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Background: As commonly bone defect is a disease of jaw that can seriously affect implant
restoration, the bioactive scaffold can be used as potential systems to provide effective repair
for bone defect.

Purpose: A osteoinductive bone tissue engineering scaffold has been prepared in order to
explore the effect of bioactive materials on bone tissue engineering.

Methods: In this study, NELL-1 nanoparticles (Chi/NNP) and nano hydroxyapatite were
incorporated in composite scaffolds by electrospinning and characterized using TEM, SEM,
contact angle, tensile tests and in vitro drug release. In vitro biological activities such as
MC3T3-E1 cell attachment, proliferation and osteogenic activity were studied.

Results: With the addition of nHA and nanoparticles, the fiber diameter of PCL/BNPs
group, PCL/NNPs group and PCL/nHA/NNPs group was significantly increased. Moreover,
the hydrophilic hydroxyl group and amino group presented in nHA and nanoparticles had
improved the hydrophilicity of the composite fibers. The composite electrospun containing
Chi/NNPs can form a double protective barrier which can effectively prolong the release
time of NELL-1 growth factor. In addition, the hydroxyapatite/NELL-1 nanoparticles elec-
trospun fibers can promote attachment, proliferation, differentiation of MC3T3-E1 cells and
good cytocompatibility, indicating better ability of inducing osteogenic differentiation.
Conclusion: A multi-functional PCL/nHA/NNPs composite fiber with long-term bioactivity
and osteoinductivity was successfully prepared by electrospinning. This potential composite
could be used as scaffolds in bone tissue engineering application after in vivo studies.
Keywords: polycaprolactone, nanoscaffold, MC3T3-E1 cells, osteogenic activity

Introduction

Bone defect in jaw is a serious medical disease that can cause significant problem in
the dental implant restoration. Traditionally bone defect can be treated by different
techniques, such as autogenous bone transplantation, allogeneic bone transplanta-
tion and distraction osteogenesis, et al.' However, these techniques can be limited
due to secondary injury, poor plasticity, immune rejection, high technical require-
ments, high price and limited osteogenic capacity. In recent years, bone tissue
engineering has drawn significant interest in bone defect treatment due to its unique
advantages: abundant tissue sources and no secondary infection.” The scaffold
materials which can play an important role in bone tissue engineering should be
endowed with some characters including it being with three-dimensional porous
interconnected structure, good biocompatibility, degradability, being effectively
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loaded and continuously released growth factors.> ® Bone
biochemical microenvironment, which mainly consist of
ECM molecules, signal molecules and other non-signal
soluble factors, can constitute a complex network system
for promoting bone reconstruction. As reported, bone bio-
chemical microenvironment is not only the biological
basis of bone tissue engineering, but also for the design
of scaffold materials and the selection of bioactive factors.
Therefore, how to construct an ideal scaffold in accor-
dance with the above principles has become an important
area of research, in which the osteogenic activity of scaf-
fold can be considered as a pivotal important factor, and
how to confer the scaffold with these properties is being
studied.?

Polycaprolactone (PCL) is a bioresorbable material
with good biocompatibility, and plays an important role
in guiding bone regeneration.” At present, polycaprolac-
tone can be fabricated by electrospinning technology into
nanofiber scaffold with good biocompatibility, good
mechanical strength, porous interconnected structure,
high specific surface area, capacity of being loaded with
variety of growth factors. What is more important is that
these composite scaffolds can simulate the structure of
bone natural extracellular matrix.® However, PCL can be
restricted its application in bone regeneration due to its
weak bioactivity and osteoinductivity.” Nano hydroxyapa-
tite (nHA) as the main inorganic component of bone
matrix has a good affinity with adhesion protein and
plays an important role in the differentiation and miner-
alization of osteoblasts, which can provide the composite
scaffolds with an effective osteogenictivity.'®'® Some
research has indicated that the addition of nHA can effec-
tively improve the bioactivity and osteoinductivity of PCL,
which can extend its applications in biomedical field."*
Ghorbani FM have successfully prepared PCL/nHA com-
posite as scaffolds for bone regeneration, and the results
showed that the composite scaffolds could promote osteo-
ability."
Nevertheless, some growth factors are needed to partici-

genesis and improve bone regenerative
pate in bone regeneration, and improve the bioactivity and
osteogenictivity of PCL.'® Therefore, improving the osteo-
genictivity of PCL/nHA composite fiber has become an
urgent need.

