
Modified porous scaffolds of silk fibroin with mimicked

microenvironment based on decellularized pulp/fibronectin for

designed performance biomaterials in maxillofacial bone defect

Supaporn Sangkert,1 Suttatip Kamonmattayakul,2 Wen Lin Chai,3 Jirut Meesane1

1Institute of Biomedical Engineering, Faculty of Medicine, Prince of Songkla University, Hat Yai, Songkhla, 90110, Thailand
2Department of Preventive Dentistry, Faculty of Dentistry, Prince of Songkla University, Hat Yai, Songkhla, 90110, Thailand
3Department of General Dental Practice and Oral and Maxillofacial Imaging, Faculty of Dentistry, University of Malaya, Kuala

Lumpur, Malaysia

Received 26 June 2016; revised 2 December 2016; accepted 14 December 2016

Published online 27 March 2017 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/jbm.a.35983

Abstract: Maxillofacial bone defect is a critical problem for

many patients. In severe cases, the patients need an opera-

tion using a biomaterial replacement. Therefore, to design

performance biomaterials is a challenge for materials scien-

tists and maxillofacial surgeons. In this research, porous silk

fibroin scaffolds with mimicked microenvironment based on

decellularized pulp and fibronectin were created as for bone

regeneration. Silk fibroin scaffolds were fabricated by freeze-

drying before modification with three different components:

decellularized pulp, fibronectin, and decellularized pulp/fibro-

nectin. The morphologies of the modified scaffolds were

observed by scanning electron microscopy. Existence of the

modifying components in the scaffolds was proved by the

increase in weights and from the pore size measurements of

the scaffolds. The modified scaffolds were seeded with MG-

63 osteoblasts and cultured. Testing of the biofunctionalities

included cell viability, cell proliferation, calcium content,

alkaline phosphatase activity (ALP), mineralization and

histological analysis. The results demonstrated that the modi-

fying components organized themselves into aggregations of

a globular structure. They were arranged themselves into

clusters of aggregations with a fibril structure in the porous

walls of the scaffolds. The results showed that modified scaf-

folds with a mimicked microenvironment of decellularized

pulp/fibronectin were suitable for cell viability since the cells

could attach and spread into most of the pores of the scaf-

fold. Furthermore, the scaffolds could induce calcium synthe-

sis, mineralization, and ALP activity. The results indicated

that modified silk fibroin scaffolds with a mimicked microen-

vironment of decellularized pulp/fibronectin hold promise for

use in tissue engineering in maxillofacial bone defects. VC 2017

Wiley Periodicals, Inc. J Biomed Mater Res Part A: 105A: 1624–1636,
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INTRODUCTION

Currently, there many patients who have critical problems
with maxillofacial bone defects from trauma and disease, for
instance blast injury, cleft palate, alveolar bone resorption,
and oral cancer. In severe cases, those patients need an
operation using a biomaterial replacement at the defect
area. Therefore, the design of performance biomaterials is a
challenge for surgeons and materials scientists.

Tissue engineering of scaffolds is attractive for biomate-
rial implantation particularly in maxillofacial bone defect.
Biodegradable polymers are often fabricated into three
dimensional (3D) porous structures to produce bone tissue-
engineered scaffolds that are suitable for cell adhesion, pro-
liferation, and regulation. Therefore, the selection of suitable

biodegradable polymers is important to create performance
biomaterial scaffolds for tissue engineering.

Silk fibroin (SF) is a protein available from the Bombyx
mori silk worm. Silk fibroin shows performance as a biode-
gradable polymer. Most of the proteins of the silk include
amino acids: glycine (43%), alanine (30%), and serine
(12%).1 These proteins arrange into a crystalline b-sheet
form in silk fiber.1 Silk fibroin shows interesting properties
such as slow degradation, biocompatibility, low immunoge-
nicity and toxicity, and good mechanical properties (Young’s
modulus and tensile strength).2,3 Silk-based biomaterials as
tissue-engineered scaffolds are used increasingly as parts of
skeletal tissue like bone cartilage, connective tissue, skin,
and ligament.3 Therefore, in this research, the silk fibroin
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was selected for fabrication into porous scaffolds for maxil-
lofacial bone defects. Nevertheless, to enhance the perform-
ance of bone regeneration at the defect area, a silk fibroin
porous scaffold needs modification to improve the biological
functionality.

