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A modified silk fibroin scaffold with mimic reconstructed extracellular matrix of decellularized pulp/
collagen/fibronectin was proposed for bone tissue engineering in alveolar bone resorption. Silk fibroin
scaffolds were fabricated by freeze-drying before modification by coating in a decellularized pulp/col-
lagen/fibronectin solution. The extracellular matrix reconstruction of the decellularized pulp/collagen/
fibronectin and the morphology and biofunctionalities of the modified scaffolds were evaluated. The
results showed that decellularized pulp/collagen/fibronectin organized into a dense dendrite structure
and adhered in the scaffold in a fibrillar network. The modified scaffold showed predominant bio-
functionalities and promise for bone tissue engineering in alveolar bone resorption.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Generally, alveolar bone resorption is treated by bone graft
from another area, for instance the fibula, scapula, iliac crest, or
radius. Nevertheless, bone grafting outcomes include donor-area
morbidity and prolonged treatment [1]. Therefore, to use scaffolds
for bone tissue engineering is an interesting issue to solve those
problems.

Bombyx mori silk fibroin has been used for biomaterial appli-
cations for several decades [2]. To create a high performance
scaffold for bone tissue engineering, silk fibroin needs enhance-
ment of the biofunctionalities to induce bone tissue regeneration.

Some reports demonstrated that mimicking by reconstruction
from the components of an extracellular matrix (ECM) was an
attractive method to maintain biofunctionality [3]. Interestingly,
the use of ECM from decellularized pulp was rarely reported.
Therefore, to reconstruct an ECM from decellularized pulp is the
focus of this research.

Collagen is used as a signal to induce cell adhesion and
Meesane).
proliferation for bone tissue regeneration [4]. Fibronectin has the
important role of inducing mineralization [5]. Due to the bio-
functionalities of collagen and fibronectin, they were selected for
combination with decellularized pulp and reconstruction into an
ECM.

In this research modification of silk fibroin scaffolds with re-
constructed ECM of decellularized pulp/collagen/fibronectin was
considered. The focus was on the morphology and biological
functionalities related to bone tissue engineering in alveolar bone
resorption.
2. Materials and methods

2.1. Preparation of silk fibroin scaffolds

The silk fibroin solution was prepared following Chang et al.
2007. The concentration of silk fibroin solution was adjusted to 3%
(w/v) [6,7]. Then, the solution was poured into 48 well plates
before freeze-drying. The samples were cut into discs of 10 mm in
diameter and 2 mm in thickness.
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Fig. 1. AFM analysis of the combination of decellularized pulp/collagen/fibronectin fibril formation: (A) 2 dimensions and (B) 3 dimensions, (C) non-modified scaffold and
(D) modified scaffold.
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2.2. Preparation of type I collagen

Type I collagen was extracted from the skin of the brown
banded bamboo shark (Chiloscyllium punctatum). Preparation of
the collagen followed Kittiphattanabawon et al. [8].

2.3. Preparation of decellularized pulp

This study collected teeth pulp from children 6–10 years old.
The teeth were segmented in half to harvest the dental pulp tissue.
Decellularized pulp was prepared following Traphagen et al. [9].

2.4. Modification of silk fibroin scaffolds

Two groups of scaffolds were used in this study: silk scaffold
and modified silk scaffold coated with decellularized pulp/col-
lagen/fibronectin. For the modified scaffold group, the decellular-
ized pulp powder was dissolved in a solution of 0.1% sodium hy-
pochlorite at a concentration of 0.1 mg/ml. The collagen was dis-
solved in 0.1 M acetic acid at a concentration of 0.1 mg/ml and the
fibronectin was dissolved in distilled deionized water at a con-
centration of 0.1 mg/ml. Those solutions were mixed together at a
volume ratio of 1:1:1. The scaffolds were soaked in 1X PBS for
30 min and then the freeze-drying method was used.

2.5. Scanning Electron Microscopy (SEM)

A scanning electron microscope (Quanta 400, FEI, Czech Re-
public) was used to observe the morphology and characterization
of the scaffolds that were coated with the special solution. The
samples were pre-coated with gold using a gold sputter-coating
machine (SPI supplies, Division of STRUCTURE PROBE Inc.,
Westchester, PA, USA).

2.6. Atomic Force Microscopy

A sample of the coating solution from each group was dropped
onto a glass slide, smeared, and soaked in PBS for 30 min. When
the slides were dry, the morphology and structure were observed
by atomic force microscopy.



