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Abstract
This study aimed to carry out in vivo testing of the formation of new bone bymodified silk fibroin
scaffolds with amimickedmicroenvironment offibronectin/decellularized pulp in bone defects. Silk
fibroin scaffolds were fabricated into three-dimensional scaffolds before being coatedwith
fibronectin/decellularized pulp. The coated scaffolds were implanted into rabbits. Twenty-four
bicortical calvarial defects in 12 rabbits were divided randomly into two groups: non-coated and
coated silk fibroin scaffolds. The rabbits were sacrificed 2, 4 and 8weeks after operation for evaluation
of new bone formation. Themorphology of the scaffolds, new bone formation and histologywere
evaluated by scanning electronmicroscopy,micro-CT and hematoxylin and eosin staining,
respectively. The results showed that the coated silk fibroin scaffolds had a fibrillar network and crystal
particles in the porous structure. The coated silk fibroin scaffolds demonstrated the ability to induce
the formation of new bonewith low inflammation and high vascularization. The results indicated that
themodified silk fibroin scaffolds showed suitable biological performance and promise for bone
regeneration inmaxillofacial surgery.

Introduction

Currently there are many patients suffering from
maxillofacial disease and trauma. In severe cases,
patients need to be treatedwith biomaterial substitutes
[1]. Tissue engineering scaffolds are attractive bioma-
terials which show the interesting ability to induce the
formation of new bone at a defect site [2]. Therefore,
the design of such scaffolds is a challenge for surgeons
and materials scientists. This research aimed to
improve the performance of scaffolds for using in
maxillofacial bone surgery.

Silk fibroin (SF) scaffolds have been used in tissue
engineering for several decades [3, 4]. Because of its
unique physical, mechanical and biological function-
alities, SF is fabricated in porous scaffolds for bone tis-
sue engineering [5–7]. In some studies, the porous SF
scaffolds are modified to enhance their biological

functionality and these modified scaffolds are able to
induce the formation of new bone [8–10]. The pur-
pose of this study was to enhance the biological func-
tionality of modified SF scaffolds for the formation of
newbone.

Mimicry is an attractive approach which is used to
design materials in many applications, for instance in
structural and mechanical engineering [11] and in
pharmaceutical [12] and biomedical technologies
[13]. In tissue regeneration in particular mimicry is
used to create functional scaffolds to enhance new tis-
sue formation. In the case of bone tissue engineering,
mimicked scaffolds are designed to have a similar
structure and functionality to native extracellular
matrix (ECM) [14]. Furthermore, some scaffolds are
modified with mimicked functionality by growth fac-
tors, to induce new bone formation. Due to this attrac-
tive performance, mimicry was chosen as the
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approach for preparing the SF scaffolds in this
research.

The microenvironment comprises a myriad of
biological signals which have been used to induce tis-
sue regeneration [7]. The microenvironment is com-
bined with biocompatible polymers before their
fabrication into scaffolds [5, 15]. Due to this unique
functionality, the focus in this study was on themicro-
environment needed modify the biological functions
of the SF scaffolds.

Decellularized tissue is used as an alternative scaf-
fold to induce new tissue formation [14]. Generally,
decellularized tissue contains the important micro-
environmental components, namely ECM and cyto-
kines [16, 17]. Those components function as signals
to induce new tissue formation [18]. Some research
has reported the use of decellularized pulp tissue to
modify SF scaffolds [19, 20]. That research demon-
strated that decellularized pulp tissue could enhance
the biological functions of SF scaffolds. Therefore, this
research also focused on using decellularized pulp tis-
sue tomodify the SF scaffolds.

Fibronectin is a biomolecule that contains various
domains. These domains are recognized as regions for
cell adhesion that lead to the induction of regeneration
of new tissue [21, 22]. Furthermore, they can connect
with other biological signals in the microenvironment
[20, 23, 24]. Fibronectin is also able to inhibit the
inflammatory response during new tissue formation.
This study therefore used fibronectin to modify the SF
scaffolds.

Our previous study demonstrated that the
mimicked environment of fibronectin/decellularized
pulp tissue promoted regeneration of bone tissue
in vitro. The combination of SF scaffolds and fibro-
nectin/decellularized pulp stimulated cell functions
such as cell adhesion and proliferation better than SF
scaffolds with only decellularized pulp or fibronectin
[25]. Based on those results, a combination of fibro-
nectin and decellularized pulp was selected to modify
SF scaffolds for in vivo testing.

