery of function [30]. Therefore, treatments of functional disorders affecting the
PNS are limited when injury creates a large gap (>3 cm) in the peripheral nerves and those large
gaps can delay axon regrowth and compromise a time-effective reconnection of the nerve stumps
[31,32]. However, neural tissue engineering can mimic for nerve regeneration through the scaffold

and the function can be recovered for large gaps as stated in previous studies [33-35]. In this case,
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using a BC/PCL nanofibrous scaffold can provide scaffold-induced repair by providing an optimal
microenvironment for cell proliferation, migration, differentiation and improved the cell adhesion
due to characteristics of component materials of the blend while benefiting the high surface/volume
ratio of the nanofibrous scaffold production mechanism.

This study aims to fabricate and explore the detailed properties of BC/PCL (50:50 wt.%)
nanofibrous scaffolds for enhancing of PNS neural tissue regeneration and neurite outgrowth
prepared using electrospinning.

2. Materials and Methods

2.1. Materials

Poly (e-caprolactane) (PCL, MW 80000 g/mol), Chloroform (CHCI,), Dimethyleformamide (DMF)
and Tetrahydrofuran (THF) were supplied by Sigma-Aldrich (St. Louis, MO, USA). The bacterial
cellulose (BC) was provided by the Department of Medical Microbiology, Medipol University
(Istanbul, Turkey). All reagents were analytical grade and were used as received.

2.2. Bacterial cellulose preparation

Gluconacetobacter xylinus ATCC 700178 strain (Figure 1A(i)) was cultured in 10 ml of Hestrin-
Schramm (HS) medium consist of (2 % (w/v) D-glucose, 0.5% (w/v) peptone, 0.5 % (w/v) yeast
extract, 0.27 % (w/v) Na,HPO,, 0.115 % (w/v) citric acid) and incubated at 30°C under shaker
conditions (150 rpm) for 3-7 days. The activated culture was then transferred into 600 ml HS
medium and production of bacterial cellulose was maintained for 7 days in the static conditions at
30°C. Appearance of a white film-like layer was observed (Figure 1A(ii)). This layer was removed
from growth medium and purified by boiling with 1.0 % NaOH for 2 hours and this process was
repeated again for further purification. Then the resultant solution was treated with 1.5 % acetic
acid for 30 minutes and finally thoroughly washed with water until BC pellicles became neutral and
subsequently these were immersed in distilled water prior to use [36].

2.3. Preparation of solutions

5 % (w/w) PCL was dissolved in CHCI,/DMF (50:50 wt. %) while stirring in a conical flask at 50°C

for 1.5 hours. BC was then dissolved in a conical flask at a concentration of 5 % (w/w) in
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DMEF/THF (50:50 wt. %) (Figure 1A(iii)) and the dissolution process was accelerated by ultrasonic
agitation (CEIA, CP102, Italy) (Figure 1A(iv)). This was carried out for 5 hours at 70 % of the
intensity at 70°C over 15 days. Dissolution steps were captured by optical microscopy (The
Olympus® Color View Microscope, USA). Figure 1B shows the dissolution process of BC; Figure
1B(i) demonstrates Days 1-3 with no disintegration. Figure 1B(ii) shows the slight softening
observed on the surface and edges of BC in days 4-6. Figure 1B(iii) illustrates days 7-9 with the
decomposition of BC particles. Figure 1B(iv) exhibits further results of dissolution at days 10-12,
where disintegration of whisker like structures of BC was noticed. Figure 1B(v) and (vi) show the
final condition of BC dissolved in the DMF/THF solution from day 17to day 15. As defined in an
earlier study by Sacui et al. [37] who prepared BC/hydrochloric acid and BC/sulfiric acid solutions
by hydrolysis, rodlike nanocrystals and most likely hydrolysis-resistant particles in the tens to
hundreds of micrometer scale were prepared. In another study, Olsson and co-workers [38]
prepared BC microfibril-poly(methyl methacrylate) nanocomposite in DMF:THF (50:50 vol. %)
electrospinning technique, and this was achieved by stirring of the solutions. Yet another study by
Paximada et al. [39] prepared BC consisting of an entangled fibril network by using an ultrasonic
homogenizer, here the fibrils where of width 110 nm to 60 nm. Unlike these, in the present study,
BC whiskers and particles of micrometer to nanometer size was obtained in the DMF/THF (50:50
wt. %) solution and the final suspension was used without further treatment.

