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fiber grafted with nano-SiO2 towards
boosting interfacial bonding in bone
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Abstract

Background: The reinforcement effect of fiber-reinforced polymer composites is usually limited because of the
poor interfacial interaction between fiber and polymer, though fiber reinforcement is regarded as an effective
method to enhance the mechanical properties of polymer.

Methods: In this study, nano-SiO2 particles grafted by 3-Glycidoxypropyltrimethoxysilane (KH560) were introduced
onto the surface of 3-Aminopropyltriethoxysilane (KH550) modified carbon fiber (CF) by a self-assembly strategy to
improve the interfacial bonding between CF and biopolymer poly (lactic acid) (PLLA).

Results: The results indicated that PLLA chains preferred to anchor at the surface of nano-SiO2 particles and then
formed high order crystalline structures. Subsequently, PLLA spherulites could epitaxially grow on the surface of
functionalized CF, forming a transcrystalline structure at the CF/PLLA interface. Meanwhile, the nano-SiO2 particles
were fixed in the transcrystalline structure, which induced a stronger mechanical locking effect between CF and
PLLA matrix. The results of tensile experiments indicated that the PLLA/CF-SiO2 scaffold with a ratio of CF to SiO2 of
9:3 possessed the optimal strength and modulus of 10.11 MPa and 1.18 GPa, respectively. In addition, in vitro tests
including cell adhesion and fluorescence indicated that the scaffold had no toxicity and could provide a suitable
microenvironment for the growth and proliferation of cell.

Conclusion: In short, the PLLA/CF-SiO2 scaffold with good mechanical properties and cytocompatibility had great
potential in the application of bone tissue engineering.
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Introduction
Fiber-reinforced technique is regarded as an effective
method to enhance the mechanical properties of

polymers because of the many advantages of fiber mate-
rials such as high strength, modulus and stiffness [1, 2].
Among various fibers, carbon fiber (CF) with high
strength and modulus which can reach 942MPa and
42.8 GPa, respectively, is considered as the most promis-
ing fiber material acting as reinforcement phase [3, 4].
The reinforcement effect of CF can be achieved by
means of that CF bears the loading transferred from
polymer matrix and absorbs partial fracture energy. For
this purpose, good interfacial bonding between CF and
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polymer is necessary because it can ensure efficient load-
ing transfer and reduce stress concentration [5–7]. How-
ever, the interfacial interaction between CF and polymer
is weak on account of the smooth surface and low activ-
ity of CF, which limits the reinforcement efficiency of
CF [8, 9].
Generally, some methods including increasing surface

roughness and introducing activity groups have been re-
ported to improve the interfacial bonding between CF
and polymer. Yang et al. [10] studied the effect of CF
treated by sandpaper rubbing on the interfacial adhesive
strength, and the results indicated that the tensile
strength of CF reinforced composite increased with the
decrease of the grit size of sandpaper, which was mainly
attributed to that the increased roughness formed stron-
ger mechanical locking. Lin et al. [11] used nitrogen and
air as plasma gases to treat CF and evaluated the effect
of treated CF on the mechanical properties of polymer.
The results indicated that some polar chemical func-
tional groups (−NH2 and -OH) were generated after
treating by plasma gases, which enhanced the interfacial
strength between CF and polymer. Although these
methods can enhance the interfacial interaction between
CF and polymer to a certain extent, mechanical defects
will be introduced on the surface of CF, which weakens
the reinforcement effect [12].
Recently, introducing nanomaterials onto the surface

of CF is an interesting way to improve the interfacial
properties of CF-reinforced polymers [13–15]. On one
hand, the nanomaterials anchored on CF surface can in-
crease the surface roughness, which is beneficial to form
stronger mechanical locking force at the interface. On
the other hand, nanomaterials are generally regarded as
good nucleating agents for the crystallization of polymer.
When nanomaterials are introduced on the surface of
CF, it is possible to construct an interfacial
crystallization structure between CF and polymer [16,
17]. Nano-SiO2 as a kind of nanomaterial possesses a lot
of excellent properties including large specific surface
area and high surface activity [18]. This is beneficial to
enhance the interfacial bonding between CF and poly-
mer by forming mechanical locking and interfacial
crystallization structure. And many studies have been re-
ported that nano-SiO2 can be utilized in different appli-
cations of biomedicine due to its non-toxicity and
biological activity [19, 20].
Herein, nano-SiO2 was grafted on the surface of CF

(CF-SiO2) to enhance the interfacial bonding between
CF and polymer in bone scaffold fabricated by selective
laser sintering (SLS). Poly (lactic acid) (PLLA) was used
as the scaffold material for bone tissue engineering due
to its good biodegradability and biocompatibility [21–
23]. Fourier transform infrared (FTIR) and X-ray photo-
electron spectroscopy (XPS) were applied to characterize

the chemical structures and functional groups. Scanning
electron microscope (SEM) was used to observe the sur-
face morphology of CF before and after grafting with
nano-SiO2. Polarized optical microscopy (POM) was
performed to investigate the crystallization morphology
of PLLA at the presence of CF-SiO2. The tensile tests
were used to evaluate the tensile properties including
strength and modulus of PLLA/CF-SiO2 scaffolds, and
the reinforcement mechanism was analyzed in detail. In
addition, cell adhesion and fluorescence tests were per-
formed to investigate the cytocompatibility of the
scaffolds.

Materials and methods
Materials
CF with carboxyl groups (CF-COOH) was purchased
from Cangzhou Zhongli New Material Technology Co.,
Ltd. (Hebei, China), and the average diameter and aspect
ratio of CF were 7 μm and 10 ~ 15, respectively. SiO2

nanoparticles with hydroxyl groups (SiO2-OH) were
purchased from Beijing Deke Daojin Science and Tech-
nology Co., Ltd. (Beijing, China), and the average size of
SiO2 was 30 nm. PLLA powder with a 150 μm average
diameter was obtained from Shenzhen PolymtekBioma-
terial Co., Ltd. (Shenzhen, China). The coupling agents
3-Aminopropyltriethoxysilane (KH550) and 3-
Glycidoxypropyltrimethoxysilane (KH560) were pur-
chased from Aladdin Reagents Co., Ltd. (Shanghai,
China). Phosphate buffer saline (PBS), toluene and etha-
nol were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Beijing, China). Fetal bovine serum was pur-
chased from Cellgro Mediatech Inc. (USA). Paraformal-
dehyde, calcein-AM and propidium iodide were
provided by SigmaAldrich CO. (USA).

Preparation of CF-SiO2 hybrid
The preparation processes of the CF-SiO2 hybrid are
presented in Fig. 1. According to the study of Lan et al.
[24], KH550 could be introduced to the surface of CF
via the reaction of hydroxyl groups and silanol groups.
Briefly, 2.0 g of CF-COOH was added in 50mL of etha-
nol solution and ultrasonically dispersed for 5 min, and
then 1mL of KH550 was added at room temperature.
The mixed solution was reacted at 60 °C for 5 h under
constant stirring. After that, CF-KH550 was obtained by
centrifuging the mixed solution, washing for three times
with ethanol and drying in a vacuum oven. Zhang et al.
[25] reported a way of grafting KH560 onto the surface
of nano-SiO2. Briefly, 2.0 g of SiO2 was suspended in 50
mL of toluene solution and ultrasonically dispersed for
30 min, and then 1mL of KH560 was added drop by
drop to the SiO2 suspension. Subsequently, the mixed
solution was constantly stirred at 70 °C for 6 h. And
SiO2-KH560 was obtained by centrifuging the mixed
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solution, washing repeatedly with ethanol, drying in a
vacuum oven. A certain amount of the CF-KH550
was added to the SiO2-KH560 solution, and the
mixed solution was stirred at 70 °C for 6 h. The CF-
SiO2 hybrid was obtained by centrifuging and drying
in a vacuum oven. The weight ratio of the CF-KH550
to the SiO2-KH560 was 9:1, 9:3 and 9:5, and they
were marked as CF-SiO2–1, CF-SiO2–2, and CF-
SiO2–3, respectively.