There are a variety of signal molecules participating in
bone regeneration, among which NELL-1 protein as a new
growth factor has attracted more and more attention.
NELL-1 located in the downstream of Cbfal/Runx2 can

participate in the recruitment, growth, proliferation,

differentiation, mineralization of osteoblasts and the inter-
action between cells and intercellular matrix.'” What is
more important is that NELL-1 protein can induce more
dense bone formation but not induce ectopic osteogenesis
in muscle due to its specific osteogenictivity.'®

In our previous study, we have successfully prepared
chitosan based-nanoparticles loaded with NELL-1 (Chi/
NNP) by desolvation technique and electrostatic self-
assembly. In chitosan based-nanoparticles, chitosan shell
was coated on bovine serum albumin (BSA) microsphere
loaded with NELL-1 in order to stabilize BSA micro-
sphere; thus, the nanoparticle can slowly release the
NELL-1 and maintain the bioactivity of NELL-1."

Based on the above understanding, the purpose of this
study was that chitosan based-nanoparticles were incorpo-
rated into electrospun scaffolds loaded with nano hydroxya-
patite by electrospinning technology, which can construct
a double barrier for sustained-release of NELL-1 in order to
obtain a better controlled release effect and endow scaffold
materials with better osteogenic activity (Figure 1).

Materials and Methods

Materials and Instruments

NEL-like molecule 1 (NELL-1), Polycaprolactone (PCL;
average Mn 80,000), Bovine Serum Albumin (BSA),
Chitosan  (medium molecular  weight), Fluorescein
Isothiocyanate (FITC) and 4',6-diamidino-2-phenylindole
(DAPI) were purchased from Sigma (St. Louis, MO, USA).
Acetic acid (AA), Absolute alcohol, N.
N-Dimethylformamide (DMF), Dichloromethane (DCM)
and all chemicals were of analytical reagent grade, without
further purification and purchased from Sinopharm chemical
reagent Co., Ltd. China. Scanning electron microscope (SEM,
Evo LS15,) was from Carl Zeiss, Germany. Transmission
electron microscope (TEM, HT7700) was from Hitachi,
Japan. Universal mechanical test instrument was from Jinan
Runrui Technology Co., Ltd., China. Water contact angle
analysis instrument was from TianJin Precision Instrument
Co., Ltd., China. Microplate reader was from Thermo Fisher
Scientific, US and Confocal laser scanning microscope
(CLSM, Leica TCS Sp5 II) was from Leica, Germany.

Preparation of Chitosan

Based-Nanoparticle Loaded with NELL-I
Chitosan-based nanoparticle loaded with NELL-1 (Chi/
NNPs) was produced by desolvation method and electro-
static self-assembly technique according to our previous
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Figure | Schematic illustration of the fabrication of composite electrospun scaffolds loaded with chitosan-based nanoparticles and nHA.
Abbreviations: nHA, nano hydroxyapatite; PCL, polycaprolactone; BSA, bovine serum albumin.

reports.'? Briefly, BSA (100 mg) and 160pL stock solution
(50pg/100 pL in phosphate buffer at 20°C) of NELL-1
were dissolved in 10 mL deionized water, and then 40 mL
of ethanol was then pumped into the 1% BSA solution
using a micro syringe at 0.5 mL/min under continual
stirring overnight in order to form aggregate. Then,
40 mL of chitosan solution was added to the mixture at
0.5 mL/min speed. The newly formed mixture was stirred
for 8 h to yield the chitosan based-nanoparticle loaded
with NELL-1 (Chi/NNPs). The chitosan-based nanoparti-
cle loaded without NELL-1 (Chi/BNPs) were also pre-
pared according to the procedure described above
without addition of NELL-1. These chitosan nanoparticles
were collected by centrifugation at 12,000 rpm for 20 min.
Afterwards, the supernatant was discarded and the preci-
pitated were dispersed in 30/70 distilled water/ethanol (v/
v) solution. These purification steps were repeated 3 times.
The white precipitated microspheres were then acquired
and stored for future use.

