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Composite nanofibers composed of polyacrylonitrile (PAN)-based carbon nanofibers
and bioactive glass (BG) nanoparticles have been prepared by electrospinning and
in situ sintering. Morphology observation showed that the BG nanoparticles of size
20–50 nm were uniformly distributed on the surface of composite nanofibers with
350 nm average diameter after carbonization. Biological mineralization indicated the
formation of apatite-like layer on the surface of composite nanofibers, in which the
composition of carbonate hydroxyapatite was proved by FTIR and XRD analysis.
Cell growth dynamics according to cellular morphology, CCK-8 assay, and alkaline
phosphatase activity assay exhibited better cell adhesion, proliferation, and
osteogenic induction of bone marrow-derived mesenchymal stem cells cultured on
the composite nanofibers, which suggested the higher bioactivity of composite
nanofibers compared to pure PAN-based carbon nanofibers.

Keywords: carbon nanofiber; bioglass; eletrospinning

Introduction

Polyacrylonitrile (PAN)-based carbon fibers (CFs) have long been considered for the
application of tissue engineering due to exceptional mechanical properties, such as
flexural and fatigue strength, high strength-to-weight ratio, etc.[1–3] Compared to the
commercial CFs, PAN-based carbon nanofibers (CNFs) were more favorable to
fabricate biomedical materials for their intrinsic advantages such as larger surface,
higher aspect ratio, and more prominent surface effect.[4–7] Furthermore, the
smaller-scale CNFs (diameter 100 nm or less) have been considered to promote the
adhesion of osteoblasts and simultaneously impair the adhesion of fibroblast,[6] which
was regarded as potential biomaterials in bone regeneration. However, as bio-inert
materials, CNFs did not contain functional groups that could attract calcium cations
and phosphate anions to initiate the crystallization of carbonate hydroxyapatite (CHA).
[8–10] Therefore, it was highly desirable to decorate CNFs with bioactive materials to
expand and optimize the application of CNFs in bio-technological fields.

*Corresponding authors. Email: kqdxl@bjmu.edu.cn (Y. Wei); ligang@mail.buct.edu.cn (G. Li)
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Bioactive glass (BG) with excellent bioactivity and osteointegration ability has been
widely used in orthopaedic applications. A certain composition of silicate glass has
been reported to chemically bond with living bone, and the mechanism of which was
attributed to the formation of an apatite layer on its surface.[11–13] BG also showed
excellent bioactive behavior in physiological fluids to release ions favoring apatite
formation.[14] Meanwhile, BG has been demonstrated to be capable of creating a bond
with soft tissue.[15] Taken together, BG may be a promising bioactive modifier to
improve the intrinsic physiological drawback of CNFs.

Therefore, the BG particles were controlled doping on the surface of PAN-based
carbon nanofibers in a similar way as two types of β-TCP/CNFs, we previously made.
[16,17] The BG/CNF composite nanofibers were fabricated by electrospinning PAN-
based solution and followed by in situ sintering. The time-dependent biomineralization
behaviors of BG/CNF composite nanofibers in simulated body fluid (5SBF) were evalu-
ated. The biocompatibility of BG/CNF composite nanofibers was investigated by the
cell growth dynamics of bone marrow-derived mesenchymal stem cells (BMSCs)
seeded on composite nanofibrous membranes.

Materials and methods

Materials

PAN (Mw = 100,000 g/mol, 93.0 wt.% acrylonitrile, 5.3 wt.% methylacrylate, and
1.7 wt.% itaconic acid) was produced by Courtaulds Co. UK. Triethyl phosphate (TEP),
calcium nitrate tetrahydrate (CN), tetraethoxysilane (TEOS), Ethylene Diamine
Tetraacetic Acid (EDTA), and trypsin were supplied by Aldrich Trading Co. Ltd.
N,N′-Dimethylformamide (DMF, analytic pure, P99.5%) and other chemical agents were
purchased from Beijing Fine Chemical Co. Rat BMSCs, Penicillin-Streptomycin, and
Glutamine were obtained from Cyagen Biosciences Inc. (Guangzhou, China). The
Dulbecco’s modified Eagle’s medium, fetal bovine serum (FBS), trypsinase, and Alkaline
Phosphatase (ALP) Assay Kit were purchased from Sigma Trading Co. Ltd (St. Louis,
MO, USA).

