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Abstract

A silk fibroin scaffold has been often used for bone tissue engineering

for several decades. To enhance performance of a silk fibroin scaffold is challenge

issue for development of bone tissue engineering. In this research, silk fibroin scaffolds

were prepared by freeze drying before coating with modified decelluarized pulp. The

experimental groups were designed in 10 groups. Group 1 was silk fibroin scaffold.

Group 2 was silk fibroin scaffold coated with collagen. Group 3 was silk fibroin scaffold

coated with fibronectin. Group 4 was silk fibroin scaffold coated with decellularized pulp.

Group 5 was silk fibroin scaffold coated with collagen combined with fibronectin. Group

6 was silk fibroin scaffold coated with collagen combined decellularized pulp. Group 7

was silk fibroin scaffold coated with fibronectin combined decellularized pulp. Group 8

was silk fiboin scaffold coated with combination of collagen/fibronectin/decellularized

pulp. Group 9 was chitosan scaffold and the last group was chitosan coated with

collagen. The result showed that a silk fibroin scaffold was the good alterative for bone

tissue engineering. Then, silk fibroin scaffolds were enhanced performance by coating

with decellularized pulp that was modified by collagen and fibronectin. The modified

decellularized pulp was prepared into coating solution include decellularized pulp,
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collagen, and fibronectin before coating in silk fibroin scaffolds. The structural formation
of modified decellularized pulp was observed and characterized before coating on silk
fibroin scaffolds. The morphology, properties and functionalities of coated silk scaffolds
was observed and analyzed. As the results, it showed that modified decellularized pulp
organized themselves into fibrillar network structure as reconstructed extracellular matrix
(ECM). Such reconstructed ECM adhered in silk fibroin scaffolds. The results
demonstrated that coated silk fibroin scaffolds by modified decellularized pulp could
induce cell adhesion, proliferation, and calcium synthesis. Furthermore, coated silk
fibroin scaffold had suitable physical and mechanical properties for maintaining the
stability. Eventually, the results indicated that coated silk fibroin scaffolds with modified
decellularized pulp had high performance and promised to use in bone tissue

engineering.
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CHAPTER 1

Introduction

Now a day many people around the world have the problem about the bone loss
from the various diseases such as trauma, infections, neoplasms, congenital defects,
periodontal diseases and age-related degeneration that affect quality of life. (1,2). Bone
tissue engineering is the process of regeneration of functional tissue. 1lInterestingly,
bone tissue engineering can be used to treat bone tissue defect from disease (3).

Principally, tissue engineering is an interdisciplinary field including three
knowledges: engineering materials, technology of cell and biomaterials (4). Especially,
biomaterials for tissue engineering scaffolds is important to induce bone tissue
regeneration (5).

Silk fibroin (SF) is the protein that is produced from the silkworm, Bombyx mori.
The main protein of silk includes amino acids: glycine (43%), alanine (30%) and serine
(12%). Importantly, silk fibroin can arrange themselves into three forms; 1) random caoil,
2) alpha helix and 3) crystalline B-sheet. Predominantly, silk fibroin shows its interesting
properties with slow degradation, biocompatibility, low immunogenicity and toxicity and
good mechanical property. Silk-based biomaterials as tissue engineering scaffolds were
used in a part of skeletal tissue like bone, cartilage, connective tissue skin and ligament
(5). Particularly, in bone tissue engineering, the silk fibroin scaffold is a suitable choice

and has the stability during bone tissue regeneration (6). However, to enhance



performance the structure and functionalities of silk fibroin scaffolds need to be modified
(7). Therefore, in this research, we considered the approach to improve performance of
silk fibroin scaffolds.

Pulp is the tissue that locates in the teeth and has a many extracellular
matrix (ECM) in its texture (8). Such extracellular matrix has the significant role to be a
native scaffold for bone tissue regeneration (9). There are some reports demonstrated
the performance of ECM from different sources for bone tissue regeneration (10).
Notably, there are rarely reports about decellulized pulp tissue for bone tissue
engineering. Hence, the use of decellularized pulp is the proposed choice to enhance
the performance of bone tissue engineering scaffold in this research. In this research,
decellarized pulp was prepared into solution before coating on silk fibroin scaffolds.
Generally, structure and functionalities of decellularized tissue was often damaged
during the isolation (11). Therefore, decellularized pulp needs to be modified to maintain
structure and functionalities by adding collagen and fibronectin in decellularized pulp
solution.

Collagen is a natural protein that is the main component in extracellular
matrix (ECM) in tissue. Especially, in bone tissue, collagen act as the template for
calcium phosphate deposition. Collagen can enhance hold stability and strength of the
bone (12). Therefore, collagen is a popular material for tissue regeneration because
collagen has biological functionality that cells can recognize. Such functionality can

enhance cell adhesion lead to the induction of tissue regeneration (13). So, in this



research collagen was chosen to modify decellularized pulp before coating on silk

fibroin scaffolds.

Fibronectin is the glycoprotein in extracellular matrix implicated about the

cell migration and adhesion, important embryogenesis, wound healing, hemostasis and

thrombosis (14). Cellular fibronectin is secrete from fibroblast and other cell types and

organized into fibrils contributing to the insoluble extracellular matrix. The network of

fibronectin fibril can interaction with cell surface receptor and can improve cell growth

and differentiation (15). Therefore, besides using collagen to modified decellularized

pulp, fibronectin was selected to modify decellularized pulp before coating on silk fibroin

scaffold.

As the crucial problem of bone disease, attractiveness of decellularized

pulp and unique functionalities of collagen and fibronectin, we develop a high

performance silk fibroin scaffold by coating with decellularized pulp that was modified

with collagen and fibronectin. Characterization of morphological structure and biological

function is considered in this research. Eventually, the aim of this research is to

enhance biofunctionality of a porous silk scaffold with modified decellulized pulp for

bone tissue engineering for treatment of bone diseases.



Objective of this Study

1. To enhance performance of silk fibroin scaffolds for bone tissue engineering
2. To prepare and characterize coated silk fibroin scaffolds with modified
decellularized pulp.
3. To compare morphology, properties and functionalities of silk fibroin scaffold
with and without modified decellularized pulp.
Hypothesis:

Modification of silk fibroin scaffold with collagen, fibronectin and
decellulized pulp tissue will provide a better cellular response and improve quality of
scaffold in terms of cell adhesion, proliferation and ECM synthesis.

Expected Benefits:

We expect that a modified silk fibroin scaffold can promote cell

proliferation and differentiation. Finally, a modified silk scaffold is promising for bone

tissue engineering.
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CHAPTER 2

Modified silk and chitosan scaffolds with collagen assembly for

osteoporosis

Abstract

Currently, there are many patients who suffer from osteoporosis.
Osteoporosis is a disease that leads to bone defect. Severe cases of bone defect from
osteoporosis need an operation using a performance scaffold for bone tissue
engineering. Therefore, to build a performance scaffold for bone defect from
osteoporosis is the target of this research. Samples of silk fibroin and chitosan were
fabricated into porous scaffolds before modification by coating with collagen self-
assembly. The structure and morphology of the samples were characterized and
observed by Fourier transform infrared (FTIR) spectroscopy, atomic force microscope
(AFM) and scanning electron microscope (SEM). For biological functionality analysis,
MC3T3-E1 osteoblasts were cultured on the samples. Afterward, biodegradation, cell
proliferation, viability and mineralization were analyzed. The results demonstrated that
collagen organized into a fibril structure covering the pores of the scaffold. The modified
scaffolds showed low degradability, high cell proliferation, viability and mineralization.
The results demonstrated that the modified scaffolds with a coating of mimicked
collagen self-assembly had good performance and showed promise for bone tissue

engineering in osteoporosis.



Materials and methods

Preparation of silk fibroin scaffolds

Degummed silk fibrin was extracted by boiling the cocoons for 30 min in

0.02 M Na,CO5; to remove sericin, the glue like protein that holds the fibers together.

The degummed silk fibroin was dried in a hot oven (1). A 9.3 M lithium bromide solution

was used to dissolve the silk fibroin. The solution was then subjected to dialysis to

remove the lithium bromide (2). The silk fibroin solution was adjusted to 3% (w/v) and

poured into 48 well plates for the forming of 3-dimensional silk fibroin after the freeze-

dried method (1).

Preparation of type | collagen

The skin of the brown banded bamboo shark, Chiloscylliumpunctatum,

was used for collagen extraction that followed the report of P. Kittiphattanabawon et al.

2010 (3). Briefly, the shark skin was cut into small sizes, combined with 0.1 M NaOH to

remove the none collagen proteins. The skin continued to soak in 0.5 M acetic acid for

48 h. The collagen solution was filtered and then the final concentration of NaCl was

adjusted to 2.6 M and 0.05 M of tris(hydroxymethyl)aminomethane at pH 7.5. The

collagen solution was centrifuged using a refrigerated centrifuge machine. Then the

collagen pellet was collected and dissolved in a minimum volume of 0.5 M acetic acid.

The collagen solution was subjected to dialysis with 0.1 M acetic acid for 12 h and 48 h

in distilled water. The freeze-dried method was used for removal of the water and kept

at -20°C until use.



Preparation of chitosan scaffold

Sufficient chitosan powder (Marine Bio Resources Co., Ltd, Shrimp
Chitosan) was dissolved in 0.1 M acetic acid for a 2% concentration and mixed
continuously in a magnetic stirrer for 24 h. The chitosan solution was poured into 48
well plates and then kept at -20°C for overnight. The freeze-drying method was used to
fabricate 3D chitosan scaffolds (4). After that they were cut into 10 mm diameter and 2

mm thick pieces.

Modification of silk fibroin and chitosan scaffolds

This study designed the scaffolds into 4 groups: 1) non-coated silk
fibroin scaffolds without collagen, 2) coated silk fibroin scaffolds with collagen, 3) non-
coated chitosan scaffolds with collagen and 4) coated chitosan scaffolds with collagen.
0.1 mg/ml collagen solution was used for coating (Table 1). To coat with the collagen
solution, silk fibroin and chitosan scaffolds were immersed in a collagen solution for 4 h
at 37°C. Afterwards, the immersed scaffolds were soaked in 1xPBS for 30 min to form
self-assembly of collagen. These scaffolds were kept at -20°C for overnight before

freeze-drying.



Table 1 Groups of scaffolds.

Group Detail

A Silk fibroin scaffold

B Coated silk fibroin scaffold with collagen
C Chitosan scaffold

D Coated chitosan scaffold with collagen
Methods

Self-assembly of collagen type |

Collagen solution was mixed with PBS to observe self-assembly. The

optical density (OD) at 313 nm was used to identify the form of the collagen fibrils (5).

The OD of the mixed collagen solution was measured every 5 minutes for 30 minutes.

The OD of each time point was plotted into a kinetic curve to explain the collagen self-

assembly.

Atomic Force Microscopy Observing

A sample of the collagen solution at a concentration of 0.1 mg/ml was

dropped and smeared onto a glass slide. After soaking in 1xPBS for 30 minutes, the

glass slide was dried at room temperature. Then, the coated glass slide with collagen

was observed for self-assembly formation of the collagen by atomic force microscopy

(NanosurfeasyScan 2 AFM, Switzerland).



Fourier transform infrared (FTIR) spectroscopy

The chemical functional group of collagen was obtained using a FTIR
spectrometer (EQUINOX 55, Bruker, Ettlingen, Germany). The internal reflection crystal
(Pike Technologies, Madison, WI, USA), made of zinc selenide, had a 45° angle of
incidence of the IR beam. The spectra were acquired at a resolution of 4 cm_1. The
spectral data analysis used the OPUS 3.0 data collection software program (Bruker,
Ettlingen, Germany). To characteriz the chemical function groups of collagen self-
assembly, the mixed collagen with PBS as in the previous experiment was freeze-dried

before preparation into KBr discs and measured by FTIR.

Scanning Electron Microscopy (SEM) Observing

All groups of scaffolds were observed for morphology, surface and pore
size by a scanning electron microscope (Quanta400, FEI, Czech Republic). The
samples were pre-coated with gold using a gold sputter coater machine (SPI supplies,

Division of STRUCTURE PROBE Inc., Westchester, PA USA).

Degradation

Lysozyme powder was mixed with PBS into solution at 4 mg/ml (pH =
7.4) before incubation at 37°C (6). The scaffolds were immersed in that solution. The
scaffolds were then removed from the solution, rinsed and freeze-dried. The freeze-
dried scaffolds were weighed at different time points: 1, 2, and 4 weeks. Afterward, the

percentage of weight loss was calculated.



Cell culture

MC3T3-E1 osteoblast cells were seeded in each scaffold with 1x10°
cells and maintained in an alpha-MEM medium (Q-MEM, GibcoTM, Invitrogen,
Carlsbad, CA) with the addition of 1% penicillin/streptomycin, 0.1% fungizone and 10%
fetal bovine serum (FBS) at 37°C in a humidified 5% of CO, and 95% air incubator (7).
The medium was changed every 3-4 days. An osteogenic medium (OS; 20 mM b-
glycerophosphate, 50 uM ascorbic acid, and 100 nM dexamethasone; SigmaAldrich)

was used for osteoblast differentiation of the MC3T3-E1 osteoblast cells (8).

Cell Proliferation

The measurement of cell proliferation was performed on days 3, 5 and 7
(9). Following the manufacturer's protocol, the scaffold was washed two times with
1xPBS and fresh media of 100 pl and 10 pl of 12 mM MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-dimethyl tetrazolium bromide, and 5 mg/ml) were added into the cells/scaffolds,
respectively. Afterward, the cells/scaffolds were incubated for 2 h at 37°C. Then, 50 pl
of dimethyl sulfoxide was added to each cells/scaffolds and incubated for 10 minutes.
The solutions were moved to 96 well plates and measurements continued by monitoring

the light absorbance at 540 nm.

Cell viability
On day 3, the MC3T3-E1 osteoblast cells in the scaffolds were stained

with fluorescein diacetate (FDA). The FDA attached to the extracellular matrix and



cellular clusters. The FDA was dissolved with acetone at a concentration of 5 mg/ml.

The medium was removed and replaced with 1 ml of fresh medium, then 5 pl of the

FDA was added. The scaffolds were kept away from light for 5 minutes. The scaffolds

were washed twice with 1xPBS and moved to a glass slide and the cell morphology

was observed by a fluorescence microscope (10).

Alizarin red staining

The calcium deposition of the MC3T3-E1 osteoblast cells was inspected

by alizarin red staining. On days 7, the scaffolds were washed with 1xPBS and the cells

were fixed with 4% formaldehyde before the addition of 1 ml of alizarin red solution (2 g

in 100 ml of distilled water to adjust the pH to 4.1-4.3) for 20 min at room temperature

in the dark (11). The alizarin red was removed carefully from 48 well plates and the

scaffolds were washed with distilled water until the red color disappeared. Afterward,

that scaffolds were observed by light microscope.

Statistical analysis

All data were shown as mean + standard deviation. The samples were

measured and statistically compared by one-way ANOVA and Tukey’s HDS test (SPSS

16.0 software package). p < 0.05 was accepted as statistically significant.

Results and discussion

Self assembly of collagen fibril



Before coating scaffolds, self-assembly of collagen was monitored by
measuring the absorbance at a wavelength of 313 nm at each time point. Then, the
absorbances were plotted into a kinetic curve (Fig. 1). The curve represented self-
assembly of collagen fibrils (12). We monitored the collagen self-assembly in solution
for 30 min that corresponded to the coating time of collagen on the scaffolds. The
absorbance value increased with time (Fig. 1). During the time from 5 min to 30 min,
the group absorbance was higher at each time point which meant collagen fibrils were
forming in the solution. In this study, it showed that collagen type | solution 0.1 mg/mi
(0.1 M acetic acid, pH 2.88) was mixed PBS with ratio 1:1 for neutralization. Under
these conditions, collagen molecules organized and aggregated into the fibril structure
(13). Notably, it indicated that the collagen organized into the fibril structure during the

time of coating.
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Figure. 1. Kinetic curve of self-assembly of collagen measured by absorbance at 313

nm vs. time (min).

Collagen self assembly by AFM observing

Neutralized collagen solution was dripped and dried on a glass slide to
observe the structure formation by AFM of the collagen fibrils in the coating. The
collagen fibrils organized themselves into small branches (Fig. 2). Interestingly, this
indicated that the neutralized collagen solution had performed coating that could mimic
the fibril structure as an extracellular matrix. Notably, the mimicked collagen fibril could
induce cell adhesion and proliferation (14). Nevertheless, to confirm the fibril structure of
collagen, the neutralized collagen solution was freeze-dried before characterization by

FTIR in the next section.
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Figure. 2. Self-assembly of collagen into fibrils observed by AFM.
FTIR analysis

The freeze-dried neutralized collagen solution was characterized by
FTIR to demonstrate the fibril structure of the collagen coating. Principally, the FTIR
technique detected the vibration characteristics of the chemical functional groups of
collagen. A specific wavenumber (cm'1) range of IR radiation was absorbed by the
chemical functional group (15). The amide A band of collagen was found at 3292 cm'1,
this was the general band associated with the N—-H stretching vibration and indicated
the existence of hydrogen bonds. When the NH group of peptides formed the hydrogen
bond, the absorbance shifted to a lower wavenumber. The amide B was observed
at 2921—2925cm'1. The amide | of collagen was found at 1631 cm'1. This band was
due to C=0 stretching vibration. Importantly, the FTIR results indicated that the collagen
could organize into fibril structures (16). Therefore, these results confirmed the previous

explanation that collagen could form into a fibril structure in the coating.
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Figure. 3. Fourier transform infrared spectrum of collagen fibrils after freeze-drying.

Scanning electron microscopy analysis

After clarification that the collagen could arrange into a fibril structure,
the coating solution was used for silk fibroin and chitosan scaffolds. For coating, silk
fibroin and chitosan scaffolds were immersed in a collagen solution at pH 3 before
soaking in PBS. Then, those scaffolds were freeze-dried before observation of the
morphology by SEM. Interestingly, the morphology of the scaffolds showed that the
coated scaffolds of silk fibroin and chitosan had deposited a fibril network structure of
collagen inside the pores (Fig. 4). Therefore, the results from the SEM indicate that
collagen could form a fibril network structure as a mimicked extracellular matrix that
deposited inside the pores of the scaffolds. Importantly, the mimicked extracellular

matrix might induce cell adhesion and proliferation as according to a previous report



(17). Besides the suitable structure for cell adhesion and proliferation, it is important to
determine the biodegradation of scaffolds in tissue engineering. Biodegradation and

cell experiments were undertaken to vindicate those issues,

Figure. 4. Morphology and surface of scaffold in each group observed by scanning
electron microscopy (SEM): A) silk fibroin scaffold, B) collagen coated silk fibroin

scaffold, C) chitosan scaffold, D) collagen coated chitosan scaffold.

Analysis of scaffold degradation



The scaffolds in all groups showed a changed shape. The silk scaffold
revealed the surface and margin areas that were digested with lysozyme (Fig. 5A). The
surface area of the silk scaffold coated collagen group collapsed but maintained a good
shape (Fig. 5B) when compared with the other groups. The chitosan scaffold was
broken after digestion and the surface and margin areas were digested (Fig. 5C). The
coated chitosan scaffold with collagen showed the most digestion in the marginal zone
and the surface area collapsed after digestion (Fig. 5D). Both silk and chitosan scaffolds
coated with collagen showed slow degradation compared to the non-coated scaffolds.
The triple helix structure of collagen coated on the scaffold surface was the cause of
difficult degradation. The silk fibroin scaffold coated with collagen showed the least
amount of degradation. These results illustrated the same explanation as previously
reported that the molecules of the enzyme had less opportunity to contact the scaffold
(18). Furthermore, the literature was reported that the silk fibroin could extend

biodegradability of the scaffolds (19).

Figure. 5. Scaffolds after degradation with lysozyme at 4 weeks: A) silk fibroin scaffold,
B) collagen coated silk fibroin scaffold, C) chitosan scaffold, D) collagen coated

chitosan.



The silk fibroin scaffold with and without modification had more stability
from biodegradtion than the modified and non-modified chitosan scaffold. Importantly,
the results indicated that collagen could improve biodegradation of scaffolds.
Interestingly, silk fibroin and chitosan scaffolds better tolerated the enzyme activity after
coating (Fig. 6). The results of biodegradtion indicated that the coated scaffolds with
mimicked collagen self-assembly had the performance for bone tissue engineering.
However, to confirm the performance of those modified scaffolds experiments to

determine cell proliferation, viability, and mineralization were undertaken.
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Figure. 6. Degradation of scaffold after digestion with lysozyme at weeks 1, 2 and 4.

(**) (p < 0.01).

Cell proliferation

Figure 7 showed the MTT assay in cell proliferation on the scaffolds.

The results showed that the OD values increased from day 3 to 5 and then decreased



on day 7 of the cell culture. On day 3, OD value of the silk fibroin scaffold was higher
than the chitosan scaffold. The coated scaffold with mimicked collagen self-assembly
had directly improved cell proliferation. The cell proliferation of the silk fibroin and
chitosan scaffolds after coating with mimicked collagen self-assembly showed good
performance for bone tissue engineering. Cell proliferation in all groups of the scaffold
increased on day 5 which demonstrated that the cells adhered and proliferated in all
groups. Notably, the collagen coated silk fibroin scaffold and the collagen coated
chitosan scaffold showed the highest cell proliferations on day 7. The results indicated
that collagen promoted cell proliferation and adhesion. The literature reported that

collagen had the important role of inducing cell migration and differentiation (20).
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Figure. 7. MTT assay of MC3T3-E1 grown on various scaffolds at days 3, 5 and 7.



Fluorescein Diacetate (FDA) staining

The MC3T3-E1 cells adhered in all groups to the scaffolds. The bright
green indicated the cell viability and morphology thoroughly on the surface. The coated
scaffolds with mimicked collagen self-assembly showed a lot of cells compared to the
non-coated scaffolds. The cells arranged and expanded themselves on the surface of
the coated scaffolds. This demonstrated that the coated scaffolds with mimicked
collagen self-assembly could enhance cell viability. However, to confirm the
performance of scaffolds for bone tissue engineering, the presence calcium in the

scaffold was analyzed and observed in the next section.




Figure. 8. Fluorescence image showed the viability (bright green) of MC3T3-E1
attached to the scaffolds in all groups: A) silk fibroin scaffold, B) collagen coated silk

fibroin, C) chitosan scaffold, D) collagen coated chitosan.

Alizarin red staining

To confirm the presence of calcium that was secreted from the MC3T3-
E1 cells, the scaffolds were stained with Alizarin red. Afterward, the stained scaffolds
were observed by microscope. Calcium nodules were found in all groups of scaffolds
(Fig. 9). The results showed that the MC3T3-E1 cells could grow in the scaffolds and
secret calcuim onto the scaffolds. The staining with alizarin red indicated a high amount
of calcium deposition. The coated scaffolds could induce calcium synthesis from the
MC3T3-E1 cells. Notably, in the coated silk fibroin, the calcium deposition was more
intensive than the coated chitosan scaffold. The results demonstrated that the coated
scaffolds with mimicked collagen self-assembly had the performance for bone tissue

engineering particularly in the coated silk fibroin scaffold.



Figure. 9. Alizarin red staining of the scaffolds at day 7 of cell culture under OS media
conditions. The red indicates calcium deposits on the scaffold: A) silk fibroin scaffold, B)
collagen coated silk fibroin scaffold, C) chitosan scaffold, D) collagen coated chitosan

scaffold.
Conclusion

The use the modified scaffolds by coatings with mimicked collagen self-
assembly for tissue engineering was proposed in this research for osteoporosis
treatment in the case of bone defect. The results of this research indicated that collagen
organized into assembled fibril structures in the pores of the coated scaffolds. The fibril
structures showed performance as an extracellular matrix that could induce biogical
functionalities of coated scaffolds. Predominantly, the coated silk fibroin and chitosan
scaffolds with collagen self-assembly had good biological functionalities: stability from

biodegradation, good cell proliferation, viability and mineralization. Importantly, it can be



deduced that the modified scaffolds by coating with mimicked collagen self-assembly

had the proformance for bone tissue engineering and showed promise for use in

osteoporosis treatment.
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CHAPTER 3

Modified silk fibroin scaffolds with collagen/decellularized pulp for bone
tissue engineering in cleft palate: morphological structures, and

biofunctionalities

Abstract

Cleft palate is a crucial disease that generates a maxillofacial bone
defect around the mouth area. To create performance scaffolds for bone tissue
engineering in cleft palate is an issue that was proposed in this research. Because of its
good biocompatibility, high stability, and non-toxicity, silk fibroin was selected as the
scaffold of choice in this research. Silk fibroin scaffolds were prepared by freeze-drying
before immerging in a solution of collagen, decellularized pulp, and
collagen/decellularized pulp. Then, the immersed scaffolds were freeze-dried. Structural
organization in solution was observed by Atomic Force Microscope (AFM). Molecular
organization of those solutions and crystal structure of scaffolds were characterized by
Fourier transform infrared (FT-IR) and X-ray diffraction (XRD), respectively. The weight
increase of the modified scaffolds and pore size were determined. The morphology was
observed by scanning electron microscope (SEM). Biofunctionalities were considered
by seeding osteoblasts in silk fibroin scaffolds before analysis of the cell proliferation,
viability, total protein assay, and histological analysis. The results demonstrated that

dendrite structure of the fibrils occurred in those solutions. Molecular organization of the



components in solution arranged themselves into irregular structure. The fibrils were
deposited in the pores of the modified silk fibroin scaffolds. The modified scaffolds
showed amorphous structure. Following assessment of the biofunctionalities, the
modified silk fibroin scaffolds could induce cell proliferation, viability, and total protein
particularly in modified silk fibroin with collagen/decellularized pulp. Furthermore, the
histological analysis indicated that the cells could adhere in modified silk fibroin
scaffolds. Finally, it can be deduced that modified silk fibroin scaffolds with
collagen/decellularized pulp had the performance for bone tissue engineering and a

promise for cleft palate treatment.

Materials and methods

Preparation of silk fibroin scaffolds

Silk fibrin scaffolds were prepared by boiling the cocoons for 30 min in
0.02 M Na2CO3 and then rinsed with distilled water to extract the sericin. The silk was
dried in a hot air oven at 60°C for 24 h. The silk was dissolved in a 9.3 M LiBr solution
at 70°C for 3 h and then a silk solution was prepared yielding a 3% (w/v) solution (1).
After dissolving the silk fibroin, it was centrifuged for 20 min at 9000 RPM at 4°C (2).
The silk solution was purified by dialyzing against distilled water for 3 days (3). The silk
fibroin solution was stored at 4°C until further use. Preparation of the 3D silk scaffold for
experiment followed five steps. First, the silk fibroin solution was poured in 48 well

plates. Second, the silk fibroin solution was freeze-dried to generate the porosity. Third,



the porous silk scaffolds were treated by immersion in 70% (v/v) methanol for 30 min.
Fourth, porous silk scaffolds were freeze-dried again. Finally, all scaffolds were cut into

a diameter of 10 mm and 2 mm in thickness.