In this research, the SF was fabricated into porous
scaffolds before modification by a mimicked micro-
environment of fibronectin/decellularized pulp tis-
sue. The modified SF scaffolds were selected and
considered for induction of new tissue formation in
maxillofacial bone surgery. The in vivo testing eval-
uated the biological performance, morphology and
histology of new bone formation.

Materials andmethods

Preparation of coated silkfibroin scaffolds
Bombyx mori SF was supplied by the Queen Sirikit Seri
Culture Centre, Narathiwat, Thailand. We prepared
SF scaffolds according to our previous study [25]. The
silk solution was concentrated at 3% (w/v). The three-
dimensional (3D) SF scaffolds were prepared in five

steps. First, the SF solution was prepared in 48-well
plates. Second, it was freeze-dried to make it porous.
Third, the porous silk scaffolds were treated by
immersion in 70% (v/v)methanol for 30 min. Fourth,
the porous silk scaffolds were freeze-dried again.
Finally, all SF scaffolds were cut into disks (10 mm in
diameter and 2 mm thick).

The primary teeth of children were collected after
extraction, which was approved by the Research Ethics
Committee (no. MOE 0521.1.03/486). The dental
pulp tissue was digested into a solution by collagenase
and dispersed for 1 h. The solution was filtered to
obtain the decellularized pulp and a freeze-drying
machinewas used to sublimate thewater.

Before coating the SF scaffolds, the decellularized
pulp powder was dissolved in 0.1% sodium hypo-
chlorite to a concentration of 0.1 mgml−1. The solu-
tion of fibronectin (bovine plasma, Sigma Aldrich,
USA) and decellularized pulp was prepared in a sterile
aqueous solution at a 50:50 ratio. The SF scaffolds
were soaked in the coating solution for 4 h. The mod-
ified SF scaffolds with the ECM-mimicking micro-
environment of fibronectin/decellularized pulp (SF-
FP)were 10 mm in diameter and 2 mm thick.

Observation by scanning electron
microscopy (SEM)
The scaffolds of each group were chosen randomly for
observation and evaluation of their morphology, such
as pore size and porosity. Gold was used to coat the
surfaces of the samples for SEM observation using a
gold sputter-coating machine (SPI Supplies, Division
of Structure Probe Inc., Westchester, PA, USA). The
pore sizes and porosity percentages of the SF and SF-
FP scaffolds (n=25) were analyzed by ImageJ soft-
ware (WayneRasband).

Surgical procedure
Twelve male New Zealand white rabbits with a weight
of 2.7 ± 0.22 kg (mean±standard deviation (SD);
range 2.5–3.0 kg) were used. Approval was given by
the Animal Ethics Committee (no. MOE 0521.11/
520). All surgical procedures were performed under
general anesthesia and aseptic conditions by the same
surgical team. A 3 cm mid-sagittal incision was made
and subperiosteal dissection was carried out to show
calvarial bone. A sterilized 10 mm aluminum template
was used to ensure that the defects in each animal were
the same size. Two 10 mm diameter bicortical defects
were cut at the left and right parietal bones. The defects
were grafted randomly with the experimental SF-FP
and SF scaffolds. The wounds were sutured layer by
layer. A single dose of pethidine (10 mg kg−1) was
administered intramuscularly for anesthesia. Penicil-
lin G (50 000–100 000 U kg–1) was injected intramus-
cularly once daily for 3 days and the wound was
dressed once a day during three postoperative days.
The rabbits were followed closely. Any clinical
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changes, such as swelling, color, inflammation, wound
dehiscence or tissue necrosis, were recorded. The
rabbits were sacrificed 2, 4 and 8weeks after operation.
The calvarium of each rabbit was removed in one
block and then immediately immersed in 10% for-
malin for at least 1 week for tissue fixation before being
evaluated by micro-computed tomography (micro-
CT) and histology.

Evaluation of newbone formation bymicro-CT
All calvarial specimens were scanned by a micro-CT
system (μCT 35 system, Scanco Medical, Bassersdorf,
Switzerland) with built-in software. The specimens
were scanned perpendicularly to the cranium vault at
70 kVp, 113 μA and 8W in high-resolution mode
(18.5 μm3/voxel). The volume of interest was defined
to indicate the region of interest and the size of the
region. The scanned data reconstructed the 3D
(volume of interest) images of the defects. The regions
of interest were analyzed using the following para-
meters: percentage of bone volume by total defect
volume (% BV/TV), trabecular thickness (mm) and
bonemineral density (mgHA cm−3).

