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1 | INTRODUCTION
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| Oguzhan Gunduz?3

Kivanc Aydogan® | Ali Sahin® |
Michael Bozlar’ |

Electrical stimulation has shown great potential for nerve regeneration processes.
This makes it attractive to use electrically active materials in the neural scaffold. In
this paper, bismuth ferrite (BFO) nanoparticles were synthesized via co-precipitation
method and incorporated to 10 wt% polylactic acid (PLA) in chloroform to obtain
3D-printed PLA/BFO biocomposites. The crystallinity of BFO nanoparticles was con-
firmed by XRD, and we studied its chemical structure with FTIR, as well as the
mechanical properties of the 3D-printed composites. in vitro studies show that 3D-
printed scaffolds have no cytotoxicity and support the proliferation of human
adipose-derived mesenchymal stem cells (hADMSCs). Furthermore, 3D scaffolds
embedded with BFO shows the highest cell viability relative to pristine PLA and
BFO-lined PLA scaffolds. A 48 hours electrical stimulation on the hADMSC cultured
inside the 3D-printed BFO-lined PLA scaffolds indicates that stimulated cells are
aligned toward the BFO line. These results could indicate the potential of BFO for

directing cells toward damaged tissues.
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transplantation of stem cells has problems such as the short-time cell sur-

vivability and the limited integration with existing neural tissue.* The

Neurodegenerative diseases or physical injuries cause loss of the central
nervous system (CNS) function. Nerve regeneration is a challenging clin-
ical issue due to the low regenerative capacity and complexity of the
CNS.2 Stem cell-based therapy is a promising approach in the regenera-
tion of damaged nerves because of the proliferation and the differentia-

tion potential of these cells under suitable conditions.> However, direct

development of 3D neural scaffolds that mimic the natural extracellular
matrix provides the physical support essential to direct cell growth and
differentiation at the damaged site and results in better integration with
the host tissue followed by new tissue development.”

3D printing is a rising manufacturing technology in the regenera-

tive medicine field.>® This technology allows easily controlling the
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shape and structure of the scaffold and fabricating scaffolds using
cells.® Lee et al” fabricated a 3D neural scaffold by combining 3D bio-
printing and electrospinning techniques for the treatment of CNS dis-
eases. This scaffold supported adhesion and proliferation of neural
stem cells and increased the average neurite length and directed neu-
rite extension.

Endogenous electric fields (EFs) have been determined and mea-
sured in different tissues and organs in vitro and in vivo.® Electrical
treatment clinically has been performed to speed up the recovery of
wounded tissues such as nerve, ligament, articular cartilage, bone, and
to stimulate damaged tissues.”*° Electrical stimulation is also efficient
in stimulating proliferation, differentiation, and migration of different
cell types.t! Previous studies reported that the electrical signal directs
the migration of neural stem cells in vivo'? and allows them to differ-
entiate ex vivo.r®> Human mesenchymal stem cells were exposed to
pulsed electromagnetic fields for one month. It demonstrated
enhanced multi-lineage differentiation and proliferation potential.**

The use of electroactive materials in neural tissue engineering is
important in terms of providing ways to apply electrical stimulation.
Electroactive biomaterials ensure local electric stimulation, supply a
physical template for neural cell growth and tissue repair, and allow
external control over the level and duration of stimulation.*>*”
Although some electroactive materials such as polypyrrole (PPY) and
polyaniline (PANI) show superior electrical properties in nerve
regeneration,® their poor processing performance and biocompatibil-
ity have limited the widespread and effective use of these mate-
rials.*?2° In addition, conductive scaffolds made of these polymer
materials have a resistivity in the range of 1000 to 40,000 Q cm.'?2!
This may require a greater density of electrical stimulation that can
damage neural cells and tissues.?!