Microenvironments are important clues to induce tissue
regeneration.4 Microenvironments were constructed by bio-
logical molecules of soluble and insoluble signals.5 Impor-
tantly, microenvironments showed unique biological
functionality for cell adhesion, proliferation, migration, and
regulation.4,5 Some literature reported constructed microen-
vironments for tissue regeneration.6–8 The literature demon-
strated that microenvironments had an effective function to
induce tissue regeneration.9,10 Because of unique biological
functionality, a microenvironment was constructed and used
in this research to modify biological performance of silk
fibroin porous scaffolds.

Decellularized tissue is an important clue to induce tis-
sue regeneration. The literature reported that various types
of decellularized tissue were used as a scaffold for tissue
regeneration.11 The decellularized tissue effectively induced
tissue regeneration.12 However, the use of decellularized
pulp tissue was rarely reported.13,14 The components of
decellularized pulp tissue are microenvironments that act as
clues for tissue regeneration, for instance collagen type I,
collagen type II, and fibronectin.15 Therefore, the microen-
vironment of decellularized pulp was used for porous
scaffolds of silk fibroin.

Fibronectin is one component of the microenvironment.
There are many domains that can act as binding sites in
this molecule. Fibronectin functions biologically as a binder
molecule that can interact with the other components in the
microenvironment.16 Fibronectin acts as a clue to induce
cell adhesion, proliferation, and mineralization in bone tis-
sue regeneration.17 Because of the unique biological func-
tions, fibronectin was selected to use as a component of the
microenvironment for modification of silk fibroin porous
scaffolds.

The mimicking approach is an attractive method that is
used often to create performance scaffolds. Some reports
demonstrated that mimicked scaffolds showed the effective-
ness to enhance cell adhesion, proliferation, and differentia-
tion.18–20 The mimicking approach for bone tissue
engineering was used for structural and functional mimick-
ing.21–23 Mimicking the biological performance of scaffolds
is an interesting method to create performance scaffolds for
bone tissue regeneration. Therefore, in this research, we
chose the mimicking approach to create the microenviron-
ment for modification of silk fibroin porous scaffolds.

In this research, constructed porous scaffolds of silk
fibroin with the mimicked biological microenvironment
based on decellularized pulp/fibronectin was proposed as a
designed biomaterial substitute for maxillofacial bone
defect. The physical functionality, morphological organiza-
tion, and biological performance of silk fibroin porous scaf-
folds were observed and analyzed in this research. The
target was to create a performance scaffold that showed

promise for use as a biomaterial substitute for maxillofacial
bone defects.

MATERIALS AND METHODS

Preparation of silk fibroin scaffolds
Degummed silk fibroin was obtained by boiling in 0.02 M
Na2CO3 for 30 min. The silk sericin was removed after rins-
ing 3 times with distilled water. It was dried in a hot air
oven at 608C for 24 h and the degummed silk fibroin was
then dissolved in 9.3 M LiBr at 708C for 3 h.24 The purified
silk fibroin was obtained after dialyzing with distilled water
for 3 days.25 The purified silk fibroin was centrifuged at
3000 rpm at 48C for 5 min to separate the dregs from the
solution. The concentration was adjusted to yield a 3% (w/
v) solution and kept at 48C until further use. The solution
was placed in 48-well plates to mold the 3D scaffolds. The
freeze drying method was used to fabricate the porous silk
fibroin scaffolds. All scaffolds were cut into discs (10 mm
diameter 3 2 mm thickness).