Fig. 2. SEM analysis showed the surface morphology of (A) non-modified scaffold and (C) modified scaffold. The cross-section morphology of (B) non-modified scaffold and
(D) modified scaffold.
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2.7. MG-63 cell culture

MG-63 cells were cultured in a 75 cm3
flask with alpha-MEM

medium (α-MEM, GibcoTM, Invitrogen, Carlsbad, CA, USA) with the
addition of 1% penicillin/streptomycin, 0.1% fungizone, and 10%
fetal bovine serum at 37 °C in a humidified CO2 (5%) and air (95%)
incubator. The MG-63 cells were seeded at 5�105 per scaffold.
The medium was changed every 3–4 days during the cell culture.
An osteogenic medium (OS; 10 mM b-glycerophosphate,
50 mg¼mL ascorbic acid, and 100 nM dexamethasone; Sigma-
Aldrich) was used for osteoblast differentiation of the MG-63 cells
[10].
2.8. Alkaline phosphatase activity analysis

After cell culture at days 7, 14, and 21, the scaffolds were wa-
shed twice with PBS. Then, lysing of the cells followed Hong Ji [11].
The cell lysate solutions were used for the ALP activity according to
the manufacturer’s instructions (Abcams, Cambridge, UK).
2.9. Calcium content analysis

The cell lysate solution from paragraph 2.8 was used to analyze
the calcium content.

The calcium value in extracellular calcification was measured
with calcium colorimetric assays (Calcium colorimetric assay,
Biovision).

2.10. Alizarin Red staining for mineralized matrix

The cells were fixed with 70% ethanol for 1 h and removed to
�20 °C. Alizarin red S (40 mM, pH at 4.2; Sigma-Aldrich) was used
to stain the calcium nodule deposition with a 10 min incubation
period [12].

2.11. Von Kossa staining

After cell culture on day 14, the scaffolds were transferred to 48
well plates and washed twice with PBS and 4% formaldehyde was
used for cell fixation at 4 °C for 24 h. The scaffolds were immersed
in paraffin. The paraffin sections were cut at 5 m and placed on a



Fig. 3. (A) ALP activity among different groups of scaffold at day 7, 14, and 21. (B) Calcium deposits on the different groups of scaffold at day 7, 14, and 21. The symbol (*)
represents significant changes in ALP and calcium activity of the MG-63 osteoblasts (Po0.05), (**) (Po0.01).
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glass slide, deparaffinized, and hydrated in distilled water. The
sample slides were stained with von Kossa reagent to investigate
the deposits of calcium synthesized from the MG-63 osteoblast
cells [13].

2.12. Statistical analysis

All data were shown as mean7standard deviation. The sam-
ples (n¼5) were measured and statistically compared by one-way
ANOVA (SPSS 16.0 software package). A P valueo0.05 was ac-
cepted as statistically significant.
3. Results and discussion

3.1. Reconstructed ECM formation and morphological structure of
scaffolds

AFM and SEM was used to observe reconstructed ECM and
morphology of scaffolds, respectively. The decellularized pulp/
collagen/fibronectin organized into a dense structure of dendrites
(Fig. 1A, B). The modified scaffold appeared whiter than the non-
modified scaffold (Fig. 1C, D). The morphology of the non-modified
scaffold showed pores that had a smooth surface (Fig. 2A, B). The
pores of the modified scaffold had a fibrillar network (Fig. 2C, D) as
a native ECM structure [14].

3.2. Alkaline phosphatase activity and calcium content analysis

The ALP and calcium content was used to analyze the calcium
synthesis from osteoblast. The ALP assay was used for early MG-63
osteoblast differentiation on culture days 7, 14, and 21 (Fig. 3A).
The ALP activity in the modified scaffold increased from day 7 to
21. The non-modified scaffold started to increase during days 7 to
14 and decreased at day 21. The modified scaffold showed pre-
dominant ALP activity of the MG-63 osteoblasts. The calcium de-
position ratio in both groups increased between days 7 and 14 and
went down on day 21 (Fig. 3B). At days 7 and 14, the modified
scaffold had a higher calcium value than the non-modified
scaffold.

3.3. Calcium deposition and mineralization analysis

Alizarin red staining was used to detect the calcium on the
scaffold on day 14 of osteogenic induction. The modified scaffold
indicated more calcium deposition compared with the silk scaffold
(Fig. 4B). The results demonstrated that the reconstructed ECM
had the ability to promote calcium synthesis of the osteoblasts.
Von Kossa staining performed on day 14 of osteogenic induction
revealed mineral matrix secretion of the MG-63 osteoblast cells
(red arrows) were attached to the scaffold (blue arrows).The
modified scaffold (Fig. 4D) showed more mineral matrix (yellow
arrows) compared with the non-modified scaffold (Fig. 4C). The
results showed that the reconstructed ECM was suitable to induce
bone regeneration in alveolar bone resorption [15].
4. Conclusion

A modified scaffold was proposed for use in bone tissue en-
gineering in alveolar bone resorption The morphology and bio-
functionalities of the modified scaffold were evaluated. The results
demonstrated that decellularized pulp/collagen/fibronectin formed
a reconstructed ECM into a fibrillar network. This reconstructed



Fig. 4. Alizarin red staining of scaffold on day 7: (A) non-modified scaffold and (B) modified scaffold. Histological sections of scaffold structures stained with von Kossa after
day 14: (C) non-modified scaffold and (D) modified scaffold.
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ECM could enhance biofunctionalities of the scaffold. The results
demonstrated that the modified scaffold showed promise for al-
veolar bone resorption treatment.
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