After the dissolution process BC and PCL solutions were blended at a concentration of 50:50 wt. %.
The blend solution was stirred with a magnetic stirrer for 2 hours prior the electrospinning at

ambient temperature (23°C).

2.4. Fabrication of PCL and BC/PCL nanofibrous scaffolds



The electrospinning device (NS24, Inovenso Itd., Istanbul, Turkey) consists of a grounded high
voltage power supply (Figure 1C(i), Matsusada Precision Inc., Kyoto, Japan), which generates
positive DC applied voltages up to 60 kV, a high precision syringe pump (Figure 1C(ii), World
Precision Instruments, Florida, USA) to control the flow rate of the blend solution to the nozzle, a
single stainless steel electrospinning nozzle provided by Inovenso Ltd. (Figure 1C(iii), Istanbul,
Turkey), and a high speed rotating drum up to 2000 rpm (Figure 1C(iv)), which is covered with
non-stick paper to collect the fibers. Figure 1C(v) shows close up image of the nozzle in action

during the experimental process. Outer and inner orifice diameters of the stainless steel nozzle were

Gluconacetobacter xylinus
Bacterial Cellulose (BC)

(i) (i)
A) l

DMF/THF  Cut pieces of BC
(50:50 wt. %)

(iii)

3000 um and 850 pm, respectively.

Figure 1. Preparation of solutions and nanofibrous scaffolds. A) Schematic illustration of BC

dissolution process: (i) Gluconacetobacter xylinus strain used as the source of BC, (ii) during



cutting process white and film-like layer of BC mat forms, (iii) cut pieces of BC 5 % (w/w) in
DMEF/THF solution (50:50 wt. %), (iv) dissolution of BC with the aid of ultrasound. B) Optical
images of BC dissolution: (i) Days 1-3, (ii) Days 4-6, (iii) Days 7-9, (iv) Days 10-12, (v) Days 13-
14, (vi) and Day 15. Scale bars are 1 mm. C) Schematic drawing of electrospinning experimental
setup: (i) high voltage power supply, (ii) high precision syringe pump, (iii) stainless steel

electrospinning nozzle, (iv) high speed rotating drum, (v) electrospinning nozzle features.

The nozzle inlet was connected to a plastic sterile syringe (Set Medical Industry and Trade Inc.,
Istanbul, Turkey) with silicone tubing (Cakir Kimya Ltd., Istanbul, Turkey) and a stainless steel
laboratory jack was placed underneath the nozzle and silicone tubing, and it was kept positively
charged. Sterile syringe with 10 ml volume capacity wasloaded to the syringe pump containing the
BC/PCL (50:50 wt. %) blend solution and silicone tubes were used to transfer the blend solutions to
the nozzle. For each individual set of experiments, ambient conditions were optimised for
temperature (23 to 24°C) and relative humidity (52 to 54 %) using the air conditioning. Voltage was
set to 28 kV and the flow rate of the blend solution was fixed at 1 ml/hr. The working distance
between the nozzle tip and the high speed rotating drum was set to 130 mm. The grounded
electrode was connected to the high speed rotating drum, where the fibrous mats were collected.
After 5 hours of electrospinning, ~2.8 g of fibres were collected from the high speed rotating drum
and they were left to dry in the oven at 50°C for 24 h. In addition to that, 5 wt. % PCL solution was
loaded to sterile syringe as a control group and electrospinning experiments were done as same as
the BC/PCL (50:50 wt. %) blend solution.

2.5. Solution properties

Viscosity, density, electrical conductivity and surface tension of the solutions were measured using
calibrated equipment. Viscosity of 5 wt. % PCL solution and BC/PCL (50:50 wt. %) solution
samples was determined by a Viscometer (Brookfield DV-E, Massachusetts, USA) at 20°C over a
120 s time period at 1000 rpm and 5 samples of each 5 wt. % PCL solution and BC/PCL (50:50 wt.

%) solution were tested and the mean value was noted. Electrical conductivity of 5 wt. % PCL



solution and BC/PCL (50:50 wt. %) solution samples were measured using a WTW, Cond 3110
SET1 (Germany) instrument. It was used to obtain at least five stabilized values for each of 5 wt. %
PCL and BC/PCL samples. Also, the density of the solutions was measured with a standard 25 ml
density bottle. Surface tension of the solutions was measured using a SIGMA 703D tensiometer
(Biolin Scientific, UK) by the Wilhelmy’s plate method. All the viscosity, density, electrical

conductivity and surface tension values are given in Table 1.