Histology
All calvarial specimens were fixed by 10% formalin for
3 weeks followed by decalcification in 10% ethylene-
diaminetetraacetic acid (EDTA) pH 7.4 for 4 weeks.
They were then dehydrated in a graded ethanol series
solutions and xylene, embedded in paraffin, and cut
into three sections, each with a thickness of 5 μm. The
sections were stained with hematoxylin and eosin.
They were examined by a light microscope to evaluate
new bone formation, inflammatory response and
vascularization.

Statistical analysis
The numerical data are presented as percentage and
mean±SD, using the Mann–Whitney test to find the
differences between the experimental groups at each
postoperative time point (2, 4 and 8 weeks). A p-
value < 0.05 was considered to be statistically sig-
nificantly different. All data were analyzed by SPSS
(Statistical Package for the Social Sciences, IBM, USA)
version 16.0.

Results

Morphological structure of coated SF scaffolds
The SF and SF-FP scaffolds were fabricated into 3D
disks (10 mm in diameter and 2 mm thick). The SF-FP
scaffolds were slightly brighter than the SF scaffolds.
The SF-FP and SF scaffolds were soft, dry and very
porous. In figure 1, the SF scaffold is thin and has
smooth walls and an interconnecting porous structure
(figures 1(a), (b)). On the other hand, the SF-FP
scaffold has smaller interconnecting pores and thicker
walls than the SF scaffold (figure 1(c)). There were

small fibrils in the pores and small crystal particles
which adhered to the surfaces of the walls of the SF-FP
scaffold (figure 1(d)). The mean pore sizes of the SF
scaffolds and the SF-FP scaffolds were
162.0114±10.01 μm and 109.3659±10.21 μm,
respectively. The pore sizes were significantly different
(p<0.001). However, the percentage porosities were
very similar at 85.32% of the SF scaffold, and 83.39%
of the SF-FP scaffold.

Gross tissue observation
All rabbits remained alive throughout the exper-
imental period. All wounds demonstrated excellent
healing by normal hair growthwithout any evidence of
infection or wound dehiscence. At the time of sacrifice
the pericranium tissue of the calvaria had healed
without any infection. Macroscopic observation
showed that all specimens had excellent healing and
there was no evidence of infection. All materials were
intimately incorporated with the surrounding host
calvarial bone (figure 2). The endocranium also
showed good healing at the grafting sites at all time
points. The underlying brain and dura layers were
intact. However, the SF implants swelled more than
the SF-FP implants at 2weeks (figure 2(d)). The defects
of the SF-FP and SF scaffolds were firm at the
periphery and rubbery in the middle. Their color was
as same as the host bone (figures 2(e), (f)). Importantly,
the results showed that both the SF and SF-FP scaffolds
exhibited good healing of the bone defects.

Characterization of newbone formation by
micro-CT
In 3D reconstruction, the defects which were grafted
with the SF scaffolds induced new bone at the
periphery of the defect at each postoperative time
point (figures 3(a)–(c)). The SF-FP scaffolds induced
the formation of new bone at the periphery at 2 and 4
weeks (figures 3(d), (e)) and they enhanced new bone
toward the center of the defects at 8weeks (figure 3(f)).

The percentage of new bone volume fraction of the
SF group was lower than the SF-FP group at 2 weeks
(4.34±2.79% versus 6.89±1.45%, respectively). At
4 weeks , both SF and SF-FP groups increased about
1.5 times (5.60±3.40% and 9.52±1.42%, respec-
tively). However, 8 weeks postoperatively all of them
were slightly reduced (figure 4(a)). Besides that, the
trabecular structure of the SF-FP group was thicker
than for the SF group. These thickness increased at 4
weeks and slightly decreased at 8 weeks. There was a
significant difference between them at 4 weeks
(p=0.043) (figure 4(b)). Bone mineralization in both
groups increased from 2 weeks to 4 weeks, and then
decreased at 8 weeks. The mineralization of the SF-FP
group was higher than in the SF group at all post-
operative time points (figure 4(c)).
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Histology
In figure 5, macroscopic evaluation of the SF scaffold
shows the formation of new bone at the periphery and
the defect is filled by an inflammatory response such as
swelling and a homogeneous purple color due to
inflammatory cells at 2 weeks (figure 5(a)). At 4 weeks,

new bone formation in the SF group is enhanced at the
periphery, but the SF implant has collapsed in the
middle (figure 5(b)). At 8 weeks, new bone formed is
immature at the periphery, and fibrous tissue is
replaced in themiddle (figure 5(c)).

