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Silk microfibers (mSF) are attractive in tissue engineering because of their good plasticity and significant
mechanical reinforcement effect. Bone-like apatites coated on the surface of mSF through
biomineralization have been rarely reported. In this study, mSF with lengths of 200-300 pum were
prepared and used as templates for biomineralization. By immersing in 1.5 times stimulated body fluid
(1.5 x SBF), a hierarchical bone-like apatite layer can be formed on the surface of the mSF, which was
developed in a time-dependent manner. As basic units, hydroxyapatite (HAp) nanoplates will assembly
into microspheres with sophisticated flower-like structures and then, the microspheres gradually
aggregated into a complete mineral layer overcovering the mSF. Multiple methods were used to
characterize and analyze the organic/inorganic composites, including their morphology, structural and
crystallographic properties, as well as the interface between the two different phases. The template

effect of the mSF in the biomineralization process was investigated and a possible mechanism was

iii:;iizt;tﬂmyz%% proposed. In addition, cytocompatibility evaluation showed the mineralized silk microfibers (mmSF)
tended to achieve better outcomes for cell growth and proliferation. This work provides a facile

DOI: 10.1039/c6ra17199k approach towards the development of mSF/HAp biocomposites, which possess potential applications in
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1. Introduction

Native bone presents a complex ordered structure consisting of
collagen molecules as the organic phase and mineral crystals as
the inorganic phase."” The bone minerals, in forms of carbon-
ated apatite, exhibit nanoscale plate-like structures embedded
axially parallel to the collagen fibrils.* Since hydroxyapatite
(HAp) is not only chemically similar to the mineral components
in bone, but also have good biocompatibility, remarkable
osteoinductivity and strong affinity to hard tissues, they have
been widely applied as biomaterials in bone tissue engi-
neering.*® Among the diverse sizes and shapes of HAp, those
with a nanosized with hierarchical structure can perfectly
mimic natural biominerals.”® Therefore, various techniques
have been used to synthesize nanostructured HAp, including
sol-gel methods,” hydrothermal methods,'™" emulsion
methods* and template methods.”*** As the nucleation and
growth of bone minerals are regulated by collagen, utilizing
organic templates in a particular protein via simulating the
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biomineralization process to create novel biomimetic organic/
inorganic composites has become a fascinating choice.*>**
Silk fiber, a natural animal protein fiber extracted from
silkworm cocoons, possesses excellent physicochemical and
biological properties, highlighted by its superior mechanical
strength, which is quite important for the design of bone repair
materials.””® Some studies have reported that silk films,*" silk
nanofibers® or silk hydrogels® can serve as templates to induce
HAp mineralization. However, to prepare such materials the
silk fiber must be dissolved in solution, which inevitably dis-
rupted its well-ordered inner structure,” leading to a significant
drop in its mechanical behavior. Some researchers have tried to
synthesize minerals using long silk fibers or silk fabric as
templates*~” in order to retain the good mechanical properties.
But, as we know, due to their lack of plasticity, it is difficult to
apply these materials in bone tissue engineering to develop
homogenous constructs with enhanced mechanical properties.
Silk microfibers (mSF, dozens to hundreds micrometers in
length) directly obtained from long silk fibers, by contrast, have
gained a lot of attention recently.”®* Due to their small size and
water insolubility, mSF can be uniformly dispersed in various
matrixes to fabricate mSF-reinforced biocomposites. For
example, the Kaplan group added mSF into silk scaffolds® and
silk hydrogels,® respectively, and the obtained materials
showed a significant improvement in their mechanical perfor-
mance. We used mSF to prepare an mSF/chitosan blended
membrane** in which the mSF also acted effectively as

This journal is © The Royal Society of Chemistry 2016
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areinforced phase to enhance the elastic modulus for dozens of
times. Moreover, these fine-scale mSF displayed good biological
efficiency both in vitro and in vivo.*** Nevertheless, there are
almost no reports describing the fabrication of mSF/HAp
materials, which may have predictable application as inject-
able bone defect fillers or as a mechanical reinforcement in
bone tissue-engineered scaffolds.