Table 1. Physical properties of prepared solutions.

Electrical
Viscosity Density Surface Tension
SAMPLE NAME Conductivity
(mPa s) (kg/m”) (mN m™)
(nS/cm)
5 wt. % PCL 65.8+0.2 0.950 £ 0.002 3.9+0.1 29.3+0.8
BC/PCL
92.1+0.3 1.060 = 0.010 5.1+0.2 30.0+1.3

(50:50 wt. %)

2.6. Fiber morphology

The shape, size, surface morphology, and arrangement of fibres in the electrospun 5 wt. % PCL and
BC/PCL (50:50 wt. %) nanofibrous scaffolds and the internal structure of the embedded hollow
micro/nanobeads were studied by scanning electron microscopy (LYRA3 FEG-SEM, TESCAN,
USA). The samples were sputter-coated with a gold layer of approximately 30 nm thickness and
FEG-SEM imaging was studied under an accelerating voltage of 10 kV.

2.7. € -potential

(-potential was measured with a SurPASS™ 3 (Anton Paar GmbH, Graz, Austria) analyser at 25°C.
Two samples of BC/PCL (50:50 wt. %) nanofibrous scaffolds were cut to a size of 20 mm x 10 mm,

which is ideal for mounting in the adjustable gap cell of the SurPASS™ 3 instrument. The samples



were fixed on sample holders using double-sided adhesive tape and aligned opposite to each other,
thereby introducing a gap size of 100 um. The measuring liquid, an aqueous solution of a 1:1
electrolyte (Potassium chloride, KCl, Sigma-Aldrich, St. Louis, MO, USA), at a reasonable ionic
strength (0.001 mol/L), passes the slit channel formed between sample surfaces. A pressure
difference applied between both ends of this streaming channel drives the liquid flow and thus the
generation of the streaming potential signal. {-potential is the measure of charge repulsion or
attraction within a structure [40]. This was measured in acidic condition. The measurements were
started at the native pH 6 of an aqueous 0.001 mol/L KCI solution and advanced towards the
isoelectric point (IEP, i.e., pH where = 0 mV and thus the interfacial charge diminishes).
Consequently, the measuring cell with sample was rinsed with MilliQ water and the titration was
continued towards higher pH after replacing the KCl solution. The measurements are reported as
the mean of at least three prepared samples.

2.8. Fourier-transform infrared spectroscopy (FT-IR)

The interaction between BC and PCL was studied using FT-IR spectroscopy (Shimadzu-IRPrestige-
21, Kyoto, Japan) to confirm the presence of BC in the PCL nanofibrous scaffolds. The samples of
pure BC, pure PCL and electrospun BC/PCL (50:50 wt. %) nanofibrous scaffold were inserted into
the FT-IR spectrometer and 10 scans with a resolution of 4 cm ' in the 4000-600 cm™ region were
carried out for each sample.

2.9. Tensile testing

Mechanical properties of the electrospun 5 wt. % PCL and BC/PCL (50:50 wt. %) nanofibrous
scaffolds (Figure 2) were measured with a universal testing machine (INSTRON 4411,
Massachusetts, USA) at 19°C. A digital micrometer (795.1 MEXFL-25, Starrett, USA) was used,
and the samples were held between two glass microscope slides. Three nanofibrous scaffold
samples were arranged in the form of rectangular shape and loaded to its breaking point at a
crosshead speed of 5 mm/min. The thickness of three samples were measured and the tensile
strength values are given alongside the respective micrographs in Figure 2.

2.10. Biocompatibility
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To determine the overall biocompatibility of the 5 wt. % PCL and BC/PCL (50:50 wt. %)
nanofibrous scaffolds, proliferation and cell viability assays were performed with L929 (Murine
fibroblast cell line) (ATCC-CCL-1) in-vitro. To estimate the number of viable cells, cell
proliferation reagent WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,  3-
benzenedisulfonate) (Roche Diagnostics, Germany) was used. Nanofibrous scaffolds were sterilized
with UV on both sides (30 minutes each), with 70 % ethanol. After sterilization, samples were
rinsed in 1 % Penicillin-Streptomycin (PAN Biotech, Germany) in PBS (Phosphate Buffer Solution,
Amresco, USA) solution for 2 hours, and saturated with DMEM. (PAN Biotech, Germany)
complete medium for 1 hour. Then nanofibrous scaffolds were placed into 24-well culture plates
and were seeded with 2x10" cells per well. Seeded cells were incubated with nanofibrous scaffolds
for 24, 48 and 72 hours at 37°C in humidified air containing 5 % CO, under sterile conditions. At
the end of the incubation period, WST-1 reagent was added directly to culture wells and incubated
for another 2 hours. Absorbance values were measured with a Glomax Multi + Microplate
Multimode Reader (Promega, USA) at 450 nm. As a control group, cells incubated without
nanofibrous scaffolds were also used. The control group was considered as 100 % viable.