Preparation of Electrospun Scaffolds

To prepare the electrospinning solution for PCL fiber (PCL),
2.4 g of PCL was dissolved into 5 mL of DMF and 7.5 mL
of DCM at room temperature. To prepare the electrospinning
solution loaded with chitosan-based nanoparticle (PCL/
BNPs, PCL/NNPs), the nanospheres (BNPs or NNPs) were
dissolved in 2.5mL of DMF solution, and then 1.5g of PCL

was dissolved into 7.5mL of DCM. Then, the DMF solution
with BNPs or NNPs was added drop by drop into DCM
solution under magnetic stirring for at least 8 hours. To
prepare the electrospinning solution loaded with nano-
hydroxyapatite (PCL/nHA), nano-hydroxyapatite (30%, wt/
wt), was added into PCL solution under magnetic stirring for
at least 8 hours until it was completely mixed. To prepare the
electrospinning solution loaded with nHA and chitosan-
based nanoparticles (PCL/nHA/NNPs), according to the
procedure descripted above, DMF solution dispersed with
nanospheres was added drop by drop into DCM solution
containing nHA under magnetic stirring for at least 8 h until
it was completely mixed. Details of solution preparation for
electrospinning can be shown in Table 1.

The electrospinning solution was placed into a 30mL plas-
tic syringe equipped with a medical-grade 6" stainless steel
needle. The specific electrospun conditions were as follows:
the high voltage was 25+0.5 kV, the flow rate of solution
controlled by the micro injection pump was 3 mL/h, and the
receiving distance was 20 cm. All the electrospun films were
collected at room temperature and dried in a vacuum drying
oven.

Characterization

Transmission Electron Microscope (TEM)
characterization

All samples were deposited on the carbon film copper
network within 5 seconds during electrospinning. After
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Table | Details of Solution Preparation for Electrospinning and Nanoparticles for All Polymers Including Molecular Weight (Mw),
Concentration w/w (C), Solvents, Stirring Time (t), The Rotation Speed of Stirrer (V,), and Temperature of the Hot Plate During Mixing

Polymer Supplier Mw(g.mol ') C (%) Solvents t (h) Vr [rpm] T(°C)
PCL Sigma-Aldrich 80,000 75.47 DCM 4 800 25
Chi/NNPs —_— — 4.23 DMF 8 800 25
Chi/BNPs —_— — 4.23 DMF 8 800 25
Hydroxyapatite Macklin, China 1004 30 DCM 28 1200 25
Chitosan Sigma-Aldrich 50,000-190,000 0.15 AA | 400 25

Abbreviations: PCL, polycaprolactone; Chi/NNPs, chitosan based-nanoparticles loaded with NELL-1; Chi/BNPs, chitosan based-nanoparticle loaded without NELL-1; AA,

acetic acid; DMF, N.N-Dimethylformamide; DCM, dichloromethane.

being dried, all samples were observed by field emission
transmission electron microscopy (HT7700, Hitachi,
Japan) at an acceleration voltage of 80 kV.

Scanning Electron Microscope (SEM)
Characterization

All groups of electrospun fibers were cut into
4.5mm*4.5mm in size and fixed on the metal stage with
conductive adhesive. After being sprayed with gold, all
samples were observed by using SEM (Evo LS15, Carl
Zeiss, Germany) with electron acceleration voltage of 20
kV. All photos captured by SEM were analyzed by using
Image Pro Plus 6.0 software.

Tensile Strength

All groups of electrospun materials were cut into rectangle
strips (5 cm™*2 cm) with thickness of 0.5mm. The universal
testing machine was used to test the tensile strength at the
same parameters as follows: the tensile rate was 10 mm/
min, the temperature was 20°C, and the relative humidity
was 50%.

Contact Angle Characterization

A drop of ddH,O (0.5mL) was dropped on the surface of
the electrospun material fixed on the glass slide. And then
the digital camera was used to capture the image of the
droplet on the surface of the material and then the contact
angle was calculated by image processing software. The
reported contact angle was the average of 6 measurements.

In vitro Drug Release

The release kinetic of NELL-1 in electrospun materials was
measured in this study. The Human NELL-1 Elisa Kit was
used to determine the protein concentration. Briefly, a certain
amount of electrospun materials loaded with NELL-1 was
placed in glass vials filled with 5 mL PBS, and incubated at

37°C. At the scheduled time point
(12h,1d,2d,3d,4d,5d,6d,7d,8d,10d,14d,  18d,22d,26d,30d),
ImL PBS in glass vials was absorbed and put into another
new glass vial, and then 1mL new PBS was added to the
original glass vial. Nell-1 ELISA kit was used to detect the
release of NELL-1 based on the standard curve established in
advance and the cumulative release was calculated at preset
time point. The release curve of Chi/NNPs microspheres was
also determined according to our previous study.'’