Preparation of type | collagen

Type | collagen was extracted from the skin of brown banded bamboo
shark (Chiloscyllium punctatum). The preparation of type | collagen followed the report
of P. Kittiphattanabawon et al. 2010 (4). Briefly, shark skin (1.0 x 1.0 sz) was mixed
with 0.1 M NaOH. Next, the deproteinized skin was soaked in 0.5 M acetic acid for 48
h. After filtering the mixture to get the collagen solution, NaCl was added to a final
concentration of 2.6 M and 0.05 M Tris (hydroxymethyl) aminomethane at pH 7.5. To
collect the collagen pellet using a refrigerated centrifuge, the pellet was dissolved in a
minimum volume of 0.5 M acetic acid. For a more purified collagen solution, dialysis
was performed with 0.1 M acetic acid for 12 h and 48 h with distilled water. The freeze-

dried method was used to remove the water and it was kept at -20°C for later use.

Preparation of decellularized pulp

We collected teeth pulp from children who were 6 to 10 years old and
segmented the teeth in half to harvest the pulp tissue. Collagenase and dispase were
used to digest the pulp into solution for 1 h. The solution was separated from the debris

pellet by using a centrifuge at 37°C. Then, the solution was washed with PBS



(phosphate-buffered saline) 2 times. Finally the solution was filtered to get the

decellularized pulp and used the freeze drying machine for water sublimation (5).

Modification of silk fibroin scaffolds

For modification of silk fibroin scaffolds, we designed the silk fibroin

scaffolds into 4 groups that were modified with a different coating solution as shown in

Table 2. For coated silk scaffolds in the decellularized pulp group, the decellularized

pulp powder was dissolved in 0.1% sodium hypochlorite to a concentration of 0.1

mg/ml. In the case of coated silk scaffolds with collagen, the collagen powder was

dissolved in 0.1 M acetic acid to a concentration of 0.1 mg/ml (6). For coated silk

scaffolds with collagen/decellularized pulp, the previous collagen and decellularized pulp

were mixed together to obtain a 50:50 ratio. The collagen, decellularized pulp and

collagen/decellularized pulp were used as the coating solutions to modify the scaffolds.

To modify the scaffolds, the silk fibroin scaffolds were immersed into the coating

solutions for 240 min. Then, the immersed scaffolds were soaked in 1X PBS for 30 min

before they were freeze-dried (7).



Table 2 Groups of silk scaffolds coated with the coating solutions.

Silk scaffold

Silk coated decellularized pulp

Silk coated collagen

Silk coated collagen and decellulize pulp

Pore size measurement

The ImageJ software (1.48v) was used to measure the pore size in each

group. The pore distribution of the scaffolds was analyzed from SEM images. The pore

size of the scaffolds in each group was a randomized area (n=25) to calculate the

average pore size (8).

Weight increase of the modified scaffolds

The weight increase of the modified scaffolds was measured by the
percentage deposition of components in the coating solution on the scaffolds. All groups
of silk scaffold were weighed before and after coating (n=5). The difference in the
weights after calculation showed the percentage of silk scaffold that increased from the
components in the coating solution that attached onto the silk scaffold (9).
Percentage deposition of components in the coating solution on the scaffold (w/w, %)

= (Wt - Wp) / Wt x 100%



Wt , weight of the coated scaffold, Wp , weight of scaffold.

Swelling testing
Silk scaffold in all groups were soaked in PBS at 37 °C for 24 h. After
removal of excess PBS by contact with a plastic surface. The swollen samples were
weighed immediately, the swelling ratiowas calculated using the following equation (10):
Swelling ratio = (Ws — Wd)/Wd
Where the Ws and Wd are the weight of swollen scaffold and weight of dry scaffold,

respectively.

Mechanical properties testing

Scaffold in wet phase was investigated about the mechanical properties
by usingUniversal Testing Machine (Lloyd model LRX-Plus, Lloyd Instrument Ltd.,
London, UK). In this study scaffold all groups were cut with size diameter 10 mm,
thickness 5 mm. The testing machine has been used with static load cell of 10 N at rate

of 2 mm/min and stop at strain 40%.

Fourier transform infrared (FT-IR) characterization
Molecular organization of silk fibroin scaffolds, and silk fibroin scaffolds
coated with decellularized pulp, collagen, and collagen/decellularized pulp were

analyzed by FT-IR. The samples were analyzed as a KBr pellet in a FT-IR



spectrophotometer using the EQUINOX 55 (Bruker Optics, Germany) in the range of

4000-400 cm .

X-ray diffraction (XRD) characterization

Crystal structure of silk fibroin scaffolds, and silk fibroin scaffolds coated
with decellularized pulp, collagen, and collagen/decellularized pulp were analyzed by
XRD (X’Pert MPD (PHILIPS, Netherlands). Samples were put in XRD instrument and
measured diffraction patterns over a 20 range of 5-90 O with a step size of 0.05 O and

time per step of 1 s.

Scanning Electron Microscopy (SEM) Observations

A scanning electron microscope (Quanta400, FEI, Czech Republic) was
used to observe the morphology and characterization of the SF scaffold that was coated
with a special solution. The samples were pre-coated with gold using a gold sputter
coater machine (SPI Supplies, Division of STRUCTURE PROBE Inc., Westchester, PA

USA).

Atomic Force Microscopy Observations

The coating solution for each group was dropped into a glass slide,
smeared and soaked in PBS for 30 min. When the slides were dried, the morphology
and structure were observed by using atomic force microscopy (Nanosurf easyScan 2

AFM, Switzerland).



Cell culture experiments

The MG-63 cell line was cultured in alpha-MEM medium (O-MEM,
GibcoTM, Invitrogen, Carlsbad, CA) with the addition of 1% penicillin/streptomycin, 0.1%
fungizone and 10% fetal bovine serum (FBS) at 37°C in a humidified 5% of CO, and
95% air incubator. The MG-63 was seeded with a 5 x10 /silk scaffold and the medium
was changed every 3-4 days (11). The osteogenic medium (10 mM b-glycerophosphate,
50 mg/ml ascorbic acid, and 100 nM dexamethasone; SigmaAldrich) was used for

osteoblast differentiation of MG-63 (12).

Cell proliferation assay (PrestoBlue; Day 1, 3, 5, and 7)

To observe the cell proliferation, PrestoBlue assay was used based on
resazurin reagent. When the live cells go through the reducing process in the cytoplasm
they will react with the resazurin to form resorufin to produce a purple or red color. The
measurement of cell proliferation was performed according to the manufacturer’s
instructions (PrestoBlue® Cell Viability Reagent, Invitrogen, USA) and measured at 1, 3,
5, and 7 days (13). Silk fibroin scaffolds from each group were washed twice with 1X
PBS and then 1/10th volume of PrestoBlue reagent was added directly into the
complete media and incubated for 1 hour at 37°C and the proliferation rate of the cells
was measured by monitoring the wavelength absorbance at 600 nm emission. The

untreated cell group was used for the negative control.

Cell viability (Fluorescence Microscope on Day 3)



Cell viability on silk fibroin scaffold in each group was evaluated by
fluorescence microscope. The live cells on the SF scaffold were stained by fluorescein
diacetate (FDA). The application of the FDA was to attach to the cells and embed them
into the extracellular matrix and cellular clusters. FDA was dissolved in acetone at 5
mg/ml. Next the media was removed by replacement of fresh 1 ml medium and then 5
pl of the FDA was added to each well and kept in the dark at 37°C for 5 min. The silk
fibroin scaffold was washed twice with 1X PBS and transferred to a glass slide and the

cell morphology was observed by the fluorescence microscope (14).

Total protein assay

The cellular protein in the cell lysis solution was discharged according to
the manufacturer’s instructions (Pierce BCA Protein Assay Kit, Thermo Scientific, USA).
In order to extract cellular protein by using the lysis cell method, 800 pl of the cell lysis
solution (1% Triton X in PBS) was added in each well and the silk fibroin scaffolds were
frozen at -70°C for 1 h and then thawed at room temperature for 1 h. This was
repeated in 3 cycles. Following that, the solution was transferred to an Eppendorf tube
and centrifuged at 12000 RPM for 10 min to remove the supernatant from the pellet.
Measurement of the total protein synthesized by the cells in the silk fibroin scaffold was
performed with absorbance at 562 nm at 7, 14, and 21 days. Bovine serum albumin

was used for the standard curve in this experiment (15).

Histology analysis
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Silk fibroin scaffold with cell culture on day 5 was fixed with 4%

formaldehyde at 4°C for 24 h. The silk fibroin scaffolds in each group were immersed in

paraffin. The paraffin sections were cut at 5 ym and placed on a glass slide and

deparaffinized and hydrated in distiled water. The sample slide was stained with 2

types. At first, hematoxylin and eosin stain was used to observe cell migration,

adhesion, and the extracellular matrix synthesized from the cells around the silk fibroin

scaffold (16).

Statistical analysis

All data were shown as mean + standard deviation. The samples were

measured and statistically compared by one-way ANOVA and Tukey’s HSD test (SPSS

16.0 software package). p < 0.05 was accepted as statistically significant.

Results and discussion

Structural formation of mimicked extracellular matrix

In this research a coating solution of collagen/decellularized pulp was

prepared according to the above protocol before observation of its organization by AFM.

To characterize the structure of the collagen/decellularized pulp was the preliminary

demonstration before coating onto the silk fibroin scaffolds. Furthermore, this

demonstration could relate to the arrangement of the collagen/decellularized pulp on the

silk fibroin scaffolds. The structure of collagen/decellularized pulp is shown in Fig. 10.

According to the structure formation illustrated in Fig. 10, all samples showed dendrite
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formation of fibrils. Collagen without decellularized pulp organized predominantly into a
dense branch structure. As reported previously, collagen molecules formed themselves
into a fibril structure (17). Notably, collagen formed dendrite formation of fibrils when it
was observed by AFM. This result can be explained by the disturbance of the collagen
molecules by the sodium hypochlorite in the solution. Generally, sodium hypochlorite is
a chemical reagent used for dental treatment. It has the important role of maintaining
fibroblast viability and promotes healing of chronic wounds (18). Some reports
demonstrated that sodium hypochlorite can change the hydroxyproline into pyrrole-2-
carboxylic acid (19). Such forms of collagen might influence the organization into

dendrite formation of fibrils.

Figure. 10. AFM images of structure formation of coating solution: (A) decellularized
pulp, (B) collagen, and (C) collagen/decellularized pulp.
Molecular organization analysis of modified silk fibroin scaffolds

To analyze molecular organization of coating solution, FTIR was used to
characterize in this research. The results of molecular organization showed different
wavenumbers of samples as Fig.11. For the collagen, as the previous, FTIR spectrum

showed the important peak of -OH groups around 3500 cm'1 (20, 21) . In this research,
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the -OH groups of collagen appeared at wavenumber around 3303 cm-1 that shifted to
the low wavenumber. This indicated that —OH groups interacted with the other groups.
Such interaction came from the self-assembly of collagen that molecules could organize
themselves into the high order structure. For the coated silk fibroin scaffolds wave
number of -OH groups shifted to the high wavenumber. This result indicated that -OH
groups could vibrate freely in decellularized pulp and collagen/decellularized pulp that
came from irregular organization of the components. Notably, in the case of
decellularized pulp, it showed three peaks; 3416, 3472, and 3552 cm'1 that represented
the combination of -OH groups in each component in decellularized pulp. For the
collagen/decellularized pulp, it showed -OH groups around 3464 cm-1 that might be the
merged peak of collagen and decellularized pulp. Furthermore, it demonstrated that -OH

groups in collagen/decellularized pulp could vibrate freely.
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Figure. 11. FTIR spectra of collagen (A), decellularized pulp (B), and
collagen/decellularized pulp.
Crystal structure analysis of modified silk fibroin scaffolds
The results of crystal structure showed different peaks of samples. The
previous reports demonstrated that the regular crystal structure appeared sharp peak by
XRD characterization and the broad peak represented amorphous or irregular structure
(22). As the results of XRD analysis in this section, the silk fibroin scaffold and coated
silk fibroin scaffolds showed the broad peak that represented the amorphous structure

as a previous report (23).
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Figure. 12. XRD spectra of silk fibroin scaffold (A), silk fibroin scaffold coated with

decellularized pulp (B), silk fibroin scaffold coated with collagen (C), silk fibroin scaffold

coated with collagen/decellularized pulp (D).

Morphological analysis of modified silk fibroin scaffolds

In this research silk fibroin scaffolds were modified by coating solutions:
collagen, decellularized pulp, and collagen/decellularized pulp. To start the modification,
silk fibroin scaffolds were prepared by the freeze-dried technique before immersion into
one of the coating solutions. Then, the immersed scaffolds were soaked in a buffer

solution. Afterward the scaffolds were freeze-dried. The samples are shown in Fig. 13.
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Figure. 13. Image of silk fibroin scaffolds: (A,C) before immersion(size 10 mm diameter
and 2 mm thickness),Silk fibroin scaffold coated with decellularized pulp:(D) Silk fibroin

scaffold coated with collagen:(E) Silk fibroin scaffold coated with collagen/decellulized
pulp:(B,F).

Observations of the uptake of the coating solutions inside the silk fibroin
scaffolds during immersing are shown in Fig. 14. Silk fibroin scaffolds with
decellularized pulp, collagen, and collagen/decellularized pulp showed turbid and
transparent parts distributed throughout the texture of the scaffold during the early
period of the immersion. The turbid and transparent parts appeared to be merged into a
homogenous texture. Obviously, the apparent homogenous texture in the scaffold

showed the uptake of the solution inside the scaffold. For 60 min, the decellularized
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pulp solution diffused into the whole texture of the silk fibroin scaffold (Fig 14-A3). For
the silk fibroin scaffold with collagen and collagen/decellularized pulp, the apparent
homogenous texture appeared throughout the inside of the silk fibroin scaffold at 240
min. It could be explained that collagen and collagen/decellularized pulp had a high
viscosity when compared to decellularized pulp. This result demonstrated that the
solution had the potential to modify silk fibroin scaffolds by the coating technique. After
immersion of the silk fibroin scaffolds in the coating solution, they were soaked in PBS
before freeze-drying. Then, the morphologies of the freeze-dried samplesof modified silk

fibroin scaffolds were observed by SEM (Fig. 15 and Fig. 16).
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Figure. 14. Images of silk scaffolds after immersion in a coating solution at each time
point of 10, 30, 60, 120, 180, and 240 min of decellularized, collagen, and
collagen/decellularized solutions: (A1-A6) silk scaffold immersed with decellularized pulp
solution, (B1-B6) silk scaffold immersed with collagen solution, (C1-C6) silk scaffold

immersed with collagen/decellularized pulp solution. Scale bar: 5 mm.



18

The surface morphology of silk fibroin scaffold with and without
modification showed a porous structure (Fig. 15A). For a silk fibroin scaffold without
modification, it showed a smooth surface of the porous walls which had an
interconnective porous structure. Significantly, this interconnective porous structure is
suitable to support cell adhesion and migration (24). Interestingly, cells can connect with
each other in the pores. Furthermore, the pores are suitable for media flow in and out of
the silk fibroin scaffold. A porous silk fibroin scaffold can easily remove waste (24).
Notably, the morphologies of modified silk fibroin scaffolds with collagen (Fig. 15C) and
collagen/decellularized pulp (Fig. 15D) solutions, showed the fibril structure deposited at
the inner pores of the silk fibroin scaffolds. This fibril structure might be formed
according to the results from AFM observation. Notably, there were no deposited fibril
structures in the decellularized pulp solution. This result indicates that the decellularized
pulp might be detached from the surface of silk fibroin scaffolds while soaking in the

buffer solution.
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Figure. 15. Surface morphology of the scaffolds observed by scanning electron
microscope (SEM) with different magnification. The wall surface is shown at 500x and
connective pore size was shown at 50x. (A) surface morphology of silk scaffold without
coating, (B) surface morphology of silk scaffold coated with decellularized pulp, (C)
surface morphology of silk scaffold coated with collagen, (D) surface morphology of silk
scaffold coated with collagen/decellularized pulp. Scale bars are shown in the
micrographs.

To confirm the deposition of decellularized pulp and
collagen/decellularized pulp solution inside the porous scaffolds, cross sections of the
silk fibroin scaffolds were observed by SEM (Fig. 16). Unlike the surface morphology of
modified silk fibroin scaffold, the cross-section morphology showed a deposited fibril

structure inside the pores of the silk fibroin scaffolds for all coating solutions. As

illustrated in the morphologies in Fig. 16, the fibrils organized themselves into a network
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structure that was deposited on the pore walls of the silk fibroin scaffold. It
demonstrated that decellularized, collagen, and collagen/decellularized solution have the
potential for use as a coating solution for modification of the silk fibroin scaffolds.
Interestingly, these results indicate that solutions of collagen, decellularized pulp, and
collagen/decellularized pulp had the ability to mimic a network structure as in an

extracellular matrix.

Figure. 16. Cross section morphology of scaffolds observed by scanning electron
microscope (SEM): (A) silk scaffold without coating, (B) silk scaffold coated with

decellularized pulp, (C) silk scaffold coated with collagen, (D) silk scaffold coated with
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collagen/decellularized pulp. Scale bars are shown in the micrographs. Yellow arrow
showed fibril structure.
Pore size measurement

In this research, the ImageJ software (1.48v) was used to measure the
pore size in each group. The pore distribution of the scaffolds was analyzed from the
SEM images. The pore size of the scaffolds in every group was a randomized area.
The average pore size of the silk scaffold in all groups is shown in Table 3. The mean
pore size of the silk scaffolds was 132.06 + 3.74um which was the biggest pore size of
all the groups but not significantly different. A minimum pore size of 100 ym with
interconnective pores is normally required for a cell culture system that can support the
cell size and migration (24).

Table. 3 Average pore size of silk scaffold in each group. ImageJ software measured

the silk scaffolds. Values are average + standard deviation (N=25).

A: Silk scaffold 132.06 + 3.74um
B: Silk scaffold coating with decellularized pulp 126.85 + 2.72um
C: Silk scaffold coating with collagen 127.94 + 1.98um

D: Silk scaffold coating with collagen and decellularized 125.83 + 1.98um

Pulp

Weight increase of the modified scaffolds
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To confirm the existence of collagen and collagen/decellularized pulp on
silk fibroin scaffold, the percentage of weight increase was analyzied. The results in Fig.
17 show that the modified silk fibroin scaffolds had a significantly increased weight than
the silk fibroin scaffold without modification. It demonstrated that decellularized pulp,
collagen, and collagen/decellularized pulp could deposit and exist in the silk fibroin
scaffolds. Notably, modified silk fibroin scaffolds with collagen showed a significantly
increased weight compared to either silk scaffold modified decellularized pulp and
collagen/decellularized pulp. Significantly, the results indicate that the solution of
decellularized pulp, collagen, and collagen/decellularized pulp can adhere on silk fibroin

scaffolds. These results support the previous results by SEM.
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Figure. 17. Weight increase in percentage of deposition of decellularized pulp, collagen

and combination of collagen with decellularized pulp. (**p < 0.01)
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Swelling ratio analysis

Scaffold in all groups were swollen in different percentage, in silk
scaffold and silk coated collagen and decellulized pulp can be more obviously swell
than other groups. Fig. 18B-C were stable in shape more than silk scaffold and silk
coated collagen and decellulized pulp (Fig. 18B-C). The scaffold non coating showed
the high water binding capacity and this property plays an important role in tissue

regeneration. (25)

Figure. 18. Image of silk scaffolds: (A) After immersion in PBS, Silk coated
decellularized pulp: (B) after immersion in PBS, Silk coated collagen: (C) after
immersion in PBS, Silk coated collagen and decellulize pulp: (D) after immersion in

PBS.

About swelling properties, silk scaffold was revealed the highest water
binding capacity and significantly different with both silk scaffold coated with
decellularized pulp and silk scaffold coated with decellularized pulp/collagen as Fig. 19.
The coating collagen, and collagen/decellularized pulp on the silk scaffold surface seem
to be decreasing the swelling ratio. As the morphological structure of scaffolds, it

showed that silk fibroin scaffolds coated with collagen, and collagen/decellularized pulp
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had fibril network structure in the porous. Such fibril network effected on decreasing of
swelling ratio. This result was similar to the previous study that the swelling property of
sponge-like matrice dependent on the network porous structure and microstructure of

scaffold (26).
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Fig. 19. Showed the swelling ratio of scaffold in each group. (* p < 0.05)

Mechanical testing analysis

As the results in mechanical testing, they showed that silk fibroin
scaffold and silk fibroin coated with decellularized pulp had higher stress at maximum
load and Young’s modulus than silk fibroin scaffold coated with collagen and
collagen/decellularized pulp. The results indicated that coating solution affected on
mechanical properties of silk fibroin scaffolds. The coated samples showed smaller
pore size that sample without coating. Such small pore size could retain lower amount

of water than large pore size as the results in porous measurement and swelling ratio
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analysis. The water in the porous scaffold could resist the compressive force during
testing in the wet state. Therefore, the scaffold that could hold the high amount water in

porous structure , showed the high stress and Young’s modulus.
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Cell proliferation

PrestoBIueTNI was used to evaluate cell proliferation on days 1, 3, 5, and
7. The proliferation of osteoblast cells continuously increased from day 1 to day 5 and
became lower on culture day 7 among all groups. On day 1, the silk scaffold modified
by decellularized pulp was significantly higher in cell numbers than the silk scaffold
without modification (Fig. 21). On day 3, all groups showed a similar behavior of cell
proliferation, except the silk scaffold modified with collagen/decellularized pulp which
was significantly higher than the other groups. On day 5 all groups became low, but the
silk scaffold modified with decellularized pulp was significantly different than the other
groups. On day 7, all groups had higher cell proliferation than the silk scaffold without
modification.
Significantly, the results of cell proliferation indicated that decellularized pulp had an
important role of inducing cell proliferation because the decellularized pulp had
components of extracellular matrix. Importantly, the extracellular matrix can enhance cell
proliferation (27). Notably, modified silk fibroin scaffold with collagen/decellularized pulp
showed the potential to enhance cell proliferation. A previous report demonstrated that
collagen acted as an extracellular matrix to induce cell attachment (28). Therefore, to
combine collagen with decellularized pulp can synergize cell adhesion and proliferation.
Interestingly, from these results, collagen/decellularized pulp might be formed as
reconstructed extracellular matrix that has the biofunctionalities of native extracellular
matrix. Hence, such reconstructed extracellular matrix has the effect of a high cell

proliferation rate.
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Figure. 21 Cell proliferation on different coating solutions in silk fibroin scaffold. Cell

Day1 Day 3 Day 5

proliferation was evaluated based on the associative number of metabolically active
osteoblast cells in each scaffold group identified by the PrestoBlue™ assay. The symbol
(*) represents significant changes in resazurin activity of osteoblasts (p < 0.05), (**) (p <

0.01).

Fluorescein Diacetate (FDA)

To observe the cell morphology in scaffolds, osteoblasts were stained by
FDA. Afterward, all samples were observed by a fluorescence microscope (Fig 22). The
green luminance showed the nucleus of the osteoblasts. The osteoblasts were able to
attach to the surface of silk scaffolds (Fig. 22). Notably, the cells in the modified silk
scaffold with collagen/decellularized pulp arranged themselves into a dense
aggregation. This result indicates that collagen/decellularized pulp can promote cell
adhesion. Interestingly, cell adhesion might have come from the reconstructed

extracellular matrix of collagen/decellularized pulp as previously explained.
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Day1 Day 5 Day 7

Figure. 22 Fluorescence image of the obvious cells and interconnections of osteoblast
cells on the silk scaffold (FDA label, green brightness). A) silk scaffold, B) silk scaffold
coated with decellularized pulp, C) silk scaffold coated with collagen, D) silk scaffold

coated with collagen/decellularized pulp.

Bicinchoninic acid (BCA) analysis

Analysis of the protein during cell culturing was determined by BCA
analysis. The total protein content on days 7, 14, and 21 are shown in Fig. 23. For days
7 and 14, the modified silk scaffold with collagen had a higher protein content than all

groups. As previously reported, this demonstrated that the osteoblasts start protein
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synthesizing on day 7 (29). Therefore, at days 7 and 14 the modified silk scaffold with

collagen showed higher protein content than the other samples. These results indicate

that the protein content at days 7 and 14 came from two main parts: 1) coated collagen

on the scaffold and 2) secreted collagen from the osteoblasts. So, it can confirm the

previous results that the protein content in the modified scaffold with collagen is higher

than the other samples.

Interestingly, the protein content at day 21 of the modified silk fibroin

scaffold with collagen/decellularized pulp is predominantly higher than the other

samples. On day 21, the silk fibroin scaffold coated with collagen/decellularized pulp

and the silk fibroin scaffold coated with decellularized pulp continuously showed higher

protein synthesizing. On the other hand, protein synthesizing in the silk fibroin scaffold

and silk scaffold coated with collagen became low at day 21. These results

demonstrated that the coated components on modified silk fibroin scaffolds with

collagen/decellularized pulp had a unique role in promoting protein synthesizing (Fig.

23). It indicated that the biofunctionalities of collagen and decellularized pulp could

synergize protein.
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Figure. 23 Total protein content of osteoblast cells (MG63) on silk scaffold. Protein
synthesis was evaluated by using the Pierce BCA protein assay. The symbol (*)
represents significant changes in protein activity of osteoblasts (p < 0.05), (**) (p <
0.01).
Histological analysis

Osteoblast cells showed a good distribution throughout the silk scaffold
in all groups. In Fig. 24, the red arrows point at the silk scaffold and the yellow arrows
point at the osteoblast cells attached to the silk scaffold. The silk coated with
decellularized pulp (Fig. 24B), collagen (Fig. 24C), and collagen/decellularized pulp (Fig.
24D) showed more osteoblast cells attached to the surface of the silk scaffold and the
cells filled the pores of the scaffolds. The shape of the osteoblast cells was flat on the
silk scaffold surface and the blue color indicates the nucleus that is located at the

center of the cytoplasm. These results indicated that modified silk fibroin scaffold could

induce cell adhesion.
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Figure. 24 Hematoxylin and eosin staining of cross sections on day 5 (A, B, C, D). The
red arrows show the silk scaffold in each group. The yellow arrows show the osteoblast
cells attached to the silk scaffold in all groups; A) silk scaffold, B) silk scaffold coated
with decellularized pulp, C) silk fibroin coated with collagen, D) silk fibroin coated with

collagen/decellularized. Scale bar: 100 pm.