Growth of L929 murine fibroblast cells on nanofibrous scaffolds was visualized with a fluorescence
microscope (Leica DM LB2, Leica Microsystems, Wetzlar, Germany). For this, nanofibrous
scaffolds were fixed with 4 % paraformaldehyde in PBS solution. After the incubation period,
nuclei of the cells were stained with DAPI (4',6-diamidino-2-phenylindole) (Applichem, Germany)
fluorescent dye. After staining, excess dye was washed and samples were dehydrated by rinsing
with increasing ethanol concentrations (70 %, 80 %, 96 % and 100 %) and then fluorescent
microscopy images were taken.

2.11. Primary neuronal cell culture

Dorsal root ganglia (DRG) sensory neurones were chosen to support axon regeneration into the
peripheral nervous system (PNS). The isolation of DRG sensory neurones was based on a protocol
validated by Demir et al. [41]. Young adult (6-8 weeks) mice were anaesthetized by an L.P.

injection of ketamin (100 mg/kg, Ketalar, Pfizer), sacrificed by cervical transection and 3540
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DRGs were quickly and aseptically removed under a stereomicroscope. After trimming all attached
nerves in RPMI 1640 medium (Sigma, MO, USA), they were transferred to Neurobasal A medium
supplemented with 2 % B27 (NBA-B27) (Invitrogen, CA, USA) containing 2 mM Glutamax-I
(Invitrogen MO, USA), 100 units of Penicillin, 100 mg Streptomycin and 250 ng amphotericin B
per ml (Sigma, MO, USA) and 100 U/ml collagenase (Sigma, MO, USA). After 50 min of
incubation (37°C, 5 % CO,) DRGs were washed three times in Hank's buffered salt solution
(Sigma, MO, USA) and they were subjected to further enzymatic digestion with trypsin (1 mg/ml)
in NBA-B27 for 15 min in the incubator. Then, DRGs were triturated for about 15 min by gently
and repeatedly pipetting through the tips of narrowing bores (from 2 mm diameter down) and
finally through a 26-gauge injector needle. DNAse (50 mg/ml) (Sigma, MO, USA) was added to the
cell suspension obtained, which was then returned to the incubator and kept there for another 30
min, this time on a custom made agitator horizontally vibrating at 50 Hz. After this, the suspension
was spun at 1000 rpm for 3 min, the supernatant was discarded and the pellet was resuspended in
NBA-B27 containing 10 % fetal calf serum (Sigma, MO, USA) and 700 mg/ml trypsin inhibitor
(Sigma, MO, USA) to neutralize the activity of the residual digestive enzymes. The cell suspension
was then carefully pipetted on top of a three-layer percol (Sigma, MO, USA) gradient (60 %, 35 %
and 10 % from bottom to top) prepared with NBA-B27 in a plastic tube and spun at 1700 rpm for
20 min in a centrifuge cooled down to 4°C. Neurons were collected from 35 % layer, washed with
NBA-B27 and spun once more at 1000 rpm for 3 min; the supernatant was discarded and the pellet
was resuspended in NBA-B27.

This final cell suspension was seeded on coverslips, which had been previously covered with poly-
I-lysine (1.8 mg/cm’, 3h at RT) and then laminin (40 ng/mm’, overnight at 37°C) in control and
BC/PCL (50:50 wt. %) nanofibrous scaffold and then laminin (40 ng/mm’, overnight at 37°C) in
other groups. The dishes were left in the incubator for 2 h to let the neurons attach to the bottom,
after which they were gently washed to remove unattached cells and remaining debris and finally

filled with NBA-B27 and returned to the incubator.
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At the 48th hour of incubation, neurons were visualized on a laser scanning confocal microscope
(Zeiss LSM 780). Also, neurite lengths were measured using Image J programme.