Fabrication of BG/CNF composite nanofibers

The illustration of the experiment process is shown in Figure 1. Firstly, 3 mL TEP was
dissolved in 1 mL distilled water and stirred thoroughly at 353 K for 48 h to obtain a
hydrolyzed TEP solution. Then, 0.476 mL of the prepared solution, 0.462 g CN, and
0.865 mL TEOS (The BG of composition in mole % of 58% SiO2–33% CaO–9% P2O5

[18]) were added in turn into 20 mL N,N′-DMF containing 10 wt.% PAN, and stirred at
room temperature for 6 h to obtain a homogeneous solution.

For electrospinning, 10 mL of the solution was fed into a 20 mL syringe and
injected through a needle (diameter 0.5 mm) at an injection rate of 0.3 mL h−1 using a
syringe pump (TOP 5300), and an applied voltage (DW-P303-1AC, China) was kept at
1 kV cm−1 to a mandrel, which was rotated at a speed of 12 ms−1.

The electrospun PAN-based nanofibers were stabilized at 553 K for 30 min in air,
and subsequently carbonized at 1273 K for 2 h with a heating rate of 5 K min−1 in
highly pure N2 to obtain the composite nanofibers and the pure CNFs.

2 B. Han et al.
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Characterizations

The surface morphologies of nanofibers and cellular morphology were observed by
field emission scanning electron microscope (FE-SEM, Hitachi S-4700) at 20 kV using
Pt coated samples. The elements analysis was performed under energy disperse X-ray
spectroscopy (EDS, EDAXGENESIS2000). The chemical interaction was analyzed
using the diffuse reflectance Fourier transform infra-red spectroscopy (FTIR Magna
750R, Nicolet, USA). X-ray diffraction patterns were collected using a X-ray
diffractometer (XRD, Rigaku D/max 2500 VB2+/PC) operating at 40 kV and 200 mA.

Biological mineralization

In order to assess the bioactivity of the composite nanofibers, the in vitro mineralization
was carried out in five times concentrated simulated body fluid (5SBF), which accelerated
the classical biomimetic process from 7–14 days to 1 day, as shown in the schematic
illustration of Figure 1. The 5SBF was prepared by following Barrere’s method with the
ion concentrations as below: NaCl (733.5 mM), MgCl2·6H2O (7.5 mM), CaCl2·2H2O
(12.5 mM), Na2HPO4 (5.0 mM), and NaHCO3 (21.0 mM). The solution was kept at 37 °
C, and the pH was regulated to be between 6.3 and 6.5.[19] The composite nanofibers
were soaked in SBF solution for 6, 18, and 30 h, respectively, and were removed and
washed with ethanol. The composite nanofibers without soaking in SBF solution were
choosed as the control.

Cell growth dynamics

Cell culture and seeding

The culture medium contained Rat Mesenchymal Stem Cell Basal Medium supplemented
with 10% Mesenchymal Stem Cell-Qualified FBS, 100 IU/mL Penicillin-Streptomycin,

Figure 1. Schematic illustration for the preparation of BG/CNF composite nanofibers and its
mineralization.

Journal of Biomaterials Science, Polymer Edition 3
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and 2 mM Glutamine. Once BMSCs reached 80–90% confluence, cells were detached
with 0.25% trypsin/EDTA and subcultured at a density of 5 × 105 cells in a T75 flask.
BMSCs were passaged three times before being used. BG/CNF nanofibrous membranes
were placed into 6-well plates and sterilized with ultraviolet light for 1 h. Cells were
cultured on these membranes in medium with osteogenic additives, including 50 mg/mL
ascorbic acid, 10 mM sodium b-glycerol phosphate, and 10−8 M dexamethasone. Control
cells were cultured on TCPs without any osteogenic additives. All experiments were done
in triplicate.

Cellular morphology observation

The cellular morphology was observed after cells were cultured on nanofibrous
membranes for 1, 3, and 5 days. BMSCs were washed with PBS and fixed with 2.5%
glutaraldehyde for 2 h, and then treated with 0.18M sucrose solution. The samples
were rinsed three times with water, and then dehydrated through a series of graded
alcohol solutions before being air-dried overnight. The scaffolds were coated with gold
using a sputter coater before observation.

Cell proliferation analysis

Cell proliferation was evaluated using a Cell Counting Kit based on WST-8. After cells
were cultured on nanofibrous membranes for 4 h, 1, 3, and 5 days, the WST-8 reagent
was added, and incubated for another 4 h protected from light. Then, 200 μL of each
sample was added to a 96-well plate, and the absorbance was measured at 450 nm
using a microplate reader (Bio-Rad 680, Microplate Master, Hercules, CA, USA).