Characterizations of CF-SiO2 hybrid
The functional groups on the surface of CF-COOH be-
fore and after modification were obtained in a FTIR
spectrometer (Massachusetts, USA). All specimens were
prepared in powder, and the tests were performed in a
wavenumber range of 500 to 4500 cm− 1 with a reso-
lution of 4 cm− 1. XPS (Thermo Scientific K-Alpha) tests
were carried out to detect the elemental compositions of
specimens using an Al Kα (1486.5 eV) X-ray source at a
base pressure of 5 × 10− 7 mbar. SEM (Shanghai, China)
was used to observe the surface morphologies of CF-
COOH before and after modification, and energy

dispersive spectroscopy (EDS) (Shanghai, China) was ap-
plied to analyze the distribution of C, O, N and Si ele-
ments. All the specimens were coated with a thin layer
of gold before SEM test to obtain clear images.

Scaffold fabrication
The scaffold used for tensile and cytocompatibility tests
was fabricated by a SLS system [26–30]. PLLA and CF-
SiO2–1 powder in a ratio of 95 to 5 (PLLA/CF-SiO2–1,
w/w) were mixed in a beaker with 30 mL ethanol, and
the solution was mixed by ultrasonic and constant stir-
ring. Then, the composite powder was obtained by filter-
ing and drying the mixed solution at 50 °C for 24 h.
Repeating the process, PLLA/CF, PLLA/CF-SiO2–2 and
PLLA/CF-SiO2–3 composite powders were obtained.
The laser sintered the composite powder selectively ac-
cording to the shape. After that, the sintering platform
moved down a height, and the powder delivery system
raised the same height to spread a layer of powder on
the platform. The height was the same as the thickness
of the layer, and the value was approximately 0.2 mm.
Repeating the process, the scaffold was fabricated

Fig. 1 (a) Schematic of fabricating CF-SiO2 hybrid via a self-assembly strategy. (b) Schematic diagram of CF-SiO2 hybrid fabrication process
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successfully. During the process, the laser power was 2.2
W, and the scanning rate was 120 mm/s.

Crystallization morphologies
POM (Shanghai, China) equipped with Batuo a BT-3000
hot stage was used to observe the crystallization process
of the PLLA, PLLA/CF and PLLA/CF-SiO2. Specimens
were heated to 200 °C and maintained for 3 min to elim-
inate the thermal history on a hot stage. Then, the
temperature of the hot stage was cooled to 135 °C at a
rate of 30 °C/min, and the isothermal crystallization of
all specimens proceeded for 3, 6, 9 and 12min. The
crystallization process of specimens was observed, and
the crystal morphologies were obtained by a camera. In
order to reveal the influence of the grafted nano-SiO2 on
PLLA crystallization, SEM was also applied to observe
the crystallization morphologies of PLLA after keeping it
for 20 min at 135 °C. The morphologies of crystallized
specimens were examined at an accelerating voltage of
15 kV.

Mechanical properties
Tensile tests were carried out according to standard ISO
37–2005 [31, 32]. The scaffold specimens were fabri-
cated by SLS. And the shape of specimens for tensile test
was dumbbell-shaped (12 × 2 × 2mm3). The tensile
properties were assessed by a mechanical testing ma-
chine (Shandong, China) at room temperature. In the
tensile test, the crosshead speed was 0.5 mm/min. Five
scaffold specimens were measured in every group to ob-
tain the average value and standard deviation. After the
tensile test, the fracture morphologies of scaffolds were
observed by SEM to examine the interface between
PLLA and CF.

Cytocompatibility
Human osteoblast-like cells (MG63 cells, American
Type Culture Collection, Rockville, USA) were selected
and cultured for 1, 3 and 5 d on scaffold specimens
(10 × 10 × 4mm3) to evaluate the cytocompatibility by
cell adhesion and fluorescence tests. Specifically, the
specimens before cell seeding were sterilized by ultravio-
let radiation for 30 min. Then MG63 cells were incu-
bated at 37 °C in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum under a hu-
midified 5% CO2 atmosphere. After that, the cells were
seeded on the surface of each specimen at a concentra-
tion of 5 × 104 cell/cm2 and cultured in DMEM for 1, 3
and 5 d. When the cell culture was finished, the speci-
mens with the cells were fixed with 2.5% glutaraldehyde
and washed with PBS. The morphologies of MG63 cells
were observed by SEM after the specimens were dried.
And the data of cell relative area was counted from cell
adhesion results. The fluorescence analysis was applied

to evaluate the cell viability after culturing for 1, 3 and 5
d. Then the cells on the surface of specimens were
rinsed by PBS, and the cells were stained by culturing in
solution with calcein-AM and propidium iodide for 40
min. The morphologies of the stained cell were observed
by a fluorescence microscope (TE2000-S; Nikon), and
the living cells were represented by green in the stained
images. And the data of cell density was counted from
fluorescence results.

Statistical analysis
The statistical significance of the experiment results was
evaluated by SPSS (IBM Co., USA) software, and the ob-
tained data were presented as mean ± standard deviation.
The differences with P<0.05 (*) were considered signifi-
cant, and the differences with P<0.01 (**) were consid-
ered highly significant.

Results
Preparation of CF-SiO2 hybrid
Figure 1 shows the schematic and process of fabricating
CF-SiO2 hybrid. KH550 was grafted on the surface of CF
by the reaction of -COOH on CF and -OH in KH550.
KH560 was grafted on the surface of nano-SiO2 particles
by the reaction of -OH on nano-SiO2 particles and -OH
in KH560. The CF-SiO2 hybrid was fabricated by the re-
action of -NH2 in CF-KH550 and epoxy group in SiO2-
KH560.

Characterization of CF-SiO2 hybrid
Figure 2 a shows the FTIR spectra of nano-SiO2 and CF
before and after modification by KH560 and KH550, re-
spectively. In the spectrum of SiO2, there was no peak
and the curve was smooth from 2750 cm− 1 to 3000
cm− 1. In the spectrum of SiO2-KH560, two absorption
peaks at 2940 cm− 1 and 2873 cm− 1 attributable to the
-CH3 and -CH2- stretching vibration in KH560, respect-
ively, were observed [33, 34]. For the CF-COOH speci-
men, the obvious absorption peak of -OH at 3438 cm− 1

and stretch vibration peak of -C=O at 1627 cm− 1 were
observed. After modification by KH550, the peaks of the
-CH3 group and -CH2- group at 2928 cm− 1 and 2857
cm− 1 were more evident in the CF-KH550 spectrum.
Moreover, the peak at 1145 cm− 1 which was ascribed to
the bending vibration of C-O-Si was found. In the CF-
SiO2 spectrum, the peak at 1107 cm− 1 ascribing to the
antisymmetric vibration of the Si-O-Si group emerged,
and there appeared a peak at 801 cm− 1 which was attrib-
uted to the symmetrical stretching vibrations of the Si-O
group [35].
XPS, as an effective technique, is applied to analyze

the surface elements and functional groups [36]. Figure
2 b shows the wide-scan survey XPS spectra of CF, CF-
KH550 and CF-SiO2–2. Table 1 shows the content of C,
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O, N and Si elements in CF, CF-KH550 and CF-SiO2–2
specimens obtained from XPS results. It could be ob-
served that there were distinct C and O peaks in CF-
COOH, and the content of the C element was higher
than that of the O element. After modified by the coup-
ling agent KH550, the relative content of N and Si ele-
ments increased to 4.47 and 3.39%, respectively. In the
CF-SiO2–2 spectrum, the content of the O element in-
creased from 28.53 to 40.67%, and the content of Si
element increased from 3.39 to 13.60%. To further
evaluate the chemical bonding between CF and nano-
SiO2, the C1s peaks of CF-COOH and CF-KH550 and
the Si2p peaks of CF-KH550 and CF-SiO2–2 were