Improving biocompatibility, conductivity, and mechanical strength
by combining polymers with electroactive nanoparticles has been one of
the most effective strategies.?? For example, gold?® and zinc?*
nanoparticles were used as conductive fillers due to their biocompatibil-
ity and good electrical properties to stimulate neuronal cells, thereby
enhancing cell proliferation. BiFeO5 (BFO), a multiferroic material, has
received much attention nowadays due to the simultaneous coexistence
of ferroelectricity and anti-ferromagnetism at room temperature.2’ It has
an antiferromagnetic Néel temperature (Ty) of 370°C and a ferroelectric
Curie temperature (Tc) of 830°C and shows rhombohedral distorted
perovskite structure with space group R3c.2% Since BFO possesses a high
Neel temperature and ferroelectric transition temperature, it has the
potential to be used as a filler to produce composites.?” Dash et al incor-
porated the BiFeO3 powders into a polyvinylidene difluoride (PVDF)
polymer matrix to form the composite. BFO powders in PVDF enhanced
the dielectric constant of the composite by increasing the dipole-dipole
interaction between the powders.?® In our recent study, BFO
nanoparticles were added as nanofiller into polycaprolactone (PCL) scaf-
folds for biomedical applications. The results showed that PCL/BFO
composites had greater conductivity values than pristine BFO and
exhibited good biocompatibility with adenocarcinoma lung cancer cell
line.?? The superior electrical properties of BFO makes it a potential can-

didate for use in neural tissue engineering applications.
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Directing the cells to the damaged area is a challenging process,
especially for CNS injuries and diseases.2® According to the best of our
knowledge, the behavior of cells to the BFO nanoparticles on 3D-
printed scaffold via electric stimulation has not been investigated. The
present study makes a significant contribution to the field in terms of
demonstrating the potential of BFO nanoparticles for cell directing
applications in neural tissue engineering. Herein, BFO nanoparticles
were produced by co-precipitation, which is a low-cost and straightfor-
ward method combined with the scaffold to direct the cells via electri-
cal stimulation. Novel PLA scaffolds containing BFO nanoparticles were
developed using 3D printing technique. PLA was preferred due to its
biodegradability and forming a suitable cell environment for neural tis-
sue engineering.3? Human Adipose-Derived Mesenchymal Stem Cells
(hRADMSCQ) utilized to evaluate the biocompatibility of the 3D-printed
scaffolds. Finally, the electric stimulation was applied to the BFO-lined
PLA scaffolds cultured with hRADMSC for 48 hours, and the behavior of
the cells in the presence of BFO nanoparticles was examined.

2 | MATERIALS AND METHODS

21 | Materials

Iron (Il) nitrate nonahydrate (Fe[NO3]s), Mn = 403.95 g/mol), Bismuth
() nitrate (BisO(OH)9(NO3)s), Mn = 1.461,99 g/mol), Nitric acid
(65%), and Chloroform were bought from Merck KGaA, Germany.
Ammonia Solution (25%, Mn = 35.05 g/mol) was obtained from ISO-
LAB, Wertheim, Germany. Distilled water supplied by water distiller
(Liston). Poly (L-lactic acid) (PLA, Mn = 13.000, 2003D) was purchased
from Nature Works LLC, Minnetonka, MN.

2.2 | Synthesis of BiFeO3; nanoparticles

Bismuth ferrite (BiFeO5-BFO) nanoparticles were synthesized by co-
precipitation route, which is a fast and cost-effective method. The syn-
thesis procedure is as follows (Figure S1). 1.86 g of Bi(NO3)3-5H,0 and
2.58 g of Fe(NO3)3-9H,0 were dissolved in nitric acid (10 mL) and dis-
tilled water (10 mL), respectively. These two solutions were mixed and
stirred for 15 minutes to obtain a clear mixture (Figure S1A). Then,
ammonia solution was slowly added to the mixture until a pH value
between 10 and 12 under stirring for co-precipitation (Figure S1B). The
precipitate was filtered and washed with distilled water several times
to remove undesired products (Figure S1C). Then, the particles were
dried in the oven at 100°C for about 24 hours, sintered at 550°C for
3 hours, and BFO nanoparticles were obtained (Figure S1D).

2.3 | Preparation of PLA and PLA/BFO solutions

A total of 10 wt% PLA (in chloroform) was prepared as a control group
by stirring for 1 hour. 0.2 g BFO (value of pH = 10.6) was added to
10 wt% PLA for 10% PLA/ 2% BFO solution and stirred for half an
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hour. The prepared solutions were filled into the 10 mL syringes for

3D-printing.

