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Abstract: It has been proven that the surface topographic cues of fiber arrangement can induce
osteogenic differentiation of mesenchymal stem cells. However, this effect alone is weak and
insufficient to meet the needs of regenerative medicine. In this work, electroactivity concept
was introduced to enhance the osteoinductivity of fibrous scaffolds. The randomly oriented
and aligned electroactive fibrous scaffolds of poly-(L-lactic acid) (PLLA) with incorporation
of ferroelectric ceramic BaTiO, (BTO) nanoparticles (NPs) were fabricated by electrospinning.
Physicochemical properties, including fiber morphology, microstructure, composition, thermal
stability, surface roughness, and surface wettability, of these fibrous scaffolds were studied.
The dielectric properties of the scaffolds were evaluated. The results showed that the randomly
oriented BTO/PLLA composite fibrous scaffolds had the highest dielectric permittivity of 1.19,
which is of the same order of magnitude as the natural bone. The combined effects of fiber
orientation and electrical activity on the osteogenic responses of bone marrow mesenchymal
stem cells (BM-MSCs) were specifically investigated. Randomly oriented composite fibrous
scaffolds significantly promoted polygonal spreading and encouraged early osteogenic differ-
entiation in BM-MSCs, whereas aligned composite fibrous scaffolds promoted cell elongation
and discouraged osteogenic differentiation. These results evidenced that randomly fiber orien-
tation and biomimetic electric activity have combining effects on osteogenic differentiation of
BM-MSCs. Our findings indicate that coupling effects of multi-physical properties should be
paid more attention to mimic the microenvironment for enhancing osteogenic differentiation
of BM-MSCs.

Keywords: topographic substrate, biomimetic electroactivity, ferroelectric ceramic, polarization,
osteogenic responses

Introduction

Numerous studies have shown that topographic cues of fiber arrangement can regulate
stem cell behaviors such as cell attachment, spreading, growth, and differentiation via
contact guidance."™ Randomly oriented fibrous scaffolds could typically encourage
osteogenic differentiation, and aligned fibrous scaffolds could promote myogenic
or neurogenic differentiation in stem cells.>” Our previous researches showed that
electrospun poly-(L-lactic acid) (PLLA) fiber orientation played an important role in
regulating osteoblast response and confirmed that bone marrow mesenchymal stem
cells (BM-MSCs) cultured on randomly oriented PLLA nanofibers showed enhanced
osteogenic-specific fate compared with those cultured on aligned nanofibers.®° Yin et al
demonstrated that osteogenesis in vivo was driven by randomly oriented electrospun
PLLA fiber scaffolds."
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However, the extent of osteogenic differentiation on the
randomly oriented fibrous scaffolds alone was lower than that
driven by the chemical induction medium. Therefore, how to
magnify the effect of surface topographic cues of randomly
oriented fibers on osteogenic differentiation of MSCs would
be of substantial interest.

Electrical effects such as piezoelectricity, pyroelectric-
ity, and dielectricity play an important role in bone growth,
remodeling, and fracture healing.!''* Recently, ferroelectric
ceramics, including lithium niobate (LN)"*"'7 and barium
titanate (BaTiO, [BTO]),'** have been widely used as
bone repair materials with excellent biocompatibility and
osseointegration, because of relatively high spontaneous
polarization and an inherent ability to sustain a charged
surface. In our recent study, BTO nanoparticles (NPs)
have been incorporated into the polymer matrix to achieve
positive bone-defect repair efficiency due to its inherent
and sustainable electrical activity mimicking physiological
electrical properties.?' So, the incorporation of an electroac-
tive component into the PLLA fibrous scaffolds may be an
alternative to magnify the topological regulation effect on
mesenchymal stem cell osteogenic responses.

The purpose of this study was to explore the combining
effects of biomimetic electroactivity and surface topological
structure of fibrous scaffolds on mesenchymal stem cell
osteogenic responses. In this work, we chose PLLA as the
material matrix and BTO NPs as electroactive fillers to
fabricate randomly oriented and aligned composite fibrous
scaffolds by electrospinning. The physicochemical properties,
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including fiber morphology, microstructure, chemical com-
position, thermal stability, surface roughness, and surface
wettability of the fibrous scaffolds, were investigated. Dielec-
tric behavior was studied at room temperature to determine
the electrical properties of the fibrous scaffolds. Additionally,
BM-MSCs were used to evaluate and compare the biological
performance (cell attachment, cell proliferation, and early
osteogenic differentiation) of the fibrous scaffolds.