In the current study, we have prepared relatively homoge-
nous mSF in lengths of 200-300 um via alkali-hydrolysis and
milling-selection methods, and then used them as templates for
biomineralization. Bone-like HAp apatites can be spontane-
ously formed in a hierarchical fashion on the surface of the mSF
with good interface combination between the organic and
inorganic phases, and the mSF/HAp biocomposites achieved
better cellular outcomes.

2. Results and discussion

2.1 The morphology of silk microfibers (mSF) and
mineralized silk microfibers (mmSF)

A two-step method using alkali-hydrolysis and milling-selection
was comprehensively applied to prepare the mSF used in this
study. From visual inspection the mSF was a fine white powder
and from microscopic observations they were in a fiber form
(Fig. 1). The diameter of the mSF was about 10 um and the
length was kept homogenous within 200-300 pm (Fig. 1b)
because the long silk fibers had been chopped into short fibers
under the alkaline conditions and the tiny silk particles were
successfully removed using a sieve. The surface of the mSF was
relatively smooth with hardly any attachment (Fig. 1c), mainly
due to the total degumming of sericin.
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The biomineralization of the mSF was carried out in 1.5 X
SBF, an effective biomimetic mineralizing solution,**** which
provides an in situ mineral deposition environment. Although
nothing significantly changed in the mSF after immersion in
the 1.5 x SBF for 1 d (Fig. 2a), two days later emerged many
spherical and near-spherical crystals onto the mSF surface,
isolated or connected (Fig. 2b). The microstructure in vertical
and lateral views of representative mineral crystals are shown in
Fig. 2e and f. Actually these flower-like microspheres with
diameters of around 1 pm presented sophisticated structures,
which were comprised of many nanosized plate-like crystals in
various orientations. As basic building blocks, nanoplates can
self-assemble into different morphologies and architectures,
which provide an efficient “bottom-up” route to fabricate bone-
like hierarchical materials.”*

Upon increasing the mineralization time, a growing number
of crystals were continually formed and they tended to aggre-
gate together, thus developing into a hierarchical mineral
layer. After immersion in 1.5 x SBF for 5 d, the layer was not
very complete as some intervals still existed (Fig. 2c). When it
came to 7 d, the mSF had been overcovered (Fig. 2d) and the
surface of the mineral layer was fairly rough, which was
attributed to the nanoplates confluence (Fig. 2g). The time-
dependent manner of mineral deposition was also reflected
in the thermogravimetric analysis shown in Fig. S1 (see the
ESI).f All the samples showed mass-loss behavior as the
temperature was increased, while at the end the remaining
weight percentage of the mmsSF increased with prolonged
mineralization time.

Fig. 1 (a) A digital image of the mSF. (b) FE-SEM images of the mSF at low magnification and (c) high magnification.

Fig. 2 FE-SEM images of the mmSF after mineralization in 1.5 x SBF for 1 d (a), 3 d (b), 5 d (c) (the white dotted boxes indicate the uncovered
areas) and 7 d (d). Vertical (e) and lateral (f) views of a single spherical flower-like mineral crystal. (g) The surface morphology of confluent mineral

layer.

This journal is © The Royal Society of Chemistry 2016
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2.2 Characterization and analysis of the deposited mineral

To visually demonstrate the elemental spatial distribution of
the deposited minerals, EDX elemental analysis in area scan
mode was performed. Three elements (oxygen, phosphorus and
calcium) were detected in the mineral layer of the mmSF
(Fig. 3A) and they distributed in the whole area at a very high
density, indicating the mineral was a type of calcium phos-
phate. Also, the mapping result in Fig. 3B clearly shows that
these elements were mainly concentrated in areas consistent
with the shape of the single crystals on the mSF, especially
calcium.