24 |
scaffolds

Design and 3D-printing of PLA and PLA/BFO

Solidworks 3D CAD software was used to design the scaffolds in the
dimensions of 20 mm x 20 mm x 0.1 mm. In order to adjust the print-
ing parameters of the scaffold, the design was turned to a Stereo-
lithography (STL) file and transferred to the software of the Ultimaker
2+ device. The modified 3D-printer (Ultimaker 2+) was used to fabri-
cate the scaffolds. The internal properties of scaffolds were adjusted
according to the following printing parameters: infill percentage: 70%,
printing speed: 16.7 mm/s, nozzle diameter: 0.4 mm, extrusion width:
0.48 mm, extrusion multiplier: 4%, and at room temperature. After
optimizing the printing parameters, scaffolds were printed in three dif-
ferent forms: 10% PLA, 10% PLA/ 2% BFO blend, and 10% PLA/2%
BFO (line) as shown in Figure S2. 10% PLA scaffold as the control
group, 2% BFO-blended 10% PLA scaffold for observation of BFO
behavior on three dimensional-structure, and 2% BFO-lined 10% PLA

scaffold for cell directing via electric stimulation were fabricated.

2.5 | Characterization of nanoparticles and 3D-
printed scaffolds

The morphologies of the BFO nanoparticles and 3D-printed scaffolds
were examined by a scanning electron microscope (SEM) (MA-
EVO10, ZEISS). Prior to SEM analysis, samples were coated with gold
for 60 seconds using Quorum SC7620. Energy-dispersive X-ray spec-
troscopy (EDS) of the BFO nanoparticles was examined. The size dis-
tribution of the BFO nanoparticles was characterized by dynamic light
scattering (DLS) instrument (Partica SZ-100Z, USA).

Fourier Transform Infrared Spectroscopy (FTIR, JASCO-4000)
was used to observe absorption bands and infrared spectra of the
BFO nanoparticles and 3D-printed scaffolds. All spectra were taken in
the wavelength range of 4000 to 400 cm™! at 4 cm™? resolution.

The thermal characteristics of the BFO nanoparticles and 3D-
printed scaffolds were analyzed by a differential scanning calorimeter
(DSC-60 Plus, Shimadzu, Japan). Each sample was scanned from 25°C
to 600°C at a heating rate of 10°C/min under N, atmosphere.

The crystal structures of both nanoparticles and 3D scaffolds were
characterized using X-ray diffraction (XRD) (Shimadzu-6100, Japan)
with Cu-Ka radiation source (1 = 1.54060 A°). The crystallite sizes

(D) of BFO nanoparticles were calculated by Debye-Scherrer formula®Z:

k.

D=ﬂ1/2.cos€

&y

where, D is the average crystallite size, k is a constant (k ~ 0.89), 1 is
the wavelength of the X-ray, f,, is the full width at half maximum,

and @ is the Bragg's diffraction angle.

Mechanical properties of the 3D-printed scaffolds were studied
using a tensile testing machine (EZ-LX, Shimadzu, Japan) under a
speed of 5mm/min. All printed scaffolds were cut into
9 mm x 18 mm rectangular sheets and were mounted on grips at

each end.

2.6 | Isolation and phenotypic characterization of
hADMSC

Human subcutaneous adipose tissue was obtained from a lumbar spi-
nal operation performed at Marmara University Pendik Education and
Research Hospital (Istanbul). Marmara University Research Ethics
Committee's approval (protocol number: 09.2018.679) and informed
consent from patients was obtained prior to adipose tissue-derived
mesenchymal stem cells isolation. Adipose tissue specimens were
washed twice with phosphate-buffered saline (PBS) to remove extra
blood, small vessels, and connective tissues. After digestion with
0.075% collagenase type Il (Biochrom), under agitation for 60 minutes
at 37°C, filtration and centrifugation at 600 rpm were performed, and
the stromal vascular fraction (SVF) obtained. The supernatant was
then discarded, and the cell pellet was resuspended in Dulbecco's
Modified Eagle's medium (DMEM) medium (Invitrogen), supplemented
with 10% fetal bovine serum (FBS; Invitrogen), and 1% antibiotic/anti-
mycotic (Invitrogen). Culture medium was changed 48 hours after ini-
tial plating and every 3 days thereafter. hAADMSCs were selected by
plastic adherence and harvested (PO) 5 days after isolation at 90%
confluence.

