
Journal of Advanced Research 24 (2020) 191–203
Contents lists available at ScienceDirect

Journal of Advanced Research

journal homepage: www.elsevier .com/locate / jare
Electrostatic self-assembly of pFe3O4 nanoparticles on graphene oxide: A
co-dispersed nanosystem reinforces PLLA scaffolds
https://doi.org/10.1016/j.jare.2020.04.009
2090-1232/� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer review under responsibility of Cairo University.
⇑ Corresponding author at: State Key Laboratory of High Performance Complex Manufacturing, College of Mechanical and Electrical Engineering, Central South Un

Changsha 410083, China.
E-mail address: shuai@csu.edu.cn (C. Shuai).

1 These authors contributed equally to this work.
Wenjing Yang a,b,1, Yancheng Zhong c,d,1, Chongxian He a, Shuping Peng c,d, Youwen Yang a, Fangwei Qi a,
Pei Feng b, Cijun Shuai a,b,e,⇑
a Institute of Bioadditive Manufacturing, Jiangxi University of Science and Technology, Nanchang 330013, China
b State Key Laboratory of High Performance Complex Manufacturing, College of Mechanical and Electrical Engineering, Central South University, Changsha 410083, China
c School of Basic Medical Science, Central South University, Changsha 410083, China
d School of Energy and Machinery Engineering, Jiangxi University of Science and Technology, Nanchang 330013, China
e Shenzhen Institute of Information Technology, Shenzhen 518172, China

g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 28 January 2020
Revised 12 April 2020
Accepted 15 April 2020
Available online 22 April 2020

Keywords:
Fe3O4

Graphene oxide
Co-dispersed pFe3O4-GO nanosystem
a b s t r a c t

Cell responses and mechanical properties are vital for scaffold in bone regeneration. Fe3O4 nanoparticles
with excellent magnetism can provide magnetic stimulation for cell growth, while graphene oxide (GO)
nanosheets are commonly used as reinforcement phases due to their high strength. However, Fe3O4 or GO
is tended to agglomerate in matrix. In present study, a novel co-dispersed Fe3O4-GO nanosystem was
constructed through electrostatic self-assembly of positively charged Fe3O4 (pFe3O4) on negatively
charged GO nanosheets. In the nanosystem, pFe3O4 nanoparticles and GO nanosheets support each other,
which effectively alleviates the p-p stacking between GO nanosheets and magnetic attraction between
pFe3O4 nanoparticles. Subsequently, the nanosystem was incorporated into poly L-lactic acid (PLLA) scaf-
folds fabricated using selective laser sintering. The results confirmed that the pFe3O4-GO nanosystem
iversity,
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Cell responses
Mechanical properties
exhibited a synergistic enhancement effect on stimulating cell responses by integrating the capturing
effect of GO and the magnetic simulation effect of pFe3O4. The activity, proliferation and differentiation
of cells grown on scaffolds were significantly enhanced. Moreover, the nanosystem also exhibited a syn-
ergistic enhancement effect on mechanical properties of scaffolds, since the pFe3O4 loaded on GO
improved the efficiency of stress transfer in matrix. The tensile stress and compressive strength of scaf-
folds were increased by 67.1% and 132%, respectively. In addition, the nanosystem improved the degra-
dation capability and hydrophilicity of scaffolds.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Bone scaffolds not only need to provide temporary mechanical
support, but also can stimulate cell responses. Biopolymer, such
as poly L-lactic acid (PLLA), polycaprolactone (PCL) and polyglycolic
acid are extensively studied as bone scaffold materials due to their
good biocompatibility, biodegradability and processability [1–3].
While weak cell responses and insufficient mechanical strength
limit their further application in bone regeneration.

Recently, Fe3O4 nanoparticles have attracted tremendous inter-
ests owing to their excellent superparamagnetism, large specific
surface area and good biocompatibility [4,5]. Cai et al. confirmed
that the incorporation of Fe3O4 into PLLA scaffolds stimulated the
proliferation of MC3T3-E1 cells [6]. Yun et al. found that the addi-
tion of the Fe3O4 nanoparticles in PCL scaffold enhanced osteogenic
differentiation [7]. Meanwhile, GO has been widely incorporated
into scaffolds for mechanical enhancement [8,9]. Song et al. incor-
porated GO into PCL nanofiber scaffolds, and found that tensile
strength significantly increased [10]. Hence, combination of
Fe3O4 and GO may be a promising countermeasure to simultane-
ously improve cell responses and mechanical properties. However,
Fe3O4 nanoparticles or GO nanosheets tend to aggregate in poly-
mer matrix due to the magnetic attraction of Fe3O4 or p-p stacking
of GO as well as their strong polarity, which hinders the full play of
their reinforcing effect [11,12].