Figure 1.Morphological surfaces of the scaffolds scanned by SEMat 50× (a, c) and 500× (b, d)magnification. The SF scaffold (a, b) is
porouswith thin, smoothwalls, having an interconnecting porous structure. The SF-FP scaffold (c, d) had smaller interconnecting
pores and thicker walls. In (d) the fibril structure at an inner pore is indicated by thewhite arrow and the crystal particles attached to
the SF-FPwalls by the yellow arrow.

Figure 2.Gross tissue experiments at 2, 4 and 8weeks after operation: (a)–(c) the periosteumhealedwell at the experimental sites; (d)–
(f) the experimental defect waswell covered by the endocraniummembrane. Scale bar=10 mm.
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Macroscopic observation in the SF-FP group at 2
weeks indicated that there was no swelling due to an
inflammatory response as in the SF group. Vessels and
new bone formation were enhanced within the scaf-
fold at the periphery (figure 6(a)). At 4 weeks, the nor-
mal size of the scaffold was maintained. New bone
formation was enhanced further than the peripheral
margins (figure 6(b)). At 8 weeks, the SF-FP scaffold
collapsed in the middle as in the SF group. The new
bone formed mature fatty bone marrow within the
newly formed bone (figure 6(c)).

In figure 7 it can be seen that the SF scaffold clearly
triggered clusters of foreign-body giant cells and
inflammatory cells, and there was little vascularization
within the scaffold at 2 weeks (figure 7(a)). At 4 weeks,
the foreign-body reaction decreased and the SF scaf-
fold did not enhance bone formation or vasculariza-
tion within it (figure 7(b)). At 8 weeks, fibrous tissue
was filled the defect and immature bone formed at the
periphery of the SF scaffold (figure 7(c)). On the other
hand, the SF-FP scaffold had better compatibility than
the SF scaffold. It enhanced new bone formation
(detected within the residual SF-FP scaffold at the

periphery). Blood vessels and a few foreign-body giant
cells were present (figure 7(d)). At 4 weeks, the vascu-
larization of the SF-FP scaffold was better than at 2
weeks. New bone formation was enhanced further
than the peripheralmargin and a small amount of resi-
dual scaffold was present inside the newly formed
bone (figure 7(e)). Furthermore, at 8 weeks themature
bone formed was lamellar in the SF-FP group
(figure 7(f)).

Discussion

One of the purposes of tissue engineering is the ability
to design a proper scaffold to serve as a tissue structure
[2]. The purpose of this study was to assess modified
SF scaffolds coated with a mimicked microenviron-
ment of fibronectin/decellularized pulp for their
biocompatibility and enhancement of new bone
formation. Notably, SF-FP had a smaller pore size to
SF. That smaller size came from the self-organization
of decellularized pulp and fibronectin which adhered
in the pores [25]. The scaffolds (10 mm in diameter
and 2 mm thick) were implanted bilaterally in rabbit

Figure 3. 3D reconstruction images of the experimental groups at 2, 4 and 8weeks after operation: (a)–(c) SF scaffolds induced new
bone at the periphery of the defects; SF-FP scaffolds induced formation of new bone at the periphery at (d) 2weeks and (e) 4weeks; (f)
at 8weeks, new bonewas enhanced andmoved to the inside of the defects. Scale bar=1 mm.
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calvarial defects to demonstrate these properties. All
rabbits were observed for clinical healing before their
calvaria were harvested at 2, 4 and 8 weeks after
operation. The scaffolds were evaluated macroscopi-
cally and were observed histologically for the forma-
tion of new bone, inflammatory response and
vascularization, and the defects were characterized by
micro-CT.

The empty control defects were not included in
this study because they were filled by fibrous tissue
within experimental time points, as in our previous
study [26]. Moreover, the modified SF scaffolds with
only decellularized pulp or fibronectin did not show

satisfactory results for use in bone regeneration com-
pared with the modified SF scaffolds with a mimicked
microenvironment of fibronectin/decellularized pulp
in in vitro testing [25]. Therefore, these measures
helped to cut down the number of animals needed but
still satisfied the requirements for statistical analy-
sis [9].

None of the scaffolds showed infection or wound
dehiscence (figure 2). Because SF is a biocompatible
material [3, 5] the host showed a lower inflammatory
response to the SF-FP scaffolds than the SF scaffolds
(figure 7). This study demonstrated that decellularized
pulp possessed biocompatibility that could induce

Figure 4.Micro-CT analysis of the experimental groups at different postoperative time points: (a) percentage of newbone formation
fraction (%); (b) trabecular thickness (mm); (c) bonemineral density (mgHAcm−3).