Isolated hADMSCs were characterized using cell surface markers
by flow cytometry analysis. Briefly, 10,000 cultured hADMSCs at
third subculture resuspended in buffer (3% BSA [bovine serum albu-
min]) in PBS and then appropriate fluorescein isothiocyanate (FITC),
phycoerythrin (PE), and PECy5 conjugated primary antibodies for
30 minutes at 4°C. CD34-PE and CD45-PECy5 as a negative control,
CD90-FITC and CD105-FITC as positive control and isotypic control
were used and afterward labeled adipose tissue mesenchymal stem
cells (AT-MSCs) were analyzed on a FACs Calibur Flow Cytometer

(BD Biosciences).

2.7 | Culture of hRADMSCs on 3D-printed scaffolds
The fabricated 3D-printed scaffolds were sterilized under Ultraviolet
(UV) during the night in the 24 well plates. To provide the microenviron-
ment to the cells, the scaffolds were incubated in DMEM growth medium
supplied with 10% FBS, 0.1 mg/mL penicillin/streptomycin at 37°C, and
5% CO,, for an hour. After incubation, the growth medium was gathered
and remained medium was discarded with a micropipette. hADMSCs
were seeded at a density of 50,000 cells per scaffold in the 24-well
plates due to standard cell culture procedure. The same number of
monolayer cells (2D) were also incubated at 37°C, 5% CO, for 7 days in
a humidified incubator with the cell-3D scaffolds as a control group. The
MTT ((3-[4,5-dimethylthiazol-2yl]-2,5-diphenyl-tetrazolium  bromide))
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cytotoxicity detection kit from Glentham Life Sciences was used to deter-
mine the cytotoxicity of the scaffolds at a given time interval. Elisa reader
(Perkin Elmer, Enspire) was used to measure the absorbance value of the
cytotoxicity test at 560 nm wavelength. To get the precise value, the
assay was performed three times, and the average values of the results
were taken as the mean result.

Scanning electron microscope (ZEISS, EVO MA 10) was used to
observe the cellular morphology of the cells on the 3D-printed
scaffolds. After 1, 3, and 7 days incubation, the growth medium
was taken, and scaffolds were fixed with 4% glutaraldehyde (Sigma
Aldrich). After that, scaffolds were dehydrated through serial
dilutions of ethanol and dried in air. The dried scaffolds were
coated with gold and examined with different magnifications by
using SEM.

28 |
cultures

Integration of the stimulation system to cell

A system, which consists of silver/silver chloride (Ag/AgCl) electrodes
(reference electrodes) with porous junction and cell culture microplate
was established for the integration of the electrical stimulation and
the cell culture scaffolds. Electrodes were used because of biocompat-
ibility and low price. The electrodes were attached with alligator clips
to connect to the stimulator outputs.

This system uses 50 mm long, 4.5 mm diameter Ag/AgCl electrodes.
These are also known as RE-1S reference electrodes. The system also
utilizes 16.8 mL volume, 17.4 mm depth, and 35.43 mm/34.80 mm
(top/bottom) diameter wells for use as cell culture microplates. Two sep-
arate holes were made in the lid of the microplate for electrode insertion.
The design of the custom-made electrical stimulation device is detailed

in supporting information (Figure S3).

2.9 | Electric stimulation of hADMSCs on 3D-
printed scaffolds

The experimental setup designed to investigate the effect of electrical
stimulation on the hADMSC cultured on the 3D-printed BFO-lined
PLA scaffold is shown in Figure S4. The BFO-lined PLA scaffolds were
sterilized by immersing in 70% ethanol solution for 1 hours, followed
by subjected to UV light for 24 hours. The sterilized scaffolds were
fitted into 24-well plates. The hADMSCs were then seeded at a den-
sity of 5000 cells per scaffold. The cell-seeded scaffolds were incu-
bated at 37°C with 5% CO, for 1 hours. When the cells showed
optimal growth on the scaffolds, the scaffolds were moved to a six-
well plate for electrical stimulus. One of the cultured scaffolds was
used as a control group, which was not subjected to electrical stimula-
tion. Ag/AgCl electrodes were connected to the custom-made electri-
cal stimulation device and inserted through holes to provide electrical
contact with the 3D scaffold. The BFO-lined PLA scaffold was
subjected to electric stimulation (V,, (peak-to-peak) = 7.96V, I,

