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Objective. To fabricate a novel nano-hydroxyapatite mineralized silk fibroin (MSF) scaffold

in  order to diminish the resorption of alveolar ridge and accelerate new bone formation

within tooth sockets. Also, to investigate the biocompatibility and osteogenic ability of the

MSF  in vitro, and the effect of site preservation of the MSF graft in post-extractive sockets

in  vivo.

Methods. SEM, EDX, FTIR and XRD were used to analyze the mineral crystals deposited on

the  silk fibroin (SF) surface. Pre-osteoblasts (MC3T3-E1) were seeded on SF and MSF scaf-

folds. Cell viability, distribution and differentiation were examined using a live-dead assay,

histological analysis and Alizarin Red S staining. Furthermore, prepared grafts (SF or MSF

scaffold) were implanted into the maxillary right first molar sockets of Sprague Dawley

rats for 6 weeks and newly formed bone tissue was analyzed by micro-CT and histological

examination.

Results. The SEM, EDX, FTIR and XRD analysis demonstrated that granulate nano-
hydroxyapatite (nHA) crystals were uniformly distributed on the SF scaffold. In addition,
the  MSF hydrophilicity measured by water contact angle and swelling ratio was superior

to  plain SF scaffold. The effect of nHA inorganic crystals on osteogenic differentiation of

MC3T3-E1 cells indicated the MSF scaffolds improved osteogenesis. Furthermore, MSF grafts

induced more bone formation and reduced the height of alveolar bone resorption after tooth

extraction.
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Significance. The MSF scaffold partially simulated the structure and composition of natural

bone  matrix. It induced osteogenic differentiation of MC3T3-E1 cells in vitro, and also pro-

moted new bone regeneration in tooth extraction sockets in vivo, indicating it is a biomaterial

with  great potential for tooth extraction site preservation.

© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
1.  Introduction

Tooth extraction initiates a series of biological processes
including blood clot formation, development of granulation
tissue, connective tissue replacement, bundle bone develop-
ment, woven bone substitution and reconstruction. One of the
outcomes is alveolar bone resorption and remodeling, leading
to a significant reduction in the height and width of alveo-
lar ridge [1,2]. The loss of bone mass may generate difficulties
in restoring the aesthetics and function of the extracted site
through oral implantation therapy. Hence, the current trend in
tooth extraction site research is focused toward alveolar ridge
preservation technology [3,4]. Several animal and clinical tri-
als have previously confirmed that socket preservation could
slow the process of alveolar bone resorption and reduce the
dimensional changes of alveolar ridge following tooth removal
[5–7].

Currently, the most reliable and effective method for ridge
preservation is to fill in the post-extractive defect with graft-
ing biomaterials. Commonly, autografts [8], allografts [9], or
xenografts [10] are used to increase the bone volume. In recent
years, researchers have developed synthetic bone substitutes
to promote bone regeneration and generate a relatively large
amount of new bone, while avoiding or diminishing the risk of
disease transmission, immunological reactions and the inva-
sive harvesting of bone from a healthy donor area [11,12].

Silk fibroin (SF), a naturally occurring protein polymer, is
considered a promising material for biological applications
as its extraordinary cytocompatibility, controlled degradabil-
ity, superior mechanical properties, minimal immunogenicity
and easy processability [13,14]. The fibrous protein structure
of SF resembles collagen type I (Col I). In addition, the amor-
phous chains between the �-sheet structures of SF simulate
the anionic nature of non-collagenous proteins which act
as nucleation sites inducing hydroxyapatite (HA) nanocrystal
deposition, growth and enrichment [15]. Furthermore, some
in vitro studies have shown that SF has the potential to regu-
late the spontaneous mineralization of HA-nanocrystals when
exposed to local supersaturation of ions from fetal bovine
serum or simulated body fluid [16,17].

Various forms of silk fibroin have been developed for dental
applications such as electrospun silk fibroin matrix for buccal
mucosa repair [18], silk fibroin powder for peri-implant defect
restoration [19], barrier membranes for guiding bone regener-
ation [20], silk coatings for titanium dental implants [21] and
silk fibroin scaffold for pulp tissue regeneration [22]. However,
the application of silk fibroin for extraction site preservation

has not been reported.

Porous SF scaffolds mimicking the extracellular matrix
(ECM) are effective in establishing a microenvironment for
cell adhesion, viability, proliferation and differentiation [23].
Although silk fibroin polymers have intrinsic bone regener-
ation capability, this is insufficient for repairing large bone
defects. Therefore, SF scaffolds need to be modified and func-
tionalized, such as by incorporating nanoparticles into the
polymeric matrix, to enhance the osteogenic potential and
induce the regeneration of bone tissue. Nano-hydroxyapatite
has many  properties that make it well suited for bone regen-
eration. These include the high surface to volume ratio,
osteoconductive and bioactive. It also has a similar chemi-
cal structure to the inorganic apatite present in bone [24,25].
Therefore, modifying SF scaffolds with nano-hydroxyapatite
crystals through mineralization may enhance bone regenera-
tion.

