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Abstract

Maxillofacial defect from trauma and diseases is the critical problems for
many patients. Some defects need performance biomaterials for treatment and
evaluation. Tissue engineering scaffolds is the attractive performance biomaterials
which were selected to create, fabricate, and construct in this research. Four tissue
engineering scaffolds based on mimic and bio-inspiration design were proposed for
using in tissue defect treatment and disease evaluation. The first mimicked scaffold was
created for using in soft tissue engineering in maxillofacial defect. The second mimicked
pathogenic scaffold was used as ex-vivo biomaterials for osteoporosis evaluation. The
third scaffold was created with the bio-inspiration for bone tissue engineering. The fourth
scaffold incorporated with TiC coated carbon particles was designed to use for
mineralization in bone healing. The results demonstrated that the first scaffold showed
the suitable structure and biological performance which is fit for soft tissue engineering
at maxillofacial defect. The second scaffold displayed the suitable structure and
functionality which relate and fit to ex-vivo biomaterial for osteoporosis. The third
scaffold showed the structural formation similar to structural organization during bone
formation. This scaffold had the performance which could promote bone tissue
engineering. The fourth scaffolds showed unique performance to enhance mineralization

in bone healing. This research indicated that those scaffolds based on mimic and bio-
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inspiration design is promising to be the performance biomaterials for maxillofacial

defect treatment and disease evaluation.
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CHAPTER 1

Introduction

Currently, there are often many cases of maxillofacial defects from
disease and trauma that have been increasing around the globe [1]. To treat and
evaluate those defects need the potential approach. Interestingly, to use potential
biomaterials is presently an attractive choice for those treatments and evaluation [2].
Hence, to create those biomaterials is challenge for materials scientists and surgeons.
Especially, tissue engineering scaffolds which show smart performance for tissue defect
treatment to enhance maxillofacial regeneration. Furthermore, scaffolds can act as the
clues for cell regulation into order and disorder tissue formation which is the cause of
some diseases [3]. These scaffolds demonstrate their performance for evaluation of
tissue disease [4]. Therefore, to create the performance scaffolds for tissue defect

treatment and disease evaluation were emphasized on this research.

Mimicking and bio-inspiration is an attractive approach, which has often
been used to create performance scaffolds for bone tissue engineering. Especially
because, mimicking and bio-inspiration has been applied to construct the porous
structures of scaffolds, with these being similar to the extracellular matrix within native
tissue [5]. Those scaffolds often demonstrate the suitable biomaterials which have
distinguish performances for tissue engineering [6]. According to those performances,

mimicked and bio-inspirated scaffolds was therefore emphasized in this research.

Silk fibroin is the biopolymer obtained from the silk worm and it consists
of glycine (43%), alanine (30%) and serine (12%) [7]. Importantly, the silk fibroin has
the excellent property, for example biocompatibility with various cells, degradation in the
body, non-toxicity and good mechanical property that suitable for new tissue formation
[8]. Now a day silk fibroin has been used in part of skeletal tissue like a cartilage, bone,

ligament and connective tissue. Therefore, silk fibroin is the efficacy choice and has the



stability tissue engineering. Hence, silk fibroin was selected as based materials to

fabricate performance scaffolds in this research.

Gelatin is hydrolyzed collagen which has been often used for biomedical
application [9]. Gelatin has unique biological functionality to induce cell adhesion and
proliferation which lead to enhancing of tissue regeneration [10]. Due to that unique
biological functionality, gelatins have been fabricated into porous scaffolds for tissue

regeneration [11]. Therefore, gelatin was chosen for this research.

Chitosan is biopolymers which have the unique properties to enhance
new tissue formation [12]. Hence, chitosan is often fabricated into tissue engineering
scaffolds [13]. Furthermore, chitosan showed attractive function to induce cell behavior
which leads to promote tissue regeneration [14]. As that functionality, chitosan was

selected to use in this research.

Tri-calcium phosphate (TCP) and hydroxyapatite (HA) is bioactive
inorganic molecules which show the performance as soluble and insoluble components,
respectively. Those components show the roles which can induce bone formation [15].
Hence, tri-calcium phosphate and hydroxyapatite was used as based materials to create

tissue engineering scaffolds in this research.

TiC-coated carbon particles (TCBs) are another bioactive inorganic
compound and show unique biological functionality which can stimulate the bone
formation [16]. Therefore, TCBs were used to incorporate with scaffolds for

enhancement of their performance in this research.

In this research, the performance scaffolds based on silk fibroin,
chitosan, gelatin, and TiC coated carbon particles were fabricated with mimicking
design. Those scaffolds were proposed for using in maxillofacial defect treatment and

disease evaluation which was focused on creating of ex-vivo biomaterials.
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Review of Literature

1. Tissue engineering

Tissue engineering is the multidisciplinary field that combines the
knowledge and technology in clinical medicine and materials science that can generate
the new tissue formation by combining the cell, scaffold and growth factor, that can

perform as the tissue regeneration template.

Cells Scaffolds

N

Rist

Biological factors &

Foot and
% ankle

Figure 1. The tissue engineering concept [1]

The scaffolds have been produced from variety materials including the
natural and synthesis materials. The first property of those materials is the
biocompatibility and non-rejection from immune system. In addition, the scaffolds can
degrade match with the new tissue formation and the by-product of scaffold after
degradation process should nontoxic with cell. In the bone cartilage and cardiovascular
tissue engineering, the mechanical property is the important function that scaffold must
sturdy enough for defect handing during the new tissue formation. Moreover, the
architecture of scaffold is the critical importance in tissue engineering. In the bone
tissue engineering, the scaffold must have the interconnective pore size with high

porosity that suitable for nutrients diffusion and the waste product easy in transport



process. In addition, the cells can migration and synthesis the extracellular matrix for

new tissue formation [2].

2. The materials used as scaffold in bone tissue engineering

In the tissue engineering scaffolds, the natural, synthetic and hybrid
material were offered and tested as scaffold in tissue engineering [3]. There are many
types of materials that use for scaffold fabrication that use in bone tissue engineering
process. The material for bone tissue engineering must show the good mechanical
property, bioactive for osteoblast cell and stable during defect healing.

Silk fibroin in the protein polymer gets from the Bombyx mori (silkworm,
the silk fibroin including the main 3 type of protein Glycine (43%), Alanine (30%) and
Serine (12%). Silk fibroin is the excellent biopolymer and promising for bone tissue
substitution with the biocompatibility, good mechanical property, morphological cues and
safe by-product during degradation process. The structure of Silk fibroin has 3 types
including random coil, (-helices and B-sheets structure. The B-sheets is the stable

structure and support for cell proliferation.

Fine structure of B-sheet
nanocrystals with Hydrogen

Region of amorphous chains ~ _ _ _ dk m'
7% bonding (Silkv 1)}

Crystalline region - -« — _ “‘“ %:

"m 4 ~.
Fibroin« I . @«rJ e LA\

S,"‘"‘“’“"‘ ‘Fibroin "a, %g )/
thread fibril .
\g=10-55 um) Mixture of a-hohx, B-sheet and

* Sericin coating random-coil (Silk 1)

Figure 2. The schematic of Silk fibroin structure [4]

Moreover the Silk fibroin can fabricate into various form such as porous scaffold,
hydrogel, fabric, film and nanoparticle. The RDG amino acid sequence in the Silk fibroin

is the specific protein binding for cell attachment [5].



Gelatin is the hydrolysis of collagen that composes of amino acid like
collagen including glycine, proline, alanine and hydroxyproline. Gelatin is obtained from
animal tendon, skin and tendon [6]. Gelatin is the popular material that has the bioactive
molecules that can stimulate cell attachment and proliferation, osteocompatible and
suitable to combine with other materials [7]. Moreover, gelatin is fabricated in many
form including hydrogel, porous scaffold, membrane and particle. Mostly, gelatin is
always combined with other materials for biofunctional improvement. Gelatin normally
has high swelling value and easy to degradation, the combining gelatin with the other
materials that have good mechanical property is the alternative way to improve the

physical property of gelatin [8]

Chitosan is the polysaccharide that is derived from the chitin, it mostly
found in the crustacean shells. Chitosan is the only positive charged, normally in the
polysaccharide group. The -OH and -NH, groups in the chitosan structure can from the
strong covalent bonding with other materials. The antifungal and exhibits antibacterial
was found in the chitosan property. Moreover, chitosan shows the excellent function for
tissue engineering such as for scaffold fabrication. Chitosan is fabricated into various
form including 3D porous, film, microsphere and particle. Chitosan has biocompatibility,
degradation and good mechanical. Chitosan has the biological function to the cell
attachment because the positive charge of chitosan was interacted with the negative
charge of cell membrane. Furthermore, chitosan is the biodegradation material, it is

degraded during the new tissue formation and the by-product nontoxic with cell [9].
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Figure 3. The chemical structure of chitosan

Calcium phosphate is the bioactive material that has the property like
bone in body. Generally, the ratio of Ca/P and crystalline crystallinity phase of CaP
have effect on the new bone formation by phosphate and calcium ion releasing in the
bone mineralization. CaP is normally degraded in human body. Its degradation is
important function to support the new tissue formation by slowly weaker during the
completely of new bone replacement. CaP has been fabricated into two and three
dimensional scaffolds. The CaP scaffolds showed the good mechanical property when

compare with other materials [10].

Agarose is the polysaccharide from the natural, it always use in food or
medical engineering. The molecule structure of the agarose including the monomer D-
Galactose link with 3,6-Anhydro-L-galactose. Agarose is high on swelling property, this
reason agarose excellent for hydrogel fabrication. Agarose hydrogel is suitable to adjust

the cell signaling and growth factor adding in bone or cartilage tissue engineering.

3. The composite scaffold
The composite scaffold is referring to the combination of two or more of
material that have the different properties. Composite scaffolds always show the specific

on the mechanical, morphology structure, chemical and functional. After fabrication, the



composite scaffold shows the excellent and interesting function in each material [11].
For example, the poly(E-caprolactone) (PCL) and PLA are non-bioactive material, to
make the better function by combine with tricalcium phosphate (TCP) or hydroxyapatite
(HA) that improve the osteoconductivity of scaffold and reinforcement the scaffold as
composite polymer-bioceramic scaffold [12]. The combination of gelatin with silk fibroin
and conjugate with HA can enhance the new bone formation in rat. The gelatin can
promote the cell attachment and the silk fibroin and HA were support for reinforcement
of scaffold and also in bioactive function [13]. The improvement of mechanical
properties and bioactive function of chitosan by mix with hydroxyapatite and fabricate
with 3D printing, the scaffold showed the osteoinductivity after culture with mouse bone
marrow stem cell after compare with chitosan-silica hybrid scaffold [14]. The study
showed incorporation of silk fibroin with chitosan for antibacterial activity. Furthermore,
the incorporated silk fibroin had the function to enhance cell proliferation and
attachment. For this study, silk fibroin was fabricated into nanofibrous membrane by
electrospining with layer by layer method. The result showed that increasing of fiber
diameter and layer of membrane has an effect on increasing of mechanical property.
The suitable layer was 15 layers that can stimulate the cell function during good

mechanical property [15].

4. The method for scaffold fabrication

In the present day, it has many methods to fabricate the scaffold for
tissue engineering including the freeze drying, electrospining, phase separate, film
casting, and self- assembly. Each method can generate the different architecture
structure both nano and micro to mimic the extracellular matrix of native tissue, the
porous structure that similar with bone structure and has the space for new tissue
formation. Generally, the scaffolds are designed into the structure which is similar to the
tissue defect such as the 2D membrane always use for wound healing and soft tissue

because the thin layer of soft tissue fits with the thickness of membrane. The 3D porous
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structure is designed into the interconnected pore size which can support migration of
osteoblasts and mineral deposition for new bone formation. In the cartilage tissue
engineering, the scaffolds are always designed into the hydrogel or porous structure
that have the flexible and good mechanical property and the lacunar structure need for
chondrocyte proliferation and matrix synthesis.

Freeze drying is the popular method that has been used for scaffolds fabrication.
Principally, scaffold fabrication with freeze drying has two steps; 1) the first step is
frozen the solution in low temperature (-20, -80) and 2) the second step is that the
frozen solution is put into chamber before drying with the evaporation ice crystals. Then,
the porous structure from evaporation of ice crystal remains in scaffold. The freeze

drying methods usually generate the 3D porous scaffold.

Mimicking and bio-inspiration is the approach that has been used to create
scaffolds for tissue engineering. Such scaffolds often have the attractive structure and
function that is similar to natural tissue. For the structural mimicking, the scaffolds have
been constructed into similar porous or fibers to extracellular matrix in natural tissue.
Those scaffolds showed good performance to induce new tissue formation that is
similar to natural tissue [16]. In the case of functional mimicking, scaffolds are often
fabricated with materials which have similar physical, mechanical and biological function
to the natural tissue [17]. For instance, for bone tissue engineering, CaP and collagen
are selected as based materials for scaffold [18]. This scaffold has the unique biological

function to promote new bone formation from the based materials of CaP and collagen.
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Objective of this study

1.

To create and construct silk fibroin scaffolds based on mimicking design for

tissue engineering of soft tissue defect in maxillofacial area.

2. To design and fabricate mimicked pathogenic scaffolds of the silk fibroin/gelatin
as ex-vivo biomaterials for osteoporosis evaluation.

3. To create and fabricate calcium phosphate/chitosan scaffolds base on bio-
inspiration design for bone tissue engineering.

4. To evaluate the scaffolds incorporated with TiC coated carbon particles for bone
healing

Hypothesis:

1) A constructed silk fibroin scaffolds based on mimicking design will provide a
better cellular response, barrier membrane and improve quality of fabric in terms
of cell adhesion, proliferation and ECM synthesis.

2) A mimicked pathogenic scaffolds based on the silk fibroin/gelatin can be used
as ex-vivo biomaterials for osteoporosis evaluation.

3) A fabricated calcium phosphate/chitosan scaffolds base on bio-inspiration design
can promote the bone formation.

4) A scaffolds incorporated with TCBs nanoparticle will stimulate the mineralization

in bone healing.

Expected Benefits:

We expect that the created scaffolds in this research can use as

biomaterials for treatment of tissue defect and evaluation of tissue diseases. The

expected benefits is classified in to 4 clusters; Firstly, constructed silk fibroin scaffolds

based on mimicking design can support and promote both cell fibroblast and
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keratinocyte in part of cell proliferation and ECM synthesis. Furthermore, a modified silk
fibroin fabric is promising for mucosa defect. Secondly, the combining between silk
fibroin and gelatin will be suitable for ex-vivo biomaterials for osteoporosis evaluation.
Thirdly, the chitosan construct with calcium phosphate base on design of bio-inspiration
can be used in bone tissue engineering. Finally, the TCBs can be used as substrate for

induce the mineralization in bone healing.
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CHAPTER 2

Constructed functional sheet scaffolds of coated silk fabric with silk

fibroin solution for soft tissue regeneration in cleft palate surgery

Abstract

Cleft palate is a congenital malformation of the soft and hard tissue at
the oral cavity. An attractive treatment is an operation by substitution of scaffolds to
induce tissue regeneration at the defect area. This research proposes constructed silk
fabric coated in silk fibroin solutions for soft tissue regeneration of cleft palate. In this
research, silk fabrics were coated with 3% and 6% silk fibroin solutions. The
morphological structure of the silk fibroin fabric was observed by scanning electron
microscopy. The swelling behavior and protein release of the coated silk fabric was
used for evaluation of physical performance. L929 fibroblast cells were cultured on the
coated silk fabrics. Cell proliferation and viability were used to evaluate the biological
performance. The morphological structure of the coated silk fabric showed fibers that
were covered and glued with silk fibroin. The coated silk fabric had lower swelling
behavior than the non-coated silk fibroin fabric. Protein release and cell proliferation of
the coated silk fabric was higher than the non-coated silk fabric. The results indicated
that the coated silk fabric from silk fibroin solutions had good performance for soft tissue

regeneration for cleft palate surgery.

