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Synthesis of and in vitro and in vivo evaluation
of a novel TGF-f31-SF-CS three-dimensional
scaffold for bone tissue engineering
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Abstract. The role of transforming growth factor-f1
(TGF-B1) in normal human fracture healing
has been previously demonstrated. The objective of the present
study was to examine the biocompatibility of TGF-p1-silk
fibroin-chitosan (TGF-p1-SF-CS) three-dimensional (3D)
scaffolds in order to construct an ideal scaffold for bone tissue
engineering. We added TGF-p1 directly to the SF-CS scaf-
fold to construct a 3D scaffold for the first time, to the best
of our knowledge, and performed evaluations to determine
whether it may have potential applications as a growth factor
delivery device. Bone marrow-derived mesenchymal stem
cells (BMSCs) were seeded on the TGF-1-SF-CS scaf-
folds and the silk fibroin-chitosan (SF-CS) scaffolds. On the
TGF-f1-SF-CS and the SF-CS scaffolds, the cell adhesion rate
increased in a time-dependent manner. Using a Cell Counting
Kit-8 (CCK-8) assay and analyzing the alkaline phospha-
tase (ALP) expression proved that TGF-f1 significantly
enhanced the growth and proliferation of BMSCs on the SF-CS
scaffolds in a time-dependent manner. To examine the in vivo
biocompatibility and osteogenesis of the TGF-B1-SF-CS scaf-
folds, the TGF-B1-SF-CS scaffolds and the SF-CS scaffolds
were implanted in rabbit mandibles and studied histologically
and microradiographically. The 3D computed tomography (CT)
scan and histological examinations of the samples showed
that the TGF-B1-SF-CS scaffolds exhibited good biocompat-
ibility and extensive osteoconductivity with the host bone after
8 weeks. Moreover, the introduction of TGF-f1 to the SF-CS
scaffolds markedly enhanced the efficiency of new bone forma-
tion, and this was confirmed using bone mineral density (BMD)
and biomechanical evaluation, particularly at 8 weeks after
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implantation. We demonstrated that the TGF-B1-SF-CS scaf-
folds possessed as good biocompatibility and osteogenesis as
the hybrid ones. Taken together, these findings indicate that
the TGF-B1-SE-CS scaffolds fulfilled the basic requirements
of bone tissue engineering, and have the potential to be applied
in orthopedic, reconstructive and maxillofacial surgery. Thus,
TGF-B1-SF-CS composite scaffolds represent a promising,
novel type of scaffold for use in bone tissue engineering.

Introduction

The repair of bone defects resulting from tumors, congenital
malformations and surgical resections remains a challenge
that is being addressed by advanced bone tissue engineering
approaches (1,2). A combined approach for treating large bone
defects including the use of cell seeding techniques, growth
factors and biomaterials further enhances the success of
cell therapy (3,4). The interactions between various growth
factors involved in bone healing and remodeling has been
extensively studied in recent years. The role of transforming
growth factor-f1 (TGF-f1) in normal human fracture healing
has been demonstrated in a previous study (5). TGF-f1 is known
to induce the differentiation and proliferation of osteoblasts and
bone marrow-derived mesenchymal stem cells (BMSCs), and
also to stimulate the appearance of extracellular matrix (ECM)
proteins in vitro (6,7). TGF-f1 has been widely used to
promote the osteogenesis of BMSCs in a variety of in vitro
culture systems by continuously supplying it in the medium for
>4 weeks (8-10). Thus, the controlled administration of TGF-f1
may represent an emerging tissue engineering technology that
modulates cellular responses to encourage bone regeneration
at the site of a skeletal defect (11,12).

BMSCs are multipotent progenitor cells that have the ability
to differentiate into mesenchymal lineages, including osteo-
blasts, chondrocytes and adipocytes (13). The differentiation
and function of BMSCs is regulated by TGF-f1. For example,
TGF-p1 stimulates the proliferation of BMSCs and promotes
their differentiation into chondrocytes (14). TGF-f1 promotes
chondrogenesis as well as the early phase of osteogenesis;
however,in the absence of bone morphogenetic proteins (BMPs),
TGF-f1 is unable to promote the differentiation of BMSCs
into osteoblasts (15). Thus, in the present study, BMSCs
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were induced into osteoblast-like cells together with osteo-
genic medium prior to transplantation. Osteoblast-like cells
derived from BMSCs share similar characteristics with
osteoblasts. The present study evaluated the effects of BMSCs
and of osteoblast-like cells differentiated from BMSCs, on
TGF-B1-silk fibroin-chitosan (TGF-1-SF-CS) scaffolds and
silk fibroin-chitosan (SF-CS) scaffolds, as well as analyzing
the effects of TGF-f31 in SF-CS scaffolds and in vitro biocom-
patibility for the first time, to the best of our knowledge.

Both silk fibroin (SF) and chitosan (CS) are natural
biomaterials with good biocompatibility which are
available in abundance. It is, however, difficult to prepare a pure
SF scaffold with a porous structure, and SF has poor anticoagu-
lant properties. In addition, a pure CS scaffold degrades relatively
quickly,andisunstable in aqueous solution (16-18).In our previous
study (19), we blended SF and CS into a three-dimensional (3D)
scaffold with unique chemical, structural and mechanical
properties, which has potential applications in bone tissue
engineering and regenerative medicine. Previously, it was found
that the the most appropriate proportion between CS and SF is
5:5 for bone tissue engineering (20). Our current study at our
laboratory is examining soluble growth factor supplementation
schemes in order to enhance the bioactivity of bone cells for
bone tissue engineering applications.

The optimal strategy for delivering growth factors to cells
for the purposes of bone tissue engineering and bone repair
remains an unmet challenge. For this purpose, we added TGF-f31
into a SF-CS scaffold to construct a 3D scaffold for the first
time to the best of our knowledge. In previous studies, growth
factors were added to the medium, and then the growth factors
in the solution were incorporated into the resulting polymer
scaffolds and the sustained release of growth factors facilitated
bone regeneration in vitro and in vivo (21-26). This approach
was limited by the fact that the dose and spatial distribution
of growth factors in these scaffold systems was uncontrolled.
In another study, rapid drug delivery occurred in the early
stages as the drug that was close to the surface was released
or the drug easily diffused out of the bulk of the material until
supplies were exhausted resulting in lower release rates (27).
To address this issue, we aimed to explore the novel strategy
of directly adding TGF-f1 onto an SF-CS scaffold during
SF-CS scaffold fabrication, rather than after scaffold fabri-
cation. In the future, this novel strategy may be applied to
pattern and immobilize other growth factors to the SF-CS 3D
scaffolds developed herein. We discussed the application and
biocompatibility of TGF-B1-SF-CS scaffolds which meet the
requirements of bone tissue engineering. One of the aims of our
study was to ensure that the release of TGF-$1 from the SF-CS
scaffolds occurred at therapeutic levels and enhanced matrix
production by BMSCs. The effect of TGF-B1-SF-CS scaffolds
on the morphology, differentiation and function of BMSCs
has not yet been studied and no study of this type has been
performed previously on BMSCs, to the best of our knowledge.
To examine the in vivo biocompatibility and osteogenesis of the
TGF-B1-SF-CS scaffolds, both the TGF-B1-SF-CS scaffolds
and the SF-CS scaffolds were implanted in rabbit mandibles
and studied histologically and microradiographically. The
effect of all the materials on morphogenesis was analyzed from
the in vivo response in order to identify the clinical relevance
of the SF-CS scaffold. We examined the ability of SF-CS
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scaffold-immobilized TGF-f1 to drive TGF-B1 bioactivity
in the TGF-B1-SF-CS scaffolds. The sustained delivery of
TGF-p1 combined with the attractive mechanical properties of
a biodegradable SF-CS scaffold may prove more advantageous
for bone repair and regeneration. The present study enabled us
to evaluate this technique as a potential method of constructing
an ideal TGF-p1-SF-CS scaffold for bone tissue engineering.
To the best of our knowledge, this is the first study to use
TGF-p1-SF-CS composite scaffolds for mandibular repair.