The aim of this study was to evaluate the potential of nano-
hydroxyapatite mineralized silk fibroin scaffold to aid socket
preservation. It was hypothesized that the addition of nano-
hydroxyapatite to the SF scaffold would substantially enhance
its osteogenic ability, leading to larger amounts of fresh bone
in sockets and reduce the resorption of alveolar bone.

2.  Material  and  methods

2.1.  Preparation  of  the  SF  scaffolds

Silk fibroin was extracted from Bombyx mori silkworm
cocoons (Southwest University, Chongqing, China) as
described previously [23]. In brief, the cocoons were cut
into small pieces and boiled for 60 min  in 0.02 M Na2CO3

(Aladdin Chemical Reagent Co., Ltd., Shanghai, China) aque-
ous solution, followed by rinsing thoroughly with deionized
water to remove the glue-like sericin protein. After air drying
for 24 h, the remaining silk fibroin was dissolved in 9.3 M LiBr
(Aladdin Chemical Reagent Co., Ltd., Shanghai, China) at 60 ◦C
for 4 h. This solution was then dialyzed against deionized
water using a dialysis membrane (MWCO = 3500, Bio sharp,
USA) with moderate and constant stirring for 3 days. After
that, the solution was centrifuged at 9000 r/min for 30 min  at
4 ◦C to obtain a clear solution and the final concentration of
the SF solution was about 6.0% (w/v), determined by weighing
the residual solid content after drying.

Porous SF scaffolds were fabricated by a freeze-drying
method. The SF aqueous solution was transferred into plastic

◦
dishes and kept at −80 C overnight, and then lyophilized for
48 h. The hierarchical porous scaffolds were immersed in 90%
(v/v) methanol (Chron Chemicals Co., Ltd., Chengdu, China)
for 30 min  to induce �-sheet formation.

https://doi.org/10.1016/j.dental.2019.07.024
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.2.  In  vitro  mineralization

he hydroxyapatite nanoparticles were formed by deposition
f supersaturated ions from a mineralized solution according
o a previously established protocol [26] with a little modifica-
ion. A solution containing 0.25 M ethylenediaminetetraacetic
cid calcium disodium salt (EDTA-Ca-Na2, Sangon Biotech Co.,
td., Shanghai, China) and 0.15 M Sodium dihydrogen phos-
hate monohydrate (NaH2PO4.H2O, Guanghua Sci-Tech Co.,
td, Guangdong, China) was prepared and the pH was adjusted
o 6.0 by adding a small amount of 1 M sodium hydroxide
NaOH, Chuandong Chemical Co., Ltd., Chongqing, China)

ith gentle stirring. Then, unmodified SF scaffolds were added
o 100 ml  freshly prepared mineralized solution and auto-
laved at 121 ◦C and a pressure of approximately 2 atm for 24 h.
he mineralized SF scaffolds (MSF scaffolds) were washed
ith deionized water and lyophilized before analysis and use.

.3.  Scaffold  characterization

.3.1.  Morphological  investigations
he surface morphology and microstructure of the scaffolds
efore and after mineralization were observed by scanning
lectron microscope (Auriga FIB-SEM, Zeiss, Germany). At
east 30 scaffold pores in SEM images were randomly chosen
o measure the average pore size using Image  J software.

.3.2.  Compositional  determination
he elemental composition of mineral nanocrystals on the
caffolds was determined by Energy dispersive X-ray analy-
is (EDX). Fourier transform infrared spectrometry (FT-IR, IR
restige-21, Japan) was employed to investigate the nature of
nteractions between the characteristic functional groups of
he prepared SF scaffold and Ca/P deposition.

.3.3.  Crystal  phase
he crystal phase of the scaffolds was confirmed by X-ray
iffraction analysis (XRD, DMAX-3C, Japan). The data were col-

ected with the scattering angles ranging from 10◦ to 80◦in
teps of 5◦ per min.

.3.4.  Hydrophilic/hydrophobic  nature
he hydrophilic/hydrophobic nature of the SF and MSF scaf-

olds was determined using a water contact angle measuring
nstrument (SCI3000F, Huanqiuhengda technology Co., Bei-
ing, China). Deionized water was dropped onto each group
f samples (n = 3) and the average readings were recorded.