Fig. 2 (a) FTIR spectra of nano-SiO2 and CF before and after modification by KH560 and KH550, respectively. (b) Wide-scan survey XPS spectra of
CF, CF-KH550 and CF-SiO2–2. XPS curve fitting of the C1s peak of CF (c) and CF-KH550 (d) and the Si2p peak of CF-KH550 (e) and CF-SiO2–2 (f)

Table 1 The content of C, O, N and Si elements in CF, CF-
KH550 and CF-SiO2–2 specimens obtained from XPS results

Specimens Element content (%)

C1s O1a N1a Si2p

CF 73.11 21.80 3.77 1.32

CF-KH550 63.62 28.53 4.47 3.39

CF-SiO2–2 43.04 40.67 2.68 13.60
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obtained from the high-resolution XPS spectra by peak
fitting (Figs. 2 c-f). For the CF-COOH specimen, the C1s
peak was deconvoluted into five binding energies at
284.7 eV (C-C), 285.2 eV (C-N), 286.1 eV (C-O), 287.4
eV (C=O) and 288.7 eV (O=C-OH) (Fig. 2 c) [37, 38].
After modification by KH550, there emerged a new
binding energy C-Si peak in CF-KH550 specimen, and
the C-N peak was enhanced significantly when com-
pared with that of CF-COOH specimen (Fig. 2 d). In
addition, the Si2p peaks of CF-KH550 and CF-SiO2–2
were fitted to three binding energy peaks at 102.3 eV,
103.4 eV and 101.7 eV, which were assigned to Si-OH,
Si-O-Si and Si-O-C, respectively [39, 40], as shown in
Figs. 2 e-f.

Surface morphologies analysis
Figure 3 shows the SEM and EDS images of different
specimens surface: CF, CF-SiO2–1, CF-SiO2–2 and CF-
SiO2–3. It could be observed that the difference of

surface morphologies of CF modified by nano-SiO2 with
different content was apparent. For the CF specimen,
there was a smooth surface on CF and no Si element
was observed (Fig. 3 a). After modification by nano-SiO2

of low concentration, there appeared some nano-SiO2

particles, and they distributed uniformly (Fig. 3 b). When
the content of nano-SiO2 increased, there appeared
more nano-SiO2 particles which were uniformly distrib-
uted on the surface of CF (Fig. 3 c). But for the CF-
SiO2–3 specimen, lots of agglomerates were observed on
CF surface. The EDS results revealed the distribution of
nano-SiO2 particles on CF surface. For the CF-SiO2–1
specimen, Si element with uniform distribution was ob-
served apparently, but the concentration was low. It
could be noticed that the Si element in the CF-SiO2–2
specimen exhibited the same uniform distribution, and
the concentration was higher than that of the CF-SiO2–
1 specimen. However, it could be obviously observed
that Si element showed high concentration locally in the

Fig. 3 SEM and EDS images of different specimens surface: (a) CF, (b) CF-SiO2–1, (c) CF-SiO2–2 and (d) CF-SiO2–3. C, N, O and Si represent the
element mapping of carbon, nitrogen, oxygen and silicon elements, respectively
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CF-SiO2–3 specimen. Compared to the O element of
untreated CF, the concentration of O element in the
other specimens was higher.

Crystallization morphologies analysis
Figure 4 shows the POM images of PLLA, PLLA/CF,
CF-SiO2–1, CF-SiO2–2 and CF-SiO2–3 after holding for
3, 6, 9 and 12 min at 135 °C. For the PLLA specimen,
only some spherulites were observed, and the size of
them increased with the extension of holding time (Fig. 4
a). For the PLLA/CF specimen, the spherulites appeared
randomly, and there was no crystallization on the sur-
face of CF (Fig. 4 b). However, it was interesting to ob-
serve that the spherulites appeared on the surface of CF
and grew along with CF in the PLLA/CF-SiO2–2 speci-
men, forming a transcrystalline structure at the interface
between CF-SiO2–2 and PLLA (Fig. 4 d). Instead, for the
PLLA/CF-SiO2–3 specimen, many nuclei emerged dis-
tinctly along CF surface after holding 3 min at 135 °C,
whereas the spherulites grew irregularly with the in-
crease of holding time, which was different from the
PLLA/CF-SiO2–2 specimen (Fig. 4 e).
Figure 5 shows the SEM images of PLLA, PLLA/CF

and PLLA/CF-SiO2–2 specimens after after holding for
12 min at 135 °C. Initial crystal morphologies were

intuitively observed by SEM to provide insights into the
formation of PLLA crystal. It was found that PLLA crys-
tal exhibited branched crystalline morphology at the be-
ginning of crystallization (Figs. 5 a -a1). The same
crystal morphology was observed in the PLLA/CF speci-
men, whereas the surface of CF was still smooth and no
crystal appeared. However, it was remarkable that many
branched crystalline morphologies appeared on the sur-
face of CF-SiO2 in the PLLA/CF-SiO2–2 specimen (Figs.
5 c -c1).

Mechanical properties
Figure 6 shows the images of tensile specimens and
the results of tensile tests. The scaffold specimens for
tensile tests were fabricated in the shape of a dumb-
bell by SLS, as shown in Fig. 6 a. And the scaffold
images before and after tensile tests are shown in Fig.
6 b. After that, the stress-strain curves, tensile
strength and modulus of all specimens were obtained
and shown in Fig. 6 c and Fig. 6 d. It could be ob-
served that PLLA specimens possessed the minimum
strength and modulus of 7.19MPa and 0.86 GPa, re-
spectively. The strength and modulus of the speci-
mens were further increased with the addition of CF-
SiO2. The PLLA/CF-SiO2–2 specimen had the

Fig. 4 POM images of (a) PLLA, (b) PLLA/CF, (c) CF-SiO2–1, (d) CF-SiO2–2 and (e) CF-SiO2–3 after holding for 3, 6, 9 and 12 min at 135 °C
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maximum strength and modulus of 10.11 MPa and
1.18 GPa, respectively. And the strength and modulus
of PLLA/CF-SiO2–2 specimen increased by 40.6 and
37.2%, respectively, compared to that of PLLA speci-
men. However, the strength and modulus of the
PLLA/CF-SiO2–3 specimen showed a decreasing

tendency compared to that of the PLLA/CF-SiO2–2
specimen.
Figure 7 shows the SEM images of fracture surface

morphology after tensile tests of PLLA, PLLA/CF and
PLLA/CF-SiO2–2 specimens. It could be observed that
most of the surface of the PLLA specimen was smooth
and only a small number of folds appeared (Figs. 7 a

Fig. 5 SEM images of (a-a1) PLLA, (b-b1) PLLA/CF and (c-c1) PLLA/CF-SiO2–2 specimens after after holding for 12 min at 135 °C. (a1), (b1) and
(c1) are the higher magnification images of CF surfaces
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-a1). For the PLLA/CF specimen, some holes and
pulling-out CF appeared, and it could be observed that
there was interspace between CF and PLLA matrix, indi-
cating a weak interfacial bonding between them (Figs. 7
b -b1). For the PLLA/CF-SiO2–2 specimen, there were
also holes where the fibers were pulled out (Figs. 7 c
-c1). However, no interspace between CF-SiO2 and
PLLA matrix was observed but the matrix was fixed on
the surface of CF. The PLLA matrix adhering on the
surface of pulling-out CF was observed (Figs. 7 d -d1).

Cytocompatibility
Figure 8 shows the results of in vitro tests including cell
adhesion and fluorescence. It could be observed from
the results of fluorescence tests (Fig. 8 a-d) that the

number of MG63 cells increased significantly with the
extension of culture time. Besides, more filopodia were
observed on the scaffold cultured for 3 d and 5 d (Fig. 8
b-c). The morphology of MG63 cells cultured on the
scaffold for 1, 3 and 5 d, respectively, was observed by
SEM, and the results are shown in Fig. 8 e-g. After cul-
turing for 1 d, there appeared many cells with the fusi-
form and spherical shape on the scaffold (Fig. 8 e -e1).
After culturing for 3 d, more filopodia of MG63 cells
were observed and many MG63 cells began to fuse (Fig.
8 f -f1). When the incubation time reached 5 d, MG63
cells continued to grow and spread and a cell layer
formed. The results of cell relative area also confirmed
that MG63 cells covered most of the area of the scaffold,
as shown in Fig. 8 h.