As commonly known, GO nanosheets are highly negatively
charged. Hence, a co-dispersed Fe3O4-GO nanosystem may be con-
structed by electrostatic self-assembly after introducing positive
charged Fe3O4 nanoparticles. In detail, the positive charged Fe3O4

nanoparticles may obtained by adsorbing hydrogen ions (H+) in
nitric acid, whereas the negatively charged GO nanosheets are
result from the ionization of carboxylic acid and phenolic hydroxyl
groups in aqueous solution [13]. In the co-dispersed Fe3O4-GO
nanosystem, Fe3O4 nanoparticles and GO nanosheets support each
other, which may effectively alleviate the p-p stacking between GO
nanosheets and magnetic attraction between Fe3O4 nanoparticles,
thereby promoting their respective dispersion. On the one hand,
GO possesses abundant oxygen-containing functional groups,
numerous negative charges, etc., which enable it to interact with
cell membrane and capture cells [14]. In this condition, Fe3O4

nanoparticles loaded on GO nanosheets may contact with cells clo-
ser, thereby providing local enhanced magnetic stimulation for
cells. On the other hand, Fe3O4 nanoparticles loaded on high-
strength GO nanosheets (~130 GPa) may increase efficiency of
stress transfer and thus decrease the deformation of polymer
matrix under external force, synergistic reinforcing the mechanical
properties.

In the present study, a co-dispersed pFe3O4-GO nanosystemwas
synthesized by electrostatic self-assembly of pFe3O4 nanoparticles
on GO nanosheets. Then, the nanosystem was incorporated into
PLLA scaffolds fabricated by selective laser sintering (SLS) to stim-
ulate cell responses and improve mechanical properties. The
mechanical strengthening mechanism of the nanosystem was dis-
cussed. Furthermore, the magnetic property of the scaffolds and
their effect on cell adhesion, viability, proliferation and differenti-
ation were systematically studied. Additionally, a cell response
mechanism of the nanosystem was discussed.

Materials and method

Materials

Medical-grade PLLA powder with number-average molecular
weight of 150 kDa were provided by Shenzhen Polymtek Biomate-
rial Co., Ltd. (Shenzhen, China). Fe3O4 nanoparticles with average
particle size of 10 nm were purchased from Aladdin Chemistry
Co. Ltd. (Shanghai, China). GO nanosheets with lateral size of 1–
5 lm and thickness of 0.8 nm were obtained from Chengdu
Organic Chemistry Co. Ltd. of Chinese Academy of Sciences
(Chengdu, China).

Synthesis of pFe3O4-GO nanosystem

The synthetic procedure of pFe3O4-GO nanosystem was shown
in Fig. 1. Briefly, 0.15 g of GO was placed in 150 mL of distilled
water, followed by ultrasonicating for 1 h to activate the surface
groups located on GO. Meanwhile, 0.75 g of Fe3O4 nanoparticles
was dispersed in 1 mol/L HNO3 and then ultrasonicated for
30 min, aiming to achieve positively charged Fe3O4 nanoparticles
(pFe3O4) by adsorbing H+ in HNO3. Then, pFe3O4 were transferred
to GO suspension. Subsequently, the mixture was aged at vigorous
stirring for 3 h to assure that the anion exchange sites of the GO
were fully saturated with pFe3O4. Afterward, the pFe3O4-GO
nanosystem was collected by utilizing an external magnetic field
and centrifuging to remove redundant GO nanosheets and
unbounded pFe3O4 nanoparticles, followed by washing using
deionized water repeatedly. Finally, the obtained pFe3O4-GO
nanosystem was vacuum-dried at 60 �C. According to the effective
control of the feeding mass ratio of pFe3O4 to GO, three types of
pFe3O4-GO nanosystem (mpFe3O4:mGO = 5, 10, 15) were synthe-
sized, which were defined as 5Fe-GO, 10Fe-GO and 15Fe-GO
nanosystem, respectively.

Preparation of nanocomposite scaffolds

In the present study, PLLA was served as matrix material
because of its good biocompatibility, biodegradability and process-
ability. Prior to the preparation of nanocomposite scaffolds, PLLA/
pFe3O4-GO nanocomposite powders were synthesized. Briefly,
0.75 g pFe3O4-GO nanosystem was putted into beaker containing
50 mL of ethanol. After 30 min of ultrasound, the pFe3O4-GO-
ethanol suspension was dripped into PLLA-ethanol solution
(0.05 g/mL), in which the feeding mass ratios of pFe3O4-GO to PLLA
were effectively controlled at 0 wt%, 3 wt%, 6 wt%, 9 wt% or 12 wt%.
Subsequently, the above mixture solution was ultrasonicated for
another 1 h, followed by mechanical stirring for 90 min. After-
wards, the mixtures were centrifuged, vacuum-dried and mechan-
ical milling to achieve nanocomposite powders.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. A schematic illustration of the synthetic route of pFe3O4-GO nanosystem.
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The nanocomposite scaffolds were prepared by SLS process.
Typically, laser beam accurately scanned the powder bed based
on the given model. The laser energy density resulted in the
scanned nanocomposite powders rapidly reached the melting
point of PLLA powders, which caused the rapid melting and solid-
ification of the PLLA. Meanwhile, the 10Fe-GO nanosystem still
retained their intrinsic morphologies and structures because of
their high thermal stabilities relative to the PLLA matrix. After sin-
tering each layer, the powder bed fell one layer of powder thick-
ness (0.15 mm), followed by spreading a new layer of powder.
Repeating the laser sintering process until the given program
was completed. During the whole sintering process, the process
parameters were maintained at 3.2 W laser power, 120 mm/s scan-
ning speed and 1 mm scanning spacing. In order to facilitatly dis-
tinguish the nanocomposite scaffolds, the scaffolds were defined as
0NC, 3NC, 6NC, 9NC and 12NC scaffolds based on the content of
nanosystem in the PLLA matrix, respectively.
Characterization