Materials and methods

Animals and ethics statement. In the present study, we estab-
lished an animal model to examine the repair of mandible
defects using tissue engineering techniques. Eighteen healthy
New Zealand white rabbits of either gender (3 months old,
weighing approximately 3.0 kg) were obtained from the
Center for Experimental Animals at China Medical University
(Shenyang, China) with a National Animal Use License number
of SCXK-LN2011-0009. Animal use was approved by the
Animal Use and Care Committee at China Medical University
with a protocol number of CMU62043006. All experiments
and surgical procedures were approved by the Animal
Care and Use Committee at China Medical University, and
complied with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. All efforts were made
to minimize the number of animals used and their suffering.

Materials. Raw silk was purchased from Nanchong Silk Co., Ltd.
(Nanchong, China). Chitosan was purchased from Nantong
Xing Cheng Biological Products Factory (Jiangsu, China).
TGF-p1 (100 ng/bottle) was purchased from ProSpec-Tany
TechnoGene, Ltd. (Rehovot, Israel). Chemicals including
NaHCO;, CaCl, and ethanol were purchased from Jiancheng
Biotechnology Institute (Nanjing, China). All other chemicals
and reagents were of analytical grade unless specified otherwise.

Preparation of TGF-B1-SF-CS and SF-CS scaffolds.
Bombyx mori silk fibers (Nanchong Silk Co., Ltd.) were treated
with 0.5% (w/w) NaHCO; solution twice at 100°C for 30 min
and then rinsed with 70°C distilled water for 30 min to remove
sericin. Degummed silk was dissolved in a mixed solvent
system of CaCl,/CH,CH,OH/H,O (mole ratio of 1:2:8) at 70°C
for 6 h and filtered to obtain a SF solution. The solution was
dialyzed in cellulose dialysis tubing (MWCO=50,000) against
distilled water for 3 days and the water was replaced every
12 h to remove all impurities. CS solutions were prepared by
dissolving high molecular weight CS (82.7% deacetylation;
Tongxing Co.) at 3.66% (w/v) in 2% acetic acid. The final
concentration of CS used was 2%.

TGF-p1 solution was prepared by dissolving 100 ng TGF-f31
in 1 ml deionised sterile water (100 ng/ml). The selected
concentrations were based on the mid-range concentrations
used in previous studies (28,29).

SF/CS blend solutions (100 ml) with a SF/CS weight
ratio 5:5 were prepared in the same solvent system at 10 wt%
(combined weight of CS and SF). Following dialysis in cellu-
lose dialysis tubing (MWCO=50,000) against distilled water
for 3 days with a water change every 12 h, CS and SF solutions
were obtained. TGF-f1 solution (1 ml) was then added and
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stirred with a magnetic stirrer for 50 min. The CS, SF and
TGF-p1 solution was poured into a 24-well Teflon culture plate.
The CS, SF and TGF-f1 solution was lyophilized (VFD-2000;
Boyikang Laboratory Instruments Co., Ltd., Beijing, China)
for a total time of 48 h to obtain TGF-B1-SF-CS scaffolds. We
then prepared SF-CS scaffolds using the same method.

To improve water stability, the dry TGF-B1-SF-CS
and SF-CS scaffolds were treated with methanol solution
(concentration <10%) for 2 h to crystallize the SF content and
neutralize the CS content. The TGF-f1-SF-CS and SF-CS
scaffolds were lyophilized to remove excess methanol.

The dry TGF-B1-SF-CS and SF-CS scaffolds were frac-
tured in liquid nitrogen using a razor blade. They were cut into
square pieces of 0.5x0.5 cm in size, placed on aluminum stubs
with conductive adhesive tape composed of carbon, coated with
gold using a JFC-110E Ion Sputter (Jeol USA, Inc., Peabody,
MA, USA) for 60 sec at 20 mA prior to observation under a
scanning electron microscope (JSM-TM3000; Hitachi, Tokyo,
Japan). Scanning electron microscopy (SEM) images and pore
size were analyzed using Imagel software. For each type of
scaffold, a minimum of 30 pores were examined.

Determination of scaffold porosity and water absorption
capacity. The porosity of the TGF-1-SF-CS and SF-CS
scaffolds was evaluated using hexane displacement (30). The
scaffolds were immersed in a known volume (V,) of hexane.
The total volume of hexane and hexane-impregnated scaffold
was recorded as V,. The volume difference (V, - V,) was the
volume of the polymer scaffold. Hexane-impregnated scaffold
was removed, and the residual hexane volume was recorded
as V;. The porosity of the SF-CS scaffold was calculated as
[(V, - VIV, - V)] x100.

The water absorption capacity of the TGF-f1-SF-CS and
SF-CS scaffolds was determined by immersion in phosphate
buffered saline (PBS; pH 7.4) at 37°C for 24 h. At predeter-
mined time intervals, three scaffold samples of each scaffold
were carefully blotted to remove excess water and weighed.
Wet weight (W,, swollen weight) and dry weight (W,, dried at
37°C overnight) were measured. The water absorption capacity
of the scaffold was calculated using the following formula:
(W, - W,)/W,] x100.

The swelling ability of SF-CS scaffolds, using three
samples/scaffold, was determined by immersion in PBS
(pH 7.4) at 37°C for 24 h. Wet volume (S;, swollen volume)
and dry volume (S, dried at 37°C overnight) were measured.
The swelling index of the scaffold was calculated using the
following formula: [(S, - S,)/S,] x100.

Isolation, culture and differentiation of BMSCs. Prior to
the surgical procedures, the rabbits were anesthetized with
10% chloral hydrate (0.35 ml/100 g) intraperitoneally. Bone
marrow (3-5 ml) was extracted from rabbit femurs using
a heparinized syringe, and then centrifuged and washed
with PBS. The cell suspension was centrifuged with Percoll
lymphocyte separation medium, and the ivory white layer
in the middle was collected, washed with PBS and cultured
in complete low-glucose Dulbecco's modified Eagle's
medium (DMEM). The cells were seeded in culture flasks at a
density of 1.0x10* cells/cm? and incubated at 37°C in a humidi-
fied atmosphere with 5% CO,. Half of the culture medium
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was replaced after 24 h, and completely replaced after 48 h,
followed by medium changes every 2-3 days. The unattached
cells were discarded by refreshing the medium. The cells at
85% confluency were trypsinized, centrifuged and passaged
at a 1:2 ratio. Third-passage cells were induced to differentiate
with osteogenesis induction liquid (0.1 xmol/l dexametha-
sone, 50 gmol/ml vitamin C, 10 mmol/l B-glycerophosphate
and 10% fetal bovine serum in glucose DMEM), followed
by medium changes every 2-3 days. BMSC morphology at
different time points was examined under a light-inverted
microscope (CKX41; Olympus, Tokyo, Japan).