Fig. 6 (a) The images of tensile specimens with a dumbbell shape. (b) The images of specimens before and after tensile tests. (c) Tensile stress-
strain curves of PLLA, PLLA/CF and PLLA/CF-SiO2 specimens. (d) Strength and modulus of PLLA, PLLA/CF and PLLA/CF-SiO2 specimens. * denotes
p < 0.05 compared with the PLLA scaffold specimen
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Discussion
To enhance the mechanical properties of CF-loaded
composites, the improvement of the interfacial proper-
ties between CF and polymer is especially important. Al-
though introducing nano-SiO2 onto the surface of CF is
an interesting approach to improve the interfacial adhe-
sion between CF and PLLA by constructing nanostruc-
ture on the surface of CF, but the content of nano-SiO2

on the surface of CF is still one of the critical consider-
ations. From the results of FTIR, the two peaks at 2940
cm− 1 and 2873 cm− 1 attributable to the -CH3 and
-CH2- stretching vibration in KH560 emerged, which in-
dicated that the surface of nano-SiO2 was successfully
modified by KH560. And the peaks of the -CH3 group
and -CH2- group at 2928 cm− 1 and 2857 cm− 1 indicated
that the KH550 was successfully introduced on the sur-
face of CF. The peak at 1107 cm− 1 ascribing to the anti-
symmetric vibration of the Si-O-Si group emerged and
the peak at 801 cm− 1 attributed to the symmetrical
stretching vibrations of the Si-O group emerged. Conse-
quently, successful grafting of nano-SiO2 to the CF was
preliminarily confirmed. From the results of XPS, the
relative content of N and Si elements increased com-
pared to that of unmodified CF, indicating that KH550
was successfully grafted on CF surface. The content of
the O and Si elements in the CF-SiO2–2 spectrum also
increased, indicating that nano-SiO2 with lots of -OH

functional groups and KH560 was grafted on CF surface.
From the results of the C1s peaks and the Si2p peaks
obtained from the high-resolution XPS spectra by peak
fitting, It could be noted that the Si-O-Si peak increased
distinctly in the CF-SiO2 specimen, which was attributed
to the nano-SiO2 on the surface. This indicated that
nano-SiO2 was successfully grafted on the surface of CF.
From the results of SEM and EDS, for CF-SiO2–1 and

CF-SiO2–2 specimens, there were homogeneous nano-
SiO2 particles distributed on the surface of CF. But for
the CF-SiO2–3 specimen, lots of agglomerates were ob-
served on CF surface, which was ascribed that the con-
tent of nano-SiO2 particles was so much that some
nano-SiO2 particles couldn’t be grafted on CF surface
but began to aggregate together because silanol groups
on their surface were easy to form hydrogen bonds [41].
The results could be proved that the nano-SiO2 was
grafted on CF surface, and the distribution could be con-
trolled by the amount of nano-SiO2.
Nano-SiO2 particles as a good nucleating agent of

PLLA can promote the crystallization, and the distribu-
tion of nano-SiO2 may lead to different crystallization
structures. The interfacial crystallization behavior was
studied to evaluate the interfacial interaction between
CF and PLLA. The interfacial crystallization behavior
could be used to evaluate the interfacial interaction be-
tween CF and PLLA. The crystallization behaviors of the

Fig. 7 SEM images of fracture surface morphology after tensile tests of (a) PLLA, (b) PLLA/CF and (c-d) PLLA/CF-SiO2–2. (a1) (b1) (c1) and (d1)
magnified areas indicate in the orange dotted squares in (a) (b) (c) and (d), respectively. (e) Schematic diagram of fracture mechanism of PLLA/CF
and PLLA/CF-SiO2 specimens. Red arrows and circles indicate fiber pulling out and interfacial bonding, respectively
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PLLA, PLLA/CF and PLLA/CF-SiO2 specimens at
135 °C after holding for 3, 6, 9 and 12 min were studied
by POM to clarify the effect of SiO2 on interfacial
crystallization. It was found that a transcrystalline struc-
ture formed at the interface between CF-SiO2–2 and
PLLA, which might be attributed to the good nucleating
capacity of nano-SiO2 [42–44]. Generally speaking, tran-
scrystalline structure was formed by the compress each
other of spherulites along CF surface and thus grew per-
pendicularly. The formation of transcrystalline structure

induced by nano-SiO2 on CF surface constructed inter-
facial interaction between CF and PLLA, forming good
interfacial adhesion. It should be noted that some spher-
ulites also appeared on CF surface in the PLLA/CF-
SiO2–1 specimen, but the content of nano-SiO2 grafted
on CF was less, providing a low concentration of nucle-
ation sites. As a result, the transcrystalline structure
couldn’t be formed between PLLA and CF (Fig. 4 c). For
the PLLA/CF-SiO2–3 specimen, the excess nano-SiO2

formed larger aggregates on CF surface, resulting in

Fig. 8 (a-c) The fluorescence images of MG63 cells after culturing for 1, 3 and 5 d, respectively. (d) The data of cell density counted from
fluorescence results. (e-g) The SEM images of MG63 cells after culturing for 1, 3 and 5 d. (h) The data of cell relative area counted from cell
adhesion results. (a1), (b1), (c1), (e1), (f1) and (g1) magnified areas indicate in the orange dotted squares in (a), (b), (c), (e), (f) and (g),
respectively. With the extension of incubation time, more filopodia can be observed, and the number and area of MG63 cells increase
significantly. * denotes p < 0.05 and ** denoted p < 0.01 compared with the MG63 cells cultured for 1 d on the PLLA/SiO2–2 scaffold specimen
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irregular nucleation sites, and the growth of spherulites
became disorder. It could be found that the interfacial
crystallization morphology could be controlled by the
content of nano-SiO2 grafted on CF. The results of SEM
was consistent with the results of POM (Figs. 5 b -b1),
indicating that there was no interfacial interaction be-
tween CF and PLLA. But it could be observed that many
branched crystalline morphologies emerged along CF in
the PLLA/CF-SiO2–2 specimen. The reason for this dif-
ference between CF and CF-SiO2–2 might be that the
nano-SiO2 with large surface energy induced the PLLA
chains to fold on or around them, then the PLLA crystal
nuclei formed and eventually grew into high order crys-
talline structures [45].
To better understand the crystallization process of

PLLA, PLLA/CF and PLLA/CF-SiO2 specimens, a sche-
matic is represented in Fig. 9. In the isothermal
crystallization process, the ordered arrangement of
PLLA molecular chains formed crystal nuclei firstly, then
the crystal nuclei grew continually and formed crystal
structure (Fig. 9 a). For the PLLA/CF specimen, since
there was no interaction between PLLA and CF, most
crystals still appeared randomly in PLLA matrix (Fig. 9
b). However, when the surface of CF was grafted with
nano-SiO2, many crystal nuclei appeared on the surface
of CF and gradually grew in a direction that was

perpendicular to the long axis of CF, forming transcrys-
tallinity structure along with the surface of CF (Fig. 9 c).
Generally speaking, the slow crystallization rate and low
crystallinity were mainly attributed to the poor ability of
PLLA nucleation, whereas nano-SiO2 acted as a nucleat-
ing agent, reducing the nucleation barrier and shorten-
ing the nucleation period [46, 47]. When the nucleation
density reached a certain point, the crystal growing in a
parallel direction was hindered and then only grew in
the direction that was perpendicular to the long axis of
CF.
Bone scaffold should possess enough mechanical prop-

erties (Cortical bone: Tensile strength 50–151MPa,
Modulus 12–18 GPa. Cancellous bone: Tensile strength
1–5MPa, Modulus 0.1–0.5 GPa [48]) to provide support
for the growth and proliferation of cells [49, 50]. Tensile
tests were carried out to explore the effect of CF grafted
with nano-SiO2 on mechanical behavior. After adding
CF, the enhancement of strength and modulus was
achieved, which might be attributed to that the pulling
out of CF from PLLA matrix consumed some fracture
energy during the loading process. Whereas the bonding
strength between them was not enough strong that the
improvement in strength and modulus of the PLLA/CF
composite was not obvious. Generally speaking, the
mechanical properties of scaffold depend not only on