Transmission electron microscopy (TEM) images of Fe3O4, GO,
5Fe-GO, 10Fe-GO and 15Fe-GO nanosystem were obtained using
a Jeol 2100F TEM operated at 200 kV. High-resolution TEM
(HRTEM) and selection electron diffraction (SAED) were also per-
formed. Zeta potential of GO, Fe3O4, pFe3O4 and 10Fe-GO were
measured at a concentration of 1 mg/mL by Malvern Zetasizer-
nano. The chemical characterization of 10Fe-GO nanosystem and
9NC powders were performed on a Thermo ESCALAB 250Xi X-ray
photoelectron spectrometer (XPS). The chemical groups of the
nanosystem were observed by a FTIR-650 Fourier transform infra-
red spectrometer (FTIR) in spectral range of 500–4000 cm�1. Mor-
phological observations of scaffolds were carried out under a
Phenom proX scanning electron microscope (SEM) after sputter-
coated with gold (6 mA, 60 s).

Magnetization curves of the scaffolds were obtained using a
SQUID vibrating sample magnetometer (VSM) under a magnetic
field of ±20,000 Oe. Thermal decomposition of scaffolds was
detected by a STA-200 thermo-gravimetric analyzer (TGA) with a
temperature range of 30–600 �C. In order to reduce the influence
of heating rate, atmosphere and sample dosage on thermal analy-
sis, they were set at a constant 20 �C/min, nitrogen and 15 mg. The
mechanical properties including compressive and tensile strength
of the scaffolds were determined by compression and tensile tests
on a CMTS5205 universal testing machine. The tests were per-
formed in quintuplicate. Throughout the whole testing, loading
rate was maintained at 0.5 mm/min. The scaffold specimens
(5 � 4 � 3 mm3) were used for the compression test, while dumb-
bell specimens (L0 = 10.1 mm, h = 2.2 mm) were used for the ten-
sile tests. The sample size was determined according to ISO 604
and ISO 527-2 (small specimen). The morphologies of tensile sec-
tion were observed by SEM.

In order to evaluate the degradation capability of the scaffolds,
the pH values and degradation rate were determined after immers-
ing 7 days, 14 days, 21 days and 28 days in phosphate buffered
solution (PBS) solution at 37 �C. In detail, the original mass (M0)
of specimens was determined using an FA124 electronic analytical
balance, followed by immersing in PBS solution (10 mL). Subse-
quently, the specimen-solutions were placed into a constant tem-
perature incubator (37 �C). At the predetermined time point, the
pH values of each specimen-solution were measured via a FE28
pH meter, and then the specimens were taken out, cleaned and
dried. Afterward, the residual mass (M1) of each specimen was
determined, and the weight loss rate was then calculated accord-
ing to the following formula:

Weight loss %ð Þ ¼ M0 �M1

M0
� 100% ð1Þ

In addition, the degradation morphology of the scaffold speci-
mens after immersing 28 days was observed by SEM.
Cell culture

Disk scaffold specimens (/8 � 2 mm3) were selected to investi-
gate the cytocompatibility of the scaffolds, in which MG-63 cells
(Institute of Reproductive and Stem Cell Engineering, Xiangya
Medical College, Central South University, China) were selected
in the investigation. The cells at a density of 104 cells/scaffold were
seeded in DMEM which including 10% fetal bovine serum and 1%
penicillin/streptomycin sulfate supplement. Throughout the cul-
ture process, the cell-scaffold constructs were placed in a constant
atmosphere with 5% CO2 at 37 �C.

Cell adhesion morphology on scaffolds was observed using SEM.
At the predetermined time point (1, 3 and 5 days), the cell-scaffold
constructs were extracted from the culture medium and gently
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washed with PBS to eliminate unattached cells. Subsequently, the
cell-scaffold constructs were fixed using 2.5% glutaraldehyde,
washed using PBS, dehydrated using ethanol and dried at 37 �C.
Afterwards, cell-scaffold constructs were sputtered by gold prior
to facilitate morphological observation.

Cell viability on scaffolds was assessed by live/dead viability/cy-
totoxicity test. After 1, 3 and 5 days of culturing, cell-scaffold con-
structs were collected and washed. Then, they were cultivated in
PBS supplemented with 2 lM calcein-AM and 1 lM ethidium
homodimer (EthD-1) for 30 min, in which the live cells were
strained green while dead cells were strained red. Subsequently,
the stained cells were visualized using a BX51 fluorescence
microscope.

Cell proliferation on scaffolds was quantitatively analyzed by
Cell Counting Kit-8 (CCK-8) assay. Briefly, the cell-scaffold con-
structs were collected at the predetermined culture periods (1, 3
and 5 days). After washing using PBS, they were transferred into
fresh culture medium supplemented with CCK-8 reagent, and then
incubated for 30 min at 37 �C. Afterwards, the absorbance of the
above solution was quantified measured at 450 nm using a Bio-
tek microplate reader. Three parallel experiments were carried
out for each group.