Modification of silk fibroin scaffolds with mimicked
biological microenvironments
In this research, because of the unique biological functional-
ity, fibronectin and decellularized pulp were chosen as the
components to mimic microenvironments for bone regener-
ation. The decellularized pulp was prepared from deciduous
teeth that fell out naturally from children who were 6–10
years old and in good health. The parents or guardians of
the children gave informed consent and the research was
approved by the Research Ethics Committee (REC), Faculty
of Dentistry, Prince of Songkla University. The teeth were
segmented in half to harvest the pulp tissue which was
observed again to confirm that the tissue was disease free.
Collagenase and dispase were then used to digest the pulp
for 1 h. The solution was separated from the debris using a
centrifuge at 378C and washed 2 times with phosphate-
buffered saline (PBS) pH 7.4. The solution was filtered to
obtain the decellularized pulp and the freeze-drying process
was used for water sublimation.26

To modify silk fibroin scaffolds, the decellularized pulp
solution was prepared at a concentration of 0.1 mg/mL in
0.1% sodium hypochlorite. Fibronectin solution was pre-
pared at a concentration of 0.1 mg/mL in deionized
water.13,14 A combination of decellularized pulp and fibro-
nectin was prepared at a ratio of 50:50. The 4 groups of
solutions are shown in Table I. After soaking the SF scaf-
folds in each solution for 4 h, they were put in PBS for 30
min before freeze-drying.

TABLE I. Groups of coated silk fibroin scaffolds with different

ECMs.

Group Detail

A Silk fibroin scaffold
B Coated silk fibroin scaffold with decellularized pulp
C Coated silk fibroin scaffold with fibronectin
D Coated silk fibroin scaffold with decellularized pulp/

fibronectin
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Pore size measurement
Scanning electron microscopy (SEM) images of the scaffolds
were used for pore size analysis. The pore sizes of the scaf-
folds in each group were from randomized areas (n5 25) to
calculate the average pore size. ImageJ software (1.48v,
National Institute of Health, Bethesda, MD) was used to
measure the pore size in each group.27

Weight increase of the scaffolds
The coating deposition of the modified scaffolds in all
groups was observed by the weights of the scaffolds before
and after coating. The percentage of deposition of the com-
ponents on the scaffolds from the coating solution was cal-
culated from the following formula.28

Deposition of components on the scaffold w=w; %ð Þ
5 Wt2Wp

� �
=Wt3100%

where Wt is the weight of the modified scaffold and Wp is
the weight of scaffold

Scanning electron microscopy (SEM) observation
SEM (Quanta400, FEI, Czech Republic) was used to observe
the morphology and characterization of the SF scaffolds that
were modified with the solutions. The samples were pre-
modified with gold using a gold sputter coating machine (SPI
Supplies, Division of Structure Probe, Inc., Westchester, PA).

Cell culturing of MG-63 osteoblasts
MG-63 osteoblasts were seeded in each scaffold with 1 3 106

cells and maintained in an alpha-MEM medium (a-MEM:
GibcoVR , InvitrogenTM, Carlsbad, CA) with the addition of 1%
penicillin/streptomycin, 0.1% Fungizone, and 10% fetal bovine
serum at 378C in a humidified 5% CO2/95% air incubator.
The medium was changed every 3–4 days.29 An osteogenic
medium (OS: 20 mM b-glycerophosphate, 50 mM ascorbic acid,
and 100 nM dexamethasone; Sigma-Aldrich) was used for
osteoblast differentiation of the MG-63 osteoblast cells.30

Cell viability (fluorescence microscope on day 3)
The live cells on the scaffold were stained with fluorescein
diacetate (FDA, 5 mg/mL acetone). The scaffolds were
removed from the media and washed 2 times with PBS. One
milliliter of fresh media was added into each scaffold and
then 5 mL of the FDA was added into each well and kept in
the dark at 378C for 5 min. The silk scaffold was washed 2–3
times with PBS and observed by fluorescence microscopy.31

Cell proliferation assay (PrestoBlueVR ; days 1, 3, 5, and 7)
PrestoBlueVR was used to detect proliferation on days 1, 3, 5,
and 7 in each group.32 The measurement of cell prolifera-
tion was performed according to the manufacturer’s instruc-
tions (PrestoBlueVR Cell Viability Reagent, Invitrogen).
PrestoBlueVR was prepared by mixing with fresh media at a
ratio of 1:10 and then added directly into the scaffold and
incubated for 1 h at 378C. The proliferation rate of the cells
was measured by monitoring the wavelength absorbance at
600 nm emission.

