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Abstract
In recent years, interest in magnetic biomimetic scaffolds for tissue engineering has increased
considerably. The aim of this study is to develop magnetic biodegradable fibrous materials
with potential use in bone regeneration. Magnetic biodegradable Fe3O4/chitosan (CS)/poly
vinyl alcohol (PVA) nanofibrous membranes were achieved by electrospinning with average
fiber diameters ranging from 230 to 380 nm and porosity of 83.9–85.1%. The influences of
polymer concentration, applied voltage and Fe3O4 nanoparticles loading on the fabrication of
nanofibers were investigated. The polymer concentration of 4.5 wt%, applied voltage of 20 kV
and Fe3O4 nanoparticles loading of lower than 5 wt% could produce homogeneous, smooth
and continuous Fe3O4/CS/PVA nanofibrous membranes. X-ray diffraction (XRD) data
confirmed that the crystalline structure of the Fe3O4, CS and PVA were maintained during
electrospinning process. Fourier transform infrared spectroscopy (FT-IR) demonstrated that
the Fe3O4 loading up to 5 wt% did not change the functional groups of CS/PVA greatly.
Transmission electron microscopy (TEM) showed islets of Fe3O4 nanoparticles evenly
distributed in the fibers. Weak ferrimagnetic behaviors of membranes were revealed by
vibrating sample magnetometer (VSM) test. Tensile test exhibited Young’s modulus of
membranes that were gradually enhanced with the increase of Fe3O4 nanoparticles loading,
while ultimate tensile stress and ultimate strain were slightly reduced by Fe3O4 nanoparticles
loading of 5%. Additionally, MG63 human osteoblast-like cells were seeded on the magnetic
nanofibrous membranes to evaluate their bone biocompatibility. Cell growth dynamics
according to MTT assay and scanning electron microscopy (SEM) observation exhibited good
cell adhesion and proliferation, suggesting that this magnetic biodegradable Fe3O4/CS/PVA
nanofibrous membranes can be one of promising biomaterials for facilitation of osteogenesis.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Scaffolds play a pivotal role in tissue regeneration, which
provides specific macro and micro structure to modify the
biological and biomechanical reaction of the cells during the
healing process [1, 2]. Especially when the scaffolds are
implanted in the bodies to help rebuild damaged or diseased
tissues, it is essentially important to regulate the cell adhesion,
proliferation, and metabolism through the characteristics of
scaffolds, which has become a research focus in the area of
tissue regeneration [3, 4].

Magnetic nanoparticles are of great interest owing to
their potential biomedical applications [5–9], such as cell
expansion, cell sheets construction, magnetic cell seeding,
drug delivery vehicle and cancer hyperthermia treatment, due
to their unique feature of orientational movement in magnetic
field. Recently, several pieces of research have demonstrated
that magnetic nanoparticles have effect of osteoinduction even
without external magnetic force. Gu et al [10] reported that
the introduction of magnetic nanoparticles to CaP bioceramics
could promote bone formation and growth in vitro and in vivo.
Meng et al [11] demonstrated that the addition of magnetic
nanoparticles in hydroxyapatite nanoparticles (nHA)/poly (D,
L-lactide) (PLA) composite nanofibrous films could induce a
significantly higher proliferation rate and faster differentiation
of osteoblast cells. Therefore, scaffolds containing magnetic
nanoparticle may provide great potential in bone regenerative
medicine.

Electrospinning is a versatile process of fabricating
nanofibers. Electrospun nanofibrous membranes are
considered to be of great potential in the field of tissue
regeneration, since they can closely mimic the extracellular
matrix architecture [12–16]. The electrospinning process
also provides operational flexibility for incorporating multiple
components into nanofiber, such as metal nanoparticles (Pt,
Ag, Au) [17–19] and inorganic compound nanoparticles
(TiO2, SiO2) [20, 21]. As well, electrospinning
technique had been successfully used in fabricating magnetic
fibrous scaffolds (Fe3O4/PVA nanofibers [22], Fe3O4/PVP
nanofibers [23], Fe3O4/C nanofibers [24], Fe3O4/CECh/PAA
[25], FePt/PCL nanofibers [26], CoFe2O4/PAN nanofibers
and CoFe2O4/carbon nanofibers [27]). However, in these
studies, the cell function and the potential use of magnetic
fibrous scaffolds in tissue engineering have not been clearly
clarified.

Chitosan (CS), similar to glycosaminoglycans (GSGs,
which is an important copolymer in extracellular matrix),
is the only native polysaccharide ever found by now
with alkalescence and positive charge. It has been
widely investigated because of its excellent biocompatibility,
appropriate biodegradability, excellent antibacterial property
and capability of promoting proliferation of osteoblasts
[28–31]. It is hard to electrospin fibers from aqueous
solutions of pure CS, due to the high viscosity and chain
entanglement of CS [28, 29]. Poly vinyl alcohol (PVA),
which has drawn much attention because of its water-
solubility, chemical stability, biocompatibility, inherent fiber-
and film-forming ability, is proposed to decrease the high

viscosity and chain entanglement of CS, and consequently
facilitate easy electrospinning [29, 30]. Electrospun CS/PVA
nanofibrous membranes were considered to have not only
the osteoconductivity of CS but also good electrospinnability
and mechanical properties, which make it a possible
candidate material for use in tissue engineering applications
[32–34]. However, the preparation of magnetic CS/PVA
nanofibrous membranes has not yet been reported. Whether
the incorporation of magnetic materials could promote the
application of CS/PVA nanofibrous membranes in the area of
tissue regeneration is still unclear.