Materials and methods
Coating silk fibroin fabric

The SF fabric was provided by the Research Unit and Queen Sirikit Seri
Culture Centre, Narathiwat, Thailand. The SF fabric was cut into 1x1 cm pieces and

then coated with 3% and 6% SF solutions. The SF solutions were prepared by
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dissolving the degummed SF fiber in 9.3 M LiBr in dH,O for 4 h at 70 C. After that, the
SF solution was dialyzed for 72 h and the water was changed every 30 min during the
first 4 h [1]. The SF solution was centrifuged to separate the protein precipitate. The
precipitate was weighed to calculate the SF concentration. After coating with the 3%
and 6% SF solutions, the SF fabric was kept at room temperature for 24 h for water
evaporation. Finally, all groups of the SF fabric were soaked in 80% methanol to induce

the beta-sheet structure [2].

Modification of silk fibroin fabric scaffolds
The SF fabric was modified by the 3%and 6% SF solutions. The silk
fabric scaffolds were dipped in the silk solutions and left at room temperature for 24 h.

There were 3 groups of different SF solutions (Table 1).

Group Detail

A Non coated SF fabric
B Coated 3% SF fabric
C Coated 6% SF fabric

Table 1. Experiment groups.

Measurement of silk fabric thickness
The thicknesses of the SF fabrics in each group were measured at 3

random points by a micrometer (Mitutoyo, USA).

Scanning electron microscopy (SEM) observation

The morphological structure of the SF fabric in all groups was observed
by an SEM machine (Quanta400, FEI, Czech Republic). The SF fabric was coated with
gold using a gold sputter coater machine (SPI Supplies, Division of STRUCTURE

PROBE Inc., Westchester, PA, USA) before the investigation.
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Swelling property

The SF fabric was immersed in a phosphate-buffered saline (PBS)
solution at 37 °C and evaluated at 0.5, 1, 2, and 4 h. The weights of the SF fabrics
were measured before and after immersion. The swelling ratio was calculated from this
equation. Swelling ratio = (Ws — Wd)/Wd x 100 where Ws and Wd are the weight of

the swollen scaffold and weight of the dry scaffold, respectively [3].

Protein release

Protein release from the fabric was evaluated in all SF fabric groups by
the BCA Protein Assay Kit (Pierce BCA Protein Assay Kit, Thermo Scientific, USA). The
SF fabric in all groups was soaked in a PBS solution for different time durations: 15, 30,
60, 120 and 240 min. According to the instructions of the BCA Protein Assay kit, 20 pL

of solution was used for the assay.

Cell Culturing

The L929 fibroblast cell line was used in this study. The L929 cells were
cultured in alpha-MEM medium ((-MEM, GibcoTM, Invitrogen, Carlsbad, CA, USA) with
the addition of 1% penicillin/streptomycin, 0.1% Fungizone and 10% fetal bovine serum
at 37 °C in a humidified 5% C0O2/95% air incubator. The L929 cells were seeded in the

SF fabric with 2x104 cells and the media was changed every 3-4 days [4, 5].

Cell proliferation assay (PrestoBlueTM on days 1, 3 and 5)

Cell proliferation of the L929 cells was evaluated at days 1, 3, 5, and 7
using the PrestoBlue (PrestoBlue® Cell Viability Reagent, Invitrogen, USA) assay. The
media was removed and 1/10th volume of PrestoBlue reagent was added directly into
the complete media and incubated for 1 h at 37 °C. The proliferation rate of the cells

was measured by monitoring the wavelength absorbance at 600 nm emission.
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Cell viability (fluorescence microscope on days 3 and 5)

The cell viability and cell morphology of the L929 cells in the SF fabric
was observed by staining with fluorescein diacetate (FDA). The FDA compound embeds
into the cellular cluster and extracellular matrix. Acetone was used to dissolve the FDA
at a ratio of 5 mg/ml. In the staining process, the media was removed and 1 mL of fresh
media was added. Next, 5 uL of the FDA solution was added and kept at 37 °C for 5
min and protected from the light. The SF fabric was rinsed with 1X PBS and cell

viability was observed by fluorescence microscope [6].

Statistical analysis
The samples were measured and statistically compared by one-way
ANOVA and Tukey’s HSD test (SPSS 16.0 software package). Statistical significance

was defined at p < 0.05 and all data are shown as mean * standard deviation.

Results and discussion
Morphological structure of the silk fibroin fabric scaffolds

The non-coated SF fabric was whiter than the coated SF fabric.
Moreover, a looser arrangement of the fiber structure was found in the non-coated SF
fabric compared to the coated SF fabric. In addition, the SF fibers in the non-coated SF
fabric were facile to unbound with other fibers. The coated SF fabric had more compact
and tight features, particularly the coated 6% SF fabric, compared to the noncoated SF

fabric.
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Figure 4. Coated SF fabrics from different SF solution concentrations: (A) non-coated

SF fabric; (B) coated 3% SF fabric; (C) coated 6% SF fabric.

The thickness of the non-coated SF fabric was thinner than the coated 3% and 6% SF
fabrics. The coated SF fabrics increased in thickness as the percentage of SF solution
increased. However, there was little difference between the 3% and 6% SF fabrics

(Figure 2).
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OC Coated 6% 5F fabric

Thickness [mm]

Group

Figure 5. Thicknesses of the SF Fabrics: (A) non-coated SF fabric; (B) coated 3% SF

fabric; (C) coated 6% SF fabric.
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The morphological structures of the SF fabrics are shown in Figure 3. The patterns of
silk fiber arrangement were similar in all groups of the non-coated SF and coated SF
fabrics. In the case of the coated SF fabric, the fibers in bundles showed denser spaces

than the non-coated SF fabric. The 6% SF fabric had the densest space.

200 1m

Figure 6. Surface morphologies of silk fabrics by scanning electron microscope(SEM)
with different magnifications: non-coated SF fabric (A-C); coated 3% SF fabric (DF);

coated 6% SF fabric (G-I).

Swelling property
The percentage of swelling was tested at different time points from 30

min to 240 min. The results showed that the percentage of swelling increased as time
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increased. The non-coated SF fabric had the highest swelling percentage in the first 30
min and continued to increase in 60, 120, and 240 min. After coating, the percentage of
swelling decreased. The coated 3% SF fabric had a higher swelling percentage than the
coated 6% SF fabric in all time points. As the percentage of SF solution increased, the
swelling percentage of the coated fabric decreased. The results indicated that the SF
coating solution had the effect of decreasing the swelling behavior. These results imply
physical stability and the barrier function of coated SF fabrics that make the scaffolds

suitable as soft tissue layers in cleft palate.
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100 -
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Figure 7. Swelling properties of SF fabrics: non-coated SF fabric (black line); coated SF

fabrics (red [3%]/orange [6%] lines).

Protein release

Within the first 15-30 min of soaking the SF fabrics in the PBS solution,
protein release was not found. However, at 60 min protein release was observed in the
coated SF fabrics but decreased at 120 min. The non-coated SF fabric did not show

any protein activity at any of the time points. The SF protein that coated the SF fiber
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surface easily released into PBS solution. The 6% SF fabric showed the highest protein

release.
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Figure 8. Amount of BCA release in 15-120 min in PBS solution.

Cell proliferation

Cell proliferation in all groups showed an increasing trend from day 1

through day 5. On days 1 and 3, the results were not significantly different between the

noncoated SF fabric and the coated 3% SF fabric. The coated 6% SF fabric had

significantly higher cell proliferation than the non-coated SF fabric on days 3 and 5. An

increased percentage of SF solution on the SF fabric can promote cell proliferation.
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Figure 9. Cell proliferation in the SF fabrics at days 1, 3, and 5: non-coated SF fabric

(A); coated 3% SF fabric (B); coated 6% SF fabric (C).

Cell viability

Cell viability was observed on days 3 and 5. Cell attachment in the non-
coated SF and coated SF fabric was considerable. On day 1, the non-coated and
coated SF fabric showed slight cell attachment but increased on day 3. On day 5, the
coated SF fabrics revealed a greater amount of cell attachment compared to the non-
coated SF fabric. The results showed that the coated SF fabric was biologically suitable

for cell viability.
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Figure 10. Cell viability on the SF fabric after staining with FDA: non-coated SF fabric at
day 3 (A); coated 3% SF fabric at day 3 (B); coated 6% SF fabric at day 3 (C);
noncoated SF fabric at day 5 (D); coated 3% SF fabric at day 5 (E); coated 6% SF

fabric at day 5 (F).

Conclusion

In this study, SF fabric was modified by coating in SF solutions. Coating
SF fabric with 3% and 6% SF solutions resulted in physical and biological properties
that are suitable for soft tissue regeneration. The morphological assessment of the

coated SF fabric indicated that the SF solution could diffuse and penetrate into the
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spaces. The SF solution fulfilled the role as a welding glue. The glue could bind the
fibers into bundles. An evaluation of the physical performance by observing the swelling
behavior indicated that the SF solutions decreased the extent of swelling of the SF
fabrics which implied sufficient physical stability and barrier function to serve as
scaffolds for soft tissue layer in cleft palate. The biological performance assessment of
the coated SF fabric revealed higher cell proliferation than the non-coated SF fabric.
This demonstrated that the coated SF fabric had the bioactive ability to induce cell
proliferation. Some research reported that the SF particles could induce cell adhesion
and proliferation [7]. Therefore, the high protein release of the coated SF was possibly
due to the active particles which induced the cell proliferation. The results demonstrated
that the coated SF fabric showed a suitable performance for use as scaffolds for soft

tissue engineering in cleft palate.
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CHAPTER 3

Mimicked anatomical biphasic scaffolds based on silk woven
fabric/gelatin and chitosan layer to construct mucosa tissue for

maxillofacial surgery

Abstract

Mucosa tissue defect in maxillofacial area is a critical problem for many
patients. For some case, those patients have to get operation with performance scaffold
substitution. In this research, mimicked anatomical biphasic scaffolds were constructed
by coated silk woven fabric with gelatin and chitosan. Then, the morphology, crystal,
and structure were observed and characterized with Scanning Electron Microscopy, X-
ray Diffraction, and Differential Scanning Calorometry, respectively. Physical
performance was presented with swelling behavior , mechanical properties, and
biodegradation. Biological performance tested with fibroblast and keratinocyte. Then,
cell proliferation, viability, and histology was evaluated. The results showed that coated
silk woven fabrics showed crystal structure of silk fibroin and amorphous of gelatin and
chitosan layer. Coated fabrics had residual water in their structure. Physical
performance of coated silk woven fabric with gelatin showed suitable swelling behavior,
mechanical properties, biodegradation for insertation in defect site. The biological
performance cell proliferation, viability, and histology for mucosa tissue construction at
defect sites. Finally, the results showed that mimicked anatomical biphasic scaffolds
based on silk woven fabric/gelatin layer was promising for mucosa tisse construction in

maxillofacial surgery.



29

Materials and methods
Coating silk fibroin fabric

The silk fibroin fabric was supported by Research Unit and Queen Sirikit
Seri Culture Centre, Narathiwat, Thailand. Silk fibroin fabric was cut into1.0x1.0 cm
Then, cut silk fibroin fabric was coated with gelatin and chitosan solution. All coating
solution was prepared at 3% w/v. The gelatin powder (Gelatin from porcine skin, Sigma-
aldrich) was dissolved in distill water at 50 ‘C for 15 min [1]. The 0.1M acetic acid was
used for chitosan (%DD 2 90 %, Marine Bio Resources Co.,Ltd) dissolving [16], the
chitosan solution was filtered with cheesecloth. In the coating step, the silk fibroin fabric
was soaked in each solution for 30 min at 37 C and continue dry at room temperature

for 24 hrs.

Groups Detail
SF Silk fibroin fabric

SF-GT Silk fibroin fabric/gelatin

SF-CS Silk fibroin fabric/chitosan

Table 2. Experimental group

Scanning electron microscope (SEM)

The surface and morphological structure of fabric in all groups was
observed with a scanning electron microscope (Quanta400, FEI, Czech Republic). The
samples were coated pre-coated with gold using a gold sputter coater machine (SPI

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

Swelling property
All groups of fabric were soaked in PBS in different time point include

0.5, 1, 2, 4, 8, 12 and 24 hrs. The weight of fabric was collected before and after PBS
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soaking. The swollen samples were weighed immediately, the swelling ratio was
calculated using the following equation.

Swelling (%)= (Ws — Wd)/Wd %100
Where the Ws and Wd are the weight of swollen scaffold and weight of dry scaffold,

respectively [2].

Tensile Property Testing
The silk fabric was cut into 1x5 cm and fix with glue on the plastic plate.
The sample was evaluated the tensile property by LLOYD INTRUMENT with condition

10N/min. The data were collected for stress and percentage strain analysis.

Fourier transform infrared (FT-IR) characterization

Molecular organization of silk fibroin fabric, and silk fibroin coated gelatin
fabric and silk fibroin coated chitosan fabric 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-1.

X-ray diffraction (XRD) characterization

Crystal structure of silk fibroin fabric, and silk fibroin coated gelatin fabric
and silk fibroin coated chitosan fabric 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.

Cell culture experiments

In this study, murine fibroblast L929 cells line was used for the biological
function of fabric in all groups. The murine fibroblast L929 cells 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
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in a humidified 5% of CO2 and 95% air incubator. The murine fibroblast L929 cell line
was seeded with a 2 x104/silk fabric and the medium was changed every 3-4 days [3]

The H357 keratinocyte cell line was culture in the Dulbecco's modified Eagle's medium
(DMEM) combined with Ham’s F-12 nutrient mixture, supplemented with 10 % fetal calf
serum, epidermal growth factor (10 ng/ml), hydrocortisone (0.5 g/ml), penicillin (100

U/ml), streptomycin (100 g/ml), and amphotericin B (2.5 g/ml) [4].

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

The cell proliferation of L929 and H357 cell line in silk fibroin fabric was
observed by PrestoBlue [PrestoBlue® Cell Viability Reagent, Invitrogen, USA] assay.
The measurement of cell proliferation was performed according to the manufacturer’s
instructions. After cell seeding at day 1, 3, 5 and 7, the media was removed, next
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.

Cell viability (Fluorescence Microscope on Day 3, 5 and 7)

To observe the cell migration and viability of L929 fibroblast cell and
H357 keratinocyte in the silk fabric, the Fluorescein Diacetate (FDA) was used for
fluorescence staining. The function of FDA was stained the extracellular matrix. The
FDA powder was dissolved in acetone at 5 mg/ml. The 5 ul of FDA solution was added
in silk fabric in 1 ml fresh media. After that, the1X PBS was washed for FDA excess,

next put the fabric on the glass slide and observed under fluorescence microscope [5].

Histology
The L929 fibroblast cell and H357 keratinocyte in the silk fabric in all

groups were stained with H&E at day 3 and 5 for morphology observation. Moreover,
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the collagen deposition of L929 fibroblast was detected with masson trichrome staining
on day 14 and 28. All groups of fabric were immersed in paraffin after fix with 4%
formaldehyde at 4 °C for 24 h. The paraffin was cut into 5 micron and put on the glass
slide. The slide was deparaffinized and hydrated for H&E and masson trichrome

staining [6].

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
Morphological structure of mimicked anatomical biphasic scaffolds

After construction of silk fabric into mimicked anatomical biphasic
scaffolds (Figure.8), morphological structure was observed by SEM. The result showed
that for SF had the geometry as the woven structure (Figure. A-D). For the SF-GT and
SF-CS, morphological structure showed the coated fiber bundle of silk woven fabric
(Figure. 9E, F, I, and J). Some free space between bundles of fiber were filled by
gelatin and chitosan. For the coating layer, the silk woven fabric was covered by gelatin
and chitosan for the whole area (Figure 9G, H, K, and L). Notably, some areas of the
covered surface show the cue pattern of bundle of fibers (Figure. 9H and L).