Figure 5.Histology of the SF scaffold at postoperative time points 2weeks (a), 4 weeks (b) and 8weeks (c). H, host bone;N,newbone;
M,fatty bonemarrow; Ffibrous tissue.White arrows indicateclusters of foreign-body giant cells and yellow arrows showdefect
margins.
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osteogenesis [16, 19, 20]. The combination of SF scaf-
folds with fibronectin led to a small inflammatory
reaction and fewer foreign-body cells because the
fibronectin reduced the inflammatory response [27].

Vascularization in the SF-FP group was enhanced
inside the scaffolds (figure 7). The decreased inflam-
matory response might benefit vascular enhancement
within the experimental scaffolds [6, 27]. The decrease
in the inflammatory response was due to the presence
of the fibronectin [27]. Vascularization is important
for the supply of many essential components in bone
formation, such as blood cells, oxygen, minerals and
growth factors for cell nutrition [12, 28]. Moreover,
the decellularized tissue can induce vascularization
[17, 29]. In the case of the SF-FP scaffolds, the
enhanced vascularization might come from the syner-
gized functionality of fibronectin and decellularized
pulp tissue. Therefore, our results indicate that the
mimicked microenvironment of fibronectin/decel-
lularized pulp tissue was able to enhance vasculariza-
tion. This vascularization led to the induction of new
bone formation.

In this study, the SF-FP scaffolds enhanced the for-
mation of new bone better than the SF scaffolds
(figure 4). Newly formed bone or woven bone was

detected at the peripheral sites where the recruitment
ofmesenchymal cells was encouraged in the process of
intramembranous ossification (figure 6). The osteo-
conducting properties were promoted by the fibrillar
network and crystal particles of the mimicked micro-
environment on the SF-FP scaffolds (figure 1). The
mimicked microenvironment was due to reconstruc-
tion of the decellularized pulp tissue combined with
the fibronectin which adhered to the decellularized
dental pulp [25]. This reconstruction could promote
adhesion and differentiation of osteoblasts for the for-
mation of new bone [23, 30].

The new bone formed on the SF-FP scaffolds was
of better quality than that on the SF scaffolds. This
might be due to the components of the ECM dental
pulp. The method of decellularization does not
remove all components of ECM tissue [18]. The
remaining components are large amounts of collagen
and non-collagenous proteins, such as collagen type I,
III and IV, fibronectin, vitronectin, osteopontin, bone
sialoprotein, transforming growth factor-1 (TGF-1),
TGF-3, bone morphogenetic protein-2 (BMP-2) and
insulin-like growth factor-1 (IGF-1) [16, 18, 20, 29].
Those components facilitate osteoblast adhesion and
proliferation at the periphery and within the scaffolds.

Figure 6.Histology of the SF-FP scaffold at postoperative time points 2weeks (a), 4 weeks (b) and 8weeks (c). H,host bone; N,new
bone; V,vascular tissue;M, fatty bonemarrow; F,fibrous tissue. Yellow arrows indicatedefectmargins.

Figure 7. Inflammatory response, newbone formation and vascularization of the experimentalmaterials at the periphery. N,new
bone; G,cluster of foreign-body giant cells; V,vascular tissue;M,fatty bonemarrow; F,fibrous tissue. The ellipse in (a)marksa
cluster of inflammatory cells. *Residual SFmaterial. Scale bar=50 μm.
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Moreover, the trabecular structure in the SF-FP group
was harder than in the SF group (figure 4(b)). The
fibronectin supported the mimicked SF, which is rich
in adhesive proteins in the natural original matrix, for
adhesion, proliferation and differentiation of the
osteogenic cells for better mineralization than most
synthetic materials [23, 30, 31]. As a result, bone qual-
ity in the SF-FP group was better than in the SF group.
At 8 weeks, bone formed in the SF-FP group wasmore
mature than that in the SF group (figure 7(f)). Bone
regeneration with SF-FP implants showed faster
remodeling thanwith SF scaffolds.

The SF-FP scaffolds had smaller pore sizes, and
were thus more porous, than the SF scaffolds, leading
to increasing amount of fibrils among the inter-
connecting pores. Previous studies reported that the
pore sizemust be at least 50 μmto permit bone growth
into an artificial scaffold and the internal connective
porosity was more important for successful anchorage
of bone growth than the overall pore diameter
[9, 20, 32]. This study also demonstrated that bone
regeneration was affected by the morphological char-
acteristics of the scaffolds, such as the mimicked
microenvironment, rather than the pore character-
istics of thematerials [9, 20, 33].

