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Cleft palate is a congenital malformation that generates a maxillofacial bone defect around the mouth area. The
creation of performance scaffolds for bone tissue engineering in cleft palate is an issue that was proposed in this
research. Because of its good biocompatibility, high stability, and non-toxicity, silk fibroin was selected as
the scaffold of choice in this research. Silk fibroin scaffolds were prepared by freeze-drying before immerging
in a solution of collagen, decellularized pulp, and collagen/decellularized pulp. Then, the immersed scaffolds
were freeze-dried. Structural organization in solution was observed by Atomic Force Microscope (AFM). The
molecular organization of the solutions and crystal structure of the scaffolds were characterized by Fourier trans-
form infrared (FT-IR) and X-ray diffraction (XRD), respectively. Theweight increase of themodified scaffolds and
the pore size were determined. The morphology was observed by a scanning electron microscope (SEM).
Mechanical properties were tested. Biofunctionalities were considered by seeding osteoblasts in silk fibroin
scaffolds before analysis of the cell proliferation, viability, total protein assay, and histological analysis. The results
demonstrated that dendrite structure of the fibrils occurred in those solutions. Molecular organization of the
components in solution arranged themselves into an irregular structure. The fibrils were deposited in the
pores of the modified silk fibroin scaffolds. The modified scaffolds showed a beta-sheet structure. The morpho-
logical structure affected the mechanical properties of the silk fibroin scaffolds with and without modification.
Following assessment of the biofunctionalities, the modified silk fibroin scaffolds could induce cell proliferation,
viability, and total protein particularly in modified silk fibroin with collagen/decellularized pulp. Furthermore,
the histological analysis indicated that the cells could adhere in modified silk fibroin scaffolds. Finally, it can be
deduced that modified silk fibroin scaffolds with collagen/decellularized pulp had the performance for bone
tissue engineering and a promise for cleft palate treatment.

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

Cleft palate is a congenital malformation that develops from a defect
in facial development. This defect includes bone loss around themouth.
Cleft palate causes dysfunction of the mouth, for instance, problematic
verbal and speech development, and abnormal suction during breast
sucking (1). To treat cleft palate, patients need to have an operation.
However, incomplete bone tissue regeneration often occurs post-
operatively. Therefore, creating a potential approach to complete the
bone regeneration is a challenge for cleft palate.

Bone tissue engineering is the process of regeneration of functional
tissue. Bone tissue engineering can treat bone tissue defects from
disease (2). Principally, tissue engineering is an interdisciplinary field
sane).
that includes three disciplines: material engineering, cell technology,
and biomaterials (3). Biomaterials for tissue engineering scaffolds are
especially important to induce bone tissue regeneration (4).

Silk fibroin (SF) is a protein that is produced by the Bombyx mori
silkworm. The main proteins of silk fibroin include the amino acids gly-
cine (43%), alanine (30%), and serine (12%) (5). Importantly, silk fibroin
can arrange into three forms: (1) random coil, (2) alpha helix, and (3)
crystalline β-sheet. The properties of silk fibroin are slow degradation,
biocompatibility, low immunogenicity and toxicity, and goodmechanical
properties. Silk-based biomaterials were used as tissue engineering scaf-
folds in skeletal tissue like bone, cartilage, connective skin, and ligament
tissue (6). Particularly in bone tissue engineering, the silk fibroin scaffold
is a suitable choice because it has stability during bone tissue regenera-
tion (7).

Collagen is a natural protein that is themain component in the extra-
cellularmatrix (ECM) in tissue. Especially in bone tissue, collagen acts as
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Table 1
Groups of silk scaffolds coated with the coating solutions.

Group Detail

A Silk scaffold
B Silk-coated decellularized pulp
C Silk-coated collagen
D Silk-coated collagen and decellularized pulp
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the template for calcium phosphate deposition. More specifically,
collagen can enhance the stability and strength of the bone (8). Collagen
is a popular material for tissue regeneration because collagen has
biofunctionalities that cells can recognize. Such functionalities can
enhance cell adhesion that leads to inducing tissue regeneration (9).