2.12. Fixation of cells for SEM

Cells were first washed with PBS and fixed with 2.5 % gluteraldehyde. Then, they were washed
with distilled water for 3x5 min, after which they were dehydrated through 30, 50, 70,80, 90, 96,
and 100 % alcohol series each lasting 5 min. Then, they were passed through 30 % and 50 %
acetone series for 5 min and taken to 100 % acetone. Samples were sputter coated with gold for 60
seconds using a Quorum SC7620 Mini Sputter Coater before imaging.

2.13. Statistical analysis

For statistical analyses, Graph Pad V 5.0 Prism program was used. Mann Whitney U and One-Way
ANOVA with post hoc Tukey’s tests were used to compare groups. All quantitative triplicate
experiments and data were presented as means and 95 % confidence interval (CI). A p-value below
0.05 was considered as statistically significant.

3. Results and discussions

3.1. Scaffold structure, morphology and mechanical properties

BC/PCL (50:50 wt. %) nanofibrous scaffolds, which includes nanosized fibres and embedded
hollow micro/nanobeads were produced using the electrospinning method (Figure 2). Lin et al. [42]
produced beaded polystyrene nanofibres by varying the polymer concentrations and viscosities in
different weight ratios of DMF/THF solvent mixtures. Applied voltage, viscosity of the solution,
charge density and surface tension of the solution are the factors affecting the bead formation in the
electrospinning process [43]. Furthermore, as it is well known, raising the solution viscosity,
density and electrical conductivity by increasing polymer concentration provides uniformly beaded
fibers [44-46]. In this work, viscosity and electrical conductivity were substantially raised when
compared to the 5 wt. % PCL solution (Table 1) and these properties can be the reason for forming
embedded hollow micro/nanobeads. Since the solution was carrying very fine particles and
whiskers of BC, the polymer blend of BC displayed suspension properties which created a

fluctuation on the solution properties at the top of the needle which is constantly exposed to
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electrical forces to form fibres. We believe that this fluctuation happened due to the presence of BC
and its interaction with PCL within the solution causing hollow micro/nanobeads to form. After the
micro/nanobeads are formed, charge concentration at the end of the micro/nanobeads exerted a
repulsive force on the micro/nanobeads and it caused beads to expand and even triggered beads to
split apart and create more micro/nanobead structures [47]. The extension during this period caused
an increased surface area on the micro/nanobead structures and possible separations were also
induced by the same mechanism, eventually creating hollow micro/nanobead. structures consisting
of BC and PCL. However, the mechanism of forming the internal hollow structures in the
micro/nanobeads during one-step electrospinning method still needs further investigation.

Figure 2A(i) shows FEG-SEM images of the 5 wt. % PCL nanofibrous scaffold at low
magnification (500x) and (ii) shows the BC/PCL (50:50 wt. %) nanofibrous scaffold at a much
higher magnification (9590x), clearly showing the nanofibers and embedded hollow
micro/nanobeads. At a higher magnification (63200x), for BC/PCL (50:50 wt. %) nanofibrous
scaffold structure contains microbeads and resembles the human neurological system. Diameters of
the nanofibers were ~527 nm for 5 wt. % PCL nanofibrous scaffold and were in the range of 70-120
nm for the BC/PCL (50:50 wt. %) nanofibrous scaffold. Embedded hollow micro/nanobeads of
BC/PCL (50:50 wt. %) nanofibrous scaffold were 100 nm to 1.6 um in size, and their internal
hollow structure was measured to be 80 nm to 1.2 um. The shell thickness of a microcapsule (with
internal hollow structure) was ~100 nm.

Micro/nanobeads from biopolymers having a hollow structure inside are very much desired for
diverse applications due to their exceptional physical and chemical attributes [48], such as
utilisation in controlled release of drugs, cell and enzyme transplantation, gene therapy [49].
Structures found in our micrographs are similar to neurons, which are the smallest units of human

neurological system and its branching reticulated pattern [50].
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Thickness of BC/PCL (50:50 wt. %) nanofibrous scaffold mats were measured ~0.03 mm. Accurate
measurement of thickness is one of the key parameters for the evaluation of tensile measurements
of nanofibrous scaffolds [51]. The maximum tensile strength of BC/PCL (50:50 wt. %) nanofibrous
scaffolds was ~30 MPa and higher than the average tensile strength for 5 wt. % PLC (~14.6 MPa)
and those reported in the literature for PCL compositions with other biopolymers [52,53]. An ideal
guest scaffold should have extraordinary mechanical strength, which makes the nanofibrous
scaffold reported in this study more suitable for neural tissue engineering [54]. Therefore, these

results are promising for enhancing the mechanical properties of PCL fibres.