Conclusion

This research demonstrated that the use of collagen, decellularized pulp,
and collagen/decellularized pulp solutions for scaffold modification is attractive and is a
potential approach to enhance the biofunctionalities of silk fibroin scaffolds. The
solutions could organize themselves into fibrils that deposited in the pores of the silk
fibroin scaffolds. More importantly, the results indicated that the fibrils in modified silk

fibroin scaffolds can induce biofunctionalities including cell proliferation, cell viability, and
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protein synthesis. Furthermore, the histological analysis demonstrated that cells could
adhere well to the modified silk fibroin scaffolds. Interestingly, it indicated that the
modified silk fibroin scaffolds coated with collagen/decellularized pulp had a unique
structure and demonstrated biofunctionalities. The structure and biofunctionalities could
enhance the performance of modified silk fibroin scaffold. Eventually from these results,
it can be deduced that modified silk fibroin scaffold coated with collagen/decellularized

pulp has promise for use in bone tissue engineering particularly in cleft palate.
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CHAPTER 4

Biofunctional mimicked silk fibroin scaffolds coated with reconstructed
extracellular matrix of decellularized pulp/fibronectin as clues for

maxillofacial bone tissue engineering in bone defect from oral cancer

Abstract

Oral cancer is a disease that leads to bone loss in the maxillofacial area.
To replace bone loss by advanced biomaterials is a challenge for materials scientists
and maxillofacial surgeons. In this research, biofunctional mimicked silk fibroin scaffolds
were created as an advanced biomaterial for bone substitution. Silk fibroin scaffolds
were fabricated by freeze-drying before coating with three different components:
decellularized pulp, fibronectin, and decellularized pulp/fibronectin. The structure
formation of the coating components and the morphology of the coated scaffolds were
observed by atomic force microscope and scanning electron microscope, respectively.
Existence of the coating components in the scaffolds was proved by the increase in
weight. The coated scaffolds were seeded by MG-63 osteoblasts and cultured. Testing
of the biofunctionalities included cell viability, calcium content, alkaline phosphatase
activity (ALP), mineralization, and a histological analysis. The results demonstrated that
the coating components existed in the scaffolds after coating. The coating components
organized themselves into aggregations of globular structure. They were deposited and

arranged themselves into clusters of aggregations with a fibril structure in the porous



walls of the scaffolds. The results showed that coated scaffolds with decellularized

pulp/fibronectin were suitable for cell viability since the cells could attach and spread

into most of the pores of the scaffold. Furthermore, the scaffolds could induce calcium

synthesis, mineralization, and ALP activity. The results indicated that coated silk fibroin

scaffolds with decellularized pulp/fibronectin hold promise for use in bone tissue

engineering in bone defect from oral cancer.

Materials and Methods

Preparation of silk fibroin scaffolds

The degummed silk fibroin was obtained by boiling in 0.02 M Na,CO; for

30 minutes. The silk sericin was removed after rinsing 3 times with distilled water. It

was dried in a hot air oven at 60 °C for 24 h and the degummed silk fibroin was then

dissolved in 9.3 M LiBr at 70 °C for 3 h (1). The purified silk fibroin was obtained after

dialyzing with distilled water for 3 days (2). The purified silk fibroin was centrifuged at

3000 RPM at 4 °C for 5 minutes to separate the dregs from the solution. The

concentration was adjusted to yield a 3% (w/v) and kept at 4 °C until further use. The

solution was placed in 48-well plates to mold the 3D scaffolds. The freeze-drying

method fabricated the porous silk fibroin scaffolds. All scaffolds were cut into discs (10

mm diameter x 2 mm thickness).

Preparation of decellularized pulp



We collected teeth from children who were 6-10 years old and then
segmented the teeth in half to harvest the pulp tissue. Collagenase and dispase were
used to digest the pulp for 1 hour. The solution was separated from the debris using a
centrifuge at 37 °C and washed with phosphate-buffered saline (PBS) 2 times. Finally,
the solution was filtered to obtain the decellularized pulp and the freeze-drying process

was used for water sublimation (3).

Modification of silk fibroin scaffolds

The 4 groups of solutions are shown in Table 4. The decellularized pulp
was prepared at a concentration of 0.1 mg/ml in 0.1% sodium hypochlorite. Fibronectin
was prepared at a concentration of 0.1 mg/ml in deionized water. A combination of
decellularized pulp and fibronectin was prepared at a ratio of 50:50. After soaking the
SF scaffolds in each solution for 4 h, they were put in 1X PBS for 30 min. The freeze-

drying method attached the ECM to the SF scaffolds.

Table 4. 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




Scanning Electron Microscopy (SEM) Observation

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

USA).

Atomic Force Microscopy Observation

A sample of 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 using atomic force microscopy was observed (Nanosurf

EasyScan 2 AFM, Switzerland).

Cell culturing of MG-63 osteoblasts

MG-63 osteoblasts were seeded in each scaffold with 1 x 106 cells and
maintained in an alpha-MEM medium (Q-MEM: Gibco®, 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 5% CO,/95% air incubator. The medium was
changed every 3-4 days (4). An osteogenic medium (OS: 20 mM b-glycerophosphate,
50 pM ascorbic acid, and 100 nM dexamethasone; Sigma-Aldrich) was used for

osteoblast differentiation of the MG-63 osteoblast cells (5).



Calcium content assay

Calcium colorimetric assays (Calcium Colorimetric Assay Kit, BioVision
Inc., Milpitas, CA, USA) 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 (6). The
cells were then lysed by adding 1% Triton X in each well. The SF scaffolds were frozen
at -70 °C for 50 min 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 supernatant from the pellets (7). The supernatant (30 pl)
was placed in 96-well plates and the volume was adjusted to 50 ul with distilled water.
Next 90 ul of Chromogenic Reagent and then 60 ul of the Calcium Assay Buffer were
added to each well and mixed gently. The reaction was incubated for 5-10 min at room

temperature and protected from light. The optical density was measured at 575 nm.

Alkaline Phosphatase (ALP) assay

The cells were cultured for 7, 14, and 21 days (Sung Eun Kim) for ALP
analysis. The SF scaffolds in each group were washed twice with PBS. To extract the
cellular proteins, 800 pl of cell lysis solution (1% Triton X in PBS) was added in each
well. The SF scaffolds were frozen at -70 °C for 1 hour and then thawed at room
temperature for 1 hour. This was repeated 3 times. The solutions were transferred to
Eppendorf tubes and centrifuged at 20,000 RPM for 10 min to remove the supernatant
from the pellets. The alkaline phosphatase Colorimetric Assay Kit (Abcam®, 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 to a yellow

color 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% formaldehyde and 1 ml of alizarin red solution (2 gm 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 (8).

Histology

The cell-cultured SF scaffolds were fixed with 4% formaldehyde at 4 °C
for 24 h and samples 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 5y and placed on a glass slide. The sections were then
deparaffinized and hydrated in distilled water. The sample slides were stained in 2
ways. Firstly, hematoxylin and eosin (H&E) stain was used to observe cell migration
and adhesion on the SF scaffold. Secondly, 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 HSD test (SPSS 16.0 software package). Statistical

significance was defined as *p < 0.05, and **p < 0.01.

Results and discussion

Characterization of reconstructed formation of decellularized pulp/fibronectin

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 by 2 mm thickness). The silk fibroin scaffolds were white

with a consistent pore size (Figure 25).

Figure 25. Silk fibroin scaffolds after freeze-drying and cut into discs (10 mm diameter x

2 mm thickness).

Before coating the silk fibroin scaffolds, the organization of the

reconstructed decellularized pulp/fibronectin was observed by AFM (Figure 26). It was

demonstrated that decellularized pulp without fibronectin organized themselves into a

connected aggregation of globular structure (Figure 26A). This globular structure might




be the fragments of ECM during dissolution with sodium hypochlorite. In the case of
fibronectin, there was an aggregation of globular structure that was connected into a
dendrite structure (Figure 26B). In the case of decellularized pulp with fibronectin, both
components organized themselves into an aggregation of a large dendrite structure
(Figure 26C). As previously reported, the fibronectin acted as the binding component in
the ECM (9). This indicated that fibronectin might connect with the fragments of the
ECM. Furhermore, fibronectin plays the role of reconstructing the fragments of the ECM
into a large dendrite structure. The decellularized pulp/fibronectin organized themselves

into a more complicated structure than the decellularized pulp or fibronectin.

Figure 26. Structure formation from AFM: (A) Decellularized pulp, (B) Fibronectin, (C)

Decellularized pulp/fibronectin.

Morphological analysis of modified silk fibroin scaffolds

The images of SEM observation of the surface of the silk fibroin
scaffolds in each group are shown in Figure 3. The surface of the silk fibroin scaffold
showed a smooth and interconnective pore size that supported cell adhesion (Figure
27A). Moreover, the cells could connect with other cells which was suitable for media

flow in and out of the silk fibroin scaffold. The decellularized pulp showed some small



fibrils that covered the surface of the pores in the scaffold (Figure 27B). Those small
fibrils might be the organized fragments of ECM components. Fibronectin showed a
globular structure that covered the surface of the pores in the in scaffold (Figure 27C).
Finally, decellularized pulp with fibronectin showed predominant fibers that covered
most of the areas of the porous surface (Figure 27D). Interestingly, decellularized pulp

with fibronectin could synergize the reconstruction into a complicated structure.
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Figure 27. 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.



The cross-section morphology of the coated silk fibroin scaffolds was
observed by SEM (Figure 28). Smooth surfaces and regular pore sizes were found in
the silk fibroin scaffolds (Figures 28A, B). In the case of decellularized pulp without
fibronectin, the fibril structure of ECM fragments were attached to the surface and made
rough properties on the surface (Figures 28C, D). The fibronectins arranged themselves
into a small globular structure that covered the surface of the pores (Figures 28E, F).
Finally, decellularized pulp/fibronectin organized themselves into a globular and fibril
structure that adhered to the surface (Figures 28G, H).

Notably, the coated silk fibroin scaffolds with decellularized pulp,
fibronectin, and decellularized pulp/fibronectin showed globular and fibril structures that
attached in the pores. Those structures appeared in the surface and cross-section
morphology of the coated silk fibroin scaffolds. Interestingly, the results of the surface
and cross-section morphology demonstrated that decellularized pulp/fibronectin could
reconstruct into a complicated structure. This complicated structure showed the globules
connected with the fibril structure. The complicated structure of the reconstructed
decellularized pulp/fibronectin might be clues to induce bone tissue regeneration.

However, to confirm this hypothesis, cell experiments were undertaken.



Figure 28. SEM images of cross-section morphology: (A, B) silk scaffolds, (C, B) coated
silk fibroin scaffolds with decellularized pulp, (E, F) coated silk fibroin scaffolds with

fibronectin, (G, H) coated silk fibroin scaffolds with decellularized pulp/fibronectin; Yellow

arrow, rod structure; Black arrow, aggregation of globular structure.



Percentage of weight increase

Confirmation of the existence of decellularized pulp, fibronectin, and
decellularized/fibronectin in the silk fibroin scaffolds was performed by an analysis of the
increase in weights after coating. The coated silk fibroin scaffold with decellularized
pulp/fibronectin showed the highest weight increase (Figure 29). The coated silk fibroin
scaffold with decellularized pulp showed a lower weight increase than the coated silk
fibroin with fibronectin but there was no significant difference. The increase in weight
demonstrated that the decellularized pulp, fibronectin, and decellularized pulp/fibronectin
had the potential to adhere to the surface of the silk fibroin scaffolds. In particular,
decellularized pulp/fibronectin was the predominant component to adhere to the porous

surface of the silk fibroin scaffolds.
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Figure 29. Weight increases in percentages of deposition of decellularized pulp,

fibronectin, and decellularized pulp/fibronectin. (* p < 0.05)

Cell viability assay

Cell viability was analyzed to demonstrate the performance of the coated
silk fibroin scaffolds. A green luminance indicated the cell viability on the scaffolds and
that the MG-63 osteoblast cells could grow in all groups (Figure 30). The highest
efficiency to promote cell proliferation and attachment was demonstrated on the silk
fibroin scaffold with decellularized pulp/fibronectin (Figure 30D). This indicated that the
reconstructed decellularized pulp/fibronectin acted as an important clue to induce cell

adhesion and proliferation.



Figure 30. 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.

Calcium content analysis

The performance of the coated silk fibroin scaffolds with decellularized

pulp/fibronectin was tested with MG-63 osteoblasts. The calcium content was analyzed

from the calcium synthesis of the osteoblasts. Mineralization as measured by matrix

calcium content on days 7 to day 21, tended to show that calcium synthesis

progressively increased (Figure 31). The coated silk fibroin scaffolds with decellularized

pulp/fibronectin continued with the highest increase from day 7 to day 21. Interestingly,

the decellularized pulp/fibronectin, showed higher calcium content than the others at



every time point. This indicated that the reconstruction of decellularized pulp/fibronectin

played a role as a clue to induce calcium synthesis from the osteoblasts.
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Figure 31. The calcium content values in SF scaffolds from MG-63 cell line at days 7,

14, and 21. (p < 0.05), (**) (p < 0.01).

Alkaline phosphatase (ALP) activity analysis

The ALP activity analysis measured the quality of the MG-63 osteoblast

performance to differentiate from the pre-osteoblast cells to the mature cells. All groups

of silk fibroin scaffolds revealed a progressive increase in ALP activity from day 7 to 21

(Figure 32). On day 7, the coated silk fibroin scaffold with decellularized pulp/fibronectin

indicated that the MG-63 osteoblasts were osteo-induced and showed the highest ALP

activity value. The silk fibroin scaffolds coated with fibronectin showed a higher ALP

activity than the coated silk fibroin with decellularized pulp and the silk fibroin scaffolds.



On day 14, all groups continued to increase in ALP activity. The coated silk fibroin
scaffolds with decellularized pulp increased ALP activity faster than the coated silk
fibroin scaffolds with fibronectin and the silk fibroin scaffolds. All of those scaffolds
showed less ALP activity than the coated silk fibroin scaffolds with decellularized
pulp/fibronectin. The last period, the coated silk fibroin scaffold with decellularized
pulp/fibronectin revealed the highest ALP activity value.

The results demonstrated that decellularized pulp/fibronectin could
induce the osteo-induction of pre-osteoblasts to the mature stage. Fibronectin induced
cell adhesion, extension, and migration adsorption of osteoblasts (10). Decellularized
pulp has many components of the ECM which include collagen, fibronectin, and
versican which acted as important clues for MG-63 osteoblasts to induce tissue
regeneration (11). Therefore, the reconstructed ECM of decellularized pulp/fibronectin in

this research showed the role as important clues for bone tissue engineering.
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Figure 32. ALP activity from MG-63 osteoblast cells on days 7, 14, and 21. (p < 0.05),

(**) (p < 0.01).

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 (Figure 33). The red color indicated calcium production from the MG-63
osteoblasts and the calcium deposited on the silk fibroin scaffolds. The results showed
red clusters that were distributed in the scaffolds. Importantly, the MG-63 osteoblast
cells could produce calcium in all sample groups. The intensive red clusters in the
coated silk fibroin scaffold with decellularized pulp/fibronectin showed the highest

amount of deposited calcium. This indicated that the coated silk fibroin scaffold with



decellularized pulp/fibronectin was suitable for bone tissue engineering because the
MG-63 osteoblast cells were spread throughout the silk fibroin scaffold and could
produce calcium.

The results demonstrated that the reconstructed ECM of decellularized
pulp/fibronectin acted as an important clue for MG-63 osteoblasts to induce calcium

synthesis for bone tissue engineering.

Figure 33. 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.

Histological analysis



H&E staining

Histological analysis was used to observe the morphology and to explain
the organization of the cells on the cell cultured silk fibroin scaffolds. The MG-63
osteoblast cells could spread thoroughly on the surface of the silk fibroin scaffolds in all
groups (Figure 34). The MG-63 osteoblast cells could attach and migrate into the pores
particularly onto the wall surface of the silk fibroin scaffolds. The coated silk fibroin
scaffolds with decellularized pulp/fibronectin demonstrated that the cells could attach
and spread throughout most of the areas of the scaffold (Figure 34D). The organization
of the cells on the scaffolds from the histological analysis showed the same result as in
Figure 30D.

Importantly, the results demonstrated that the coated silk fibroin scaffolds with
decellularized pulp/fibronectin had the clues to enhance cell attachment and migration.
The good cell attachment and migration on the scaffolds are suitable criteria to induce

regeneration of new bone tissue (12).
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Figure 34. 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.
Von Kossa staining

Von Kossa staining was used to confirm mineralization of the
extracellular matrix (13) 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 (Figure 35). 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 coated with decellularized
pulp/fibronectin expressed a lot of osteoblast cells (white arrows) attached to the silk
surface (Figure 35D). The other groups, silk fibroin scaffold without coating, coated silk
fibroin scaffold with decellularized pulp, and coated silk fibroin scaffold with fibronectin,
showed both cell attachment and calcium synthesis (Figure 35A-C). The results of the
von Kossa staining indicated that all groups of silk fibroin could induce cell attachment
and calcium synthesis. The coated silk fibroin with decellularized pulp/fibronectin
showed more cells in the scaffold. Not only could decellularized pulp/fibronectin induce
calcium synthesis from the cells, it could promote cell adhesion. Therefore, the results
of von Kossa staining demonstrated that the reconstructed extracellular matrix of

decellularized pulp/fibronectin acted as suitable clues to promote bone regeneration.
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Figure 35. Histological sections of scaffold structures stained with von Kossa after 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; White arrows, osteoblasts in scaffold; Yellow arrows,

clusters of calcium; Red arrows, scaffold
Conclusion

In this research, coated silk fibroin scaffolds with reconstructed
extracellular matrix of decellularized pulp/fibronectin were proposed as a biomaterial to
replace bone defect from oral cancer at the maxillofacial area. The results demonstrated

that the reconstructed extracellular matrix could attach to the porous walls of silk fibroin



scaffolds. The reconstructed extracellular matrix organized themselves into fibrils with

an aggregation of a globular structure. Obviously, coated silk fibroin scaffolds with

decellularized pulp/fibronectin played an important role as the clue to induce cell

adhesion, proliferation, and calcium synthesis which can lead to promotion of bone

tissue regeneration. The predominant biofunctionalities of a coated silk fibroin scaffold

with decellularized pulp/fibronectin holds promise as a scaffold to replace bone defects

in oral cancer. Nevertheless, to prove the performance for inhibition of cancer cell

proliferation, the scaffolds need in vivo or ex vivo testing.



Reference

1.

G. Chang, H.J. Kim, D. Kaplan, G. Vunjak-Novakovic, R. A. Kandel. Porous silk
scaffolds can be used for tissue engineering annulus fibrosus. Eur Spine J. 16;

2007: 1848-1857.

Yong Zhao, R. Z Legeros, Jing Chen. Initial Study on 3D Porous Silk Fibroin
Scaffold: Preparation and Morphology. Bioceramics Development and

Applications. 1; 2011: 1-3.

Samantha B. Traphagen, Nikos Fourligas, Joanna Xylas, Sejuti Sengupta, David
Kaplan, Irene Georgakoudi, Pamela C. Yelick. Characterization of Natural,
Decellularized and Reseeded Porcine Tooth Bud Matrices. Biomaterials. 33;

2012: 5287-5296.

Xiaochen Liu, Minzhi Zhao, Jingxiong Lu, Jian Ma, Jie Wei, Shicheng Wei. Cell
responses to two kinds of nanohydroxyapatite with different sizes and

crystallinities. Int J Nanomedicine. 7; 2012: 1239-1250.

Beom-Su Kim, Hyo Jin Kang, Jun Lee. Improvement of the compressive
strength of a cuttlefish bone-derived porous hydroxyapatite scaffold via
polycaprolactone coating. Journal of Biomedical Materials Research Part B:

Applied Biomaterials. 101; 2013: 1302-1309.

Sung Eun Kim, Sang-Hun Song, Young Pil Yun, Byung-Joon Choi, Il Keun
Kwon, Min Soo Bae, Ho-Jin Moon, Yong-Dae Kwon. The effect of immobilization
of heparin and bone morphogenic protein-2 (BMP-2) to titanium surfaces on in

flammation and osteoblast function, Biomaterials. 32; 2010: 1-8.

Hong Ji. Lysis of Cultured Cells for Immunoprecipitation. Cold Spring Harbor

Laboratory Press. 2010; 2010: 1-5.

Yu-Hsiung Wang, Yaling Liu, Peter Maye, David W. Rowe. Examination of
Mineralized Nodule Formation in Living Osteoblastic Cultures Using Fluorescent

Dyes. Biotechnol Prog. 22; 2006: 1697-1701.



10.

11.

12.

13.

14.

15.

16.

17.

Jaroslava Halper, Michael Kjaer. Basic Components of Connective Tissues and
Extracellular Matrix: Elastin, Fibrillin, Fibulins, Fibrinogen, Fibronectin, Laminin,
Tenascins and Thrombospondins. Advances in Experimental Medicine and

Biology. 802; 2014: 31-47.

D. M. Rivera-Chacon, M. Alvarado-Velez, C.Y. Acevedo-Morantes, S.P. Singh,
E. Gultepe, D. Nagesha, S. Sridhar, J.E. Ramirez-Vick. Fibronectin and
vitronectin promote human fetal osteoblast cell attachment and proliferation on

nanoporous titanium surfaces. J Biomed Nanotechnol. 9; 2013: 10 92-1097.

Goldberg M, Smith J. Cells and Extracellular Matrices of Dentin and Pulp: A
Biological Basis For Repair and Tissue Engineering. Crit Rev Oral Biol Med. 15;
2004: 13-27.

Susmita Bose, Mangal Roy, Amit Bandyopadhyay. Recent advances in bone

tissue engineering scaffolds. Trends Biotechnol. 30; 2012: 546-554.

Alexandra lvan, V. Ordodi, Ada Cean, Daniela E. llie, Carmen Panaitescu,
Gabriela Tanasie. Comparative study of the differentiation potential of rat bone
marrow mesenchymal stem cells and rat muscle-derived stem cells. Arch Biol

Sci. 65; 2013: 1307-1315.

William D. Norris, John G. Steelef, Graham Johnson, P. Anne Underwood.
Serum enhancement of human endothelial cell attachment to and spreading on
collagens | and IV does not require serum fibronectin or vitronectin. Journal of

Cell Science 1990;95:255-262.

Amr M. Moursi, Caroline H. Damsky, Jonathan Lull, Deborah Zimmerman,
Stephen B. Doty, Shin-ichi Aota and Ruth K. Globus. Fibronectin regulates
calvarial osteoblast differentiation. Journal of Cell Science 1996;109:1369-1380.

Christina W. Chenga, Loran D. Solorioa, Eben Alsberg. Decellularized Tissue
and Cell-Derived Extracellular Matrices as Scaffolds for Orthopaedic Tissue

Engineering. Biotechnol Adv 2014;32:462-484.

Yuanyuan Zhang, Yujiang He, Shantaram Bharadwaj, Nevin Hammam, Kristen

Carnagey, Regina Myers, Anthony Atala, Mark Van Dyke. Tissue-specific



extracellular matrix coatings for the promotion of cell proliferation and

maintenance of cell phenotype. Biomaterials 2009;30:4021-4028.



CHAPTER 5

A biofunctional modified silk fibroin scaffold with mimic reconstructed
extracellular matrix of decellularized pulp/collagen/fibronectin for bone

tissue engineering in alveolar bone resorption

Abstract

Alveolar bone resorption is a critical problem that generate after bone
losing. To use the bone grafting from another site is used to surgery. In this
research,the modified silk fibroin scaffold with mimic reconstructed extracellular matrix of
recellularized pulp/collagen/fibronectin was proposed for bone tissue engineering in
alvelolar bone resorption. Silk fibroin scaffolds were fabricated by freeze-drying before
modified by coating with decellularized pulp/collagen/fibronectin solution. The
extracellular matrix reconstruction of decellularized pulp/collagen/fibronectin and
morphological structure of modified silk fibroin was observed by Atomic Force
Microscope (AFM) and Scanning Electron Microscope (SEM), respectively.
Biofunctionalities were evaluated by cell viability, alkaline phophatase activity (ALP
activity), calcium content, and mineralization analysis. The results showed that
decellularized pulp/collagen/fibronectin could organized themselves into dense structure
of dendrite structure and adhered in the silk fibroin scaffold into fibrillar network. For
biofunctionalities , the modified silk fibroin scaffold showed the good cell adhesion and
spreading. on the surface. Furthermore, the modified silk fibroin scaffold had the higher

calcium content, ALP activity, and mineralization than silk fibroin without modification.



As the results, it could be deduced that the modified silk fibroin scaffold with mimic
reconstructed extracellular matrix with decellularized pulp/collagen/fibronectin is

promising for bone tissue engiuneering in alveolar bone resorption.

Materials and methods
Preparation of silk fibroin scaffolds

The silk fibroin solution was extracted follow Chang et al. 2007, the
degummed silk fibroin was dissolved in 9.3 M lithium bromide and continue to dialyzed
in distill water for 72 h. The concentration of silk fibroin solution was adjusted for 3%
(w/v) (1, 2) and then poured into 48 well plates. The freeze drying method was used for
water evaporation from silk fibroin scaffold, finally cut to 10 mm in diameter and 2 mm

thickness.

Preparation of type | collagen

Type | collagen was extracted from the skin of brown banded bamboo
shark  (Chiloscylliumpunctatum). Preparation type | collagen was followed
Kittiphattanabawon et al. 2010 (3). Briefly, Shark skin with size 1.0x1.0 cm2 was mixed
with 0.1 M NaOH. Next, the deproteinised skin was soaked in 0.5 M acetic acid for 48 h
to get filtering mixture of the collagen solution, then NaCl to a final concentration of 2.6
M and 0.05 M Tris (hydroxymethyl) aminomethane at pH7.5 were added. Collagen

pellet was collected using a refrigerated centrifuge. The pellet was dissolved with



minimum volume of 0.5 M acetic acid. To get for more purified collagen, the collagen
solution was dialyzed with 0.1 M acetic acid for 12 h, and 48 h with distilled water.
Freeze dried method was used for removing water and the samples were kept at 20°C

until used.

Preparation of decellularized pulp

The pulp used in this study was collected from teeth of children 6-10
years old, which segmented in half for harvesting pulp tissue. Collagenase and dispase
were used to digest pulp for 1 h. At 37 0C, solutions were separated from pellet by
using the centrifugation method and washed with PBS (Phosphate-Buffered Saline) for
2 times. Finally, the solution was filtered to get the decellularize pulp and freeze drying

machine was used for water sublimation (4).