XRD measurements were used to further analyze the crys-
tallographic properties of the mSF and mmSF for various
mineralization periods. Pure HAp was selected as reference with
all the characteristic diffraction peaks designated in accordance
with the standard card (JCPDS 09-0432) (Fig. 4Af). The broad
peak at 20.7° (Fig. 4Aa) was attributed to the B-sheet crystalline
domain of the mSF,*® as the inner well-ordered structure still
existed. No significant changes happened after mineralization
for 1 d, but two intense peaks at 31.73° and 45.47° corre-
sponding to the (211) and (222) lattice planes emerged on the
3rd day, which was due to the formation of spherical mineral
crystals that were detectable by XRD. Upon increasing the
mineralization time from 3 d to 5 d and 7 d, one interesting
phenomenon was that the (222) lattice plane disappeared, while
the peak at 25.93° corresponding to the (002) lattice plane
clearly appeared and gradually strengthened, suggesting the
lattice plane transformed during the confluence process from
independent crystals to a connected mineral layer. In addition,
the peak observed for the (211) lattice plane broadened and
tended to divide into multiple peaks, which was a result of the
decreased crystallinity.*”

FTIR spectroscopy was applied to identify the functional
groups and analyze the molecular structure of the mmSF using
the mSF as a reference (Fig. 4B). Amide I (C=O stretching),
amide II (N-H deformation and C-N stretching) and amide III
(C-N stretching and N-H deformation) are the characteristic
peaks observed for silk fibroin and appeared at 1645 cm™ ',
1516 ecm™ " and 1230 cm™', respectively in curve a. Amide I

SEM observation

EDX elemental analysis
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shifted to a lower wavenumber at ~1630 cm™ " after minerali-
zation, indicating an interaction had occurred between Ca®*
and COO™.*® Although no mineral deposition was observed on
the mSF at day 1 according to SEM images, the Ca** in 1.5 x SBF
can bond with COO™ to promote the initial nucleation step. The
mineral crystals grew to certain sizes after mineralization for 3
days, but the relevant curve c had no significant change because
the mineral deposition was small during this period. Never-
theless, a series of peaks emerged after mineralization for 5 and
7 d. The intense peaks at 567 cm ™' and 603 cm ™" were attrib-
uted to the O-P-O bending vibrations and the peaks at 962
em™ ' and 1035 cm ™' were assigned to the P-O stretching
vibrations of the phosphate groups.®® The peak at 873 cm ™' and
the weak peak at 1415 cm ™" should be induced by the absorp-
tion bands of the CO;>~ groups,**® which probably come from
the atmosphere during the stirring process. It is the CO3>~
incorporation that leads to the decreased crystallinity as the
peak for the (211) lattice plane broadened in the XRD pattern.

Based on above results and analyses, we concluded that the
deposited minerals was comprised of a carbonate apatite
similar to natural bone minerals.?

2.3 The interface between the minerals and mSF

In order to deeply understand the interface between the inor-
ganic minerals and organic mSF, the cross-sections of the
mmSF at 7 d were used for TEM observations. A clear interface
can be observed in Fig. 5a and ¢, but unlike the overcover effect
of mineral crystals in the SEM image, some dropped out from
the mSF surface (shown in the purple dotted box of Fig. 5a),
which may be caused by the powerful cutting stress used when
preparing the ultrathin sections for TEM. Fig. 5b shows the
magnified cross-section of the mineral crystals, which exhibit
similar flower-like structures to those observed using SEM
shown in Fig. 2e and f. As mentioned previously, the nanoplates
self-assembled into sophisticated structures, herein the needle-
like crystals (actually the cross-sections of the plate-like crystals)
were aggregated with random orientations.

The HR-TEM observations are shown in Fig. 5d-f, from
which more detailed information on the crystal properties could

Phosphorus

Calcium

Phosphorus

Fig. 3 FE-SEM observations combined with EDX elemental analysis in area scan mode of (A) the mineral layer of the mmSF and (B) the mineral
crystals on the mSF (the colors green, purple and blue represent the elements oxygen, phosphorus and calcium, respectively).
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Fig. 4 (A) The XRD spectra of the mSF (a) and mmSF after mineralization in 1.5 x SBF for 1d (b), 3d (c), 5d (d), 7 d (e) and (f) pure HAp. (B) The FT-
IR spectra of the mSF (a) and mmSF after mineralization in 1.5 x SBF for 1 d (b), 3d (c), 5d (d) and 7 d (e).

be revealed. Two main diffraction rings were detected using the
SAED image (Fig. 5e), referring to the (211) and (002) lattice
planes. Moreover, Fig. 5f directly shows the lattice images, for
the lattice spacings of 0.282 nm and 0.344 nm corresponding to
the (211) and (002) lattice planes,* which were in accordance
with the XRD analysis.