Thickness <
SAMPLES Measurement flensne Saengen
(MPa)
(mm)
5 wt. % PCL
Nanofibrous 0.030+ 0.008 146+2.5
Scaffold
A)
BC/PCL
. 0,
(50:50 wt. %), 130+ 0,002 203438
Nanofibrous
Scaffold
B)

Figure 2. Morphological features and mechanical properties of produced nanofibrous scaffolds. A)
FEG-SEM images of the 5 wt. % PCL nanofibrous scaffold (i)-(ii) and BC/PCL (50:50 wt. %)
nanofibrous scaffold with embedded hollow micro/nanobeads and nanofibrous scaffold structure
with tensile strength indicated alongside. B) FEG-SEM images illustrating the progressive slicing of
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an embedded hollow microbead from BC/PCL (50:50 wt. %) nanofibrous scaffold. Overall plan
view prior to sectioning, thinning on the surface (indicated by an arrow), emerging hollow structure,
thin layer surrounding the microbead and internal diameter and shell thickness of microbead can be

seen from right to left. (All the scale bars are 1 pum)

Two microbeads and some nanobeads can be seen in Figure 2B. One of the microcapsules was
randomly selected for focused ion beam sectioning and progressive slicing. Figure 2B revealed that
these are hollow structures. Previous studies, have reported fibrous mats with beads [55,56], but in
contrast our beads are hollow rather than solid or porous on the surface.

3.2. Characteristics of BC/PCL nanofibrous scaffolds

3.2.1. {-potential and charge of nanofibrous scaffolds with FT-IR

The (-potential of the BC/PCL (50:50 wt. %) nanofibrous scaffold sample was measured, a reading
was taken at 200 Pa pressure. Due to size of the BC/PCL (50:50 wt. %) nanofibers (70-120 nm) the
streaming potential was found to be —28 mV (Figure 3A(i)). Figure 3A(ii) shows the pH
dependence of the (-potential for the nanofibrous scaffolds and different values of (-potential
analysis are indicated with circular symbols. The high reproducibility of the {-potential at pH 6
indicates that no changes occurred to the nanofibrous scaffold surface after exposure to acidic pH.
The isoelectric point (iep) at pH 3.8 is in the pH range expected for BC and PCL [57]. While
literature data on the zeta potential available for fibrous material can be underestimated [58], the (-
potential of BC/PCL nanofibrous scaffolds suggests that BC possesses acidic surface groups (—OH
groups) and the orientation of PCL’s carbonyl groups causes its low iep and can be attributed to the
increase in hydrophobicity of the material.

The interpretation of the FT-IR spectra (Figure 3B) indicates peaks at 3340, 2889, 1640 and 1055
cm ' which are associated with pure BC [59]. The peak at 3340 cm ' arises from the stretching of O-
H groups. The bands at 2900 and 1640 cm ' originate from the C-H stretching and the O-H
deformation. A strong peak at 1055 cm ' is caused by the C—O—C pyranose ring skeletal vibration.

With regards to pure PCL powder, stretching modes are assigned to the peaks at 2952 cm
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(asymmetric CH, stretching) and 2870 cm ' (symmetric CH, stretching), 1720 c¢cm ' (C=0
stretching), 1292 cm ' (basis C-O and C-C stretching in the crystalline phase), 1050 cm
(asymmetric C-O-C stretching) and 730 cm ' (basis C-C rocking). Regarding the BC/PCL
electrospun nanofibrous scaffolds, all spectra include a band at ~1720 cm ' characteristic of the
carbonyl stretching mode of the ester groups of PCL [60]. However, the intensity reduction of the
peaks at 1292, 1720, 1050, and 730 cm ' does indicate same physical interaction between PCL and

BC chains.

Figure 3. {-potential and FT-IR characteristics of the nanofibrous scaffolds. A) (i) Pressure ramp
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(ii) pH dependence of (-potential for BC/PCL nanofibrous scaffods. B) Typical FT-IR spectra of
BC/PCL nanofibrous scaffolds.