Calcium content assay
Calcium colorimetric assay (Calcium Colorimetric Assay
Kit, BioVision Inc., Milpitas, CA) was used to determine the
calcium level secreted from the osteoblast cells. The cells
were cultured on SF scaffolds at 7, 14, and 21 days.33 The
cells were then lysed by adding 1% Triton X into each
well. The SF scaffolds were frozen at 2708C for 50 min
and then thawed at room temperature for 1 h. This was
repeated 3 times. The solutions were transferred to Eppen-
dorf tubes and centrifuged at 20,000 rpm for 10 min to
remove the supernatant from the pellets.34 The superna-
tant (30 mL) was placed in 96-well plates and the volume
was adjusted to 50 mL with distilled water. Next 90 mL of a
chromogenic reagent and then 60 mL of the Calcium Assay
Buffer were added into each well and mixed gently. The
reaction was incubated for 5–10 min at room temperature
and protected from light. The optical density was meas-
ured at 575 nm.

Alkaline phosphatase (ALP) assay
The cells were cultured for 7, 14, and 21 days for the ALP
analysis. The SF scaffolds in each group were washed twice
with PBS. To extract the cellular proteins, 800 mL of the lysed
cell solution (1% Triton X in PBS) was added into each well.
The SF scaffolds were frozen at 2708C for 1 hour and then
thawed at room temperature for 1 h. This was repeated 3
times. The solutions were transferred to Eppendorf tubes and
centrifuged at 20,000 rpm for 10 min to remove the superna-
tant from the pellets. The alkaline phosphatase Colorimetric
Assay Kit (AbcamVR , Cambridge, UK) was used to detect the
ALP activity of the cells in the SF scaffolds. The phosphatase
substrate in the kit used p-nitrophenyl phosphate that turned
yellow when dephosphorylated by the ALP.

Mineralization assay
Alizarin red staining assay was used for mineralization of
the nodules. The alizarin red technique detected calcium
deposits on the SF scaffolds in each group. The cells in the
SF scaffold were cultured for 14 days and then washed
twice with PBS. The cells were fixed with 4% formalde-
hyde and 1 mL of alizarin red solution (2 g in 100 mL of
distilled water and pH adjusted to 4.1–4.3) was added.
After 20 min at room temperature in the dark, the alizarin
red solution was carefully removed from the SF scaffolds
and the SF scaffolds were washed four times with distilled
water. Mineralization nodules were observed under a
microscope.35

Histology
The cell-cultured SF scaffolds were fixed with 4% formalde-
hyde at 48C for 24 h and samples were taken on day 5 for
cell morphology and on day 14 for detection of calcium. The
SF scaffolds in each group were immersed in paraffin and
the paraffin sections were cut at 5 mm and placed on a glass
slide. The sections were then deparaffinized and hydrated
in distilled water. The sample slides were stained in 2 ways.
First, hematoxylin and eosin (H&E) stain was used to
observe cell migration and adhesion on the SF scaffold.
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Second, von Kossa staining was used to detect calcium
deposits that were secreted from the osteoblast cells.

Statistical analysis
The samples were measured and statistically compared by
one-way ANOVA followed by Tukey’s honesty significant dif-
ference test (SPSS 16.0 software package). Statistical signifi-
cance was defined as *p< 0.05, and **p<0.01.

RESULTS

Morphological structure observation by scanning
electron microscopy
In this research, silk fibroin scaffolds were prepared by the
freeze-drying process. The silk fibroin scaffolds were formed
into 3D porous scaffolds that were cut into discs (10 mm
diameter 3 2 mm thickness). The silk fibroin scaffolds were
white with a consistent pore size (Fig. 1).

FIGURE 1. Silk fibroin scaffolds after freeze-drying and cut into discs (10 mm diameter 3 2 mm thickness).