Alkaline phosphatase (ALP) staining and the von Kossa
assay. ALP activity was evaluated in BMSCs 14 days after
osteogenesis induction and in those without osteogenesis
induction (control group). The cells were fixed for 10 min at
4°C and incubated with 2% cobalt nitrate and 1% ammonium
sulfide (ALP kit; Honggiao, Shanghai, China). Areas stained
tan were designated as positive.

BMSCs plated in 6-well plates were fixed in 70% ethanol
18 days after osteogenesis induction and those without osteo-
genesis induction (control group). The cells were stained
with von Kossa silver (Jiancheng Biotechnology Institute)
and placed under ultraviolet (UV) light for 10 min. The cells
were then treated with 5% NaS,0, for 2 min, and washed with
distilled water. Calcium nodules with a diameter >1 mm were
visualized under a light-inverted microscope.

BMSC seeding onto scaffolds and morphological analysis.
The scaffolds were sterilized with 75% alcohol under UV light
overnight and then rinsed extensively three times with sterile
PBS. Prior to cell culturing, the scaffolds were pre-wetted by
immersion in DMEM for 12 h in an incubator at 37°C.

The BMSCs were cultured onto TGF-f31-SF-CS scaffolds,
SF-CS scaffolds and 24-well tissue culture plate wells (control
group; n=3; diameter 15 mm; height 13 mm) for 3 and 6 days
after osteogenesis induction at 37°C under an atmosphere of
5% CO, and 95% air, with the original cell culture density of
4,000 cells/well.

BMSC morphology following osteogenesis induction
on the TGF-B1-SF-CS scaffold and the SF-CS scaffold was
observed on days 1, 3 and 7 by SEM. The samples were
washed with PBS and fixed with 3.0% glutaraldehyde at 4°C
for 4 h. Subsequently, they were dehydrated through a graded
ethanol series (30, 50, 70, 80, 90, 95 and 100%), air-dried over-
night, and sputtered with gold for SEM observation. Adherent
cell morphology, patterns of cellular adherence with respect
to structural features of the TGF-B1-SF-CS scaffold and
the SF-CS scaffold, cell-cell interactions, and adherent cell
density were assessed.

Adhesion of BMSCs to scaffolds. Following osteogenesis
induction on the TGF-B1-SF-CS scaffold, the SF-CS scaffold
and the control group, the BMSCs were harvested and the
concentration was adjusted to 1x10%/ml. The cells were placed
in cell culture plates pre-coated with TGF-B1-SF-CS scaffold
and SF-CS scaffold at 1 ml/well. The cells cultured in culture
plates with no scaffold served as the controls. Three parallel
wells were used for each group. The cells were cultured in an
incubator at 37°C with 5% CO,. The number of non-adherent
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cells was quantified at 1, 3 and 6 h. The cell adhesion rate (%)
was calculated as (number of seeded cells - non-adherent
cells)/(number of seeded cells) x100.

Cell Counting Kit-8 (CCK-8) assay and ALP activity. To
examine grafted cell survival, cell viability and prolifera-
tion was determined using a CCK-8 assay. After the samples
were cultured for 1, 3, 5 and 7 days, the culture medium
was replaced with a serum-free culture medium containing
CCK-8 (0.5 mg/ml). After 4 h of culturing, the samples were
transferred to a 96-well plate. Absorbance was measured at
450 nm using an ELISA reader (Bio-Rad Model 550; Bio-Rad,
Berkeley, CA, USA). Optical density (OD) at 450 nm was
proportional to the number of cells.

Intracellular ALP activity in the scaffolds and the control
group was measured using an ALP assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The
samples were cultured for 1,4,7, and 10 days, and then washed
with PBS three times. The samples and the control group with
cells were immersed overnight in 500 ml cell lysis solution
containing 0.1% Triton X-100 and 5 mM MgCl,. The solution
was transferred to a tube and centrifuged at 28,340 x g for
10 min at 4°C. ALP activity was measured by mixing 50 ul
supernatant with 50 ml p-nitrophenyl phosphate (5 mM) in
150 mM 2-amino-2-methyl-1-propanol buffer solution at room
temperature for 30 min in the dark. Following the incubation
period, the reaction was stopped by adding 50 u1 0.2 N NaOH
to denature ALP and the OD was measured at 520 nm using an
ELISA reader (Bio-Rad Model 550; Bio-Rad).

Surgical procedure and implantation. The bone-forming ability
of the TGF-B1-SF-CS scaffolds and the SF-CS scaffolds was
assessed in the rabbit model of a submaxillary defect. The
rabbits were randomly divided into the following 3 groups:
i) the TGF-p1-SF-CS scaffolds group (n=6); ii) the pure SF-CS
scaffolds group (n=06); iii) the non-scaffold as a control group
(n=6). The surgical procedures were performed under aseptic
conditions. The rabbits were anesthetized with 10% chloral
hydrate (0.35 ml/100 g) intraperitoneally, and the jaw was
exposed and disinfected. Bilateral 3-cm parallel incisions were
made on the jaw of the rabbit. The periosteum was retracted
and the submaxilla was exposed. A critical round full-thickness
bone defect, 8x8 mm?, was made in a buccal-lingual direction
using a slow-speed dental drill on one side of the mandible that
was cooled continuously. To avoid tissue damage due to over-
heating, 0.9% saline was dripped onto the contact point between
the bur and bone. A 8x8-mm? sized pure SF-CS scaffold or
TGF-B1-SF-CS scaffold construct was inserted into the defect.
To ensure that the bony defects were critically sized, rabbits
in the control group had nothing inserted into the defect. The
region of the defect was washed with normal saline, and the
incision was sutured layer by layer. Penicillin (400,000 units)
was intramuscularly injected over 3 days to prevent infection.

General observations, dual energy X-ray absorptiometry (DXA)
analysis,andradiographic analysis.Following surgery,all rabbits
were housed and fed routinely, and monitored for changes in their
appearance, submaxilla movements, and healing of the surgical
wounds. Additionally, the local bone mineral densities (BMDs)
were measured on a Discovery DXA system (Hologic Inc.,
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Bedford, MA, USA). 3D images of the mandibles were captured
with a multi-slice spiral computed tomography (CT) scanner
(GE Lightspeed Ultra 16; GE Healthcare, Milwaukee, W1, USA)
at 12 weeks after implantation.