ALP activity assay

ALP activity of BMSCs cultured for 3, 7, and 14 days was measured using the ALP
Assay Kit according to the manufacturer’s instructions. The kit uses p-nitrophenyl
phosphate (pNPP) as a phosphatase substrate which turns yellow when dephosphoryl-
ated by ALP. From each well 30 μL culture supernatants were collected. Samples were
put in alkaline buffer, and added with 50 μL pNPP solution. After incubation for 60
min, the reaction was stopped with 20 μL stop solution. Then the absorbance was
measured with 405 nm. This experiment was based on standard curve which from Kit
itself to quantify ALP activity.

The above experimental results and measurements were performed in triplicate and
expressed as the mean ± standard deviation. Statistical analysis was performed using
the Student’s paired t-test, and p values less than 0.05 were considered significant.

Results and discussion

Mechanism schematic of BG/CNF composite nanofiber preparation

For PAN-based CNFs doped with different contents, different morphologies in the sin-
tering process were observed, which was attributed to the dopant particle migration and
aggregation,[16,17] as shown in the mechanism schematic of Figure 2. As seen from
Figure 2(a), in situ phase separation occurs between the matrix and dopant as the tem-
perature increased. In the meantime, many small dopant particles were formed in matrix
which had a large surface free energy. However, these particles were thermodynamically

4 B. Han et al.
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unstable, which led them migrate to the surface of the matrix and aggregate in the matrix
for reducing the energy. The model used for the sintering process was based on the
Gibbs-Thompson relation, and intrinsic to this formula were two constants: the surface
free energy and the particle volume.[20] According to this formula, we defined the rate
constant of particle migration as k1, corresponding aggregation rate constant as k2. As
seen in Figure 2(b), the space between particles was large when doped with low content,
and the particle migration is dominant (k1 > k2). As a contrary, when the matrix was
doped with high content, the aggregation was dominant (k2 > k1), shown in Figure 2(c).

Morphology of BG/CNF composite nanofibers

Figure 3 shows the SEM images of the as-spun PAN-based nanofibers and nanofibers
after carbonization. As seen from Figure 3(a), the PAN-based nanofibers exhibited a
millimeter-length-scale fibrous morphology with an average diameter ~450 nm, which
showed a partial alignment along the rolling direction. After stabilization at 533 K in
air and carbonization at 1273 K in nitrogen, small BG nanoparticles with 20–50 nm size
were decorated and distributed uniformly on the surface of PAN-based CNFs, as shown
in Figure 3(b). Furthermore, the average diameter of the nanofibers decreased to 350
nm, due to the cyclization, decyanation, and denitrogenation during the carbonization,
which resulted in the loss of the methylacrylate comonomer and other substitutional
groups from the nanofibers.[21,22]

Biological mineralization

Morphology development of BG/CNF composite nanofiber mineralization

In order to investigate the degradation and bioactivity of BG/CNF composite nanofibers
in vitro physiological environment, the morphology development and constituent

Figure 2. Mechanism schematic for particle migration and aggregation in sintering process,
TEM images for different stage ((a) composite nanofiber after in situ phase separation, (b) com-
posite nanofiber after migration, and (c) composite nanofiber after aggregation) are set on the top
of the diagram.

Journal of Biomaterials Science, Polymer Edition 5
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structure of composite nanofibers were characterized and analyzed. The morphology
development of BG/CNF composite nanofibers and PAN nanofibers after different
soaking times in 5SBF is shown in Figure 4. For PAN-based nanofibers, the surface of
the nanofibers was flat and smooth before and after soaking, as shown in Figure 4(a)
and (b). However, the surface of BG/CNF composite nanofibers was covered by a
number of spherical particles less than 80 nm in diameter after 6 h of immersion, shown
in Figure 4(d). With the extension of soaking time, the size of spherical particles grew
larger and almost covered the whole surface of BG/CNF composite nanofibers, shown

Figure 3. SEM images and fiber diameter distribution of the as-spun PAN-based nanofibers
(a, c) and nanofibers after carbonization (b, d). Inserts show the magnifications of the nanofibers.