Pulp is the tissue located in teeth that has an ECM in its texture (10).
Generally, this ECM plays a significant role as a native scaffold for bone
tissue regeneration (11). Some reports demonstrated the performance
of ECM from different sources for bone tissue regeneration (12).
Normally, isolating ECM is an important step before it is used for tissue
regeneration. Therefore, decellularized tissue is an attractive approach
which has been used to isolate ECM. However, the use of decellularized
pulp in bone tissue engineering has been rarely reported. Hence, the
use of decellularized pulp is the proposed novel choice for bone tissue
engineering in this research.

Due to the attractiveness of collagen and decellularized pulp, we
developed a high performance silk fibroin scaffold by modification
with collagen/decellularized pulp for application in cleft palate. The
hybridization of collagen with decellularized pulp was considered and
prepared in a solution. Silk fibroin scaffolds were coated with that
solution. The characterization of the morphological structure and
biofunctionalities were considered in this research. The eventual aim
of this research was to enhance the biofunctionalities of a porous silk
scaffold with collagen/decellularized pulp for bone tissue engineering
in cleft palate.

2. Materials and methods

2.1. Preparation of silk fibroin scaffolds

Silk fibrin scaffolds were prepared by boiling the cocoons for 30 min
in 0.02 M Na2CO3 and then rinsed with distilled water to extract the
sericin. The silk was dried in a hot air oven at 60 °C for 24 h. The silk
was dissolved in a 9.3 M LiBr solution at 70 °C for 3 h and then a silk so-
lution was prepared yielding a 3% (w/v) solution (13). After dissolving
the silk fibroin, it was centrifuged for 20 min at 9000 RPM at 4 °C
(14). The silk solution was purified by dialyzing against distilled water
for 3 days (15). The silk fibroin solution was stored at 4 °C until further
use. Preparation of the 3D silk scaffold for experiment followed five
steps. First, the silk fibroin solution was poured in 48-well plates.
Second, the silk fibroin solution was freeze-dried to generate the po-
rosity. Third, the porous silk scaffolds were treated by immersion in
Fig. 1. AFM images of structure formation of coating solution: (A) dece
70% (v/v) methanol for 30 min. Fourth, porous silk scaffolds were
freeze-dried again. Finally, all scaffolds were cut into a diameter of
10 mm and 2 mm in thickness.

2.2. Preparation of type I collagen

Type I collagen was extracted from the skin of brown banded
bamboo shark (Chiloscyllium punctatum). The preparation of type I
collagen followed the report of P. Kittiphattanabawon et al. 2010 (16).
Briefly, shark skin (1.0 × 10 cm2) was mixed with 0.1 M NaOH. Next,
the deproteinized skin was soaked in 0.5 M acetic acid for 48 h. After
filtering the mixture to get the collagen solution, NaCl was added to a
final concentration of 2.6 M and 0.05 M Tris (hydroxymethyl)
aminomethane at pH 7.5. The pellet was dissolved in a minimum
volume of 0.5M acetic acid and the collagen pelletwas collected follow-
ing refrigerated centrifugation. For a more purified collagen solution,
dialysis was performedwith 0.1M acetic acid for 12 h and 48hwith dis-
tilled water. The freeze-dried method was used to remove the water
and it was kept at −20 °C for later use.

2.3. Preparation of decellularized pulp

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

2.4. Modification of silk fibroin scaffolds

For modification of silk fibroin scaffolds, we designed the silk fibroin
scaffolds into 4 groups that were modified with different coating
solutions (Table 1). For coated silk scaffolds in the decellularized pulp
group, the decellularized pulp powder was dissolved in 0.1% sodium
hypochlorite to a concentration of 0.1 mg/ml. In the case of coated silk
scaffolds with collagen, the collagen powder was dissolved in 0.1 M
acetic acid to a concentration of 0.1 mg/ml (18). For coated silk scaf-
folds with collagen/decellularized pulp, the previous collagen and
decellularized pulp were mixed together to obtain a 50:50 ratio. The
collagen, decellularized pulp, and collagen/decellularized pulp were
used as the coating solutions tomodify the scaffolds. Tomodify the scaf-
folds, the silk fibroin scaffolds were immersed into the coating solutions
for 240 min. Then, the immersed scaffolds were soaked in 1× PBS for
30 min before they were freeze-dried (19).