.3.5.  Swelling  ratio
he swelling ratio was measured by immersing the SF and MSF
caffolds (n = 5) in deionized water at room temperature for
2 h. At defined time points, specimens were removed, excess

urface liquid removed and then weighed to measure the wet
eight. By dividing the difference in the mass of the dry and
et scaff ;olds by the original sample weight, we calculated

he swelling ratio to indicate water uptake capacity.
 0 1 9 ) 1397–1407 1399

2.4.  In  vitro  tests

2.4.1.  Cell  culture
For in vitro studies, disk-shaped scaffolds (10 mm in diameter
and 5 mm in height) were sterilized by ethylene oxide (Disin-
fection Department of Stomatological Hospital of Chongqing
Medical University, Chongqing, China) before seeding with
cells. Mouse-derived MC3T3-E1 cells (American Type Culture
Collection, ATCC) were incubated in alpha Modified Eagle
Medium (�MEM, Sigma-Aldrich, USA) supplemented with 10%
fetal bovine serum (FBS, Hyclone, USA) and 1% streptomycin-
penicillin (Hyclone, USA) in a humidified atmosphere of 5%
CO2 at 37 ◦C. The medium was replaced every 2–3 days until
the cell density reached 80–90% confluence. Then, the cells
were treated with trypsin (Hyclone, USA) prior to seeding onto
the scaffolds for subsequent experiments.

2.4.2.  Cytotoxicity  of  scaff  ;olds
To measure the cytotoxicity of the SF and MSF scaffolds, an
extraction process was undertaken. Conditioned media were
obtained by incubating the scaff ;olds in complete media at
37 ◦C for 24 h. A similar amount of the complete media was
kept under the same conditions to be used as a control.
MC3T3-E1 cells were seeded on 96-well plates at a density
of 5 × 103 cells/well and then incubated in 100 �l conditioned
media. After 4 days of incubation, the cell viability was mea-
sured using a Cell Counting Kit-8 assay (CCK-8, Beyotime
biotechnology, Shanghai, China) according to the manufac-
turer’s instructions. Briefly, 90 �l complete medium and 10 �l
CCK-8 solutions were added to each sample. After incubation
at 37 ◦C in a 5% CO2 atmosphere for 4 h, the optical density (OD)
was determined at 450 nm on a microplate reader (ELX800,
Gene Company Limited, China).

2.4.3.  Cell  viability
The viability of cells in the scaffolds was evaluated with a
Live-Dead Cell Staining Kit (BestBio biotechnology, Shanghai,
China). The MC3T3-E1 cells were loaded onto the scaffolds
in a 48-well plate and cultured in normal growth media for
1 or 3 days at 37 ◦C in a humidified incubator (5% CO2). At
each time point, the scaffolds were rinsed twice with PBS
and treated with the calcein AM and PI staining solution,
simultaneously kept in the dark for 20 min. After removing
the working solution and washing thoroughly with PBS, the
presence and distribution of live (green) and dead (red) cells
throughout the scaffolds was observed with a Laser Scanning
Confocal Microscope (LSCM, Leica, Germany).

2.4.4.  Cell  differentiation
The MC3T3-E1 cells were seeded on each scaffold in a 48-
well plate at a density of 2 × 104 cells/well and incubated in
osteoinductive media (normal growth medium supplemented
with 1% ˇ-glycerophosphate, 0.1% ascorbic acid) for 21 days at
37 ◦C in a humidified incubator (5% CO2,). On day 21, the sam-
ples were fixed in 4% paraformaldehyde and then stained with
2% Alizarin Red S (ARS, Beyotime biotechnology, Shanghai,

China) at room temperature for 30 min. Following a thorough
rinse with deionized water, specimens were examined with a
microscope. For quantitative analysis, the ARS-stained sam-
ples were treated with 10% cetylpyridinium chloride solution

https://doi.org/10.1016/j.dental.2019.07.024
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for 1 h, then the OD value at 630 nm for each sample was mea-
sured.

2.4.5.  Histology
The MC3T3-E1 cells were seeded on each scaffold in a 48-
well plate (5 × 104cells/well) and the cell-cultured scaffolds
were incubated in normal media for 7 days in a CO2 incuba-
tor at 37 ◦C, 5% CO2 and 95% relative humidity. The samples
were treated by fixation with 4% paraformaldehyde at 4 ◦C
overnight, further dehydrated in a series of graded ethanol (50,
70, 83, 90, 95 and 100 vol %) and then embedded in paraffin.
These paraffin-embedded samples were sectioned (8 �m)  and
stained with Hematoxylin and Eosin (H&E, Beyotime biotech-
nology, Shanghai, China). Sections were examined by optical
microscopy.

2.5.  In  vivo  tests

2.5.1.  Rat  alveolar  bone  defect  model
Sixty four-week-old female Sprague Dawley rats were pur-
chased from the Laboratory Animal Center of Chongqing
Medical University (Chongqing, China), and all of the animal
experiments were approved by the Animal Ethics Commit-
tee of Chongqing Medical University (Approval no: 2,013,041).
All of rats were allowed to acclimatize for two weeks prior to
the first procedure. A standardized rat tooth extraction socket
model was prepared as described previously [27]. Briefly, rats
were anesthetized with chloral hydrate (0.4 mg/kg, Chron
Chemicals Co., Ltd., Chengdu, China) by intraperitoneal injec-
tion before the surgical procedure. Gingivae around the right
maxillary first molar (M1) were carefully separated with a
dental probe. Then, the alveolar bone defect was created by
extracting the maxillary right first molar (M1) and removing
inter-radicular septa using a round dental bur under phys-
iological saline solution irrigation. Three groups (5 rats per
group per time point) were established according to the type of
grafts implanted into the extraction sockets. Group 1 sockets
had no grafts implanted (C), Group 2 sockets were implanted
with SF scaffolds (SF) and Group 3 sockets were implanted with
MSF  scaffolds (MSF). Finally, the surrounding mucosal tissue
was closed with cyanoacrylate adhesive. An appropriate dose
of penicillin hydrochloride was administered subcutaneously
after the surgery.