3.3. In-vitro cell viability

Since fibroblast cells play an important role in tissue repair, proliferation and cell viability of 1929
murine fibroblast cells on nanofibrous scaffolds were investigated for 24, 48 and 72 hours. Cell
behaviour on 5 wt. % PCL and BC/PCL (50:50 wt. %) samples were observed via fluorescent
microscopy and images were captured with IM50 in this study. After 24, 48 and 72 hour
incubations with cells, DAPI stained cells were analysed. While the viability of the 5 wt. % PCL
and BC/PCL (50:50 wt. %) samples were 84 % at the end of 24 h (Figure 4(A)), respective
viabilities changed to 80 % for 5 wt. % PCL and 83 % for BC/PCL (50:50 wt. %) (Figure 4(B))
after 48 h and then to 85 % for 5 wt. % PCL and 93 % for BC/PCL (50:50 wt. %) after 72 h (Figure
4(C)). It was clearly shown in the fluorescent images that cells attached on samples and cell
population increased with time. Increased cell adhesion on BC/PCL (50:50 wt. %) samples can be
explained with properties and similarities of BC with cellular biological environment. It is known
that cell attachment is affected by natural extracellular matrix, which has structural components in
the nanoscale [61]. Thus, mimicking natural environment for cells when cultured in-vitro is highly
important. Diameter. of fibers may affect cell adhesion on nanofibrous scaffolds but optimum size
may differ from one cell type to another [62]. It is known that mesenchymal stem cells grow better
on 1 um diameter fibers than on 500 nm fibers [62]. Sangsanoh et al. [63] investigated viability of
Schwann cells on five different polymer materials for 3-5 days. Results showed that viability is
increased on 1-4 pum diameter fibers compared to others. According to results of this study,
nanofibers diameter of BC/PCL (50:50 wt. %) samples (70-120 nm) have the ability to increase cell
viability and differentiation of cells.

Native BC has good biocompatibility with murine fibroblast cells (L929) [64]. Mesenchymal stem
cells proliferated on BC and expressed nerve growth factor (Neutrophin) to create a
microenvironment that promoted neuronal regeneration [65]. It is known that proliferation and

attachment of cells increase when synthetic fibers are blended with biological polymers.
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Figure 4. In-vitro cell viability and fluorescent microscopy results of nanofibrous scaffolds. L929
murine fibroblast fluorescent microscopy and cell viability results post culture with 5 wt. % PCL
and BC/PCL (50:50 wt. %) nanofibrous scaffold for A) 24, B) 48 and C) 72 hours. (P value < 0.05

represented as *** and all the scale bars are 100 pm)
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Ghasemi-Mobarakeh et al. [66] studied nerve differentiation on PCL/gelatin blends and concluded
that PCL/gelatin enhanced nerve differentiation compared to plain PCL nanofibrous scaffolds.
Similarly, Zhang and others [67] investigated biocompatibility of PCL and PCL/collagen nanofibers
with primer human fibroblasts and results showed that PCL/collagen blends showed better
proliferation than native PCL nanofibers.

From the in-vitro cell viability and fluorescent microscopy results, it can be concluded that
nanofibrous scaffolds are not cytotoxic. Moreover, time dependent cellular viability increase in
BC/PCL (50:50 wt. %) samples shows that these nanofibrous scaffolds are biocompatible.
Fluorescent microscopy images also lead to the conclusion that cellular adhesion on BC/PCL
samples were more intense than on PCL samples. According to these results it can be concluded
that the blend of BC with PCL increased biocompatibility and adhesion of cells.

3.4. Neuronal cultures

BC and BC-based composites have been used as scaffolds for cell seeding. Several studies have
confirmed that different cells, such as human embryonic kidney cells (HEK) [68], bone forming
osteoblasts (OB) [64], fibroblasts [64], chondrocytes [69], human smooth muscle cells (SMC) [29],
SH-SYS5Y, N1E-115 and PC12 [70] can grow in the presence of BC. However, its use in primary
cell culture is not very common and there is no previous work dealing with BC in primary cell
culture with Dorsal root ganglia (DRG) neurons. DRG neurons transfer axonal projections into
peripheral tissues, including skin, muscle and visceral organs [71]. Because of that, the use of DRG
cells in primary cell culture in this study allows us to see the interaction with BC/PCL (50:50 wt.
%) nanofibrous samples.