Modification of silk fibroin scaffolds

The study was designed into 2 groups as shown in table 5. In group of
silk scaffold coated decellulized pulp, collagen and fibronectin group, the decellulized
pulp powder was dissolved in 0.1 % sodium hypochlorite at ratio 0.1 mg/ml, the
collagen powder dissolved in 0.1 M acetic acid at ratio 0.1 mg/ml and fibronectin
dissolved in distilled deionized water with ratio 0.1 mg/ml. This solution was combined
with balance ratio at 50:50. Then, scaffold was soaked in 1X PBS for 30 minutes and
used freeze drying method.

Table 5. Groups of silk scaffold



- Silk scaffold

Modified silk scaffold coated with decellulized

pulp/collagen/fibronectin

Scanning Electron Microscopy (SEM) Observing

Scanning electron microscope (Quanta400, FEI, Czech Republic) has
been used for observing morphology and characterization of SF scaffold that was
coated with a special solution. The samples were pre-coated with gold using a gold
sputter coater machine (SPI supplies, Division of STRUCTURE PROBE Inc.,

Westchester, PA USA).

Atomic Force Microscopy Observing

The special coating solution from each group was dropped into glass
slide, smeared and soaked in PBS for 30 min. When the slides were dried, morphology

and structure were observed by using atomic force microscopy.

MG-63 cell culture

MG-63 cells were cultured in 75 cm2 flask with alphaMEM medium (Q-
MEM, GibcoTM, Invitrogen, Carlsbad, CA) with the addition of 1% penicillin/streptomycin,

0.1% fungizone and 10% fetal bovine serum (FBS) at 37 C in a humidified 5% of CO,



and 95% air incubator. The MG-63 cells were seeded at ratio 5><105 cell per scaffold,
the medium was changed every 3-4 day during cell culture. The osteogenic medium
(OS; 10 mM b-glycerophosphate, 50 mg/ml ascorbic acid, and 100 nM dexamethasone;

SigmaAldrich) was used for osteoblast differentiation of MG-63 (5).

Cell viability assay

Cell viability was investigated by Fluorescein Diacetate (FDA, Sigma)
staining after day 3. The scaffolds were transferred to a new 48 well plates, added 1 ml
of fresh medium. Then, added 5 pl FDA solution (5 mg FDA/ml in acetone) was added
and incubated for 5 min at 37 C. The scaffolds were moved to a glass support slide and

observed by the fluorescence microscope (6).

Alkaline phosphatase activity analysis

The alkaline phosphatase (ALP) activity was used for measuring the osteogenic
differentiation of MG-63 grown on the various scaffold types. After cell culture at day 7,
14 and 21, the scaffold was washed with PBS twice and then 1 ml of 0.02% Triton® X-
100 was added on the scaffold to lysis cell. The solution was removed to 1.5 ml tube,
the sample was centrifuged at 20,000 rpm at 4 ‘C for 10 min, and the supernatant was
removed to new 1.5 ml tube (7). The cell lysate solution was used for ALP activity
according to manufacture’s instructions (Abcam®, Cambridge, UK). The 50 pl of assay
buffer containing 5 mM p-nitrophenol phosphate, a phosphatase substrate that can turn

yellow when dephosphorylated by ALP, was mixed with cell lysate solution and



incubated at room temperature. The reaction was stopped by adding 20 ul of NaOH,

and then measured at 405 nm.

Calcium content analysis

The calcium value that synthesized from the MG-63 osteoblast cell was
measured with Calcium colorimetric assays (Calcium colorimetric assay, Biovision). The
30 ul of lysate solution was added in 96 well plates, adjusted the final volume to 50 pl
with dH,O and followed by adding 90 ul of of the Chromogenic Reagent, 60 ul of the
Calcium Assay Buffer and mixed gently. The reaction was incubated for 5-10 min at

room temperature, protected from light and measured the OD at 575 nm.
Alizarin Red S staining for Mineralized Matrix

Cell were fixed with 4% formaldehyde and the 40 mM, of alizarin red S
(Sigma-Aldrich) at pH 4.2 was used for staining calcium nodule deposition with 10 min

incubation (8).
Von kossa staining

After cell culture on day 14, the scaffolds were transferred to 48 well
plates and washed twice with PBS, used 4% formaldehyde to cell fixation at 4 oC, 24 h.
Scaffolds were immersed in paraffin, cut paraffin sections at 5um and placed on a glass

slide, then deparaffinized and hydrated to distilled water. The sample slide was stained



with the von kossa staining to investigate the deposits of calcium synthesized from the

MG-63 osteoblast cell.

Statistical analysis

All data were shown as meantstandard deviation. The samples (n=5) were measured

and statistically compared by T-test (SPSS 16.0 software package). p < 0.05 was

accepted as statistically significant.

Results and discussion

Structural formation of mimicked extracellular matrix

Before coating silk fibroin scaffold with reconstructed ECM of

decellularized pulp/collagen/fibronectin, the structural formation of reconstructed ECM

was observed by AFM. As the results of AFM image in Fig 36, it demonstrated that

decellularized pulp/collagen/fibronectin organized themselves into the dense structure of

dendrite structure. Such dendrite structure showed the complicate structure. To evaluate

the performance of decellularized pulp/collagen/fibronectin, solution for coating in the

silk fibroin scaffold must be observed with scanning electron microscope (SEM) in the

next section.
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Figure 36.The 2 dimensions; (A) and 3 dimensions; (B) AFM analysis of the

combination of decellulized pulp/collagen/fibronectin fibril forming.

Morphological analysis of modified silk fibroin scaffolds

The silk fibroin scaffold after coating showed the white color more than
silk fibroin scaffold. The white color obtained from the combination of decellulized pulp,

collagen, and fibronectin fibril as Fig. 37.




Figure 45. Silk fibroin scaffold after freeze drying and cut in size 10 diameter and 2
thicknesses; (A). Silk fibroin scaffold after modified with decellulized pulp/collagen/
fibronectin; (B).

The surface morphological structure of modified silk fibroin with
decellularized pulp/collagen/fibronectin was observed by SEM. In the silk fibroin scaffold
indicated the interconnective pore size and smooth surface, it has enough area for cell
proliferation, migration and attachment (9) (Fig. 38A). Predominantly, the modified silk
fibroin with decellulized pulp/collagen/fibronectin showed rougher surface with the
interconnective pore size. Notably, there were fibrillar network that adhered to surface of
the silk fibroin scaffold. That fibrillar network showed structure as native extracellular
matrix (10). As the surface morphological structure of modified silk fibroin scaffold, it
demonstrated that the fibrillar network structure came from the reconstruction of

decellularized pulp/collagen/fibronectin.

Figure 38. The SEM analysis showed the surface morphology of silk fibroin scaffold; (A)

and the modified silk fibroin scaffold with decellulized pulp/collagen/fibronectin; (B).



To vindicate the performance of decellularized pulp/collagen/fibronectin
as a performance coating solution for silk fibroin modification, it also needed to observe
cross-section morphological structure of a modified silk fibroin scaffold. When consider
morphological structure of cross-section area in the modified silk fibroin scaffold with
decellulized pulp/collagen/fibronectin, it obviously showed the fibrillar network that
adhered in the pores of scaffold as Fig.39B. Clearly, this result indicated the
decellulized pulp/collagen/fibronectin could diffuse into the porous of scaffold and
reconstruct their structure as extracellular matrix. Notably, the pore size of the modified
silk fibroin scaffold with decellulized pulp/collagen/fibronectin was smaller than the silk
fibroin scaffold.

Remarkably, as the morphological structure of modified silk fibroin
scaffold with decellulized pulp/collagen/fibronectin, it indicated that those fibrillar network
showed structure as native extracellular matrix. This results vindicated that those fibrillar
network came from reconstructed extracellular matrix of decellulized
pulp/collagen/fibronectin. As the previous report, it demonstrated that fibrillar network
structure had the role to enhance cell adhesion, migration, and proliferation (11).
Therefore, these results showed that the fibrillar network structure might act as the
clues to induce bone tissue engineering. However, to clearify this hypothesis, cell

experiments and biofunctional testing were undertaken.



Figure 39. The SEM analysis showed the cross-section morphology of silk fibroin
scaffold; (A) and the modified silk fibroin scaffold with decellulized pulp, collagen and

fibronectin; (B).

Cell viability assay (day3)

To proof performance of the reconstructed extracellular matrix as clue
for bone tissue engineering, MG-63 osteoblasts were cultured in scaffolds and cell
viability was analyzed. As the results of cell viability in Fig.40, at the day 3 the MG-63
osteoblast could grow in silk fibroin and coated silk fibroin. Cells could migrate and
adhere on the scaffold. Notably, the cells attached to almost all layers of scaffold on the
superficial surface. Especially, cells on modified silk fibroin with decellulized
pulp/collagen/fibronectin predominantly showed cell adhesion and proliferation. Clearly,
such unique cell adhesion and proliferation came from the clues of reconstructed
extracellular matrix that showed the influential regulator of the cell functions and

differentiation.



Principally, extracellular matrix provided a suitable environment for the
cell in vitro and acted as native scaffold for tissue tissue engineering (12). The
components of extracellular matrix showed the function as the clue to induce tissue
engineering (13). Furthermore, fibronectin had the important role to induce cell adhesion
and spreading. For collagen, it could enhance cell adhesion (14). Obviously, as the
result of cell viability, it indicated that the reconstructed extracellular matrix of
decellulized pulp/collagen/fibronectin showed the important clues to support cell

adhesion, spreading that is a suitable criteria to enhance bone tissue engineering.

Figure 40. The fluorescent images indicated cell viability on the scaffold. A) The green
luminance (FDA-labeled) was the MG-63 osteoblast cell attachment on silk fibroin
scaffold, B) The modified silk fibroin with decellulized pulp/collagen/fibronectin showed

more MG-63 osteoblast cell migration.

Alkaline phosphatase activity analysis

ALP activity analysis was used for measuring quality of MG-63
osteoblast that showed the performance for differentiation of pre-osteoblastic cells into

mature osteoblast. The ALP assay was used for early MG-63 osteoblas differentiation



on culture days 7, 14 and 21 as Fig.49. The ALP activity in modified silk fibroin scaffold
with decellulized pulp/collagen/fibronectin increased from day 7 to 21. For silk fibroin
scaffold, ALP activity started to increase at day 7 to 14. Then, the ALP activity
decreased at day 21. As the result, it demonstrated that modified silk fibroin scaffold
with decellulized pulp/collagen/fibronectinshowed the predominant ALP activity of the
MG-63 osteoblast.

As the previous reports, they indicated that collagen, fibronectin,
decellularized tissue play important role in differentiation of osteoblasts (15,16). As the
result of ALP activity, it was in the same way as the previous report that decellularized
pulp, collagen, and fibronection could induce biofunctionallities of scaffold. Interestingly,
the result of ALP activity indicated that reconstructed extracellular matrix of
decellularized pulp/collagen/fibronectin could activate differentiation of osteoblast that

lead to enhancing of bone tissue engineering.
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Figure 41.The ALP activity among different groups of silk firoin scaffold at day 7, 14 and
21. The symbol (*) represents significant changes in ALP activity of MG-63 osteoblast
(p < 0.05), (**) (p < 0.01).

Calcium content analysis

Analysis of calcium content during cell culturing was the biofunctionallity
test of coated silk fibroin scaffold with decellularized pulp/collagen/fibronectin in this
section. As the result, it demonstrated that the calcium deposition ratio in both groups
increased between day 7 to 14 and going down on day 21 of cell culture as Fig. 42. At
day 7 and 14, modified silk fibroin scaffold with decellularlized pulp/collagen/fibronectin
showed a higher calcium value than silk fibroin scaffold. As the reports, they showed
that fibronectin had the role to induce calcium content of osteoblast and tissue
decellularlized ECM coatings on the plate revealed highly differentiation of the
osteoblasts that lead to the increasing of calcium content (17). Significantly, as the
result of calcium content, it showed that reconstructed extracellular matrix of
decellularlized pulp/collagen/fibronectin could induce synthesized calcium from

osteoblast that lead to enhance bone tissue engineering.
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Figure 42. The calcium deposits on the different groups of the silk fibroin scaffold at day
7, 14 and 21. The symbol (*) represents significant changes in calcium activity of MG-

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

Nodule formation and mineralization analysis

To analyse the synthesized calcium from osteoblast that deposite in the
scaffold, alizarin red was used to stain on calcim and observed by microscopy. Alizarin
red staining was used for detecting the calcium on the scaffold on day 14 of osteogenic
induction, the red color showed the calcium deposition that stained with alizarin red.
The modified silk fibroin scaffold with decellulized pulp/collagen/fibronectin (Fig. 43B)
indicated more calcium deposition when compared with silk fibroin scaffold. As the
result, it demonstrated that reconstructed extracellular matrix of decellularlized

pulp/collagen/fibronectin could promote calcium synthesis from osteoblast. The result



indicated that reconstructed extracellular matrix showed the performance could promote

calcium synthesis.

Figure 43.Alizarin red staining of silk fibroin scaffold on day 7. A) silk fibroin scaffold, B)

Modified silk fibroin scaffold with decellulized pulp/collagen/fibronectin.

Von kossa staining

To clearify secreted mineral matrix on sample, Von Kossa staining was
used to test with the scaffolds. Von Kossa staining performed on day 14 of osteogenic
induction revealed the mineral matrix secrestion of MG-63 osteoblast cell that grown the
silk  fibroin scaffold. The modified silk fibroin scaffold with decellulized
pulp/collagen/fibronectin (Fig. 44B) showed more mineral matrix (yellow arrow) when
compared with silk fibroin scaffold (Fig. 44A). The MG-63 osteoblast cell (red arrow)

was attached to the silk fibroin scaffold (blue arrow).



Figure 44.Histological sections of scaffold structures stained with von kossa after day
14. A) Silk fibroin scaffold, B) Modified scaffold with decellulized

pulp/collagen/fibronectin.

Conclusion

In this research, a biofunctional modified silk fibroin scaffold with mimic
reconstructed extracellular matrix of decellularized pulp/collagen/fibronectin  was
proposed to use for bone tissue engineering in alveolar bone resorption. The
morphological structure, biofunctionalities of the modified scaffold was evaluated in this
research. As the results, they demonstrated that decellularized pulp/collagen/fibronectin
could form reconstructed extracellular matrix into fibrillar network structure. Such
reconstructed extracellular matrix showed the suitable morphological structure and
biofunctionalities to induce cell adhesion, calcium synthesis and deposition, secreted
mineral on silk fibroin scaffold. Predominantly, the results demonatrated that those
modified silk fibroin scaffold showed the suitable performance and promised to used for

bone tissue engineering in alveolar bone resorption.
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CHAPTER 6

Modified silk fibroin scaffolds coated with a reconstructed collagen/fibronectin for
bone tissue engineering in alveolar bone resorption: morphological structure and

biological functionalities

Abstract

Alveolar bone resorption is a critical problem of patients who have been
without teeth over an extended period of time. Bone tissue engineering was chosen for
alveolar bone resorption. This research proposes to use a modified silk fibroin scaffold
with reconstructed collagen/fibronectin as a bone graft. Silk fibroin scaffolds were
fabricated by freeze-drying before modification by coating with reconstructed
collagen/fibronectin. The structural formation of the reconstructed collagen/fibronectin
and the morphological structure of the modified silk fibroin were observed by atomic
force microscopy (AFM) and scanning electron microscopy (SEM), respectively. MG-63
osteoblast cells were cultured on the modified scaffolds before biological functionality
testing for cell proliferation, viability, ALP activity, histology, and mineral matrix
deposition. The results of the morphological structure of the modified silk fibroin
scaffolds showed aggregation of globular structures on the porous surface that could
induce cell proliferation, viability, ALP activity, spreading, and mineral matrix deposition.
The results demonstrated that the modified silk fibroin scaffolds had good performance
for bone tissue engineering and showed promise for bone grafting in alveolar bone

resorption.
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Materials and methods
Preparation of silk fibroin scaffolds

A silk fibrin scaffold was obtained from the freeze-drying method.
Degummed silk fibroin was dissolved in 9.3 M LiBr for 4 h. A dialysis membrane was
used for 72 hours to remove the LiBr from the silk fibroin. The water was changed
every 3 hours on the first day and then prepared silk solution at yielding a 3% (w/v)
solution (1). To fabricate the 3D silk fibroin scaffold, pure silk fibroin was poured into 48
well plates and frozen at -20°C for 24 h before freeze-drying. The 3D silk fibroin

scaffolds were cut into discs with a diameter of 10 mm and a thickness of 2 mm.

Preparation of type | collagen

Brownbanded bamboo shark skin was used to extract type | collagen.
The skin was cut into pieces each of 1 x 1 cm2 in size. The non-collagen was removed
from the skin with 0.1 M NaOH and the skin was separated from the solution by
filtering. The skin was soaked in 0.5 M acetic acid for 48 h. The skin was removed and
placed in a solution adjusted to 26 M NaCl and 0.05 M tris-(hydroxymethyl)
aminomethane. The collagen was centrifuged in a refrigerated centrifuge to collect the
collagen. The dregs of the collagen were dissolved with 0.5 M acetic acid in a minimum
volume. Dialysis was used to purify the collagen using 0.1 M acetic acid for 12 h and
distiled water for 48 h. Finally, the collagen was frozen at -20°C. The freeze-drying

continued until the water was completely evaporated (2).
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Modification of silk fibroin scaffolds

The 3D silk scaffolds were coated with a combination coating solution

that included collagen type | and fibronectin (fibronectin from bovine plasma, Sigma-

Aldrich). There were 2 groups with different solutions (Table 6).

Table 6. Experiment groups.

Groups | Detall

A Silk fibroin scaffold

B Collagen/fibronectin-coated silk fibroin scaffold

Scanning Electron Microscopy (SEM) Observation

The 3D silk fibroin scaffolds in both groups were coated with
gold/palladium with a gold sputtering machine (JEOL, JFC-1200 Fine Coater, Japan)
before observation of the structure characterization and morphology of the collagen and
fibronectin compound that covered the silk fibroin scaffold surface under a scanning

electron microscope (HITACHI, S-3400, Japan).

Atomic Force Microscopy Observation
The collagen and fibronectin compound solution was dropped onto a

glass slide, equalized, and immersed in a PBS solution for 30 min. The glass slide was
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dried at room temperature. The morphology characterization and structure were

observed using atomic force microscopy.

Cell Culturing

MG-63 osteoblast cells were seeded in each scaffold with 1x10° cells
and maintained in an alpha-MEM medium (O-MEM, GibcoTM, Invitrogen, Carlsbad, CA)
with the addition of 1% penicillin/streptomycin, 0.1% fungizone, and 10% fetal bovine
serum at 37°C in a 5% CO, and 95% air-humidified incubator. The medium was
changed every 3-4 days. An osteogenic supplements (OS) medium (OS; 20 mM b-
glycerophosphate, 50 uM ascorbic acid, and 100 nM dexamethasone; Sigma-Aldrich)

was used for osteoblast differentiation of the MG-63 osteoblast cells (3).

Cell proliferation assay (PrestoBIueTWI on Days 1, 3,5,and 7)

PrestoBIueTNI assay, based on resazurin reagent, was used for
observation of cell proliferation. The live cells reacted with resazurin and changed color
from purple to red in the cytoplasm. The MG-63 was cultured on day 1, 3, 5, and 7 for
the cell proliferation assay. The scaffolds in both groups were washed twice with PBS,
then PrestoBlueTM was added to the scaffold with the complete medium at a ratio of
1:10 by volume. The incubation time of about 1 h at 37°C was used to detect the cell
proliferation rate. The wavelength absorbance at 600 nm emission was used for

measurement.
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Cell viability (Fluorescence Microscope on Day 7)

Cell viability efficiency on the scaffolds in all groups was observed with

fluorescein diacetate (FDA). The FDA hue was an embedded glow in the extracellular

matrix and cellular clusters. The FDA powder was dissolved in acetone at a ratio of 5

mg/ml. Into each well that contained the scaffold with 1 ml of fresh complete medium, 5

pl of the FDA solution was added. The scaffold was kept away from light at 37°C for 5

min. The scaffolds in all groups were washed with PBS several times and the cells were

monitored under a fluorescence microscope (4).

ALP activity analysis

The osteoblast cells (MG-63) were cultured for 7, 14, and 21 days for

investigation of alkaline phosphatase (ALP) activity. The scaffolds were washed with

PBS and added 1% Triton™ x for cell fission. The scaffolds were frozen at -70°C for

about 1 h and then allowed to thaw at room temperature for about 1 h and repeated for

3 cycles to separate the solution for ALP activity measurement. The Alkaline

Phosphatase Colorimetric Assay Kit (Abcam PLC, Cambridge, UK) was used to detect

ALP activity. The method followed the manufacture’s instructions.

Histology

The osteoblast cells (MG-63) were cultured for about 7 days in an OS

medium to detect cell attachment and migration on the scaffold. The cells were cultured

for 14 days to monitor calcium synthesis from the cells. The cells on the scaffolds were
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fixed with 4% formaldehyde at 4°C for 24 h. The scaffolds in each group were
immersed in paraffin and then cut into 5 p sections. The sample slides were stained
with hematoxylin and eosin and von Kossa.
Statistical analysis

The samples were measured and statistically compared by independent

samples t-tests. Statistical significance was defined at p < 0.05.

Results and discussion
Structural formation of reconstructed extracellular matrix

The structural characterization of reconstructed collagen type
I/fibronectin is shown in Fig. 45. As the Fig.45, fibronectin/collagen organized
themselves into aggregation of globular structure that covered the porous surface of the
silk fibroin scaffold. The results demonstrated that reconstructed collagen/fibronectin

organized themselves into a non-complete extracellular matrix.
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Figure 45. AFM image of coating solution structure of collagen. Network of

fibronectin/collagen compound; (A). 2D network of fibronectin/collagen compound; (B).
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Morphological structure of mimicked silk fibroin scaffolds

The color of the collagen/fibronectin coated silk scaffold was found to be

whiter than the silk scaffold without the coating (Fig. 46). The white color was obtained

from the combination of fibronectin and collagen.

Figure 46. Photographs of the scaffolds. Silk scaffold without coating solution; (A).

Collagen/fibronectin-coated silk scaffold; (B).

A smooth surface was found in the silk scaffold (Fig. 47A) and a rough
surface was displayed on the silk coated with collagen and fibronectin. Both groups
showed an interconnective pore size that supported cell attachment and migration,
assistance on the flow of nutrients, and the release of waste (5). This indicated that
collagen and fibronectin reconstructed into an incomplete morphological structure of an
extracellular matrix. The covered surface showed a roughness that could induce cell

adhesion, proliferation, and mineral matrix deposition on a silk fibroin scaffold.
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Figure 47. Scanning electron microscopy image of scaffolds. Smooth surface of silk
scaffold; (A). Collagen/fibronectin compound network that covered the surface of the silk

scaffold; (B)

Cell proliferation

Osteoblast cell (MG-63) proliferation continually increased at every time
point in both groups except for the silk scaffold on day 7 (Fig. 48). From day 1 to day 5,
the silk scaffold group revealed a higher cell proliferation rate than the silk coated with
collagen and fibronectin, but it was not significantly different. On day 7, the cell
proliferation rate of the silk coated with reconstructed collagen/fibronectin was higher
than the silk scaffold without the coating. The fibronectin formation with collagen could

express a great increase in the number of cells.
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Figure 48. Cell proliferation rate at days 1, 3, 5, and 7 on the scaffold base on

PrestoBIueT'vI assay. The symbol (**) represents significant conversion of the resazurin-

based PrestoBIueTNI metabolic assay (p < 0.05).

Cell viability

The green luminance from the FDA labeling on the MG-63 osteoblasts
cell revealed cell viability on the surface of scaffold. The MG-63 cells showed good
attachment and migration covering the surface area in the silk coated
collagen/fibronectin scaffold group (Fig. 49B) more than the silk scaffold not in the
coated group (Fig. 49A). This indicated that collagen and fibronectin improved the cell

activity and stimulated cell proliferation.
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Figure 49. Cell viabilty on the scaffold with FDA labeling. Silk scaffold; (A).

Collagen/fibronectin-coated silk; (B).

ALP activity analysis

The mineralization during cell culturing was analyzed from the ALP
activity. The ALP assay was used for early cell differentiation analysis on days 7, 14,
and 21. Both groups showed a progressive increase of ALP activity from day 7 to day
21. There was significantly higher ALP activity in the collagen/fibronectin-coated silk
group than the silk scaffold at every time point (Fig. 50). The collagen/fibronectin
coating on the surface of the silk scaffold increased the ALP activity and synthesis by

the MG-63 osteoblasts.
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Figure 50. ALP activity from the MG-63 cells at days 7, 14, and 21 of culture. The
symbol (**) represents significant changes in resazurin activity of the osteoblasts (p <

0.01).

Histological analysis with hematoxylin and eosin staining

The MG-63 osteoblast cells (blue arrows) showed the morphology
characterization attachment on the silk fiber (red arrows) (Fig. 51). The MG-63 cells
were well expanded and adhered to the scaffold at both the surface and inner zone.

There was no difference in the size and shape between the two groups.
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Figure 51. Hematoxylin and eosin staining on the scaffold at day 7. Silk scaffold; (A).

Collagen/fibronectin-coated silk; (B).

Mineralized matrix deposition analysis by Von Kossa staining

Von Kossa staining was used to detect deposits of a mineralized matrix.
The dark brown areas (blue arrows) indicated a mineralized matrix synthesized from the
osteoblast cells. The long dark brown lines (red arrows) showed the scaffold area
covered with a mineralized matrix secreted from the cells. The osteoblast cells indicated
efficiency on attachment to both the surface and pores and a great amount of

synthesized mineralization.
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Figure 52. Von Kossa staining on scaffold at day 14. Silkk scaffold; (A).

Collagen/fibronectin-coated silk; (B).

Discussion

In this research, a modified silk fibroin scaffold with reconstructed
collagen/fibronectin was used for bone tissue engineering in alveolar resorption. The silk
fibroin scaffold coated with collagen and fibronectin can improve the biofunctionalities.
Such interaction disturbed fibrillation of collagen type | (6). Hence, fibronectin/collagen
compound did not form ftriple helical collagen fibrils after soaked in PBS. Clearly, as in
previous reports, fibronectin could bind with collagen molecules at a binding site (7).
Fibronectin disturbed self-assembly of collagen into fibrils (6). Therefore, the
reconstructed collagen/fibronectin showed non-fibril structure on the porous surface of
the scaffold as Fig. 29.

Interestingly, reconstructed collagen/fibronectin organized themselves

into a rough surface that came from small global aggregation and the microrough
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surface stimulated the differentiation function of the cells. Importantly, the rough surface
promoted osteoblast proliferation, ALP activity, and osteocalcin expression (6).