In this work, magnetic biodegradable Fe3O4/CS/PVA
nanofibrous membranes were successfully fabricated by
the electrospinning process. The influences of polymer
concentration, applied voltage and Fe3O4 nanoparticles
loading on the formation of magnetic nanofibers were
investigated in detail. In order to explore the potential
application of the magnetic Fe3O4/CS/PVA nanofibrous
membranes in bone regeneration, the MG63 human osteoblast-
like cells were seeded on the magnetic nanofibrous
membranes, and their adhesion and proliferation were
examined to inspect the cell growth dynamics.

2. Materials and methods

2.1. Materials

Reagents used in this study included the following:
FeCl3·6H2O and FeCl2·4H2O (Sinopharm Chemical Reagent
Co., Ltd, China), sodiumcitrate (Aladdin Co., Ltd, China),
chitosan (CS, Mv = 6 × 105, with 88.33 ± 1.11%
deacetylation degree, Aladdin Co., Ltd, China), polyvinyl
alcohol (PVA, Mn = 4.9 × 104, degree of hydrolysis: 86–89%,
Aladdin Co., Ltd, China), human osteoblast-like cells (MG-63)
were obtained from the American Type Cell Culture Collection
(ATCC, Rockville, MD, USA). Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, USA), fetal bovine serum (FBS,
Gibco, USA), penicillin (Gibco, USA), streptomycin (Gibco,
USA), trypsinase (Sigma, USA).

2.2. Fabrication of Fe3O4/CS/PVA nanofibrous membranes
by electrospinning process

Fe3O4 nanoparticles were obtained by a co-precipitation
method and modified with sodiumcitrate as our previous work
[35]. CS and PVA were individually dissolved in acetic acid
and deionized water at a concentration of 2% wt, then these
two solutions were mixed at the weight ratio of CS/PVA
= 2:3, Fe3O4 nanoparticles and ethanol alcohol were added
into the mixture. This polymer solution was constantly and
controllably supplied using a syringe pump (NE-300, New
Era Pump Systems, Inc.) to 5 ml syringe equipped with a
0.60 mm (inner diameter) stainless steel gauge needle. The
needle was connected to a high voltage power supply (Gamma
High Voltage Research, Product HV power Supply, Model No
ES3UP-5w/DAM) with a dc voltage up to 30 kV. The feed
rate was fixed at 0.3 ml h−1 and the distance from the conical
nozzle to the collector was controlled at 10 cm. The grounded
counter electrode was a flat aluminum foil. The electrospun
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nanofiber was collected on the aluminum foil and accumulated
to a thin membrane. All the obtained fibrous membranes were
dried in vacuum to remove solvent residues

To investigate the influence of electrospinning parameters
on the formation of magnetic nanofibers, four kinds of polymer
concentration (3.5, 4.0, 4.5 and 5.0 wt%), four types of applied
voltage (10, 15, 20, and 25 kV) and three Fe3O4 nanoparticles
loading (1, 3 and 5 wt%) were selected.

2.3. Electrospun Fe3O4/CS/PVA nanofibrous membranes
morphology observation

The morphologies of electrospun nanofibrous membranes
were observed under field-emission scanning electron
microscopy (FESEM, Hitachi S-4700 FEG) after gold sputter-
coating. The average nanofiber diameters were determined
by measuring 100 individual nanofibers from FESEM
images using ImageJ software (National Institutes of Health).
Transmission electron microscopy (TEM, Hitachi H-600-
II, Japan) was used to determine the distribution of Fe3O4

nanoparticles inside the nanofibrous membranes.

2.4. Porosity and apparent density measurement of
electrospun Fe3O4/CS/PVA nanofibrous membranes

Membranes were maintained in distilled water for three
minutes, then they were weighed after mopping superficial
water with filter paper. The wet membrane was placed in a
freezer dryer for 72 h before measuring the dry weight. The
porosity of membrane was calculated using equation as P(%)
= (Q0 − Q1)/Ah and the apparent density was calculated using
equation as ρ = Q1/Ah, where P is the porosity of membrane,
ρ the apparent density, Q0 the wet sample weight (g), Q1 the
dry sample weight (g), A the square of membrane (cm2) and
h is the thickness of membrane (μm). In order to minimize
experimental error, each membrane was measured for three
times and calculated average [36].

2.5. XRD analysis

XRD patterns of the Fe3O4/CS/PVA membranes were
examined to study the crystalline structure and compared
them with those of pure Fe3O4 and CS/PVA electrospun
membranes.

2.6. Vibrating sample magnetometer examination

Magnetic properties of the Fe3O4/CS/PVA membranes were
measured using a vibrating sample magnetometer (VSM,
LakeShore 7307).

2.7. FTIR spectroscopy

Fourier transform infrared spectroscopy (FTIR) studies were
carried out on compressed films containing KBr pellets and
samples using a FTIR spectrophotometer (Nicolet8700, USA).
All spectra were recorded in absorption mode at 2 cm−1

intervals and in the wavelength range 3800–400 cm−1.