Materials and methods
Preparation of electrospun BTO/PLLA

composite fibrous scaffolds

Before the BTO NPs were incorporated into the PLLA matrix,
surface modification of BTO was performed. Briefly, a
defined amount of BTO NPs (average particle size of 100 nm;
Alfa Aesar, Ward Hill, MA, USA) was dispersed in deion-
ized water containing 2% w/v sodium citrate. The surface-
modified BTO NPs and PLLA (Mw =10x10% Shan Dong
Institute of Biomedical Instruments, Shandong, People’s
Republic of China) were then proportionally dispersed in
the trifluoroethanol (TFE) solution by ultrasonication for 2 h,
followed by stirring for 12 h, to form a stable suspension. The
BTO contents were setas 1, 3,5, 7, and 10 wt% of the PLLA.
Thereafter, as described in Figure 1, electrospinning was
then performed using two different collectors — the plate and
rolling collectors — with preset parameters, including applied
voltage, solution feeding rate, and collecting distance. Finally,
randomly oriented BTO/PLLA microfibers (BTO/PLLA RM)
and aligned BTO/PLLA composite microfibers (BTO/PLLA

Randomly
oriented fibers

/
=

Aligned fibers
Rolling collector

Figure | Schematic diagram of the fabrication process of electrospun BTO/PLLA composite fibrous scaffolds.
Notes: BTO NPs were modified by sodium citrate solution and then proportionally dispersed into the PLLA solution to form BTO/PLLA solution. Thereafter, electrospinning
was performed using two different collectors — plate and rolling collectors — under preset parameters. Randomly oriented and aligned BTO/PLLA composite fibrous scaffolds,

respectively, were thereby fabricated.
Abbreviations: BTO, BaTiOz; PLLA, poly-(L-lactic acid); NP, nanoparticle.
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AM) were obtained. All electrospun fibrous scaffolds, includ-
ing randomly oriented neat PLLA microfibers (PLLA RM),
aligned neat PLLA microfibers (PLLA AM), BTO/PLLA RM
and BTO/PLLA AM, were dried for 3—4 days in a vacuum
oven to remove any residual solvents.

Characterization of electrospun fibrous

scaffolds

The surface morphology and microstructural features of the
composite fibers were observed using a scanning electron
microscope (SEM; Hitachi, S-4700, Hitachi Ltd., Tokyo,
Japan). The distribution of BTO NPs in the PLLA fibrous
matrix was investigated by transmission electron microscopy
(TEM; Hitachi H-800). Fiber diameter was measured from the
SEM photographs by using image analysis software (ImageJ;
National Institutes of Health, Bethesda, VA, USA). Chemi-
cal compositions of the composite fibers were evaluated by
energy-dispersive X-ray spectroscopy (EDS; EMAX EX-300
system), X-ray diffraction (XRD; Rigaku D/max 2500 VB2+/
PC), and thermogravimetric analysis (TGA; STA 449C). The
surface roughness of the scaffolds was examined by an Omnis-
can MicroXAM white light interferometer (ADE Phase Shift,
Tucson, AZ, USA), and the resulting data were analyzed using
the MapVUE AE software (Meta MAP, Lexington, KY, USA).
The surface wettability of the samples was assessed by water
contact angle measurements performed on a video contact angle
instrument (JC2000C1; Shanghai Glory Numeral Technique &
Device Co., Ltd., Shanghai, People’s Republic of China). The
dielectric property of samples was measured on a HP 4294A
precision impedance analyzer (Agilent Technologies, Santa
Clara, CA, USA) at room temperature.

Cell culture

Rat BM-MSCs (Cyagen Bioscience Inc., Guangzhou,
People’s Republic of China) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 100 IU/mL penicillin—
streptomycin. The medium was changed every 2—3 days. At
80%—90% confluence, BM-MSCs were detached using 0.25%
trypsin/ethylenediaminetetraacetic acid (EDTA; Gibco, Grand
Island, NY, USA). Cells from passages 3 to 5 were used for
the following experiments.