The rats were sacrificed at designated time points (1, 2, 4,
or 6 weeks) after the extraction/grafting procedure. The max-
illary alveoli and palates were dissected with care and fixed in
4% paraformaldehyde prior to further micro-focal computed
tomography (micro-CT) analysis and histological investiga-
tion.

2.5.2.  Micro-CT  measurements
Each maxilla was fixed in a cylindrical specimen holder and
transverse scan images taken with a high-resolution Micro-CT
(SCANCO, Switzerland) using a tube current of 114 �A, voltage
of 70 kV and a slice thickness of 12.5 �m.

For the micro-CT experiments, the region of interest (ROI:

1250�m × 625 �m × 125 �m)  was determined in the center of
post-extractive defect and 3D reconstruction analysis for the
selected area were performed to evaluate the tooth socket
bone healing. Bone mineral density (BMD) was an important
 ( 2 0 1 9 ) 1397–1407

indicator of bone strength and the bone volume fraction was
calculated as the bone volume (BV) divided by the total tis-
sue volume (TV) to indicate the percentage of bone present.
Other parameters measured included trabecular thickness
(Tb.Th) meaning the thickness of bone trabeculae and tra-
becular separation (Tb.Sp) signifying the distance between the
bone trabeculae.

To assess the alveolar bone loss at 6 weeks post tooth
extraction, the distances between the most superior point
and the most inferior extent of the buccal or palatal alveolar
plate were measured on the non-extracted side and extracted
side respectively. The reduction rate (%) was calculated by the
equation: (1-(a/b))/100, “a” denotes the height of alveolar bone
on the extracted side, “b” denotes the height of alveolar bone
on the non-extracted side.

2.5.3.  Histological  analysis
After micro-CT analysis, the fixed specimens were immersed
in 17% EDTA (Chuandong Chemical Co., Ltd., Chongqing,
China) solution (pH 7.4) at 4 ◦C for 3 weeks and the decalcifica-
tion buffer was changed every 2 days. The decalcified tissues
were embedded in paraffin after thorough dehydration, and
8 �m coronal sections were prepared and stained with H&E
and Masson’s trichrome.

2.5.4.  Toxicity  in  vivo
At 6 weeks, the major organs (heart, liver, spleen, kidney and
brain) of the rats were dissected and examined histologically
to ensure the safety of the graft material in vivo.

2.6.  Statistical  analysis

All statistical analyses were performed using SPSS version
25.0 statistical software (SPSS, Inc., Chicago, IL, USA) and the
data values were expressed as mean ± SD. The statistical sig-
nificance of differences among groups was assessed using
a one-way ANOVA with Tukey’s post hoc tests for multiple
comparisons. Statistical significance was defined as *P < 0.05,
**P < 0.01, ***P  < 0.001.

3.  Results

3.1.  Scaffold  morphology

The superficial morphological features of SF scaffolds, before
and after mineralization, were examined (Fig. 1A). The lower
magnification SEM images showed the porous structure of
the scaffolds with highly interconnected pores. Higher mag-
nification SEM micrographs (Fig. 1B) revealed granulate Ca/P
inorganic crystals that were approximately 467 nm long and
316 nm wide were evenly deposited on the smooth surface

of SF matrices after mineralization. Analysis of the micro-
graphs determined that the mean pore diameters of SF
and MSF scaffolds were approximately (208.40 ± 34.57) and
(181.19 ± 35.90) �m,  respectively (Fig. 1G).

https://doi.org/10.1016/j.dental.2019.07.024
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Fig. 1 – Characterization and physical properties of the SF scaffold before and after mineralization. (A) SEM images of SF and
MSF  scaffolds at different magnifications. (B) EDX analysis of deposited mineral on the surface of SF scaffold (the colored
insert is the mapping of element distribution). (C) FTIR spectrum (black arrows represent the characteristic peaks indicating
the vibrations of phosphate groups) and (D) XRD spectrum of SF and MSF  scaffold, respectively. (E) Water contact angle of SF
and MSF  scaffold (n = 3) and (F) swelling ratio of SF and MSF  scaffold (n = 5). (G) Pore diameter measurement (n = 30).
Statistical significance was defined as *P < 0.05, **P < 0.01, ***P  < 0.001.
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.2.  Compositional  analysis  of  scaffolds

n elemental analysis of the inorganic structure of MSF  was
erformed by EDX. Calcium and phosphorus were detected on
he mineralized surface of the MSF  scaffolds, indicating that
he mineral was a deposition of calcium phosphate (Fig. 1B).