Fig. 9 Schematic diagram depicting crystallization process of different specimens: (a) PLLA, (b) PLLA/CF and (c) PLLA/CF-SiO2
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the performance of fibers and polymer matrix but also
on the interfacial property between them [51, 52]. Nano-
SiO2 particles as good nucleating agent for PLLA were
introduced onto the surface of CF, which might be bene-
ficial to improve the interfacial bonding between them.
For the CF-SiO2–1 specimen, there were fewer nano-
SiO2 grafted on the CF surface, resulting in fewer nucle-
ation sites and no obvious enhancement of mechanical
properties. In the case of the CF-SiO2–3 specimen, the
amount of SiO2 nanoparticles grafted on CF surface was
too high that a mass of agglomerates formed on the CF
surface. Some SiO2 nanoparticles agglomerated by the
covalent bond formed among the silane coupling agent
on their surface, but others agglomerated due to the
huge specific surface area and extremely higher activity.
Hence there would be some defects and weak inter-
action, which accounted for poor stress transfer between
CF and PLLA matrix and declined in strength and
modulus of scaffold. Among the three types of PLLA/
CF-SiO2 specimens, the PLLA/CF-SiO2–2 possessed the
best interfacial bonding strength, but that of the PLLA/
CF-SiO2–1 and PLLA/CF-SiO2–3 were lower. When the
amount of nano-SiO2 grafted on CF surface was less, the
improvement of interfacial adhesion between them was
not obvious. But for the PLLA/CF-SiO2–3, the agglom-
eration of nano-SiO2 on CF surface accounted for the
local stress concentration and exhibited relatively poor
tensile properties.
The high fiber strength and better interface between

fiber and matrix are regarded as the main practical solu-
tions to improve the mechanical properties of scaffold
[53]. But the length of CF is shorter than the critical
fiber length, resulting in that CF is not broken during
the loading process, and therefore the interfacial
debonding and fiber pulling-out act as the main mecha-
nisms to enhance the mechanical properties by consum-
ing the energy [54, 55]. To further study the interface
bonding between CF-SiO2 and PLLA, SEM was applied
to observe the fracture surface of the PLLA, PLLA/CF
and PLLA/CF-SiO2 scaffold specimens after tensile tests.
It could be found that strong interfacial bonding be-
tween CF-SiO2 and PLLA matrix was established be-
cause it could be observed that the matrix was fixed on
the surface of CF from the SEM images of fracture sur-
face. The reinforcement of interfacial properties might
be attributed that the nano-SiO2 grafted on CF surface
acting as a bridge increased the surface roughness and
interface area and induced PLLA crystallization on CF
surface. Besides, the formation of transcrystalline struc-
ture induced by nano-SiO2 grafted on CF surface im-
posed stronger mechanical locking effect on the CF/
PLLA interface to further reinforce the interfacial bond-
ing. A schematic diagram was used to explain the
reinforcement mechanism between CF and matrix (Fig. 7

e). As for the PLLA/CF specimen, the surface of CF was
smooth and there was no bonding or interaction be-
tween them, indicating that the interface was easily
broken under the action of tensile force. However, for
the PLLA/CF-SiO2 specimen, the nano-SiO2 particles
with nucleation ability induced PLLA chains to fold on
and around them, building strong adhesion between CF
and PLLA. Besides, the nano-SiO2 particles grafted on
CF surface constructed mechanical locking between
them, which increased the resistance that CF was pulled
out from the PLLA matrix. Even so, the interface was
still broken when the nano-SiO2 particles debonded or
the PLLA matrix was broken with the increase of tensile
force.
An important criterion for bone scaffold is that it

should possess the ability to support the growth and
proliferation of cells [56–58]. As the PLLA/CF-SiO2–2
scaffold exhibited the best tensile properties, the PLLA/
CF-SiO2–2 scaffold was selected to perform the assess-
ment of cytocompatibility. It could be found that MG63
cells could grow and proliferate normally. It could be
concluded that the introduction of nano-SiO2 and CF
was nontoxic for MG63 cells. And with the extension of
incubation time, MG63 cells grew and proliferated un-
ceasingly on the PLLA/CF-SiO2–2 scaffold, indicating
that the scaffold could provide a safe environment for
the cells.

Conclusion
In this study, nano-SiO2 particles grafted on the sur-
face of CF by a self-assembly strategy were applied to
improve the interfacial bonding between CF and
PLLA in bone scaffold fabricated by SLS. In detail,
CF with carboxyl groups and nano-SiO2 with hy-
droxyl groups were modified by KH550 and KH560,
respectively. Then CF-KH550 and SiO2-KH560 were
mixed, and nano-SiO2 particles were successfully an-
chored on the surface of CF via the combining of
KH550 and KH560. The results of FTIR and XPS
confirmed that nano-SiO2 was grafted on the surface
of CF by the combination of KH550 and KH560. The
introduction of nano-SiO2 improved the interfacial
bonding by constructing transcrystallinity
crystallization and strong mechanical locking between
CF and PLLA. And the PLLA/CF-SiO2–2 scaffold had
the maximum strength and modulus, which indicated
that the uniform nano-SiO2 on CF surface effectively
improved the interfacial bonding and enhanced the
mechanical properties. In addition, MG63 cells could
grow and proliferate well on the PLLA/CF-SiO2–2
scaffold. In short, the PLLA/CF-SiO2–2 scaffold with
good mechanical properties and cytocompatibility had
great potential for the application in bone tissue
engineering.

Feng et al. Biomaterials Research            (2022) 26:2 Page 13 of 15



Abbreviations
CF: Carbon fiber; PLLA: Poly (lactic acid); KH560: 3-
Glycidoxypropyltrimethoxysilane; KH550: 3-Aminopropyltriethoxysilane;
SLS: Selective laser sintering; CF-COOH: CF with carboxyl groups; SiO2-
OH: SiO2 nanoparticles with hydroxyl groups; PBS: Phosphate buffer saline;
FTIR: Fourier transform infrared; XPS: X-ray photoelectron spectroscopy;
SEM: Scanning electron microscope; POM: Polarized optical microscopy;
EDS: Energy dispersive spectroscopy; DMEM: Dulbecco’s modified Eagle’s
medium.

Acknowledgments
Not applicable.

Authors’ contributions
Feng P and Jia JY contributed to acquisition, analysis, and interpretation of
data, drafted and revised the manuscript. Peng SP and Shuai Y contributed
to analysis and interpretation of the data and revising the manuscript. Pan H
contributed to performing the experiments. Bai XN and Shuai CJ
conceptualized the experimental research, acquired the financial support/
experimental resources, supervised the research activities, validated the data
and reviewed the paper. All authors read and approved the final manuscript.