Attachment and proliferation of BM-MSCs
on fibrous scaffolds

BM-MSCs were seeded onto experimental scaffolds in
12-well plates (5x10* cells/well) and incubated at 37°C in
a humidified atmosphere with 5% CO,. After 1 or 5 days of
culture, the samples were fixed in 2.5% glutaraldehyde and

serially dehydrated in an increasing ethanol gradient, air-dried
in a hood, and sputtered with gold prior to SEM imaging. Cell
spreading area and cell elongation were measured using the
Imagel software, by using a random sampling method. For
cytoskeleton observation, the attached cells after 5 days of
culture were fixed with 4% paraformaldehyde, incubated with
Alexa Fluor 546 phalloidin (50 ug/mL) for 1 h and stained
with 47, 6-diamidino-2-phenylindole (DAPI) for 10 min
according to the manufacturer’s directions. The images were
captured by a confocal laser scanning microscopy (CLSM;
CLSM 780; Carl Zeiss Jena GmbH, Jena, Germany). Cell
proliferation was assayed using a Cell Counting Kit-8
(CCK-8 kit, Dojindo Laboratory, Tokyo, Japan) at 1, 3, 5, and
7 days of culture, with absorbance being read at a wavelength
0f'450 nm, by using an enzyme linked immunosorbent assay
reader (Bio-Rad, Hercules, CA, USA).

Osteogenic differentiation of BM-MSCs

on fibrous scaffolds

The specific osteogenic marker runt-related transcription
factor 2 (RUNX-2) was detected by immunofluorescence
staining as described in our previous study.”?> BM-MSCs
were cultured on the randomly oriented and aligned fibrous
scaffolds in 12-well plates (5x10* cells/well) for 5 days.
The samples were then fixed in 4.0% paraformaldehyde
for 15 min at room temperature and washed three times
with phosphate-buffered saline (PBS). The cells were then
permeabilized with 0.1% Triton X-100 in PBS for 5 min,
washed three times with PBS, and blocked with 5% bovine
serum albumin (BSA) for 1 h. Subsequently, the cells were
incubated with the RUNX-2 primary antibody (diluted
1:100; Abcam, Cambridge, MA, USA) overnight at 4°C.
After thorough rinsing to remove excess primary antibody,
cells were further incubated with a 1:500 dilution of the
secondary antibody (fluorescein isothiocyanate-conjugated
AffiniPure Goat Anti-mouse IgG; Abcam) for 2 h at ambient
temperature. Finally, cells were treated with Alexa Fluor 546
phalloidin (50 wg/mL) for 1 h at room temperature, and cell
nuclei were stained with DAPI for 10 min. Images of the
stained cells were then acquired using CLSM. The mean
fluorescence intensities of positive RUNX-2 expression
were analyzed using Image-Pro Plus Software (Media
Cybernetics, Sliver Spring, MD, USA). The measurement
was performed for a minimum of 100 cells on each group.
For alkaline phosphatase (ALP) activity assay, an Alkaline
Phosphatase Assay Kit (Abcam) was utilized. BM-MSCs
were cultured on the randomly oriented and aligned fibrous
scaffolds in 12-well plates (5x10* cells/well) for 5 days.
Culture supernatants were incubated with alkaline buffer and
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p-nitrophenyl phosphate for 60 min according to the manu-
facturer’s instructions, and then the reaction was terminated
with the stop solution. The absorbance was measured at
a wavelength of 405 nm, and the values of ALP activity
were read off a standard curve based on standard samples
provided with the kit.

Statistical analysis

All quantitative data were expressed as mean * standard
deviation (SD). Statistical analyses were performed using
the SPSS 13.0 software (SPSS Inc., Chicago, IL, USA).
Statistical differences were determined using Student’s #-test
for independent samples. Differences between groups with
P<0.05 were considered as statistically significant, and
P<0.01 was considered as highly significant.