In vitro Cell Tests

Cell attachment, proliferation, and migration tests were
performed using MC3T3-El1 cells (Subclonal line 14,
derived from C57BL/6 mice). All groups of electrospun
materials were cut into 6-well plate size, disinfected by
ultraviolet light in super-clean worktable and fixed with
a sterile steel ring in 6-well plate. And then MC3T3-El
cells with density of 2x10%cm?® were seeded on electro-
spun materials and cultured in standard cell culture
conditions.

Cell Attachment

After MC3T3-E1 cells were cultured on the scaffold materi-
als for 12h, the culture medium was removed and the cells
were fixed by 2.5% glutaraldehyde at 4°C for 4h. And then
the cells were dehydrated with gradient alcohol
(30%,50%,70%,95%,100%, V/V) for 10 min, respectively.
The SEM (Evo LS15, Carl Zeiss, Germany) was used to
observe cell attachment on materials after being vacuum-
dried and gold-sprayed. In addition, the cytoskeleton was
labeled by phalloidin-labeled-rhodamine and the cell
nucleus was labeled by 4',6-diamidino-2-phenylindole
(DAPI). And then confocal laser scanning microscopy
(CLSM, Leica TCS Sp5 II, Germany) was used to observe
the extension and adhesion of MC3T3-E1 cells on materials.
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CCK-8 Assay

MC3T3-El cells with density of 2x10*/well were seeded
in 96 well plate where the electrospun material was fixed
with sterile steel ring. At the predetermined time points
(1 day, 4 days, 7 days) the original culture medium was
discarded and CCK-8 solution (10 pL) was added into 96
well plate, the cells were incubated for 4 h at 37°C. The
supernatant was carefully absorbed into a new 96 well
plate and then detected by Thermo scientific microplate
reader at 450 nm to get absorbance value (OD). A blank
group (without cells and materials) and a control group
(containing cells without materials) were set up.

Alkaline Phosphatase Assay(ALP)

MC3T3-El cells in a density of 1x10°/well were seeded
on 24 well plate in which the electrospun material was
fixed with sterile steel ring. The medium was changed
every 2 days. After the induction solution (a-MEM med-
ium with 10% FBS, 10-8m dexamethasone and 10 mM f-
glycerophosphate (50mg/mL ascorbic acid)) was added,
the samples absorbance value (OD) at 405nm were tested
according to ALP kit instructions at preset time (7 days, 14
days and 21 days) with three multiple holes in each group.

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)

MC3T3-EI cells in a density of 1.5x10°/well were seeded in
6-well plates in which the electrospun material was fixed
with sterile steel ring. The medium was changed every 2
days. After the induction solution was added, the scaffolds
with cells were cut and the total RNA was extracted by Trizol
at preset time (7 days, 14 days and 21 days). RT-PCR was
used to detect the expression of osteogenic genes such as
OPN when GAPDH was used as a control gene.

Statistical Analysis

IBM SPSS Statistics 26.0 software was employed for data
analysis. All data were presented as mean =+ standard
deviation (S.D.). One-way ANOVA analysis was used to
compare the mean in different groups. P<0.05 was con-
sidered statistically significant.

Results and Discussion
Morphologies and Properties of

Electrospun Scaffolds
The morphologies of electrospun nanofiber are shown in
Figure 2. In all groups, nanofibrous were prepared

Figure 2 SEM and TEM images of electrospun fibers with TEM images inserted on the top right in each group.

Notes: (A) PCL group; (B) PCL/nHA group; (C) PCL/BNPs group; (D) PCL/NNPs group; (E) PCL/nHA/NNPs group.