2.8. Tensile test

The magnetic Fe3O4/CS/PVA nanofibrous membranes were
carefully cut into rectangles (0.04 × 5 × 20 mm3) and a tensile
test was conducted by an Instron (Model 1221, USA) at a
20 mm min−1 crosshead speed at room temperature. The
tensile stress of each membrane was calculated from the
nominal cross-sectional area of the tensile specimen.

2.9. Cell seeding and morphology observation

After sterilization using 60Co with a total dose of 25 kGy, the
Fe3O4/CS/PVA nanofibrous membranes were cut into circular
discs to fully cover the bottom of 24-well tissue culture plates.
MG63 human osteoblast-like cells were seeded at a density of
1 × 104 cells/well. The plates were maintained in a humidified
atmosphere with 5% CO2 at 37 ◦C and cultured in DMEM
supplemented with 10% FBS, which was changed every
2–3 days.

At experimental days of 1, 3 and 7, the supernatants were
removed and the membrane surfaces were washed twice with
PBS. The cells were fixed with 2.5% glutaraldehyde in PBS
overnight at 4 ◦C. After being washed with PBS, the specimens
were dehydrated using diluted series of ethanol concentration
(20, 50, 70 and 90%) for 10 min, and then dehydrated twice
with 100% ethanol for 10 min. After critical point drying,
specimens were gold sputter-coated in a vacuum and cell
adhesion and proliferation were examined by SEM.

2.10. MTT assay

The numbers of viable cells the Fe3O4/CS/PVA membranes
were measured by a MTT assay. The mechanism of the MTT
assay is that metabolically active cells react with a tetrazolium
salt in the MTT agent to produce a soluble formazan dye which
can be absorbed at a wavelength of 490 nm [37]. The assay
was performed by enzyme immunoassay kits (KHB ST-360,
Shanghai Kehua Bio-engineering Co., Ltd. China) after 1, 3,
5 and 7 days, and the values were compared to understand
the difference in cell adhesion and proliferation on nanofibers.
TCPs (tissue culture plates) were used as control.

2.11. Statistical analysis

Statistical analysis was performed using an SPSS 10
statistical package and values were considered significant
at p < 0.05. One-way analysis of variance (ANOVA) and
Student–Newman–Keuls (S–N–K) test were used for multiple
comparisons of different groups.

3. Results

3.1. Morphology observation of Fe3O4/CS/PVA nanofibrous
membranes

Homogeneous and smooth surface were achieved only
from solutions with the polymer concentration of 4.5 wt%
(figures 1(c1) and (c2)) and the applied voltage of 20 kV. Below
this concentration (3.5 and 4.0 wt%), a number of beads were
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(a1) (a2)

(b1) (b2)

(c1) (c2)

(d1) (d 2)

Figure 1. SEM microstructures of the electrospun magnetic biodegradable Fe3O4/CS/PVA nanofibrous membranes with polymer
concentrations 3.5 wt% (a1, a2), 4.0 wt% (b1, b2), 4.5 wt% (c1, c2), and 5.0 wt% (d1, d2).

seen and the fibers were discontinuous (figures 1(a1), (a2) and
(b1), (b2)). Heterogeneous nanofibers with spindle beads were
achieved at polymer concentration of 5.0 wt% (figures 1(d1)
and (d2)). The average diameter of nanofibers increased from
280 ± 26 nm to 310 ± 76 nm when the polymer concentration
increased from 4.5 wt% to 5.0 wt%.

Fibers with a lot of spherical beads were fabricated under
an applied voltage of 10 kV (figures 2(a1) and (a2)). When
the applied voltage increased to 15 kV, the shape of the beads
changed from sphere to spindle (figures 2(b1) and (b2)). When

the applied voltage increased to 20 kV, beads disappeared and
the nanofibers possessed homogeneous surface morphology
with an average diameter of 280 ± 32 nm (figures 2(c1) and
(c2)). Then, when the applied voltage further increased to
25 kV, heterogeneous nanofibers with a large size distribution
of 230 ± 110 nm were obtained (figures 2(d1) and (d2)).

All the Fe3O4/CS/PVA nanofibrous membranes with
Fe3O4 nanoparticles loading of 1, 3 and 5 wt% possess
homogeneous, clear and continuous surface morphology
(figures 3(a1)–(c1)). Fiber diameter distribution analysis
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(a1) (a2)

(b1) (b2)

(c1) (c2)

(d1) (d 2)

Figure 2. SEM microstructures of the electrospun magnetic biodegradable Fe3O4/CS/PVA nanofibrous membranes fabricated at the
applied voltage of 10 kV(a1, a2), 15 kV (b1, b2), 20 kV (c1, c2), and 25 kV (d1, d2).

evaluated with ImageJ software was shown in figures 3(a3)–
(c3). There was no significant difference between the
diameters of the Fe3O4/CS/PVA nanofibrous membranes with
Fe3O4 nanoparticles loading of 1, 3 and 5 wt%, which were in
the range of 286 ± 35 nm, 280 ± 36 nm, and 290 ± 43 nm,
respectively. TEM images showed that Fe3O4 nanoparticles
possess homogeneously spherical shape with diameter about
12–15 nm (figure 4). Islets of Fe3O4 nanoparticles were evenly
distributed in the nanofibrous membranes, and the number of

islets increased with the increase of the Fe3O4 nanoparticles
loading (figures 3(a2)–(c2)).