Biomechanical evaluation. Flexural modulus and peak flex-
ural strength were measured. The specimens were tested to
flexural failure in a three-point bending configuration with a
10-mm spacing between the loading supports and a 20-mm
spacing between the base supports. The specimens were
loaded in buccal-lingual orientation at a constant strain rate
of 0.5 mm/min on an Insight 5 uniaxial test frame (MTS
Systems Corp., Eden Prairie, MN, USA).

Histomorphometric analysis ofbone regeneration.Rabbits from
each group were sacrificed at 4, 8 and 12 weeks after implan-
tation by acute blood loss under anesthesia. To quantitatively
determine the amount of newly formed bone, we statistically
analyzed histological sections from different implantation
periods. At every implantation time (4, 8 and 12 weeks), three
histological sections were randomly chosen from the pure
SF-CS scaffold, the TGF-f1-SF-CS scaffold and the control
groups. These specimens were fixed in 4% paraformaldehyde,
embedded in paraffin and serial buccal and lingual sagittal
cross sections were made, which was followed by staining
with hematoxylin and eosin (H&E; Jiancheng Biotechnology
Institute). Each section was then observed under a light micro-
scope (CKX41; Olympus) at x100 magnification, and at least 5
images were randomly obtained from one section. Using image
analysis software Image-Pro Plus (Media Cybernetics, Inc.,
Rockville, MD, USA), new bone volume (NBV) was expressed
as the percentage of newly formed bone area in the available
pore space (bone area/pore area x100).

Statistical analysis. All quantitative data are expressed as the
means + standard deviation. Statistical analyses were performed
using the statistic program SPSS 17.0. The results were analyzed
by one-way analysis of variance (ANOVA) with a Student's t-test.
A P-value <0.05 was considered to indicate a statistically signifi-
cant difference. Before the results were analyzed by one-way
ANOVA, all quantitative data obeyed the normality distribution.

Results

Evaluation of porosity and water absorption capacity
of scaffolds. With the addition of TGF-f1, the pore size
and porosity of SF-CS scaffolds increased, although
the difference was not significant (P>0.05). The hexane
displacement experiment demonstrated that the porosity
of the TGF-f1-SF-CS scaffolds (90.2+4.6%), as well
as the pore size (236+73 um) (Table I), may facilitate
nutrient and waste transport into and out of the scaffolds.
Water absorption capacity, swelling ability and retain
ability are other important factors in determining the useful-
ness of the biomaterials. The absorption capacity of the
TGF-B1-SF-CS and SF-CS scaffolds was measured in terms
of the degree of swelling at equilibrium. It was found that the
degree of swelling of the scaffolds was in range of 24-26%
of their dry weight and the difference was not significant
(P>0.05) following the addition of TGF-p1 (Table I). The
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Table I. Porosity, swelling and water absorption of TGF-f1-SF-CS and SF-CS scaffolds.
Porosity (%) Pore size (um) Water absorption (%) Swelling index (%)
TGF-p1-SFE-CS 90.2+4.6 236+73 27112 25.6+0.4
SE-CS 89.5+7.9 220491 282+4 24.5+0.5

Results are expressed as the means + SD (n=3). P>0.05.

Figure 1. Cell morphology of bone marrow-derived mesenchymal stem cells (BMSCs) observed under a light-inverted microscope. (A) Primary cells.
(B) BMSC:s cultured for 3 days. (C) BMSCs cultured for 12 days; (D) Third passage BMSCs.

TGF-p1-SF-CS and SF-CS scaffolds, which exhibited a high
degree of swelling and water absorption, also retained their
structure after immersion in PBS (pH 7.4) for 24 h.

Cell morphology and osteogenic differentiation of BMSCs.
Cell morphology was studied using a light-inverted micro-
scope (Fig. 1). The BMSCs demonstrated good survival and
rapid proliferation.

In primary cells, BMSCs exhibited a round morphology.
After 12 h, the BMSCs were attached to the culture flasks
sparsely and displayed a fibroblast-like, spindle-shaped
morphology (Fig. 1A). After 3-4 days of incubation, cell
numbers increased, the cells continued to grow well and
actively proliferate and the cells gradually grew into small
colonies, and they assumed a more spindle-shaped, fibroblastic
morphology (Fig. 1B). After 10-12 days, the majority of the cells
were attached and had acquired a large, flattened or multilayer
growth morphology (Fig. 1C) which remained unchanged
throughout subsequent passages (Fig. 1D).

Two weeks later, ALP staining was greater in the BMSCs
after osteogenesis induction (Fig. 2A) than in those without
osteogenesis induction (Fig. 2B). In addition, Von Kossa
staining 2 weeks after osteogenesis induction (Fig. 2C) revealed
a significant increase in calcium nodules compared with that
in the BMSCs without osteogenesis induction (Fig. 2D).

Adhesion rate of BMSCs. After 1, 3 and 6 h, the cell adhe-
sion rate increased in all three groups, in a time-dependent

manner (Fig. 3). The adhesion rates in the TGF-$1-SF-CS group
and the SF-CS group were higher than those in the control
group (P<0.01). At 1 h, the adhesion rate in the SF-CS scaffold
group was nearly the same as that in the TGF-31-SF-CS scaffold
group; there were no significant differences between the scaf-
fold groups (P>0.05). After 3 h, there was a significant increase
in the adhesion rate compared with the groups at 1 h. The
adhesion rate in the TGF-f1-SF-CS group and the SF-CS group
was significantly higher than that in the control group (P<0.05);
however, there was still no significant difference between the
scaffold groups (P>0.05). These results have-proved that the
SF-CS scaffolds increased BMSC adhesion-and that TGF-f31
was unable to promote BMSC adhesion in the SF-CS scaffolds.

SEM images of TGF-f1-SF-CS scaffolds and BMSCs cultured
with the TGF-S1-SF-CS scaffolds. Following the addition of
TGF-p1, the morphology of the scaffolds did not change mark-
edly. SEM revealed that all of the TGF-p1-SF-CS scaffolds
and the SF-CS scaffolds exhibit porous structures (Fig. 4).
The composite of TGF-f1-SF-CS scaffolds was mixed well
by a homogeneous method. A smooth surface is observable
in the SEM images. The TGF-$1-SF-CS scaffolds exhibit
well-oriented, porous structures from the surface to the
inside which may be beneficial for cell seeding and distribu-
tion (Fig. 4A). The TGF-f1-SF-CS scaffold with fully porous
structures may facilitate uniform cell seeding and nutrient
delivery, which are important for cell growth in a 3D porous
scaffold. To measure the pores in the TGF-B1-SF-CS scaffolds,
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Calcium nodules
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Figure 2. In vitro analysis of osteogenic differentiation in bone marrow-derived mesenchymal stem cells (BMSCs) following osteogenesis induc-
tion and in those without osteogenesis induction. (A) Alkaline phosphatase (ALP) staining 14 days after osteogenesis induction in BMSCs. (B) ALP
staining on day 14 in BMSCs without osteogenesis induction. Von Kossa assay examining the presence of calcium nodules in (C) BMSCs fol-
lowing osteogenesis induction and (D) in BMSCs without osteogenesis induction after 18 days of culture. (E) Quantitative analysis of calcium nodules present
in the two groups. A significant increase was seen in BMSCs in the osteogenesis induction group compared with that in the BMSCs without osteogenesis

induction group; "P<0.05.
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Figure 3. Adhesion rate of bone marrow-derived mesenchymal stem
cells (BMSCs) in TGF-f1-silk fibroin-chitosan (TGF-f1-SF-CS) scaffolds,
silk fibroin-chitosan (SF-CS) scaffolds and the control group. "P<0.05 com-
pared with the control group at the same time-point.