Osteogenic differentiation of cells on scaffolds was determined
using alkaline phosphatase (ALP) activity according to the manu-
facturer’s instruction. After 1, 4 and 7 days of incubation, the
cell-scaffold constructs were gently washed with PBS. Then,
0.25% trypsin solution was utilized to remove the adherent cells.
Subsequently, the cells were rinsed with PBS and stained using
LabAssayTM ALP kit. The stained cells were visualized by a Nikon
TE2000U inverted microscope.
Statistical analysis

All quantitative experimental data was presented as
means ± standard deviations. Statistical differences between
groups were analyzed using either unpaired two-tailed Student’s
t-test or One Way ANOVA when necessary. Significant differences
were regarded when P value lower than 0.05 (*P < 0.05), 0.01
(**P < 0.01) and 0.005 (***P < 0.005).
Results and discussion

pFe3O4-GO nanosystem

Zeta potentials of GO, Fe3O4, pFe3O4 and 10Fe-GO were detected
and shown in Fig. 2a. It can be seen that the GO nanosheets were
highly negatively charged (�34.6 mV), which was attributed to
the ionization of carboxylic acid and phenolic hydroxyl groups
located on GO nanosheets in aqueous solution. The average zeta
potential of Fe3O4 was �13.2 mV, while the zeta potential of pFe3-
O4 was 23.9 mV, indicating that the pFe3O4 were highly positively
charged. It was apparently a result of the absorption of hydrogen
ions (H+) in HNO3. Remarkably, the zeta potential of 10Fe-GO
was �16.7 mV which was higher than that of GO nanosheets and
lower than that of pFe3O4, demonstrating that pFe3O4 have been
successfully self-assembled on the surface of GO nanosheets.

FTIR spectra of pFe3O4 nanoparticles, GO nanosheets and pFe3-
O4-GO nanosystem were presented in Fig. 2b. As for pFe3O4, the
absorption bands at 563 cm�1 was ascribed to FeAO stretching
vibration. As for GO, the absorption bands at 1725 cm�1 and
1627 cm�1 were assigned to the stretching vibrations of C@O
and CAO, while the bands at 1392 cm�1 and 1052 cm�1 can be
attributed to OAH deformations and stretching vibrations of CAO
[15]. As expected, the spectrum of pFe3O4-GO nanosystem was
almost similar with that of GO, indicating the structure of GO
was kept well. Note that the characteristic absorption band at
563 cm�1 proved that pFe3O4 nanoparticles were successfully
self-assembled on GO nanosheets.

The wide scan XPS spectrum of the pFe3O4-GO nanosystem
exhibited the sharp peaks approximately 710, 530 and 280 eV
(Fig. 2c), which assigned to the characteristic peaks of Fe 2p, O1s
and C1s, respectively. In the Fe 2p spectrum (Fig. 2d), the peaks
at 711.4 and 724.6 eV attributed to the Fe 2p1/2 and Fe 2p3/2

spin–orbit peaks of Fe3O4 [16], confirming that the successfully
self-assembly of pFe3O4 nanoparticles on GO nanosheets. The O1s
spectrum has been fitted by four peaks corresponding to oxygen
(Fig. 2e). The main peak at 530.3 eV was assigned to FeAO bond.
The peak at 531.8 eV was due to C(O)OH while the peaks at
532.2 eV and 533.8 eV could be attributed to C@O and CAOH
bonds [17]. The corresponding C1s XPS spectrum for pFe3O4-GO
nanosystem revealed a peak with four main components (Fig. 2f),
one at 284.4 eV related to AC@C, and the peak at 285.9 eV was
assigned to CAO bond [18]. The component at 287.6 eV and
289.1 eV were usually corresponding to C@O and OAC@O bonds.
The O1s and C1s spectra indicated that the structure and chemical
composition of GO were kept well after loading pFe3O4.

The morphology of GO nanosheets, 5Fe-GO, 10Fe-GO and 15Fe-
GO nanosystem were characterized by TEM, as shown in Fig. 3.
Clearly, the GO sheet possessed large surface area with irregular
shape (Fig. 3a). The morphologies of 5Fe-GO, 10Fe-GO and 15Fe-
GO nanosystem which had different mass ratios of Fe3O4 nanopar-
ticles to GO were presented in Fig. 3b–d. It could be seen that the
pFe3O4 nanoparticles were anchored onto the surface of the GO
nanosheets, owing to the electrostatic self-assembly between the
positively charged Fe3O4 and the negatively charged GO. The aver-
age particle size of pFe3O4 nanoparticles on GO was approximately
10.5 nm (inset in Fig. 3b). Compared with the 5Fe-GO and 15Fe-GO
nanosystem (Fig. 2b and d), the pFe3O4 nanoparticles homoge-
neously assembled on GO nanosheets in 10Fe-GO nanosystem
(Fig. 3c), indicating the appropriate feeding mass ratio of pFe3O4

to GO. In the 10Fe-GO nanosystem, the uniform electrostatic self-
assembly enabled pFe3O4 and GO to support each other, effectively
increasing the interlamellar space of GO and interparticle space of
pFe3O4, thus promoting their respective dispersion. In the enlarged
image (Fig. 3e), the lattice fringe spacing of 0.76 nm and 0.25 nm
were belong to GO sheet and pFe3O4 nanoparticles [19,20], respec-
tively. The selected-area electron diffraction pattern (Fig. 3f)
obtained from Fig. 3c (red circle) exhibited the diffraction rings
of the (3 1 1), (4 0 0), (4 2 2) (5 1 1) and (4 4 0), revealing the
inverse cubic spinel structure of Fe3O4 nanoparticles. The above
results confirmed that pFe3O4 was successful self-assembled on
GO nanosheets. Above all, the 10Fe-GO nanosystem exhibited the
best feeding mass ratio of pFe3O4 to GO, therefore, it was selected
for further study.