FIGURE 2. SEM images of surface morphology: (A) Silk scaffold, (B) Coated silk fibroin scaffold with decellularized pulp, (C) Coated silk fibroin

scaffold with fibronectin, (D) Coated silk fibroin scaffold with decellularized pulp/fibronectin. Scale bar 5 500 lm.
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The SEM images of the surface of the silk fibroin scaf-
folds in each group are shown in Figure 2. The surface of
the silk fibroin scaffold showed a smooth and porous

structure that supported cell adhesion [Fig. 2(A)]. The
decellularized pulp showed some small fibrils that covered
the surface of the pores in the scaffold [Fig. 2(B)]. In the

FIGURE 3. SEM images of cross-section morphology: (A) silk scaffolds, (B) coated silk fibroin scaffolds with decellularized pulp, (C) coated silk

fibroin scaffolds with fibronectin, (D) coated silk fibroin scaffolds with decellularized pulp/fibronectin; Yellow arrow, rod structure; Black arrow,

small fibrillar structure. Scale bar 5 200 lm and 50 lm.
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case of the modified silk fibroin scaffold with fibronectin,
salt crystals covered the surface of the pores in the scaffold
[Fig. 2(C)]. Finally, decellularized pulp/fibronectin showed
predominant fibers that covered most of the areas of the
porous surface [Fig. 2(D)].

The cross-section morphology of the modified silk
fibroin scaffolds was observed by SEM (Fig. 3). Smooth
surfaces and regular pore sizes were found in the silk
fibroin scaffolds [Fig. 3(A)]. In the case of decellularized
pulp without fibronectin, the fragments of the fibril struc-
ture were attached to the surface and exhibited rough prop-
erties on the surface [Fig. 3(B)]. The fibronectins arranged
themselves into a small fibrillar structure that adhered to

the surface of the pores [Fig. 3(C)]. Finally, the decellular-
ized pulp/fibronectin organized themselves into a fibril
structure and an aggregation of salt crystals adhered to the
surface [Fig. 3(D)].

The modified silk fibroin scaffolds with decellularized
pulp, fibronectin, and decellularized pulp/fibronectin
showed fibril structures that were attached in the pores.
Those structures appeared on the surface and cross-section
morphology of the modified silk fibroin scaffolds.

Pore size analysis of the scaffolds
The scaffolds in all groups showed pore sizes >100 lm.
The average pore size of the modified silk fibroin scaffold

FIGURE 4. The average pore size of scaffold in each group. The symbol (*) represents significant changes (* p< 0.05).

FIGURE 5. Weight increases in percentages of deposition of decellularized pulp, fibronectin, and decellularized pulp/fibronectin. The symbol (*)

represents significant changes (*p< 0.05), (**p< 0.01).
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with fibronectin was smaller than the other groups because
the small molecules of the fibronectin could infiltrate tightly
into the silk fibroin structure to affect the pore size diame-
ter (Fig. 4).

Weight increase of the scaffolds
Confirmation of the existence of decellularized pulp, fibro-
nectin, and decellularized pulp/fibronectin in the silk fibroin
scaffolds was performed by an analysis of the increase in

FIGURE 6. FDA cell staining on the scaffold (Green luminance): (A) Silk fibroin scaffold, (B) Coated silk fibroin scaffold with decellularized pulp,

(C) Coated silk fibroin scaffold with fibronectin, (D) Coated silk fibroin scaffold with decellularized pulp/fibronectin. Scale bar 5 100 lm.

FIGURE 7. Cell proliferations on different silk fibroin scaffold modifying solutions in silk fibroin scaffolds. Cell proliferation was evaluated based

on the associative number of metabolically active osteoblast cells in each scaffold group identified by the PrestoBlueVR assay. The symbol (*)

represents significant changes (*p< 0.05), (**p< 0.01).
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weights after coating. The modified silk fibroin scaffold with
decellularized pulp/fibronectin showed the highest weight
increase (Fig. 5). While it appeared that the modified silk
fibroin scaffold with decellularized pulp had a lower weight
increase than the modified silk fibroin with fibronectin, the
difference was not statistically significant.

Cell viability assay
Cell viability was analyzed to demonstrate the performance
of the modified silk fibroin scaffolds. A green luminance
indicated cell viability on the scaffolds and demonstrated
that the MG-63 osteoblast cells could grow in all groups
(Fig. 6). The highest efficiency to promote cell proliferation
and attachment was demonstrated on the silk fibroin scaf-
fold with decellularized pulp/fibronectin [Fig. 6(D)]. Cell
adhesion and spreading in the pores of the modified silk
fibroin scaffold with decellularized pulp/fibronectin showed
a denser aggregation than the others.