the scaffold was cut transversely to expose the internal porous
structures. The TGF-31-SF-CS scaffolds exhibited a homoge-
neous pore structure. The inner pore size of the TGF-$1-SF-CS
scaffolds was approximately 10-300 um. Fig. 4B shows that
the pore wall of the TGF-1-SF-CS scaffold has a smooth
surface morphology and the width of the pore wall is

approximately 1-2 ym. The homogeneous pore wall section
morphology shows that TGF-f1, SF and CS are compatible,
even at nanoscale. Fig. 4C shows that the SF-CS scaffold has a
similar morphology to the TGF-B1-SF-CS scaffold. This result
suggests that TGF-31, SF and CS may be combined to generate
a composite scaffold, possessing the advantages of the growth
factor and two naturally-derived biomaterials.

The growth of osteogenically-induced BMSCs on scaffolds,
cellular attachment and interactions within the TGF-1-SF-CS
scaffold were evaluated by electron microscopy. The SEM
images reveal that BMSCs are present on the surfaces and the
pores of the scaffolds. The SEM images also show that on the
TGF-p1-SE-CS scaffold, there are a number of BMSCs present
that extend towards other cells in the culture.

On day 1, BMSCs seeded onto the scaffold had a distinct,
round morphology and a large number of particles were
observed on the cell surface, characterized by numerous plasma
membrane microstructural extensions. Adherent BMSCs
were observed preferentially localized to the fold regions of
the TGF-B1-SF-CS sheets, with BMSCs noted among fibrils
projecting outwards from the scaffold edges (Fig. 4D).

After 3 days of culture, a large number of cells are adhered
to the scaffold. The cell aggregates are enlarged and have
actively proliferated. The SEM images reveal that the BMSCs
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Figure 4. Scanning electron microscopy (SEM) images of the scaffolds and the bone marrow-derived mesenchymal stem cells (BMSCs) cultured with the
TGF-B1-silk fibroin-chitosan (TGF-B1-SF-CS) scaffolds. (A) The TGF-p1-SF-CS scaffolds exhibit well-oriented, porous structures from the surface to the
inside. (B) The pore wall surface and section morphology of the TGF-f1-SF-CS scaffold. (C) The silk fibroin-chitosan (SF-CS) scaffold has similar morphology
to the TGF-B1-SF-CS scaffold. (D) The BMSCs cultured with the TGF-$1-SF-CS scaffolds on day 1; (E) The BMSCs cultured with the TGF-$1-SF-CS scaf-
folds on day 3; (F) The BMSCs cultured with the TGF-B1-SF-CS scaffolds on day 7.
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Figure 5. Cell Counting Kit-8 (CCK-8) assay to determine the prolifera-
tion of bone marrow-derived mesenchymal stem cells (BMSCs) cultured in
different scaffolds and the control group. The TGF-f1-silk fibroin-chi-
tosan (TGF-f1-SF-CS) scaffold markedly enhanced the proliferation of BMSCs
after the 3rd day. "P<0.05 compared with the silk fibroin-chitosan (SF-CS)
group at the same time-point.

have spread to the scaffold surface and the pores, and they
exhibit a flat and elongated morphology. Granular and filiform
substances are observable around the cells, with microvilli

and larger lamellipodia extensions extending from the BMSCs
localized to the scaffold. The cells initially exhibit a stereo
spindle and dendritic morphology at day 3 (Fig. 4E).

At day 7, the BMSCs have spread wider and deeper into
the scaffold, an increased number of cells are adhered to the
surface and the pores of the scaffold compared with that at
day 3, and the cells have grown and proliferated well. They
exhibit typical osteoblast cell morphology and adhere tightly
to the surface of the scaffold or inside, by forming lamellipodia
and filopodia. Cell-cell interactions are also observable on the
surface of the TGF-B1-SF-CS scaffold as evidenced by connec-
tion of the fibrous extensions between two BMSCs. Similar
cellular spreading and cell-cell interactions are apparent in
more cells spread throughout the scaffold, which is crucial for
the viability and function of BMSCs in vitro (Fig. 4F).

CCK-8 assay and ALP activity. The proliferation of BMSCs
on the TGF-B1-SF-CS scaffolds, the SF-CS scaffolds and in
the control group cultured for 1,3, 5 and 7 days were compared
using a CCK-8 assay (Fig. 5). The absorbance index of the
three groups increased with the increase in culture time, which
indicated that significant cell growth had occurred within
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Figure 6. Alkaline phosphatase (ALP) assay to determine the proliferation
of bone marrow-derived mesenchymal stem cells (BMSCs) cultured on dif-
ferent scaffolds, and the control group. The TGF-f1-silk fibroin-chitosan
(TGF-p1-SF-CS) scaffold markedly enhanced the intracellular ALP activity of
BMSCs after the 4th day. "P<0.05 compared with silk fibroin-chitosan (SF-CS)
group at the same time-point. “P<0.05 compared with the control group at the
same time-point.

both scaffolds. The data regarding BMSCs cultured without
scaffolds is also present. The BMSCs proliferated well in
the TGF-B1-SF-CS scaffolds and the SF-CS scaffolds, and
there were no significant differences with the cells cultured
in the control group at day 1 (P>0.05). However, after 3 days,
more proliferation was observed in the BMSCs cultured on
the TGF-B1-SF-CS scaffolds than in the cells cultured on the
SF-CS scaffolds, and the proliferation of BMSCs cultured on
both scaffolds was markedly increased compared with those
cultured without scaffolds (P<0.05). These results indicate
that the TGF-B1-SF-CS scaffolds significantly enhanced the
attachment and proliferation of BMSCs under these conditions
compared with the SF-CS scaffolds.

To evaluate the osteoblastic differentiation of the mesen-
chymal stem cells on the TGF-f1-SF-CS scaffolds and the
SF-CS scaffolds, we measured ALP activity using spec-
trophotometry. The ALP activity of the BMSCs cultured
on the TGF-f1-SF-CS scaffolds, the SF-CS scaffolds and
the control group is shown in Fig. 6. For total ALP activity
measurement on day 1, there was no significant difference in
OD values between the TGF-B1-SF-CS, SF-CS and control
groups (P>0.05). On days 4 to 10, a significant difference in
OD values was found between the scaffolds groups and the
control group (P<0.01). The OD values in the TGF-p1-SF-CS
group were the highest. This suggests that TGF-f1 exerts an
effect on the activity of BMSCs. As the culture time increased
from days 4 to 10, the growth trend of the OD values in the
three groups increased rapidly. The OD values reached a peak
at day 10. This suggests that the TGF-B1-SF-CS scaffolds are a
stable, prolonged culture system and stabilized TGF-p1 greatly
enhanced ALP activity.