Results and discussion
Surface morphologies and compositions

of electrospun fibrous scaffolds

The optimal BTO NP content in the PLLA fibrous matrix
was first determined. As shown in Figure 2A, neat PLLA
fibers were continuous, smooth, and homogeneous. When
1 wt% BTO NPs were incorporated in PLLA fibers, little and
uneven BTO NPs dispersed in the PLLA fibers (Figure 2B)
were observed. This may directly affect the electrical prop-
erty of fibrous scaffolds due to the lack in homogeneity
of BTO distribution. In the composite fibers with 3 and
5 wt% BTO NPs, apparent BTO NP aggregates and inho-
mogeneous nanofibers were observed (Figure 2C and D).

When the content of BTO NPs was increased to 7 wt%,
homogeneous composite fibers were achieved (Figure 2E).
When the concentration of BTO NP fillers was increased to
10 wt%, a number of beads were seen and the fibers were
discontinuous (Figure 2F). Moreover, incorporation of BTO
NPs reduced fiber diameter, but this reduction did not show
a dose dependence. This reduction in the composite fiber
diameter may be due to the decrease in solution viscosity
after the incorporation of BTO NPs and the unevenness
of the forces between the agglomerated BTO NPs and the
polymer derived from high electric fields applied in the
electrospinning process. Furthermore, it can be seen from
Figure 3 that BTO NPs were not only dispersed in the fiber
matrix uniformly in the composite fibers with 7 wt% BTO
NPs (Figure 3A) but also were embedded in the fibers, as
proved by the TEM image (Figure 3B). The presence of BTO
NPs in composite was further confirmed by EDS spectra
(the inset of Figure 3A). Thus, composite fibers with 7 wt%
BTO NPs were considered optimal and used in following
experiments.

Based on our abovementioned findings, randomly orien-
tated and aligned BTO/PLLA composite fibrous scaffolds
with the same content of BTO NPs of 7 wt% were fabricated
to compare the effects of fiber orientation on scaffold elec-
trical properties and biological performance. As shown in
Figure 4A, randomly oriented and aligned neat PLLA fibers
exhibited uniformly smooth surfaces. The randomly ori-
ented BTO/PLLA fibers showed isotropic fiber alignments,
whereas aligned composite fibers exhibited anisotropic

Figure 2 SEM images of electrospun randomly oriented BTO/PLLA composite fibrous scaffolds with different BTO NP content.
Notes: (A) Neat PLLA fibers, (B) | wt% BTO NPs, (C) 3 wt% BTO NPs, (D) 5 wt% BTO NPs, (E) 7 wt% BTO NPs, and (F) 10 wt% BTO NPs.
Abbreviations: SEM, scanning electron microscope; BTO, BaTiO,; PLLA, poly-(L-lactic acid); NP, nanoparticle.
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Figure 3 Morphology and microstructure of electrospun randomly oriented BTO/PLLA composite fibers with 7 wt% BTO NPs.
Notes: (A) SEM image at a high magnification and EDS spectra. (B) TEM image of BTO NPs distributed in the PLLA fibers.

Abbreviations: BTO, BaTiOZ; PLLA, poly-(L-lactic acid); NP, nanoparticle; SEM,

transmission electron microscopy.

alignments. The results of fiber-diameter distribution analysis
are shown in Figure 4B. Generally, the average diameters of
randomly oriented fibers were higher than those of aligned
fibers, which could be due to the secondary stretching effects
during collection in the high-speed rational receiving drum.
The diameters of the randomly oriented neat PLLA fibers
were ~1,177£119 nm; however, the diameters of the aligned
neat PLLA fibers decreased to 57488 nm. The incorporation
of BTO NPs decreased the fiber diameter; the diameters of
the randomly oriented BTO/PLLA composite fibers were
722%172 nm and those of the aligned BTO/PLLA com-
posite fibers were further lowered to 311465 nm. This was
mainly due to the difference in the viscosities of the initial

A

PLLARM

PLLA AM

scanning electron microscope; EDS, energy-dispersive X-ray spectroscopy; TEM,

suspensions. As the dispersion of BTO NPs in composite
solutions could destruct the molecular polymer links, the
viscosity of solution could be reduced by incorporation of
BTO NPs, leading to decreased electrospun fiber diameter.