Importantly, the results from morphological observing indicated that
gelatin and chitosan showed; 1) the thin layer covering on bundles of fibers, 2) the
smooth layer covering on surface of woven structure. Interestingly, the covered thin film
on bundles of fibers and smooth layer on woven might be the structural cue that has an
effect on the biological performance of mimicked anatomical biphasic scaffolds.

However, to prove this hypothesis, the evaluation on cell experiment was undertaken.
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Figure 11. Non-coated side of silk fabric (A, D), Non-coated side of silk fabric with
gelatin (B), Non-coated side of silk fabric with chitosan (C), Coated side of silk fabric

with gelatin, (E), and Coated side of silk fabric with chitosan (F),
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Figure 12. The surface morphology of coated silk fabric; Non-coated side of silk fabric
(A, B, C, D), Non-coated side of silk fabric with gelatin (E,F), Non-coated side of silk
fabric with chitosan (1,J), Coated side of silk fabric with gelatin, (G,H), and Coated side

of silk fabric with chitosan (K,L),

Structural formation of mimicked anatomical biphasic scaffolds

The crystal structure of mimicked anatomical biphasic scaffolds were
characterized by XRD (Figure 10). The crystal analysis was shown around the 20
degrees, this peak indicated that the beta-sheet conformation of silk fibroin was found in
all groups [7]. Notably, for the SF-GT and SF-CS, there were the shoulder around 20 to
40 degree. This represented the amorphous structure of gelatin and chitosan [8].
Especially, SF-CS showed broader shoulder than SF-GT. This demonstrated that

chitosan form more amorphous structure than gelatin.
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Figure 13. XRD spectra of constructed laminate composite: SF, SF-GT, and SF-CS

The structural formation on mimicked anatomical biphasic scaffolds were
characterized by DSC (Figure 11). The DSC thermograms showed that all samples had
the peaks at around 50 to 60 °C. Those peaks showed at 65.4, 63.6, and 59.4 °C that
represented the hydration of SF, SF-GT, and SF-CS, respectively [9, 10,11]. This

indicated that SF had more stability of water structure than SF-GT and SF-CS.
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CS

Physical performance of mimicked anatomical biphasic scaffolds

In this research, swelling behavior was chosen to evaluate physical
performance of mimicked anatomical biphasic scaffolds. The swelling behavior was
showed in Fig. 12, In the first 30 min, the SF revealed a higher value of water
absorption than both SF-GT and SF-CS. This is because SF showed the free space
between the bundles of woven. Furthermore, the loose structures in those bundles also
support water absorption.

For coated silk fabric, SF-GT showed more swelling behavior than SF-
CS. This demonstrated that gelatin coating had more water absorption than chitosan

coating. Notably, SF-GT showed the rapid swelining behavior at around 30-60 min.
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This might come from the unique hydrogel characteristic of gelatin that lead to the
higher swelling behavior than SF-CS [12].

Interestingly, some reports demonstrated that the inserted membranes
for mucosa tissue construction in maxillofacial area have to show barrier performance.
Such performances have to shield mucosa cells invasion into the bone tissue during
regeneration. Furthermore, those membranes have to show the physical performance
which had the certain swelling behavior for tissue construction similar to native mucosa
layer in maxillofacial area [13].

According to the results of swelling behavior, SF-GT might therefore
have the optimized physical performance which is suitable for construction of mocosa

tissue in maxillofacial area.
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Figure 15. The swelling properties of silk fabric in all groups from 30 min to 720 min
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To evaluate degradation, lysozyme was used to test with biphasic
sheet. After degradation with lysozyme, the result showed that silk fibroin fabric
revealed a lower degradation with enzyme than the others (Figure. 13). On the other
hand, the high degradation was found in groups of silk fibroin coated gelatin fabric and
silk fibroin coated chitosan fabric. On day 7, the silk fibroin coated gelatin was
significant higher than silk fibroin fabric coated chitosan and except day 14, 21 and 28.
This results showed that gelatin was actively degradation with lysozyme at the early
state. Then, the degradation of lysozyme on gelatin showed the similar rate as chitosan
at the prolong state.

According to the degration of coated silk woven fabric, the results
could related to structural tissue formation of native mucosa. The thin coating layer
represented the layer which contact to keratinocyte. Notably, some research
demonstrated that the certain degradation of scaffolds is important to promote
keratinocyte proliferation [14]. Those scaffolds showed degraded structure which could
hold physical stability until completed tissue regeneration [15]. The results indicated that
SF-GT showed suitable degradation performance from gelatin and the physical stability

from silk woven fabric. This is suitable performance for mucosa tissue construction.
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Figure 16. Degradation of constructed biphasic sheet by lysozyme at different time

points; Day 7, 14, 21 and 28

In this research, tensile testing was selected to evaluate mechanical
behavior of mimicked scaffolds. The results showed that SF showed more extension at
the early stage than the others (Figure. 14). This might come from the loose structure
between bundle of fibers that lead to the more extension of SF at the early stage. Then,
SF show more difficult extenstion than the others. That extension started after around
three percentage of strain. This might come from the loose structure of SF showed
more alignment of fibers than the other.

Therefore, that alignment could induce the rapid stress increasing which
lead to the difficult extention [16]. Afterward, SF start to break at the lower extension
than the others. This migh come from that SF have non-coated fiber which show non
shielding of coating. This might be the cause for breaking of SF at the lower extension.

On the other hand, SF-CS and SF-GT showed the hard extension at the

early stage. Notably, SF-GT had the more difficult extension than SF-CS at the early
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stage. This might come from the effect of gelatin coating on the surface. Generally,
gelatin showed unique functionality of adhesion which can strickly bond with silk fabric
[17]. This is the cause of the difficult extension at the early stage. Then, coated silk
fabric of SF-CS and GT showed gradually increasing of stress which lead to the more
extension than SF. This demonstrated that the chitosan and gelatin coating disturb the
alignment of fibers during extension. Therefore, SF-GT and CS had no rapid stress
inceasing. Finally, the results showed that the coated silk fabric showed the breaking at
the more extension point than non-coated silk fabric. This indicated that chitosan and
gelatin coating acted as the force shielding which can prolong the breaking to the more
extension point.

According to the mechanical behavior, the results indicated that coated
fabric had unique mechanical behavior. Especially, SF-GT showed high elongation at
maximum stress. This showed the flexible behavior which is similar to mucosa tissue
[18]. The results indicated that SF-GT showed the certain mechanical performance for

insertion in the defect for mucosa tissue construction.
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Figure 17. The stress-percentage strain curve of silk fibroin fabric in each group.
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Biological performance of mimicked anatomical biphasic scaffolds

In this research, cell proliferation was selected to present biological
performance of mimicked anatomical scaffolds. The coated silk fibroin fabric was
mimicked similar to anatomy of native mucusa tissue . The thick woven fabric and thin

coating layer presented similar to fibroblast and keratinocyte layer, respectively.

Biological performance of the silk woven fabric layer

For the proliferation of fibroblast on silk woven layer, the results showed
that the trend of cell growth was continuously increased along with day 1 to day 5 and
decreases on day 7 in group of SF-GT and SF-CS. On day 1, SF-GT was significant
higher than SF and SF-CS (Fig.15). On day 3, all groups revealed a similar action of
cell proliferation, except SF-CS. The SF-GT was indicated the significantly higher than
other groups and representative of cell behavior on day 5. On day 7, the all groups
became lower, except SF was significantly different than the other groups.

For the mimicked anatomical structure of fibroblast layer, coated
showed more cell proliferation at early stage ; day 1 to 5 than the others. The results
showed that SF and SF-GT had higher cell proliferation than SF-CS. This might come
from bioactive functionality of gelatin and silk fibroin which can induce cell proliferation
[19,20]. On the other hand, SF-CS showed lowest cell proliferation for all stages. Some
reports demonstrated that released chitosan debris had an effect on decreasing of cell
proliferation [21].

For the later stage; day 7, the result showed that cell proliferation of
coated silk fabric decreased. This might come from the degraded gelatin and chitosan
which leaded to the cell detachment. Such cell detachment had an effect on the
decrease of cell proliferation [22].

Interstingly, the results indicated that fibroblasts rapidly adhered and
proliferated at the early stage on silk woven fabric layer of SF-GT. The silk woven

fabiric of SF-GT showed the suitable biological performance similar to process of
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mucosa tissue regeneration. Such process firstly start with early stage of fibroblast
proliferation. Then, keratinocyte begin to express proliferation. This indicated that the
silk fibroin woven fabric of SF-GT regulated fibroblast proliferation similar to early stage

of mucosa tissue formation
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Figure 18. Showed fibroblast cell proliferation in the silk fibroin fabric on day 1, 3, 5 and
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For cell viability was selected to represent as biological performance of
mimicked anatomical biphasic scaffolds. The results showed the fibroblast adhesion on
the surface of non-coated and coated silk woven fabric. The result showed that SF and
SF-GT showed the more unique fibroblast adhesion on the surface than SF-CS from
the day 1 to 7. Notably, SF-GT had more fibroblast adhesion than SF for early stage;
day 1. This might come from RGD groups of which can promote cell adhesion. Such

cell adhesion lead to enhance cell viability [23].
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Figure 19. Cell viability staining with FDA on the silk fibroin fabric (A); silk fibroin coated

gelatin fabric (B); silk fibroin coated chitosan fabric (C); at day 3, 5 and 7.

The cell morphology of the fibroblast was observed on non-coated side
at day 3 and 5. On day 3, the results showed that the groups of SF and SF-GT clearly
had cell adhesion and elongation on the surface. In the SF-CS showed clusters of cell
aggregation which had non-elongation on the surface. This indicated that the surface of
SF, SF-GT showed suitable structure and characteristic to promote adhesion and
elongation of fibroblasts.

On day 5, the dense cell adhesion and elongation was found on the
surface of SF and SF-GT. Notably, fibroblasts showed deeper migration inside the
bundle of silk fiber of SF-GT than SF and SF-CS. This might come from the free
spaces of dissolved and degraded gelatin during culture. Those free spaces could
enhance cell migration. On the other hand, SF-CS had the dense cluster of cell

aggregation on the surface and no cell migration inside bundle of fibers. This might
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come from that SF-CS showed the low degradation. Such low degradation led to the
few free space formation. This led to the non cell migration inside fiber bundle of SF-
Cs.

Importantly, the results demonstrated that the morphological formation of
SF-GT could induce cell adhesion. The fiber bundle structure promoted the cell
migration [24]. Those cell adhesion and migration lead to enhance mucosa tissue

regeneration [25].

Figure 20. Cell morphology on the silk fabric scaffold on day 3 and 5 by H&E staining.

Blue arrow; Fibroblast, Black arrow; Scaffold
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Masson trichrome staining was used to evaluate the deposited collagen
which was systhesized by fibroblast on the silk fabric in all groups [26]. The silk fabric in
all groups was performed on day 14 and 28.

On day 14, it was clear that SF-GT revealed more collagen deposition
than the others. SF-CS had non-collagen deposition on the surface.  Notably, cells
expressed distribution on the whole surface of SF and SF-GT. On the other hand, SF-
CS had the clusters of cell aggregation on the surface.

On day 28, SF-GT clearly showed the collagen deposition on he surface
of silk woven fabric. The fiber bundles were adhered with collagen deposition.
Furthemore, collagen could diffuse and deposite in the free space of fiber bundles. SF
had the collagen matrix nodule which was adhered and spread on the fiber bundles. A
few of collagen deposition was found in SF-CS.

Interestingly, the SF-GT induced the collagen deposition which
synthesized from fibroblasts. The studies reported that gelatin could stimulate the
collagen deposition from fibroblast cell by the RGD sequence and promoted the wound

healing during mucosa tissue regeneration [27].
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Figure 21. Masson trichrome staining on day 14 and 28 for collagen deposited
detecting. The silk fibroin fabric on day 14 (A-B), silk fibroin fabric on day 28 (C-D), silk
coated gelatin fabric on day 14 (E-F), silk coated gelatin fabric on day 28 (G-H), silk
coated chitosan fabric on day 14 (I-J), silk coated chitosan fabric on day 28 (K-L). The
black arrow indicated the silk fibroin fiber, red arrow indicated the L929, the yellow star

indicated the collagen matrix.

Biological performance of the coating layer
To observe the cell proliferation of keratinocyte on coating layer was
evaluated on day 1, 3, 5 and 7. On day 1, the SF-GT showed more cell proliferation

than other groups. On the other hand, SF-CS showed least cell proliferation. The
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highest cell proliferation was clearly found on day 5. Especially, SF-GT had higher cell
proliferation than others. The report demonstrated that RGD sequences signal in gelatin
promoted cell proliferation and attachment of keratinocyte [28]. The results indicated
that the gelatin coating layer had the suitable biological performance for mucosa tissue

regeneration particularly in keratinocyte layer.
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Figure 22. Showed keratinocyte cell proliferation in the silk fibroin fabric on day 1, 3, 5
and 7.

To observe the cell morphology on the silk fabric in all groups, the FDA
staining was used on day 1, 3 and 5. The SF and SF-GT clearly showed more cell
attachment on the surface than SF-CS for all time points. SF and SF-GT showed the
cell migration which covered the whole surface on day 3 and 5. This indicated that the
non-coating and gelatin coating showed functionality to induce cell adhesion. This come
from RGD sequences which cell could recognize [29]. On the other hand, SF-CS had
the cell migration which covered some area on surface for all time points. This might
come from the poor cell adhesion on chitosan coating layer that lead to spherical

formation of cell organization [30].
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Figure 23. Keratinocyte cell viability staining with FDA on the silk fibroin fabric (A);
Coated silk fibroin fabric with gelatin (B); silk fibroin coated chitosan fabric (C); at day

3,5and 7.

The morphology of keratinocyte on coating layer was observed at day 3 and
7. The result showed that the SF, SF-GT, and SF-CS supported the cell adhesion and
migration. On day 7, SF-GT had more cell attachment than SF and SF-CS. The cell
morphology of the keratinocyte showed the spherical pattern when compared with
fibroblast cell. Especially, SF-GT showed more cell aggregation than the others. The
results indicated that SF-GT showed suitable performance to enhance mucosa tissue

regeneration particularly in keratinocyte layer.
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Figure 24. Cell morphology on the silk fabric scaffold on day 3 and 7 by H&E staining.
Non coated silk fibroin fabric (Row A) ; silk fibroin coated gelatin fabric (Row B) ; silk
fibroin coated chitosan fabric (Row C). The black arrow indicated the L929 fibroblast

cell, red arrow indicated the silk fibroin fiber and green arrow indicated the chitosan.