The reconstructed collagen/fibronectin arranged into a suitable
microenvironment for cell growth and migration. (7). In osteoblast differentiation,
fibronectin played an important role in the cells with integrin interaction (8). The collagen
intergrin receptor alpha 2 beta 1 as a binding site for fibronectin (9) provided stable
adhesion and osteoblast differentiation (10). Remarkably, the morphology of the cells in
all groups showed that the cytoplasm spread out to adhere to the surface of the
scaffold. Fibronectin bound to collagen could stimulate cell migration and cell
enhancement (11). Collagen type | and fibronectin were important in forming calcified
structures and osteoblast differentiation. Collagen type | is the main component (90%)
of bone and some studies suggested that collagen was necessary in scaffolding for
mineralization. Collagen and fibronectin were found to encourage calcification (12). The
modified silk fibroin scaffold with reconstructed collagen/fibronectin has good
performance for bone tissue engineering and has promise for bone grafting in alveolar

bone resorption.
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ABSTRACT

Currently, there are many patients who suffer from ostecporosis. Osteoporosis 1s a disease
that leads to bone defect. Severe cases of bone defect from osteoporosis need an operation
using a performance scaffold for bone tissue enmineenng. Therefore, to build a performance
scaffold for bone defect from osteoporosis is the target of this research. Samples of silk
fibromn and chitosan were fabricated into porous scaffolds before modification by coating

with collagen self-assembly. The structure and morphology of the samples were charactenized
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and observed by Fourer transform infrared (FTIR) spectroscopy, atomic force nicroscope
(AFM) and scanning electron microscope (SEM). For biological functionality amalysis,
MC3T3-El osteoblasts were cultured on the samples. Afierward, bicdegradation, cell
proliferation. viability and mineralization were analyzed The results demonstrated that
collagen organized into a fibnl stucture covering the pores of the scaffold The modified
scaffolds showed low degradability, high cell proliferation. viability and mineralization. The
results demonstrated that the modified scaffolds with a coating of mimicked collagen self-
assembly had good performee and showed promize for bone fissue engineering in

osteoporosis.

Eeywords: Silk fibroin, Chitosan, Collagen, Bone tissue engineening, Osteoporosis

1. Introduction

A report shows that osteoporosis is the major disease of public health problems (1). About
200 million women around the world have bone loss from osteoporosis that canses more than
8.9 million fractures anmmally (2). The patients who are confronted with osteoporosis mmst
take medications, for example raloxifene which is a synthetic estrogen receptor modulator
(SERM) to preserve the bone; however, its side effects are harmful (3). Another way to cure
the patient 15 surgery (4). In some cases the patients need biomatenals for bone substitution
(3). Therefore, to create performance materials for osteoporosis is a challenging issue.

Currently, bone tissue engineering has been used for bone diseases that need performance
materials substitution. The aim of bone tissue engineenng (TE) is the repair of damaged
tissue and regeneration of new tissue. The popular approach for bone tissue engineening 1s to

seed and culture cells in a porous scaffold before transplant into the target tissue site. The
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porous scaffold acts as a biodegradable substituted material that has the role of a template for
cell adhesion. The cells are then induced to be new tissue (). The properties of the scaffold
should be biocompatible, bioresorbable and have a controllable degradation rate to match the
tissue growth. The surface of the scaffold has the proper chemistry for cell attachment,
proliferation, and differentiation. The scaffold properties need to be three-dimensional and

highly porous with interconective pores for nutnent and metabolic waste transport (7).

Silk fibromn (SF) is the protein obtamed from the silk worm, Bombyx mori. The main amno
acids are glycime (43%), alamine (30%) and semine (12%%) (8). SF demonstrates excellent
properties that include biocompatibility, great mechanical properties and biodegradable and
SF can fabncate in vanous forms (9). The porous scaffold was smtable for bone tissue
engineering becaunse the cells can proliferate, migrate and attach to the surface of the

Imterconnecting pores of the scaffold (10,11).

Chitosan is a semi-crystalline polysacchanide. A deacetylated form of chitin is obtained from
the cell wall of fung and the shells of crabs, shnmps and the bony plates of squuds and
cuttlefish. Pure chitosan has the properties of biocompatibility, biodegradation and can be
prepared in many forms (12). Becanse of its unique properties chitosan has been used as

scaffolds for bone tissue engmeermg (13).

Collagen is a fibrl protein composed of a triple helix of the peptide molecule. The main
amino acids in the peptide molecule are glycine, alanime and proline. Predominantly, the fibril
structure and amino sequence of argimylglycylaspartic acid in collagen can mduce cell
adhesion and tissue regeneration (14.15). The unique hiofunctionality of collagen lends itself

to be used as matenial for tissue regeneration. To mimick collagen self-assembly is an
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attractive techmique that can reconstruct the fibnl stmetore of collagen as an extracellular
matrix (ECM) (16). Importantly, collagen fibril is the structure that can enhance cell adhesion
and proliferation (17). Therefore, to use the mimiery of collagen self-assembly for scaffold

modification was chosen for this research.

Due to the advantages of silk fibroin, chitosan, and collagen, they were selected as matenials
to build a performance porous scaffold for bone tissue engineering in this research Silk
fibromn and chitosan were fabricated mto porous scaffolds before modification by coating
with mimicked collagen self-assembly that can organize into a fibnl structure. The structure,
morphology, and biofimctionality of the modified scaffold was considered. Eventually, the
aim of this research is to create a performance scaffold that hold promise for bone tissue

ENZINEETING in osteopoTosls.

1. Materials and methods

1.1 Materials

1.1.1 Preparation of silk fibroin scaffolds

Degummed silk fibrin was extracted by boiling the cocoons for 30 min i 0.02 M Na;COs to
remove sericin, the glue like protein that holds the fibers together. The degummed silk fibroin
was dned mn a hot oven (14). A 9.3 M Ithium bromide solution was used to dissolve the sk
fibroin. The solution was then subjected to dialysis to remove the lithivm bromide (13). The
silk fibroin solution was adjusted to 3% (w/'v) and poured into 48 well plates for the forming
of 3-dimensional silk fibroin after the freeze-dned method (14).

1.1.2 Preparation of type I collagen
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The skin of the brown banded bamboo shark, Chiloscyllium punctatum, was used for collagen
extraction that followed the report of P. Kittiphattanabawon et al. 2010 (16). Brefly, the
shark skin was cut mto small sizes, combined with 0.1M NaOH to remove the none collagen
proteins. The skin contimued to soak in 0.5 M acetic acid for 48 b The collagen solution was
filtered and then the final concentration of NaCl was adjusted to 2.6 M and 0.05 M of
tns(hydroxymethyl)aminomethane at pH 7.5. The collagen solution was centmfuged using a
refrigerated centrifuge machine. Then the collagen pellet was collected and dissolved in a
muminmm volume of 0.5 M acetic acid. The collagen solution was subjected to dialysis with
0.1 M acetic acid for 12 b and 48 h in distilled water. The freeze-dried method was used for

removal of the water and kept at -20°C until use.

1.1.3 Preparation of chitosan scaffold

Sufficient chitosan powder (Manne Bio Resources Co., Ltd, Shrimp Chitosan) was dissolved
m 0.1 M acetic acid for a 2% concentration and mixed continmonsly in a magnetic stirrer for
24 h The chitosan sclution was poured into 48 well plates and then kept at -20°C for
overmight. The freeze-drying method was used to fabncate 3D chitosan scaffolds (17). After

that they were cut into 10 mm diameter and 2 mm thick pieces.

1.1.4 Modification of silk fibrein and chitosan scaffolds

This study designed the scaffolds into 4 groups: 1) non-coated silk fibroin scaffolds without
collagen, 2) coated silk fibrom scaffolds with collagen, 3) non-coated chitosan scaffolds with
collagen and 4) coated chitosan scaffolds with collagen. 0.1 mg/ml collagen solution was
used for coating (Table 1). To coat with the collagen solution, silk fibroin and chitosan

scaffolds were mmmersed In a collagen solution for 4 hours at 37°C. Afferwards, the

130



M =1 M N ke B3 B3

mmersed scaffolds were soaked in 1xPBS for 30 minutes to form self-assembly of collagen

These scaffolds were kept at -20°C for ovemight before freeze-drying.

Table 1

1.2 Methods

1.2.1 Self-assembly of collagen type L

Collagen solution was mixed with PBS to observe self-assembly. The optical density (OD) at
313 nm was used to identify the form of the collagen fibrls (18). The OD of the mixed
collagen solution was measured every 5 mimutes for 30 mimutes. The OD of each time point

was plotted info a kinetic curve to explain the collagen self-assembly.

1.2.2 Atomic Force Microscopy Observing

A sample of the collagen solution at a concentration of 0.1 mg/ml was dropped and smeared
onto a glass slide. After scaking in 1xPBS for 30 minutes, the glass slide was dned at room
temperature. Then, the coated glass shde with collagen was observed for self-assembly
formation of the collagen by atomic force microscopy (Nanosurf easyScan 2 AFM,

Switzerland).

1.2.3 Fourier transform infrared (FTIR) spectroscopy

The chemical functional group of collapen was obtained using a FTIR spectrometer
(EQUINOX 55, Bruker, Ettlingen Germany). The intemnal reflectiom crystal (Pike
Technologies, Madison, WL, USA), made of zinc selemide, had a 45° angle of incidence of
the IR beam. The spectra were acquired at a resolution of 4 cm™. The spectral data analysis

used the OFUS 3.0 data collechion software program (Bruker, Ettlingen, Gemmany). To
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characterise the chemieal fimetion groups of collagen self-assembly, the mixed collagen with
PBES as in the previous experiment was freeze-dried before preparation into KEBr discs and

measured by FTIE.

1.2.4 Scanning Electron Microscopy (SEM) Observing

All groups of scaffolds were observed for morphology, surface and pore size by a scanming
electron microscope (Quanta400, FEL Czech Republic). The samples were pre-coated with
gold using a gold sputter coater machine (SPI supplies, Division of STRUCTURE PROEE

Inc., Westchester, PA TUSA).

1.1.5 Degradation

Lysozyme powder was mixed with PBS into sclution at 4 mg/ml (pH = 7.4) before
meubation at 37°C (19). The scaffolds were immersed i that solution. The scaffolds were
then removed from the solution, rinsed and freeze-dried. The freeze-dred scaffolds were
weighed at different time points: 1, 2, and 4 weeks. Afterward, the percentage of weight loss

was calculated.

1.3 Cell culture

MC3T3-E1 osteoblast cells were seeded in each scaffold with 110 cells and maintained in
an alpha-MEM medimm (o-MEM, GibeoTM, Invitrogen, Carlsbad, CA) with the addition of
1% penicillin/streptomyein, 0.1% fimgizone and 10% fetal bovine serum (FBS) at 37°C ina
midified 5% of CO: and 95% air incubator (2(). The medium was changed every 3-4 days.
An osteogenic medium (05; 20 mM b-glycerophosphate, 50 pM ascorbic acid, and 100 oM
dexamethasone; Sigmadldrich) was used for osteoblast differentiation of the MC3T3-El

osteoblast cells (21).
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1.3.1 Cell Proliferation

The measurement of cell proliferation was performed on days 3, 5 and 7 (22). Following the
manufacturer’s protocol, the scaffold was washed two times with 1xPBS and fresh media of
100 pl and 10 pl of 12 mM MTT (3-[4.5-dimethylthiazol-2-yl]-2,5-dimethy] tetrazolinm
bromide, and 3 mg/ml) were added into the cells/scaffolds, respectively. Afterward, the
cells/scaffolds were mcubated for 2 hours at 37°C. Then, 50 pl of dimethyl sulfoxide was
added to each cells/scaffolds and incubated for 10 minutes. The solutons were moved to 96

well plates and measurements continued by monitoring the light absorbance at 540 nm.

2.3.2 Cell viability

On day 3, the MC3T3-El osteoblast cells in the scaffolds were staned with fluorescein
diacetate (FDA). The FDA attached to the extracellular matrix and cellular clusters. The FDA
was dissolved with acetone at a concentration of 5 mg/ml The mediom was removed and
replaced with 1 ml of fresh medium, then 5 pl of the FDA was added The scaffolds were
kept away from Light for 5 minutes. The scaffolds were washed twice with 1xPBS and moved

to a glass slide and the cell morphology was cbserved by a fluorescence microscope (23).

1.3.3 Alizarin red staining

The calciom synthesis of the MC3IT3-El osteoblast cells was inspected by alizarn red
staining. On days 7, the scaffolds were washed with 1zPB5 and the cells were fixed with 4%
formaldebyde before the addition of 1 ml of alizann red solution (2 g in 100 ml of distilled
water to adjust the pH to 4.1-4.3) for 20 min at room temperature in the dark (24). The

alizann red was removed carefully from 48 well plates and the scaffolds were washed with
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distilled water until the red color disappeared. Afterward that scaffolds were observed by

1.3.4 Statistical analysis
All data were shown as mean + standard deviation. The samples were measured and

statistically compared by one-way ANOVA and Tukey's HDS test (SPS5 16.0 software
package). P= 0.03 was accepted as statistically significant.

3. Results and discunssion

3.1 Self assembly of collagen fibril

Before coating scaffolds, self-assembly of collagen was momitored by measunng the
absorbance at a wavelength of 313 nm at each time point. Then, the absorbances were plotted
mto a kinetic curve (Fig. 1). The curve represented self-assembly of collagen fibmls (25). We
monitored the collagen self-assembly in solution for 30 mun that eomresponded to the coating
time of collagen on the scaffolds. The absorbance value increased with time (Fig. 1). Dunng
the time from 5 munutes to 30 mimites, the group absorbance was higher at each fime point
which meant collagen fibnls were formung in the solution In this study. it showed that
collagen type I solution 0.1 mg/ml (0.1 M acetic acid, pH 2.88) was mixed PBS with ratio 1:1
for neutralization. Under these conditions. collagen molecules orgamzed and aggregated into
the fibril structure (26). Notably, it indicated that the collagen organized imto the fibml

stucture during the time of coating.

Fig. L.

3.2 Collagen self assembly by AFM observing
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Nentralized collagen solution was drpped and dried on a glass slide to observe the strocture
formation by AFM of the collagen fibmls in the coating. The collagen fibrils orgamized
themselves into small branches (Fig. 2). Interestingly, this indicated that the neutralized
collagen solution had performed coating that could mimic the fibml stuctore as am
extracellular matrix. Notably, the mimicked collagen fibril could induce cell adhesion and
proliferation (27). Nevertheless, to confirm the fibnl structure of collagen, the neutralized

collagen solution was freeze-dred before characterization by FTIR in the next section.

Fig. 2.

3.3 FTIR analysis

The freeze-dned neutralized collagen solution was characterized by FTIE. to demonstrate the
fibml structure of the collagen coating. Principally, the FTIE techmique detected the vibration
characteristics of the chemical fimctional groups of collagen. A specific wavenumber (cm™)
range of IR radiation was absorbed by the chemical fimctional group (28). The amide A band
of collagen was found at 3292 cm™, this was the general band associated with the N-H
stretching vibration and indicated the existence of hydrogen bonds. When the NH group of
peptides formed the hydrogen bond, the absorbance shifted to a lower wavenumber. The
amide B was observed at 2921-2925cm™ . The amide I of collagen was found at 1631 cm™.
This band was due to C=0 stretching vibration. Importantly, the FTIE. results indicated that
the collagen could organize into fibml structures (29). Therefore, these results confirmed the

previcus explanation that collagen could form into a fibnl struchure in the coating.

Fig. 3.
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3.4 Scanning electron microscopy analysis

After clarification that the collagen could amrange into a fibnl stucture, the coating solution
was used for silk fibrom and chitosan scaffolds. For coating, silk fibrom and chitosan
scaffolds were immersed in a collagen solution at pH 3 before soaking in PBS. Then, those
scaffolds were freeze-dried before observation of the morphology by SEM. Interestingly, the
morphology of the scaffolds showed that the coated scaffolds of silk fibroin and chitosan had
deposited a fibnil network structure of collagen inside the pores (Fig. 4). Therefore, the
results from the SEM indicate that collagen could form a fibnl network stucture as a
mumicked extracellular matrix that deposited mside the pores of the scaffolds. Importantly,
the mimicked extracellular matrix might induce cell adhesion and proliferation as according
to a previous report (30). Besides the switable structure for cell adhesion and prohiferation, it
Is important to deternune the biodegradation of scaffolds m tissue engineenng

Biodegradation and cell experiments were undertaken to vindicate those issues,.

Fig. 4.

3.5 Analysis of scaffold degradation

The scaffolds in all groups showed a changed shape. The silk scaffold revealed the surface
and margin areas that were digested with lysozyme (Fig. 3A). The surface area of the ailk
scaffold coated collagen group collapsed but maintained a good shape (Fig 3B) when
compared with the other groups. The chitosan scaffold was broken after digestion and the
surface and margin areas were digested (Fig. 5C). The coated chitosan scaffold with collagen
showed the most digestion in the marginal zone and the surface area collapsed after digestion
{Fig. 5D). Both silk and chitosan scaffolds coated with collagen showed slow degradation

compared to the non-coated scaffolds. The tmple helix structure of collagen coated on the
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scaffold surface was the canse of diffienlt degradation. The silk fibroin scaffold coated with
collagen showed the least amount of degradation These results illustrated the same
explanation as previously reported that the molecules of the enzyme had less opportumity to
contact the scaffold (31). Furthermore, the literature was reported that the silk fibroin could
extend biodegradability of the scaffolds (32).

Fig. 5.

The silk fibroin scaffold with and without modification had mere stability from biodegradtion
than the modified and non-modified chitosan scaffold Importantly, the results indicated that
collagen could improve biodegradation of scaffolds. Interestingly, silk fibroin and chitosan
scaffolds better tolerated the emzyme activity after coatmg (Fig. 6). The results of
biedegradtion indicated that the coated scaffolds with mimicked collagen self-assembly had
the performance for bone tissue engineering. However, to confirm the performanee of those
modified scaffolds experiments to determine cell proliferation, viability, and mineralization

were undertaken

Fig. 6.

3.6 Cell proliferation

Figure 7 showed the MTT assay in cell proliferation on the scaffolds. The results showed that
the OD values increased from day 3 to 3 and then decreased on day 7 of the cell culture. On
day 3, OD value of the silk fibroin scaffold was higher than the chitosan scaffold. The coated
scaffold with mimicked collagen self-assembly had directly improved cell prohferation. The
cell proliferation of the silk fibroin and chitosan scaffolds after coating with mimicked

137



M =1 M N ke B3 B3

collagen self-assembly showed pgood performance for bome tissue engineermg. Cell
proliferation in all groups of the scaffold ncreased on day 5 which demonstrated that the
cells adhered and proliferated in all groups. Notably, the collagen coated silk fibrom scaffold
and the collagen coated chitosan scaffold showed the highest cell proliferations on day 7. The
results indicated that collagen promoted cell proliferation and adhesion. The literature
reported that collagen had the important role of inducing cell migration and differentiation
(33).

Fig. 7.

3.7 Fluorescein Diacetate (FDA)

The MC3T3-E1 cells adhered in all groups to the scaffolds. The bright green indicated the
cell viability and morphology thoroughly on the surface. The coated scaffolds with mimicked
collagen self-assembly showed a lot of cells compared to the non-coated scaffolds. The cells
arranged and expanded themselves on the surface of the coated scaffolds. This demonstrated
that the coated scaffolds with mimicked collagen self-assembly could enhance cell wabality.
However, to confirm the performance of scaffolds for bone tissue engineening, the presence

calcium in the scaffold was analyzed and observed in the next section.

Fig. 8.

3.8 Alizarin red
To confirm the presence of calcium that was secreted from the MC3T3-El cells, the

microscope. Calcium nodules were found in all groups of scaffolds (Fig. 9). The results
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showed that the MC3T3-El cells could grow in the scaffolds and secret calcwm onto the
scaffolds. The staining with alizanin red indicated a high amount of calcium deposition. The
coated scaffolds could induce calcium synthesis from the MC3T3-El cells. Notably, in the
coated silk fibroin, the calcium deposition was more intensive than the coated chitosan
scaffold. The results demonstrated that the coated scaffolds with mimicked collagen self-
assembly had the performance for bone tissue engmeering particularly in the coated silk
fibroin scaffold.

Fig. 9.

4. Conclusion

The use the modified scaffolds by coatings with mimicked collagen self-assembly for tissue
engineering was proposed in this research for osteoporosis treatment in the case of hone
defect. The results of this research mdicated that collagen organized into assembled fibrl
structures in the pores of the coated scaffolds. The fibnl stroctures showed performance as an
extracellular matnx that could mduce biogical fimctionalities of coated scaffolds.
Predomunantly, the coated silk fibroin and chitosan scaffolds with collagen self-assembly had
good biological functionalities: stability from biodegradation, good cell proliferation
viability and mineralization. Importantly, it can be deduced that the modified scaffolds by
coating with pumicked collagen self-assembly had the proformance for bome fissue

engineering and showed promise for use in osteoporosis treatment.
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Figure and Table captions

Table 1 Groups of scaffolds.

Group Detail

A Silk fibroin scaffold

B Coated silk fibroin scaffold with collagen
C Chitosan scaffold

D Coated chitosan scaffold with collagen
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Figure and Table captions
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Fig. 1. Kinetic curve of self-assembly of collagen measured by absorbance at 313 nm vs. time (min).
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Fig. 2. Self-assembly of collagen into fibrils observed by AFM.
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Fig. 3. Fourier transform infrared spectrum of collagen fibrils after freeze-drying.
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Fig. 4. Morphology and surface of scaffold in each group observed by scanning electron microscopy

(SEM): A) sikk fibroin scaffold,

C) chitosan scaffold, D)

r

B) collagen coated silk fibroin scaffold

collagen coated chitosan scaffold.
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Fig. 5. Scaffolds after degradation with lysozyme at 4 weeks: A) silk fibroin scaffold, B) collagen
coated silk fibroin scaffold, C) chitosan scaffold, D) collagen coated chitosan.
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Fig. 8. Fluorescence image showed the viability (bright green) of MC3T3-E1 attached to the scaffolds
in all groups: A) silk fibroin scaffold, B) collagen coated sik fibroin, C) chitosan scaffold, D) collagen
coated chitosan.
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Fig. 9. Alizarin red staining of the scaffolds at day 7 of cell culture under OS media conditions. The
red indicates calcium deposits on the scaffold: A) silk fibroin scaffold, B) collagen coated silk fibroin
scaffold, C) chitosan scaffold, D) collagen coated chitosan scaffold.
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ABSTRACT

Cleft palate 15 a congenital malformation that generates a maxillofacial bone defect around
the mouth area. To create performance scaffolds for bone tissue engineenng in cleft palate 1s
an issue that was proposed in this research Because of its good biocompatbility, high
stability, and non-toxicity, silk fibroin was selected as the scaffold of choice in this research.
Silk fibromn scaffolds were prepared by freeze-drying before immerging m a solubon of
collagen, decellulanzed pulp, and collagen/decellularized pulp. Then the immersed scaffiolds
were freeze-dried Structural organization in solution was observed by Atomic Force
Microscope (AFM). The molecular orgamization of the solutions and crystal stcture of the

scaffolds were characterized by Foumer transform infrared (FT-IE) and X-ray diffraction



(XED), respectively. The weight increase of the modified scaffolds and pore size were
determined. The morphology was observed by a scanning electron microscope (SEM).
Mechanical properties were tested. Biofunctionalities were considered by seeding osteoblasts
i silk fibroin scaffolds before analysis of the cell proliferation, viability, total protein assay,
and histological analysis. The results demonstrated that dendrite structure of the fibrils
occurred i those solutions. Molecular organization of the components in solution arranged
themselves into an imegular structure. The fibnls were deposited in the pores of the modified
silk fibroin scaffolds. The modified scaffolds showed a beta-sheet structure. The
morphological structure affected the mechanical properties of the silk fibroin scaffolds with
and without modification. Following assessment of the biofimctionalities, the modified silk
fibromn scaffolds could mduce cell proliferation, viabality, and total protemn particularly m
modified silk fibroin with collagen/decellularized pulp. Furthermore, the histological analysis
indicated that the cells could adhere in modified silk fibroin scaffolds. Finally, it can be
deduced that modified silk fibroin scaffolds with collagen/decellularized pulp had the

performance for bone tissue engineering and a promise for cleft palate treatment.

Eeywords; Silk fibroin, Tissue engineering, Collagen, Decellularized pulp, Ostecblast

INTRODUCTION

Cleft palate is a congenital malformation that develops from a defect in facial development.
This defect includes bome loss around the mouth. Cleft palate causes dysfimction of the
mouth, for mstance, problematic verbal and speech development, and abnormal suction
durng breast sucking (1). To treat cleft palate, patients need to have an operation. However,
mmcomplete bone tissue regeneration often ocours post-operatively. Therefore, creating a

potential approach to complete the bone regeneration is a challenge for cleft palate.
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Bone tissue engineenng is the process of regeneration of fimchonal tissue. Bone
tissue engineering can treat bome tissue defects from disease (2). Proncipally, fissue
engineering 1s an interdisciplinary field that mcludes three disciplines: matenial engineening,
cell technology, and biomatenals (3). Biomatenals for tissue engineering scaffolds are
especially important to induce bone tissue regeneration (4).

Silk fibroan (SF) 15 a protein that is produced by the Bombyx meri silkworm. The mam
proteins of silk fibroin include the amino acids glycine (43%), alamne (30°%), and serine
(12%:) (5). Importantly, silk fibroin can arrange into three forms: 1) random ceil, 2) alpha
helix, and 3) crystallme [-sheet The properties of silk fibroin are slow degradation
biocompatibility, low Impmmogenicity and toxicity, and good mechanical properties. Silk-
based biomaterials were used as tissue engineering scaffolds in skeletal tissue like bone,
cartilage, connective skin, and ligament tissue (§). Particularly in bone tissue engineering, the
silk fibroin scaffold is a swtable choice because it has stability durmg bone fissue
regeneration (7).

Collagen is a natural protemn that 1s the mam component in the extracellular matrx
(ECM) in tissue. Especially in bone tissue, collagen acts as the template for caleium
phosphate deposition. More specifically, collagen can enhance the stability and strength of
the bone (8). Collagen is a popular material for tissue regeneration because collagen has
biofimctionalities that cells can recognize. Such fimctionalities can enhance cell adhesion that
leads to mducing tissue regeneration (9.

Pulp is the tissue located in teeth that has an ECM in its texture (10). Generally, this
ECM plays a significant role as a native scaffold for bone tissue regeneration (11). Some
reports demonstrated the performance of ECM from different sources for bone tissue

regeneration (12). Nommally, isolating ECM is an important step before it is used for tissue
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regeneration. Therefore, decellnlarized tissue is an attractive approach which has been used to
isolate ECM. However, the use of decellularized pulp in bone tissue engineering has been
rarely reported. Hence, the use of decellulanized pulp is the proposed novel choice for bone
tissue engineening in this research.