Funding
This work was supported by the following funds: (1) The Natural Science
Foundation of China (51905553, 51935014, 82072084, 81871498); (2) Hunan
Provincial Natural Science Foundation of China (2021JJ20061, 2020JJ3047,
2019JJ50588); (3) The Provincial Key R & D Projects of Jiangxi
(20201BBE51012); (4) The Project of State Key Laboratory of High
Performance Complex Manufacturing.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1State Key Laboratory of High Performance Complex Manufacturing, College
of Mechanical and Electrical Engineering, Central South University, Changsha
410083, China. 2NHC Key Laboratory of Carcinogenesis of Hunan Cancer
Hospital and the Affiliated Cancer Hospital of Xiangya School of Medicine,
Cancer Research Institute, School of Basic Medical Science, Central South
University, Changsha 410013, Hunan, China. 3The Key Laboratory of
Carcinogenesis and Cancer Invasion of the Chinese Ministry of Education,
Xiangya Hospital, Central South University, Changsha 410078, Hunan, China.
4College of Life Science and Technology, Huazhong University of Science
and Technology, Wuhan 430074, China. 5Department of Periodontics & Oral
Mucosal Section, Xiangya Stomatological Hospital & Xiangya School of
Stomatology, Central South University, Changsha 410013, China.
6Department of Conservative Dentistry & Endodontics, Xiangya
Stomatological Hospital & Xiangya School of Stomatology, Central South
University, Changsha 410013, China. 7Institute of Additive Manufacturing,
Jiangxi University of Science and Technology, Nanchang 330013, China.

Received: 11 November 2021 Accepted: 29 December 2021

References
1. Kazan H, Zheng T, Farahani S, Pilla S. Degree of cure, mechanical properties,

and morphology of carbon fiber/epoxy-PP hybrids manufactured by a novel
single shot method. Mater Today Commun. 2019;19:441–9. https://doi.org/1
0.1016/j.mtcomm.2019.05.001.

2. Wang X, Petrů M, Ai J, Ou S. Parametric study of flexural strengthening of
concrete beams with Prestressed hybrid reinforced polymer. Materials. 2019;
12(22):3790. https://doi.org/10.3390/ma12223790.

3. Galyshev S, Gomzin A, Gallyamova R. Khodos. On the liquid-phase
technology of carbon fiber/aluminum matrix composites. Int J Min Met
Mater. 2019;26(12):1578–84. https://doi.org/10.1007/s12613-019-1877-7.

4. Niu H, Zuo P, Shen W, Qu S. Evaluating multi-step oxidative stabilization
behavior of coal tar pitch-based fiber. J Appl Polym Sci. 2021;138(11):50002.
https://doi.org/10.1002/app.50002.

5. Lee YM, You J, Kim M, Kim TA, Lee SS, Bang J, et al. Highly improved
interfacial affinity in carbon fiber-reinforced polymer composites via oxygen
and nitrogen plasma-assisted mechanochemistry. Compos Part B-Eng. 2019;
165:725–32. https://doi.org/10.1016/j.compositesb.2019.02.021.

6. Fu J, Zhang M, Jin L, Liu L, Li N, Shang L, et al. Enhancing interfacial
properties of carbon fibers reinforced epoxy composites via layer-by-layer
self assembly GO/SiO2 multilayers films on carbon fibers surface. Appl Surf
Sci. 2019;470:543–54. https://doi.org/10.1016/j.apsusc.2018.11.168.

7. Xiao C, Tan Y, Wang X, Gao L, Wang L, Qi Z. Study on interfacial and
mechanical improvement of carbon fiber/epoxy composites by depositing
multi-walled carbon nanotubes on fibers. Chem Phys Lett. 2018;703:8–16.
https://doi.org/10.1016/j.cplett.2018.05.012.

8. Cui X, Liu GL, Lu C, Wang S. Study on CF reinforced interface properties of
PES-C resin matrix composite. Adv Mater Res. 2014;887:70–6. https://doi.
org/10.4028/www.scientific.net/AMR.887-888.70.

9. Hu J, Li F, Wang B, Zhang H, Ji C, Wang S, et al. A two-step combination
strategy for significantly enhancing the interfacial adhesion of CF/PPS
composites: the liquid-phase oxidation followed by grafting of silane
coupling agent. Compos Part B-Eng. 2020;191:107966. https://doi.org/10.101
6/j.compositesb.2020.107966.

10. Zhang Q, Liu J, Sager R, Dai L, Baur J. Hierarchical composites of carbon
nanotubes on carbon fiber: influence of growth condition on fiber tensile
properties. Compos Sci Technol. 2009;69(5):594–601. https://doi.org/10.1016/
j.compscitech.2008.12.002.

11. Chen J, Zhou XR, Ge HY, Wang DZ, Liu HS, Li S. Preparation and performance
of nano-SiO2 stabilized Pickering emulsion type sizing agent for glass fiber.
Polym Compos. 2016;37(2):334–41. https://doi.org/10.1002/pc.23185.

12. Zhang RL, Gao B, Du WT, Zhang J, Cui HZ, Liu L, et al. Enhanced mechanical
properties of multiscale carbon fiber/epoxy composites by fiber surface
treatment with graphene oxide/polyhedral oligomeric silsesquioxane.
Compos Part A-Appl S. 2016;84:455–63. https://doi.org/10.1016/j.
compositesa.2016.02.021.

13. Yang M, Zhang Z, Yuan J, Wu L, Li P, Zhao X, et al. Enhanced mechanical
and tribological properties of Kevlar/PTFE-phenolic composites by
improving interfacial properties by aramid nanofibers. Polym Compos. 2020;
41(10):4192–201. https://doi.org/10.1002/pc.25704.

14. Du J, Pan MZ. Progress on toughening modification of nanomaterials on
PHBV. Polym Bull. 2015;03.

15. Mahamuni-Badiger PP, Patil PM, Patel PR, Dhanavade MJ, Badiger MV,
Marathe YN, et al. Electrospun poly (3-hydroxybutyrate-co-3-
hydroxyvalerate)/polyethylene oxide (PEO) microfibers reinforced with ZnO
nanocrystals for antibacterial and antibiofilm wound dressing applications.
New J Chem. 2020;44(23):9754–66. https://doi.org/10.1039/D0NJ01384F.

16. Mallakpour S, Naghdi M. Polymer/SiO2 nanocomposites: production and
applications. Prog Mater Sci. 2018;97:409–47. https://doi.org/10.1016/j.pma
tsci.2018.04.002.

17. Yang YX, Zhao M, Yao PP, Huang Y, Dai ZC, Yuan HM. Comparative studies
on enzyme activity of immobilized horseradish peroxidase in silica
nanomaterials with three different shapes and Methoxychlor degradation of
vesicle-like mesoporous SiO2 as carrier. J Nanosci Nanotechno. 2018;18(4):
2971–8. https://doi.org/10.1166/jnn.2018.14300.

18. Que DE, Hou WC, Ang MBMY, Lin CC. Toxic effects of hydroxyl-and amine-
functionalized silica nanoparticles (SiO2 and NH2-SiO2 NPs) on
Caenorhabditis elegans. Aerosol Air Qual Res. 2020;20(9):1987–2020. https://
doi.org/10.4209/aaqr.2020.04.0157.

19. Yang Y, Wu J, Jin GL, Li L, Li ZW, Li C. Research of osteoblastic induced rat
bone marrow mesenchymal stem cells cultured on β-TCP/PLLA porous
scaffold. Int J Clin Exp Med. 2015;8(3):3202–9.

20. Darvish M, Payandeh Z, Soleimanifar F, Taheri B, Soleimani M, Islami M.
Umbilical cord blood mesenchymal stem cells application in hematopoietic
stem cells expansion on nanofiber three-dimensional scaffold. J Cell
Biochem. 2019;120(7):12018–26. https://doi.org/10.1002/jcb.28487.