The functional groups and the molecular structure of SF
nd MSF  scaffolds were analyzed by FTIR (Fig. 1C). The spec-
ral peaks at 1635, 1520 and 1232 cm−1 for both SF and MSF
amples represented amide I, amide II, amide III bonds respec-
ively and corresponded to the characteristic peaks of pure SF.
he big peak at 1026 cm−1 present only for the MSF scaffold
as attributed to P O stretching vibrations and the bands at

61 and 607 cm−1 were assigned to O P O bending vibrations
f phosphate groups, further confirming the deposited min-
rals on MSF  resembled to natural bone inorganic phosphate
ontent.

.3.  Crystal  phase  of  scaffolds

he chemical structures and phases of SF and MSF scaffolds
ere investigated by XRD (Fig. 1D). The prominent peak for SF
t 20.8◦ (2�) indicated the silk fibroin II conformation which

onferred excellent mechanical properties and stability to the
caffold. Several diffraction peaks at 2� equal to 32.41◦, 44.64◦,
6.13◦, 57.24◦, 66.85◦ and 75.91◦ for MSF  corresponded to the
eference pattern for HA.
3.4.  Hydrophilic/hydrophobic  nature  of  scaffolds

A more  hydrophilic scaffold is conducive to the influx and
efflux of liquid medium and can increase cell adhesion. The
average water contact angle for MSF was 45.67◦ and signifi-
cantly lower (p < 0.01) than the SF, 85.37◦, demonstrating an
increase in the hydrophilic nature of mineralized organic scaf-
folds (Fig. 1E).

3.5.  Swelling  ratio  of  scaffolds

The water absorption and expansion properties of biomate-
rials play an important role in the influx of nutrition and
metabolic waste discharge. The swelling ratios of the sam-
ples (n = 5) were measured over a 12-h period (Fig. 1F). The
plain SF scaff ;olds swelled gradually in deionized water and
reached an equilibrium after approximately 6 h, while the MSF
scaff ;olds swelled rapidly and reached a higher swelling ratio
after only 1 h. This indicates that the MSF scaffold has better
swelling properties than the SF scaffold.

3.6.  In  vitro  tests
3.6.1.  Cytotoxicity  of  scaff  ;olds
Conditioned media were used to evaluate the cytotoxic activity
of the scaffolds. The viability of MC3T3-E1 cells after incuba-
tion with either SF- or MSF-conditioned media for 4 days was

https://doi.org/10.1016/j.dental.2019.07.024
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Fig. 2 – The biological behaviors of MC3T3-E1 cells on the SF and MSF  scaffolds (n = 3). (A) The viability of cells incubated on
SF or MSF  scaffolds for 1 day and 3 days (live/dead assay; live cells are green and dead cells are red). (B) The distribution of
cells cultured on scaff ;olds after 1 week (H&E staining; red arrows indicate cells growing on the pore wall surfaces of SF and
MSF scaff ;olds). (C) Quantification of the calcium production of cells incubated on SF and MSF  scaffolds for 21 days,
measured by ARS staining. (D) The cytotoxicity of SF and MSF  scaff ;olds on CCK-8 assessed by the cell viability after 4-day
exposure to scaff ;old-conditioned media. Statistical significance was defined as *P < 0.05, **P < 0.01, ***P  < 0.001. (For

, the
interpretation of the references to color in this figure legend

not significantly different to viability after incubation with
unconditioned medium (Fig. 2D). This indicates that SF and
MSF  scaffolds are non-cytotoxic.

3.6.2.  Viability  of  cells  on  the  scaffold
The ability of the SF and MSF  scaffolds to permit cell growth
was assessed by live (green)/dead (red) staining of cells on the
scaffolds. MC3T3-E1 cells adhered and displayed fusiform or
elliptical shapes on all of the scaffolds (Fig. 2A). After culturing
for 3 days, the pre-osteoblasts were viable on all biomaterials,
however, more  viable (green) cells and fewer dead (red) cells
were observed on the MSF  scaffolds. This indicates that MSF
scaffolds are superior to SF scaffolds for enabling cell growth
and proliferation.

3.6.3.  Cell  differentiation
The inorganic calcium deposition on SF and MSF scaffolds
reflected the cells’ osteogenic differentiation state and could
be assessed by alizarin red staining. The micrographs (Fig. 2C)
showed a more  intense alizarin red staining over a greater pro-

portion of the MSF  scaffolds compared to the SF scaffolds (p <
0.05). This implies that the MSF  scaffold had a greater potential
to generate an osteogenic environment for bone mineraliza-
tion.
 reader is referred to the web version of this article.).