Conclusion

In this study, modified silk fibroin scaffolds were
coated by a mimicked microenvironment of fibronec-
tin/decellularized pulp that had a porous structure
with small fibrils and crystal particles from the
mimicked microenvironment. The results of in vivo
testing indicated that the silk fibroin scaffolds could
enhance the formation of new bone in rabbit calvaria.
Furthermore, they demonstrated good biocompatibil-
ity (indicated by a low inflammatory response and
good vascularization). Finally, this study showed that
coated silk fibroin scaffolds with a mimicked micro-
environment of fibronectin/decellularized pulp are
promising for use in bone regeneration, particularly in
maxillofacial surgery.

Acknowledgments

Wewould like to thankMs Supaporn Sangkert andMr
Jakchai Jantaramanowhohelped us in this study.

ORCID iDs

ThanhHThai https://orcid.org/0000-0003-
3430-4873

References

[1] GargAK 2004Bone Biology, Harvesting, andGrafting for
Dental Implants: Rationale andClinical Applications (New
Malden:Quintessence PublishingCompany)

[2] SalgadoA, CoutinhoO andReis R 2004 Bone tissue
engineering: state of the art and future trendsMacromol. Biosci.
4 743–65

[3] AltmanG et al 2003 Silk-based biomaterialsBiomaterials 24
401–16

[4] KunduB, RajkhowaR, Kundu SC andWangX 2013 Silk
fibroin biomaterials for tissue regenerationsAdv. Drug. Deliv.
Rev. 65 457–70

[5] Mandal B, Grinberg A,Gil S, Panilaitis B andKaplanD2012
High-strength silk protein scaffolds for bone repair Proc. Natl
Acad. Sci. USA 109 7699–704

[6] Hofmann S et al 2013Remodeling of tissue-engineered bone
structures in vivo Eur. J. Pharm. Biopharm. 85 119–29

[7] Meinel L andKaplanDL 2012 Silk constructs for delivery of
musculoskeletal therapeuticsAdv.Drug. Deliv. Rev. 64
1111–22

[8] Correia C et al 2012Development of silk-based scaffolds for
tissue engineering of bone fromhuman adipose-derived stem
cellsActa Biomater. 8 2483–92

[9] Uebersax L et al 2013 Biocompatibility and osteoconduction of
macroporous silkfibroin implants in cortical defects in sheep
Eur. J. Pharm. Biopharm. 85 107–18

[10] ZhangW et al 2011The use of injectable sonication-induced
silk hydrogel for VEGF(165) andBMP-2 delivery for elevation
of themaxillary sinus floorBiomaterials 32 9415–24

[11] LutolfMP andHubbell J A 2005 Synthetic biomaterials as
instructive extracellularmicroenvironments for
morphogenesis in tissue engineeringNat. Biotech. 23 47–55

[12] SalvayDM et al 2008 Extracellularmatrix protein-coated
scaffolds promote the reversal of diabetes after extrahepatic
islet transplantationTransplantation. 85 1456–64

[13] Hinderer S, Layland S and Schenke-LaylandK 2016 ECMand
ECM-likematerials—biomaterials for applications in
regenerativemedicine and cancer therapyAdv.Drug. Deliv.
Rev. 97 260–9

[14] ChengCW, Solorio LD andAlsberg E 2014Decellularized
tissue and cell-derived extracellularmatrices as scaffolds for
orthopaedic tissue engineeringBiotechnol. Adv. 32 462–84

[15] JiangX et al 2009Mandibular repair in rats with
premineralized silk scaffolds and BMP-2-modified bMSCs
Biomaterials 30 4522–32

[16] Traphagen S B et al 2012Characterization of natural,
decellularized and reseeded porcine tooth budmatrices
Biomaterials 33 5287–96

[17] Badylak S F, TaylorD andUygunK 2011Whole-organ tissue
engineering: decellularization and recellularization of three-
dimensionalmatrix scaffoldsAnnu. Rev. Biomed. Eng. 13
27–53

[18] Benders K,Weeren PRV, Badylak S F, Saris DBF,
DhertW JA andMalda J 2013 Extracellularmatrix scaffolds
for cartilage and bone regenerationTrends Biotechnol. 31
169–76

[19] Sangkert S, Kamonmattayakul S, ChaiWL andMeesane J 2016
A biofunctional-modified silkfibroin scaffoldwithmimic
reconstructed extracellularmatrix of decellularized pulp/
collagen/fibronectin for bone tissue engineering in alveolar
bone resorptionMater. Lett. 166 30–4

[20] Sangkert S,Meesane J, Kamonmattayakul S andChaiWL2016
Modified silkfibroin scaffolds with collagen/decellularized
pulp for bone tissue engineering in cleft palate:morphological
structures and biofunctionalitiesMater. Sci. Eng.C 58 1138–49