Crystal structure and thermal stability of
composite fibrous scaffolds

Figure 5A shows the XRD patterns of the various fibrous scaf-
folds and BTO NPs. Pure tetragonal phase was detected in BTO
NPs and BTO/PLLA composite fibers. Moreover, the structure
of PLLA was not affected by the incorporation of BTO NPs
and the electrospinning process. The thermal stability of the
fibrous scaffolds was further evaluated by TGA. As shown in

BTO/PLLA RM BTO/PLLA AM

B 50 50
1,177£119 nm 574+88 nm 7224172 nm
3 40 3 40 3 40
23 2 230
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Figure 4 SEM images of electrospun randomly oriented or aligned fibrous scaffolds and their diameter distribution histograms.

Notes: (A) SEM images. (B) Diameter distribution histograms.

Abbreviations: SEM, scanning electron microscope; PLLA RM, randomly oriented neat PLLA microfibers; PLLA AM, aligned neat PLLA microfibers; BTO/PLLA RM,
randomly oriented BTO/PLLA microfibers; BTO/PLLA AM, aligned BTO/PLLA composite microfibers; PLLA, poly-(L-lactic acid); BTO, BaTiO,.

International Journal of Nanomedicine 2017:12

submit your manuscript

4011

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Li et al

Dove

A

111
200
210
211
220

221
310

—
3
-
L

Intensity (au)

A

10 20 30 40 50 60 70 80

20 (degree)
— PLLARM —— PLLAAM — BTO/PLLARM
— BTO/PLLAAM —— BTO NPs

W

100

Weight loss (%)
5 8 8

N
o
T

0F

0 50 100 150 200 250 300 350 400 450 500

Temperature (°C)

— PLLARM — PLLAAM
— BTO/PLLARM —— BTO/PLLAAM

Figure 5 XRD patterns (A) and TGA spectra (B) of the different electrospun fibrous scaffolds.
Abbreviations: XRD, X-ray diffraction; TGA, thermogravimetric analysis; PLLA RM, randomly oriented neat PLLA microfibers; BTO/PLLA RM, randomly oriented
BTO/PLLA microfibers; PLLA AM, aligned neat PLLA microfibers; BTO/PLLA AM, aligned BTO/PLLA composite microfibers; NP, nanoparticle; PLLA, poly-(L-lactic acid);
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Figure 5B, a significant weight loss was observed at ~300°C,
associated with degradation and combustion of the PLLA com-
ponent. At~380°C, the weight loss of both randomly oriented
and aligned PLLA fibrous scaffolds changed to zero, while the
weight loss of composite fibrous scaffolds remained ~40% and
no longer reduced until 500°C. The results suggested that both
randomly oriented and aligned BTO/PLLA fibrous scaffolds
have excellent thermal stability and that fiber orientation did
not affect the thermal stability of composite scaffolds.

Surface roughness and surface wettability

of composite fibrous scaffolds
The surface roughness and surface wettability of fibrous
scaffolds were then investigated. A white light interferometer
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was used to examine the surface roughness by scanning the
surface morphology of fiber meshes. As shown in Figure 6A,
BTO/PLLA composite fibrous scaffolds had a significantly
higher surface roughness than did neat PLLA fibrous
scaffolds. This may be ascribed to the rough fiber surface
created by incorporated BTO NPs as shown in Figure 3.
Furthermore, the randomly oriented composite fibrous scaf-
folds had a higher surface roughness than that of the aligned
scaffolds. This may be explained by the concept that BTO
NPs in the randomly oriented fibers were less constrained
by the polymer fibers than those in the aligned fibers, result-
ing in more protrusions on the fiber surface. This result also
suggested that the random fiber configuration of composite
fibrous scaffolds helps to enhance their surface roughness.
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Figure 6 Surface roughness (A) and water contact angle (B) of different electrospun fibrous scaffolds.

Notes: The insets of Figure 6B are the photograph of water contact angle. *P<<0.05; **P<<0.01.