3.6.4.  Histological  analysis
H&E staining of the cell culture scaffolds was used to observe
the structure and morphology of scaff ;olds and investigate the
distribution of cells within the scaff ;olds (Fig. 2B). All scaffolds
had a complex porous structure and the MC3T3-E1 cells were
attached to the walls throughout the scaffolds. This indicated
that the SF and MSF scaffolds could provide a microenviron-
ment inducive to cell attachment and migration.

3.7.  In  vivo  tests

3.7.1.  Micro-CT  measurements  of  tooth  sockets
Representative micro-CT images of the maxillary right first
molar sockets of all groups from 2-weeks to 6-weeks after
extraction are shown in Fig. 3A. It was evident that newly
formed bone reconstructed the alveolar bone defect in all
groups. Three-dimensional reconstruction images (Fig. 3B)
indicated that there were larger amounts of trabecular-like
bone structure with the MSF  scaffolds compared to the other
treatment groups at each time point. On the other hand, the SF
grafts did not promote significantly more  new bone formation
in the molar socket than the non-graft group.
The mineral density of newly-formed bone in MSF  grafted
sites (896.99 mg/cm3) was significantly greater than that
at non-grafted sites (822.85 mg/cm3) or SF grafted sites
(840.30 mg/cm3) at six weeks after extraction (p < 0.01 in all

https://doi.org/10.1016/j.dental.2019.07.024
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Fig. 3 – Bone regeneration. Micro-CT images of the rat tooth extraction sockets filled with SF or MSF  scaffolds or no scaffold
(C; control) at 2, 4, 6 weeks post-implantation (n = 5 per group per timepoint). (A) Representative coronal micro-CT images.
(B) Reconstructed images of the center of the post-extractive defect (rectangular solid in Fig. 3A). (C–F) Micro-CT analyses of
newly formed bone in extraction sockets. (C) Bone mineral density (BMD), (D) bone volume (%), (E) trabecular thickness and
(F) trabecular separation in different groups at designated time points. (G–I) Micro-CT analyses of the alveolar bone loss after
tooth extraction at 6 weeks. (G) Buccal height. (H) Palatal height and (I) reduction rate (%). The reduction rate (%) was
calculated by the equation: (1-(a/b))/100, where “a” denotes the height of alveolar bone on the extracted side, “b” denotes
t tical
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he height of alveolar bone on the non-extracted side. Statis

ases) (Fig. 3C). The bone volume of the MSF group sockets
as greater than that of other groups at each time point and

he values at 6-weeks were SF 76.62% and MSF  87.33% (p < 0.05)
Fig. 3D), demonstrating the osteoconductive property of the
ano-hydroxyapatite on the MSF  scaffold. In addition, the val-
es of Tb.Th (Fig. 3E) tended to be higher in the MSF groups
han other groups and the values of Tb.Sp (Fig. 3F) in the MSF
amples were lower than the other groups, indicating that the
SF  scaffold promotes the formation of denser bone.

Micro-CT measurements for buccal and palatal ridge
eight at week 6 showed that the alveolar bone height of all
roups was reduced to varying degrees after tooth extraction.
he reduction in the MSF  group was less than that of the
ther two groups whether for buccal or palatal plates (p < 0.01),
evealing that MSF  scaffolds can reduce the tooth extraction-
nduced alveolar bone loss (Fig. 3G–I).

.7.2.  Histological  analysis  of  tooth  sockets
he histological analysis of SF and MSF  groups (Fig. 4A–B)
evealed direct contact between the residual bone grafts and
he fresh bone tissue. Compared to the control, the density of

nflammatory cells in SF and MSF  graft groups were lower and
egenerating capillaries had infiltrated into the bone substi-
utes at day 7 (Fig. 4C). The oral mucosa of all sample groups
ad healed well after 6 weeks and new bone formation was
 significance was defined as *P < 0.05, **P < 0.01, ***P  < 0.001.

observed in all groups, and there was an increase in the per-
centage of newly formed bone in the bone defect for the MSF
group.

3.7.3.  Toxicity  of  scaffolds  in  vivo
Histological examination of rat organs (heart, liver, spleen,
kidneys and brain) after implanting scaffolds for 6 weeks
showed no adverse organ damage or inflammatory reactions
(Fig. 4D), further indicating negligible in vivo toxicity of SF or
MSF  grafts.