[21] Bini E, FooCW,Huang J, KarageorgiouV, Kitchel B and
KaplanDL 2006RGD-functionalized bioengineered spider
dragline silk biomaterialBiomacromolecules. 7 3139–45

[22] Wohlrab S et al 2012Cell adhesion and proliferation onRGD-
modified recombinant spider silk proteinsBiomaterials 33
6650–9

[23] Garcia A J andReyes CD2005 Bio-adhesive surfaces to
promote osteoblast differentiation and bone formation J. Dent.
Res. 84 407–13

[24] KuriharaH andNagamune T 2005Cell adhesion ability of
artificial extracellularmatrix proteins containing a long
repetitive Arg-Gly-Asp sequence J. Biosci. Bioeng. 100 82–7

8

Biomed.Mater. 13 (2018) 015009 THThai et al

https://orcid.org/0000-0003-3430-4873
https://orcid.org/0000-0003-3430-4873
https://orcid.org/0000-0003-3430-4873
https://orcid.org/0000-0003-3430-4873
https://orcid.org/0000-0003-3430-4873
https://doi.org/10.1002/mabi.200400026
https://doi.org/10.1002/mabi.200400026
https://doi.org/10.1002/mabi.200400026
https://doi.org/10.1016/S0142-9612(02)00353-8
https://doi.org/10.1016/S0142-9612(02)00353-8
https://doi.org/10.1016/S0142-9612(02)00353-8
https://doi.org/10.1016/S0142-9612(02)00353-8
https://doi.org/10.1016/j.addr.2012.09.043
https://doi.org/10.1016/j.addr.2012.09.043
https://doi.org/10.1016/j.addr.2012.09.043
https://doi.org/10.1073/pnas.1119474109
https://doi.org/10.1073/pnas.1119474109
https://doi.org/10.1073/pnas.1119474109
https://doi.org/10.1016/j.ejpb.2013.02.011
https://doi.org/10.1016/j.ejpb.2013.02.011
https://doi.org/10.1016/j.ejpb.2013.02.011
https://doi.org/10.1016/j.addr.2012.03.016
https://doi.org/10.1016/j.addr.2012.03.016
https://doi.org/10.1016/j.addr.2012.03.016
https://doi.org/10.1016/j.addr.2012.03.016
https://doi.org/10.1016/j.actbio.2012.03.019
https://doi.org/10.1016/j.actbio.2012.03.019
https://doi.org/10.1016/j.actbio.2012.03.019
https://doi.org/10.1016/j.ejpb.2013.05.008
https://doi.org/10.1016/j.ejpb.2013.05.008
https://doi.org/10.1016/j.ejpb.2013.05.008
https://doi.org/10.1016/j.biomaterials.2011.08.047
https://doi.org/10.1016/j.biomaterials.2011.08.047
https://doi.org/10.1016/j.biomaterials.2011.08.047
https://doi.org/10.1038/nbt1055
https://doi.org/10.1038/nbt1055
https://doi.org/10.1038/nbt1055
https://doi.org/10.1097/TP.0b013e31816fc0ea
https://doi.org/10.1097/TP.0b013e31816fc0ea
https://doi.org/10.1097/TP.0b013e31816fc0ea
https://doi.org/10.1016/j.addr.2015.11.019
https://doi.org/10.1016/j.addr.2015.11.019
https://doi.org/10.1016/j.addr.2015.11.019
https://doi.org/10.1016/j.biotechadv.2013.12.012
https://doi.org/10.1016/j.biotechadv.2013.12.012
https://doi.org/10.1016/j.biotechadv.2013.12.012
https://doi.org/10.1016/j.biomaterials.2009.05.021
https://doi.org/10.1016/j.biomaterials.2009.05.021
https://doi.org/10.1016/j.biomaterials.2009.05.021
https://doi.org/10.1016/j.biomaterials.2012.04.010
https://doi.org/10.1016/j.biomaterials.2012.04.010
https://doi.org/10.1016/j.biomaterials.2012.04.010
https://doi.org/10.1146/annurev-bioeng-071910-124743
https://doi.org/10.1146/annurev-bioeng-071910-124743
https://doi.org/10.1146/annurev-bioeng-071910-124743
https://doi.org/10.1146/annurev-bioeng-071910-124743
https://doi.org/10.1016/j.tibtech.2012.12.004
https://doi.org/10.1016/j.tibtech.2012.12.004
https://doi.org/10.1016/j.tibtech.2012.12.004
https://doi.org/10.1016/j.tibtech.2012.12.004
https://doi.org/10.1016/j.matlet.2015.12.032
https://doi.org/10.1016/j.matlet.2015.12.032
https://doi.org/10.1016/j.matlet.2015.12.032
https://doi.org/10.1016/j.msec.2015.09.031
https://doi.org/10.1016/j.msec.2015.09.031
https://doi.org/10.1016/j.msec.2015.09.031
https://doi.org/10.1021/bm0607877
https://doi.org/10.1021/bm0607877
https://doi.org/10.1021/bm0607877
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1177/154405910508400502
https://doi.org/10.1177/154405910508400502
https://doi.org/10.1177/154405910508400502
https://doi.org/10.1263/jbb.100.82
https://doi.org/10.1263/jbb.100.82
https://doi.org/10.1263/jbb.100.82