Figure 4. SEM images of PAN nanofibers before (a) and after soaking in 5SBF for 30 h (b),
BG/CNF composite nanofibers before (c) and after soaking in 5SBF for (d) 6, (e) 18, (f) 30 h.
Insets show the magnifications of the nanofibers.

6 B. Han et al.
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in Figure 4(e). However, after soaking in 5SBF for 30 h, an obvious change in both
size and morphology of spherical particles was observed in Figure 4(f) due to the
increased mineralization rate. In fact, the spherical particles with average diameter
~700 nm were constituted of hundreds of acicular crystals, which suggested that the
apatite-like layer was formed on the surface of the BG/CNF composite nanofibers.

Figure 5 shows energy dispersive spectroscopy (EDS) patterns of BG/CNF compos-
ite nanofibers obtained at different time and element analysis results before and after
soaking in 5SBF. The obtained element analysis of the BG/CNF composite nanofibers
without soaking in the 5SBF agreed well with the nominal glass composition, that is
58% SiO2-33% CaO-9% P2O5 (in mole %). With increasing the soaking time, the EDS
pattern exhibited a gradual increase in the Ca and P signal and a corresponding attenua-
tion of the Si signals, and the sharp increase of Ca and P signal after 30 h of soaking
indicated the formation of an apatite-like material, which was consistent with the SEM
results. The Ca/P molar ratio exhibited gradual decreasing tendency, and the value
obtained by EDS was 1.68 for 30 h of incubation, which was very similar to the Ca/P
molar ratio characteristic of stoichiometric HA (1.67).[23]

FTTR analysis

Figure 6 shows the FTIR spectra of BG/CNF composite nanofibers after soaking in
5SBF for different time. The peaks at 1242 and 460 cm−1 in the spectra of BG/CNF
composite nanofibers without soaking were corresponded to P=O double band and
Si–O–Si band, respectively. After 6 h soaking in 5SBF solution, the obvious peak at
1037 cm−1 was attributed to P–O stretching vibration, and the peaks at 879 and 564
cm−1 were resulted from CO and P–O bending vibration. After 30 h soaking in 5SBF
solution, the broad and one-component bands at 1037 and 564 cm−1 corresponded to
phosphate groups (PO3�

4 ), while the band located at 868 cm−1 corresponded to HPO2�
4

groups, which were the disordered characteristic of featureless PO3�
4 bands.[18] The

three bands at 1462, 1410 and 879 cm−1 were assigned as to CO2�
3 groups, which

implied that the poorly crystallized or amorphous carbonated Ca–P phase was
precipitated on the surface of nanofibers. With the prolong of soaking time in the 5SBF
solution, an increase in the intensity of the phosphate and carbonate peaks can be
observed, which was similar to those observed in synthetic CHA.[24] FTIR analysis
indicated the formation of CHA on the surface of BG/CNF composite nanofibers after
biological mineralization.

Figure 5. (a) EDS patterns obtained at different time and (b) SEM images and element analysis
results after soaking in 5SBF for (A) 0 h and (B) 30 h.

Journal of Biomaterials Science, Polymer Edition 7
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XRD analysis

Figure 7 shows the XRD patterns of BG/CNF composite nanofibers after soaking in
5SBF for different time. After soaking in 5SBF for 6 h, two weak diffraction peaks of
an apatite-like phase at 2θ = 32o and 37o appeared, which corresponded to the (2 1 1)
and (1 3 0) crystal planes of apatite. After soaking in 5SBF for 18 h, an obvious peak
at 2θ = 25o assigned to (0 0 2) crystal plane of apatite was observed. With extending
the soaking time, the characteristic peaks of apatite became stronger, which implied that
the crystal degree and amount of CHA increased. However, after soaking in 5SBF for

Figure 6. FTIR spectra of BG/CNF composite nanofibers after soaking in 5SBF for different
time.

Figure 7. XRD patterns of BG/CNF composite nanofibers after soaking in 5SBF for different
time.

8 B. Han et al.
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30 h, the wide and dispersive peaks in XRD patterns indicated the formation of poorly
crystallized or amorphous apatite after biological mineralization,[24] which was agreed
well with FTIR analysis results.

Cell growth dynamics

Cell adhesion onto scaffolds was the first fundamental step in bone regeneration, which
would greatly influence the morphology and capacity of cell proliferation and differen-
tiation.[25] Therefore, the cell adhesion and subsequent growth were essentially
important markers to determine whether materials could be used as scaffolds in bone

Figure 8. SEM images of BMSCs culture on PAN-based CNFs (a, c, e) and BG/CNF (b, d, f)
composite nanofibers for 1 day (a, b), 3 days (c, d), and 5 days (e, f).