2.5. Pore size measurement

The ImageJ software (1.48v) was used to measure the pore size in
each group. The pore distribution of the scaffolds was analyzed from
llularized pulp, (B) collagen, and (C) collagen/decellularized pulp.



Fig. 2. FT-IR spectra: (A) collagen, (B) decellularized pulp, and (C) collagen/decellularized
pulp.

Fig. 3. XRD spectra: (A) silk fibroin scaffold, (B) silk fibroin scaffold coated with
decellularized pulp, (C) silk fibroin scaffold coated with collagen, and (D) silk fibroin
scaffold coated with collagen/decellularized pulp.
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SEM images. The pore size of the scaffolds in each group was a random-
ized area (n = 25) to calculate the average pore size (20).

2.6. Weight increase of the modified scaffolds

The weight increase of the modified scaffolds was measured by
the percentage deposition of components in the coating solution on
the scaffolds. All groups of silk scaffold were weighed before and after
coating (n = 5). The difference in the weights showed the increased
percentages of the components from the coating solutions that attached
onto the silk scaffolds (21). The calculation for the percentage deposi-
tion of components in the coating solution onto the scaffold (w/w, %)
was (Wt −Wp) /Wt × 100%, whereWt = weight of the coated scaffold
and Wp = weight of scaffold.

2.7. Swelling testing

The silk scaffolds in all groups were soaked in PBS at 37 C̊ for 24 h.
After removal of excess PBS by contactwith a plastic surface, the swollen
sampleswereweighed immediately. The swelling ratioswere calculated
using the equation (Ws –Wd)/Wd, whereWs andWd are the weights of
the swollen scaffold and the dry scaffold, respectively (22).

2.8. Mechanical properties testing

The mechanical properties of the scaffolds in thewet phase were in-
vestigated using the Universal Testing Machine (Lloyd model LRX-Plus,
Lloyd Instrument Ltd., London, UK). In this study, all groups of scaffolds
were cut into a diameter of 10mm and a thickness of 5 mm. The testing
machine used a static load cell of 10 N at a rate of 2 mm/min and
stopped at a strain of 40%.

2.9. Fourier transform infrared (FT-IR) characterization

The molecular organization of the silk fibroin scaffolds and the silk
fibroin scaffolds coated with decellularized pulp, collagen, and collagen/
decellularized pulp were analyzed by FT-IR. The samples were analyzed
as a KBr pellet in an FT-IR spectrophotometer using the EQUINOX 55
(Bruker Optics, Germany) in the range of 4000–400 cm−1.

2.10. X-ray diffraction (XRD) characterization

The crystal structure of the silk fibroin scaffolds and silk fibroin
scaffolds coated with decellularized pulp, collagen, and collagen/
decellularized pulp were analyzed by XRD (X'Pert MPD (PHILIPS,
Netherlands). Samples were put in the XRD instrument and the diffrac-
tion patterns were measured over a 2 θ range of 5–90 θwith a step size
of 0.05 θ and time per step of 1 s.

2.11. Scanning electron microscopy (SEM) observations

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

3. Atomic force microscopy observations

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

The MG-63 cell line was cultured in alpha-MEM medium (α-MEM,
GibcoTM, Invitrogen, Carlsbad, CA) with the addition of 1% penicillin/
streptomycin, 0.1% fungizone, and 10% fetal bovine serum (FBS) at
37 °C in a humidified CO2 (5%) and air (95%) incubator. The MG-63 was
seeded with a 5 × 105/silk scaffold and the medium was changed every
3–4 days (23). The osteogenic medium (10 mM b-glycerophosphate,
50 mg = mL ascorbic acid, and 100 nM dexamethasone; Sigma-
Aldrich) was used for osteoblast differentiation of MG-63 (24).