Feng et al. Biomaterials Research            (2022) 26:2 Page 14 of 15

https://doi.org/10.1016/j.mtcomm.2019.05.001
https://doi.org/10.1016/j.mtcomm.2019.05.001
https://doi.org/10.3390/ma12223790
https://doi.org/10.1007/s12613-019-1877-7
https://doi.org/10.1002/app.50002
https://doi.org/10.1016/j.compositesb.2019.02.021
https://doi.org/10.1016/j.apsusc.2018.11.168
https://doi.org/10.1016/j.cplett.2018.05.012
https://doi.org/10.4028/www.scientific.net/AMR.887-888.70
https://doi.org/10.4028/www.scientific.net/AMR.887-888.70
https://doi.org/10.1016/j.compositesb.2020.107966
https://doi.org/10.1016/j.compositesb.2020.107966
https://doi.org/10.1016/j.compscitech.2008.12.002
https://doi.org/10.1016/j.compscitech.2008.12.002
https://doi.org/10.1002/pc.23185
https://doi.org/10.1016/j.compositesa.2016.02.021
https://doi.org/10.1016/j.compositesa.2016.02.021
https://doi.org/10.1002/pc.25704
https://doi.org/10.1039/D0NJ01384F
https://doi.org/10.1016/j.pmatsci.2018.04.002
https://doi.org/10.1016/j.pmatsci.2018.04.002
https://doi.org/10.1166/jnn.2018.14300
https://doi.org/10.4209/aaqr.2020.04.0157
https://doi.org/10.4209/aaqr.2020.04.0157
https://doi.org/10.1002/jcb.28487


21. Yoon SD, Kwon YS, Lee KS. Biodegradation and biocompatibility of poly L-
lactic acid implantable mesh. Int Neurourol J. 2017;21(Suppl 1):S48–54.
https://doi.org/10.5213/inj.1734882.441.

22. Chen S, Zhu L, Wen W, Lu L, Zhou C, Luo B. Fabrication and evaluation of
3D printed poly (L-lactide) scaffold functionalized with quercetin-
polydopamine for bone tissue engineering. ACS Biomater Sci Eng. 2019;5(5):
2506–18. https://doi.org/10.1021/acsbiomaterials.9b00254.

23. Wang HT, Chiang PC, Tzeng JJ, Wu TL, Pan YH, Chang WJ, et al. In vitro
biocompatibility, radiopacity, and physical property tests of nano-Fe3O4

incorporated poly-L-lactide bone screws. Polymers. 2017;9(6):191. https://doi.
org/10.3390/polym9060191.

24. Lan DS, Xiong L, Wanyan HT, Yuan YM, Fan Q, Zeng XK, et al. Poly (glycidyl
methacrylate) grafted to carbon fiber surface by RAFT polymerization for
enhancing interface adhesion and mechanical properties of carbon fiber/
epoxy composites. Polym Polym Compos. 2017;25(1):113–8. https://doi.
org/10.1177/096739111702500115.

25. Zhang W, Zou XS, Wei FY, Wang HL, Zhang GY, Huang YW, et al. Grafting
SiO2 nanoparticles on polyvinyl alcohol fibers to enhance the interfacial
bonding strength with cement. Compos Part B-Eng. 2019;162:500–7. https://
doi.org/10.1016/j.compositesb.2019.01.034.

26. Toh HW, Toong D, Ng J, Ow V, Lu S, Tan L, et al. Polymer blends and
polymer composites for cardiovascular implants. Eur Polym J. 2021;146:
110249. https://doi.org/10.1016/j.eurpolymj.2020.110249.

27. Yu L, He T, Yao J, Xu W, Peng S, Feng P, et al. Cu ions and
cetyltrimethylammonium bromide loaded into montmorillonite: A
synergistic antibacterial system for bone scaffold. Mater Chem Front. 2022;
6(1):103-116. https://doi.org/10.1039/D1QM01278A.

28. Tan LJ, Zhu W, Zhou K. Recent progress on polymer materials for additive
manufacturing. Adv Func Mater. 2020;30(43):2003062. https://doi.org/10.1
002/adfm.202003062.

29. Dong Y, Jiang HY, Chen AN, Yang T, Gao S, Liu SN. Near-zero-shrinkage
Al2O3 ceramic foams with coral-like and hollow-sphere structures via
selective laser sintering and reaction bonding. J Eur Ceram Soc. 2021;41(16):
239–46. https://doi.org/10.1016/j.jeurceramsoc.2021.09.023.

30. Chen AN, Li M, Wu JM, Cheng LJ, Liu RZ, Shi YS, et al. Enhancement
mechanism of mechanical performance of highly porous mullite ceramics
with bimodal pore structures prepared by selective laser sintering. J Alloy
Compd. 2019;776:486–94. https://doi.org/10.1016/j.jallcom.2018.10.337.

31. Yang H, Ma L. Multi-stable mechanical metamaterials with shape-
reconfiguration and zero Poisson's ratio. Mater Design. 2018;152:181–90.
https://doi.org/10.1016/j.matdes.2018.04.064.

32. Hou J, Zhong M, Pan X, Chen L, Wu X, Kong Z, et al. Fabricating 3D
printable BIIR/PP TPV via masterbatch and interfacial compatibilization.
Compos Part B-Eng. 2020;199:108220. https://doi.org/10.1016/j.
compositesb.2020.108220.

33. Hu LQ, Pu ZJ, Tian YH, Zheng XY, Cheng J, Zhong JC. Preparation and
properties of fluorinated silicon two-component polyurethane hydrophobic
coatings. Polym Int. 2020;69(5):448–56. https://doi.org/10.1002/pi.5973.

34. Wenbo L, Jinqing QU, Zhong LI, Chen HQ. Preparation of organic/inorganic
hybrid polymer emulsions with high silicon content and sol-gel-derived
thin films. Chinese J Chem Eng. 2010;18(1):156–63. https://doi.org/10.1016/
S1004-9541(08)60337-7.

35. Wijaya K, Nadia A, Dinana A, Pratiwi AF, Tikoalu AD, Wibowo AC. Catalytic
hydrocracking of fresh and waste frying oil over Ni-and Mo-based catalysts
supported on sulfated silica for biogasoline production. Catalysts. 2021;
11(10):1150. https://doi.org/10.3390/catal11101150.

36. Paprocki K, Dittmar-Wituski A, Trzciński M, Szybowicz M, Fabisiak K,
Dychalska A. The comparative studies of HF CVD diamond films by Raman
and XPS spectroscopies. Opt Mater. 2019;95:109251. https://doi.org/10.1016/
j.optmat.2019.109251.

37. Liu YS, Luo S, Wu P, Ma CH, Wu XY, Xu MC, et al. Hydrothermal synthesis of
green fluorescent nitrogen doped carbon dots for the detection of nitrite
and multicolor cellular imaging. Anal Chim Acta. 2019;1090:133–42. https://
doi.org/10.1016/j.aca.2019.09.015.

38. Sahoo S, Hwang J, Shim JJ. Poly (aniline-co-pyrrole)-spaced graphene
aerogel for advanced supercapacitor electrodes. Electroanal Chem. 2018;
810:154–60. https://doi.org/10.1016/j.jelechem.2018.01.011.

39. Wang YF, Yin ML, Lin XH, Li L, Li ZG, Ren XH, et al. Tailored synthesis of
polymer-brush-grafted mesoporous silicas with N-halamine and quaternary
ammonium groups for antimicrobial applications. J Colloid Interf Sci. 2019;
533:604–11. https://doi.org/10.1016/j.jcis.2018.08.080.

40. Yadav V, Niluroutu N, Bhat SD, Kulshrestha V. Insight toward the
electrochemical properties of sulfonated poly (2, 6-dimethyl-1, 4-phenylene
oxide) via impregnating functionalized boron nitride: alternate composite
polymer electrolyte for direct methanol fuel cell. Acs Appl Energ Mater.
2020;3(7):7091–102. https://doi.org/10.1021/acsaem.0c01128.

41. Jana SC, Jain S. Dispersion of nanofillers in high performance polymers
using reactive solvents as processing aids. Polymer. 2001;42(16):6897–905.
https://doi.org/10.1016/S0032-3861(01)00175-6.

42. Jeziorska R, Szadkowska A, Spasowka E, Lukomska A, Chmielarek M.
Characteristics of biodegradable polylactide/thermoplastic starch/nanosilica
composites: effects of plasticizer and nanosilica functionality. Adv Mater Sci
Eng. 2018;2018:1–15. https://doi.org/10.1155/2018/4571368.