Conclusion

In this research, mimicked anatomical biphasic scaffolds were fabricated
with coated silk woven fabric with gelatin and chitosan. The morphology of those
scaffolds was devided into two phases; silk woven fabric and coating layer. The silk
woven fabric layer showed the covered fiber bundle with gelatin and chitosan. The

coating layer which covered the whole surface of fabric had the cue pattern of fiber
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bundles. The coated silk fabrics had crystal structure from silk fibroin and amorphous
structure from gelatin and chitosan. The coating layer of gelatin showed high stable
water structure. The physical performance demonstrated that coated silk woven fabric
with gelatin showed suitable swelling behavior and biodegradtion for using as scaffold
for construct mucosa tissue. The biological performance of coated silk woven scaffold
showed the cell proliferation, viability, morphology which is suitable to construct mucosa
tissue. Finally, this research demonstrated that mimicked anatomical biphasic scaffolds
based on silk woven fabric/gelatin was promising for construction of mucosa tissue in

maxillofacial surgery.
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CHAPTER 4

Mimicked pathogenic porous scaffolds based on silk fibroin/gelatin to
design ex vivo biomaterials for biomineralization in osteoporosis;

morphological formation, physical and biological performance

Abstract

Osteoporosis is a degenerative, tissue disease, which is risky for
severely broken bones, leading to the suffering of many patients. In this research,
mimicked pathgenic porous scaffolds based on; silk fibroin/gelatin, were designed to
evaluate biomineralization in osteoporosis. Silk fibroin (SF) /gelatin (GT) was mixed into
solution with different ratios; SF(100:0), (70:30), (50:50), (30:70), and GT(0:100), before
being fabricated into porous scaffolds. Then, these scaffolds were observed for
morphology, before being analyzed as too pore size and distribution. The physical
performance of these scaffolds was tested against biodegradation, and for swelling
behavior. The scaffolds were cultured with MG-63 osteoblast cell. Biological
performance was tested with cell proliferation, alkaline phosphatase (ALP) activity,
calcium contents, calcium deposition and histology. The results demonstrated that; silk
fibroin/gelatin of SF/GT(50:50) showed heterogeneous morphology of main porous,
incorporated with its network structure. SF/GT (50:50) had suitable physical and
biological performance, which could be related to irregular bone remodeling. Finally, the
results indicated that SF/GT(50:50) is promising as ex-vivo biomaterials for evaluation

of pathogenic structure in osteoporosis.
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Materials and methods
Silk fibroin preparation

The silk cocoons were cut into small pieces, and the 0.02 M Na2CO3
was used for sericin removal by boiling at 70 oC, 2 times. After which , the silk fibroin
was rinsed with dH20, until the siricin glue unbound from the silk fibroin fiber. The silk
fibroin was kept in a hot air oven for water evaporation. The 9.3 M LiBr was then used
in the dissolving process under 70 C for 4hrs. The LiBr was discharged by this dialysis
method, and the silk fibroin solution was prepared at a yield of 3% [1]. To remove the
precipitate in the silk fibroin solution, the silk fibroin solution was centrifuged for 20mins

at 9000RPM, and the silk fibroin was kept at 4 " C until ready for use. [2]

Gelatin preparation

The gelatin powder was dissolved with dH20 at 50 " C for 30mins, with
continues stirring. Then, the gelatin solution was placed at room temperature before

being used [3]

Silk fibroin/gelatin scaffold fabrication

Both the silk fibroin and gelatin solution were prepared at 3%, and the
ratio of gelatin was designed in; 100, 70, 50, 30 and 0% in silk solution. The mixture of
silk fibroin and gelatin was combined by continuous stirring for 5mins. After this, the
mixture was poured into 48 well plates. A freeze drying machine was used for 3D,

porous scaffold fabrication.
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Details

SF Silk fibroin porous scaffold

SF/GT (70:30) Silk fibroin/gelatin porous with ratio of 70:30
SF/GT (50:50) Silk fibroin/gelatin porous with ratio of 50:50
SF/GT (30:70) Silk fibroin/gelatin porous with ratio of 30:70
GT Gelatin porous scaffold

Table 3 The experimental group of silk fibroin/gelatin scaffold

Scanning Electron Microscopy (SEM) Observation

Morphology of the scaffold was observed by Scanning Electron
Microscopy (Quanta400, FEI, Czech Republic). A gold, sputter coating machine (SPI
Supplies, Division of STRUCTURE PROBE Inc., Westchester, PA, USA) was used for

scaffold coating, before investigation by SEM.

Pore size diameter and distribution of scaffold
The SEM image was selected for pore size analysis. ImageJ was used
for pore size measurement with randomly area selection (n=25) [4]. The obtained data

was calculated and plotted by Qtiplot program.

Swelling testing
The scaffold in all groups was soaked in the PBS at 37 ° C at 30, 60

and 90mins for swelling evaluation. The weight of the scaffolds, before and after,
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soaking were used for the swelling calculation following this equation: (Ws —Wd)/Wd
x100, whereas Ws and Wd are the weights of the swollen scaffolds as well as the dry

scaffolds, respectively [5].

Degradation

Enzyme was used for the degradation properties of the scaffolds. In that
4mg of Lysozyme powder was dissolved in a ratio of 1ml of PBS (pH=7.4). This, 1ml of
lysozyme, was added into each scaffold and incubated at 37 ° C for days 7, 14 and 21,
with the lysozyme solution being changed every 3 days of the experiment [6]. The
original weight along with the weight remaining on the scaffolds, after degradation, was

used for calculation as the percentage of degradation.

Cell culture

MG-63 osteoblast cell was used for biocompatibility of the scaffolds. The
passage 4 to 8 of MG-63 osteoblast cells was seeded on the scaffold at a density of
around 1x106. The complete alpha-MEM medium (O-MEM, GibcoTM, Invitrogen,
Carlsbad, CA) medium included 10% fetal bovine serum, 1% penicillin/streptomycin and
0.1% fungizone. The MG-63 osteoblast cell was maintained in a 5% CO2, 95% air-
humidified at 37°C incubation [7]. During, differentiation staging, the MG-63 osteoblast
cells were cultured in an osteogenic supplements (OS) medium (OS; 20mM b-

glycerophosphate, 50uM ascorbic acid, and 100nM dexamethasone; Sigma-Aldrich) [8].

Cell proliferation

After, osteoblast cell seeding, at days 1, 3, 5 and 7, the cell proliferation
rate was evaluated by WST-1 (Roche Diagnostics, Germany). The media were removed
and rinses with PBS 2 times following the addition of 10% WST-1 reagent in complete
media. Then the scaffolds were incubated for 1hr, and the 200ul of the solution was

drained for measurement at 450nm, with the media used as blank.
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Alkaline phosphatase activity

The osteoblast cells in the scaffolds were cultured in the OS media
condition on days 7, 14 and 21, following the cell lysis method for ALP detection. The
800ul of lysis solution, including 1% TritonX in PBS, was added into the scaffold. The
scaffold was then kept at -70 ° C for 1hr, and left at room temperature for 1hr for 3
cycles. The scaffold was crushed and removed to an Eppendorf tube. 12000RPM has
used for supernatant, separation from the pellet. The supernatant was used for ALP

detection, following the manufacture’s instruction (Abcam®, Cambridge, UK) [9].

Calcium contents

The lysis solution of cells, in the scaffolds, at days 7,14 and 21 was
used for calcium calcification value by; calcium colorimetric assay (Calcium Colorimetric
Assay Kit, BioVision Inc., Milpitas, CA). 30ul of supernatant was added into 96 well
plates, and adjusted to a volume of 50ul with dH20. Upon which, 60ul of the Calcium
Assay Buffer and 90ul of a chromogenic reagent were mixed in each well. These were

then incubated for 10mins for reaction and measured at a wavelength of 575nm.

Alizarin red staining

The calcium nodule from the osteoblast synthesis activity was examed
with alizarin red staining. The MG-63 osteoblast cell was cultured in the osteogenic
supplements (OS) medium at days 7 and 14, for calcium detection. The scaffold was
rinsed with PBS, then the 2% alizarin red (SigmaAldrich, USA) solution was dropped on
the scaffold for 10mins, and washed with tap water. The calcium deposition was

observed under a microscope [10].

Histological observing
After, cell culture at days 3 and 7, the scaffolds in all groups were

stained with hematoxylin and eosin for detection of both cell attachment and migration.
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The scaffold was fixed by 4% formaldehyde at 4 ° C for 24hrs and followed by
immersion in paraffin. The paraffin sample was cut into 5um and placed on a glass
slide. Next, the slide was deparaffin in dH20 after which it was continually stained with

hematoxylin and eosin.

Results
The morphological structure of scaffolds

After fabrication, the scaffolds showed a white color, which contained a
non-difference for their appearance (Figure. 22). Such an appearance showed the
sponge, having a rough surface for all samples. The morphology structure of the
scaffold was observed by SEM (Figure.23), and the silk fibroin scaffold revealed the
connective porous as well as a smooth surface. SF/GT(70:30) and (50:50) showed
hierarchical porous structure, which contained the network structure in its main pores
(Figure. 23E, F, K, and ). SF/GT (30:70) and GT showed a smaller, more regular

shape than the others. Especially, gelatin, which had the smallest pores.
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Figure 25. Silk fibroin and gelatin scaffold: (A) SF, (B) SF/GT(70:30), (C) SF/GT(50:50),

(D) SF/GT(30:70) , and (E) GT.



61

Figure 26. Morphology of SF (A,B,C), SF/GT(70:30), (D,E,F), SF/GT(50:50) (G,H,I),

SF/GT( 30:70)(K,K,L), and GT (M,N,0).
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Pore size diameter and distribution of scaffold

In this research, the mean pore size coupled with pore size distribution
was measured and analyzed (Figure. 24). The results showed the mean pore size of
silk fibroin/gelatin; SF, SF-GT (70:30), SF-GT(50:50), SF-GT(30:70), and GT is
85.57+10.34, 107.35+27.56, 86.05+15.00, 99.38+15.00 and 80.74+12.35 pum,
respectively. For the distribution range of pore sizes, SF, SF-GT(70:30), SF-GT(50:50),
SF-GT(30:70), and GT showed 50-120, 30-180, 30-140, 30-170 and 30-130 upm,
respectively. The results demonstrated that SF-GT(70:30) showed the largest, mean
pore size. Furthermore, the pore size distribution of silk fibroin/gelatin (70:30) is around
30 to 180um. This is broader than the others. GT had the smallest mean pore size, with
the narrowest distribution of pore size being SF, which showed around 50 to 120um.

Notably, the network structure in the main pore of SF-GT (70:30) and
(50:50) had a mean pore size of 44.1845.67 and 61.20£10.11 um, respectively
(Figure.25). For pore size distribution of network structures, SF-GT (70:30) and (50:50)
showed 20-64 and 28-88um, respectively. SF-GT (70:30) had a larger, mean pore size
of network structure than (50:50). Furthermore, pore size distribution of SF-GT (70:30)

was broader than (50:50).
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Figure 27. The pore size diameter along with distribution percentage of scaffold in all
groups. (A); SF, (B); (70:30), (C); (50:50), (D); (30:70) and GT. The results are

displayed as means + standard deviation (n=50)
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Swelling behavior

To determine the gelatin behavior on the swelling property in the
scaffold, the scaffold was soaked in PBS at different time points, and the weight of the
scaffold, before and after, was calculated (Figure. 26). When the ratio of gelatin
increased it effected as to a higher swelling degree. At 30 and 90 mins, SF/GT (30:70)
showed a higher swelling percentage than SF/GT (50:50), silk fibroin/gelatin scaffold
(70:30) and silk fibroin scaffold, respectively. Except at 60mins, when the silk

fibroin/gelatin scaffold (70:30) was higher than the silk fibroin/gelatin scaffold (50:50) at

60mins.
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Figure 29. Swelling behavior of scaffolds SF, SF/GT(70:30), SF/GT(50:50),

SF/GT(30:70), GT. The results are displayed as means + standard deviation (n=5)

Degradation of scaffold

The degradation of the scaffold was evaluated by use of Lysozyme

enzyme at days 7, 14 and 21(Figure. 27). The increase of the degradation rate was
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found at all time points, for all groups. The highest degradation was shown in the group
of SF/GT (30:70). Otherwise, the silk fibroin scaffold reviewed a low percentage of
degradation, when compared with other groups. When the ratio of gelatin increased it
effected the degradation ability of the scaffold. In the group of SF/GT (50:50) there was
less degradation than SF/GT (30:70), because of the low ratio of the gelatin. The gelatin
rapidly dissolved at temperatures higher than 37 ° C. The morphology and shape of the
scaffold was clearly changed in the groups of SF/GT (30:70). The SF/GT (30:70) was
digested mostly by the Lysozyme. On day 7, all groups of scaffold had stability in
shape, with the exception of the group SF/GT (30:70). The SF/GT (30:70), became lose
in shape and holes were found on the surface. This slight degrade was found in the
SF/GT (50:50), in the central of the scaffold, which indicated the degradation lesion on
day 14. On day 21, good stability was found in both the groups of SF and SF/GT

(70:30).
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Figure 30. The degradation of scaffolds with lysozyme at days 7, 14 and 21. (A) The
degradation of scaffolds in all groups, (B) The morphology of scaffold, after degradation
(A) SF, (B) SF/GT (70:30), (C) SF/GT (50:50), (D) SF/GT (30:70). The results are

displayed as means + standard deviation (n=5).
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Cell proliferation in scaffolds

The MG-63 osteoblast cell was used to evaluate the biofunctional of
scaffolds, in all groups, and the cell proliferation was performed with WST-1 assay on
days 1, 3, 5 and 7 (Figure. 28). The trend of the cell proliferation graph expressed the
increasing of cell numbers from; day 1 to day 7. On day 1, SF-GT (70:30), (50:50) and
(30:70) revealed a significantly higher performance than that of SF and GT. SF
revealed higher cell proliferation than GT. On day 3, GT was crumbled in the culture
media, because of the temperature being 37°C, and the data is therefore not shown on
days 3, 5 and 7. The silk fibroin scaffold, that was modified with gelatin, revealed
excellent properties in the part of promoting cell proliferation in all ratios. On day 5, SF
revealed similar results, with the SF-GT (50:50) and (70:30). SF-GT (30:70) showing
higher cell proliferation than other groups, and was significantly different with SF and
SF-GT (50:50). On day 7, the SF-GT (50:50) was decreased. In the group of silk fibroin,
combined with gelatin, all groups improved their cell proliferation when compared with

the silk fibroin scaffold alone.
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Figure 31. Cell proliferation of osteoblast cell in the scaffold of each group at days 1, 3,

5 and 7. The results are displayed as means * standard deviation (n=5)
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Alkaline Phosphatase (ALP) activity of osteoblasts

The alkaline phosphatase activity was observed at days 7, 14 and 21,
during culture in the OS media (Figure. 29). On day 7, the scaffolds in all groups
revealed a nonsignificant difference. The SF/GT (50:50) and SF/GT (30:70) were higher
in alkaline phosphatase synthesis than SF/GT (70:30) and the SF scaffold and the
SF/GT (70:30) was higher than the SF scaffold. Interestingly, both SF and SF/GT
increased from day 14, and showed a higher alkaline phosphatase content than that of

SF/GT (50:50), (30:70) and (50:50) was also higher than the SF / GT (30:70) on day

21.
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Figure 32. Alkaline phosphatase activity, from osteoblast cell in the scaffold in each
group at days 7, 14, and 21. The results are displayed as means + standard deviation

(n=5)
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The calcium synthesis from osteoblast was observed a on days 7, 14
and 21, and the calcium content increased when the time increased . (Figure. 30). The
SF/GT (70:30) indicated clearly, higher than that of the other groups, especially SF/GT
(50:50) and (30:70) on day 7. The SF scaffold rapidly increased from day 7 to day 14,
whilst both SF and SF/GT (70:30) were still higher than SF/GT (50:50) and (30:70). The
SF/GT (50:50) indicated a higher, calcium synthesis than SF/GT (30:70). On day 21, all
groups decreased, with the exception of the group SF/GT (50:50). However, the SF/GT

(70:30) remained excellent on calcium synthesis when compared to the other groups.
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Figure 33. Calcium content, on the scaffolds in each group at days 7, 14, and 21. The

results are displayed as means + standard deviation (n=5).