Animals and clinical observations. A total of eighteen
rabbits underwent the successful creation of a mandibular
defect (Fig. 7A). All animals developed some degree of
postoperative swelling at the incision site that resolved within
one week of the operation with no functional consequences.
The animals were allowed to heal for 4-12 weeks and then
sacrificed for analysis. No rabbit developed an abscess or was
sacrificed and excluded from analysis.
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Analysis of 3D-CT images. To follow new bone formation and
the development of bone unions within the defects, 3D images
were captured 3 months postoperatively. Representative
images from each group are shown in Fig. 7.

Analysis of the 3D-CT images confirmed the findings
that the pure SF-CS scaffolds and the TGF-f31-SF-CS scaf-
fold substitutes are bioactive and biocompatible with the host
bone. In the TGF-f1-SF-CS scaffold group, the disappear-
ance of the defect at 12 weeks after implantation indicated
that the density of the newly formed bone was as high as that
of the host bone, and that complete osteointegration of the
defect area had been achieved (Fig. 7B). In comparison, in
the pure SF-CS scaffold group, the volume and radiopacity
of the newly formed bone are highly increased; however, the
new bone formation failed to cover the defect completely, and
bone formation occurred along the periphery of the defect
area, which illustrated that the new bone had increased
in density and quantity and had grown into the scaffold
although incompletely (Fig. 7C). In the empty control group,
the untreated defect exhibited no evidence of healing by
itself even at 12 weeks (Fig. 7D).

Biomechanical evaluation. As shown in Fig. §, the flexural
strength of the implanted scaffold groups and the control
group cultured for 4, 8 and 12 weeks were compared. The
flexural strength for the implanted scaffold groups gradu-
ally increased, indicating the occurrence of significant bone
growth within both scaffolds. After 4 weeks, the flexural
strength of the implanted scaffold groups (23.9+6.223x10* Pa
and 29.9+6.481x10* Pa) was significantly greater than the
flexural strength of the empty defects (20.9+3.610x10* Pa)
(P<0.05). The increase in flexural strength was highest in the
TGF-p1-SE-CS group, and the flexural strength values reached
a peak at 12 weeks (87.2+11.766x10* Pa).

Evaluation of local BMD. To quantify the level of calcifica-
tion in the repaired mandibles, local BMD in all animals was
measured on a DXA system at 4, 8 and 12 weeks postop-
eratively (Fig. 9). The BMD for the implanted scaffold groups
gradually increased, indicating significant bone growth within
both scaffolds. The BMD of the TGF-f1-SF-CS scaffold
group was not significantly different from that in the SF-CS
scaffold group at 4 weeks (P>0.05). However, at 8 weeks,
the TGF-31-SF-CS scaffold group showed a relatively higher
BMD of 0.359+0.025 g/cm?. In the SF-CS scaffold group, the
local BMD was 0.227+0.047 g/cm?, which was significantly
lower than that in the TGF-B1-SF-CS scaffold group (P<0.05).
At 12 weeks, the BMD of the TGF-B1-SF-CS scaffold group
(0.462+0.060 g/cm?) was significantly higher than the BMD of
the SF-CS scaffold group (0.362+0.038 g/cm?) (P<0.05). The
control group with a defect the same size as those implanted
did not display any detectable BMD value in the DXA tests,
thus, the contribution to the total density was negligible (data
not shown).

Histomorphometric analysis of bone regeneration. Based
on the in vivo histological study, all of the light microscope
images showed the architecture of the scaffold clearly, which
revealed that the scaffolds were not markedly deformed. In the
TGF-p1-SE-CS scaffold group and the SF-CS scaffold group,
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Figure 7. Surgical creation of the mandibular defect in rabbits and representative 3D-CT images for different groups at 12 weeks. (A) Surgical creation of a
8x8 mm? mandibular defect. (B) In the TGF-B1-silk fibroin-chitosan (TGF-B1-SF-CS) scaffold group, the defect had disappeared at 12 weeks after implantation.
(C) In the pure silk fibroin-chitosan (SF-CS) scaffold group, the volume and radiopacity of the newly formed bone was greatly increased but the new bone
formation failed to completely cover the defects. (D) In the empty control group, the untreated defect exhibited no evidence of healing by itself, even at 12 weeks.
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Figure 8. The flexural strength of the implanted scaffolds group and the control
group following 4,8 and 12 weeks of culture. "P<0.05 compared with the control
group at the same time-point. “P<0.05 compared with the silk fibroin-chitosan
(SE-CS) scaffolds group. TGF-p1-SF-CS, TGF-p1-silk fibroin-chitosan.

all the scaffolds implanted after 4 weeks are encapsulated
by fibrous collagen, and some newly formed bone tissues
are deposited at the interface of material and bone with the
presence of active osteoblasts (Fig. 10A1 and B1). Moreover, a
large proportion of osteoblasts have penetrated into the porous
cavities, which accelerate the mineralization and regeneration
of bone, and a large number of inflammatory cells are observ-
able, as well as some newly generated tissues. Additionally,
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Figure 9. Determination of changes in the bone mineral density (BMD) in all
animals, measured using dual energy X-ray absorptiometry (DXA) analysis
at 4, 8 and 12 weeks post-operatively. “P<0.05 compared with the silk fibroin-
chitosan (SF-CS) scaffolds group at the same time-point. TGF-$1-SF-CS,
TGF-p1-silk fibroin-chitosan.

the interface between the SF-CS scaffold and natural bone is
clearly visible, whereas in the TGF-B1-SF-CS scaffold group
the boundary between the material and host bone is unclear.
In the control group, repaired tissues are not observable, and
the defects are filled with few fiber-like tissues and adipo-
cytes (Fig. 10C1).

At 8 weeks post-implantation, in the TGF-f1-SF-CS scaf-
fold group the boundary between material and host bone is
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Figure 10. Sample histology of healed defects for the TGF-f1-silk fibroin-chitosan (TGF-B1-SF-CS) scaffolds, the silk fibroin-chitosan (SF-CS) scaffolds and the
control group (light microscope, x100 magnification). At 4 weeks: (A1 and B1) All the scaffolds are encapsulated by fibrous collagen, some newly formed bone tis-
sues are deposited at the interface between material and host bone with the presence of active osteoblasts. (C1) In the control group, repaired tissues are not present,
and the defects are filled with few fiber-like tissues and adipocytes. At 8 weeks: (A2) In the TGF-f1-SF-CS scaffold group, the boundary between material and
host bone is unclear, new bone has regenerated and penetrated through the interconnective pores to the center of the scaffolds, increasing the quantity and density
of the defect area. (B2) In the SF-CS scaffold group, the interface between scaffold and natural bone remains clearly visible, some newly formed bone tissues are
deposited at the interface of material and bone with the presence of active osteoblasts. (C2) In the control group, the defects are filled with some fiber-like tissues
and adipocytes. At 12 weeks: (A3) In the TGF-p1-SF-CS scaffold group, the interface between material and host bone is hardly detectable and forms a close union
without any gap. There is an ordered cell arrangement and an increased number of cells. (B3) In the SF-CS scaffold group, new bone formation is observable with
more residual scaffold at the center of the defect compared with the TGF-f31-SF-CS scaffold group. (C3) In the empty control group, the mandible defects exhibit
no signs of recovery and there is limited encapsulation by fibrous tissues. Bony defects remain present in the center with new bone only formed at the periphery.

more unclear due to the sufficient formation of mature bone
tissues which have grown into the pores of the artificial scaffold
and bonded tightly with the material. With the implantation
prolonged, new bone has regenerated and penetrated through
the interconnective pores to the center of the scaffolds,
increasing the quantity and density of the defect area, and
decreasing the number of inflammatory cells (Fig. 10A2). In
the SF-CS scaffold group, the interface between scaffold and
natural bone was still clearly visible, some newly formed bone
tissues have been deposited at the interface of material and
bone with the presence of active osteoblasts (Fig. 10B2). In the
control group, the defects are filled with some fiber-like tissues
and adipocytes (Fig. 10C2).