The characteristics of magnetic Fe3O4/CS/PVA
nanofibrous membranes with homogeneous, clear and
continuous surface morphology were summarized in table 1.
It was clear that no significant difference were observed
among the apparent densities (1.24–1.28 g cm−3) and
porosities (83.9–85.1%) of nanofibrous membranes at all level
of Fe3O4 nanoparticles loading, though the apparent densities
of nanofibrous membranes slightly increased with the increase
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(a1) (b1)

(a2) (b2)

(a3) (b3)

(c 1)

(c2)

(c3)

Figure 3. SEM microstructures, corresponding TEM images and fiber diameter distribution of Fe3O4/CS/PVA nanofibrous membranes
with Fe3O4 nanoparticles loading content of 1 wt% (a1, a2, a3), 3 wt% (b1, b2, b3) and 5 wt% (c1, c2, c3). Insets show the enlarged parts.

30nm

Figure 4. TEM images of Fe3O4 nanoparticles synthesized by
co-precipitation method and modified with sodiumcitrate.

Table 1. Porosity and apparent density of magnetic Fe3O4/CS/
PVA nanofibrous membranes with different Fe3O4 nanoparticles
loading.

Apparent
density Porosity

Samples (g cm−3) (%)

0 wt% Fe3O4 nanoparticles loading 1.24 ± 0.06 84.4 ± 5.36
1 wt% Fe3O4 nanoparticles loading 1.25 ± 0.04 85.1 ± 7.13
3 wt% Fe3O4 nanoparticles loading 1.27 ± 0.03 83.9 ± 6.59
5 wt% Fe3O4 nanoparticles loading 1.28 ± 0.07 84.6 ± 8.34

of Fe3O4 nanoparticles loading from 1.24 g cm−3 (0 wt%),
1.25 g cm−3 (1 wt%), 1.27g cm−3 (3 wt%), to 1.28 g cm−3

(5 wt%).

3.2. Crystalline structure of the Fe3O4/CS/PVA nanofibrous
membranes

To identify whether the Fe3O4 nanoparticles were
successfully incorporated into the nanofibrous membranes,
and whether the electrospinning technique would change
the crystalline structure of the components, XRD pattern of
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Figure 5. XRD patterns of Fe3O4 nanoparticles (a), Fe3O4/CS/PVA nanofibrous membranes with Fe3O4 nanoparticles loading of 0 wt%
(b), 1 wt% (c), 3 wt% (d) and 5 wt% (e).
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Figure 6. FT-IR spectra of Fe3O4/CS/PVA nanofibrous membranes with Fe3O4 nanoparticles loading of 0 wt% (a), 1 wt% (b), 3 wt% (c)
and 5 wt% (d).

the prepared nanofibrous membranes was examined.

Figure 5 revealed that the Fe3O4/CS/PVA nanofibrous

membranes possess one broad diffraction peak at 2θ values

around 20.4◦ and six sharp diffraction peaks at 30.0, 35.5◦,

43.1, 53.4, 57.0 and 63.0◦ (figure 5(a)). The broad peak

corresponds to the reflection peak of electrospun CS/PVA

nanofibers (figure 5(b)). The other six sharp peaks,

corresponding to the crystal planes of (2 2 0), (3 1 1), (4 0 0),

(4 2 2), (5 1 1) and (4 4 0) of inverse cubic spinel structural

Fe3O4 (JCPDS 19-0629) (figure 5(c)).

3.3. FT-IR spectrum of the Fe3O4/CS/PVA nanofibrous
membranes

The FT-IR measurement of the composite was carried out
in order to characterize the functional groups participated
in the formation of magnetic Fe3O4/CS/PVA nanofibrous
membranes. Figure 6 gave the FT-IR spectra of nanofibrous
membranes with different Fe3O4 nanoparticles loading.
The CS exhibited characteristic broad bands around 914
and 1142 cm−1 peaks assigned saccharine structure [38],
characteristic peaks at 1639 cm−1 were the absorption of
–(NH2) and –(O–C–NH2) [39, 40], absorption features around
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Figure 7. Hysteresis loops of the magnetic biodegradable Fe3O4/CS/PVA nanofibrous membranes with Fe3O4 nanoparticles loading of
1%, 3% and 5 wt%.

Table 2. Mechanical properties’ comparison of magnetic Fe3O4/CS/PVA nanofibrous membranes with different Fe3O4 nanoparticles
loading (the data are expressed as means ± SD, n = 5).

Ultimate tensile Ultimate tensile Young’s
Samples stress (MPa) strain (%) modulus (MPa)

0 wt% Fe3O4 nanoparticles loading 3.9 ± 1.4 38.5 ± 3.4 48.8 ± 3.6
1 wt% Fe3O4 nanoparticles loading 3.9 ± 1.3 38.1 ± 2.3 52.0 ± 3.9

∗

3 wt% Fe3O4 nanoparticles loading 3.8 ± 1.1 37.5 ± 4.1 56.9 ± 2.6∗∗

5 wt% Fe3O4 nanoparticles loading 3.6 ± 1.3
∗

36.6 ± 3.7
∗

58.4 ± 3.7∗∗∗

∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001.