Journal of Biomaterials Science, Polymer Edition 9
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regeneration. Herein, BMSCs were cultured on the BG/CNF composite nanofibers and
pure PAN-based CNFs to explore the cell growth dynamics, and the SEM images for
1, 3, and 5 days culture are shown in Figure 8. SEM observation found that BMSCs
adhered and grew well on both nanofibrous membranes, and the cell proliferation
increased with the increase of seeding time. Meanwhile, the BG/CNF composite
nanofibers showed better BMSCs adhesion and proliferation than those on pure
PAN-based CNFs. Especially after 5 days seeding, cells were confluent and appeared
as a dense network throughout the BG/CNF composite nanofibers, which indicated a
higher biocompatibility of BG/CNF composite nanofibers than pure PAN-based CNFs.

From CCK-8 assay, time-dependent BMSCs viability increase in all groups was
observed in Figure 9. The BMSCs cultured on the BG/CNF composite nanofibers
showed better proliferation performance than those cultured on PAN-based CNFs. The
result was consistent with the aforementioned results in SEM observations, which may
be ascribed to the more adhesion sites for BMSCs provided by the BG nanoparticles
on the external surfaces of composite nanofibers.[26] In addition, the ions such as Na+

and Ca2+ released by degradation of BG provided more nutrition for the growth of
bone tissue cell on the CNFs.[27]

As an important factor in determining bone differentiation, mineralization\and a
potent inducer of bone formation, the ALP activity secreted by the cells on both nanofi-
brous membranes was compared, as shown in Figure 10. For all groups, the ALP
expression was up-regulated throughout the osteogenic induction culturing period.
Obviously, the ALP level on day 7 was significantly higher on the BG/CNF composite
nanofibers and still remained significantly higher expression level on day 14 than those
on pure PAN-based CNFs, which suggested the osteogenic differentiation of BMSCs
was up-regulated in response to the doping of BG in PAN-based CNFs. Similar results
were obtained in several previous research about the osteoinductive effect of BG
materials. Valimaki [28] indicated that BG microsphere induced a long-lasting
production of bone matrix with concurrent upregulation of osteoclastic markers. The
controlled release of biologically active Ca and Si ions from BGs was also reported to
up-regulate and activate of seven families of genes in osteoprogenitor cells that give

Figure 9. Cell proliferation analyzed by the absorbance measured at 450 nm for the indicated
samples for 4 h, 1, 3, and 5 days. In the graphs (*) represents p < 0.05, and (**) p < 0.01.

10 B. Han et al.

D
ow

nl
oa

de
d 

by
 [

T
si

ng
hu

a 
U

ni
ve

rs
ity

] 
at

 0
0:

44
 0

9 
Ja

nu
ar

y 
20

14
 



rise to rapid bone regeneration.[29] The mechanism of improved osteointegration of
BG has been attributed to the formation of an apatite layer on its surface. The driving
force for apatite formation is the release of ions such as Na+ and Ca2+ during degrada-
tion of BG when it is in contact with body fluid.[30,31] With the improved bioactivity
by incorporating BG, the BG/CNF composite nanofibers were more favorable than pure
PAN-based CNFs to be applied as scaffolds for bone tissue engineering. These positive
results constitute the necessary prerequisites for further investigations into the potential
of the BG materials to direct osteogenesis, leading to subsequent bone tissue
regeneration.

Conclusions

BG/CNF composite nanofibers has been successfully fabricated by electrospinning from
PAN/CN/TEP/TEOS solution and followed by in situ sintering. Microstructure and
phase composition analysis indicated that the resulting materials were fine bioglass
particles attached to the surface of the PAN-based CNFs. The biological mineralization
evaluation identified the formation of the apatite-like layer consisting of crystallites of
CHA. Cellular morphology, CCK-8 assay, and ALP activity assay suggested that BG/
CNF composite nanofibers possessed favorable degradation and bioactivity, which may
be one of promising biomaterials for facilitation of osteogenesis.
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Figure 10. Quantification of ALP activity in culture supernatants of BMSCs after 3, 7, and
14 days cultured with osteogenic differentiation medium in the indicated groups. In the graphs
(*) represents p < 0.05.
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