Calcium deposition on scaffolds
In this research, the morphological structure of calcium nodules, which
were deposited on the scaffolds was observed by alizarin red staining at days 7 and 21

(Figure. 31). The results showed all scaffolds had calcium deposition on their porous
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structure at; day 7 and 21. The calcium deposition increased by increasing the number
of days of testing. For day 7, calcium deposition showed some parts contained a porous
structure, and in the case of day 21, calcium deposition demonstrated almost the entire
area having a porous structure. Notably, the results showed that the calcium deposition
of SF and SF/GT (70:30) had more intensiveness than the others at days 7 and 21. For

SF/GT (50:50) and (30:70), there were some non-covered area of porous structure.

SF/GT(70:30

SF/GT(50:50)

SF/GT(30:70)

Figure 34. Calcium deposition on scaffolds at days 7, and 21 (n=2)
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Histological morphology of scaffolds

The histological morphology was used to present the cell organization
on those scaffolds. The results demonstrated that all scaffolds had cell adhesion on the
porous structure at days 3 and 7 (Figure. 32). For day 3, silk fibroin with gelatin
showed good cell adhesion as well as distribution in the porous structure, and these cell
adhesions, self-organized into the large aggregation. On the other hand, silk fibroin,
without gelatin, showed only fair cell adhesion coupled with distribution. Such cell
adhesion, expressed the small aggregation on its porous structure. For day 7, silk with
and without, gelatin at a ratio of; SF/GT (70:30) and (30:70), demonstrated better cell
adhesion and distribution than the others. Those cell adhesions expressed formation
into extending and spreading on its porous structure. In the case of ratio; SF/GT
(50:50) and (30:70), the scaffolds showed a loose and large porous structure. Notably,

there were some light cell adhesions on the structures of SF/GT (50:50).
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Figure 35. The histology of cell mophology on porous of scaffolds at different time
points; days 3 and 7. (n=2) Blue arrow; Cells, Green arrow; Scaffold, Green scale bar;

100 ym, Red scale bar; 50 pm.
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Discussion
Morphological formation of mimicked pathogenic porous structure of osteoporosis

In this research, pathogenic, porous structures were mimicked for use
as ex vivo biomaterials in the evaluation of biomineralization in osteoporosis. The
similar pores of osteoporosis were mimicked into heterogeneous and homogeneous
structures, because some reports demonstrated that the different pores have an effect
on the pathogenic structure of osteoporosis [11].

The results revealed that silk fibroin, with a gelatin scaffold of SF/GT
(70:30) and (50:50) had heterogeneous porous. Such heterogeneous porous
demonstrated the main pores, which had a network structure inside. The main pores as
well as network structure came from the silk fibroin and gelatin, respectively. This was
generated from the mixed bi-component of scaffolds, which has different molecular
hydrophillicity of silk fibroin and gelation. The difference has an effect on irregular
interfacial tension between that of bi-components and ice, crystals during the process of
freeze drying [12, 13]. In those ratios, silk fibroin, which had low hydrophillicity than
gelatin, self-organized into the main porous structure. Such main porous structures
might come from the high interfacial tension between silk fibroin and ice crystals during
freeze drying. For the network porous structure, the hydrophilic gelatin shows lower
interfacial tension. This leads to the formation of the small porous network.

On the other hand, silk fibroin, gelatin, and SF/GT (30:70) demonstrated
a homogenous, porous structure. For the single component of silk fibroin and gelation,
the results demonstrated a homogeneous, porous structure, because there were no
second components to interfere with them,during freeze drying. For the ratio of; 30:70,
the result indicated that the gelatin was the main component which dominanted the
minor silk fibroin component. Additionally, this also had an effect on the homogeneous,
structural occurrence of that ratio. According to the morphological formation, the results
can relate to irregular bone remodeling, which is the pathogenic porous structure of

osteoporosis. There are some reports on irregular expression of heterogeneous
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morphology during bone remodeling [14]. Nevertheless, the other physical performance
which is related to the pathogenic porous structure of osteoporosis was undertaken to

clarify performance of those scaffolds as ex-vivo biomaterials.

Physical performance of mimicked pathogenic porous structure of osteoporosis

In this research, biodegradability as well as swelling behavior was
presented as physical performance of pathogenic porous formation, which relates to the
extracellular matrix (ECM) organization during osteoporosis.

First, the results demonstrated that the mimicked scaffolds, with different
contents of gelatin, showed different degradability. The scaffolds with gelatin showed
more degradation than those without gelatin. This is because gelatin is the protein,
which is easily degraded with lysozyme [15, 16]. Therefore, the scaffolds with a high
content of gelatin demonstrated more degradability than those with low content.
Notably, the degradability can be represented as stability of the scaffolds. The result
indicated that scaffolds with gelatin had lower stability than those without gelatin. This
can related to the different degree of osteoporosis, which has different stability of ECM
[17]. The Silk fibroin component in mimicked scaffolds refers to the stable performance
of ECM, during bone formation [18, 19]. On the other hand, gelatin implies to the non-
stable performance of ECM, during bone re-sorption. The results demonstrated that the
non-stable scaffolds, with gelatin, can be related to more pathogenic porous structure of
osteoporosis.

Second, the results could be related to the dynamic behavior of
mimicked scaffolds, which showed in situ physical expression during osteoporosis. The
swelling behavior was used to present this dynamic behavior. The results indicated that
scaffolds of silk fibroin, with non-stable gelatin, had more swelling behavior than those
without gelatin. This is because, gelatin shows the hydrophilicity, which can enhance
the swelling behavior. Interestingly, some research related the swelling behavior to the

dynamic behavior of ECMs [20]. That research showed that the dynamic behavior was
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dependant on the non-stable components as well as hydrophilicity in ECMs. ECMs,
which have main non-stable components and hydrophilicity, oftenshows unique dynamic
behavior [21]. Therefore, mimicked scaffolds with gelatin are possibly to imply the
unique, dynamic behavior of ECM, which is the in situ physical expression of
pathogenic porous formation during osteoporosis. Nevertheless, biological performance
was undertaken to evaluate the feasibility of these scaffolds, as ex vivo biomaterials of

biomineralization on pathogenic porous structure, in osteoporosis.

Biological performance of mimicked pathogenic porous scaffolds

In this research, the biological performance of cell proliferation, calcium
synthesis and deposition, and hisological organization on mimicked scaffolds is
important for the evaluation of biomineralization on pathogenic porous structure in
osteoporosis. Osteoblast cell proliferation and viability was, therefore, selected to
evaluate said erformance. For cell proliferation, the results demonstrated that there
were some different cell proliferations, at different time periods. For the early stage,
around days 1 and 3, the scaffolds with gelatin showed higher cell proliferation than
those without gelatin. This is because; the gelatin has a unique functional expression of
RGDs in their molecules [22]. These RGDs, act as the domain that cells can recognize
to adhere to [23]. This leads to the enhancement of cell proliferation [24]. For the middle
stage, approximately at day 5, the scaffold with high contents of gelatin (30:70) had
more cell proliferation than those with a low content. This result, possibly comes from
the homogenous porous, which had no network, showing sufficient, free spaces for cell
proliferation. For the later stage, around day 7, the scaffolds with a low content of
gelatin (70:30) increased, slightly to the same level of cell proliferation as scaffolds with
a high content (30:70). This might be that the network of gelatin in the main silk pores
of (70:30) was degraded. This leaded to the emergange of free spaces for cell
proliferation. Furthermore, the main silk pores might have suitable stability of structure

and function to enhance cell proliferation. Notably, the fair gelatin content in a ratio of;
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50:50, showed unique, decreasing lower levels of cell proliferation than the others. This
possibly comes from more degradability of those gelatin networks in the porous
structure. This increased degradability might be the cause of non-stability, which in turn
leads to a decrease of cell proliferation [25]. Moreover, main silk pores are possibly
shown to be a non-suitable structure and functionality for the promotion of cell
proliferation.

According to the biological performance of cell proliferation, the results
indicated that the stability as well as morphological structure of pores had an effect on
cell proliferation. The heterogeneous structure of stable main pores, incorporated with
non-stable networks, showed unique performance in the enhancement of cell
proliferation. Especially SF/GT (70:30), which showed unique cell proliferation. On the
other hand, the non-stable main pore incorporated, with a non-stable network showed
low cell proliferation. This can related to the pathogenic porous structure of
osteoporosis. Some research demonstrated that the low cell proliferation has an effect
on osteoporosis [26]. Our results showed that the non-stable structure along with
heterogeneous of main pores, incorporated with network structure, had performance
similar to pathogenic porous formation of irregular bone remodeling during osteoporosis
[14 ]. This represented the pathogenic structure of osteoporosis. However, to clarify the
performance, bone formation on the scaffolds was undertaken.

In this research, ALP activity, calcium content and morphology of
calcium organization were presented as markers for biological performance of calcium
synthesis and deposition on scaffolds. First, ALP activity is generally used to analyze
calcium synthesis from osteoblast at the early stage of bone formation. In this research,
there were no differences of calcium synthesis in all scaffolds at day 7. This indicated
that a suitable structure and function of all scaffolds had the role to activate calcium
synthesis for all samples. Then, the calcium synthesis of silk fibroin, with gelatin was
lower than without gelatin at day 14. The results demonstrated that gelatin is the

component which had the role to promote calcium synthesis. This comes from the
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RGDs and suitable dynamic behavior in gelatin, which plays the role to enhance
calcium synthesis [27]. For day 21, the silk fibroin with low amounts of gelatin had
lower calcium synthesis than the others. This possibly comes from the non-stable
gelatin, which had a high dynamic behavior. This leads to slight functions to promote
calcium synthesis at this time period.

Second, calcium content is the marker, which can relate to the biological
performance of the scaffolds. The results demonstrated that the calcium content of silk
fibroin, with and without low gelatin, (70:30) was higher than the others at day 7. This
may have arisin from their stability, thus enabling them to capture calcium from
osteoblast [28]. Silk fibroin with low gelatin (70:30) was higher in calcium content than
that of silk fibroin without gelatin. Notably, silk fibroin with low gelatin showed the
highest calcium content. The results possibly came from its stability and having a
suitable amount of gelatin. This leads to high capability for calcium capturing from
osteoblast. For day 14, silk fibroin, with and without low gelatin had non-significant
differences of calcium content. They were, however, higher than the others. The results
indicated that the maintained, stable structure and function of those scaffolds showed
suitable performance to capture calcium from osteoblast in high amounts [29]. In
contrast to this, silk fibroin, with high gelatin and a non-stable structure, had a unique,
dynamic behavior causing it to only slightly capture calcium slightly . For day 21, silk
fibroin, with and without, high gelatin demonstrated higher calcium content than the
others. This was especially true for silk fibroin with a low gelatin content of; 70:30,
which revealed to have the highest calcium content. This indicated that its maintained,
stable structure and suitable expressed function of scaffolds has the role to promote
calcium capturing. Controversy, silk fibroin with high gelatin had a low calcium content.
This possibly came from the non-stable structure, which was dominant over its
expressed biological function, leading to slight calcium capturing.

Third, the morphology of calcium deposition on scaffolds was observed

by alizarin red staining. For the early stage, at day 7, silk fibroin, with and without, low
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gelatin showed more, dense calcium deposition than the others. This comes from the
stable structure and expressed function that showed performance to capture calcium
[30]. Once again, controversy, the silk fibroin with high gelatin demonstrated a non-
stability and dynamic behavior. This lead to loose calcium deposition on the scaffolds.
At the later stage, day 21, silk fibroin, with and without low gelatin, showed complete,
fused calcium deposition covering the whole structure of the scaffolds. This is because
the maintained, stable structure and function can support calcium deposition. For the
silk fibroin with high gelatin, the non-stable structure and function is the cause of
incomplete calcium deposition covering only some parts of the scaffolds.

According to biological performance of scaffolds, the results can be related to the
pathogenic porous structure of osteoporosis. The mimicked scaffolds, which showed
structural stability and dynamic functional behavior, were the main effects on promotion
of biomineralization. Especially, scaffolds which had major, stable structural component
and minor components of dynamic functional behavior, this being having the most
effectiveness for biomineralization. This possibly demonstrated the normal
biomineralization with this condition.

On the other hand, the scaffolds which had major components of
dynamic, functional behavior and minor stable, structural components showed only
slight biomineralization. The degree of the bone formation depended on the ratio of
these structures and behaviors. This might be similar to the irregular biomineralization
during osteoporosis. This demonstrated that those scaffolds were suitable as ex-vivo
biomaterials to represent the pathogenic porous structure for biomineralization in
osteoporosis. Nevertheless, to clarify mimicked pathogenic porous structure for
biomineralization of osteoporosis, further histological observing was undertaken.

The histological organization was observed to evaluate the performance of the
mimicked scaffolds as ex vivo biomaterials. The results demonstrated that silk fibroin,
with gelatin, showed more cell aggregation in the pores than those without gelatin at

day 3. This might come from RGDs in gelatin, that can enhance cell adhesion.
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Furthermore, the non-stability and dynamic behavior of gelatin is possibly the cause of
cell aggregation [31]. Whereas , silk fibroin without gelatin demonstrated cell extension
which adhered in the pores. This indicated that silk fibroin. without gelatin, had the
stability to promote cell adhesion, which in turn leads to cell extension . At day 7, the
loose structural organization of scaffolds of 50:50 and 30:70 is possibly the cause of
gelatin degradation. The light cell adhesion of 50:50 might came from the non-stability
and dynamic behavior in their structure. Notably, the results showed dense cell
aggregation on the loose structural scaffold at day 7. This is probably the cause from
the plentiful debris of degraded gelatin, which can encourage the RGDs to enhance cell
aggregation [32].

According to the biological performance of histological organization, the results
indicated that the stability and dynamic behavior of those scaffolds was the main
causes having an effect on cell organization on porous structures. The stability and
non-dynamic behavior could promote dense cell adhesion on said porous structure. In
contrast, non-stability and dynamic behavior lead to light cell adhesion on the porous
structure. As a result, the stability and dynamic behavior could be related to the
pathogenic porous structure of osteoporosis. This can be related to bone remodeling, as
the stable structure acts as the substrate for strong cell adhesion, which leads to
extending and spreading [33]. This shows performance similar to the bone formation
[34]. The dynamic, behavior expressed performance as bone resorption [35]. For the
pathogenic structure of osteoporosis, those bone formations and resorptions showed
irregular demonstration [36]. The dynamic behavior of bone resorption expresses hyper-
function that lead to the osteoporosis [37]. This related to the mimicked scaffolds of silk
fibroin with high dynamic behaviors of gelatin. Those scaffolds demonstrated
performance similar to the pathogenic structure of osteoporosis. Especially, 50:50,
which showed distinguish expression of histological organization, again this is similar to

poor bone remodeling during osteoporosis formation.
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Conclusion

In this research, the mimicked pathophysiologic scaffolds, based on silk
fibroin/gelatin, was presented for the use as ex-vivo biomaterials for the evaluation of
osteoporosis. The results indicated that the stability of structure, morphology and
dynamic behaviors are the triggers to evaluate these scaffolds. The non-stable porous
structure, heterogeneous morphology and dynamic behavior of scaffolds showed
suitable performance, which is similar to the pathogenic structure of osteoporosis.
Especially, the SF/GT 50:50, which showed heterogeneous morphology, which has a
main pore incorporated with network structures, while also demonstrating dynamic
behavior. The SF/GT 50:50 has the biological performance, similar to poor bone
remodeling in the pathogenic structure of osteoporosis. These performances of SF/GT
50:50 indicated that it is promising as a ex-vivo biomaterial to evaluate the pathogenic

structural formation of osteoporosis.
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CHAPTER 5

Biomineralized scaffolds of chitosan with bicomponent calcium
phosphate based on bioispiration of bone remodeling for maxillofacial

tissue engineering; Morphology and performances

Abstract

Biomineralzed scaffold is an attractive materials for maxillofacial tissue
engineering. In this research, bioinspiration of bone remodeling was used to design and
fabricate those scaffolds. Chitosan was mixed with 2, 4, 6, and 8% of bicomponent
calcium phosphate (BiCP) into acidic solution before neutralized with basic solution.
Then, the neutralized solution was fabricated into scaffolds by freeze drying. Mophology
of scaffolds was observed with Scanning Electro Microscopy (SEM). Physical
performance of scaffolds was evaluated with swelling property and degradation.
Afterward, those scaffolds were cultured by osteoblasts. Biological performance of
scaffolds was evaluated with total protein synthesis, cell vibility and proliferation,
Alkaline Phosphatase (ALP) activity, calcium contents, and histology. The results showd
scaffolds of chitosan with BiCP which had morphology of calcium deposition on chitosan
fibers. The physical performance of those scaffolds demonstrated low swelling property
and high degradation with increasing of BIiCP concentration. Biological performance
showed that scaffold with BiCP could induce total protein synthesis, cell viability and
proliferation, ALP activity, and calcium content. The histology of cultured scaffolds with
BiCP showed cell adhesion, elongation which was similar to osteoblast organization of
bone formation. Finally, the results indicated that a scaffold with BiCP is promising for
maxillofacial tissue engineering particularly in 2 and 4% of bicomponent calcium

phosphate.
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Materials and methods
Chitosan preparation

The shrimp chitosan powder (Marine Bio Resources Co.Ltd) was
dissolved in 0.1 M acetic acid with ratio 2% chitosan. After dissolving the chitosan
solution was stirred for 24 hrs, the bubble was removed in this step. The chitosan

solution was filtered through cheesecloth.