technologies

(peak-to-peak) = 20 mA 50% duty cycle pulses with 2 Hz frequency)
for 48 hours in the incubator (at 37°C with 5% CO,).

210 |
scaffolds

DAPIstaining of hADMSCs on 3D-printed

4’ ,6-diamidino-2-phenylindole (DAPI) staining was performed to
examine the attachment of hADMSCs on the control and stimulated
scaffolds. The growth medium was removed from the plates, and scaf-
folds were washed with PBS. Then, all scaffolds were fixed with 4%
formaldehyde for 30 minutes at room temperature, and they were
washed with PBS. In the next step, 1 pg/mL DAPI (Invitrogen) was
added on each scaffold to stain the nucleus of the cells and incubated
for 20 minutes at room temperature. Finally, DAPI solution was
removed, and scaffolds were taken to visualize under an inverted fluo-

rescence microscope (Leica).

211 | Statistical analysis

The data were normally distributed and were expressed as M + SD
of the mean. Differences between the groups were determined by
one-way analysis of variance (ANOVA) with Tukey-Kramer Multiple
Comparisons Test. A P-value of less than .05 has been accepted to be
statistically significant.

3 | RESULTS AND DISCUSSION
3.1 | Characterization of BFO nanoparticles and
3D-printed scaffolds

SEM image and EDS analysis of bismuth ferrite nanoparticles pro-
duced by co-precipitation method are shown in Figure 1. As can be
seen from Figure 1A, BiFeO3 nanoparticles display a relatively uniform
size distribution. According to EDS analysis, bismuth is found to be
71.5 wt% and iron 10 wt% in all particles, and no impurities were
observed (Figure 1B). DLS measurements indicated that the mean size
of the BFO nanoparticles is 144 nm (Figure S5).

Figure 2 illustrates SEM images and pore size distributions of 3D-
printed scaffolds. SEM images show that pristine PLA, PLA/BFO
blend, and PLA/BFO (line) scaffolds have uniform morphology with
micrometer resolution channels. As shown in Figure 2A, PLA scaffold
as the control group exhibits square pore shape, and its average pore
size is about 294 um (Figure 2B). In Figure 2C, BFO-blended PLA scaf-
fold has regular pore shape and 285 um average pore size (Figure 2D).
There are no significant differences in point of morphology and sur-
face texture between PLA and PLA/BFO scaffolds, however,
PLA/BFO blend has a rougher surface that represents the existence
of BFO.2® BFO-lined PLA scaffold has also uniform pore shape, as

seen in Figure 2E and its average pore size is about 241 um
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FIGURE 1

(Figure 2F). The only difference of this scaffold from the PLA scaffold
morphologically is that it contains a 300 um thickness of BFO line in
the middle. According to these, 3D printing permits the fabrication of
scaffolds with desired pore geometry and pore size.3*

Figure 3A displays the FTIR spectra of BFO nanoparticles and
3D-printed scaffolds. In Figure 3A(a), for BFO, the band at around
2369 cm~* was due to the presence of atmospheric carbon dioxide in
sample.35 The peaks at positions of around 810 and 1388 cm~? reveal
the existence of trapped nitrates.?® Specifically, two strong absorption
peaks at around 450 and 525 cm™! are attributed to the modes of
Fe—O stretching vibrations and O—Fe—O bending vibrations, which
are characteristics of the octahedral FeOg4 groups in the perovskites.
The existence of metal-oxygen band supports the formation of perov-
skite structure in BFO.3¢ Figure 3A(b-d) shows the absorption peaks
of PLA, PLA/BFO blend, and PLA/BFO (line) scaffolds, respectively.
The characteristic peaks for pristine PLA are appeared at around 1748
(C=0 stretching), 1452 (—CH3; asymmetric deformation), 1180
(C—O—C stretching), 1042 (C—CHj stretching), and 867 cm™
(C—COO stretching).®” By the addition of BFO, slight shifts in the
position of the PLA peaks are observed. These results indicate that

the BFO is successfully dispersed in PLA solutions.