2.4 The biomineralization process of the mSF

In the biomineralization process, the organic templates
regulate the crystal growth and morphology. Considered as

initial nucleation sites, the anionic groups of the templates
can chelate calcium ions, arrange the structure and modulate
the formation of HAp crystals.”>** Unlike materials derived
from silk solution in which the anionic groups are adequately
exposed, the original silk fibers with insufficient anionic
groups probably weaken its Ca®>" bonding capability. For
example, Takeuchi et al.*®* found no apatite could be deposited
on degummed long silk fibers after 7 d of mineralization, with
or without CaCl, solution pretreatment. Aiming to provide
more active sites to connect with Ca®*, Korematsu et al.?®*’
modified silk fibers using graft polymerization through

Fig.5 (a—c) TEM images of the cross-sections of the mmSF after mineralization in 1.5 x SBF for 7 d (the purple dotted lines indicate the interface
between the mSF and deposited mineral crystals, and the crystals in purple dotted box were dropped out from the mSF surface). (d, f) HR-TEM
images and (e) SAED pattern of the mineral crystals (the diffraction rings were calibrated as the (002) and (211) lattice planes and the lattice
spacings of 0.344 nm and 0.282 nm correspond to the d-spacings of the (002) and (211) lattice planes, respectively).

This journal is © The Royal Society of Chemistry 2016
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Fig.6 A schematic representation of the biomineralization process including the nucleation, growth, self-assembly and aggregation of the mSF.

covalent linkages, however, the small amount of mineral
deposition indicated it was not a very effective method.
However, in our study the mSF can successfully be used as
a template to promote the formation of a hierarchical HAp
mineral layer. We deduced that these results came from the

2.0

influence of the alkaline hydrolysis step because the long silk
fibers were chopped into relatively short mSF and the surface
of the mSF were partly “remodeled” by the OH ™ ions, as more
COO~ groups were exposed to act as initial Ca®" binding
sites.***?

>

*%
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mmSF3
1.6 } mmSF7
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04
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Fig. 7

(A) Proliferation of MG-63 cells after being cultured for different periods of time (1 d, 3 d and 5 d) reflected by the OD value at 450 nm. (B)

Calcein-AM staining images of the MG-63 cells after being cultured for 5 d.
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Based on the previously reported mechanism and our
observations in this study, a schematic diagram of HAp
formation using the mSF templates was proposed (Fig. 6). The
mechanism includes four stages: nucleation, growth, self-
assembly and aggregation. In the early stage of mineraliza-
tion, Ca®" in 1.5 x SBF can bond with the COO™~ groups in the
mSF to form ion complexes via electrostatic interactions. The
COO-Ca complexes can then further interact with PO,>~, thus
initiating the HAp nucleation stage. When more and more Ca**
and PO,*" are attracted, HAp nanoplates of a certain size
gradually develop. As the basic unit, they will assembly into HAp
microspheres exhibiting sophisticated flower-like structures. As
mineralization proceeds, the HAp microspheres aggregate into
a hierarchical coverage layer, not only achieving a good
combination between the organics and inorganics but also
generate the novel mSF/HAp biocomposite.