Construction of BiCP with chitosan

The BIiCP (Bicomponent calciumphospate) powder which had the ratio
of hydroxyapatite:tricalcium phosphate (1:1) was added into the chitosan solution with
difference concentration including 2%, 4%, 6% and 8% (W/V). After combination
process, the chitosan/BiCP solution was stirred for 15 min for homogeneous mixture.
After that, the chitosan /BiCP solution was injected into the 1 M NaOH via the syringe.
When the solution form into fibril that has the BiCP infiltrated in the fibril, the fibril was
rinsed with dH20 for 3 times to remove the alkaline solution and adjusted pH in neutral
phase. The cheesecloth has been used for filtering the micro fibril from solution. Next,
the micro fibril was contained in the 15 ml tube continue to weighted for equal condition
and centrifuge at 1500 rpm for 10 min. Then, the micro fibril scaffold was cut into 2 mm
thickness and diameter about 10 mm. The freeze drying machine was used for water

evaporation. The experiment was divided in 5 groups;

Chitosan Chitosan without bicomponent calciumphosphate

Chitosan/2% BiCP Chitosan with 2% of bicomponent calciumphosphate (W/V)
Chitosan/4%BiCP Chitosan with 4% of bicomponent calciumphosphate (W/V)
Chitosan/6% BiCP Chitosan with 6% of bicomponent calciumphosphate (W/V)
Chitosan/8% BiCP Chitosan with 8% of bicomponent calciumphosphate (W/V)

Table 4. The experimental groups



85

Morphology analysis

The scaffold in all groups was observed the surface structure and the
thickness by Scanning Electron Microscopy (SEM), (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).

Swelling properties

The scaffold in all groups was soaked in PBS in different time point 15,
30 and 60 min to check swelling properties. Weighing of the scaffold was collected
before and after soaking with PBS to calculate the weigh increasing follow this equation
(Ws —Wd)/Wd %100, where Ws and Wd are the weights of the swollen scaffold and the

dry scaffold, respectively [1].

Degradation analysis

To observe the degradation rate of scaffold in each group was incubated
with lysozyme (4 mg/ml of PBS) enzyme with deference time, including 0, 5, 10, 15 and
20 days. The scaffold in all groups was weighed before and after soaking for collect

weighs loosing, degradation rate [2].

Cell proliferation, WST-1

Cell proliferation was assessed using a WST-1 (Roche Diagnostics
GmbH, Mannheim, Germany). The measurement of cell proliferation was performed on
days 1, 3, 5 and 7, following the manufacture’s protocol. The scaffold was washed with
PBS and added 850 ul fresh media containing 10% of WST-1 reagent. Next, incubated
for 50 min and continue to measure at absorbance 450 nm using a microplate reader

(Biotrak 11, UK).
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Cell viability

The cell viability in scaffold was evaluated by FDA staining after day 3
and 5. The scaffold was removed the media and rinsed with PBS for 2 times. The fresh
media was added into the scaffold and combined with 5 pyl of 5 mg/ml in acetone,
incubated at 37 °C for 5 mins. Next, the scaffold was rinsed with PBS and continues

observing the live cell under the confocal microscope [3].

Alkaline phosphatase activity

The ALP activity was performed by Alkaline Phosphatase liquicolor
(Human, Germany) on day 7, 14 and 21. The cell in scaffold was lysis with 1% TritonX
in PBS and freeze thaw 3 cycle in -80°C for 1 h and room temperature. After that, the
scaffold in the lysis was centrifuged for precipitate separation. The lysis solution was

used for ALP activity analysis following the ALP kit following the manufacturing [4].

Total protein synthesis
The cell lysis solution on day 7,14 and 21 was used for protein analysis
following the manufacturer’'s instructions (Pierce BCA Protein Assay kit, Thermo

Scientific, USA). The standard curve was plotted by bovine serum albumin.

Calcium content
The calcium content was evaluated with the calcium colorimetric assay
kit (Biovision). The cell lysis solution was used for calcium detection following the

manufacturer’s instructions.

Histology analysis
The scaffold in all groups was stained with hematoxylin and erosin at
day 3 and 5 for observing the cell migration and morphology of scaffold. The cell in

scaffold was fixed with 4% formaldehyde at 4 ’ C for 24 h. Next, move the scaffold into
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paraffin and cut at 5 ym. The sample was placed on the glass slide and stained with

H&E and observed the cell under microscopy.

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). A P < 0.05 was accepted as statistically significant.

Results
Morphology of scaffolds

After preparation, mixed solution of chitsan with BiCP which was adjusted with
NaOH showed the distribution of fibril bundles in aqueus media (Figure. 33A). The

dense bundles of fibers demonstrated after rinse with dH,0 (Figure. 33B).

Figure 36. The chitosan/BiCP solution adjused with NaOH (A) and Chitosan/BiCP after
rinsing with dH20 (B).

After rinsing with dH20, all samples were fabricated into 3D scaffolds by
freeze drying (Figure 34). The results showed that the chitosan and 2% BiCP/chitosan

group were revealed the loose structure when compared to other groups. The compact
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structure was found in groups that adding 4%, 6% and 8% of BiCP in chitosan scaffold.

The adding BiCP was availed in dense structure.

Figure 37. The morphological structure of the scaffold in all groups; A) Chitosan, B)
Chitosan/2% BIiCP, C) Chitosan/4% BiCP, D) Chitosan/6% BiCP, and E) Chitosan/8%

BiCP. Scale bar; 10 mm

The morphology and structure of the scaffold were observed by SEM
(Figure 35), the scaffold had porous structure in all groups particularly in chitosan. The
chitosan showed the regular porous structure and distribution. Furthermore, that
structure found the slightly roughness on the surface. On the other hand, the irregular
porous structure was found in chitosan with BiCP. Chitosan with BiCP had clusters of
particle which distributed and infiltrated in the porous structure. BiCP was adhered on
porous surface of scaffold. Notably, there are some parts of scaffolds demonstrated
self-organization of dense particular clusters which deposited on the fibril structure of

chitosan particularly in high content of BiCP (Figure 35H, K, and N). Especially, the
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high content of 8% BiCP showed more dense formation of particular cluster than the

others.

Chitosan/4% BiCP Chitosan/2% BiCP Chitosan

Chitosan/6% BiCP

Chitosan/8% BiCP

Figure 38. Morphology from SEM image of scaffolds
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Swelling property

The swelling properties of the scaffolds were evaluated at 37 °C in the
PBS, the swelling properties at 15, 30 and 60 min (Figure 36). The result showed three
groups of swelling properties; high, fair, and poor swelling. Chitosan showed
performance of the high swelling property. Chitosan/2% BiCP was the fair swelling
property. Chitosan/4%, 6%, and 8% BIiCP demonstrated poor swelling property.

Notably, the swelling property decreased with increasing of BiCP.
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Figure 39. The swelling properties of the scaffolds in the PBS solution at 37 °C.

Degradation

To evaluate physical functionality, scaffolds were tested by degradation
with lysozyme (Figure 37). This function was related to the application for tissue
regeneration. The results showed that the degradation of all samples increased by
increasing of time point. For day 7, chitosan/6% BiCP had the highest degradation.
That chitosan/6% BIiCP was still the highest degradation at day 14. For day 21,

chitosan/4% and 6% showed the highest degradation. Chitosan with BiCP demonstrated
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higher degradation than chitosan without BiCP. Notably, chitosan with low concentration

of 2% and high content of 8% BiCP had non-different with chitosan at day 7.
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Figure 40. The degradation of scaffold in all groups after incubating with lysozyme at 37

°C.

Total protein synthesis

The protein synthesis from the osteoblast in the scaffold was evaluated
(Figure 38). On day 7, the chitsan with BiCP can improve the protein synthesis of the
osteoblast cell when compare to chitosan without BiCP . The chitosan/6% BIiCP
revealed the highest protein synthesis, but non significant difference with the
chitosan/8% BiCP. However, chitosan/ 6 and 8% BiCP was higher than chitosan without
BiCP, chitosan/2 and 4%BiCP. The chitosan/8% BiCP indicated that the highest value
of protein synthesis on day14 and significant difference from all groups. The chitosan
/2% BICP to 6% BIiCP showed non significant between group, but significantly higher
than chitosan without BiCP. On day 14, all groups revealed the lower trend and

chitosan/8% BICP still higher than other groups.
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Figure 41. The protein synthesis of osteoblasts after culture in the scaffold in all groups

at day 7, 14 and 21

Cell viability

The cell viability in the scaffold was detected by FDA staining under the
confocal microscopy day 3 and 5, the cell was indicated in the green luminance (Figure
39). On day 3, the slightly cell viability was found in the chitosan and chitosan/4%BiCP
scaffold. The chitosan/2% BiCP reviewed the cluster of cell viability, the abound of cell
was found in the chitosan/6% and 8% of BiCP. The cell viability was clearly increased

from day 3 to day 5, all groups of scaffold showed the good cell adhesion.
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Chitosan/8% BiCP

Figure 42. The cell viability of osteoblast in the scaffolds after staining with FDA at day

3 and 5. Scale bar; 200 ym
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Cell proliferation

The cell proliferation was used to present biological performance. The

result showed that cell proliferation continuously increased from day 1 to day 5, except

day 7 that became lower (Figure 40). On day 1, the chitosan/2% BIiCP in scaffold

showed the highest cell proliferation when compared to other groups. The chitosan/2%

BiCP scaffold was significantly higher than chitosan/6% BiCP and chitosan. On day 3,

the chitosan/8% BICP revealed a higher value than other groups and significantly

different than chitosan. Moreover, after mixing chitosan with BiCP in all concentration

was improved the osteoblast cell proliferation than chitosan without BiCP. On day 5, the

chitosan/%8 BICP still revealed a higher value than other groups. On the other hand,

the chitosan/2% BiCP showed the significant difference value than all groups in day 7.
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Figure 43. Cell proliferation of osteoblast cell on the scaffold in all groups on day 1, 3, 5

and 7.

Alkaline phosphatase (ALP) activity

After the cell culture in the OS media at 7, 14 and 21, the ALP activity

was evaluated for the performance of osteoblast cell in the scaffold (Figure 41). On day
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7, the chitosan scaffold with BiCP revealed the higher ALP activity than the chitosan
group. The chitosan/2%, 4%, 6% and 8% BIiCP were showed the similarly on the ALP
activity and continue as same as on day 14. The chitosan/2% BiCP on day 21 revealed
the higher ALP value than other groups but not significantly different. The chitosan

scaffold showed the lower ALP activity when compared to the other groups.
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Figure 44. The ALP activity of osteoblasts in scaffolds after culture in OS media at day

7,14 and 21.

Calcium content

The calcium analysis was used for evaluating the osteoblast
performance on the differentiation stage in the scaffold (Figure 42). On day 7, the
chitosan/8% BIiCP reviewed lower in calcium synthesis than other groups and
significantly different with chitosan/2% and /6% BIiCP. The chitosan/2% BIiCP was
showed the significantly different on the calcium synthesis when compared to other
groups on day 14. Moreover, the chitosan/6% BiCP was significantly higher than
chitosan/8% BIiCP. The calcium synthesis became lower on day 21, the chitosan/2%

BiCP was good performance when compared with other concentrations of BiCP.
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Figure 45. The calcium analysis of osteoblasts in scaffolds at difference time point at 7,

14 and 21

Histology

The morphology of the cell attachment and the arrangement in inside
the scaffold was observed by H&E staining (Figure 43). The H&E staining show the
chitosan can be hold the BIiCP particle and protect the BIiCP particle dispersion.
Moreover, all groups clearly indicated that the increasing trend of cell number, except
the chitosan group. On day 3, the good cell adhesion, elongation, formation into dense
structure was found in the groups of chitosan with 2%, 4%, 6% and 8% BiCP, mostly
cell was specific adhere to the BiCP nodule. In the chitosan without BiCP, the cell
revealed the globular shape when compare to other groups. On day 5, the scaffold in all
groups showed the good cell migration and attachment on the scaffold, except the

chitosan group that showed cell less migration and circular structure.
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Figure 46. Histology of cultured osteoblast cell in scaffolds at difference time point at 3
and 5. Yellow, Blue, and Black arrows point chitosan, bicomponents calcium phosphate,

and osteoblasts. Scale bar : 100 ym

Conclusion

In this research, chitosan with bicomponent calcium phosphate was
fabricated into biomineralized scaffolds based on bioinspiration of bone remodeling. The
results showed morphological formation of calcium phosphate deposition on chitosan
fiber which is similar to biomineralization in bone remodeling. Physical performance of
biomineralized scaffolds demonstrated dynamic behavior of swelling property and

degradation which related to bone remodeling. Furthermore, biological performance of
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biomineralized scaffolds was suitable to enhance bone formation. Finally, the results
were deduced that biomineralized scaffolds based on bioinspiration of bone remodeling
is promising for maxillofial tissue engineering particularly in chitosan with 2 and 4% of

bicomponent calcium phosphate.
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CHAPTER 6

Bioactive composite hydrogel of agarose/ TiC-coated carbon nanoparticle

for bone healing; morphological formation and biological performance

Abstract

Incomplete bone healing is a critical problem for many patients. An
alternative choice to solve that problem is to create a bioactive composite hydrogel of
agarose/TiC-coated carbon nanoparticles. In this research, agarose was mixed with
different amounts of TiC-coated carbon nanoparticles (10, 50, 100, and 200 mg) before
forming into hydrogels. Molecular organization and behaviors were characterized by FT-
IR, DSC, and DMA. The morphologies of the TiC-coated carbon nanoparticles and
hydrogels were observed with TEM, SEM, and LM. Wettability was analyzed by water
contact angle measurement. Osteoblast cells were cultured on the hydrogels. Cell
viability, adhesion, and proliferation were observed and analyzed. The biological
performances for the purpose of bone healing were measured by ALP activity,
osteocalcin synthesis, calcium deposition, and protein absorption. The results
demonstrated that composite hydrogels showed molecular organization and behaviors
via nanoparticle-agarose interaction. The composite hydrogels displayed low softness.
They had morphology of networks of fused clusters of TiC-coated carbon nanoparticles
in the agarose matrix. Those composite hydrogels showed bioactive functionalities to
induce cell viability, adhesion, and proliferation. Furthermore, the composite hydrogels
had unique ALP activity, osteocalcin synthesis, calcium deposition, and protein
absorption. Finally, the results indicated that composite hydrogels are promising to

induce bone healing.
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Materials and methods
TiC/agarose hydrogel gel preparation

The TiC nanoparticles were prepared following the procedure in previous
research [32]. The nanoparticles were added into 1% agarose solutions at different
amounts: 10 mg; 50 mg; 100 mg; and 200 mg. The agarose without TiC was used as
the control. The solutions were then poured into 48-well plates followed by drying at

room temperature for 24 h. The samples were classified into 5 groups (Table.1)

Groups Detail

Control Agarose hydrogel without TiC

10 mg Agarose hydrogel with 10 mg of TiC (w/v)
50 mg Agarose hydrogel with 50 mg of TiC (w/v)
100 mg Agarose hydrogel with 100 mg of TiC (w/v)
200 mg Agarose hydrogel with 200 mg of TiC (w/v)

Table 5 The sample groups of TiC/agarose hydrogels

Morphological observation
The morphologies and structures were observed by scanning electron
microscopy (SEM, JSM-5800LV, JEOL, Japan) and transmission electron microscopy

(TEM, JEOL JEM-2010) at 35 kV and 200 kV, respectively.