SEM images (A) and EDS analysis (B) of bismuth ferrite nanoparticles

DSC curve of the BFO nanoparticles prepared by co-precipitation
process with 550°C is shown in Figure 3B(a). The exothermic peak at
around 285°C is attributed to the Bi,O3; and Fe,O5 phases formation.
In addition, the mass loss owing to the decomposition of Bi(OH); and
Fe(OH); into a metastable phase corresponds to this peak.3%%°
Figure 3B(b-d) shows the DSC curves for PLA, PLA/BFO blend, and
PLA/BFO (line) scaffolds. In Figure 3B(c), pristine PLA displays an
endothermic peak of melting temperature, Tm = 158°C.*° No changes
in Tm values are seen for PLA composites because the addition of
BFO did not significantly affect the Tm of PLA. The exothermic peak
at around 100.5°C is observed due to the cold crystallization process
for pristine PLA. In Figure 3B(d), after blending BFO nanoparticles to
PLA, the cold crystallization temperature (Tcc) is shifted to the higher
temperature. This means that the BFO content causes a stronger inhi-
bition for the cold crystallization process.** Since the amount of PLA
is more dominant, no significant change is observed in the Tcc of the
BFO-lined PLA (Figure 3BI[b]).

In order to determine the crystal structures of BFO powders and
3D-printed scaffolds, XRD is performed. Figure 3C shows the diffrac-
tion patterns of the BFO nanoparticles, PLA, PLA/BFO blend, and
PLA/BFO (line) scaffolds. In Figure 3C(a), BFO has main sharp
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FIGURE 2 SEM images and pore size distributions of 3D-printed PLA (A, B), PLA/BFO (C, D), PLA/BFO (line) (E, F) scaffolds. The inset images
correspond to the cross-sections of the samples, and the BFO aggregates inside the PLA/BFO composites are highlighted with the yellow circles

diffraction peaks at 26 = 22.5°, 32°, 38°, 45°, 52°, 56°, 64°, and 78°. rhombohedral distorted perovskite structure of bismuth ferrite with
R3c space group.*® The average crystallite size of the BFO is evalu-

These sharp peaks promote the degree of the crystallinity of the syn-
ated by Scherrer formula from XRD peak with the highest intensity

thesized BFO nanoparticles.*?> All peaks could be identified as
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FIGURE 3 (A) FTIR spectra of the BFO nanoparticles and 3D-printed scaffolds: BFO (a), PLA (b), PLA/BFO blend (c), and PLA/BFO (line) (d).

(B) DSC curves of the BFO nanoparticles and 3D-printed scaffolds: BFO (a), PLA (c), PLA/BFO blend (d), and PLA/BFO (line) (b). (C) XRD spectra
of the BFO nanoparticles and 3Dprinted scaffolds: BFO (a), PLA (d), PLA/BFO blend (b), and PLA/BFO (line) (c)

and found as around 15 nm, which is the range between nanometers.
The average particle size (144 nm) determined from DLS is greater
than the particle crystallite size obtained from the XRD pattern. This
difference could be due to the agglomeration of the BFO
nanoparticles.** The sharp peak with low intensity is observed at
20 = 22, 62, 78, 82° for PLA (Figure 3C[d]). The broad peak at
260 ~ 16° is the characteristic peak of the PLA and indicates the amor-
phous structure of it.*> This amorphous curve points to the low
degree of crystallinity of PLA scaffold.*® The XRD pattern of the
PLA/BFO blend has all diffraction peaks of the BFO nanoparticles and
two characteristic peaks of PLA: A sharp peak observed at around 15°
and a small peak, which showed low-intensity at around 83°
(Figure 3C[b]). The observation of both BFO and PLA peaks in the
blends indicated that homogeneous mixtures are obtained effectively.
In Figure 3C(c) for the scaffold of PLA/BFO (line), there are obtained
nearly all peaks of BFO and two characteristic peaks of PLA with low
(83°) and high (18°) intensity values. The diffraction peak of PLA is
shifted from 16° to 18° by the addition of the BFO line. It can be con-
cluded from the spectra that PLA has an amorphous structure. How-

ever, the addition of the crystalline BFO powder, shows semi-

crystalline structures, which contains both amorphous and crystalline
domains.*”