3.2. Cell proliferation assay (PrestoBlue: Day 1, 3, 5, and 7)

To observe the cell proliferation, PrestoBlue assaywas used based on
resazurin reagent. When the live cells go through the reducing process
in the cytoplasm they will react with the resazurin to form resorufin
to produce a purple or red color. The measurement of cell prolifera-
tion was performed according to the manufacturer's instructions
(PrestoBlue® Cell Viability Reagent, Invitrogen, USA) and measured
at 1, 3, 5, and 7 days (25). Silk fibroin scaffolds from each group were
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washed twice with 1× PBS and then 1/10th volume of PrestoBlue re-
agent was added directly into the complete media and incubated
for 1 h at 37 °C and the proliferation rate of the cells was measured
by monitoring the wavelength absorbance at 600 nm emission. The
untreated cell group was used for the negative control.
3.3. Cell viability (fluorescence microscope on day 3)

Cell viability on silk fibroin scaffold in each group was evaluated by
fluorescence microscope. The live cells on the SF scaffold were stained
by fluorescein diacetate (FDA). The application of the FDAwas to attach
to the cells and embed them into the ECM and cellular clusters. FDA
was dissolved in acetone at 5 mg/ml. Next the media was removed by
replacement of fresh 1 ml medium and then 5 μl of the FDA was
added to each well and kept in the dark at 37 °C for 5 min. The silk
fibroin scaffold was washed twice with 1× PBS and transferred to a
glass slide and the cell morphology was observed by the fluorescence
microscope (26).
3.4. Total protein assay

The cellular protein in the cell lysis solution was discharged accord-
ing to the manufacturer's instructions (Pierce BCA Protein Assay Kit,
Thermo Scientific, USA). In order to extract cellular protein by using
the lysis cell method, 800 μl of the cell lysis solution (1% Triton X in
PBS) was added in each well and the silk fibroin scaffolds were frozen
at −70 °C for 1 h and then thawed at room temperature for 1 h. This
was repeated in 3 cycles. Following that, the solution was transferred
to an Eppendorf tube and centrifuged at 12000 RPM for 10 min to re-
move the supernatant from the pellet. The measurement of the total
protein synthesized by the cells in the silk fibroin scaffold was per-
formed with absorbance at 562 nm at 7, 14, and 21 days. Bovine
serumalbuminwas used for the standard curve in this experiment (27).
Fig. 4. Images of silkfibroin scaffolds: (A, C) before immersion (10mmdiameter × 2mm thickn
with collagen, and (B, F) silk fibroin scaffold coated with collagen/decellularized pulp.
3.5. Histology analysis

The silk fibroin scaffolds with cell cultures on day 5 were fixed with
4% formaldehyde at 4 °C for 24 h. The silk fibroin scaffolds in each group
were immersed in paraffin. The paraffin sections were cut at 5 μ and
placed on a glass slide and deparaffinized and hydrated in distilled
water. The sample slides were stained with 2 types of stain. At first, he-
matoxylin and eosin stain was used to observe cell migration, adhesion,
and the ECM synthesized from the cells around the silk fibroin scaffold
(28).

3.6. 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 b 0.05 was accepted
as statistically significant.

4. Results and discussion

4.1. Structural formation of mimicked extracellular matrix

In this research, a coating solution of collagen/decellularized pulp
was prepared according to the above protocol before observation of its
organization by AFM. The characterization of the structure of the colla-
gen/decellularized pulp was the preliminary demonstration before
coating onto the silk fibroin scaffolds. Furthermore, this demonstration
could relate to the arrangement of the collagen/decellularized pulp
on the silk fibroin scaffolds. The structure of collagen/decellularized
pulp showed dendrite formation of fibrils (Fig. 1). Collagen without
decellularized pulp organized predominantly into a dense branch struc-
ture. As reported previously, collagen molecules formed themselves
into a fibril structure (29). Notably, collagen formed dendrite formation
of fibrils when it was observed by AFM. This result can be explained by
the disturbance of the collagenmolecules by the sodiumhypochlorite in
ess), (D) silk fibroin scaffold coatedwith decellularized pulp, (E) silkfibroin scaffold coated
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the solution. Generally, sodium hypochlorite is a chemical reagent used
for dental treatment. Sodiumhypochloritemaintains fibroblast viability
and promotes healing of chronic wounds (30). Some reports demon-
strated that sodium hypochlorite can change hydroxyproline into
pyrrole-2-carboxylic acid (31). Such forms of collagen might influence
the organization into dendrite formation of fibrils.