According to the above analyses, pFe3O4 and GO successfully
constructed a co-dispersed nanosystem via electrostatic self-
assembly, which was expected to greatly enhance the polymer
scaffold. As for the synthesis of various hybrid nanostructures, dif-
ferent interaction ways were employed [21–24]. For instance,
Kalarikkal et al. developed nitrogen sulfur doped graphene/Ag
nanostructures by hydrothermal assisted strategy [25]. Sayali
et al. prepared rGO/TiO2 nanocomposites using in-situ deposition
[26]. Maya et al. synthesized nano tin ferrous oxide decorated gra-
phene oxide by solution combustion technique [27].

Nanocomposites

Morphology of the PLLA and nanocomposites were character-
ized by SEM. As shown in Fig. 4b, PLLA exhibited an irregular block
structure, and nanocomposites possessed similar shape, indicating
the incorporation of pFe3O4-GO nanosystem didn’t significantly



Fig. 2. (a) Zeta potential of GO, Fe3O4, pFe3O4 and pFe3O4-GO. (b) FTIR spectra of GO and pFe3O4-GO. (c) XPS characterization of pFe3O4-GO nanosystem. XPS survey spectra
along with the spectra of (d) Fe2p, (e) O1s and (f) C1s.
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change the morphology of PLLA. The chemical composition of
PLLA/pFe3O4-GO nanocomposites was detected using XPS
(Fig. 4c). It could be seen that the characteristic peaks of Fe 2p,
O1s and C1s were similar with that of pFe3O4-GO nanosystem
(Fig. 2c). Similarly, the Fe 2p1/2 and Fe 2p3/2 spin–orbit peaks posi-
tion of nanocomposites were consistent with pFe3O4-GO nanosys-
tem. However, the ratio of O1s to C1s peaks in spectrum of
nanocomposites differed from that of pFe3O4-GO nanosystem,
which was due to the introduction of C and O from PLLA.

Scaffold structure, magnetic and thermal behavior

It is well known that scaffolds used for bone regeneration
should meet structure and pore size requirements. Pores must be
interconnected to favor cell adhesion, growth, proliferation and
differentiation within biological scaffolds [28]. For the optimal
pore size, it is controversial in literatures due to the fact that bone
regeneration is a very complex process. Some studies suggested
that the pore size of the scaffold should be between 20 and
1500 lm [29], while others recommend ranges from 150 lm to
600 lm, 200 lm to 1500 lm, or 400 lm to 1200 lm [30]. In pre-
sent study, nanocomposite scaffolds possessed a three-
dimensional interconnected porous structure, as presented in
Fig. 5a. The pore dimensions of scaffold were mostly between
600 and 750 lm calculated from SEM images using ImageJ soft-
ware. They were smaller than the designed model (800 lm), which
was the result of the thermal affected zone of laser sintering pro-
cess. The pore sizes were believed to facilitate cell adhesion and
growth as well as guarantee the nutrient and metabolite transport
[31].

The magnetic performance of 0NC, 3NC, 6NC, 9NC and 12NC
scaffolds was measured using VSM, as shown in Fig. 5b and c.
Clearly, it can be seen that the existence of 10Fe-GO nanosystem
enhanced saturation magnetization values of scaffolds as com-



Fig. 3. TEM images of (a) GO, (b) 5Fe-GO, (c) 10Fe-GO and (d) 15Fe-GO nanosystem. Inset in (b) showed the particle size of pFe3O4 nanoparticles on GOwith an average size of
10.5 nm. (e) HRTEM images of GO and pFe3O4 nanoparticles in 10Fe-GO nanosystem. (f) selected-area electron diffraction pattern of 10Fe-GO nanosystem (red circle in (c)).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (a) A schematic illustration of the synthetic route of PLLA/pFe3O4-GO nanocomposites. (b) Morphology of the PLLA powder and nanocomposites. (c–f) XPS spectra of
PLLA/pFe3O4-GO nanocomposites.
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pared with 0NC (pure PLLA) scaffold (Fig. 5b). The saturation mag-
netization increased from 0 to 6 emu/g with increasing 10Fe-GO
from 0 to 12 wt%, as a result of the magnetization of pFe3O4
nanoparticles in the 10Fe-GO nanosystem by the external mag-
netic field. In addition, the magnetic performance of scaffolds at
low magnetic field range (�50 Oe to 50 Oe) was presented in



Fig. 5. Structure, magnetic performance and thermal behavior of the scaffolds. (a) Scaffolds with three-dimensional interconnected porous structure. (b) Magnetization
curve. (c) Magnetization behavior at low magnetic field (�50 to 50 Oe). (d) TGA and (e) DTG curve.
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Fig. 5c. The low coercivity (Hc) and remanence (Mr) indicated that
the scaffolds were superparamagnetic, which was conducive to the
rapid response of the scaffolds to external magnetic field. Based on
our previous study [4,32,33], high saturation magnetization and
superparamagnetism of scaffolds was expected to enhance the
magnetic stimulation on cells grown on them.