2.5 The biocompatibility of the mSF and mmSF

In this study, the biocompatibility of the mSF (silk microfibers
without mineralization), mmSF3 (silk microfibers after 3 d of
mineralization) and mmSF7 (silk microfibers after 7 d of
mineralization) was tested on human osteosarcoma MG-63
cells, which express many characteristics of relatively imma-
ture osteoblasts.”® The viability of the cells at different time
points was measured using a CCK-8 kit and the results are
shown in Fig. 7. At 1 d, the OD,5 of three groups were similar,
as the addition of materials created a new environment and an
adaption period was needed for the cells. At 3 d, significant
differences (p < 0.01) were observed both between the mmSF3
group and the other groups, respectively. One plausible reason
was the incomplete mineral surface of mmSF3 improved the
foreign heterogeneity when exposed to cells, while the mSF and
mmSF7 were nearly homogeneous. After 5 days of culture, the
cells treated with mmSF7 achieved the highest viability and
presented significant differences (p < 0.01) with the other two
groups. The Calcein-AM staining images also supported the
CCK-8 assay results. Under low magnification, the cells had
overgrown the whole area in the mmSF7 group while not
completely in the mSF and mmSF3 groups. Interestingly, no
significant difference (p > 0.05) was observed between the mSF
and mmSF3 groups, for the foreign heterogeneity did not
influence the relatively long term proliferation of the MG-63
cells. Under high magnification, the cellular morphology
exhibited a more prolonged state when treated with mmSF3 or
mmSF7 when compared with the mSF. The improved
morphology indicated the cells can sense the surrounding
microenvironment and the HAp-containing materials promoted
their growth and proliferation. The mSF/HAp biocomposites
showed good cytocompatibility, which is important and neces-
sary for further application in bone tissue engineering.

3. Experimental section
3.1 Materials

Silk cocoons of Bombyx mori were provided by the Institute of
Huzhou Cocoon Testing (PR China). The 1.5 times simulated

This journal is © The Royal Society of Chemistry 2016
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body fluid (1.5 x SBF) was prepared according to the compo-
nents and procedure reported in the literature,*” which has 1.5
times the ion concentration of SBF. NaCl, NaHCO;, KCI, K,-
HPO,-3H,0, MgCl,-6H,0, HCL, CaCl,, Na,SO, and Tris, as well
as NaHCO; and NaOH were purchased from Sinopharm
Chemical Reagent Co., Ltd. Pure hydroxylapatite (<100 nm) was
purchased from Aladdin Industrial Corporation. All reagents
were of analytical grade and were used as received without any
further purification.

3.2 Preparation of the mSF

mSF were obtained using a two-step method, namely alkali-
hydrolysis and milling-selection. Firstly, silk cocoons were cut
into pieces and degummed twice in 0.5 wt% Na,COj solution at
100 °C, each for 30 min. After thoroughly rinsing and drying, the
degummed silk fibers were immersed in 1 M NaOH solution at
40 °C for 5 h. The alkaline hydrolysis was stopped by removing
alkaline liquid and washing the degraded product with deion-
ized water. Then, the dried product was bead-milled to further
disperse and shortening the silk fibers, and finally the as-
prepared mSF was sieved to filter out the ultrashort silk fibers.

3.3 Biomineralization of the mSF

A certain amount of mSF was uniformly dispersed in 1.5 x SBF
(1 g:1000 mL) with magnetically stirring to prevent the mSF
from coagulating. The mineralization process was kept at 37 °C
and the 1.5 x SBF was changed every day. At a set time of 1, 3, 5
and 7 d, the mineralized silk microfibers (mmSF) were removed
and washed with deionized water, then lyophilized using
a vacuum freeze dryer (Boyikang, FD-1-50, China).

3.4 Characterization of the mSF and mmSF

3.4.1 Field emission scanning electron microscopy (FE-
SEM) observations and energy dispersive X-ray spectrum
(EDX) elemental analysis. FE-SEM (SU8010, Hitachi, Japan) with
an accelerating voltage of 20 kV was used to observe the
morphology and microstructure of the silk microfibers with or
without mineralization. The deposited mineral crystals,
together with mmSF at certain time points were elemental
analyzed using a matched EDX spectrometer (80, Oxford
Diffraction, UK) in area scan mode. All the samples were in a dry
state and sputtered with gold ions before observation.