4.2. Molecular organization analysis of modified silk fibroin scaffolds

FT-IR was used to analyze the molecular organization of the coating
solutions for characterization in this research. The results of the mole-
cular organization showed different wave numbers of the samples
(Fig. 2). As previously mentioned for the collagen, the FT-IR spectrum
Fig. 5. Images of silk scaffolds after immersion in a coating solution at each time point of 10, 30, 6
(A1–A6) silk scaffold immersedwith decellularized pulp solution, (B1–B6) silk scaffold immers
pulp solution. Scale bar: 5 mm.
showed the important peak of –OH groups at 3500 cm−1 (32,33). In
this research, the –OH groups of collagen appeared at a wave number
of 3303 cm−1 that shifted to a lower wave number. This indicated
that the –OH groups interacted with the other groups. This interaction
came from the self-assembly of the collagen molecules, which showed
that they could organize themselves into a higher order structure. The
wave number of the –OH groups in the coated silk fibroin scaffolds
shifted to a higher wave number. This result indicated that the –OH
groups could vibrate freely in the decellularized pulp and collagen/
decellularized pulp that came from an irregular organization of the
components. The decellularized pulp showed three peaks at 3416,
3472, and 3552 cm−1, which represented the combination of –OH
groups in each component of the decellularized pulp. The collagen/
0, 120, 180, and 240min of decellularized, collagen, and collagen/decellularized solutions:
edwith collagen solution, and (C1–C6) silk scaffold immersedwith collagen/decellularized
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decellularized pulp showed –OHgroups at 3464 cm−1 that possiblywas
the merged peak of collagen and decellularized pulp. Furthermore, it
demonstrated that the –OH groups in the collagen/decellularized pulp
could vibrate freely.

4.3. Crystal structure analysis of modified silk fibroin scaffolds

For an analysis of the crystal structure of silk fibroin scaffolds, the
peak of NaCl deposited during coating was subtracted. The results
showed different peaks in the crystal structures of the silk fibroin scaf-
folds (Fig. 3). Interestingly, the peaks that showed at around 20 degrees
represented the beta-sheet conformation of silk fibroin as reported in
previous literature (34). As a result, the peaks of the silk fibroin scaffold
and the coated silk fibroin scaffolds appeared at around 20 degrees.
This indicated that the silk fibroin scaffold and the coated silk fibroin
scaffolds could organize into a beta-sheet structure.

4.4. Morphological analysis of modified silk fibroin scaffolds

In this research, silk fibroin scaffolds weremodified by these coating
solutions: collagen, decellularized pulp, and collagen/decellularized
pulp. To start the modification, silk fibroin scaffolds were prepared by
the freeze-dried technique before immersion into one of the coating so-
lutions. Then, the immersed scaffolds were soaked in a buffer solution
and then freeze-dried. The samples are shown in Fig. 4.

Observations of the uptake of the coating solutions inside the silk
fibroin scaffolds during immersing are shown in Fig. 5. Silk fibroin scaf-
folds with decellularized pulp, collagen, and collagen/decellularized
pulp showed turbid and transparent parts distributed throughout the
texture of the scaffold during the early period of the immersion. The
Fig. 6. Surface morphology of the scaffolds observed by scanning electron microscope (SEM) w
shown at 50×. (A) surface morphology of silk scaffold without coating, (B) surface morpholog
coated with collagen, and (D) surface morphology of silk scaffold coated with collagen/decellul
turbid and transparent parts appeared to bemerged into a homogenous
texture. Obviously, the apparent homogenous texture in the scaffold
showed the uptake of the solution inside the scaffold. At 60 min, the
decellularized pulp solution had diffused into the whole texture of the
silk fibroin scaffold (Fig 5A3). For the silk fibroin scaffolds with collagen
and collagen/decellularized pulp, the apparent homogenous texture ap-
peared throughout the inside of the silk fibroin scaffold at 240 min. It
could be explained that collagen and collagen/decellularized pulp had
higher viscosities when compared to decellularized pulp. This result
demonstrated that the solution had the potential to modify silk fibroin
scaffolds by the coating technique. After immersion of the silk fibroin
scaffolds in the coating solution, they were soaked in PBS before
freeze-drying. Then, the morphologies of the freeze-dried modified
silk fibroin scaffolds were observed by SEM (Figs. 6 and 7).