The tensile properties of 3D-printed scaffolds are shown in
Figure 4 and summarized in Table S1. The experimental measure-
ments indicate that the PLA/BFO composites have lower moduli than
the pristine PLA. This is an unexpected observation as the addition of
stiff BFO nanoparticles into the PLA matrix should have increased the
modulus of the composites. Indeed, BFO nanoparticles have about at
least three orders of magnitude larger Young's modulus than the PLA
matrix. Possible explanations for the lower moduli in the case of com-
posites are the altered chemistry of the PLA matrix in the presence of
BFO particles. The decrease in Young's modulus of PLA composites
indicates the formation of voids around PLA due to poor bonding
between the BFO particles and PLA matrix in the absence of interfa-
cial adhesion. However, BFO tends to agglomerate presumably due to
van der Waals forces, which also results in weak interfacial bonding
between PLA and BFO.*® The results also indicate that the BFO based
composites have a much lower elongation at break (about 50% less
than pristine PLA), which is accompanied by lower tensile strength
than pristine PLA. Such an observation is attributed to: (a) the
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FIGURE 4 Stress-strain curves of 3D-printed PLA (a) and
PLA/BFO blend (b) scaffolds

presence of defects as a result of the aggregation of BFO particles
revealed by the SEM analysis carried out on cross-sections of
PLA/BFO composites, which is evidenced through the lower elonga-
tion at break of solid composites compared to pristine PLA, (b) the
synergy between low Young's modulus and insufficient elongation at
break, which results in low strength. Surface modification of BFO can
enhance adhesion both BFO, and PLA matrices, thus higher mechani-

cal performance of the composite can be obtained.*’

3.2 | Phenotypic characterization of subcutaneous
hADMSCs

The mesenchymal nature of the isolated hADMSCs was confirmed
before creating the scaffolds. Flow cytometry analysis resulted that
subcutaneous hADMSCs expressed a low percentage of CD34 and
CD45 while the typical surface markers of stem cells, CD90 and
CD105 were highly expressed in hADMSCs, showing to meet the
standards established by the International Society for Cellular Therapy
(Figure S6).>°

3.3 | Cytocompatibility of the 3D-printed scaffolds
The cell viability of hADMSCs in the presence of PLA and PLA/BFO

scaffolds has been examined by 3-(4,5-dimethylthiazol-2-yl)-
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2,5-diphenyltetrazolium bromide (MTT) assay. Figure 5 demonstrates
the MTT absorption values for hADMSCs cultured in the cell culture
plate with scaffolds during the incubation period (1, 3, and 7 days). It
is clearly shown that in vitro examination with hADMSCs demon-
strated no cytotoxic effect, and it can be said that scaffolds can be an
excellent material to seed the cells. During the first day of incubation,
it is observed that cell viability values for all scaffolds were decreased
compared to the 2D cell line. This can be due to the dead cells on the
scaffolds.>* Maximum viability value (71%) observed for PLA scaffolds
and PLA/BFO (line) has the lowest value (57%). The columns showed
a steady increase in cell viability values on PLA and PLA/BFO scaf-
folds from day 3 and 7. On day 3, the cell viability on the scaffolds
increased substantially. The maximum increase observed for PLA/BFO
blend, which is 132%. After 7 days of cell culture, the viability of cells
incubated with PLA scaffolds is 113%. Scaffolds blended with BFO
exhibit the highest viability (129%) results compared with the control
(2D), pristine PLA and PLA/BFO (line). The contact angle of PLA is
74.3 + 11.0°, which relatively corresponds to hydrophobic surface.>?
The roughness of a hydrophobic surface affects cell spreading and
proliferation and reduces both cellular activities with materials owning
larger contact angles.’® It is thought that the addition of BFO to PLA
makes the surface of the scaffold rougher than the naive PLA. Thus,
hADMSCs can better adhere and proliferate on the BFO blended PLA
scaffolds due to rough surface. However, it was observed that all the
scaffolds could be an excellent candidate to proliferate the hADMSCs.