Cell proliferation
Proliferation of the osteoblast cells was evaluated with Pres-
toBlueVR assay on days 1, 3, 5, and 7. Proliferation of the
osteoblasts increased continuously from day 1 to day 3 in
all groups and reductions were found on days 5 and 7. On
day 1, the cell proliferations of the modified silk fibroin
scaffold with decellularized pulp, modified silk fibroin scaf-
fold with fibronectin, and modified silk fibroin scaffold with
decellularized pulp/fibronectin were significantly higher
than the silk fibroin scaffold (Fig. 7). Cell proliferation of
the modified silk fibroin scaffold with decellularized pulp/
fibronectin was also the highest among the groups on day
3. On day 5, the modified silk fibroin scaffold with fibronec-
tin and modified silk fibroin scaffold with decellularized
pulp/fibronectin showed higher efficiencies than the modi-
fied silk fibroin scaffold with decellularized pulp and the
silk fibroin scaffold, respectively. On day 7, the silk fibroin
scaffold clearly indicated a rapid decrease in cell prolifera-
tion compared with the other groups.

FIGURE 8. The calcium content values in SF scaffolds from MG-63 cell line at days 7, 14, and 21. The symbol (*) represents significant changes

(*p< 0.05), (**p< 0.01).

FIGURE 9. ALP activity from MG-63 osteoblast cells on days 7, 14, and 21. The symbol (*) represents significant changes (*p< 0.05), (**p< 0.01).
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Calcium content analysis
The performance of the modified silk fibroin scaffolds with
decellularized pulp/fibronectin was tested with MG-63
osteoblasts. The calcium content was analyzed from the cal-
cium synthesis of the osteoblasts. Mineralization was meas-
ured by the matrix calcium content from day 7 to day 21
and tended to show that calcium synthesis progressively
increased (Fig. 8). The modified silk fibroin scaffolds with
decellularized pulp/fibronectin continued with the highest
increase from day 7 to day 21. Interestingly, the decellular-
ized pulp/fibronectin showed higher calcium content than
the others at every time point.

Alkaline phosphatase (ALP) activity analysis
The ALP activity analysis measured the quality of the MG-
63 osteoblast performance to differentiate the mature cells
from the pre-osteoblast cells. All groups of silk fibroin scaf-
folds revealed a progressive increase in ALP activity from
day 7 to 21 (Fig. 9). On day 7, the modified silk fibroin scaf-
fold with decellularized pulp/fibronectin indicated that the
MG-63 osteoblasts were osteo-induced and showed the
highest ALP activity value. The silk fibroin scaffolds modi-
fied with fibronectin showed a higher ALP activity than the
modified silk fibroin with decellularized pulp and the silk
fibroin scaffolds. On day 14, all groups continued to

increase in ALP activity. The modified silk fibroin scaffolds
with decellularized pulp had increasingly faster ALP activity
than the modified silk fibroin scaffolds with fibronectin and
the silk fibroin scaffolds. All of the other scaffolds showed
lower ALP activity than the modified silk fibroin scaffolds
with decellularized pulp/fibronectin. In the last time period,
the modified silk fibroin scaffold with decellularized pulp/
fibronectin revealed the highest ALP activity value.

Nodule formation and mineralization analysis
Nodule formation was observed at day 14 after cell seeding.
Alizarin red was used to check the osteogenic differentiation
state of the cells that can synthesize ECM mineralization.
The osteoblast cells showed osteogenesis in all groups of
silk fibroin scaffolds (Fig. 10). The red color indicated cal-
cium production from the MG-63 osteoblasts and the cal-
cium deposited on the silk fibroin scaffolds. The results
showed red clusters distributed in the scaffolds. Impor-
tantly, the MG-63 osteoblast cells could produce calcium in
all sample groups. The intensive red clusters in the modified
silk fibroin scaffold with decellularized pulp/fibronectin
showed the highest amount of deposited calcium.