[25] Sangkert S, Kamonmattayakul S, ChaiWL andMeesane J 2017
Modified porous scaffolds of silk fibroinwithmimicked
microenvironment based on decellularized pulp/fibronectin
for designed performance biomaterials inmaxillofacial bone
defect J. Biomed.Mater. Res.A 105 1624–36

[26] WongsupaN,Nuntanaranont T, Kamolmattayakul S and
ThuaksubanN2017Assessment of bone regeneration of a
tissue-engineered bone complex using human dental pulp
stem cells/poly(epsilon-caprolactone)-biphasic calcium
phosphate scaffold constructs in rabbit calvarial defects
J.Mater. Sci.,Mater.Med. 28 77

[27] Meinel L et al 2005The inflammatory responses to silk films
in vitro and in vivo Biomaterials 26 147–55

[28] KiniU andNandeesh BN2012 Physiology of bone formation,
remodeling, andmetabolismRadionuclide andHybrid Bone
Imaging ed I Fogelman et al (Berlin: Springer) pp 29–57

[29] GoldbergMand SmithA 2004Cells and extracellularmatrices
of dentin and pulp: a biological basis for repair and tissue
engineeringCrit. Rev. Oral Biol.Med. 15 13–27

[30] Mavrogenis A F,DimitriouR, Parvizi J and Babis GC 2009
Biology of implant osseointegration J.Musculoskel. Neuron.
Interact. 9 61–71 PMID: 19516081

[31] ShekaranA andGarcia A J 2011 Extracellularmatrix-mimetic
adhesive biomaterials for bone repair J. Biomed.Mater. Res.A
96 261–72

[32] Hollister S 2009 Scaffold design andmanufacturing: from
concept to clinicAdv.Mater. 21 3330–42

[33] KuboyamaN et al 2013 Silkfibroin-based scaffolds for bone
regeneration J. Biomed.Mater. Res.B 101 295–302

9

Biomed.Mater. 13 (2018) 015009 THThai et al

https://doi.org/10.1002/jbm.a.35983
https://doi.org/10.1002/jbm.a.35983
https://doi.org/10.1002/jbm.a.35983
https://doi.org/10.1007/s10856-017-5883-x
https://doi.org/10.1016/j.biomaterials.2004.02.047
https://doi.org/10.1016/j.biomaterials.2004.02.047
https://doi.org/10.1016/j.biomaterials.2004.02.047
https://doi.org/10.1007/978-3-642-02400-9_2
https://doi.org/10.1007/978-3-642-02400-9_2
https://doi.org/10.1007/978-3-642-02400-9_2
https://doi.org/10.1177/154411130401500103
https://doi.org/10.1177/154411130401500103
https://doi.org/10.1177/154411130401500103
https://www.ncbi.nlm.nih.gov/pubmed/19516081
https://doi.org/10.1002/jbm.a.32979
https://doi.org/10.1002/jbm.a.32979
https://doi.org/10.1002/jbm.a.32979
https://doi.org/10.1002/adma.200802977
https://doi.org/10.1002/adma.200802977
https://doi.org/10.1002/adma.200802977
https://doi.org/10.1002/jbm.b.32839
https://doi.org/10.1002/jbm.b.32839
https://doi.org/10.1002/jbm.b.32839

	Introduction
	Materials and methods
	Preparation of coated silk fibroin scaffolds
	Observation by scanning electron microscopy (SEM)
	Surgical procedure
	Evaluation of new bone formation by micro-CT
	Histology
	Statistical analysis

	Results
	Morphological structure of coated SF scaffolds
	Gross tissue observation
	Characterization of new bone formation by micro-CT
	Histology

	Discussion
	Conclusion
	Acknowledgments
	References