Abbreviations: SEM, scanning electron microscope; TEM, transmission electron microscope; PCL, polycaprolactone; nHA, nano hydroxyapatite; NNPs, chitosan based-
nanoparticles loaded with NELL-1; BNPs, chitosan based-nanoparticle loaded without NELL-1.
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Figure 3 Diameters of electrospinning fiber in different group.
Note: *P<0.05 compared to the PCL group.

successfully, which presented disordered structure inter-
laced into a network. The pure PCL nanofiber was uniform
with smooth surface, while the nanofibers embedded with
nHA had certain agglomeration. The electrospun fiber
embedded with nanospheres (BNPs or NNPs) has
a slight protrusion which could lead to larger diameter.
As shown in Figure 3, the diameters of electrospun nano-
fibers in PCL group, PCL/nHA group, PCL/BNPs group,
PCL/NNPs group and PCL/nHA/NNPs group were 550.90
+37.43nm, 617.18+30.17nm, 680.23+29.36nm, 689.36
+37.04nm and 702.72+34.24 nm, respectively. Compared
with pure PCL group, the fiber diameter of PCL/BNPs
group, PCL/NNPs group and PCL/nHA/NNPs group was
significantly increased (P<0.05) (Figure 3). The results
could be ascribed to the change of solution viscosity and
the introduction of nanoparticles and nHA 2!

PCL/nHA

18
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Tensile strength (MPa)

o N A OO @

Figure 4 The tensile strength of electrospun fibers in different group.
Note: *P<0.05 compared to the PCL group.

PCL/BNPs

PCL/BNPs PCL/NNPs PCL/nHA/NNPs

Tensile Strength and Hydrophilicity

As shown in Figure 4, the tensile strength in pure PCL
group is the highest, reaching 14.98+1.13 MPa. Compared
with PCL group, the tensile strength in other four groups
was significantly lower (P<0.05), but there was no signifi-
cant difference between these four groups (P>0.05). With
the addition of nHA or nanospheres, the tensile strength of
electrospun fibers decreased, which can be ascribed to the
addition of nHA or microspheres leading to the decrease
of fiber continuity. The results of tensile strength of com-
posite fibers showed sufficient mechanical properties to
support proliferation of MC3T3-El cells.?>?*-*

Surface hydrophilicity is a major factor affecting cellular
activities of the composite fibers such as adhesion and
Figure 5 shows the hydrophilicity test result of
the composite fiber and the contact angles of all groups except

PCL/NNPs PCL/nHA/NNPs

migration.”>

https:;
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Figure 5 Contact angle of electrospun fibers in different group with images inserted on the top.

PCL group decreased significantly and were less than 90°,
indicating that these group showed best hydrophilicity. The
improved surface hydrophilicity can be resulted from the
hydrophilic hydroxyl group and amino group presented in
nHA and nanoparticles in composite fibers.”® The improved
surface hydrophilicity also can be ascribed to the change of
surface roughness due to protrusions of the nanoparticles and
nHA, which were confirmed morphologically using SEM and
TEM in according with other scholars’ results.?'’ In addition,
hydrophilicity can play a vital role in promoting cell adhesion
at an early stage.”®

Drug Release in vitro

As shown in Figure 6, the curve of NELL-1 release in pure
Chi/NNPs nanoparticles was relatively gentle, and the release
rate was 25.02+4.15% on the first day, while that of electro-
spun fibers was more moderate without obvious burst release.
There was no statistical difference between PCL/NNPs group
(12.22+1.68%) and PCL/nHA/NNPs group (15.49+3.11%) in
release rate (P>0.05). More than 95% of the drug could be
significantly sustain-released for about 8 days in Chi/NNPs
microsphere group. However, the drug in PCL/NNPs group
and PCL/nHA/NNPs group could be released at low concen-

100
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] —e— PCL/NNPs
—4&— PCL/nHA//NNPs
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Figure 6 Cumulative release curve of NELL-1 growth factor in different samples.

Abbreviations: Chi/NNPs or NNPs, chitosan based-nanoparticles loaded with NELL-I; PCL, polycaprolactone; nHA, nano hydroxyapatite.
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tration for more than 30 days, and the release amount was
more than 92%. As shown in Figure 6, the release curve of
PCL/NNPs group was similar to that of PCL/nHA/NNPs
group. These results indicate that the burst release of drugs
can be significantly reduced in electrospun group, which can
avoid the side effects of excessive drug release at the initial
stage, and prolong the release time of NELL-1 protein.