Histological analysis
Histological analysis was used to observe the morphology
and to explain the organization of the cells on the cultured

FIGURE 10. Alizarin red staining of SF scaffolds on day 14: (A) Silk fibroin scaffold, (B) Coated silk fibroin scaffold with decellularized pulp, (C)

Coated silk fibroin scaffold with fibronectin, (D) Coated silk fibroin scaffold with decellularized pulp/fibronectin. The yellow arrows show the

cluster of calcium. Scale bar 5 100 lm.
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silk fibroin scaffolds. The MG-63 osteoblast cells could
spread thoroughly on the surface of the silk fibroin scaffolds
in all groups (Fig. 11). The MG-63 osteoblast cells could
attach and migrate into the pores particularly onto the wall
surface of the silk fibroin scaffolds. The modified silk fibroin
scaffolds with decellularized pulp/fibronectin demonstrated
that the cells could attach and spread throughout most of
the areas of the scaffold [Fig. 11(D)]. The organization of
the cells on the scaffolds from the histological analysis
showed similar trends as in Figure 6(D).

von Kossa analysis
von Kossa staining was used to confirm mineralization of
the extracellular matrix35 secreted by the MG-63 osteoblast
cells. In all groups of samples, the MG-63 osteoblast cells
could proliferate and migrate on the silk fibroin scaffold
(Fig. 12). Moreover, the synthesis of calcium-containing salts
such as calcium phosphate suggested the behavior of bone
regeneration. The black color (yellow arrows) revealed the
calcium that was secreted from the MG-63 osteoblast cells
and stained by von Kossa. The silk fibroin scaffolds modified
with decellularized pulp/fibronectin expressed a lot of
osteoblast cells (white arrows) attached to the silk surface
[Fig. 12(D)]. The other groups, i.e. silk fibroin scaffold with-
out coating, modified silk fibroin scaffold with decellularized

pulp, and modified silk fibroin scaffold with fibronectin,
showed both cell attachment and calcium synthesis
[Fig. 12(A-C)].

The results of the von Kossa staining indicated that all
groups of silk fibroin could induce cell attachment and cal-
cium synthesis. The modified silk fibroin with decellularized
pulp/fibronectin showed more cells in the scaffold. Not only
could decellularized pulp/fibronectin induce calcium synthe-
sis from the cells, but it could promote cell adhesion.

DISCUSSION

Morphological organization of modified silk fibroin
scaffolds
A suitable morphological structure of the scaffolds should
promote certain cell behaviors: cell adhesion, proliferation,
and migration.36 In addition, the structures should have
connected pores to allow cells to connect with other cells
and be suitable for the flow of media in and out of the silk
fibroin scaffold.37–41 It is also necessary to modify the scaffold
to enhance the cell behavior and biological performance.
Hence, in this research the mimicked microenvironment was
added in the pores of the silk fibroin scaffolds to induce bio-
logical performance. As previously reported, the fibronectin
acted as the binding component in the microenvironment.42

This indicated that the fibronectin might connect with the

FIGURE 11. Representative histology (H&E) of cross-sections on day 5: (A) Silk fibroin scaffold, (B) Coated silk fibroin scaffold with decellularized

pulp, (C) Coated silk fibroin scaffold with fibronectin, (D) Coated silk fibroin scaffold with decellularized pulp/fibronectin; Yellow arrows show

the silk scaffold in each group; Red arrows show the osteoblast cells attached to the silk scaffolds in each group. Scale bar 5 100 lm.
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fragments of microenvironment via specific and non-specific
binding.42 According to this unique function, fibronectin plays
the role of reconstructing the microenvironment fragments of

decellularized pulp. Therefore, the mimicked biological micro-
environment of decellularized pulp/fibronectin organized
themselves into a more complicated structure than the

FIGURE 12. Histological sections of scaffold structures stained with von Kossa after day 14: (A) Silk fibroin scaffold, (B) Coated silk fibroin scaf-

fold with decellularized pulp, (C) Coated silk fibroin scaffold with fibronectin, (D) Coated silk fibroin scaffold with decellularized pulp/fibronectin;

White arrows, osteoblasts in scaffold; Yellow arrows, clusters of calcium; Red arrows, scaffold. Scale bar 5 100 lm.