The surface morphology of silk fibroin scaffolds with and without
modification showed porous structures (Fig. 6). The silk fibroin scaffold
without modification showed a smooth surface of the porous walls,
which had an interconnective porous structure. This interconnective
porous structure is suitable to support cell adhesion and migration
(35). Interestingly, cells could connect with each other in the pores.
Furthermore, the pores are suitable for media flow in and out of the
silk fibroin scaffold. A porous silk fibroin scaffold can easily remove
waste (35). Notably, the morphologies of modified silk fibroin scaffolds
with collagen (Fig. 6C) and collagen/decellularized pulp (Fig. 6D) solu-
tions, showed the fibril structure deposited at the inner pores of the
silk fibroin scaffolds. This fibril structure might be formed according to
the results from AFM observation. Notably, there were no deposited
fibril structures in the decellularized pulp solution. This result indicates
that the decellularized pulp possibly detached from the surface of silk
fibroin scaffolds while soaking in the buffer solution.
ith different magnification. The wall surface is shown at 500× and connective pore size is
y of silk scaffold coated with decellularized pulp, (C) surface morphology of silk scaffold
arized pulp. Scale bars are shown in the micrographs. Yellow arrows show fibril structure.



Fig. 7. Cross-sectionalmorphology of scaffolds observed by scanning electronmicroscope (SEM): (A) silk scaffoldwithout coating, (B) silk scaffold coatedwith decellularized pulp, (C) silk
scaffold coated with collagen, and (D) silk scaffold coated with collagen/decellularized pulp. Scale bars are shown in the micrographs. Yellow arrows show fibril structure.
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Cross sections of the silk fibroin scaffolds were observed by SEM
to confirm the deposition of decellularized pulp and collagen/
decellularized pulp solutions inside the porous scaffolds (Fig. 7). Unlike
the surface morphology of modified silk fibroin scaffold, the cross-
sectional morphology showed a deposited fibril structure inside the
pores of the silk fibroin scaffolds for all coating solutions. The fibrils
organized themselves into a network structure that was deposited
on the pore walls of the silk fibroin scaffold. It demonstrated that
decellularized, collagen, and collagen/decellularized solution have the
potential for use as a coating solution for modification of the silk fibroin
scaffolds. These results indicate that solutions of collagen, decellularized
pulp, and collagen/decellularized pulp had the ability to mimic a
network structure as in an ECM.

4.5. Pore size measurement

In this research, the ImageJ software (1.48v) was used to measure
the pore size in each group. The pore distribution of the scaffolds was
analyzed from the SEM images. The pore size of the scaffolds in every
group was a randomized area. The average pore sizes of the silk scaf-
folds in all groups are shown in Table 2. The mean pore size of the silk
Table 2
Averagepore size of silk scaffold in each group. ImageJ softwaremeasured the silk scaffolds.
Values are average ± standard derivation (n= 25).

Groups Pore size

A: Silk scaffold 132.06 ± 3.74 μm
B: Silk scaffold coating with decellularized pulp 126.85 ± 2.72 μm
C: Silk scaffold coating with collagen 127.94 ± 1.98 μm
D: Silk scaffold coating with collagen and decellularized pulp 125.83 ± 1.98 μm
scaffolds was 132.06 ± 3.74 μm, which was the biggest pore size of
all the groups but not significantly different. A minimum pore size
of 100 μm with interconnective pores is normally required for a cell
culture system that can support the cell size and migration (35).

4.6. Weight increase of the modified scaffolds

To confirm the existence of collagen and collagen/decellularized
pulp on silk fibroin scaffold, the percentage of weight increase was
analyzed. The results showed that the modified silk fibroin scaffolds
had a significantly increased weight than the silk fibroin scaffold with-
out modification (Fig. 8). It demonstrated that decellularized pulp,
collagen, and collagen/decellularized pulp could deposit and exist in
the silk fibroin scaffolds. The modified silk fibroin scaffolds with colla-
gen showed a significantly increased weight compared to either silk
scaffold modified decellularized pulp and collagen/decellularized pulp.
The results indicate that the solutions of decellularized pulp, collagen,
and collagen/decellularized pulp can adhere onto the silk fibroin scaf-
folds. These results support the previous results by SEM.