Wettability of the membranes (water contact angle)

Membrane samples in each group were cut into 2x2 cm and at random
in 3 points in different areas for hydrophilic and hydrophobic surface testing using the
sessile drop technique (Dataphysics, Model OCA15EC, Filderstadt, Germany).The
membrane was fixed with metal plate. Then, water was dropped on surface of
membrane. The angle of water drop was measured, the 5 membranes in each group

was used for water contact evaluation.
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Differential scanning calorimetry (DSC)

After cutting the membrane into small pieces, the membranes were put
in an aluminium pan and covered with a lid. Next, the samples in the pan were move
into the differential scanning calorimetry (DSC7: Perkin-Elmer, USA). The temperature

was set at a range of 25 to 300 °C and analyzed by increments of 5 °C

Dynamic mechanical analysis (DMA)
The membranes were cut into rectangular shapes before insertion in the
Dynamic Mechanical Analyzer (DMA 1, Mettler-Toledo, USA). The condition was set for

dynamic tension force of 4 Hz for 60 min at 37 °C under nitrogen gas at 20.0 ml/min.

Fourier transform infrared spectroscopy (FT-IR)
The molecular arrangementd of the membranes were observed with FT-
IR (EQUINOX55, Bruker, Ettlingen, Germany). The range was set to 4004000 cm—1

using the KBr disc technique.

Cell culturing

The 2><104 MG-63 osteoblast cell line was maintained in complete alpha-
MEM medium (O-MEM, GibcoTM, Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine
serum, 1% penicillin/streptomycin and 0.1% Fungizone®. The cells were cultured in the
agarose hydrogels with TiC under 5% CO, and 95% humidified air at 37 °C in an
incubator. In the differentiation stage, the MG-63 osteoblast cells were cultured in
osteogenic supplemented (OS) medium (OS: 20 mM b-glycerophosphate; 50 uM

ascorbic acid; and 100 nM dexamethasone [Sigma-Aldrich]) [33].

Cell proliferation (AIamarBIueTM)
Cell proliferation was evaluated with aIarmarBIue® cell viability reagent

(Invitrogen, Germany) after cell seeding in the agarose hydrogels with TiC on days 1,
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3, 5, and 7. The media was removed and rinsed with PBS several times. The 10%
alamarBlue reagent was added in the complete media and added to each group of the
experiment after incubation at 37 °C for 1 h. An amount of 200 pl of solution was used

for OD measurements.

Cell viability

The cells in each group were stained with fluorescein diacetate (FDA) on
days 1 and 3 to observe cell viability. The media was removed from the TiC construct in
agarose and washed with PBS 2 times. Fresh media was added in the agarose gel and
5 pyg/ml of acetone was added in the fresh media and kept at room temperature for 5
min. The agarose gel was rinsed with PBS and observed under fluorescence

microscopy [34].

Alizarin red staining

After culturing on days 7, 14, and 21, the agarose gel was removed,
rinsed with PBS, and fixed with 4% formaldehyde for 15 min. The 2% alizarin red
(Sigma-Aldrich, USA) solution was used to stain each group for 10 min, rinsed with

dH,0, and observed for calcium nodules under a microscope [35].

Protein synthesis

The cells were cultured in OS media on days 7, 14, and 21 to measure
the protein. The TiC constructed in agarose was rinsed with PBS after removing the
media. Then 800 pl of 1% Triton X was added in each group and frozen at —80 °C for 1
h and at room temperature for 1 h for 3 cycles. The agarose was crushed and removed
to Eppendorf tubes. A centrifuge machine was used to separate the supernatant from
the pellet. A cell lysis solution was used for the protein measurement following the

manufacturer’s instructions (Pierce BCA Protein Assay kit, Thermo Scientific, USA).
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Alkaline phosphatase activity
A lysis solution was used for ALP activity using the Alkaline
Phosphatase LiquiCoIor® Test (Human, Germany) on days 7, 14, and 21 following the

manufacturer’s instructions [36].

Osteocalcin assay
The lysis solution on day 7, 14 and 21 was used for the osteocalcin
assay (Mouse Osteocalcin Enzyme Immunoassay kit, BT-470; Alfa Aesar Co, Inc., USA)

following the manufacturer’s instructions.

Statistical analysis
The data are represented as mean + standard deviation, one-way
ANOVA and Tukey’s HDS test (SPSS 16.0 software package) was used for statistical

measurements and comparisons. A p < 0.05 was accepted as statistically significant.

Results
Morphology of TiC-coated carbon nanparticles

The morphologies of the TiC-coated carbon nanoparticles are shown as
SEM and TEM images (Fig. 1). The results based on the SEM image showed that the
particles were approximately 40 nm in size and agglomerated. The TEM image revealed
clearly a core-shell structure of the particles. An ultra-thin layer of TiC (shell) was
formed on a carbon particle (core) due to the template growth mechanism of the

reaction. The formation mechanism was already discussed in our previous work [37].
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Figure 47. SEM image (A) and TEM image (B) of TiC-coated carbon nanoparticles. The
yellow arrow indicates TiC coating layer and the black arrow designates the carbon

core.

Morphologies of the hydrogels

TiC-coated carbon nanoparticles in agarose solutions were prepared
before the hydrogels were formed. There were differences between the solutions. The
results demonstrated that the transparency of the solutions decreased as the amount of
nanoparticles increased (Fig. 2). The solution without nanoparticles was bright and
colorless. The brightness of the solutions decreased as the amount of nanoparticles
increased. The colors transformed from light gray to dark black from 10 to 500 mg of

nanoparticles. Furthermore, the solutions had a homogenous texture.
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Figure 48. Agarose solutions at different concentrations of TiC-coated nanoparticles:
agarose hydrogel without TiC-coated carbon nanoparticles (A); agarose hydrogels with
10 mg (B); 50 mg (C); 100 mg (D); and 200 mg (E) of TiC-coated carbon nanoparticles.

The scale bar represents 1 cm.

After hydrogel formation, the appearances of the specimens were different (Fig. 3). The
hydrogels displayed more turbidity than the solutions. The hydrogel without
nanoparticles were white. On the other hand, the hydrogels with nanoparticles changed

from light gray to dark black.

Figure 49. Hydrogel stages in agarose at different amounts of TiC-coated nanoparticles:
agarose hydrogel without TiC-coated carbon nanoparticles (A); agarose hydrogels with
10 mg (B); 50 mg (C); 100 mg (D); and 200 mg (E) of TiC-coated carbon nanoparticles.

The scale bar represents 1 cm.
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Hydrogels were prepared into membranes for cell culturing. Fig. 4 shows the
membranes after removal from the molds. The results demonstrated that the
transparencies of the hydrogels decreased as the amount of nanoparticles increased

and the hydrogels became darker.

Figure 50. Agarose hydrogel membranes at different amounts of TiC-coated
nanoparticles: agarose hydrogel without TiC-coated carbon nanoparticles (A); agarose
hydrogels with 10 mg (B); 50 mg (C); 100 mg (D); and 200 mg (E) of TiC-coated carbon

nanoparticles. The scale bar represents 5 mm.

The morphologies of the membrane hydrogels were observed by light microscopy (LM)
(Fig. 5) and SEM (Figs. 6 and 7). The morphological structure, surface, and cross-
sectional views of the hydrogels were observed. The images from LM demonstrated
that the agarose hydrogel without the TiC-coated carbon nanoparticles had a clear
continuous phase. The agarose hydrogel with TiC-coated carbon nanoparticles showed
a discontinuous phase. The continuous phase was distributed in a continuous texture.
The discontinuous phases indicated that the clusters became fused together as the

amount of particles increased.
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Figure 51. LM images of agarose hydrogel: without TiC-coated carbon nanoparticles
(A); agarose hydrogels with 10 mg (B); 50 mg (C); 100 mg (D); and 200 mg (E) of TiC-

coated carbon nanoparticles. Scale bar represents 200 pm.

SEM was used to better view the morphology of the hydrogel samples. The surface
morphology showed some clusters of particles attached to the surface of the hydrogels
with TiC-coated carbon nanoparticles (Fig. 6). The clusters were bigger as the amount
of particles increased. The 200 mg nanoparticle samples displayed the biggest clusters

of nanoparticles (Fig. 6E).
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Figure 52. SEM surface images of agarose hydrogels: without TiC-coated carbon
nanoparticles (A); agarose hydrogels with 10 mg (B); 50 mg (C); 100 mg (D); and 200

mg (E) of TiC-coated carbon nanoparticles.

The cross-sectional morphologies of the hydrogels with TiC-coated carbon nanoparticles
showed multiple layers of fused clusters which aligned in the horizontal direction (Fig.
7). The multiple layers became denser as the amount of particles increased, particularly

in the hydrogels with 100 and 200 mg of nanoparticles (Figs. 7D and E). In the case of
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hydrogels without and with 20 mg of nanoparticles, the morphology showed a non-

prominent formation of multiple layers (Figs. 7A and B).

Figure 53. SEM cross-sectional images of agarose hydrogels: without TiC-coated
carbon nanoparticles (A); agarose hydrogels with 10 mg (B); 50 mg (C); 100 mg (D);

and 200 mg (E) of TiC-coated carbon nanoparticles.

FT-IR Spectroscopy
FT-IR spectroscopy was used to characterize the molecular organization

of the hydrogels (Fig. 8). The results showed seven peaks at around 3360 (O-H bond
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stretching) [38], 2920 (C-H bond stretching) [39], 1640 (water bending) [40], 1370 (C-H
bond bending) [41], 1150 (C-O-C stretching) [42], and 1040 (glycosidic bonding) cm_1
[43]. The O-H of the control, 10, 50, 100, and 200 mg appeared around 3365, 3365,
3362, 3366, and 3359 cm-1, respectively. The C-H of the control, 10, 50, 100, and 200
appeared around 2925, 2901, 2900, 2899, and 2898 cm-1, respectively. Water bending
of the control, 10, 50, 100, and 200 mg showed wavenumbers at around 1640, 1640,
1641, 1639, and 1640 cm_1, respectively. The C-O-C stretching of the control, 10, 50,
100, and 200 demonstrated the same wavenumber at around 1151 cm-1. Glycosidic
bonding of the control, 10, 50, 100, and 200 mg appeared around 1040, 1040, 1040,

and 1039 cm-1, respectively.
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Figure 54. FT-IR spectroscopy analysis of the hydrogels in all groups.
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DSC characterization

DSC was selected to characterize structural organization of the
hydrogels in this research (Fig.9 and 10). The results showed two regions in the DSC
spectrum which refer to the structural organization of the hydrogels (Figure 8). The first
region is the peak at around 60 to 70 °C. This is the dehydration peak of the hydrogels
[44]. The second region is the peak at around 250 to 350 °C. This is the melting
temperature of the hydrogels. The dehydration peaks of the control, 10, 50, 100, and
200 mg hydrogels appeared around 60.6, 68.5, 68.4, 69.8, and 66.2 oC, respectively.
The peak area of dehydration of the control, 10, 50, 100, and 200 mg hydrogels were

1241, 332.7, 229.3, 289.7, and 209.5 J/g, respectively.
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Figure 55. The DSC thermogram of the hydrogels in all groups.

450



The melting temperatures of the hydrogels are shown in Figure 10.
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The melting

temperature of the control, 10, 50, 100, 200 mg hydrogels appeared around 313.7,

318.2, 316.6, 318.7, and 321.3 OC, respectively. The peak areas of the 10, 50, 100, 200

mg hydrogels appeared at around 291.4, 133.6, 62.8, 62.0, and 119.8 J/g, respectively.
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Figure 56. DSC thermograms: each hydrogel of all groups at the second region (A);

control (B); 10 mg (C); 50 mg (D); 100 mg (E); 200 mg (F)
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Dynamic mechanical analysis (DMA)

DMA was selected to characterize molecular behavior of hydrogels in
this research (Fig.11). The tan6 was used to analyze energy dissipation which refers to
the softness and hardness of the materials. Soft materials showed large energy
dissipation. On the other hand, hard materials demonstrated small amounts of energy
dissipation [45]. Principally, the existence of broad and large peaks in the DMA
spectrum demonstrated large energy dissipation [46].

The results showed three groups in the DMA spectrum: 1) agarose
without nanoparticles; 2) agarose with 10, 50, and 100 mg of nanoparticles; and 3)
agarose with 200 mg of nanoparticles. The agarose without nanoparticles showed the
existence of tan® peaks. The second group had a decrease in the tan® value from 0 to
10 min. The agarose with 200 mg of nanoparticles had no peaks of tan® and showed a

steady curve from 0 to 10 min.
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Figure 57. DMA spectrum of hydrogels of all groups
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Water contact angle

The hydrophobicities of the membranes were evaluated by water contact
measurements (Fig.12). The control and 200 mg had higher contact angles of about
52.42° and 53.84° respectively. The 10 mg, 50 mg, and 100 mg hyrogels showed a
similar trend; however, the 100 mg hydrogel had a lower contact angle at around
24.08°. This result indicated that the modified agarose with TiC nanoparticles had
increased hydrophilicity properties of the membranes, except the 200 mg hydrogel.
Although all groups showed contact angles less than 90°, a water contact angle less
than 90° indicates hydrophilicity.
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Figure 58. Water contact angles of the hydrogels in all groups.
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Cell viability on the hydrogels

The cultured hydrogels were observed by a fluorescence microscope for
cell viability (Fig. 13). Cell viability was observed with FDA staining after days 3 and 5.
On day 3 the control and 10 mg showed less cell viability than the other groups. The 50
mg, 100 mg, and 200 mg hyrogels had higher cell viability. Cell viability increased as
time elapsed. Cell viability clearly increased from day 3 to day 5, especially in the 50

mg, 100 mg, and 200 mg hydrogels.
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Day 3 Day 5

100 mg 50 mg 10 mg Control
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Figure 59. Fluorescence microscopy images of the cells in cultured agarose hydrogels:
without TiC-coated carbon nanoparticles (A) and the agarose hydrogels with TiC-coated

carbon nanoparticles at days 3 and 5. Scale bar 200 pym
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Cell adhesion on the hydrogels

Cell adhesion on the hydrogels appeared as circular structures on the
surface of the hydrogel with the TiC-coated carbon nanoparticles (Fig. 14). The
hydrogels with TiC-coated carbon nanoparticles showed an elongated morphology of
the cells. The hydrogel with the greatest amount of TiC-coated carbon nanoparticles
(200 mg) distinctly showed cell adhesion and spreading on the clusters of the

nanoparticles.