43. Cai YH. Isothermal crystallization behavior of poly (L-lactic acid)/surface-
grafted silica nanocomposites. Appl Mech Mater. 2013;268:37–40.

44. Ge H, Zhu Z, Yin H, Zhang X, Wang R. Fabrication and properties of sc-PLA/
SiO2 composites. IOP Conf Series: Mater Sci Eng. 2014;62(1):012031. https://
doi.org/10.1088/1757-899X/62/1/012031.

45. Asadi A, Kalaitzidou K. Process-structure-property relationship in polymer
nanocomposites. Exp Charact Predictive Mech Therm Model Nanostruct Polym
Compos. 2018:25–100. https://doi.org/10.1016/B978-0-323-48061-1.00002-6.

46. Li Y, Liu W, Xu H, Zhang C, Yang L, Yue W, et al. Abnormal high-
temperature luminescence enhancement observed in monolayer MoS2
flakes: thermo-driven transition from negatively charged trions to neutral
excitons. J Mater Chem C. 2016;4(39):9187–96. https://doi.org/10.1039/
C6TC03553A.

47. Šupová M, Martynková GS, Barabaszová K. Effect of nanofillers dispersion in
polymer matrices: a review. Sci Adv Mater. 2011;3(1):1–25. https://doi.org/1
0.1166/sam.2011.1136.

48. Johnson AJW, Herschler BA. A review of the mechanical behavior of CaP
and CaP/polymer composites for applications in bone replacement and
repair. Acta Biomater. 2011;7(1):16–30. https://doi.org/10.1016/j.actbio.2010.
07.012.

49. Feng P, Kong Y, Liu M, Peng SP, Shuai CJ. Dispersion strategies for low-
dimensional nanomaterials and their application in biopolymer implants.
Mater Today Nano. 2021;15:100127. https://doi.org/10.1016/j.mtnano.2021.1
00127.

50. Shuai C, Yu L, Feng P, Peng S, Pan H, Bai X. Construction of a
stereocomplex between poly (d-lactide) grafted hydroxyapatite and poly (l-
lactide): toward a bioactive composite scaffold with enhanced interfacial
bonding. J Mater Chem B. 2022;10:214-223. https://doi.org/10.1039/D1
TB02111G.

51. Khandelwal S, Rhee KY. Recent advances in basalt-fiber-reinforced
composites: tailoring the fiber-matrix interface. Compos Part B-Eng. 2020;
192:108011. https://doi.org/10.1016/j.compositesb.2020.108011.

52. Jin FL, Park SJ. Preparation and characterization of carbon fiber-reinforced
thermosetting composites: a review. Carbon Lett. 2015;16(2):67–77. https://
doi.org/10.5714/CL.2015.16.2.067.

53. Khezli S, Zandi M, Barzin J. Fabrication of electrospun nanocomposite
polyethersulfone membrane for microfiltration. Polym Bull. 2016;73(8):2265–
86. https://doi.org/10.1007/s00289-016-1607-5.

54. Luna GG, Axinte D, Novovic D. Influence of grit geometry and fibre
orientation on the abrasive material removal mechanisms of SiC/SiC
ceramic matrix composites (CMCs). Int J Mach Tool Manu. 2020;157:103580.
https://doi.org/10.1016/j.ijmachtools.2020.103580.

55. Carraro PA, Zappalorto M, Quaresimin M. A comprehensive description of
interfibre failure in fibre reinforced composites. Theor Appl Fract Mec. 2015;
79:91–7. https://doi.org/10.1016/j.tafmec.2015.07.009.

56. Wang C, Shuai Y, Yang Y, Zeng D, Liang X, Peng S, et al. Amorphous
magnesium alloy with high corrosion resistance fabricated by laser powder
bed fusion. J Alloy Compd. 2021. https://doi.org/10.1016/j.jallcom.2021.163247.

57. Yang Y, Cheng Y, Yang M, Qian G, Peng S, Qi F, et al. Semi-coherent
interface strengthens graphene/zinc scaffolds. Mater Today Nano. 2021.
https://doi.org/10.1016/j.mtnano.2021.100163.

58. Gao CD, Yao M, Peng SP, Tan W, Shuai CJ. Pre-oxidation induced in situ
interface strengthening in biodegradable Zn/nano-SiC composites prepared
by selective laser melting. J Adv Res. 2021. https://doi.org/10.1016/j.jare.2
021.09.014.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Feng et al. Biomaterials Research            (2022) 26:2 Page 15 of 15

https://doi.org/10.5213/inj.1734882.441
https://doi.org/10.1021/acsbiomaterials.9b00254
https://doi.org/10.3390/polym9060191
https://doi.org/10.3390/polym9060191
https://doi.org/10.1177/096739111702500115
https://doi.org/10.1177/096739111702500115
https://doi.org/10.1016/j.compositesb.2019.01.034
https://doi.org/10.1016/j.compositesb.2019.01.034
https://doi.org/10.1016/j.eurpolymj.2020.110249
https://doi.org/10.1039/D1QM01278A
https://doi.org/10.1002/adfm.202003062
https://doi.org/10.1002/adfm.202003062
https://doi.org/10.1016/j.jeurceramsoc.2021.09.023
https://doi.org/10.1016/j.jallcom.2018.10.337
https://doi.org/10.1016/j.matdes.2018.04.064
https://doi.org/10.1016/j.compositesb.2020.108220
https://doi.org/10.1016/j.compositesb.2020.108220
https://doi.org/10.1002/pi.5973
https://doi.org/10.1016/S1004-9541(08)60337-7
https://doi.org/10.1016/S1004-9541(08)60337-7
https://doi.org/10.3390/catal11101150
https://doi.org/10.1016/j.optmat.2019.109251
https://doi.org/10.1016/j.optmat.2019.109251
https://doi.org/10.1016/j.aca.2019.09.015
https://doi.org/10.1016/j.aca.2019.09.015
https://doi.org/10.1016/j.jelechem.2018.01.011
https://doi.org/10.1016/j.jcis.2018.08.080
https://doi.org/10.1021/acsaem.0c01128
https://doi.org/10.1016/S0032-3861(01)00175-6
https://doi.org/10.1155/2018/4571368
https://doi.org/10.1088/1757-899X/62/1/012031
https://doi.org/10.1088/1757-899X/62/1/012031
https://doi.org/10.1016/B978-0-323-48061-1.00002-6
https://doi.org/10.1039/C6TC03553A
https://doi.org/10.1039/C6TC03553A
https://doi.org/10.1166/sam.2011.1136
https://doi.org/10.1166/sam.2011.1136
https://doi.org/10.1016/j.actbio.2010.07.012
https://doi.org/10.1016/j.actbio.2010.07.012
https://doi.org/10.1016/j.mtnano.2021.100127
https://doi.org/10.1016/j.mtnano.2021.100127
https://doi.org/10.1039/D1TB02111G
https://doi.org/10.1039/D1TB02111G
https://doi.org/10.1016/j.compositesb.2020.108011
https://doi.org/10.5714/CL.2015.16.2.067
https://doi.org/10.5714/CL.2015.16.2.067
https://doi.org/10.1007/s00289-016-1607-5
https://doi.org/10.1016/j.ijmachtools.2020.103580
https://doi.org/10.1016/j.tafmec.2015.07.009
https://doi.org/10.1016/j.jallcom.2021.163247
https://doi.org/10.1016/j.mtnano.2021.100163
https://doi.org/10.1016/j.jare.2021.09.014
https://doi.org/10.1016/j.jare.2021.09.014

	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Materials
	Preparation of CF-SiO2 hybrid
	Characterizations of CF-SiO2 hybrid
	Scaffold fabrication
	Crystallization morphologies
	Mechanical properties
	Cytocompatibility
	Statistical analysis

	Results
	Preparation of CF-SiO2 hybrid
	Characterization of CF-SiO2 hybrid
	Surface morphologies analysis
	Crystallization morphologies analysis
	Mechanical properties
	Cytocompatibility

	Discussion
	Conclusion
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