4.7. Swelling ratio analysis

The scaffolds in all groupswere swollen in different percentages. The
uncoated scaffold showed a higher water binding capacity. This proper-
ty plays an important role in tissue regeneration. (36). The silk scaffold
revealed the highestwater binding capacity andwas significantly differ-
ent than both the silk scaffold coated with decellularized pulp and the
silk scaffold coated with collagen/decellularized pulp (Fig. 9). The colla-
gen coating and the collagen/decellularized pulp on the silk scaffold
surfaces seemed to decrease in the swelling ratio. The morphological
structures of the silk fibroin scaffolds coated with collagen and the



Fig. 8. Weight increase in percentage of deposition of decellularized pulp, collagen, and combination of collagen with decellularized pulp (**P b 0.01).
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scaffolds coated with collagen/decellularized pulp had fibril network
structures in the pores. These fibril networks decreased the swelling
ratios. The results were similar to a previous study that reported the
swelling property of the sponge-like matrices was dependent on the
network porous structure and microstructure of the scaffold (37).

4.8. Mechanical testing analysis

The results in mechanical testing showed that the silk fibroin scaf-
fold and silk fibroin coated with decellularized pulp had higher stress
values at themaximum load and higher Young's moduli than the silk fi-
broin scaffolds coated with collagen and collagen/decellularized pulp
(Fig. 10). The results indicated that coating solutions affected the
mechanical properties of the silk fibroin scaffolds. The coated samples
showed smaller pore sizes than the samples without a coating. The
small pore sizes retained smaller amounts of water than the large
pore sizes according to the results in the pore measurement and swell-
ing ratio analyses. The water in the porous scaffolds could resist the
compressive forcewhile testing in thewet state. Therefore, the scaffolds
that could hold a higher amount of water in the porous structure
showed higher stress values and Young's moduli. Notably, the silk
fibroin scaffold coated with decellularized pulp showed the highest
Fig. 9. Scaffold swelling r
stress value and Young's moduli. The morphological structure of the
decellularized pulp possibly reinforced the silk fibroin scaffold.

4.9. Cell proliferation

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

Significantly, the results of cell proliferation indicated that de-
cellularized pulp induced cell proliferation because the decellularized
pulp had components of ECM. Importantly, the ECM could enhance
cell proliferation (38). Modified silk fibroin scaffold with collagen/
decellularized pulp showed the potential to enhance cell proliferation.
atios in each group.



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

Fig. 11. Cell proliferation on different silk fibroin scaffolds. Cell proliferation was evaluated based on the associative number of metabolically active osteoblast cells in each scaffold group
identified by the PrestoBlue™ assay. Significant changes in resazurin activity of osteoblasts: *P b 0.05, **P b 0.01.
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A previous report demonstrated that collagen acted as an ECM to
induce cell attachment (39). Therefore, to combine collagen with
decellularized pulp can synergize cell adhesion and proliferation. From
these results, collagen/decellularized pulp might be formed as recon-
structed ECM that has the biofunctionalities of native ECM. Hence,
such reconstructed ECM has the effect of a high cell proliferation rate.

4.10. Fluorescein diacetate (FDA)

Toobserve the cellmorphology in scaffolds, osteoblastswere stained
by FDA. Afterward, all samples were observed by a fluorescence micro-
scope. The green luminance showed the nucleus of the osteoblasts. The
osteoblasts were able to attach to the surface of silk scaffolds (Fig. 12).
The cells in the modified silk scaffold with collagen/decellularized
pulp arranged themselves into a dense aggregation. This result indicated
that collagen/decellularized pulp can promote cell adhesion. Cell adhe-
sion might have come from the reconstructed ECM of collagen/
decellularized pulp as previously explained.