The thermal decomposition process of scaffolds was analyzed
using TGA and DTG, as shown in Fig. 5d and e. Obviously, the scaf-
folds presented weight loss in one step (Fig. 5d). The slight weight
loss below 300 �C was attributed to the evaporation of adsorbed
water molecules. Thermal decomposition temperature of the 0NC
scaffold was between 314 and 407 �C, while the range of decompo-
sition temperature shifted left and narrowed when the 10Fe-GO
nanosystem increased from 3 to 12 wt%. Additionally, the residual
weight of the 3NC, 6NC, 9NC and 12NC scaffolds was 3.3, 6.12, 9.13
and 13.06 wt%, respectively, which was in good agreement with
the content of nanosystem initially added into PLLA matrix. In
DTG curves (Fig. 5e), the melting point of the scaffolds didn’t
change with the addition of 10Fe-GO nanosystem (about 185.2
�C). However, the maximum weightlessness temperatures of 0NC,
3NC, 6NC, 9NC and 12NC scaffolds decreased with increasing
10Fe-GO nanosystem, which were 390 �C, 337.3 �C, 331.2 �C,
328.1 �C and 327.8 �C, respectively. The TGA and DTG analysis
results indicated that the incorporation of 10Fe-GO nanosystem
catalyzed the decomposition of PLLA matrix.

Mechanical properties

Tensile and compressive tests were performed, aiming to inves-
tigate the influence of incorporating 10Fe-GO nanosystem on the
mechanical properties of scaffolds. Clearly, the 10Fe-GO nanosys-
tem significantly enhanced the tensile strength, compressive
strength and modulus of scaffolds compared with 0NC scaffold
(Fig. 6a and b). The tensile stress and strain of the 0NC scaffold
was 8.2 MPa and 12.1%, respectively. Encouragingly, the tensile
stress and strain improved to 13.7 MPa and 22.1% for 9NC scaffold,
which was 67.1% and 82.6% higher than those of 0NC scaffold,
respectively. Moreover, the 9NC scaffold also exhibited much
higher compressive strength and modulus than those of 0NC scaf-
fold, which were 24.2 MPa and 260 MPa, respectively. It was



Fig. 6. Mechanical properties of scaffolds. (a) Typical tensile stress–strain curves. (b) Compressive strength and modulus. (c) Morphology of tensile fracture. (d) Interfacial
bonding between nanosystem and PLLA chain.
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mainly due to the fact that the pFe3O4 nanoparticles and GO
nanosheets in 10Fe-GO nanosystem synergistically enhanced the
mechanical properties of PLLA matrix. The high modulus could
be attributed to interfacial interaction between pFe3O4-GO and
PLLA chains. In present study, the hydroxyl and carbonxyl groups
on GO nanosheets and oxygen-containing functional groups of
PLLA chains were able to form hydrogen bond. In this case, the dis-
persed pFe3O4-GO nanosyetem could act as a ‘‘physical cross-
linking points” to form three-dimensional crosslinking network
with PLLA chains in the matrix [34,35], thus restricting the mobil-
ity of PLLA chains and ultimately improving the modulus. How-
ever, after adding 12 wt% 10Fe-GO nanosystem, the mechanical
strengths decreased compared with 9NC scaffold. This was due to
the defects caused by aggregates in matrix weakened its reinforc-
ing effect, because good dispersion of reinforcer was vital in the
mechanical properties of polymer matrix [36,37].

In fact, the reinforcement of mechanical properties of polymer
matrix with nano-fillers depends on their interfacial compatibility
and good dispersion of nano-fillers [38–42]. As pFe3O4 nanoparti-
cles own magnetic property and large specific surface area, plus
their intrinsic interfacial incompatibility with polymers, they tend
to aggregate in polymer matrix, thus weakening their reinforcing
efficiency. GO possesses abundant functional groups, such as car-
boxyl, hydroxyl, carbonyl and epoxy, could form hydrogen bond
with the PLLA chains, thereby obtaining good interfacial adhesion
with PLLA matrix. However, strong p-p stacking between adjacent
GO nanosheet leads to their aggregation in PLLA matrix. In the
10Fe-GO nanosystem, pFe3O4 nanoparticles were assembled on
GO nanosheets, increasing the distance of the adjacent pFe3O4

nanoparticles and interlamellar space of adjacent GO nanosheets.
In this condition, their respective aggregation caused by magnetic
mutual attraction or p-p stacking and Van der Waals was effec-
tively hindered, thereby improving their respective dispersion.
Moreover, the 10Fe-GO nanosystem possessed good interfacial
compatibility with the PLLA matrix due to the good interfacial
adhesion between GO and the matrix. As a result, Fe3O4 nanopar-
ticles and GO nanosheets in 10Fe-GO nanosystem synergistically
enhanced the stress transfer efficiency in the matrix, thereby rein-
forcing the PLLA scaffolds. The results were similar to those of Jose
et al [34,35,43], in which they also proved the synergism between
nano-fillers in strengthening polymer.