3.4.2 Thermogravimetric analysis (TGA). A TGA instrument
(DTG-60A, Shimadzu, Japan) was used for the thermogravi-
metric analysis of the mmSF at different time points. The tests
were performed under a nitrogen atmosphere (50 mL min™")
and the temperature was increased from 50 to 600 °C at a ramp
rate of 10 °C min™ .

3.4.3 X-ray powder diffraction (XRD). The crystallographic
properties of the mSF and mmSF at different time points were
analyzed using XRD (Empyrean 200895, PANalytical B.V., The
Netherlands) equipped with a Cu Ko radiation source (A =
1.5418 A) in the 26 range of 20-60°. The step size was 0.02° and
the scan rate was 5.0° min~ .

3.4.4 Fourier transform infrared spectroscopy (FTIR). The
mSF and mmSF at different time points were mixed with KBr in

RSC Aadv., 2016, 6, 76426-76433 | 76431
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aratio of 1 : 100 and pressed into tablets. An FTIR spectrometer
(8400S, Shimadzu, Japan) was used to record the infrared
spectra in the range of 400-4000 cm ‘. Each spectrum was
obtained by the accumulation of 80 scans with a resolution of 4
em ™

3.4.5 Transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HR-TEM) and
selected area electron diffraction (SAED) analysis. The ultrathin
section samples were made from the cross-sections of the
mmSF after 7 d of mineralization using a conventional proce-
dure including fixation, dehydration, embedding, sectioning
and staining. Then, the interface between the minerals and silk
microfibers was observed by TEM (JEM-1230, JEOL, Japan), HR-
TEM (2100F, JEOL, Japan) and SAED, which were used to
analyze the crystallographic properties such as the lattice image
and lattice plane of the mineral crystals.

3.5 Cell proliferation and morphology

Human osteosarcoma MG-63 cells (kindly provided by Prof.
Juming Yao from Zhejiang Sci-Tech University and carefully
preserved in our laboratory) were employed to evaluate the
cytocompatibility of the mSF (silk microfibers without miner-
alization), mmSF3 (silk microfibers after 3 d of mineralization)
and mmSF7 (silk microfibers after 7 d of mineralization). The
MG-63 cells were cultured in high-glucose Dulbecco’s modified
eagle’'s medium (DMEM) culture medium with 10% fetal bovine
serum (FBS, Gibco®, USA), 100 U mL ™" penicillin and 100 pg
mL " streptomycin at 37 °C in a humidified air containing 5%
CO,. The cells were seeded in 48-well plates with 1 x 10* cells in
each well and cultured for 6 h beforehand, then sterilized
samples of the mSF, mmSF3 and mmSF7 were added at
a concentration of 1 mg mL™". After being co-cultured for 1, 3
and 5 d (the culture medium was changed every 2 days), the
viability of the cells was investigated using a CCK-8 (Cell
Counting Kit-8) assay according to the manufacturer's protocol
(Biosharp). The optical density values at 450 nm (OD,s,) were
detected using a microplate reader (E1x808, Biotek, USA) and the
background absorbance of wells containing no cells was sub-
tracted from each group. The results were presented as the
mean value =+ the standard deviation (n = 5) and statistically
significant differences (**p < 0.01) were determined using one-
way ANOVA with t-test. In addition, a calcein-AM staining kit
(Yeason) was used to further illustrate the proliferation and
morphology of the live cells at 5 d of culture. The stained cells
were observed under a fluorescence microscope (IX51,
Olympus, Japan).

4. Conclusions

This study provides a facile method to develop mSF-HAp
composites via biomineralization. mSF can be used as
a template to mediate the formation of hierarchical HAp
mineral layer aggregated by flower-like microspheres, which
were assembled from nanoplate building blocks. In addition,
the organic/inorganic biocomposites exhibited good cyto-
compatibility. The mSF possess a significant mechanical
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reinforcement effect and HAp has remarkable osteoinductivity,
so we can speculate that the as-prepared materials may achieve
good performance in bone tissue engineering. A subsequent
study based on this novel biomaterial, such as injectable bone
defect fillers or reinforcement in bone repair scaffolds will be
further investigated.
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