Abbreviations: PLLA RM, randomly oriented neat PLLA microfibers; PLLA AM, aligned neat PLLA microfibers; BTO/PLLA RM, randomly oriented BTO/PLLA microfibers;
BTO/PLLA AM, aligned BTO/PLLA composite microfibers; PLLA, poly-(L-lactic acid); BTO, BaTiO,.
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Figure 6B shows the surface wettability of fibrous
scaffolds. The water contact angles of all the fiber scaffold
samples were <80° and had no correlation with BTO incor-
poration and fiber orientation. There was no significant differ-
ence between the neat randomly oriented and aligned PLLA
samples. After incorporation of BTO NPs, however, ran-
domly oriented composite fibrous scaffolds had lower water
contact angles that those of aligned composite samples and
neat PLLA samples, which indicates that the incorporation
of BTO NPs and isotropy of fibers synergistically improved
the surface hydrophilicity of composite fibrous scaffolds.
The improved surface hydrophilicity was also ascribed to the
enhancement of surface roughness derived from micro- or
nanoscale fibrous structure and protrusions of BTO NPs.
It has been reported that the wettability of the surface depends
on the surface energy and the roughness of the surface.”
It has also been confirmed that the microscale and nanoscale
roughness could increase the hydrophobicity of the surface.?
Numerous studies have demonstrated that enhanced surface
roughness and surface hydrophilicity could improve the
biocompatibility of scaffold materials.?>?” Therefore, these

results imply that BTO/PLLA composite fibrous scaffolds
might exhibit favorable biological performance.

Electrical properties of composite fibrous
scaffolds

Electrical signals are involved in all functions of living cells
and organisms.”*? Electroactive micro-/nanofibrous scaf-
folds are therefore of great interest in the field of scaffold
design because of their three-dimensional microenvironment
structure as well as their electrical stimulation effects.> 2
In our work, therefore, we attempted to integrate the inher-
ent electroactive component into PLLA fibrous matrix to
form a highly biomimetic composite scaffold material. The
frequency-dependent dielectric permittivity results of differ-
ent fibrous scaffolds are shown in Figure 7. Generally, the
dielectric permittivity of randomly oriented fibrous scaffolds
was significantly higher than that of aligned fibrous scaffolds.
Furthermore, the randomly oriented BTO/PLLA composite
fibrous scaffolds had a higher dielectric permittivity than
the randomly oriented neat PLLA fibrous scaffolds did,
which was in agreement with a previous report.** BTO NPs
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Figure 7 Effects of BTO NPs and fiber orientation on the dielectric permittivity of electrospun composite BTO/PLLA fibrous scaffolds.

Note: Superimposed in the inset is the dielectric permittivity measured at | kHz at room temperature.

Abbreviations: BTO, BaTiOs; NP, nanoparticle; PLLA, poly-(L-lactic acid); PLLA RM, randomly oriented neat PLLA microfibers; PLLA AM, aligned neat PLLA microfibers;
BTO/PLLA RM, randomly oriented BTO/PLLA microfibers; BTO/PLLA AM, aligned BTO/PLLA composite microfibers.
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have usually been used as ceramic fillers to enhance the
dielectric performance of polymer composites due to their
high dielectric constants.’37 BTO is also a particularly
attractive ferroelectric ceramic material for application in the
biomedical field owing to its biocompatibility and capability
of spontaneous polarization.?** In our work, the measured
dielectric permittivity of randomly oriented composite
fibrous scaffolds was ~1.19+0.02, which was close to the
measured value (1.1£0.03) and the theoretical calculated
value (1.14) reported by Morvan et al.** The dielectric con-
stant value was also within the same order of magnitude as
the dielectric constant value of dry human bone.*#

The improved dielectric property could be mainly due to
poling of the ferroelectric BTO NPs during the electrospin-
ning process. According to the description of Morvan et al,*
BTO NPs can easily rotate during the initial stages of the
spinning process before the solvent completely evaporates,
after which they get progressively locked by the hardening
PLLA matrix in the orientation of the polarization derived
from high electric fields applied in the electrospinning
process. In principle, the highly disordered interfacial
regions between the nanoscale BTO NPs and PLLA matrix
are effective traps for space charges, such as ions or free
electrons.***3# Upon the application of a poling electric
field, these space charges migrate along the directions of the
electric field and form large dipoles, giving rise to enhanced
electrical polarization.*

Therefore, the dielectric constant of BTO/PLLA compos-
ite fibrous scaffolds markedly increased after incorporation
of BTO NPs. However, the dielectric property of aligned
composite fibrous scaffolds was not significantly improved,
which could be attributed to the effect of fiber orientation
on electrical polarization of BTO NPs in composite fibers
during the electrospinning process. These results imply that
randomly oriented BTO/PLLA composite fibrous scaffolds
might have the ability to provide a biomimetic electrical
microenvironment for cell function and differentiation.