In order to better understand the mechanical enhancement
effect of 10Fe-GO nanosystem on scaffolds, the tensile fracture
mode was observed with SEM (Fig. 6c). The fracture mode of 0NC
scaffold was typical brittle fracture, in which cleavage planes with
facet presented on the section (blue arrow). Interestingly, the frac-
tures of 3NC, 6NC, 9NC and 12NC scaffolds presented the pull-out
of GO nanosheets (red arrow). Especially, GO nanosheets in 9NC
scaffold were not only pull-out but also much more curled. These
phenomena were attributed to the hydrogen bonding between
the hydroxyl and carbonxyl groups on GO nanosheets and oxygen
containing functional groups of PLLA chains [12], achieving good
interfacial bonding (Fig. 6d). Thus, upon the tensile stressing, the
hydrogen bonding firstly occurred to fracture, triggering the slip-
page of adjacent GO nanosheets [44]. With gradually increased
loading, the GO nanosheets would be stretched successively from
PLLA matrix due to the continuous breakage of hydrogen bonding,
absorbing of more energy. After further loading, the hydrogen
bonding was completely destroyed, and the p-p conjugated inter-
action and friction between adjacent 10Fe-GO nanosystem also
dissipated of much more energy, accompanied by the pull-out
and curl of GO. Hence, the incorporation of 10Fe-GO nanosystem
significantly improved the tensile stress and strain of the scaffolds,
revealing the synergistic enhancement effect of pFe3O4 and GO.
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However, the excess of nanosystem would act as impurities in
12NC scaffolds (yellow arrow in Fig. 6c), which explained the
decreased tensile stress and compressive strength. The phe-
nomenon was well consistent with our previous studies [32,45],
serious agglomeration of Fe3O4 or GO occurred in PLLA matrix
when the addition exceeded 7.5 wt% or 0.9 wt%, respectively. Note
that the slight agglomeration of 10Fe-GO nanosystem presented in
matrix when its’ content was as high as 12 wt%, which was clearly
evidenced that the electrostatic self-assembly pFe3O4 and GO
improved their respective dispersion in matrix, thereby synergisti-
cally enhancing mechanical properties.

Degradation properties

In general, good degradation capability of scaffold is required in
scaffold-induced bone regeneration [46,47]. Here, the degradation
rates of scaffolds in PBS (pH = 7.4) were investigated. As shown in
Fig. 7a, the degradation rate of scaffolds increased with time of
enzymatic hydrolysis. Actually, enzymatic hydrolysis of polymers
is associated with various factors, such as chemical structure, addi-
tives, hydrophilic hydrophobic properties of chains, hydrolytic
mediums, amount of ester bonds and degree of crystallinity, etc.
In the present study, the addition of 10Fe-GO apparently acceler-
ated the degradation of PLLA matrix and especially, the more
10Fe-GO in scaffolds, the higher degradation of the scaffolds was.
On the one hand, it was owing to the more 10Fe-GO, the more
polar hydrophilic groups (ACOOH and AOH) were introduced,
thereby improving the hydrophilicity of scaffolds (Fig. 7b). As a
result, the 10Fe-GO promoted the penetration of water molecules
into PLLA matrix, which caused hydrolytic chain scission of ester
groups and thus accelerated hydrolysis of matrix. It was consistent
with the typical hydrolysis of high molecular weight polyester
[48].
Fig. 7. Degradation behavior of scaffolds. (a) The change of weight loss. (b) Water conta
immersing for 28 days.
On the other hand, the hydrolytic degradation medium also
greatly affected the degradation of scaffolds, especially alkaline
solution [49]. Hence, changes in the pH of PBS solution caused by
scaffold degradation were tracked. As shown in Fig. 7c, the pH val-
ues of all scaffold samples exhibited apparent reduction after
immersing for 7 days, which was attributed to the acidic degrada-
tion products of PLLA matrix during hydrolysis. It was remarkable
that the 3NC, 6NC, 9NC and 12NC scaffolds exhibited higher pH
values than the 0NC scaffold after immersing 14 days. Some stud-
ies had shown that GO in alkaline solution significantly accelerated
the degradation of PLLA than in acidic condition [50]. Based on this
point of view, the accelerated degradation of PLLA by GO was
related to the weak alkalinity of degradation medium. The degra-
dation morphology of the scaffolds after 28 days immersion also
confirmed the accelerated degradation (Fig. 7d). The more the
10Fe-GO nanosystem added, the more holes left on the surface of
scaffolds (blue arrow), which caused by hydrolysis of PLLA matrix.
This phenomenon agreed with the hydrolytic degradation behavior
of PLLA-based composites in alkaline solution [51].

Biocompatibility

Good biocompatibility of scaffold is essential for cell adhesion
and growth [52–54]. Based on the above analyses, the 9NC scaffold
exhibited the best comprehensive properties that chose to assess
the biocompatibility, in which the 0NC scaffold as control. In order
to evaluate the interaction between MG63 cells and scaffolds, the
cell adhesion and morphology on the scaffolds was observed using
SEM after cultivating for 1, 3 and 5 days (Fig. 8a). Obviously, the
cells adhered on both 0NC and 9NC scaffolds after 1 day of culture,
indicating the biocompatibility of scaffold materials. Encourag-
ingly, cells on 9NC scaffold exhibited a flatter morphology with
extended filopodia than that on 0NC scaffold after culturing for
ct angle. (c) The change of pH values. (d) Depredated morphology of scaffold after



Fig. 8. (a) The adhesion morphology and (b) viability of MG63 cells cultured on 0NC and 9NC scaffolds for 1, 3 and 5 days.
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3 days. Moreover, cells remained good adhesion morphology and
extended to a wide area on the 9NC scaffold compared with that
on 0NC scaffold after 5 days of incubation. It was suggesting that
the 9NC scaffold provided more favorable microenvironments for
cell adhesion than 0NC scaffold. The enhanced cell adhesion likely
attributed to three factors. Firstly, the Fe3O4 nanoparticles in
matrix served as nanoscale magnetic source contributed to cell
adhesion [32,33]. Second, anionic functional groups (COO� and
OH�) on GO nanosheets adjusted the surface charge and improved
the hydrophilicity of scaffold, which provided opportunities for cell
adhesion [55]. Thirdly, the uniform dispersion of 10Fe-GO
nanosystem in matrix provided more adhesion sites for cell
adhesion.