3300 cm−1 concerned with –(OH) and –(NH) stretching
vibrations [41–43], and the peak at 1377 cm−1 was assigned to
the –(CH3) symmetrical deformation mode [38, 42]. A number
of absorption peaks at 2938, 1416, 1327, 1088, and 847 cm−1

were attributed to the –(CH2), –(CH–OH), –(CH–OH),
–(C–O) and –(C–C) resonance of PVA, respectively [38, 42].
The characteristic absorption of –(Fe–O) bond at 600 cm−1

indicated the present of Fe3O4 in membranes [35], and this
peak became more sharp in the membranes with higher Fe3O4

loading.

3.4. Magnetic properties of the Fe3O4/CS/PVA nanofibrous
membranes

The magnetic properties of Fe3O4 nanoparticles incorporated
in nanofibers were explored. VSM examination showed
that Fe3O4/CS/PVA nanofibrous membranes exhibited weak
ferrimagnetic behaviors at a low applied magnetic field. The
saturation magnetization (Ms) of the nanofibrous membranes
increased from 0.67 emμ g−1 (1 wt%, figure 7(a)),
1.79 emμg−1 (3 wt%, figure 7(b)) to 3.19 emμg−1 (5 wt%,
figure 7(c)), which basically kept a linear growth model

with the increase of Fe3O4 nanoparticles loading. Fe3O4

nanoparticles also showed ferrimagnetic behaviors and Ms
of them was 56.05 emμ g−1 (figure 8).

3.5. Tensile strength of the Fe3O4/CS/PVA nanofibrous
membranes

The change of the mechanical properties of the magnetic
Fe3O4/CS/PVA nanofibrous membranes with different Fe3O4

nanoparticles loading was investigated. The stress–strain
curve shown in figure 9 and the detailed mechanical
parameters listed in table 2 made it clear that the nanofibrous
membranes resulting from Fe3O4 nanoparticles loading of
0, 1 and 3 wt% exhibited no significant difference on the
average ultimate tensile stress and ultimate strain. But the
nanofibrous membranes with Fe3O4 nanoparticles loading
of 5 wt% possessed slightly reduced ultimate tensile stress
and ultimate strain. Additionally, Young’s modulus of
membranes significantly enhanced with the increase of Fe3O4

nanoparticles loading from 48.8 MPa (0 wt%), 52.0 MPa
(1 wt%), 56.9 MPa (3 wt%), to 57.4 MPa (5 wt%).
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Figure 8. M–H hysteresis curves of Fe3O4 nanoparticles synthesized by co-precipitation method and modified with sodiumcitrate.
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Figure 9. Typical stress–strain curves of the magnetic
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nanoparticles loading.

3.6. Cell growth dynamics of the Fe3O4/CS/PVA
nanofibrous membranes

SEM observation found that MG63 cells adhered and
grew well on all nanofibrous membranes, and the cell
proliferation increased with the increase of seeding time.
Meanwhile, the nanofibrous membranes with higher Fe3O4

nanoparticles loading showed better MG63 cell adhesion
and proliferation (figures 10(a7)–(d7)). Especially on the
nanofibrous membranes with Fe3O4 nanofibers loading of
5 wt%, cells were confluent and appeared as a dense
network throughout the membranes after seven days seeding
(figure 10(d7)).

From MTT assay, time-dependent cell viability increase
in all groups was observed (figure 11). On day one after
cell seeding, no significant difference among the MG-63 cell
viability on all kinds of substrates was observed (p > 0.05).
As culture time lapsed to three, five and seven days, cell
proliferation on the nanofibrous membranes were significantly
higher than that on TCPs (p < 0.05). Totally, cell proliferation
on all substrates increased with the increase of seeding time.
Meanwhile, cell proliferation on nanofibrous membranes also
exhibited an up-regulating trend along with the increase of
Fe3O4 nanoparticles loading. Statistical analysis showed that
the nanofibrous membranes with 5 wt% Fe3O4 nanoparticles
loading possessed the highest cell viability (p < 0.05), and
the cell viability of the 3 wt% Fe3O4 group was significantly
higher than that of 0 and 1 wt% Fe3O4 group at three, five and
seven days experimental time point (p < 0.05). No significant
difference between the cell viability of 0 and 1 wt% Fe3O4

group at all experimental time point was observed (p > 0.05).

4. Discussion

In previous studies, nanofibrous scaffolds fabricated by
electrospinning have been proven to be one kind of promising
material for tissue regeneration [12–16]. Considering
the literature evidences that magnetic nanoparticles could
promote osteoinduction [10, 11] and electrospun nanofibrous
scaffolds could mimic the natural extracellular matrix
[12–16]. Biomimetic electrospun magnetic scaffolds may
have potential application in bone tissue engineering. Some
kinds of magnetic nanofibrous scaffolds have been achieved
by the electrospinning technique [22–27]. However, in these
studies, the electrospinning parameters, cell function and the
potential of magnetic fibrous scaffolds in tissue engineering
have not been clearly clarified. In this work, magnetic
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Figure 10. SEM images of MG-63 cells cultured in vitro for one day, three days and seven days on the Fe3O4/CS/PVA nanofibrous
membranes with Fe3O4 nanoparticles loading of 0 wt% (a1, a3, a7), 1 wt% (b1, b3, b7), 3 wt% (c1, c3, c7) and 5 wt% (d1, d3, d7).