Miz| KV | Mag | HFW |Film
1PSU120 13000 ¥ 45 6 pm 0656 —— 10—

Figure 60. SEM images of cell adhesion on agarose hydrogel: without TiC-coated
carbon nanoparticles (A); agarose hydrogels with 10 mg (B); 50 mg (C); 100 mg (D);
and 200 mg (E) of TiC-coated carbon nanoparticles at day 3. Yellow arrows indicate the
agarose texture, white arrows indicate cell adhesion, and black arrows indicate clusters

of TiC-coated carbon nanoparticles.
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Cell proliferation on the hydrogels

Cell proliferation was evaluated with AlarmarBlue on days 1, 3, 5, and 7.
The trend indicated increased proliferation as time increased (Fig. 15). The 10 mg, 50
mg, and 100 mg hydrogels showed better cell proliferation than the control and 200 mg
hydrogel on day 1. On day 3, the 10 mg, 50 mg, and 100 mg hydrogels still had
significantly higher cell proliferation than the control and the 200 mg hydrogels and the
200 mg hydrogel showed higher cell proliferation than the control but the difference was
not significant. Cell proliferation clearly increased from day 3 to day 5. Cell proliferation
on the 200 mg hydrogel increased nearly to the levels of the 10 mg, 50 mg, and 100
mg hydrogels but the result was not significant. However, the hydrogels with TiC
revealed significantly higher cell proliferation than the control. Cell proliferation was not
significantly different between the 10 mg, 50 mg, and 100 mg hydrogels. However, with
the exception of the 10 mg hydrogel, cell proliferations of the 50 mg and 100 mg

hydrogels were higher than the control and 200 mg groups.
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Figure 61. Cell proliferation of the agarose hydrogels with and without TiC-coated

carbon nanoparticles at days 1, 3, 5, and 7.
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ALP activity on the hydrogels

ALP activity was chosen as the biomarker to evaluate the biological
performance in the early state of bone formation. At day 7, the results demonstrated
that composite hydrogels of agarose with 10, 50, and 100 mg of particles had more
ALP activity than the agarose without particles and agarose with 200 mg of particles
(Fig. 16). Agarose with 100 mg of particles showed the most ALP activity. At day 14,
the composite hydrogels of agarose with 50, 100, and 200 mg of particles had higher
ALP activity than the agarose without particles and agarose with 10 mg of particles.
Notably, the agarose hydrogel with 10 mg of particles had higher ALP activity than the
agarose without particles. At day 21, the results showed no differences of ALP activity

between any of the samples.
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Figure 62. ALP activity of agarose hydrogels with and without TiC-coated carbon

nanoparticles at days 1, 3, 5, and 7.
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Calcium deposition on the hydrogels

Calcium deposition was also selected as a biomarker to evaluate
biological performance. Calcium deposition is an indicator of the later state of new bone
formation. The results demonstrated calcium deposition on all samples (Fig. 17). The
red nodules identified the calcium clusters stained with Alizarin red. The agarose
hydrogel showed some calcium deposition on the surface. However, the composite
agarose hydrogels demonstrated high amounts of calcium deposition. Calcium
deposition increased as the amounts of particles increased. The hydrogel with the
highest amount of TiC-coated carbon nanoparticles (200 mg) displayed the most unique

calcium deposition.
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Figure 63. Calcium nodules on agarose hydrogels with and without TiC-coated carbon
nanoparticles were detected with alizarin red staining on days 7: control A); 10 mg B);
50 mg C); 100 mg D); and 200 mg E). The red areas indicate calcium nodules. Scale

bar 200 ym

Protein synthesis on the hydrogels
Protein synthesis was evaluated by the BCA kit on days 7, 14, and 21.
On day 7, the 100 mg hydrogel showed a significantly higher percentage of protein

synthesis compared with the other groups. The control, 10 mg, and 50 mg hydrogels
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revealed no significant differences between them, but these groups were significantly
lower than the 200 mg hydrogel (Fig.18). Protein synthesis became lower on day 14
and especially in the 50 mg hydrogel which showed significantly lower protein synthesis
than the others. All groups showed similar protein synthesis except the 50 mg hydrogel.
The control clearly showed a decrease in protein synthesis compared to the other

hydrogels. All groups of TiC particles revealed rather similar results on day 21.
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Figure 64. Protein synthesis of cells on agarose hydrogels with and without TiC-coated

carbon nanoparticles at days 7, 14, and 21.

Osteocalcin synthesis on the hydrogel

Osteocalcin synthesis was evaluated with the Mouse Osteocalcin
Enzyme Immunoassay kit, BT-470 (Alfa Aesar, USA) on days 7, 14, and 21. The results
showed that osteocalcin increased as time elapsed (Fig.19). On day 7, the control was
lower than the other groups. The modified agarose hydrogels (10 mg, 50 mg, 100 mg,
and 200 mg) all showed good performance on osteoclacin synthesis, especially the 200

mg hydrogel. The 50 mg and 100 mg hydrogels clearly had increased osteocalcin
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synthesis from day 7 to day 14 and the 200 mg hydrogel showed significantly higher
synthesis than other groups. The control hydrogel showed the lowest amount of
osteocalcin synthesis. The 100 mg and 200 mg hydrogels did not have significantly
different osteocalcin synthesis on day 21. However, the 50 mg hydrogel had higher
osteocalcin synthesis than the 10 mg and control hydrogels. The 100 mg and 200 mg

hydrogels were also significantly higher than other groups.
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Figure 65. Osteocalcin synthesis on days 7, 14, and 21 after measurements with Mouse

Osteocalcin Enzyme Immunoassay kit, BT-470.

Discussion
Physical appearance and performance of hydrogels

After preparation, the bioactive composite hydrogels were observed for
physical appearance and performance. The hydrogels with different amounts of TiC

coated carbon black nanoparticles had different colors. The hydrogels with high
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amounts of nanoparticles were darker than the hydrogels with low amounts. This was
due to the higher light absorbance of the high amounts of nanoparticles in the hydrogels
[47]. The hydrogels with nanoparticles showed more turbidity than the hydrogel without
nanoparticles. This was due to light scattering of the aggregations of nanoparticles [48].

The water contact angle was selected to evaluate the hydrophilicity of
the materials. Principally, the materials which have a water contact angle greater than
90° are identified as hydrophilic [49]. The results demonstrated that the hydrogels with
nanoparticles showed greater hydrophilicity than the hydrogel without nanoparticles.
This was due to the nanoparticles which provided a hydrophilic layer of TiC on their
surface [50]. Interestingly, the over loading of nanoparticles in the 200 mg hydrogel had
lower hydrophilicity than the other hydrogels. Particle aggregation led to the reduced
hydrophilicity of the hydrogel [51]. Importantly, the various hydrophilicities of the
hydrogels are critical because hydrophilicity has an effect on the biological performance,
particularly in cell behavior [52]. Cell behavior offers important clues on how to evaluate
the potential of hydrogels for use in bone healing. Therefore, this hypothesis was

undertaken.

Molecular organization and behavior of hydrogels

FT-IR, DSC, and DMA were selected to characterize the hydrogels. The
results of FT-IR characterization showed molecular organization of the hydrogels via
chemical group interaction and mobility. There were two groups of molecular
organization: 1) hydrophilic and 2) hydrophobic chemical groups.

The hydrophilic groups were mainly O-H which showed fluctuation of molecular
organization as the amount of nanoparticles increased. The hydrogels with
nanoparticles showed lower O-H wavenumbers than without nanoparticles. This
indicated molecular organization via interaction of the O-H groups. The hydrophobic
groups were mainly C-H which had decreasing wavenumbers as the amount of

nanoparticles increased. This showed molecular organization via interaction of the C-H
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groups. The result demonstrated that water bending showed the fluctuation of
wavenumbers as the amount of nanoparticles increased. This indicated that water
showed interaction and mobility in the molecular organization of the hydrogels with
nanoparticles. Nevertheless, to comprehend water organization in hydrogels, DSC was
used for characterization.

DSC characterization initially showed that the hydrogels with
nanoparticles had higher dehydration temperatures than the hydrogel without
nanoparticles. This indicated that the water in the hydrogels with nanoparticles self-
organized with greater stability than without nanoparticles. Furthermore, the hydrogels
with nanoparticles had higher peak areas than without the nanoparticles. Therefore,
water organization in the hydrogels with nanoparticles had more regularity than the
hydrogel without nanoparticles. The results also demonstrated that the hydrogels with
nanoparticles had higher melting temperatures of the agarose than without
nanoparticles which indicated that the hydrogels with nanoparticles had higher structural
stability of the agarose than without nanoparticles. Interestingly, hydrogels with
nanoparticles showed lower peak areas than without nanoparticles. This occurred
because hydrogels with nanoparticles had higher irregular structures of agarose than
without nanoparticles. This indicated that the hydrogels with nanoparticles showed
structural stability which comes mainly from the agarose-nanoparticle interaction [53].

In the case of DMA which was selected to characterize molecular
behavior of the hydrogels, the results showed that the hydrogel without nanoparticles
had tan® peaks related to energy dissipation of the material [54]. Principally, energy
dissipation was indicated the softness of the material [55]. Therefore, the results
demonstrated that the hydrogel without nanoparticles showed more softness than
without nanoparticles. This was the result of the molecular mobility of agarose. The
hydrogel with 200 mg of nanoparticles had a steady graph of DMA. This indicated that
the hydrogel with a high amount of nanoparticles had the lowest softness. This showed

the non-molecular mobility of agarose. In the case of hydrogels with 10, 50, and 100
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mg, they showed decreasing curves before they reached the steady state. This
indicated a fair amount of molecular mobility of agarose.

According to our results of molecular organization and behavior, the
hydrogels with nanoparticles had unique molecular organization via the nanoparticle-
agarose interaction. This led to low molecular mobility of agarose which reflected the
low softness of the hydrogels. Interestingly, some reports demonstrated that the
softness of materials acted as clues for cell regulation [56]. Nevertheless, to prove this

was related to our results, further testing of the biological functions was undertaken.

Morphological formation of nanoparticles and hydrogels

The observed morphological formations of the nanoparticles and
hydrogels were related to the biological performances. The results showed a nano-thin
layer of TiC coating on the carbon nanoparticles. The nanoparticles organized
themselves into aggregations via the physical forces [57]. The morphological formations
of the hydrogels demonstrated that the nanoparticles organized themselves into a
network of fused clusters which acted as a discontinuous phase or reinforcement part of
composite hydrogels [58]. That discontinuous phase was distributed within the
continuous phase or matrix of the composite hydrogels [59,60]. The network of fused
clusters was also formed by the physical interaction between the particles. The cross-
sectional image of the morphological formation showed multiple layers of nanoparticles
that aligned themselves in a horizontal direction. This possibly resulted from the surface
tension between air/hydrogel and substrate/hydrogel. Surface tensions can force

nanoparticles to align themselves into a horizontal direction [61].

Cell behaviors on the hydrogels
Cell behaviors, cell viability, adhesion, and proliferation on hydrogels
were described in this research. The results demonstrated that a high amount of

nanoparticles enhanced cell viability. The hydrogel with the highest amount of
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nanoparticles showed high bioactive surface area of TiC with more unique cell viability
than the hydrogels with lower amounts and without nanoparticles [62]. In the case of
cell adhesion, hydrogels with higher amounts of nanoparticles influenced the induction
of cell adhesion, elongation, and spreading. TiC layers which have bioactive
functionality might be the main effect to enhance cell adhesion [63]. However, the
fluctuation of surface nanoparticle clusters can act as nodes for cell creeping which
might be the cause of cell elongation and spreading. The higher amounts of
nanoparticles had more bioactive functionality to induce cell proliferation than the lower

amounts of nanoparticles [64].

Expression of bone healing

ALP activity, osteoclacin, calcium deposition, and protein absorption on
hydrogels represent expressions of bone healing in this research. Principally, ALP
activity and osteocalcin are the biomarkers related to the early state of bone healing
[65]. The results demonstrated that hydrogels with higher amounts of nanoparticles
showed more bioactive functionality to induce ALP activity and osteocalcin than lower
amounts of nanoparticles. This occurred because greater amounts of TiC nanoparticles
have an overall greater surface area than lower amounts of nanoparticles. This
demonstrated that TiC showed the unique bioactive function to enhance ALP activity
and osteocalcin [66].

The results indicated that the TiC layer of nanoparticles had the
important role of promoting calcium deposition. This was due to the TiC layer which had
the bioactive performance to act as a suitable substrate for calcium deposition [67].
Furthermore, the greater amount of nanoparticles had more surface area. The greater
amount of high surface area contributed to the increased calcium deposition [68].

Finally, protein absorption on the hydrogels was related to the secreted
biological signals during osteoblast cell growth. This is the biomarker related to bone

healing [69]. Notably, the TiC layer performs as a bioactive substrate to capture
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secreted proteins from osteoblast cells [70]. Interestingly, some reports demonstrate that
the secreted biological signals of protein act as molecules connected to cells [71]. The
connecting has an effect on the expression of cell behavior which leads to the induction
of bone healing [72] .

The results of biological performance indicated that hydrogels with

nanoparticles showed suitable performance to induce bone healing.

Conclusions

Agarose/TiC-coated carbon nanoparticles were fabricated into composite
hydrogels for bone healing. The composite hydrogels showed the molecular
organization and behavior via nanoparticle-agarose interaction which led to low
softness. They had the morphological formation of a network of fused clusters of
nanoparticles in the matrix and showed hydrophilic functionality. The composite
hydrogels with the bioactive TiC-coated carbon nanoparticles demonstrated the
important role of inducing cell adhesion, elongation, and spreading, and the composite
hydrogels were able to enhance cell proliferation. Furthermore, they could promote the
expression of the biomarkers including ALP activity, osteocalcin synthesis, calcium
deposition, and protein absorption which are related to the biological performance of
bone healing. Finally, this research indicated that composite hydrogels of agarose/TiC-

coated carbon nanoparticles are a promising approach to bone healing.
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Chapter 7

Conclusion and future works

In this research, silk fibroin fabric were improved their performance by
coating with silk fibroin solution. The result showed that silk fibroin fabric coated with
silk fibroin solution can promote cell proliferation and cell attachment for soft tissue in
cleft palate. In addition, to make the mimick anatomical biphasic scaffolds based on silk
woven fabric/gelatin layer was supported both fibroblast cell and keratinocyte cell so it

promising for mucosa tissue construction in maxillofacial surgery.

The morphology of silk fibroin/gelatin of SF/GT (50:50) showed a
heterogeneous morphology of main, porous structure, incorporated within its network
structure. Hence, SF/GT (50:50) had suitable physical as well as biological
performance, which could be related to irregular bone remodeling. Finally, the results
indicated that SF/GT (50:50) is promising as an ex-vivo biomaterial for evaluation of

pathogenic structures in osteoporosis.

Chitosan with bicomponent calcium phosphate was fabricated into
biomineralized scaffolds, based on bioinspiration of bone remodeling. The results
revealed that the morphological formation of calcium phosphate deposition on chitosan
fiber is similar to biomineralization in bone remodeling. The physical performance of
biomineralized scaffolds demonstrated a dynamic behavior of swelling properties, and
degradation, which is related to bone remodeling. Furthermore, the biological
performance of biomineralized scaffolds was suitable for the enhancement bone
formation. Finally, the results deduced that biomineralized scaffolds, based on
bioinspiration of bone remodeling, is promising for maxillofacial tissue engineering,

particularly in chitosan with 2 and 4% of bicomponent calcium phosphate.
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TCBs were used for inducing the mineralization bone tissue engineering,
the result showed that the good cell proliferation and attachment was found in group of
agarose that modified with TCBs and the differentiation stage was improved by using

TCBs, so is promising for maxillofacial tissue engineering.

This result was successful in vitro so it is possible for using this modified
silk fibroin fabric and chitosan with BiCP in vivo experiment for evaluate the

performance of material before study in human.
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