4.  Discussion

Ideally, graft material for tooth extraction sockets should
possess excellent osteogenic properties combined with good
mechanical strength. Mimicking the organic-inorganic struc-
ture of natural bone is an important aspect of designing
biomaterials for bone tissue engineering. Bone is a com-
plex hybrid material comprised of organic macromolecules
and inorganic mineral component. Hydroxyapatite crystals,
the main inorganic matrix of bone, are embedded between

complicated self-assembled collagen type I (Col I) fibrils. The
organic Col I fibrils serve as a substrate for the mineral depo-
sition that occurs by nucleation and growth of HA [28,29]. Silk
fibroin has a similar structure to the collagen fibrils, but it has

https://doi.org/10.1016/j.dental.2019.07.024
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Fig. 4 – Histological analysis of tooth sockets and rat organs. Histological images of rat right maxillary first molar extraction
sockets at one and six weeks, (A) H&E staining, (B) Masson staining, GT indicates granulation tissue, SC indicates scaffold,
NB indicates new bone, green lines indicate the defect margin. (C) Higher magnification images of sockets implanted with
SF and MSF  scaffolds; white arrows indicate new capillaries infiltrating the bone substitutes at 1 week. (D) Histological
sections of heart, liver, spleen, kidney and brain of the rats implanted with either SF or MSF scaffolds. (For interpretation of

erred
the references to color in this figure legend, the reader is ref

better mechanical properties and lower immunogenicity com-
pared to collagen. Previous studies reported that silk fibroin
has a large breaking strain, high toughness and the tensile
strength is 300–740 MPa [30,31]. In addition, silk fibroin can
also be easily molded into different forms such as films [32],
hydrogels [33], and scaffolds [34] to meet the requirements of
different types of bone defects.

Material architecture is one of the most important fac-
tors affecting its biological properties. Porous scaffolds with
interconnected pores could provide a three-dimensional (3D)
space and channels to facilitate the adhesion, infiltration and
proliferation of stem cells and enhance the regeneration of
bone tissues and blood vessels [35,36]. In the present study,
SF scaffolds were fabricated by freeze-drying and exhibited a
3D porous structure with smooth pore wall. Previous studies
have shown that an appropriate pore size for cell migration
should be >100 �m [37]. The mean pore size of SF scaffolds was
208.40 ± 34.57 �m,  indicating a suitable size to accommodate
pre-osteoblasts and permit migration.

Low osteogenic capacity is a drawback of silk fibroin. Meinel
et al. found that plain SF scaffolds failed to induce host cellular
differentiation to restore mouse critical size calvarial defects
completely [38]. Midha et al. discovered that the intrinsic
osteogenic capability of SF scaffold declines gradually owing to
inflammatory cell infiltration and scaffold degradation, result-
ing in only a little bone-like mineral deposition along the
margin of the critical size defect [39]. For this reason, incor-
porating inorganic particles into the SF matrix may not only

be conducive to osteogenic behavior and improve mechani-
cal properties of the scaffold but also mimic  the mineralized
structure of bone tissue. Hydroxyapatite, a bioceramic that is
osteoconductive and non-toxic, is one of the most commonly
 to the web version of this article.).

used alloplastic grafts for orthopedic and dental applications.
For alveolar ridge preservation, it can be used as a carrier of
growth factors and cytokines, such as recombinant human
bone morphogenetic protein-2 (rhBMP-2) [40], cell binding
peptide P-15(Putty P15) [41] and play a cooperative effect in
increasing new bone formation in tooth extraction sockets.

Rather than using the physical blending method, the
hydrothermal mineralizing method was chosen to obtain
nanopatterned hydroxyapatite crystals. Marelli et al. have
shown that the low molecular weight fraction of silk fibroin
was hydrophilic, electronegative and presented nucleation
sites for nHA and the mineralization of the SF could be
attributed to the chelating ability of carboxyl groups or
hydroxyl groups [15]. In the present study, silk fibroin matrix
presented a suitable template surface for triggering the nucle-
ation and growth of crystals. The autoclave conditions reduced
the surface free energy of saturated ions, and contributed to
the Ca2+ deposition on the scaffolds. Then, PO4

3− ions from
the surrounding mineralizing solution were attracted electro-
statically by the calcium ions and resulted in the formation of
nano-hydroxyapatite crystals.

Good hydrophilicity is necessary for bio-grafts to facilitate
the influx of nutrition and the efflux of waste. MSF  scaffold
had a higher hydrophilicity and higher water uptake capacity
than unmodified SF due to the deposition of hydrophilic nHA.
This property of MSF may foster cell adhesion, migration and
proliferation in the three-dimensional scaffold.

An essential property of biomaterials is excellent biocom-

patibility, namely the absence of toxicity, induction of an
inflammatory reaction, immune rejection or carcinogenicity
following implantation. Silk has been used as a suture material
for a long time in clinics, low immunogenicity is a significant

https://doi.org/10.1016/j.dental.2019.07.024
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dvantage of silk fibroin [42]. Meanwhile, SF is biodegradable
nd its degradation products (mainly amino acids) have no
ide effects. In our study, SF scaffolds before and after min-
ralization had no effect on cell viability. The rough surfaces
f MSF  increased cell adhesion and proliferation. Moreover,
ll scaffolds implanted in vivo showed good compatibility
ith the host tissue. There were low inflammatory lesions or

mmune reactions and no adverse organ damage was observed
t any time.