The histological results of the TGF-B1-SF-CS scaffold
group at 12 weeks show that the interface between material and
host bone has formed a close union. There is an ordered cell
arrangement and an increased number of cells. Additionally,
inflammatory cells, including lymphocytes, are not observable.
Despite some bone ingrowth from the interface region, there is

insufficient bone formation in the central area (Fig. 10A3). In
the SF-CS scaffold group, new bone formation is apparent with
more residual scaffold at the center of the defect compared
with that in the TGF-B1-SF-CS scaffold group. The SF-CS
scaffolds still hold their pore structure and are unfilled by
sufficient newly formed bone (Fig. 10B3). By contrast, in the
empty control group, the mandible defects exhibited no signs
of recovery with minimal encapsulation by fibrous tissues.
Bony defects are still present in the center, the defects were
filled with some fiber-like tissues and adipocytes, and new
bone was only formed at the periphery. Despite some bone
ingrowth from the interface region, there is insufficient bone
formation in the central area (Fig. 10C3).

Quantitative determination of newly formed bone was
performed by statistical analysis of the histological sections.
Fig. 11 shows the NBV at each implantation period. Clearly,
after 4 weeks post-implantation, the amount of newly formed
bone in the TGF-f1-SF-CS scaffold group increased mark-
edly, much more than that in the pure SF-CS scaffold group.
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Figure 11. Measurement of new bone volume (NBV) in all animals at 4, 8
and 12 weeks post-operatively. “P<0.05 compared with the silk fibroin-chi-
tosan (SF-CS) scaffolds group at the same time-point. TGF-B1-SF-CS,
TGF-p1-silk fibroin-chitosan.

However, after that period, bone formation in the pure SF-CS
scaffold slowed down, whereas in the TGF-B1-SF-CS scaffold
group the speed of new bone formation gradually increased.
At 12 weeks, NBV in the TGF-1-SF-CS scaffold group was
the highest. These results confirmed that at the latter stage of
implantation, the TGF-B1-SF-CS scaffold achieved a higher
efficiency of bone formation than pure SF-CS scaffolds, and in
the long-term, the TGF-1-SF-CS scaffolds showed far better
biocompatibility and osteogenesis. The TGF-f31-SF-CS scaf-
folds group showed a healing percentage of 46.71+4.46%, which
was higher than the SF-CS scaffolds group (38.97+2.63%)
(P<0.05). The control group did not display marked bone
formation in the NBV tests, so the contribution to the total
NBYV was negligible (data not shown).

Discussion

Growth factors may be incorporated directly into a poly-
meric scaffold to be used for tissue formation after scaffold
fabrication (21,22,31). Growth factor supplementation strate-
gies have shown significant functional value in the context
of bone tissue regeneration. Previous findings have ‘immo-
bilised’ or ‘incorporated’ growth factors such as TGF-f31
and fibroblast growth factor into tissue scaffold systems with
sustained release properties (32). Active forms were used and
inevitably involved processing steps which may have resulted
in reduced bioactivity. In addition, the majority of scaffold
release systems are hydrogel based, and the release of growth
factors is by diffusion or degradation of the scaffold matrix.
This often results in a ‘burst’ release and a compromise in the
mechanical properties of the scaffold and in other properties
required for bone engineering (33). In the present study, a
composite scaffold design was constructed to increase the
osteogenesis of BMSCs through the incorporation of TGF-f1
during SF-CS scaffold fabrication, rather than after scaffold
fabrication. This method was simple, convenient and had
a high rate of success as well as easily controlling the of
growth factor content. It also improved the loading content
and loading efficiency of TGF-f1 on the SF-CS scaffold.
We analyzed the TGF-B1-SF-CS composite scaffolds for
bone tissue engineering applications. Such a scaffold may
be particularly suited for implantation into bone defects as
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it promotes the proliferation, migration and differentiation
of cells as well as being osteoconductive. For this purpose,
we added TGF-f1 into the SF-CS scaffold to construct a 3D
scaffold for the first time.

An optimum scaffold should meet certain criteria, such as
a suitable 3D structure for cell growth and nutrient transport
and optimal pore size to prevent cell loss from the scaffolds.
We found that the SF-CS scaffolds had random porous
microstructures, whether or not TGF-f31 was added. Porous
structures allow for the optimal interaction of the scaffold
with the cells (34). Pore size determines the efficiency at which
the cells seed into the scaffold (35). Small scaffold pores
may result in pore occlusion by the cells, preventing cellular
penetration whereas large pores prevent cell attachment due
to a reduced area. It is necessary for the scaffold to have an
adequate porosity; this includes the magnitude of the porosity,
the pore size distribution and its interconnectivity. A pore
size >100 ym and <400 pm is usually considered optimal for
osteoconduction (36). In the present study, the TGF-1-SF-CS
scaffold had an open and interconnected pore network and a
high degree of porosity. The inner pore size of the scaffold
was approximately ten to three hundred microns, which led to
uniform cell distribution inside the scaffolds. It was an ideal
scaffold for interacting and integrating with the bone tissue.
We also found that despite adding TGF-f1 to the SF-CS scaf-
fold, the porosity and swelling index of the scaffold did not
markedly alter the shape and structure or morphology of the
scaffolds.

CS is a polysaccharide found in the native ECM and
it is known to play a critical role in sequestering growth
factors within the matrix. Structural variations in the
carbohydrate backbone, allows CS to possess varying
levels of negative charges depending on the degree of sulfa-
tion (37,38), making it attractive option for the development
of growth factor-sequestering biomaterials. In addition to
the non-specific, electrostatic growth factor-CS interac-
tions, a similar study has also shown that TGF-f1 may be
adsorbed onto biomaterials such as SF composed of type I
collagen (39). It is important to consider strategies to immo-
bilize and pattern proteins, such as growth factors and other
cytokines, to develop long-term tissue engineering solu-
tions (40-44). Factor immobilization may offer numerous
advantages, including improved protein stability and reduced
diffusion, as well as increased localization of the therapeutic
effects within the material. A previous study demonstrated
that TGF-p1 was immobilized in the SF-CS scaffold through
ionic interactions and covalent bonds (45). The effectiveness
of adsorbing TGF-p1 onto the SF-CS scaffold may be due
to protection of the molecule from proteolytic digestion,
allowing a more sustained release of TGF-B1 over time. This
indicates that the growth factor remains bioactive within the
matrix for a long period of time (46).