Due to the attractiveness of collagen and decellulanzed pulp, we developed a high
performance silk fibroin scaffold by medification with collagen/decellulanzed pulp for
application in cleft palate. To hybridize collagen with decellularized pulp was considered and
prepared In a solution. Silk fibroin scaffolds were coated with that solution. The
charactenization of the morphological structure and biofunctionalities were considered m this
research. The eventual aim of this research was to enhance the biofinctionalities of a porous

silk scaffold with collagen/decellularized pulp for bone tissue engineering in cleft palate.
MATERTALS AND METHODS
Preparation of silk fibroin scaffolds

Silk fibnn scaffolds were prepared by beiling the cocoons for 30 min m 0.02 M
Na;C0; and then rinsed with distilled water to extract the sericin. The silk was dned in a hot
anr oven at 60°C for 24 b The silk was dissolved in a 9.3 M LiBr solution at 70°C for 3 h and
then a silk solution was prepared yielding a 3% (wAv) solution (13). After dissolving the silk
fibromn, it was centrifuged for 20 min at 9000 EFM at 4°C (14). The silk solution was punified
by dialyzing against distilled water for 3 days (15). The silk fibroin solution was stored at
4°C until frther use. Preparation of the 3D silk scaffold for experiment followed five steps.
First, the silk fibroin solution was poured in 48 well plates. Second, the silk fibroin solution
was freeze-dned to generate the porosity. Third, the porous silk scaffolds were treated by
mmmersion in 70% (v/v) methanol for 30 min. Fourth, porous silk scaffolds were freeze-dned

again. Finally, all scaffolds were cut into a diameter of 10 mm and 2 mm in thickness.
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Preparation of type I collagen

Type I collagen was extracted from the skin of brown banded bamboo shark
(Chiloscyllium punctatum). The preparation of type I collagen followed the report of P.
Kittiphattanabawon et al. 2010 (16). Briefly, shark skin (1.0 = 10 cm®) was mixed with 0.1 M
NaOH. Next, the deproteimized skin was soaked m 0.5 M acetic acid for 48 b After filtening
the mixture to get the collagen solution, NaCl was added to a final conceniration of 2.6 M
and 0.05 M Tos (hydroxymethyl) aminomethane at pH 7.5. The pellet was dissolved in a
minimom volume of 0.5 M acetic acid and the collagen pellet was collected following
refiigerated centrifngation. For a more punfied collagen solufion, dialysis was performed
with 0.1 M acetic acid for 12 h and 48 h with distilled water. The freeze-dried method was

used to remove the water and it was kept at -20°C for later use.
Preparation of decellularized pulp

We collected teeth pulp from children who were 6 to 10 years old and segmented the
teeth m half to harvest the pulp tissue. Collagenase and dispase were used to digest the pulp
mnto solution for 1 b The solution was separated from the debris pellet by using a centrifuge
at 37°C. Then, the solution was washed with PBS (phosphate-buffered saline) 2 fimes.
Finally the solution was filtered to get the decellulanized pulp and used the freeze-drying
machine for water sublimation (17).

Modification of silk fibroin scaffolds

For modification of silk fibrom scaffolds, we designed the silk fibroin scaffolds nto 4

groups that were modified with different coating solutions (Table 1). For coated silk seaffolds

m the decellularized pulp group, the decellularized pulp powder was dissolved in 0.1%

sodium hypochlomnte to a concentration of (.1 mg/ml. In the case of coated silk scaffolds with
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collagen, the collagen powder was dissolved in 0.1 M acetic acid to a concentration of 0.1
mg/ml (18). For coated silk scaffolds with collagen/decellulanized pulp, the previous collagen
and decellulanzed pulp were mixed together to obtam a 50:50 ratio. The collagen
decellularized pulp, and collagen/decellularized pulp were used as the coating solutions to
modify the scaffolds. To modify the scaffolds, the silk fibroin scaffolds were immersed into
the coating solutions for 240 min. Then, the immersed scaffolds were soaked i 1X PBS for

30 min before they were freeze-dned (19).

Table 1 Groups of silk scaffolds coated with the coating solutions.

- =
e

- Silk coated decellularized pulp

|

- Silk coated collagen and decellularized pulp

Pore size measurement

The Image] software (1.48v) was used to measure the pore size in each group. The
pore distnibution of the scaffolds was analyzed from SEM images. The pore size of the

scaffolds in each group was a randomized area (n=23) to calculate the average pore size (20).
Weight increase of the modified scaffolds

The weight mcrease of the modified scaffolds was measured by the percentage

depesition of components in the coating solution on the scaffolds. All groups of silk scaffold
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were weighed before and after coating (p=3). The difference in the weights showed the
mecreased percentages of the components from the coating solutions that attached onto the
silk scaffolds (21). The calculation for the percentage deposition of components in the
coating sclution onto the scaffold (wiw, %) was (W; - W) / W: = 100%, where W; = weight
of the coated scaffold and W, = weight of scaffold.

Swelling testing

The silk scaffolds in all groups were soaked in PBS at 37C for 24 hours. After
removal of excess PBS by contact with a plastic surface, the swollen samples were weighed
immediately. The swelling ratios were calculated using the equation (W, — W)W 4, where W,
and W; are the weights of the swollen scaffold and the dry scaffold, respectively (22).

Mechanical properties testing

The mechanical properties of the scaffolds in the wet phase were mvestigated using
the Universal Testing Machine (Lloyd model LEX-Plus, Lloyd nstroment Ltd, Londom,
UEK). In this stady all groups of scaffolds were cut into a diameter of 10 mm and a thickness
of 5 mm The testing machine used a static load cell of 10 N at a rate of 2 mm/min and

stopped at a strain of 40%%.

Fourier transform infrared (FT-IR) characterization

The molecular organization of the silk fibroin scaffolds and the silk fibroin scaffolds
coated with decellularized pulp, collagen, and collagen/decellulanized pulp were analyzed by
FT-IR. The samples were analyzed as a KBr pellet in a FT-IR spectrophotometer using the
EQUINOX 55 (Bruker Optics, Germany) in the range of 4000-400 cm'™.
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X-ray diffraction (XED) characterization

The crystal structure of the silk fibroin scaffolds and silk fibroin scaffolds coated with
decellularized pulp, collagen, and collagen/decellularized pulp were amalyzed by XED
(X'Pert MPD (PHILIPS, Netherlands). Samples were put in the XRD mnstrument and the
diffraction patterns were measured over a 2 8 range of 5-90 8 with a step size of 0.05 8 and

time per step of 1 s.
Scanming Electron Microscopy (SEM) Observations

A scanming electron microscope (Quantad00, FEI, Czech Republic) was used to
observe the morphology and charactenzation of the SF scaffold that was coated with a special
solution. The samples were pre-coated with gold using a gold sputter coater machine (SPI

Supplies, Division of STREUCTURE PROBE Inc., Westchester, PA TISA).
Atomic Force Microscopy Observations

The coatmg solution for each group was dropped into a glass slide, smeared and
spaked i PBS for 30 min. When the slides were dred, the morphology and structure were

observed by using atomic force microscopy (Manosurf easyScan 2 AFM, Switzerland).
Cell culiure experiments

The MG-63 cell line was cultwred in alpha-MEM medum (o-MEM, Gibco™,
Invitrogen, Carlsbad, CA) with the addition of 1% penicillin/streptomycin, 0.1% fingizone
and 10% fetal bovine serum (FBS) at 37°C m a bumidified CO: (3%) and ar (95%)
incubator. The MG-63 was seeded with a 5 x10%/silk scaffold and the medium was changed
every 3-4 days (23). The osteogenic medmm (10 mM b-glycerophosphate, 50 mg=ml.
ascorbic acid, and 100 nM dexamethaszone; Sigma-Aldrich) was used for osteoblast

differentiation of MG-63 (24).
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Cell proliferation assay (PrestoBlue: Dav 1. 3, 5, and T)

To observe the cell proliferation, PrestoBlue assay was used based on resazurin
reagent. When the live cells go through the reducing process in the cytoplasm they will react
with the resazumnn to form resorufin to produce a purple or red color. The measurement of cell
proliferation was performed according to the manufacturer’s instructions (PrestoBlue® Cell
Viability Reagent, Invitrogen, USA) and measured at 1, 3, 5, and 7 days (23). 5ilk fibron
scaffolds from each group were washed twice with 1X PBS and then 1/10th volume of
PrestoBlue reagent was added directly info the complete media and incubated for 1 hour at
37°C and the proliferation rate of the cells was measured by monitoring the wavelength

absorbance at 600 nm emission. The untreated cell group was used for the negative control.

Cell viability (Fluorescence Microscope on Day 3)

Cell viability on silk fibromn scaffold in each group was evaluated by fluorescence
microscope. The live cells on the SF scaffold were stamed by fluorescein diacetate (FDA).
The application of the FDA was to attach to the cells and embed them into the ECM and
cellular clusters. FDA was dissolved in acetone at 3 mg/ml. Next the media was removed by
replacement of fresh 1 ml medium and then 5 pl of the FDA was added to each well and kept
m the dark at 37°C for 5 min. The silk fibroin scaffold was washed twice with 1X PBS and

transferred to a glass slide and the cell morphology was observed by the fluorescence
microscope (26).
Total protein assay

The cellular protein in the cell lysis solution was discharged according to the
mamufacturer’s instructions (Plerce BCA Protein Assay Kit, Thermo Scientific, USA). In

order to extract cellular protein by using the lysis cell method, 800 pl of the cell lysis solution
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(1% Tmton X in PBS) was added in each well and the silk fibroin scaffolds were frozen at -
T0°C for 1 hour and then thawed at room temperature for 1 hour. This was repeated in 3
cycles. Following that, the solution was transferred to an Eppendorf tube and centnifuged at
12000 FPM for 10 min to remove the supematant from the pellet. Measurement of the total
protein synthesized by the cells in the silk fibroin scaffold was performed with abscrbance at
562 nm at 7, 14, and 21 days. Bovine serum albumin was used for the standard curve i this
expeniment (27).

Histology analysis

The silk fibroin scaffolds with cell cultures on day 5 were fixed with 4%
formaldehyde at 4°C for 24 h. The silk fibromn scaffolds in each group were immersed n
paraffin. The paraffin sections were cut at 5p and placed on a glass slide and deparaffimzed
and hydrated in distilled water. The sample shides were stamed with 2 types of stain. At first,
hematoxylin and eosin stain was used to observe cell mugration, adhesion, and the ECM

synthesized from the cells around the silk fibroin scaffold (28).

Statistical analysis

All data were shown as mean + standard deviation. The samples were measured and
statistically compared by one-way ANOVA and Tukey’s HSD test (SPS5 16.0 software

package). P = 0.05 was accepted as statistically significant.
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RESULTS AND DISCUSSION

Structural formation of mimicked extracellular matrix

In this research a coating solution of collagen/decellularized pulp was prepared
according to the above protocol before observation of its orgamization by AFM. To
characterize the structure of the collagen/decellulanized pulp was the preliminary
demonstration before coating onto the silk fibroin scaffolds. Furthermore, this demonstration
could relate to the amrangement of the collagen/decellularized pulp on the silk fibroin
scaffolds. The structure of collagen/decellularized pulp showed dendrte formation of fibnls
(Fig. 1). Collagen without decellularized pulp organized predominantly into a dense branch
structure. As reported previously, collagen molecules formed themselves into a fibml
structure (29). Notably, collagen formed dendnite formation of fibrils when it was observed
by AFM. This result can be explained by the disturbance of the collagen molecules by the
sodium hypochlonte in the solution. Generally, sodium hypochlorite is a chemical reagent
used for dental treatment. Sodium hypochlorite maintains fibroblast viability and promotes
healing of chronic wounds (30). Some reports demonstrated that sodium hypochlorite can
change hydroxyproline into pyrrole-2-carboxylic acid (31). Such forms of collagen might
influence the organization into dendrite formation of fibrils.

Fig. 1. AFM mmages of structure formation of coating solution: (A) decellularized pulp, (B)
collagen, and (C) collagen/decellularized pulp.
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Molecular organization analysis of modified silk fibroin scaffolds

FTIE. was used to analyze the molecular organization of the coating solutions for
characterization in this research The results of the molecular organization showed different
wavenumbers of the samples (Fig. 7). As previously mentoned for the collagen, the FTIR
spectrum showed the important peak of -OH groups at 33500 em™ (32,33) . In this research,
ﬂn—ﬂngmnfm]lagmappeamdatamvmmberufﬂmun'lthﬂtshiﬂedtoalwwa
wavenumber. This indicated that the -OH groups interacted with the other groups. This
inferaction came from the self-assembly of the collagen molecules which showed that they
could organize themselves mto a higher order structure. The wave number of the -OH groups
m the coated silk fibromn scaffolds shifted to a higher wavenumber. This result indicated that
the -OH groups could vibrate fieely in the decellulanized pulp and collagen/decellularized
pulp that came from an iregular organization of the components. The decellulanzed pulp
showed three peaks at 3416, 3472, and 3552 cm™ which represented the combination of -OH
groups in each component of the decellulanzed pulp. The collagen/decellularized pulp
showed -OH groups at 3464 cm™ that possibly was the merged peak of collagen and
decellularized pulp. Furthermore, it demonstrated that the -OH groups in the

collagen/decellularized pulp could vibrate freely.
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Fig. 2. FTIR spectra: (A) collagen, (B) decellularized pulp, and (C) collagen/decellularized
pulp.

Crystal structure analysis of modified silk fibroin scaffolds
For an amalysis of the crystal structure of silk fibroin scaffolds. the peak of NaCl

deposited during coating was subiracted The results showed different peaks in the crystal
structures of the silk fibroin scaffolds (Fig. 3). Interestingly, the peaks that showed at around
20 degrees represented the beta-sheet conformation of silk fibroin as reported in previous
literature (34). As a result, the peaks of the silk fibroin scaffold and the coated silk fibroin
scaffolds appeared at around 20 degrees. This indicated that the silk fibromn scaffold and the

coated silk fibromn scaffolds could organize into a beta-sheet strocture.
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Fig. 3. XRD spectra: (A) silk fibroin scaffold, (B) silk fibroin scaffold coated with
decellularized pulp, (C) silk fibroin scaffold coated with collagen, and (D) silk fibroin
scaffold coated with collagen/decellulanzed pulp.

Morphological analysis of modified silk fibroin scaffolds

In this research silk fibrom scaffolds were modified by these coatng solutions:
collagen, decellulanized pulp, and collagen/decellulanized pulp. To start the modification, silk
fibroin scaffolds were prepared by the freeze-dned technigue before mmersion into one of
the coating solutions. Then, the immersed scaffolds were soaked in a buffer solution and then

freeze-dned. The samples are shown in Fig. 4.



Fig. 4. Images of silk fibroin scaffolds: (A.C) before immersion (10 mm diameter x 2 mm
thickness), (D) silk fibroin scaffold coated with decellularized pulp, (E) silk fibroin scaffold
coated with collagen, (B.F) silk fibroin scaffold coated with collagen/decellularized pulp.
Observations of the uptake of the coating solutions inside the silk fibroin scaffolds
during immersing are shown in Fig. 5. Silk fibroin scaffolds with decellularized pulp,
collagen, and collagen/decellularized pulp showed turbid and transparent parts distributed
throughout the texture of the scaffold during the early period of the immersion The turbid
and transparent parts appeared to be merged into a homogenous texture. Obviously, the
apparent homogenous texture in the scaffold showed the uptake of the solution inside the
scaffold. At 60 min, the decellularized pulp solution had diffused into the whole texture of
the silk fibroin scaffold (Fig 5-A3). For the silk fibroin scaffolds with collagen and
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collagen/decellularized pulp, the apparent homogenous texture appeared throughout the
mside of the silk fibroin scaffold at 240 min. Tt could be explaned that collagen and
collagen'decellulanzed pulp had hugher viscosities when compared to decellulanized pulp.
Thus result demonstrated that the solution had the potential to modify silk fibroin scaffolds by
the coating technigue. After immersion of the silk fibroin scaffolds in the coating solution,
they were soaked in PBS before freeze-drying. Then, the morphologies of the freeze-dried
modified silk fibrom scaffolds were observed by SEM (Fig. 6 and Fig. 7).
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Fig. 5. Images of silk scaffolds after immersion in a coating solution at each time point of 10,
30. 60, 120, 180, and 240 minutes of decellularized, collagen, and collagen/decellularized
solutions: (A1-A6) silk scaffold immersed with decellulanzed pulp solution, (B1-B6) silk
scaffold immersed with collagen solution, (C1-C6) silk scaffold immersed with
collagen/decellularized pulp solution. Scale bar: 5 mm.
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The surface morphology of silk fibroin scaffolds with and without modification
showed porous structures (Fig. 6). The silk fibroin scaffold without modification showed a
smooth surface of the porous walls which had an intercomnective porous structure. This
iferconnective porous structure is suitable to support cell adhesion and mugratiom (35).
Interestingly, cells could connect with each other in the pores. Furthermore, the pores are
suitable for media flow in and out of the silk fibroin scaffold A porous silk fibroin scaffold
can easily remove waste (35). Notably, the morphologies of modified silk fibroin scaffolds
with collagen (Fig. 6C) and collagen/decellulanzed pulp (Fig. 6D) sclutions, showed the
fibrl structure deposited at the inner pores of the silk fibroin scaffolds. This fibnl structure
mught be formed according to the results from AFM observation. Notably, there were no
deposited fibnl structures m the decellulanzed pulp solution. This result indicates that the
decellulanized pulp possibly detached from the surface of silk fibroin scaffolds while soaking

mn the buffer solution.
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Fig. 6. Surface morphology of the scaffolds observed by scanning electron microscope

(SEM) with different magmfication. The wall surface is shown at 500x and connective pore

size 1s shown at 50x. (A) surface morphology of silk scaffold without coating, (B) surface

morphology of silk scaffold coated with decellularized pulp. (C) surface morphology of silk

scaffold coated with collagen, (D) surface morphology of silk scaffold coated with

cﬁ%l{izigen/decelhxlaﬁzed pulp. Scale bars are shown in the micrographs. Yellow arrows show
structure.

Cross sections of the silk fibroin scaffolds were observed by SEM to confirm the
deposition of decellularized pulp and collagen/decellularized pulp solutions inside the porous
scaffolds (Fig. 7). Unlike the surface morphology of modified silk fibroin scaffold. the cross-
section morphology showed a deposited fibnl structure inside the pores of the silk fibrom
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scaffolds for all coating solutions. The fibrils organized themselves into a network structure
that was deposited on the pore walls of the silk fibroin scaffold. It demonstrated that
decellularized, collagen, and collagen/decellulanized solution have the potential for use as a
coating solution for modification of the silk fibroin scaffolds. These results indicate that
solutions of collagen, decellularized pulp, and collagen/decellulanized pulp had the ability to

mimic a network structure as in an ECM.

Fig. 7 Cross section morphology of scaffolds observed by scanning electron microscope
(SEM): (A) silk scaffold without coating, (B) silk scaffold coated with decellularized pulp,
(C) silk scaffold coated with collagen, (D) silk scaffold coated with collagen/decellulanized
pulp. Scale bars are shown in the micrographs. Yellow arrows show fibnl structure.
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Pore size measurement

In this research, the Image] software (1.48v) was used to measure the pore size in
each group. The pore distribution of the scaffolds was analyzed from the SEM images. The
pore size of the scaffolds in every group was a randomized area. The average pore sizes of
the silk scaffolds n all groups are shown in Table 2. The mean pore size of the silk scaffolds
was 132.06 = 3.74pm which was the biggest pore size of all the groups but not sigmficantly
different. A minimum pore size of 100 pm with interconnective pores is normally regquired

for a cell culture system that can support the cell size and migration (33).

Table 2 Average pore size of silk scaffold in each group. Image] software measured the silk
scaffolds. Valnes are average + standard dervation (N=25).

A Silk scaffold 132.06 = 3.74um
B: Silk scaffold coating with decellularized pulp 12685+ 2.72um
C: Silk scaffold coating with collagen 127894+ 1 98um

Dr: Silk scaffold coating with collagen and decellularized pulp 12583+ 1 98um




Weight increase of the modified scaffolds

To confirm the existence of collagen and collagen/decellularized pulp on silk fibroin
scaffold, the percentage of weight increase was analyzed The results showed that the
modified silk fibroin scaffolds had a significantly increased weight than the silk fibroin
scaffold without modification (Fig. 8). It demonstrated that decellularized pulp, collagen, and
collagen/decellularized pulp could deposit and exist in the silk fibroin scaffolds. The
modified silk fibroin scaffolds with collagen showed a significantly increased weight
compared to either silk scaffold modified decellularized pulp and collagen/decellularized
pulp. The results indicate that the solutions of decellularized pulp, collagen, and
collagen/decellularized pulp can adhere onto the silk fibroin scaffolds. These results support

the previous results by SEM.
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Fig. 8. Weight increase in percentage of deposition of decellularized pulp, collagen, and
combination of collagen with decellularized pulp. (** p = 0.01)
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Swelling ratio analysis

The scaffolds in all groups were swollen in different percentages. The uncoated
scaffold showed a higher water binding capacity. This property plays an important role in
tissue regeneration. (36). The silk scaffold revealed the highest water binding capacity and
was significantly different than both the silk scaffold coated with decellulanized pulp and the
silk scaffold coated with collagen/decellulanized pulp (Fig. 9). The collagen coating, and
collagen/decellularized pulp on the silk scaffold surfaces seemed to decrease n the swellng
ratie. The morphological stuctures of the silk fibroin scaffolds coated with collagen and the
scaffolds coated with collagen/decellularized pulp had fibnl network structures in the pores.
These fibnl networks decreased the swelling ratios. The results were similar to a previous
study that reported the swelling property of the sponge-like matrices was dependent on the
network porous structure and microstructure of the scaffold (37).

25
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puly

Groups

Fig. 9. Scaffold swelling ratios in each group.
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Mechanical testing analysis

The results in mechanical testing showed that the silk fibroin scaffold and silk fibron
coated with decellularized pulp had higher stress values at the maximum load and higher
Young's moduli than the sk fbrom scaffolds coated wiath collagen and
collagen/decellularized pulp (Fig. 10). The results ndicated that coating solutions affected
the mechanical properties of the silk fibroin scaffolds. The coated samples showed smaller
pore sizes than the samples without a coating. The small pore sizes retained smaller amounts
of water than the large pore sizes according to the results in the pore measurement and
swelling ratio analyses. The water i the porous scaffolds could resist the compressive force
while testing in the wet state. Therefore, the scaffolds that could hold a higher amount of
water in the porous structure showed higher stress values and Young's moduli. Notably, the
silk fibroin scaffold coated with decellulanized pulp showed the highest stress value and
Young's moduli. The morphological stmcture of the decellulanized pulp possibly reinforced

the silk fibrom scaffold.

177



178

-
-~

WA Sk walfod

W5 S CORteO Cece lutarued puip

o C Sk coated colagen

WD Sik coaed collagen and

Stress at Maximum Load (KPa)
=] o
> »

04 oeceiiice paip

0z

0—

B (3

s
é < WA LA atold
-
-
i W0 50k conted dece i e d pup
o3
z. wC 5% costed collagen
s* M0 3k costed colagen mnd
> dece Nlae pup

°

Fig. 10. Mechanical properties of the scaffolds in each group. (A) stress at maximum load of
scaffold, (B) Young’s modulus (KPa).



Cell proliferation

PrestoBlue™ was used to evaluate cell proliferation on days 1, 3, 5, and 7. The
proliferation of osteoblast cells continuously increased from day 1 to day 5 and became lower
on culture day 7 among all groups. On day 1, the silk scaffold modified by decellulanized
pulp was significantly higher in cell numbers than the silk scaffold without modification (Fig.
11). On day 3, all groups showed a similar behavior of cell proliferation except the silk
scaffold modified with collagen/decellularized pulp which was sigmficantly higher than the
other groups. On day 5 all groups became low, but the silk scaffold modified with
decellulanized pulp was significantly different than the other groups. On day 7, all groups had
higher cell proliferation than the silk scaffold without modification.

Significantly, the results of cell proliferation indicated that decellulanzed pulp
mduced cell proliferation because the decellulanzed pulp had components of ECM.
Importantly, the ECM could enhance cell proliferation (38). Modified silk fibroin scaffold
with collagen/decellularized pulp showed the potential to enhance cell proliferation. A
previous report demonstrated that collagen acted as an ECM to induce cell attachment (39).
Therefore, to combine collagen with decellulanzed pulp can synergize cell adhesion and
proliferation. From these results, collapen/decellularized pulp might be fommed as
reconstructed ECM that has the biofunctionalities of native ECM. Hence, such reconstructed

ECM has the effect of a high cell proliferation rate.
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Fig. 11. Cell proliferation on different silk fibroin scaffolds. Cell proliferation was evaluated
based on the associative number of metabolically active osteoblast cells in each scaffold
group identified by the PrestoBlue™ assay. The symbol (*) represents significant changes in
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Fluorescein Diacetate (FDA)

To observe the cell morphology in scaffolds, osteoblasts were stained by FDA.
Afterward, all samples were observed by a fluorescence microscope. The green luminance
showed the nucleus of the osteoblasts. The osteoblasts were able to attach to the surface of
silk scaffolds (Fig. 12). The cells in the modified silk scaffold with collagen/decellulanized
pulp arranged themselves into a dense aggregation. This result indicated that
collagen/decellularized pulp can promote cell adhesion Cell adhesion might have come from
the reconstructed ECM of collagen/decellularized pulp as previously explained.
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Fig. 12. Fluorescence images of the obvious cells and interconnections of the osteoblast cells
on the silk scaffolds (FDA label, green brightness). (A-C) silk scaffold, (D-F) silk scaffold
coated with decellulanized pulp. (G-D) silk scaffold coated with collagen, (J-L) silk scaffold
coated with collagen/decellularized pulp.

Bicinchoninic acid (BCA) analysis

Analysis of the total protein content during cell culturing was determined by BCA
analysis on days 7, 14, and 21 (Fig. 13). For days 7 and 14, the modified silk scaffold with
collagen had the highest protein content than the other groups. As previously reported, this
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demonstrated that the osteoblasts start synthesizing protein on day 7 (40). Therefore, at days
7 and 14 the modified silk scaffold with collagen showed higher protein content than the
other samples. These results indicate that the protein content at days 7 and 14 came from two
main parts: 1) coated collagen on the scaffold and 2) secreted collagen from the osteoblasts.
This confirmed the previous results that the protein content in the modified scaffold with
collagen 1z higher than the other samples. The protein content at day 21 of the modified silk
fibrom scaffold with collagen/decellularized pulp was predominantly higher than the other
samples. On day 21, the silk fibroin scaffold coated with collagen/decellulanized pulp and the
silk fibroin scaffold coated with decellulanized pulp continnously showed higher synthesizing
of protein. Om the other hand, protein synthesizing in the silk fibroin scaffold and silk
scaffold coated with collagen became low at day 21. These results demonstrated that the
coated components on modified silk fibroin scaffolds with collagen/decellularized pulp had a
umique role in promoting the synthesizing of proten. It indicated that the biofimctionalities of

collagen and decellnlarized pulp could synergize protein.
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Fig. 13. Total protein content of osteoblast cells (MG63) on silk scaffold Protein synthesis

was evaloated by using the Pierce BCA protein assay. The symbol (*) represents significant
changes in protein activity of osteoblasts (P = 0.05), (**) (P =0.01).