Figure 11. MTT assay of MG-63 on the magnetic biodegradable
Fe3O4/CS/PVA nanofibrous membranes with Fe3O4 nanoparticles
loading content of 0%, 1%, 3% and 5 wt%; TCPs were used as
control.

biodegradable Fe3O4/CS/PVA nanofibrous membranes were
successfully fabricated by electrospinning process with the
polymer concentration of 4.5 wt%, applied voltage of 20 kV
and Fe3O4 nanoparticles loading of lower than 5 wt%. Fe3O4

nanoparticles loading of lower than 5 wt% was proven not
to change the crystalline of the Fe3O4, CS, PVA and not
to alter the functional groups participated in the formation
of membranes significantly. The nanofibrous membranes
were verified to show typical weak ferrimagnetic behaviors.
Young’s modulus of membranes was gradually enhanced with
the increase of Fe3O4 nanoparticles loading, while ultimate
tensile stress and ultimate strain were slightly reduced by
Fe3O4 nanoparticles loading of 5%. The promotion of MG63
cells growth dynamics suggested the magnetic biodegradable
Fe3O4/CS/PVA nanofibrous membranes to be the promising
scaffolds in bone regeneration.

In fabricating nanofibers by the electrospinning process,
the balance among the electrostatic repulsion (determined
by the applied voltage), surface tension and viscoelastic
force (determined by the polymer concentration of solution)
is reported to be the major factor to form and maintain
a stable Taylor cone, leading to higher quality nanofibers
[44, 45]. In present experiment, two key determining factors
including applied voltage and polymer concentration were
investigated respectively. With fixed applied voltage of 20 kV,
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homogeneous and smooth surface were achieved only from
solutions with the 4.5 wt% polymer concentration . Below this
concentration (3.5 and 4.0 wt%), a number of beads were seen
and the fiber was discontinuous. Heterogeneous nanofibers
with spindle beads were achieved at polymer concentration of
5.0 wt%. This result was in agreement with what Deitzel
et al [46] reported, that a mixture of fibers and droplets
was produced for polymer concentration lower than 4 wt%
during the electrospinning process. This is because the
surface tension plays a dominating role in solution with lower
polymer concentration of 3.5 and 4.0 wt% (lower viscous), the
viscoelastic force is too weak to help stretch the fibers. When
the polymer concentration increase to 4.5 wt% (more viscous),
the surface tension is suppressed by electrostatic repulsion and
viscoelastic force to form homogeneous nanofibers. However,
heterogeneous nanofibers with a little spindle beads were
achieved when the polymer concentration is further increased
to 5.0 wt%, because the dominating viscoelastic force will
break the force balance and lead to the instability of Taylor
cone, which dedicate to the increase of heterogeneity of fibers
[44, 46]. The average diameter of nanofibers increased with
the polymer concentration increased from 4.5 wt% to 5 wt%,
which is possibly attributed to that the fibers made from
solution of higher polymer concentration own less solvent to
evaporate during electrospinning process, which result in less
reduction of mass loss [47].

It was demonstrated that the shape of nanofibers changed
from beaded fibers to homogeneous and smooth ones gradually
with the increase of applied voltage from 10, 15 to 20 kV,
when the polymer concentration was preset at 4.5 wt%. The
nanofibers obtained at voltage of 20 kV possessed the most
homogeneous and smooth surface morphology. When the
applied voltage increased to 25 kV, heterogeneous nanofibers
were present again. The formation of beads may be ascribed
to the instability of the jet at the spinning tip arising from lower
voltage of 10 and 15 kV [4], while the relatively higher voltage
(20 kV) could induce more charges to stretch the solution jet
more easily and stably, which yield more uniform and smooth
nanofibers [48–50]. The heterogeneity of nanofibers present
at voltage of 25 kV is due to the fact that too high voltage
will break the force balance and lead to the instability of
Taylor cone, which was consequently dedicated to forming
heterogeneous fiber.

Generally, the blend of inorganic particles may affect the
morphology and size of electrospun nanofibrous membranes.
Previous studies reported that PLGA, PLLA or collagen
electrospun nanofibers with hydroxyapatite or tri-calcium
phosphate particles showed random sizes and granule
surface appearance due to serious particle agglomeration and
insolubility of inorganic particles enveloped in the polymer
matrix [51–53]. In present work, with polymer concentration
of 4.5 wt% and applied voltage of 20 kV (according to
above results), the Fe3O4/CS/PVA nanofibrous membranes
were bead-free with a smooth surface at all levels of Fe3O4

nanoparticles loading. This may due to that the Fe3O4

nanoparticles loading of lower than 5 wt% did not change
the surface tension and viscoelastic force of polymer solution
greatly, and still kept the previous force balance to form

higher quality nanofibers. This presumption is further proven
by the results that there is no significant difference between
the diameters of the nanofibrous membranes at all levels of
Fe3O4 nanoparticles loading. Another reason is that the Fe3O4

nanoparticles in our study were modified by sodiumcitrate to
reduce the high surface energy and dipolar attraction, and
the polymer solutions were mechanically stirred for 24 h
and diffused with ultrasound for 2 h before electrospinning
to keep Fe3O4 nanoparticles evenly scattered in the polymer
solutions. TEM observation verified that small islets
composed of slight agglomeration of Fe3O4 nanoparticles
were well distributed inside the nanofibrous membranes.
This phenomenon complies with most previous magnetic
electrospun nanofibrous membranes [22–27]. Although
almost all researchers have taken several measures to modify
the Fe3O4 nanoparticles, agglomeration still occurred. It is
due to the fact that the magnetic attractive forces combined
with inherently large surface energies (>100 dyn cm−1) of
Fe3O4 nanoparticles favor aggregation in fluids.