The viability of MG63 cells was evaluated using immunofluo-
rescence and shown in Fig. 8b, where living cells were stained in
green. It could be observed that the cells on both 0NC and 9NC
scaffolds showed well diffusion morphology, and cell density
increased with the extending of culture time, which also confirmed
the favorable biocompatibility of scaffold materials. It was worth
noting that cell density on 9NC scaffold was higher than that on
0NC scaffold. The high biocompatibility of 9NC scaffold was attrib-
uted to the numerous adhesion sites for cells provided by 10Fe-GO
nanosystem. Moreover, the COO� and OH� groups on GO sheets
improved the hydrophilicity and regulated the surface charge of
scaffold, thus enhancing cell viability and proliferation. Mean-
while, Fe3O4 nanoparticles loaded on GO sheets, which provided
a locally enhanced magnetic microenvironment for cells, thus
enhancing the cell viability.
The proliferation of MG63 cells on scaffolds was assessed by
CCK-8 assay after culturing for 1, 3 and 5 days (Fig. 9a). The absor-
bance was closely related to the number of live cells. Obviously, the
absorbance values gradually increased with the extension of cul-
ture time, confirming that the number of live cells increased. Inter-
estingly, the absorbance of 9NC scaffold was higher than that of
0NC scaffold, demonstrating that 10Fe-GO nanosystem had a pos-
itive stimulating effect on cell proliferation. To investigate the
effects of scaffolds on osteogenic differentiation, ALP activity as
one of the markers for early osteoblastic differentiation was
detected after culturing cells on 9NC and 0NC scaffolds for 3 and
5 days. As shown in Fig. 9b, the ALP activity level on 9NC scaffolds
increased over time, and it was significantly better than that on
0NC scaffolds at the same incubation time. It indicated that the
incorporation of 10Fe-GO nanosystem provided a suitable
microenvironment for osteogenic differentiation of cells.

The above results confirmed that the presence of 10Fe-GO
nanosystem was conducive to cell adhesion and growth, and
enhanced cell proliferation and differentiation, which might be
attributed to the synergistic stimulation effect of GO nanosheets
and pFe3O4 nanoparticles. A possible synergistic stimulation mech-
anism of 10Fe-GO nanosystem for osteogenic proliferation and dif-
ferentiation was shown in Fig. 9c. GO nanosheets possessed
numerous oxygen-containing functional groups, which were nega-
tive charged, enabled them interact with cell membrane phospho-
lipids and proteins by electrostatic interaction, hydrogen bonding,
p-p stacking, etc. [14]. The interaction enabled cells to adsorb on
the GO nanosheets and then captured. What’s more, the absorbing



Fig. 9. (a) CCK-8 and (b) ALP activity analysis of MG63 cells after cultured on 0NC and 9NC scaffolds. (c) A schematic for a possible synergistic stimulation mechanism of 10Fe-
GO nanosystem for osteogenic proliferation and differentiation, which combined the capturing effects of GO nanosheets and magnetic stimulation effects of pFe3O4

nanoparticles.
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and capturing effects of GO nanosheets increased the local concen-
tration of pFe3O4 nanoparticles around the cells due to that pFe3O4

were electrostatically self-assembled on GO, urging the cells to
experience strong magnetic stimulation. The magnetic stimulation
effect was mainly based on the nanoscale magnetic microenviron-
ment provided by pFe3O4 nanoparticles, promoting cell adhesion
and migration [56,57]. Subsequently, the magnetic microenviron-
ment activated various signal pathways of cells, such as mitogen-
activated protein kinase (MAPK), integrin, bone morphogenetic
protein-2 (BMP-2) and receptor tyrosine kinases (RTKs) signal
pathways [58–60], modulating the downstream genes of these
pathways to enhance osteogenic proliferation and differentiation.
As the cells grew into porous scaffold, the high retention and slow
release of 10Fe-GO nanosystem provided longer and more sus-
tained stimulation for cell growth and differentiation.

Conclusions

In this study, Fe3O4 was immersed in nitric acid to impart it pos-
itive charge via adsorbing hydrogen ions (H+). Then, the positively
charged Fe3O4 was assembled on negatively charged GO
nanosheets to construct a co-dispersed nanosystem. The nanosys-
tem was incorporated into PLLA scaffolds fabricated by SLS. The
nanosystem synergistically enhanced the mechanical properties
of scaffolds. The tensile strength of 9NC scaffolds was increased
by 67.1% as well as the compressive strength and modulus were
increased by 132% and 75.7%, respectively, with incorporating
9 wt% 10Fe-GO nanosystem. Moreover, the nanosystem synergisti-
cally enhanced the cell activity, proliferation and differentiation
grown on the scaffolds, owing to the integration of the capturing
effect of GO and the magnetic simulation effect of pFe3O4. Taken
together, the scaffold may be expected to have potential applica-
tions in bone regeneration.
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