The structure of chitosan based-nanoparticles embedded in

fibers can present the following characteristics:**-*

on the one
hand, nanofibers can provide space for the nanoparticles
embedded in them; on the other hand, nanoparticles and
nanofibers provide dual protection for the growth factors/
drugs loaded on the microspheres, which can effectively

avoid bad influence on growth factor and maintain good

biological activity of growth factors.>'>* In other research,
the nanoparticles loaded with VEGF and BMP-2 were
embedded into the electrospun fiber, the result showed that
the release time of growth factor was prolonged, the obvious
sudden release was avoided at the initial stage, and at the same
time the original biological activity of growth factor could be
maintained.**>® In this study, chitosan nanoparticles loaded
with NELL-1 were incorporated into electrospinning fibers,
the results showed that obvious spherical protrusions were
observed in the fiber in TEM images. In other words, double
barrier protection for growth factor can significantly delay the

1,3 7-38 which can meet the con-

release of growth factor Nell-
tinuous demand of growth factor in bone tissue regeneration,

which is similar to the results of other scholars.’

10 ym

Figure 7 MC3T3-EI cell adhesion number, MC3T3-El cell adhesion morphology (SEM images), actin cytoskeletal organization and nucleus of cells (CLSM images) after

incubation with different samples.

Notes: (A-E), CLSM images; (a—e), SEM images; (A, a) PCL group, (B, b) PCL/nHA group, (C, c) PCL/BNPs group, (D, d) PCL/NNPs group, (E, €) PCL/nHA/NNPs group.
(F), MC3T3-EI cell adhesion number after incubation with different samples; *P<0.05 compared to the PCL group.

Abbreviations: SEM, scanning electron microscope; CLSM, confocal laser scanning microscope; PCL, polycaprolactone; nHA, nano hydroxyapatite; NNPs, chitosan based-
nanoparticles loaded with NELL-I; BNPs, chitosan based-nanoparticle loaded without NELL-I.
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In vitro Osteogenic Evaluation of

Composite Fiber

Microscopy investigation allowed us a direct observation of
the cells’ morphology. MC3T3-E1 cell morphology after 12
hours seeding on the composite fiber scaffolds is shown in
Figure 7A-E 7a-e. The results were consistent with CLSM
images (Figure 7A-E), in which actin and nucleus of the
cytoskeleton were labeled with rhodamine phalloidin and
DAPI, respectively, presenting as well spread cells in all
groups. As it can be seen from Figure 7, MC3T3-E1 cells
were anchored to the surface via filopodia along the electro-
spun fibers with good adhesion and growth. However, the
cells on the composite scaffolds (PCL/nHA group, PCL/
BNPs group, PCL/NNPs group and PCL/nHA/NNPs
group) seemed to show better adherence with increased cell
numbers (Figure 7F) and better cell-fiber entanglement, per-
haps due to the better surface properties with increased
hydrophilicity and the presence of the nanoparticles and
nHA providing more cell adhesion sites.”® Nano hydroxya-
patite can induce adhesion, proliferation and differentiation
of osteoblasts. Zhang et al prepared composite material
loaded with nHA as scaffolds for bone regeneration, and
scaffolds
osteogenesis.*® Nastaran et al prepared scaffolds with chit-

found that the composite could promote

osan and found that chitosan could enhance osteoblast pro-

liferation activity, indicating its better cytocompatibility.*>*!

NELL-1 can induce MC3T3-El cells and promote cell
adhesion.””** As our results showed that the composite

2
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08 I ! |
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0.2 == ==

T IFe I
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scaffolds containing hydroxyapatite and microspheres can
show good biocompatibility and significantly promote cell
adhesion and growth. Proliferation of MC3T3-E1 cells cul-
tured on the composite scaffolds was evaluated via changes
in OD using the CCK-8 kit (Figure 8). On the 1st day of cell
culture, the metabolic activity of MC3T3-El cells on all
groups was similar, and there was no significant difference.
On the 4th day of cell culture, the OD value (metabolic
activity) of MC3T3-E1 cells on the surface of PCL/NNPs
group and PCL/nHA/NNPs group were higher than other
groups. The results can be ascribed to the improvement in
hydrophilicity of the fiber surface and bioactive functional
groups such as -OH and -NH, in nanoparticles.* The osteo-
genic activity of MC3T3-E1 cells cultured on the composite
scaffolds was assessed via ALP activity (Figure 9). On the
14th days and 2 1th day, the metabolic activity (OD value) of
MC3T3-E1 cells on the surface of PCL/nHA group, PCL/
NNPs group and PCL/nHA/NNPs were higher than other
groups. This result might be due to the improvement in
hydrophilicity of the fiber surface and the bioactive func-
tional groups in nanoparticles.'”** RT-PCR was used to
measure osteogenic activity of MC3T3-E1 cells in different
scaffolds (Figure 10). On the 7th day of cell culture, the
osteogenic activity (OPN mRNA) of MC3T3-E1 cells on
all groups was similar, and there was no significant differ-
ence. On the 14th day of cell culture, the expression of OPN
mRNA in PCL/nHA group, PCL/NNPs group and PCL/
nHA/NNPs group was significantly higher than that of pure