Attachment, spreading, and proliferation
of BM-MSCs on charged fibrous scaffolds

The biological performance of electrospun composite fibrous
scaffolds was further investigated. The morphology of
BM-MSCs after 24 h cultivation on different fibrous scaffolds
is shown in Figure 8A. The cells cultured on the randomly
oriented fibrous scaffolds showed polygonal forms with
many filopodia-like extensions and filament-like structures,
whereas elongated and polarized cell morphology with
orientations along the fiber directions were observed on the

aligned fibrous scaffolds. This is consistent with our previous
studies.®’ As shown in Figure 8B, the wide spreading of
cellular actin filaments was most obvious on the randomly
oriented BTO/PLLA composite fibrous scaffolds, while the
directionally orientated cellular actin filaments were seen on
the aligned neat PLLA and aligned BTO/PLLA composite
fibrous scaffolds. Furthermore, cells on the randomly oriented
BTO/PLLA composite fibrous scaffolds showed the most
increased cell spreading area in comparison with those on the
randomly oriented neat PLLA fibrous scaffolds and aligned
neat PLLA and aligned BTO/PLLA composite fibrous scaf-
folds (Figure 8C), while the aligned BTO/PLLA composite
fibrous scaffolds showed a slightly enhanced cell elongation
(Figure 8D). These results indicate that incorporation of BTO
NPs into randomly oriented composite fibrous scaffolds
further promoted the spreading of BM-MSCs.

Large cell spreading area and polygonal cell shape with
much filopodia are closely related with the osteogenic activity
of MSCs.3%4548 The topographical structure and electric
activity of randomly oriented fibers have combining effects
on the behavior of BM-MSC:s. The involved mechanism may
be explained as two aspects: the first is the contact guidance
effect of the topological structure of the fibrous scaffold on
cellular behaviors and the second is the electrotaxis effect
inspired by the dielectricity of BTO NPs. The classical theory
of contact guidance has been used to explain the morphologi-
cal phenotypes of MSCs on different topographic nanofibers
in our previous studies.®® The electrotaxis effect inspired by
the electroactivity of BTO NPs has also been confirmed by
our recent report — the migration ability of BM-MSCs in
polarized nanocomposite membranes with BTO NPs was
significantly enhanced compared with that of neat membranes
without BTO NPs.*!

As shown in Figure 8E, cell proliferation was assessed
using a CCK-8 assay after 1, 3, 5, and 7 days of culture. The
cell number increased steadily throughout the culture period.
Furthermore, composite fibrous scaffolds with either random
or aligned orientation promoted cell proliferation in compari-
son to neat fibrous scaffolds. This effect was largely related
to increased surface roughness and surface hydrophilicity
due to BTO NP incorporation, as well as improved electrical
property. However after 5 days of culture, the cell proliferation
rate became slightly slow on randomly oriented BTO/PLLA
composite scaffolds and showed no significant difference
from that of neat PLLA nanofibrous scaffolds by day 7. This
was likely because more cells proliferated on the randomly
oriented BTO/PLLA composite fibrous scaffolds, resulting in
contact inhibition, as confirmed by SEM images (Figure 8A)
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Figure 8 Attachment, spreading, and proliferation of BM-MSCs on different electrospun fibrous scaffolds.
Notes: (A) Representative SEM images of cell spreading of BM-MSCs cultured for 24 h. (B) Representative cytoskeleton images of BM-MSCs after 5 days of culture.
(C) Quantitative analysis of cell spreading area after | day of culture. (D) Quantitative analysis of cell elongation after 24 h of culture. (E) Cell proliferation histograms after

culture for |, 3, 5, and 7 days (*P<<0.05 and **P<<0.01).