Histological analysis

Osteoblast cells showed a good distribution throughout the silk scaffold in all groups.
In Fig. 14, the red amows point at the silk scaffold and the yellow arrows point at the
osteoblast cells attached to the silk scaffold The silk coated scaffolds with decellularized
pulp (Fig. 14B), collagen (Fig. 14C), and collagen/decellularized pulp (Fig. 14D) showed
more osteoblast cells attached to the surface of the silk scaffold and the cells filled the pores
of the scaffolds. The shape of the osteoblast cells was flat on the silk scaffold surface and the
blue color indicates the micleus that is located at the center of the cytoplasm. These results

mdicated that modified silk fibromn seaffold could induce cell adhesion
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attached to the silk scaffold in all groups: (A) silk scaffold,
decellularized pulp, (C) silk fibromn coated with collagen,
collagen/decellularized pulp. Scale bar: 100 pm.

approach to enhance the biofunctionalities of silk fibroin scaffolds. The solutions could
organize themselves into fibrils that deposited in the pores of the silk fibroin scaffolds. More
importantly, the results indicated that the fibrils in modified silk fibroin scaffolds can induce
biofunctionalities including cell proliferation, cell viability, and protein synthesis.
Furthermore, the histological analysis demonstrated that cells could adhere well to the
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modified silk fibroin scaffolds. Interestingly, it indicated that the modified silk fibroin
scaffolds coated with collagen/decellularized pulp had a unique structure and demonstrated
biofunctionalities. The structure and biofumctionalities could enhance the performance of
modified silk fibroin scaffold. Eventually, it can be deduced from these results that modified
silk fibroin scaffolds coated with collagen/decellularized pulp has promise for use in bone

tissue engineenng particularly in cleft palate.
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Abstract: Oral cancer is a disease that leads to bone loss in the maxillofacial area. To
replace bone loss by advanced biomaterials is a challenge for materials scientists and
maxillofacial surgeons. In this research. biofimetional nomicked silk fibroin scaffolds were
created as an advanced biomaterial for bome substitution. Silk fibroin scaffolds were
fabncated by freeze-drying before coating with three different components: decellulanzed
pulp, fibronectin, and decellulanzed pulp/fibronectin. The structure formation of the coating
components and the morphology of the coated scaffolds were observed by atomic force
microscope and scanning electron microscope, respectively. Existence of the coating
components in the scaffolds was proved by the increase m weight. The coated scaffolds were
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seeded by MG-63 osteoblasts and coltured. Testing of the biofunctionalities inchuded cell
viability, calchom content, alkaline phosphataze activity (ALP), mineralization, and a
lstological analysis. The results demonstrated that the coating components existed i the
scaffolds after coating. The coating components organized themselves into aggregations of
globular structure. They were deposited and arranged themselves into clusters of aggregations
with a fibml structure in the porous walls of the scaffolds. The results showed that coated
scaffolds with decellularized pulp/fibronectin were smtable for cell viability since the cells
could attach and spread into most of the pores of the scaffold Furthermore, the scaffolds
could induce calcium synthesis, mineralization, and ATP activity. The results indicated that
coated silk fibroin scaffolds with decellularized pulp/fibronectin hold promise for use in bone
tissue engineering in bone defect from oral cancer.

Key Words: Silk fibroin, Bone tissue engineenng, Fibronectin, Decellularized pulp, Oral

Cancer

INTRODUCTION
Oral cancer is a disease that is associated with rapid bone loss in the maxillofacial area that
results from radiation treatments as well as tumor growth. To reduce morbidity associated
with the disease, patients frequently requre treatments comsisting of fumor removal,
reconstruction of the mandibular defect with vascularized bone from the fibula, and
subsequent placement of dental implants ! To create high performance biomaterials for
maxillofacial bone regeneration at the defect site is a challenge for the materials scientists and
surgeons. Therefore, m this research, to create performance biomaterials for maxillofacial
bone tissue engineering in bone defect from oral cancer was considered.

Tissue engineering is the performance approach to regenerate new tissue. Generally,
there are three main parts for bone tissue engimeening: the cells, growth factors, and scaffolds.
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Scaffolds have been created and fabricated to enmhance the performance for bone tssue
engineering. In the case of bone defect from oral cancer, high performance and functional
scaffolds were used to regenerate new tissue at the defect area . Therefore, in this research
performance scaffolds for maxillofacial bone tissue engineering were created and proposed to
replace bone defect from oral cancer.

Silk fibroin (5F) 15 a protein available from the Bombyx mori silk worm. Most of the
proteins of the silk include the amino acids glycine (43%), alanine (30%), and serine (12%) *.
These proteins amrange into a crystalline P-sheet form in silk fiber > Silk fibroin shows
interesting properties such as slow degradation, biocompatibility, low immmogenicity and
toxicity, and good mechanical properties (Young's modulus and temsile strength) *°.
Interestingly, silk-based biomatenals as tssue engneenng scaffolds were used as parts of
skeletal tissue like bone cartilage, connective tissue skin, and ligament * Therefore, in this
research, the silk fibroin scaffold was selected for fabrication into scaffolds for maxillofacial
bone tissue engineenng and proposed for use in bone defect from oral cancer. Nevertheless,
to enhance the performance in bone tissue engineering a silk fibroin scaffold needs
modification to improve the biofunctionalities.

Interestingly, the modification of scaffelds with dmigs, bicactive molecules, and critical
chues for tissue regeneration was an effective method to treat bone defect from cancer §.
Firstly, drugs were combined with scaffolds to kill cancer cells . Secondly, bioactive
molecules were added in scaffolds to inhibit proliferation of cancer cells ®. Finally, critical
clues were added in the scaffolds to induce tissue regeneration °. Importantly, for severe
cases, the patients need surgery to remove the bone tissue defect and replace the defect with
scaffolds that had clues added "°. In this research, the modification of the scaffolds with clues
that had the role of mducing tissue regeneration was selected for mamillofacial bone tissue

engineeting in bone defect from oral cancer.
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The extracellular matnx (ECM) is the important clue to induece tissue regeneration
Some literature reported that the ECM from various tissues was used as a scaffold for tissue
regeneration "2, Those ECMs effectively induced tissue regeneration . However, the use
of ECM from decellulanized pulp tissue was rarely reported. The components of ECM in pulp
tissue are the main important clues for tissue regeneration, for instance collagen type L
collagen type IL and fibronectin **. The components of ECM were often damaged during the
process of isolating ECM from tissue *. Therefore, to reconstruct ECM from decellularized
pulp was the focus in this research.

Fibronectin is one component in ECM. There are many domains that can act as binding
sites in this molecule. Fibronectin functions biologically as a binder molecule that cam
interact with the other components in ECM and growth factors **. Fibronectin acts as a clue
to induce cell adhesion, proliferation, and mineralization in bone tissue regeneration 7.
Interestingly, some reports demonstrated that fibronectin could function biclogically to
inhibit the proliferation of cancer cells * after surgery. With the umique biological finctions
of fibronectin, we expected that fibronectin could induce recomstruction of an extracellular
matrix from decellularized pulp and act as a bioactive molecule to mhibit recumence of
cancer dunng bone tissue regeneration.

The mimicking approach is an attractive method that was used often to create
performance scaffolds. Some reports demonstrated that mumicked scaffolds as native
extracellular matrix could enhance cell adhesion, proliferation, and differentiation . The
mimicking approach for bone tissue engineering was used for structural and biofinctional
mimicking **. Mimicking the biofunctions of scaffolds is an inferesting method to create
performance scaffolds for bone tissue engineering. Therefore, in this research. we choose the
mumicking approach to reconstruct ECM from decellulanzed pulp in combination with

fibronectin as a coating on silk fibroin scaffolds.
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Biofumctional mimicked silk fibroin scaffolds with important clues from decellulanzed
pulp/fibronectin was proposed as a biomaterial for replacement of a bone defect area. The
morphological structure and biofinchonahities of mumicked =milk fibromn scaffolds were
observed and analyzed in this research. The target was to create a performance scaffold that
promuses use for maxillofacial bone tissue engimeering, particularly in a defect area from oral

CANCET.

MATERIALS AND METHODS

Preparation of silk fibroin scaffolds

The degummed silk fibroin was obtained by boiling in 0.02 M Na,CO; for 30 mimites. The
silk sericin was removed after nnsing 3 times with distilled water. It was dned m a hot air
oven at 60 °C for 24 h and the degummed silk fibroin was then dissolved in 9.3 M LiBr at 70
°C for 3 b *!. The purified silk fibroin was obtained after dialyzing with distilled water for 3
days *. The purified silk fibroin was centrifuged at 3000 RPM at 4 °C for 5 minmutes to
separate the dregs from the solution. The concentration was adjusted to yield a 3% (w/v) and
kept at 4 °C until further use. The solution was placed in 43-well plates to mold the 3D
scaffolds. The freeze-drying method fabmcated the porous silk fibromn scaffolds. All scaffolds

were cut into discs (10 mm diameter x 2 mm thickness).

Preparation of decellularized pulp

We collected teeth from children who were 6-10 years old and then segmented the teeth in
half to harvest the pulp tissue. Collagenase and dispase were used to digest the pulp for 1
hour. The solution was separated from the debris using a centrifuge at 37 °C and washed with
phosphate-buffered salime (PBS) 2 times. Finally, the solution was filtered to obtain the
decellularized pulp and the freeze-drying process was used for water sublimation
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Modification of silk fibroin scaffolds

The 4 groups of solutions are shown in Table 1. The decellularized pulp was prepared at a
concentration of 0.1 mgml m 0.1% sodmm hypochlonte. Fibronectin was prepared at a
concentration of 0.1 mg/ml in deionized water. A combination of decellulanized pulp and
fibronectin was prepared at a ratio of 50:30. After soaking the SF scaffolds in each solution
for 4 b, they were put in 1X PBS for 30 mimites. The freeze-drying method attached the
ECM to the SF scaffolds.

TABILE I Groups of coated silk fibrom scaffolds with different ECWMs

Group Detail
A Silk fibroin scaffold
B Coated silk fibroin scaffold with decellnlanized pulp
C Coated silk fibroin scaffold with fibronectin
D Coated silk fibroin scaffold with decellulanized pulp/fibronectm

Scanning Electron Microscopy (SEM) Observation

Scanning electron microscope (SEM) (Quanta400, FEL Czech Republic) was used to observe
the morphology and characterization of the SF scaffolds that were coated with the solutions.
The samples were pre-coated with gold using a gold sputter coating machine (SPI Supplies,
Divizion of Structure Probe, Inc., Westchester, PA, USA).
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Atomic Force Microscopy Observation
A sample of coating solution from each group was dropped onto a glass slide, smeared, and
soaked m PBS for 30 min. When the slides were dry, the morphology and structure using

atomic force microscopy was observed (Nanosurf EasyScan 2 AFM, Switzerland).

Cell culturing of MG-63 osteoblasts

MG-63 osteoblasts were seeded in each scaffold with 1 = 10° cells and maintained in an
alpha-MEM medium (a-MEM: Gibco®, Invitrogen™,, Carlsbad, CA, USA) with the addition
of 1% penicillin/streptomyein, 0.1% Fungizone, and 10% fetal bovine serum at 37 °C in a
humidified 5% CO0y/93% air incubator. The medium was changed every 34 days **. An
osteogenic medium (0S: 20 mM b-glycerophosphate, 50 pM ascorbic acid, and 100 nM
dexamethasone; Sigma-Aldnch) was used for osteoblast differentiation of the MG-63

osteoblast cells .

Calcium content assay

Calcium colonmetnic assays (Calciom Colonmetrnic Assay Kit, BioVision Inc., Milpitas, CA,
USA) was used to determine the calctum level secreted from the osteoblast cells. The cells
were cultured on SF scaffolds at 7, 14, and 21 days . The cells were then lysed by adding
1% Tnton X in each well. The SF scaffolds were frozen at -70 *C for 50 mun and then thawed
at Toom temperature for 1 h. This was repeated 3 times. The solutions were transferred to
Eppendorf tubes and centrifuged at 20,000 FPM for 10 min to remove the supernatant from
the pellets ¥ The supenatant (30 pl) was placed in 96-well plates and the volume was
adjusted to 30 pl with distilled water. Next 90 pl of Chromogenic Reagent and then 60 pl of

the Caleium Assay Buffer were added to each well and muxed gently. The reaction was
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meubated for 3-10 mimites at room temperature and protected from light The optical density
was measured at 375 nm.

Alkaline Phosphatase (ALP) assay

The cells were cultured for 7, 14, and 21 days (Sung Eun Eim) for ALP analysis. The SF
scaffolds in each group were washed twice with PBS. To extract the cellular protems, 800 pl
of cell lysis solution (1% Tnton X m PBS) was added in each well. The 5F scaffolds were
frozen at -70 °C for 1 hour and then thawed at room temperature for 1 hour. This was
repeated 3 times. The solutions were transfemred to Eppendorf tubes and centrifuged at 20,000
RPM for 10 min to remove the supematant from the pellets. The alkaline phosphatase
Colonmetric Assay Kit (Abcam®, Cambndge, UK) was used to detect the ALP activity of
the cells m the SF scaffolds. The phosphatase substrate in the kit used p-mitrophenyl

phosphate that turned to a yellow coler when dephosphorylated by the ATP.

Mineralization assay

Alizarm red staiming assay was used for mimeralization of the nodules. The alizarm 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% formaldehyde and 1 ml of alizann red solution (2 gm m 100 ml of dishlled water
and pH adjusted to 4.1- 4.3) was added. After 20 mun at room temperature in the dark, the
alizarin red solution was carefolly removed from the SF scaffolds and the SF scaffolds were

washed four times with distilled water. Mmeralization nodules were observed under a

microscope 2.
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Histology

The cell-cultured 5F scaffolds were fixed with 4% formaldehyde at 4 °C for 24 h and
samples taken on day 5 for cell morphology and on day 14 for detection of caleiom. The SF
scaffolds in each group were immersed in paraffin and the paraffin sections were cut at Sp
and placed on a glass slide. The sections were then deparaffinized and hydrated n distilled
water. The sample slides were stained in 2 ways. Firstly, hematoxylin and eosin (H&E) stain
was used to observe cell migration and adhesion on the SF scaffold. Secondly, von Kossa

staining was used to detect calcinm deposits that were secreted from the osteoblast cells.

Statistical analysis
The samples were measured and stafistically compared by one-way ANOVA followed by
Tukey's HSD test (SPSS 16.0 software package). Statistical significance was defined as *F =

0.05, and **P = 0.01.

RESULTS AND DISCUSSION

Characterization of reconstructed formation of decellularized pulp/fibronectin

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 by 2 mm thickness). The silk fibroin scaffolds were white with a consistent pore size

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

Before coating the silk fibroin scaffolds, the orgamization of the reconstructed
decellulanized pulp/fibronectin was observed by AFM (Figure 2). It was demonstrated that
decellulanized pulp without fibronectin organized themselves into a connected aggregation of
globular structure (Figure 2A). This globular structure might be the fragments of ECM during
dissolution with sodium hypochlorite. In the case of fibronectin, there was an aggreagtion of
globular structure that was connected into a dendnte structure (Figure 2B). In the case of
decellularized pulp with fibronectin, both components oragmzed themselves into an
aggregation of a large dendrite structure (Figure 2C). As previously reported, the fibronectin
acted as the binding component in the ECM *. This indicated that fibronectin might connect
with the fragments of the ECM. Furhermore, fibronectin plays the role of reconstructing the
fragments of the ECM into a large dendrite structure. The decellularized pulp/fibronectin
organized themselves into a more complicated structure than the decellularized pulp or
fibronectin.
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FIGURE 2. Structure formation from AFM: (A) Decellularized pulp, (B) Fibronectin, (C)
Decellularized pulp/fibronectin.

Morphelogical analysis of modified silk fibroin scaffolds

The mmages of SEM observation of the surface of the silk fibroin scaffolds in each group are
shown in Figure 3. The surface of the silk fibroin scaffold showed a smooth and
inferconnective pore size that supported cell adhesion (Figure 3A). Moreover, the cells could
connect with other cells which was suitable for media flow in and out of the silk fibron
scaffold. The decellularized pulp showed some small fibnls that covered the surface of the
pores in the scaffold (Figure 3B). Those small fibrils might be the organized fragments of
ECM components. Fibronectin showed a globular structure that covered the surface of the
pores in the in scaffold (Figure 3C). Finally, decellularized pulp with fibronectin showed
predominant fibers that covered most of the areas of the porous surface (Figure 3D).
Interestingly, decellularized pulp with fibronectin could synergize the reconstruction into a

complicated structure.
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FIGURE 3. SEM images of surface morphology: (A) Silk scaffold, (B) Coated silk fibroin
scaffold with decellulanized pulp, (C) Coated silk fibroin scaffold with fibronectin, (D) coated
silk fibroin scaffold with decellularized pulp/fibronectin.

The cross-section morphology of the coated silk fibroin scaffolds was observed by
SEM (Figure 4). Smooth surfaces and regular pore sizes were found in the silk fibromn
scaffolds (Figures 4A, B). In the case of decellularized pulp without fibronectin, the fibril
structure of ECM fragments were attached to the surface and made rough properties on the
surface (Figures 4C, D). The fibronectins arranged themselves into a small globular structure
that covered the surface of the pores (Figures 4E, F). Fnally, decellulanized pulp/fibronectin
organized themselves into a globular and fibril structure that adhered to the surface (Figures

4G. H).
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Notably, the coated silk fibroin scaffolds with decellularized pulp, fibronectin, and
decellularized pulp/fibronectin showed globular and fibnil structures that attached m the
pores. Those structores appeared in the surface and cross-section morphology of the coated
silk fibroin scaffolds. Interestingly, the results of the surface and cross-section morphology
demonstrated that decellularized pulp/fibronectin could reconstruct imto a complicated
stucture. This complicated structure showed the globules connected with the fibril structure.
The complicated structure of the reconstructed decellulanzed pulp/fibronectin might be clues
to induce bone tissue regeneration. However, to confirm this hypothesis, cell expeniments

were undertaken.
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FIGURE 4. SEM images of cross-section morphology: (A, B) silk scaffolds, (C, B) coated
silk fibroin scaffolds with decellularized pulp. (E, F) coated silk fibrom scaffolds with
fibronectin, (G, H) coated silk fibrom scaffolds with decellularized pulp/fibronectin; Yellow
arrow, rod structure; Black arrow, aggregation of globular structure.



Percentage of weight increase

Confirmation of the existence of decellulanzed pulp, fibronectina® and
decellulanzed/fibronectin in the silk fibroin scaffolds was performed by an analysis of the
mcrease I weights after coating. The coated silk fibroin scaffold with decellulanzed
pulp/fibronectin showed the hizhest weight increase (Figure 5). The coated silk fibroin
scaffold with decellularized pulp showed a lower weight increase than the coated silk fibrom
with fibronectin but there was no significant difference. The increase in weight demonstrated
that the decellulanzed pulp, fibronectin, and decellularized pulp/fibronectin had the potential
to adhere to the surface of the silk fibroin scaffolds. In particular, decellulanzed
pulp/fibronectin was the predominant component to adhere to the porous surface of the silk

fibrom scaffolds.
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FIGURE 5. Weight increases in percentages of deposition of decellularized pulp, fibronectin,
and decellularized pulp/fibronectin. (* p = 0.05)
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Cell viability assay

Cell viability was analyzed to demonstrate the performance of the coated silk fibroin
scaffolds. A green luminance indicated the cell viability on the scaffolds and that the MG-63
osteoblast cells could grow in all groups (Figure 6). The highest efficiency to promote cell
proliferation and attachment was demonstrated on the silk fibroin scaffold with decellularized
pulp/fibronectin (Figure 6D). This indicated that the reconstructed decellularized
pulp/fibronectin acted as an important clue to induce cell adhesion and proliferation.

FIGURE 6. FDA cell staining on the scaffold (Green luminance): (A) Silk fibroin scaffold,
(B) Coated silk fibroin scaffold with decellulanzed pulp. (C) Coated silk fibroin scaffold with
fibronectin, (D) Coated silk fibroin scaffold with decellulanzed pulp/fibronectin.
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Calcium content analysis

The performance of the coated silk fibroin scaffolds with decellularized pulp/fibronectin was
tested with MG-63 osteoblasts. The calcium content was analyzed from the calcium synthesis
of the osteoblasts. Mineralization as measured by matrix calcium content on days 7 to day 21,
tended to show that calcium synthesis progressively increased (Figure 7). The coated silk
fibroin scaffolds with decellularized pulp/fibronectin continued with the highest increase
from day 7 to day 21. Interestingly, the decellularized pulp/fibronectin, showed higher
calcium content than the others at every time point. This indicated that the reconstruction of
decellulanized pulp/fibronectin played a role as a clue to induce calcium synthesis from the
osteoblasts.
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FIGURE 7. The calcium content values in SF scaffolds from MG-63 cell line at days 7, 14,
and 21.



Alkaline phosphatase (ALP) activity analysis

The AP activity analysis measured the quality of the MG-63 osteoblast performance
to differentiate from the pre-osteoblast cells to the mature cells. All groups of silk fibrom
scaffolds revealed a progressive increase in ALP activity from day 7 to 21 (Figure 8). On day
7. the coated silk fibroin scaffold with decellularized pulp/fibronectin indicated that the MG-
63 osteoblasts were osteo-induced and showed the highest ATP activity value. The silk
fibromn scaffolds coated with fibronectin showed a higher ATP activity than the coated silk
fibromn with decellulanzed pulp and the silk fibron scaffolds. Om day 14, all groups
continued to increase in AP activity. The coated silk fibroin scaffolds with decellulanzed
pulp increased ALP activity faster than the coated silk fibroin scaffolds with fibronectin and
the silk fibroin scaffolds. All of those scaffolds showed less ATP activity than the coated silk
fibromn scaffolds with decellulanzed pulp/fibronectin. The last period, the coated silk fibromn
scaffold with decellularized pulp/fibronectin revealed the highest ATP activity value.

The results demeonstrated that decellulanzed pulp/fibronectin could induce the osteo-
nduction of pre-ostechlasts to the mature stage. Fibronectin induced cell adhesion, extension,
and migration adsorption of osteoblasts **. Decellularized pulp has many components of the
ECM which include collagen, fibronectin, and versican which acted as important clues for
MG-63 osteoblasts to induce tissue regeneration *'. Therefore, the reconstructed ECM of
decellulanzed pulp/fibronectin in this research showed the role as important clues for bone

tissue engineenng.
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FIGURE 8. ALP activity from MG-63 osteoblast cells on days 7, 14, and 21.

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 (Figure 9).
The red color indicated calcium production from the MG-63 osteoblasts and the calcium
deposited on the silk fibroin scaffolds. The results showed red clusters that were distnbuted
in the scaffolds. Importantly, the MG-63 osteoblast cells could produce calcium in all sample
groups. The intensive red clusters in the coated silk fibroin scaffold with decellulanized
pulp/fibronectin showed the highest amount of deposited calcium This indicated that the
coated silk fibromn scaffold with decellularized pulp/fibronectin was suitable for bone tissue
engineering because the MG-63 osteoblast cells were spread throughout the silk fibroin
scaffold and could produce calcium.
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The results demonstrated that the reconstructed ECM of decellulanized
pulp/fibronectin acted as an important clue for MG-63 osteoblasts to induce calcium

synthesis for bone tissue engineering.

FIGURE 9. Alizann red staining of SF scaffolds on day 14: (A) Silk fibroin scaffold, (B)
Coated silk fibromn 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.

Histological analysis
Histological analysis was used to observe the morphology and to explain the
organization of the cells on the cell cultured silk fibroin scaffolds. The MG-63 osteoblast
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cells could spread thoroughly on the surface of the silk fibroin scaffolds m all groups (Figure
10). The MG-63 osteoblast cells could attach and migrate into the pores particularly onto the
wall surface of the silk fibroin scaffolds. The coated silk fibroin scaffolds with decellularized
pulp/fibronectin demonstrated that the cells could attach and spread throughout most of the
areas of the scaffold (Figure 10D). The orgamization of the cells on the scaffolds from the
histological analysis showed the same result as in Figure 6D.

Importantly, the results demonstrated that the coated silk fibromn scaffolds with
decellulanized pulp/fibronectin had the clues to enhance cell attachment and migration. The
good cell attachment and migration on the scaffolds are suitable cntena to induce

regeneration of new bone tissue *.
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FIGUEE 10. Representative histology (H&E) of cross-sections on day 3: (A) Silk fibroin
scaffold, (B) Coated silk fibroin scaffold with decellularized pulp, (C) Coated =ilk fibroin
scaffold with fibronectin, (D) Coated silk fibroin scaffold with decellulanzed
pulp/fibronectin; Yellow amrows show the silk scaffold in each group; Red arrows show the
osteoblast cells attached to the silk scaffolds in each group.
Von Kossa

Von Kossa staining was used to confirm mineralization of the extracellular matrix ¥
secreted by the MG-63 osteoblast cells. In all groups of samples, the MG-63 ostecblast cells
could proliferate and migrate on the silk fibroin scaffold (Figure 11). Moreover, the synthesis
of calcinm-containing salts such as caleium phosphate suggested the behavior of hone
regeneration. The black color (yellow amrows) revealed the calcium that was secreted from
the MG-63 osteoblast cells and stained by von Kossa. The silk fibroin scaffolds coated with
decellnlanzed pulp/fibronectin expressed a lot of osteoblast cells (white ammows) attached to
the silk surface (Figure 11D). The other groups, silk fibroin scaffold without coating, coated
silk fibroin scaffold with decellulanzed pulp, and coated silk fibron scaffold with
fibromectin, showed both cell attachment and caletm synthesis (Figure 11A-C). The results
of the von Kossa staining indicated that all groups of silk fibroin could induce cell attachment
and caleium synthesis. The coated silk fibroin with decellulanzed pulp/fibronectin showed
more cells in the scaffold Not cnly could decellulanized pulp/fibronectin induce calcium
synthesis from the cells, it could promote cell adhesion. Therefore, the results of von Kossa
staining demonstrated that the recomstructed extracellular matrix of decellulanzed

pulp/fibronectin acted as smitable clues to promote bone regeneration.
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FIGURE 11. Histological sections of scaffold structures stained with von Kossa after 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; White arrows, osteoblasts in scaffold; Yellow arrows, clusters of calcium;
Red arrows, scaffold
CONCLUSION

In this research, coated silk fibroin scaffolds with reconstructed extracellular matrix of
decellularized pulp/fibronectin were proposed as a biomatenal to replace bone defect from
oral cancer at the maxillofacial area. The results demonstrated that the reconstructed
extracellular matrix could attach to the porous walls of silk fibroin scaffolds. The
reconstructed extracellular matrix organized themselves into fibrils with an aggregation of a
globular structure. Obviously, coated silk fibroin scaffolds with decellularized
pulp/fibronectin played an important role as the clue to induce cell adhesion, proliferation,
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and caleium synthesis which can lead to promotion of bone tissue regeneration The

predominant bicfinctionaliies of a coated silk fibroin scaffold with decellulanized

pulp/fibronectin holds promise as a scaffold to replace bone defects m oral cancer

Nevertheless, to prove the performance for inhibition of cancer cell proliferation, the

scaffolds need in vive or ex vivo testing.
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Abstract

A modified silk fibroin scaffold with mimic reconstmucted extracellular matnz of
decellulanized pulp/collagen/fibronectin was proposed for bone tissue enginesring in alveolar
bone resorption. Silk fibrom scaffolds were fabricated by freeze-drying before modification
by coating in a decellulanized pulp/collagen/fibronectin solution. The extracellular matrix
reconstruction of the decellulanzed pulp/collagen/fibronectin and the morphology and
biofimctiomalities of the modified scaffolds were evaluated. The results showed that
decellulanized pulp/collagen/fibronectin organized mto a dense dendrite structure and adhered
m the scaffold in a fibnllar network. The modified scaffold showed predonunant

biofimctionalities and promise for bone tissue engmeermg in alveolar bone resorption.
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1. Introduction

Generally, alveolar bone resorption is treated by bone graft from another area, for
mstance the fibula, seapula, iliac crest, or radims. Nevertheless, bone grafting cutcomes
melude donor-area morbidity and prolonged treatment [1]. Therefore, to use scaffolds for
bone tissue engineenng is an interesting issue to solve those problems.