B PCL/NNPs M PCL/nHA/NNPs

Figure 8 CCK-8 results of MC3T3-EI cells after incubation with different samples for | days, 4 days and 7 days.

Note: *P<0.05 compared to the PCL group and blank control.
Abbreviations: d, day; OD, optical density.
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Figure 9 MC3T3-El cells ALP activity after cultivating for 7 days, 14 days and 21 days with different samples.
Notes: *P<0.05 compared to the blank control group, PCL group and PCL/BNPs group. #P<0.05 compared to PCL/nHA group and PCL/NNPs group.

Abbreviations: d, day; ALP, alkaline phosphatase.
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Figure 10 The OPN mRNA expression of MC3T3-El cells after incubation with different scaffolds for 7 days, 14 days and 21 days.
Notes: *P<0.05 compared to the Blank control group, PCL group and PCL/BNPs group. #P<0.05 compared to PCL/nHA group.

Abbreviations: d, day; OPN, osteopontin.

PCL group and PCL/BNPs group (P<0.05). On the 21st day
of cell culture, the osteogenic activity of MC3T3-El cells on
the surface of PCL/nHA/NNPs fibers was the highest. This
might be related to NELL-1 promoting on OPN expression,
this result was in accordance with Shen et al results that Nell-

1 can activate the ERK pathway in pre-osteoblasts.'”**

Conclusion
This study has successfully synthesized chitosan-based
nanoparticle loaded with NELL-1 protein (Chi/NNPs) by
desolvation method electrostatic

and self-assembly

technique, and prepared bioactive and osteoinductive
PCL/nHA/NNPs composite fiber by electrospinning. The
results showed that with the addition of nHA and nano-
particles, the fiber diameter of PCL/BNPs group, PCL/
NNPs group and PCL/nHA/NNPs group was significantly
increased. Moreover, the hydrophilic hydroxyl group and
amino group presented in nHA and nanoparticles had
improved the hydrophilicity of the composite fibers. The
composite electrospun containing Chi/NNPs can form
double protective barriers which can effectively prolong
the release time of NELL-1 growth factor. The PCL/nHA/

https:
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NNPs composite fiber can promote attachment, prolifera-
tion, osteogenic differentiation and maturation of MC3T3-
El cells. The prepared composite electrospun material
(PCL/mHA/NNPs) and the protocol proposed for the pre-
paration of composite resulted in potential scaffold with
proper mechanical properties, biological properties and
osteogenic ability. This potential scaffold could be used
for bone tissue engineering application after in vivo

studies.

Abbreviations

PCL, Polycaprolactone; nHA, Nano-Hydroxyapatite; Chi/
NNP, Chitosan based-nanoparticles loaded with NELL-1;
Chi/BNPs, Chitosan based-nanoparticle loaded without
NELL-1; PCL/BNPs, The electrospun fiber embedded
with BNPs; PCL/NNPs, The electrospun fiber embedded
with NNPs; PCL/nHA, The electrospun fiber loaded with
nHA; PCL/nHA/NNPs, The electrospun fiber embedded
with NNPs and nHA; BSA, Bovine Serum Albumin;
FITC, Fluorescein Isothiocyanate; DAPI, 4',6-diamidino-
2-phenylindole; AA, Acetic Acid; DMF, N.
N-Dimethylformamide; DCM, Dichloromethane; SEM,
Scanning electron microscope; TEM, Transmission elec-
tron microscope; CLSM, Confocal laser scanning micro-
RT-PCR,
Reverse Transcription-Polymerase Chain Reaction.

scope; ALP, Alkaline phosphatase assay;
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