Abbreviations: ALP, alkaline phosphatase; BM-MSC, bone marrow mesenchymal stem cell; SEM, scanning electron microscope; PLLA RM, randomly oriented neat PLLA
microfibers; PLLA AM, aligned neat PLLA microfibers; BTO/PLLA RM, randomly oriented BTO/PLLA microfibers; BTO/PLLA AM, aligned BTO/PLLA composite microfibers;

PLLA, poly-(L-lactic acid); BTO, BaTiO,; OD, optical density.

and CLSM images (Figure 8B). This slight proliferation
suppressive effect is also possibly related to the differentia-
tion tendency of BM-MSCs, because there is a reciprocal
relationship between cell proliferation and differentiation.*

Osteogenic differentiation of BM-MSCs

on charged fibrous scaffolds

To further confirm the effect of fiber orientation and BTO NP
incorporation on early osteogenic differentiation ability of
BM-MSCs, the production of RUNX-2 (a key transcription
factor for bone formation) was studied by immunofluores-
cence staining as shown in Figure 9. We observed the highest
positive expression of RUNX-2 on randomly oriented BTO/
PLLA composite fibrous scaffolds than on others kinds
of fibrous scaffolds after 5 days of culture (Figure 9A).
Qualitatively, randomly oriented neat PLLA fibrous scaf-
folds generated a slightly higher fluorescence intensity
than the aligned neat PLLA fibrous scaffolds. As expected,
randomly oriented BTO/PLLA composite fibrous scaffolds

had the highest fluorescence intensity, whereas aligned BTO/
PLLA composite fibrous scaffolds had a lower fluorescence
intensity than the aligned neat PLLA samples (Figure 9B).
The ALP activity assay result also showed similar trends
(Figure 9C). The improved osteogenic response could be
explained by the osteoinductive effect of inherent electrical
properties derived from BTO NPs on stem cells as reported
by other researchers.’®! However, the depressed osteogenic
response in aligned composite fibrous scaffolds may be due to
the slender cell shape, which is not conducive to osteogenic
differentiation of BM-MSCs, despite the electrical effects
present. These findings also implied that cell shape plays an
essential role in regulating the differentiation of stem cells
into specific tissues.’>>* The mechanism may be related to
the cytoskeleton changes inspired by contact-induced effects
and the activation of intracellular-related signal proteins
stimulated by electrotaxis.

It has been reported that changes in cell morphology may
directly influence Rho family GTPases, which are related
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in cell proliferation and differentiation.* A large amount of
evidence has demonstrated that the RhoA/ROCK signaling
pathway participates in osteogenic differentiation of MSCs
via cytoskeletal reorganization.”®>” In our previous study,
it was also confirmed that the difference in the orienta-
tion of PLLA fibers leads to differences in the expression
of ROCK2, a key indicator of the RhoA/ROCK signaling
pathway.’ Thus, It is speculated that the RhoA/ROCK path-
way may be involved in the osteogenic differentiation effect
of BTO/PLLA composite fibers on BM-MSCs. This could

M 4

@ PLLA fibers
© BTONPs

)% BM-MSCs

Electrical activity

Figure 10 lllustration of the combining effects of topographical structure and
electrical activity of randomly oriented electrospun BTO/PLLA composite fibrous
scaffolds on BM-MSCs behavior.

Abbreviations: PLLA, poly-(L-lactic acid); BTO, BaTiO,; BM-MSC, bone marrow
mesenchymal stem cell; NP, nanoparticle.

be a possible future research avenue that would focus on
investigating the correlation between surface topography,
dielectricity, and the signaling pathways involved in cellular
responses. Our results demonstrated preliminarily that the
topographical structure and electrical activity of randomly
oriented electrospun BTO/PLLA composite fibrous scaffolds
have combining effects on BM-MSC attachment, growth, and
osteogenic response as described in Figure 10, suggesting a
great potential for application in bone tissue engineering.

Conclusion

In this work, randomly oriented and aligned electroactive
BTO/PLLA composite fibrous scaffolds were fabricated by
electrospinning. The incorporation of BTO NPs improved
the surface roughness, surface hydrophilicity, and dielectric
properties of fibrous scaffolds by electrical polarization
during the electrospinning process. The randomly oriented
composite fibrous scaffolds significantly encouraged
polygonal spreading and early osteogenic differentiation
of BM-MSCs, whereas aligned composite fibrous scaffolds
increased cell elongation and discouraged osteogenic dif-
ferentiation. Randomly fiber orientation and biomimetic
electric activity had combining effects on osteogenic differ-
entiation of BM-MSCs. Taken together, randomly oriented
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BTO/PLLA composite fibrous scaffolds would have promis-
ing potential for application in bone regeneration.
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