Alveolar ridge preservation refers to “any procedure under-
aken at the time of, or following, an extraction that is
esigned to minimize external resorption of the ridge and
aximize bone formation within the socket” [43]. Many differ-

nt types of graft materials have been used for tooth extraction
ite preservation, including autogenous bone grafts, dem-
neralized freeze-dried bone allograft (DFDBA), bovine derived
enograft (Bio-Oss), and tricalcium phosphate. These have
een shown to be effective to a certain extent [44]. Recently,
ore  and more  researchers are investigating the use of

rganic-inorganic composite in socket preservation. Okada
t al used �-tricalcium phosphate coated with poly lactic-co-
lycolic acid (�-TCP/PLGA) for the repair of extraction sockets
ith buccal ridge deficiencies and it appeared to exhibit a great
otential for ridge preservation [45]. Feng et al. compared the
ffects of mineralized collagen and hydroxyapatite/collagen
omposite grafts on fresh bone formation in extraction sock-
ts, and they concluded that the mineralized collagen scaffold
howed superior results in bone formation for alveolar bone
reservation [46]. To our knowledge, no studies to date have

nvestigated the effectiveness of mineralized silk fibroin scaf-
olds for socket preservation.

Micro-CT analysis in the present study showed that new
one mass increased gradually in the socket area over the
ealing period. In the early stage, the bone volume at MSF sites
as significantly greater than that at the other sites, however,

here was only a slight difference in bone volume between
he test sites and control sites at 6-week. A preliminary study
as indicated that free calcium and phosphate ions increased

he activity of osteoprogenitor cells [47]. Early bone formation
n MSF  sites may be attributed to the resorption of the nano-
ydroxyapatite, which would release calcium and inorganic
hosphorus ions and establish an osteogenic environment
nd stimulate osteoblastic differentiation. Although scaffold
ineralization had no significant effect on bone density in

he early phase, the MSF  group had higher bone density after
 weeks, suggesting that the nano-hydroxyapatite component
ould act as a mineral reservoir to induce bone formation over
onger periods.

A previous study has indicated that graft materials need to
e resorbed, otherwise the formation of new bone is delayed
ecause of the limited blood supply and nutrients in the
ocket [48]. In the present study, we  found that the SF scaf-
old – a natural protein – and MSF  had an appropriate rate
f resorption. Histological analysis revealed that a number of
ew capillaries penetrated the SF and MSF  grafts at day 7 of

he healing period. This phenomenon may be favored by the

orous interconnected structure of the scaffold. The newly
ormed bone in healing extraction sockets was observed to
e continuous with the original bone at all sites. Moreover,
SF  scaffolds in post-extractive sockets exhibited greater new
 0 1 9 ) 1397–1407 1405

bone formation compared with SF scaffolds or blood clot for-
mation. This may be because the degradation of nHA releases
calcium and phosphate ions which are essential for osteoge-
nesis. Ribeiro et al found that Silk fibroin/nanohydroxyapatite
(SF/ nHA) hydrogels can interact with human bone marrow
stromal cells (hBMSCs) and improve osteogenic responses
in vitro [49]. Ye et al. used a rabbit radial bone-defect model
and reported the silk fibroin/chitosan/nano-hydroxyapatite
(SF/CS/nHA) demonstrated high biocompatibility and osteoin-
duction in vivo [50]. Although a different animal and
experimental sites were involved in this study, the scaffolds
were degraded and gradually replaced with fresh and mature
bone.

Osseous substitutes have been shown to reduce the resorp-
tion of alveolar ridge height and width after tooth extraction.
In our rat model, the removal of the maxillary first molar
tooth induced a significant alveolar bone loss. Nevertheless,
the reduction of alveolar bone was lower in the MSF-treatment
group. Similar to previous tooth extraction studies [51], we
speculate that the larger amount of fresh bone formed inside
the MSF-grafted sockets may prevent severe resorption of alve-
olar bone. Furthermore, the massive bone formation resulted
in the lower the mechanical strain around the maxillary bone,
thus avoiding the alveolar bone loss induced by tooth extrac-
tion.

Nano-hydroxyapatite has the beneficial properties of high
surface area to volume ratio high mechanical strength and
fracture toughness. However, its strength and lack of flexibility
make it difficult to form the desired shape to fill defects. The SF
scaffold, however, can act as a flexible carrier for nHA crystals
that can fill the bony defect in extraction sockets.

5.  Conclusion

The present study demonstrates that mineralized silk fibroin
scaffold has properties that make it an excellent novel can-
didate for tooth socket preservation. MSF  scaffold had good
biocompatibility and provided a microenvironment that main-
tained cell viability. The MSF material induced a higher degree
of osteoinduction than SF scaffold. Furthermore, MSF-grafted
tooth extraction sockets showed increased new bone forma-
tion and decreased alveolar bone loss than other treatments.
Future experiments should investigate the long-term effects
of using MSF  for alveolar ridge preservation and determine its
suitability for clinical application.
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