FIGURE 13. Proposed construction of mimicked microenvironment adhering to the surface of the silk fibroin scaffold.
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decellularized pulp or fibronectin. As a mimicked microenvir-
onment of decellularized pulp/fibronectin, small fibrils could
form and adhere to the surface of the pores of the silk fibroin
scaffolds. The proposed mimicked microenvironment of decel-
lularized pulp/fibronectin is shown in Figure 13. This mim-
icked microenvironment plays the important role of
promoting cell adhesion and proliferation that leads to tissue
regeneration.43,44 This research indicated that the complicated
structure of the mimicked microenvironment could act as the
clue to induce bone tissue regeneration.

Physical structure of modified silk fibroin scaffolds
A suitable pore size in the cell culture systems for cell
migration should be larger than 100 lm with interconnec-
tive pores.45 In this research, the porous structures of the
non-modified and modified silk fibroin scaffolds showed
suitable sizes for osteoblast residence and migration.46

Notably, the pore sizes were not significantly different The
smaller pore size of the modified silk fibroin scaffold with
fibronectin might come from the fibronectin that could pen-
etrate and spread in the pores and adhere to those pores
that led to a decreased pore size. Interestingly, the signifi-
cantly increased weight of the modified silk fibroin scaffolds
implied that the decellularized pulp and fibronectin could
adhere and organize themselves inside the pores.

Biological performance of modified silk fibroin scaffolds
The report demonstrated that silk fibroin scaffolds needed
special modifications to enhance the biological performance
to induce the formation of bone tissue.47 Therefore, modi-
fied silk fibroin scaffolds with decellularized pulp and fibro-
nectin were presented in this research. The aim of
modification is to mimic the microenvironment of decellu-
larized pulp/fibronectin that can enhance the biological per-
formance of silk fibroin scaffolds such as cell adhesion and
proliferation. The dense aggregation of cell adhesion in the
pores might be from the mimicked biological microenviron-
ment that could induce cell aggregation.48 Obviously, a com-
bination of decellularized pulp and fibronectin could
stimulate cell proliferation and attachment because dental
pulp contains proteoglycans and glycosaminoglycans, for
example, fibronectin, and different types of collagen.45

Microenvironments have important roles to play in cell pro-
liferation.49 A previous study used decellularized tissue as a
scaffold to demonstrate the unique function on cell prolifer-
ation and differentiation.50

In this research, the results from the calcium content
and mineralization analyses demonstrated that the mim-
icked biological microenvironment of decellularized pulp/
fibronectin played a role as a clue to induce calcium synthe-
sis. The results of the ALP analysis indicated that the mim-
icked biological microenvironment of decellularized pulp/
fibronectin could induce the osteo-induction of pre-
osteoblasts to a mature stage. This cell behavior might have
come from two reasons. First, the fibronectin induced cell
adhesion, extension, and migration adsorption of the osteo-
blasts.51 Second, the decellularized pulp has many compo-
nents of the microenvironment which include collagen,

fibronectin, and versican which acted as important clues for
MG-63 osteoblasts to induce tissue regeneration.52 There-
fore, the mimicked biological microenvironment of decellu-
larized pulp/fibronectin in this research showed its role as
an important clue for bone tissue engineering.

CONCLUSIONS

Modified silk fibroin scaffolds with mimicked microenviron-
ment of decellularized pulp/fibronectin were proposed as a
biomaterial to replace a bone defect at the maxillofacial
area. The results demonstrated that the mimicked microen-
vironment could attach to the pore walls of the silk fibroin
scaffolds. The mimicked biological microenvironment organ-
ized into a fibril structure. Obviously, modified silk fibroin
scaffolds with mimicked microenvironment based on decel-
lularized pulp/fibronectin played an important role as a
clue to induce cell adhesion, proliferation, and calcium syn-
thesis which can lead to promotion of bone tissue regenera-
tion. The predominant biological performance of a modified
silk fibroin scaffold with mimicked biological microenviron-
ment of decellularized pulp/fibronectin holds promise as a
scaffold to replace bone defects at maxillofacial area. Never-
theless, to prove the biological performance, the scaffolds
need in vivo or ex vivo testing. Furthermore, mimicked
microenvironments based on other types of decellularized
tissue are attractive alternatives to modify porous scaffolds
in future work.
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