3.4 | hADMSC adhesion and its 3D morphology on
the 3D-printed scaffolds

The cell-surrounding environment is an essential parameter for differ-
ent cell actions.>* The morphology and attachment of hADMSCs on
the scaffolds were determined by SEM imaging. On the 7th day of cell
culture, the hADMSCs were attached on scaffolds and showed a
specific spindle-shaped morphology (Figure 6). In Figure 6A, PLA scaf-
folds cultured with hADMSCs demonstrate significant microenviron-
ment for cells. The cells grew on scaffolds and showed an apparent
three-dimensional morphology with partial cell-cell interactions.>® In
Figure 6B,C, cells on composites show more significant spreading
morphology compared to the pristine PLA scaffold. This spreading
morphology is a characteristic network-like structure of fibroblastic
tissue.>® The extracellular matrix can be associated with this network
structure. In Figure 6b, the cells on PLA/BFO blends show spread
morphology with broadening cytoplasmic protrusions and multiple
filopodia after cell seeding.’” The SEM images of PLA/BFO (line) have
more loaded cells, and cell morphologies with cell-cell contacts are
seen exactly (Figure 6C). It is known that the changes in cell morphol-
ogy indicate cell activity, and this promoted the cellular migration
behavior of the cells.® As a result, it can be concluded from the
images that the observed strong adhesion and proliferation promoted
the biocompatibility of all scaffolds. Besides, more cell density near
the BFO line and cell-cell contact on the PLA/BFO (line) scaffold
showed the BFO effect on the cell direction.
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3.5 | Electric stimulation of hADMSCs on 3D-
printed scaffolds

Electrical stimulation was applied on 3D-printed BFO-lined PLA scaf-
fold cultured with hAADMSC. BFO-lined PLA scaffold was preferred to
carry the electrical stimulus locally. As stated in the experimental sec-
tion, the scaffold was exposed to electric stimulation (V,, = 7.96 V,
lop = 20 mA 50% duty cycle pulses with 2 Hz frequency) for 48 hours.
Previous studies showed that the electrical stimulation in the range of
1 to 10 V/cm, which is above the physiological level, thereby
increases the migration rate of human BMSCs.>?

In Figure 7, fluorescence microscopy images for 48 hours clearly
show that the cells in the control group are distributed randomly
(Figure 7A), and the stimulated cells are aligned toward the BFO line
(Figure 7B). Alignment of the cells appears more evident at high magnifica-
tion. This demonstrates that electric stimulation has a significant influence
on cell alignment and redirects random cells to be aligned.¢%¢? In addition,
the presence of BFO nanoparticles may have the potential to direct the
transplanted cells to the lesion sites for the repair of neural tissue.

4 | CONCLUSIONS

The BFO nanoparticles were successfully prepared via co-precipitation
route and incorporated into the PLA scaffold to direct the cells locally.

PLA, PLA/BFO, and PLA/BFO (line) neural scaffolds were fabricated by a
3D printing method in the desired pore size and geometry. XRD results
supported the characteristic crystal structure of the BFO and existence
of interactions between BFO and PLA. Average crystalline size of BFO
was found to be 15 nm, which is calculated from Scherrer formula
applied to XRD spectra. According to in vitro studies, all 3D-printed scaf-
folds exhibited no cytotoxic effect and supported the proliferation of
hADMSCs. Furthermore, the highest cell viability was observed on the
3D-printed scaffold blended with BFO. More importantly, as the BFO-
lined scaffold was subjected to electrical stimulation for 48 hours, the
cells in the control group were randomly distributed while the cells in the
stimulated scaffold were aligned toward the BFO line. This is important
in directing the cells to the damaged area to treat nervous system disor-
ders. The present study demonstrates the potential of BFO nanoparticles
on the directing of cells with the effect of electrical stimulation. How-
ever, further studies are required using specific cell differentiation

markers to differentiate mesenchymal stem cells into neural tissue.
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