Porosity and apparent densities are important parameters
to evaluate the utility of the fibrous materials for biomedical
applications [21]. Table 1 showed that apparent densities of
nanofibrous membranes slightly increased with the increase
of Fe3O4 nanoparticles loading, which is obviously due to
the addition of Fe3O4 nanoparticles. The porosity of the
nanofibrous membranes with different Fe3O4 nanoparticles
loading was nearly the same value, about 84%. This is ascribed
to the close similarities in the average fiber diameter and the
morphology of the nanofibrous membranes [54]. The high
porosity is beneficial to facilitate incorporating large amounts
of tissue liquid for the supply of nutrients to the attached cells
and nutrition/gas exchange [55, 56], which make magnetic
Fe3O4/CS/PVA nanofibrous membranes ideal candidates for
tissue engineering.

XRD pattern was carried out to characterize the phases
of Fe3O4, CS and PVA in the electrospun nanofibrous
membranes. Most electrospun magnetic fibrous scaffolds
(Fe3O4/PVA nanofibers [22], Fe3O4/PVPnanofibers [23],
FePt/PCL nanofibers [24], CoFe2O4/PAN nanofibers and
CoFe2O4/carbon nanofibers [25]) were reported to maintain
the crystalline of Fe3O4 and other main polymer components,
while Wang et al [24] reported the Fe3O4/C nanofibers owned
different crystalline of the components, because the nanofibers
were carbonized after electrospun. In this work, XRD pattern
revealed that the Fe3O4/CS/ PVA nanofibrous membranes
possess one broad diffraction in accordance with the reflection
peak of electrospun CS/PVA nanofibers and six sharp peaks
consistent with the crystal planes of inverse cubic spinel
structural Fe3O4. This result confirmed that the crystalline
of Fe3O4, CS and PVA were maintained in the electrospun
nanofibrous membranes. The stability of crystalline would
definitely facilitate the electrospun nanofibrous membranes to
express the biological effects of Fe3O4, CS and PVA.

FT-IR measurement was used for characterization
and compositional analysis of nanofibrous membranes.
Characteristic peaks attributed to resonance of CS/PVA
were found in all groups. Compared to FT-IR spectra of
0 wt% Fe3O4 group, specific absorption of the –(Fe–O) bond
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indicated the present of Fe3O4 in membranes with Fe3O4

loading of 1, 3 and 5 wt%. Similar FT-IR spectra of membranes
at all Fe3O4 loading level demonstrate the Fe3O4 loading up
to 5 wt% did not change the functional groups of electrospun
CS/PVA greatly. This result was supported by previous reports
that addition of ZnO nanoparticles [43] and multi-walled
carbon nanotubes (MWCNTs) [57] into CS/PVA films did
not change the FT-IR spectra significantly. These phenomena
favor the express of biological effects of Fe3O4 and CS/PVA
in tissue engineering.

The magnetic hysteresis loop showed that the
Fe3O4/CS/PVA nanofibrous membranes exhibited typical
weak ferrimagnetic behaviors. The saturation
magnetization (Ms) of the Fe3O4/CS/PVA nanofibrous
membranes at different level of Fe3O4 loading were
0.67 emμ g−1 (1 wt%), 1.79 emμg−1 (3 wt%) and
3.19 emμg−1 (5 wt%) respectively, while the Fe3O4/PVA
nanofibers [22], Fe3O4/PVP nanofibers [23] and FePt/PCL
nanofibers [26] also exhibited a Ms of lower than 5 emμg−1,
which are much lower than that of the Fe3O4 nanoparticles
(58 emμg−1). This is attributed to the existence of
nonmagnetic polymer components which encapsulate Fe3O4

nanoparticles and affect the magnetization expression.
Meanwhile, the Ms of the nanofibrous membranes were
obviously enhanced by the increased Fe3O4 nanoparticles
loading and displayed a dose-dependent manner. This
phenomenon suggests a possibility of regulating the
magnetic properties of electrospun nanofibrous membranes
by controlling the loading of Fe3O4 nanoparticles.

The mechanical property of a tissue engineering scaffold
is very important, as it needs to provide an initial
biomechanical profile for the cells before new tissue can be
formed. Similar stress–strain curve shapes of the magnetic
Fe3O4/CS/PVA nanofibrous membranes with different Fe3O4