After 2 hours of culture the DRG sensory neurons attached to the bottom of the culture dish and
began growing neurites. The DRG explant system allowed interactions between nanofibers,
migrating glia and regenerating neurites in-vitro. After 48 h of incubation Laser Scanning Confocal
Microscopy and SEM were performed with dissociated DRG sensory neurons (Figure 5). The

representative Laser Scanning Confocal Microscope and SEM images of DRG cells cultured for 48
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hours are shown in Figure 5A for control group and BC/PCL (50:50 wt. %) nanofibrous scaffold
group. Laser Scanning Confocal Microscope images confirmed that BC/PCL (50:50 wt. %)
nanofibrous scaffold can provide a suitable environment for migrating glia and regenerating
neurites. In the SEM images of BC/PCL (50:50 wt. %) nanofibrous scaffold group the cell body had
a conspicuously bipolar elongated morphology with the outgrowing neurites. Furthermore, both
neural elongation and neurite outgrowth follow the same direction of BC/PCL (50:50 wt. %)

nanofibrous scaffold as reported in previous studies [72, 73].

Figure 5. Laser Scanning Confocal Microscope and SEM images and axon size measurements of

DRG sensory neurons on the BC/PCL nanofibrous scaffold. A) Both Laser Scanning Confocal
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Microscope and SEM images of neurons under cultured conditions and on BC/PCL (50:50 wt. %)

nanofibrous scaffold at the end of 48 h of incubation. (Thick and thin arrows point to neuron bodies
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and axons, respectively). B) Axon size measurement chart indicating control and BC/PCL (50:50
wt. %) nanofibrous scaffold (p value <0.05 represented as ***). C) Extended neurites of DRG

sensory neurons on BC/PCL (50:50 wt. %) nanofibrous scaffold.

To examine whether nanofibers influenced the extent of axonal growth, the lengths of all neurites
were determined with Image J programme and are shown in Figure 5B. After 48 hours of
incubation neurons on the BC/PCL (50:50 wt. %) nanofibrous scaffold had shorter axons compared
to neurons on 5 wt. % PCL nanofibrous scaffold (51.3+6.9 and 130.1+7.5 um, respectively,
p<0.05). Stronger fasciculation of axons extending on 5 wt. % PCL nanofibrous scaffold may have
caused the more intense growth on this substrate [74].

In SEM figure of BC/PCL (50:50 wt. %) nanofibrous scaffold (Figure 5A), neurite extensions
appear, but it seems that extensions are buried in the scaffold, which is clear evidence indicating
that the cells and sample have an interaction with each other. Besides, as can be seen on Figure 5C,
the neurons on BC/PCL (50:50 wt. %) nanofibrous scaffolds were capable in extending their
neurites to every region on the test slide to make synapses with other neurons even if there were no
BC/PCL (50:50 wt. %) nanofiber. It can be explained as follows: if the BC/PCL (50:50 wt. %)
nanofibrous scaffolds were used in human nervous system, new formed neurons on the BC/PCL
(50:50 wt. %) nanofibrous scaffolds can provide neurite extensions and make connection with each
other.

4. Conclusions

BC and PCL were successfully incorporated together to obtain firstly, BC/PCL (50:50 wt. %) blend
solution and from it nanofibrous scaffolds by electrospinning. Obtained nanofibers were in the size
scale 70-120 nm and embedded hollow micro/nanobeads spanned 100 nm—-1.6 pm in size.
Nanofibrous scaffold samples were characterized in terms of their crystallinity (FEG-SEM), &
potential and charge, FT-IR response, mechanical properties and biocompatibility. The structural
features of the nanofibrous scaffolds closely mimic neurogical networks. The nanofibrous scaffolds

produced in this study were not cytotoxic, they were biocompatible and promoted cell adhesion.
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Moreover, experiments with DRG neurons used in primary cell culture showed that nearly all of the
dorsal root ganglia were sticky and axon-extended and therefore compatible with BC/PCL (50:50
wt. %). The aligned BC/PCL (50:50 wt. %) nanofibers of the scaffold were highly supportive of the
DRG cell culture and improved the neurite outgrowth. The ability of nanofibers to support
orientated process elongation by both glia and neurons prompts further investigation into the
possibility that such structures could form the basis for three-dimensional guidance scaffolds

intended to promote nerve repair.
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Highlights

Nerve-like branched nanofibrous scaffolds were produced for nerve induced repair.
Bacterial cellulose/Poly(e-caprolactone) blend was used with electrospinning.

The primary cell culture was performed using DRG cells on the scaffolds.

Neural elongation and outgrowth followed the same direction as the nanofibers.

The neurons on the scaffolds made synapses with other neurons to communicate.
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