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

Some reports demonstrated that mimicking by reconstruchion from the components of
an extracellular matrix (ECM) was an attractive method to maintain biofimctionality [3].
Interestingly, the use of ECM from decellulanzed 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 mduce cell adhesion and proliferation for bone tissue
regeneration [4]. Fibronectin has the important role of mducing mineralization [5]. Due to the
bicfinctionalities of collagen and fibronecting they were selected for combination with
decellulanized pulp and reconstruction into an ECM.

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

1.1 Preparation of silk fibroin scaffolds
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The silk fibroin solution was prepared following G. Chang et al. 2007. The
concentration of silk fibroin solution was adjusted to 3% (w/'v) [6,7]. Then, the sclution was
poured into 48 well plates before freeze-drymg. The samples were eut into dises of 10 mm m
diameter and 2 mm in thickness.

1.2 Preparation of tvpe I collagen

Type I collagen was extracted from the skin of the brown banded bamboo shark
(Chiloscyllium punctatum). Preparation of the collagen followed P. Kittiphattanabawon et al.
2010 [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. Decellulanzed pulp was prepared
following 5. Traphagen et al. 2012 [9].

1.4 Modification of silk fibroin scaffolds

Two groups of scaffolds were used in this study: silk scaffold and modified silk
scaffold coated with decellularized pulp/collagen/fibronectin For the modified scaffold
group, the decellulanzed pulp powder was dissolved in a solution of 0.1% sodium
hypochlonite at a concentration of 0.1 mg/ml. The collagen was dissolved 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 concentration of (.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 minutes and then the freeze-drying
method was used.

1.5 Scanning Electron Microscopy (SEM)
A scanning electron microscope (Quanta 400, FEL Czech Republic) was used to

observe the morphology and characterization of the scaffolds that were coated with the
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special sohution. The samples were pre-coated with gold using a gold sputter-coating machine
{(SPI supplies, Division of STRUCTURE PROBE Inc., Westchester, PA, USA).
1.6 Atomic Force Microscopy

A sample of the coating sclution 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
stmicure were observed by atonue force microscopy.
1.7 MG-63 cell culture

MG-63 cells were cultured in a 75 cm® flask with alpha-MEM medium (a-MEM,
Gibco™, Invitrogen, Carlsbad, CA, USA) with the addition of 1% penicillin/streptomycin,
0.1% fungizone, and 10% fetal bovine serum at 37 °C n a humidified CO (5%) and air
(95%) incubator. The MG-63 cells were seeded at 5%10° per scaffold The medium was
changed every 3-4 days during the cell cultre. An osteogenic medmm (05; 10 mM b-
glycerophosphate, 50 mg=ml. ascorbic acid. and 100 oM dexamethasone; Sigma-Aldrich)
was used for osteoblast differentiation of the MG-63 cells [10] .
1.8 Alkaline phosphatase activity analysis

After cell culture at days 7, 14, and 21, the scaffolds were washed twice with PBS.
Then, lysing of the cells followed Hong Ji 2010 [11]. The cell lysate solutions were used for
the ATP activity according to the mamufacturer’s mstuctions (Abcam®, Cambridge, UK).
1.9 Calcinm content analysis

The cell lysate solution from paragraph 2.8 was used to analyze the calcium content.
The calcium value synthesized from the MG-63 osteoblast cells was measured with calcium
colonmetric assays (Caleium colorimetric assay, Biovision).

2.10 Alizarin Red staining for mineralized matrix
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The cells were fixed with 70% ethanol for 1 h and removed to -20 °C. Alizatin red 5
{40 mM, pH at 4.2; Sipma-Aldrich) was used to stain the calciom nodule deposition with a 10
mun incubation peniod [12].
1.11 Von Kossa staining

After cell culture on day 14, the scaffolds were transfemred 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 5y and placed on a
glass slide, deparaffimzed and hydrated in distlled water. The sample shdes were stained
with von Kossa reagent to investigate the deposits of caleium synthesized from the MG-63
osteoblast cells[13].
2.12 Statistical analysis

All data were shown as meantstandard deviation. The samples (n=53) were measured
and statistically compared by one-way ANOWVA (5P35 16.0 software package). A P value =
0.05 was accepted as statistically significant.
3. Results and discussion
3.1 Reconstructed ECM formation and morphological structure of scaffolds

The decellularized pulp/collagen/fibronectin organized inte a dense structuoe of
dendrntes (Fig. 1A, B). The modified scaffold appeared whiter tham 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 fibnllar network (Fig. 2C, D)
as a mative ECM stuctre[14]. This result indicated that the fibnillar network was

reconstmcted ECh.
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Fig. 1. AFM analysis of the combination of decellularized pulp/collagen/fibronectin fibnl
formation: (A) 2 dimensions and (B) 3 dimensions. (C) non-modified scaffold and (D)
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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.
3.2 Alkaline phosphatase activity and calcium content analysis

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 duning days 7 to 14 and decreased at day 21.
The modified scaffold showed predominant ATP activity of the MG-63 osteoblasts. The
calcium deposition ratio in both groups increased between days 7 to 14 and went down on

day 21 (Fig. 3B). At days 7 and 14, the modified scaffold had a higher calcium value than the
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non-modified scaffold. The results showed that the recomstrocted ECM could activate

differentiation of the ostecblasts and induce the synthesis of calcium from the ostecblasts.

Fig. 3. (A) ALP activity among different groups
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3.3 Calcium deposition and mineralization analysis

Alizarin red staining was used to detect the calcium on the scaffold on day 14 of
with the silk fibroin 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

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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4. Conclusion

A modified scaffold was proposed for use in bone tissue engineenng in alveolar bone
resorpiion. The morphological structure and biofunctionalities of the modified scaffold were
evaluated. The results demonstrated that decellularized pulp/collagenfibronectin formed a
reconstructed ECM into a fibrllar network. This reconstmucted ECM could enhance
biofimeticnalities of the scaffold. The results demonstrated that the modified scaffold showed
promise for alveolar bone resorption treatment.
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Preface

The 5 International Silpakorn Graduate Study Conference 2015 (IGSC2015)
*Creative Education: Intellectual Capital toward ASEAN * on July 16 — 17 2015 is going to
be a major contribution of the Graduate Research and Creative to the community of
graduate students researchers and artists. In addition, this is one of the the celebrations
on the auspicious occasion of Her Royal Highness Princes Maha Chakri Sirindhom’s 5th cycle
birthday anniversary i April 2015.

We are proud to offer presentations from a number of participants from
academic research institutes and organizations around the country and abroad.
The IGSC 2015 conference program committee has done the great job in establishing an
outstanding program which includes:

» Keynote speakers who is the deputy secretary-general of office of the
higher education commission (Assoc. Prof. Soranit Siltharm,Ph.D.)

» Selected research papers to be presented in oral sessions.

+ Poster sessions to engage and interact with researchers from sewveral

institutes.

We would like to thank the keynote, referee and committee who
contributed for this conference. As well as experts who share the knowledge in research
and creative works. In addition we would like to thank all staff of the Graduate School
who organized this successful conference and also thank for the sponsors. We look
forward to initiate the opportunity to work together to develop graduate education

among universities and strengthen graduate research and creativity in future.

%ti Mb_
(Assoc. Prof. Panjai Tantatsanawong Ph.D.)

Dean of Graduate School, Silpakorn University
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Modified silk fibroin scaffolds coated with a reconstructed collagen/fibronectin
for bone tissue engineering in alveolar bone resorption: morphological structure

and biological functionalities.

Supaporn Sangkert, Asst. Prof. Jirut Meesane, Assoc. Prof. Suttatip
Kamonmattayakul, Assoc. Prof. Chai Wen Lin.

Biological Materials for Medicine Research Unit, Prince of Songkla University.

Abstract

Alveolar bone resorption is a critical problem of patients who have been without
teeth over an extended period of time. Bone tissue engineering was chosen for
alveolar bone resorption. This research proposes to use a modified silk fibroin
scaffold with reconstructed collagen/fibronectin as a bone graft. Silk fibroin scaffolds
were fabricated by freeze-drying before modification by coating with reconstructed
collagen/fibronectin. The  structural  formation of the  reconstructed
collagen/fibronectin and the morphological structure of the modified silk fibroin were
observed by atomic force microscopy (AFM) and scanning electron microscopy
(SEM), respectively. MG-63 osteoblast cells were cultured on the modified scaffolds
before biological functionality testing for cell proliferation, viability, ALP activity,
histology, and mineral matrix deposition. The results of the morphological structure
of the modified silk fibroin scaffolds showed aggregation of globular structures on the
porous surface that could induce cell proliferation, viability, ALP activity, spreading,
and mineral matrix deposition. The results demonstrated that the modified silk fibroin
scaffolds had good performance for bone tissue engineering and showed promise for

bone grafting in alveolar bone resorption.

Key word (s): Silk fibroin, Tissue engineering, Fibronectin, collagen

Introduction
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Critical-sized bone defects from progressive resorption of the alveolar bone
after tooth loss affects the structure and leads to a deformity. Normally, autograft,
allograft, and xenograft are used for reconstruction and maintaining functionality of
alveolar bone at the defect site. Generally, the popular approach for reconstruction is
bone grafting from another site, for instance, the scapula, fibula, iliac crest, and
radius. However, the disadvantages of that approach are limited ability, prolonged
treatment in a hospital, and donor-site morbidity (1).

Tissue engineering is the process of generating new tissue. The main components
of tissue engineering include scaffolds, growth factors, and cells (2). Currently, those
components are used to create novel approaches to enhance tissue regeneration,
especially scaffolds that are fabricated and modified into various types for different
types of tissue. Generally, scaffolds with and without cell culturing are used for
transplantation into the defective site of the bone (3-6). For bone tissue engineering in
alveolar bone resorption, the scaffold can be divided into synthetic polymers and
natural polymers. Synthetic polymers do not degrade and are used at load-bearing
sites around the implantation area. Natural polymers are resorbable by the body and
the tissue can heal itself completely. The scaffold is replaced by tissue regeneration
(7). Importantly, the scaffolds for bone graft substitutes should be osteoinductive,
osteoconductive, biocompatible with the structure, and should degrade similarly as
bone. Providing a suitable environment for cell growth is necessary for scaffolds (8).

Currently, researchers and clinicians are interested in the biomaterials used in
tissue engineering. Natural polymers have the ability to prevent chronic inflammation,
immunological response, and toxicity. Presently, natural polymers are usually used in
tissue engineering (eg, gelatin, collagen, fibrin, chitosan, hyaluronic acid and silk
fibroin) (8).

Silk fibroin is a protein obtained from the silk worm, Bombyx mori. The main
amino acid components are glycine (43%), alanine (30%), and serine (12%) (9). The
excellent properties of silk are good mechanical properties, biocompatibility, and
biodegradable (10). Moreover, silk fibroin can be fabricated into various forms such
as fiber, porous, and thin film which were successfully used as tissue engineering
scaffolds (11).
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Guided bone regeneration in alveolar bone always uses sponge or gel forms that
fit easily into the alveolar bone space (8). Silk fibroin porous scaffolds have a network
structure with interconnective pores, good mechanical properties, and a suitable
microenvironment with a surface area for cell attachment and extracellular matrix
(ECM) deposition (12).

There is a lack of biological signals to promote cell proliferation, migration, and
adhesion at the silk fibroin surface. A modified silk scaffold surface with integrin
recognition sequence RGDS can improve cell attachment(13). Collagen and
fibronectin are the components in an extracellular matrix that can organize into a
complicated network structure. Importantly, collagen and fibronectin have shown to
play the role as a substrate for cell residence and biological signals for tissue
engineering (14). Generally, collagen is the material that was used often as a signal to
induce cell adhesion and proliferation for bone tissue regeneration (15,16).
Fibronectin has the important role of inducing mineralization during bone
regeneration (17).

Considering the critical problem of alveolar bone resorption, the unique
properties of silk fibroin and the predominant biological functions of collagen and
fibronectin, this research considered modified silk scaffolds with reconstructed
collagen/fibronectin into a extracellular matrix. This research focused on the
morphological structure and biological functionalities related to bone tissue

engineering in alveolar bone resorption.

Objective

1. To improve silk scaffold by the special coating solution.

2. To compare morphology, properties and functionalities of silk scaffold with
and without special coating solution.

3. To develop silk scaffold for bone tissue engineering in alveolar bone
resorption.

Research Methodology

Preparation of silk fibroin scaffolds
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A silk fibrin scaffold was obtained from the freeze-drying method. Degummed
silk fibroin was dissolved in 9.3 M LiBr for 4 h. A dialysis membrane was used for 72
hours to remove the LiBr from the silk fibroin. The water was changed every 3 hours
on the first day and then prepared silk solution at yielding a 3% (w/v) solution (18).
To fabricate the 3D silk fibroin scaffold, pure silk fibroin was poured into 48 well
plates and frozen at -20°C for 24 hours before freeze-drying. The 3D silk fibroin
scaffolds were cut into discs with a diameter of 10 mm and a thickness of 2 mm.
Preparation of type I collagen

Brownbanded bamboo shark skin was used to extract type I collagen. The skin
was cut into pieces each of 1 x 1 em” in size. The non-collagen was removed from the
skin with 0.1 M NaOH and the skin was separated from the solution by filtering. The
skin was soaked in 0.5 M acetic acid for 48 h. The skin was removed and placed in a
solution adjusted to 2.6 M NaCl and 0.05 M tris-(hydroxymethyl) aminomethane.
The collagen was centrifuged in a refrigerated centrifuge to collect the collagen. The
dregs of the collagen were dissolved with 0.5 M acetic acid in a minimum volume.
Dialysis purified the collagen using 0.1 M acetic acid for 12 h and distilled water for
48 h. Finally, the collagen was frozen at -20°C. The freeze-drying continued until the
water had completely evaporated (19).
Modification of silk fibroin scaffolds

The 3D silk scaffolds were coated with a combination coating solution that
included collagen type I and fibronectin (fibronectin from bovine plasma, Sigma-

Aldrich). There were 2 groups with different solutions (Table 1).

Groups Detail
A Silk fibroin scaffold
B Collagen/fibronectin-coated silk fibroin scaffold

Table 1. Experiment groups.
Scanning Electron Microscopy (SEM) Observation

The 3D silk fibroin scaffolds in both groups were coated with gold/palladium
with a gold sputtering machine (JEOL, JFC-1200 Fine Coater, Japan) before

observation of the structure characterization and morphology of the collagen and

“Creative Education: Intellectual Capital toward ASEAM ® 726 Graduate School, Silpakorm University

232



fibronectin compound that covered the silk fibroin scaffold surface under a scanning
electron microscope (HITACHI, S-3400, Japan).
Atomic Force Microscopy Observation

The collagen and fibronectin compound solution was dropped onto a glass slide,
equalized, and immersed in a PBS solution for 30 min. The glass slide was dried at
room temperature. The morphology characterization and structure were observed
using atomic force microscopy.

Cell Culturing

MG-63 osteoblast cells were seeded in each scaffold with 1x10° cells and
maintained in an alpha-MEM medium (a-MEM, GibcoTM, Invitrogen, Carlsbad, CA)
with the addition of 1% penicillin/streptomycin, 0.1% fungizone, and 10% fetal
bovine serum at 37°C in a 5% CO; and 95% air-humidified incubator. The medium
was changed every 3-4 days. An osteogenic supplements (OS) medium (OS; 20 mM
b-glycerophosphate, 50 uM ascorbic acid, and 100 nM dexamethasone; Sigma-
Aldrich) was used for osteoblast differentiation of the MG-63 osteoblast cells (20).
Cell proliferation assay (PrestoBlue™ on Days 1,3, 5, and 7)

PrestoBlue™ assay, based on resazurin reagent, was used for observation of cell
proliferation. The live cells reacted with resazurin and changed color from purple to
red in the cytoplasm. The MG-63 was cultured on day 1, 3, 5, and 7 for the cell
proliferation assay. The scaffolds in both groups were washed twice with PBS, then
PrestoBlue™ was added to the scaffold with the complete medium at a ratio of 1:10
by volume. The incubation time of about 1 hour at 37°C was used to detect the cell
proliferation rate. The wavelength absorbance at 600 nm emission was used for
measurement.

Cell viability (Fluorescence Microscope on Day 7)

Cell viability efficiency on the scaffolds in all groups was observed with
fluorescein diacetate (FDA). The FDA hue was an embedded glow in the extracellular
matrix and cellular clusters. The FDA powder was dissolved in acetone at a ratio of 5
mg/ml. Into each well that contained the scaffold with 1 ml of fresh complete
medium, 5 pl of the FDA solution was added. The scaffold was kept away from light
at 37°C for 5 min. The scaffolds in all groups were washed with PBS several times

and the cells were monitored under a fluorescence microscope (21).
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ALP activity analysis

The osteoblast cells (MG-63) were cultured for 7, 14, and 21 days for
investigation of alkaline phosphatase (ALP) activity. The scaffolds were washed with
PBS and added 1% Triton™ x for cell fission. The scaffolds were frozen at -70°C for
about 1 hour and then allowed to thaw at room temperature for about 1 hour and
repeated for 3 cycles to separate the solution for ALP activity measurement. The
Alkaline Phosphatase Colorimetric Assay Kit (Abcam PLC, Cambridge, UK) was
used to detect ALP activity. The method followed the manufacture’s instructions.
Histology

The osteoblast cells (MG-63) were cultured for about 7 days in an OS medium to
detect cell attachment and migration on the scaffold. The cells were cultured for 14
days to monitor caleium synthesis from the cells. The cells on the scaffolds were fixed
with 4% formaldehyde at 4°C for 24 h. The scaffolds in each group were immersed in
paraffin and then cut into 5 p sections. The sample slides were stained with
hematoxylin and eosin and von Kossa.
Statistical analysis

The samples were measured and statistically compared by independent samples

t-tests. Statistical significance was defined at p < 0.05.

Results/conclusion
Structural formation of reconstructed extracellular matrix

The structural characterization of reconstructed collagen type I/fibronectin is
shown in Fig. 1. As the Fig.l, fibronectin/collagen organized themselves into
aggregation of globular structure that covered the porous surface of the silk fibroin
scaffold. The results demonstrated that reconstructed collagen/fibronectin organized

themselves into a non-complete extracellular matrix.
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Figure 1. AFM image of coating solution structure of collagen. Network of
fibronectin/collagen compound; (A). 2D network of fibronectin/collagen compound;
(B).
Morphological structure of mimicked silk fibroin scaffolds

The color of the collagen/fibronectin coated silk scaffold was found to be whiter
than the silk scaffold without the coating (Fig. 2). The white color was obtained from

the combination of fibronectin and collagen.

—

Figure 2. Photographs of the scaffolds. Silk scaffold without coating solution; (A).

Collagen/fibronectin-coated silk scaffold; (B).

A smooth surface was found in the silk scaffold (Fig. 3A) and a rough surface
was displayed on the silk coated with collagen and fibronectin. Both groups showed
an interconnective pore size that supported cell attachment and migration, assistance
on the flow of nutrients, and the release of waste (22). This indicated that collagen
and fibronectin reconstructed into an incomplete morphological structure of an
extracellular matrix. The covered surface showed a roughness that could induce cell

adhesion, proliferation, and mineral matrix deposition on a silk fibroin scaffold.
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Figure 3. Scanning electron microscopy image of scaffolds. Smooth surface of silk
scaffold; (A). Collagen/fibronectin compound network that covered the surface of the
silk scaffold: (B)
Cell proliferation

Osteoblast cell (MG-63) proliferation continually increased at every time point in
both groups except for the silk scaffold on day 7 (Fig. 4). From day 1 to day 5, the silk
scaffold group revealed a higher cell proliferation rate than the silk coated with
collagen and fibronectin, but it was not significantly different. On day 7, the cell
proliferation rate of the silk coated with reconstructed collagen/fibronectin was higher
than the silk scaffold without the coating. The fibronectin formation with collagen

could express a great increase in the number of cells.
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Figure 4. Cell proliferation rate at days 1, 3, 5, and 7 on the scaffold base on
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PrestoBlue™ assay. The symbol (*) represents significant conversion of the

resazurin-based PrestoBlue™ metabolic assay (P < 0.05).
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Cell viability

The green luminance from the FDA labeling on the MG-63 osteoblasts cell
revealed cell viability on the surface of scaffold. The MG-63 cells showed good
attachment and migration covering the surface area in the silk coated

collagen/fibronectin scaffold group (Fig. 5B) more than the silk scaffold not in the

coated group (Fig. 5A). This indicated that collagen and fibronectin improved the cell

activity and stimulated cell proliferation.

100 um 100 pm

Figure 5. Cell viability on the scaffold with FDA labeling. Silk scaffold; (A).
Collagen/fibronectin-coated silk; (B).
ALP activity analysis

The mineralization during cell culturing was analyzed from the ALP activity.
The ALP assay was used for early cell differentiation analysis on days 7, 14, and 21.
Both groups showed a progressive increase of ALP activity from day 7 to day 21.
There was significantly higher ALP activity in the collagen/fibronectin-coated silk
group than the silk scaffold at every time point (Fig. 6). The collagen/fibronectin
coating on the surface of the silk scaffold increased the ALP activity and synthesis by
the MG-63 osteoblasts.
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Figure 6. ALP activity from the MG-63 cells at days 7, 14, and 21 of culture. The
symbol (*¥*) represents significant changes in resazurin activity of the osteoblasts (P <
0.01).
Histological analysis with hematoxylin and eosin staining

The MG-63 osteoblast cells (blue arrows) showed the morphology
characterization attachment on the silk fiber (red arrows) (Fig. 7). The MG-63 cells
were well expanded and adhered to the scaffold at both the surface and inner zone.
There was no difference in the size and shape between the two groups.

Figure 7. Hematoxylin and eosin staining on the scaffold at day 7. Silk scaffold; (A).
Collagen/fibronectin-coated silk; (B).
Mineralized matrix deposition analysis by Von Kossa staining
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Von Kossa staining was used to detect deposits of a mineralized matrix. The dark
brown areas (blue arrows) indicated a mineralized matrix synthesized from the
osteoblast cells. The long dark brown lines (red arrows) showed the scaffold area
covered with a mineralized matrix secreted from the cells. The osteoblast cells
indicated efficiency on attachment to both the surface and pores and a great amount of

synthesized mineralization.

Figure 8. Von Kossa staining on scaffold at day 14. Silk scaffold; (A).
Collagen/fibronectin-coated silk; (B).

Discussion

In this research, a modified silk fibroin scaffold with reconstructed
collagen/fibronectin was used for bone tissue engineering in alveolar resorption. The
silk fibroin scaffold coated with collagen and fibronectin can improve the
biofunctional. Such interaction disturbed fibrillation of collagen type I (16). Hence,
fibronectin/collagen compound did not form triple helical collagen fibrils after soaked
in PBS. Clearly, as in previous reports, fibronectin could bind with collagen
molecules at a binding site (23). Fibronectin disturbed self-assembly of collagen into
fibrils (16). Therefore, the reconstructed collagen/fibronectin showed non-fibril
structure on the porous surface of the scaffold as Fig. 3B.

Interestingly, reconstructed collagen/fibronectin organized themselves into a

rough surface that came from small global aggregation and the microrough surface
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stimulated the differentiation function of the cells. Importantly, the rough surface
promoted osteoblast proliferation, ALP activity, and osteocalein expression (16).

The reconstructed collagen/fibronectin  arranged into a  suitable
microenvironment for cell growth and migration. (23). In osteoblast differentiation,
fibronectin played an important role in the cells with integrin interaction (24). The
collagen receptor alpha 2 beta 1 as a binding site for fibronectin (25) provided stable
adhesion and osteoblast differentiation (26). Remarkably, the morphology of the cells
in all groups showed that the cytoplasm spread out to adhere to the surface of the
scaffold. Fibronectin bound to collagen could stimulate cell migration and cell
enhancement (27). Collagen type I and fibronectin were important in forming
calcified structures and osteoblast differentiation. Collagen type I is the main
component (90%) of bone and some studies suggested that collagen was necessary in
scaffolding for mineralization. Collagen and fibronectin were found to encourage
calcification (28). The modified silk fibroin scaffold with reconstructed
collagen/fibronectin has good performance for bone tissue engineering and has

promise for bone grafting in alveolar bone resorption.

Recommendations

As the concept to modify silk fibroin scaffolds with collagen/fibronectin, the principle
and results from this study can use to modify with the other materials. Furthermore,
those modified silk fibroin scaffolds can be used in various types of tissue.
Eventually, to create the novel approach for modified scaffolds is challenge in this
field.
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TnsimsAsamaumammsnaesssme3duluauidumng 16 Declaration of Helsinki, the Belmont Report, CIOMS
Guidelines W the International Conference on Harmonization in Good Clinical Practice (ICH-GCP)
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