nanoparticles loading demonstrated that the mechanical
properties of nanofibrous membranes were not strongly
affected by the incorporation of Fe3O4 nanoparticles up to
5 wt%. The dependence of the mechanical parameters of
membranes on Fe3O4 nanoparticles loading is listed in more
detail in table 2. The increase of Young’s modulus of
membranes with the increase of Fe3O4 nanoparticles loading
was supported by previous research about scaffolds containing
inorganic nanoparticles [21, 58], which suggests a balance
between biological effect and mechanical property of scaffolds
related with the addition of nanoparticles should be taken
into account, and that introducing inorganic nanoparticles
could increase brittleness of scaffolds. Table 2 also made it
clear that the membranes resulting from Fe3O4 nanoparticles
loading of 0%, 1% and 3% exhibit no significant difference on
average ultimate tensile stress and ultimate strain, while they
were significantly higher than those of 5 wt% Fe3O4 group.
This result is in accordance with some previous research.
Prabhakaran et al [59] reported that the addition of HA
decreased the tensile strength of electrospun PLLA. Vicentini
et al [43] also found that the addition of ZnO nanoparticles
significantly decreased the tensile strength of the CS/PVA
films. This is because the nanoparticles distributed inside
the fibers have no specific arrangement and therefore failed to

increase the ultimate tensile stress and ultimate strain of fibers.
In addition, the presence of nanoparticles may probably reduce
the effective diameter of fibers to support the external load.
However, some other studies gave opposite results because of
specific physical or chemical property of nanoparticles blended
in scaffolds. Liao [57] attributed the enhanced tensile strength
of the PVA/CS/MWCNTs nanofibrous mats to the alignment
of MWCNTs in fibers. Young-Jin Kim ascribed the improved
tensile strength of electrospun polyvinylidene fluoride/SiO2

composite nanofiber membranes to that SiO2 could act as
temporary crosslinkers between polymer chains.

Cell adhesion onto scaffolds is the first fundamental
step in bone regeneration, which will greatly influence
the morphology and capacity of cell proliferation and
differentiation [52]. Therefore, the cell adhesion and
subsequent growth are essentially important markers to
determine whether materials could be used as scaffolds in
bone regeneration. In this work, MG63 cells were cultured
on the Fe3O4/CS/PVA nanofibrous membranes to explore
the cell growth dynamics. Compared to that on TCPs, cells
cultured on nanofibrous membranes had a better growth on
days three, five and seven, which is mainly due to the porous
nanofibrous structures that facilitate the cell attachment and
further proliferation. After seven days cell culture, both SEM
observation and MTT assay showed that the cell adhesion
and proliferation exhibited a tendency of increase with the
increase of seeding time and the Fe3O4 nanoparticles loading,
suggesting that all substrates in this experiment have good
biocompatibility and that Fe3O4 nanoparticles contained in
nanofibrous membranes can greatly improve the proliferation
and growth of MG-63 cells. Similar results were obtained
in several previous research about the osteoinductive effect
of magnetic nanoparticles. Gu et al [10] indicated that,
due to the tiny magnetic field provided by the magnetic
nanoparticles, the integration of magnetic nanoparticles in CaP
ceramics could promote the proliferation and differentiation of
osteoblasts (Ros17/2.8 and MG63), and enhance the rhBMP-2
expression to accelerate the bone-like tissue formation. Meng
et al [11] demonstrated addition of magnetic nanoparticles in
hydroxyapatite nanoparticles (nHA)/poly (D,L-lactide) (PLA)
composite nanofibrous films that induce a significantly higher
proliferation rate and faster differentiation of osteoblast cells.
The reason is probably that each magnetic nanoparticle could
be regarded as a single magnetic domain, like a magnetic
nanofield, once these magnetic nanoparticles were integrated
in composite scaffolds, the micro-environments in the pores
or on the surface of the scaffolds were composed of a great
number of tiny magnetic fields, which would subsequently
express osteoinductive effect of static magnetic fields. These
positive results constitute the necessary prerequisites for
further investigations into the potential of the magnetic
scaffolds to direct osteogenesis, leading to subsequent bone
tissue regeneration.

5. Conclusion

Homogeneous, smooth and continuous magnetic
biodegradable Fe3O4/CS/PVA nanofibrous membranes
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with porosity of 83.9–85.1% were successfully achieved by
an electrospinning process with the polymer concentration
of 4.5 wt% and applied voltage of 20 kV. It was proven that
Fe3O4 nanoparticles loading of lower than 5 wt% did not
change the morphology of electrospun nanofibers. TEM
showed islets of Fe3O4 nanoparticles evenly distributed in the
fibers. XRD data confirmed that the crystalline structure of
Fe3O4, CS and PVA were maintained during electrospinning
process. FT-IR demonstrated that the Fe3O4 loading up to
5 wt% did not change the functional groups that participated
in the formation of membranes greatly. VSM examination
demonstrated these Fe3O4/CS/PVA nanofibrous membranes
showing typical weak ferrimagnetic behaviors. Tensile
examination exhibited that Young’s modulus of membranes
was gradually enhanced with the increase of Fe3O4

nanoparticles loading, while ultimate tensile stress and
ultimate strain were slightly reduced by Fe3O4 nanoparticles
loading of 5%. MTT assay and SEM observation
exhibited promoted MG63 cells adhesion and proliferation
on Fe3O4/CS/PVA nanofibrous membranes. The results
of this work suggest that the magnetic biodegradable
Fe3O4/CS/PVA nanofibrous membranes can be one of
promising biomaterials for facilitation of osteogenesis. The
increase of saturation magnetization, cell adhesion and
proliferation along with the Fe3O4 nanoparticles loading
imply the possibility of further regulating cell function on
magnetic electrospun nanofibrous membranes by control of
the Fe3O4 nanoparticles loading content.
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