4.11. Bicinchoninic acid (BCA) analysis

Analysis of the total protein content during cell culturing was deter-
mined by BCA analysis on days 7, 14, and 21 (Fig. 13). For days 7 and 14,
themodified silk scaffold with collagen had the highest protein content
Fig. 12. Fluorescence images of the obvious cells and interconnections of the osteoblast cells on t
with decellularized pulp, (G–I) silk scaffold coated with collagen, (J–L) silk scaffold coated with
than the other groups. As previously reported, this demonstrated that
the osteoblasts start synthesizing protein on day 7 (40). Therefore, at
days 7 and 14 the modified silk scaffold with collagen showed higher
protein content than the other samples. These results indicate that the
protein content at days 7 and 14 came from twomain parts: (1) coated
collagen on the scaffold and (2) secreted collagen from the osteoblasts.
This confirmed the previous results that the protein content in themod-
ified scaffoldwith collagen is higher than the other samples. The protein
content at day 21 of the modified silk fibroin scaffold with collagen/
decellularized pulp was predominantly higher than the other samples.
On day 21, the silk fibroin scaffold coated with collagen/decellularized
pulp and the silk fibroin scaffold coatedwith decellularized pulp contin-
uously showed higher synthesizing of protein. On the other hand, pro-
tein synthesizing in the silk fibroin scaffold and silk scaffold coated
with collagen became low at day 21. These results demonstrated that
the coated components on modified silk fibroin scaffolds with colla-
gen/decellularizedpulp had a unique role in promoting the synthesizing
of protein. It indicated that the biofunctionalities of collagen and
decellularized pulp could synergize protein.

4.12. Histological analysis

Osteoblast cells showed a good distribution throughout the silk
scaffold in all groups. In Fig. 14, the red arrows point at the silk scaffold
he silk scaffolds (FDA label, green brightness). (A–C) silk scaffold, (D–F) silk scaffold coated
collagen/decellularized pulp.



Fig. 13. Total protein content of osteoblast cells (MG63) on silk scaffold. Protein synthesis was evaluated by using the Pierce BCA protein assay. Significant changes in protein activity of
osteoblasts: *P b 0.05, **P b 0.01.
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and the yellow arrows point at the osteoblast cells attached to the silk
scaffold. The silk-coated scaffolds with decellularized pulp (Fig. 14B),
collagen (Fig. 14C), and collagen/decellularized pulp (Fig. 14D) showed
more osteoblast cells attached to the surface of the silk scaffold and the
cells filled the pores of the scaffolds. The shape of the osteoblast cells
was flat on the silk scaffold surface and the blue color indicates the
nucleus that is located at the center of the cytoplasm. These results indi-
cated that modified silk fibroin scaffold could induce cell adhesion.
Fig. 14.Hematoxylin and eosin staining of cross sections on day 5 (A, B, C, D); the red arrows sh
the silk scaffold in all groups: (A) silk scaffold, (B) silk scaffold coatedwith decellularized pulp, (
pulp. Scale bar: 100 μm.
5. Conclusion

This research demonstrated that the use of collagen, decellularized
pulp, and collagen/decellularized pulp solutions for scaffold modifica-
tion is attractive and is a potential approach to enhance the bio-
functionalities of silk fibroin scaffolds. The solutions could organize
themselves into fibrils that deposited in the pores of the silk fibroin scaf-
folds.More importantly, the results indicated that the fibrils inmodified
ow the silk scaffold in each group, the yellow arrows show the osteoblast cells attached to
C) silkfibroin coatedwith collagen, and (D) silk fibroin coatedwith collagen/decellularized
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silkfibroin scaffolds can induce biofunctionalities including cell prolifer-
ation, cell viability, and protein synthesis. Furthermore, the histological
analysis demonstrated that cells could adhere well to the modified silk
fibroin scaffolds. Interestingly, it indicated that the modified silk fibroin
scaffolds coated with collagen/decellularized pulp had a unique
structure and demonstrated biofunctionalities. The structure and
biofunctionalities could enhance the performance ofmodified silk fibro-
in scaffold. Eventually, it can be deduced from these results that modi-
fied silk fibroin scaffolds coated with collagen/decellularized pulp has
promise for use in bone tissue engineering particularly in cleft palate.
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