When constructing the TGF-$1-SF-CS scaffold for bone
tissue engineering, it is critical to maintain the bioactivity of
TGF-p1 as during this process TGF-[31 bioactivity is mostly like
to be destroyed by lyophilization and methanol crosslinking.
During the process of lyophilization, the use of a cryoprotec-
tant may reduce or even prevent the adverse effects of stress
on protein activity (47). Silk protein and CS may be used as
a cryoprotectant to maintain the activity of TGF-p1 (48,49).
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Klibanov proved that the conformation of protein treated
with low concentrations of methanol was basically unchanged
and the covalent structure of protein molecules was not
destroyed (50). We implemented the following measures
in manufacturing the TGF-B1-SF-CS scaffold to prevent
the loss of TGF-P1 bioactivity: i) setting the lyophilization
temperature at -40°C and using SF and CS as cryoprotectants
to further maintain TGF-$1 activity; ii) selecting a methanol
concentration <10%; iii) designing the whole TGF-1-SF-CS
manufacturing procedure as a physical process. The results
of the analysis of ALP activity and the CCK-8 assay revealed
that there was no clear degradation of TGF-f1 bioactivity. We
immobilized TGF-f1 such that the total amount immobilized
on the SF-CS scaffold was equivalent to the total soluble
biomolecule content in the TGF-fB1 solution. This experiment
revealed that, as expected, the freely soluble TGF-f1 induced
high bioactivity.

SEM analysis confirmed that subcellular microvillous
and lamellopodia extensions were employed by adherent
cells to establish anchorage fronts with the SF-CS substrate.
Additionally, a BMSC growth differentiation study was
performed to further evaluate the biocompatibility of these
scaffolds. The seeding of BMSCs onto TGF-B1-SF-CS
scaffolds resulted in a completely flat and elongated cell
morphology, similar to what is typically observed in standard
cell culture flasks. These observations confirmed the long-term
cell viability and proliferation of BMSCs on TGF-f1-SF-CS
scaffolds, assuring its biocompatibility.

Nominal differences in cellular adhesion were observed
between BMSCs after osteogenesis induction. Additionally,
these results suggested that the SF-CS scaffolds were suitable
for the proposed in vitro studies as the initial attachment onto
the surface as well as the spreading and subsequent growth of
BMSCs was facilitated. The adhesion rate of BMSCs in the
TGF-p1-SF-CS group and in the SF-CS group significantly
exceeded those in the control groups (P<0.05). However, no
statistically significant differences (P>0.05) were observed
between the SF-CS and the TGF-f1-SF-CS scaffold groups. It
proved that TGF-p1 was unable to promote BMSC adhesion in
the SF-CS scaffolds.

The number of viable cells at day 1 (after 24 h of cell attach-
ment) was taken as a reference point to compare the growth
and proliferation rate of BMSCs on the TGF-p1-SF-CS and
SFE-CS scaffolds. It was observed that the absorbance index
of the tested groups increased in a time-dependent manner.
However, there was a TGF-f1-dependent effect of the scaffolds
on cell proliferation rate. At day 1, the viable cell number was
not significantly different among the three groups, indicating
that cell attachment to scaffolds was similar. With regard to
cell growth, from day 3, a significant difference (P<0.05) in
cell number was observed between the scaffolds groups and
the control group as well as between the TGF-$1-SF-CS and
SF-CS scaffolds. These results indicated that TGF-B1 signifi-
cantly promoted the growth and proliferation of BMSCs after
osteogenesis induction under these conditions. The in vitro
experiments performed in the present study also suggest that
TGF-p1 may regulate bone formation through a direct effect
on BMSCs after osteogenesis induction. Our results indicated
a difference in the activity of BMSCs in the different types
of scaffold which may be due to: i) the release of TGF-f1
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from TGF-f1-SF-CS scaffolds in a sustained manner thus, the
released TGF-f31 was able to reach the cells more quickly and
homogeneously, and ii) TGF-f1 maintained its bioactivity after
being released from the TGF-f1-SF-CS scaffold. Through the
ALP and CCK-8 assay results, we basically determined that in
TGF-p1-SE-CS scaffolds, IGF-1 was evenly and continuously
released within a certain time period.

Due to the rapid immobilization of TGF-f1 in the
SE-CS scaffold and the sustained and effective local release
of growth factors after seeding BMSCs in the porous
TGF-p1-SF-CS scaffold, as expected, the level of prolifera-
tion and differentiation of the BMSCs was controlled by the
presence of TGF-B1. The results obtained from the analysis
of ALP activity and the CCK-8 assay in vitro showed that
the TGF-p1-SF-CS scaffolds did not contain products toxic
to cells and the proliferation of BMSCs on the scaffolds
increased regularly in a time-dependent manner. The SEM
images revealed the spindle-like shape of the attached cells
with filopodia-like extensions adhering to the scaffold and
connecting to adjacent BMSCs. Evidence of cell-to-cell
interactions and cell spreading may be considered as signs
of healthy BMSCs and indicative of a noncytotoxic response
of the cells on the supporting material (51,52). In the present
study, TGF-B1 bioactivity was studied over the first 2 weeks
of drug delivery. It has been shown that TGF-f1 incorpo-
rated into the SF-CS scaffolds is capable of maintaining
bioactivity over at least 2 weeks, suggesting that longer-term
maintenance of bioactivity is feasible.

To evaluate the mechanical recovery of bone grafts in rabbit
models of segmental radius defects, bending test configurations
have been reported (53-55). Our studies have shown that both
three-point bending resulted in similar outcomes when testing
the mechanical integrity of rabbit mandible (53). In agreement
with this study, the primary failure mode for bending was a
short oblique fracture. Additionally, the reported primary
failure zone was constrained to the location of the central
contact in the three-point bending whereas the four-point
mode was reported to have a more uniform stress distribution
within the central loading span (56). Since the objective of this
study was to evaluate the interfacial integration of the scaffold
to the bone, three-point bending testing was selected, with
the scaffold lying completely within the loading span. Other
confounding factors such as loading to support span ratios,
contact geometry and load rates were matched to the sugges-
tions in the literature (56).

In the present study, bony union was achieved as early
as 1 to 3 months after transplantation and an improved
mandibular shape was observed after sacrifice. We also
found that the BMD and NBV of the TGF-$1-SF-CS scaffold
group was higher than the SF-CS scaffold group at 4 weeks
postoperatively. This indicated that new bone formation
and mineralization in the TGF-B1-SF-CS scaffold group
surpassed that occurring during the repair process in the
SF-CS scaffold group. Our data indicated that the SF-CS
scaffold was feasible and conferred that TGF-f1 possessses
the potential physiological benefit of accelerated reconstruc-
tion. The results of CT scans, gross view and histological
analyses consistently showed that the TGF-1-SF-CS scaf-
fold group had the strongest capacity for bone regeneration
compared with the other groups.
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The capability of the TGF-f31-SF-CS scaffold to enhance
the viability and proliferation of BMSCs as a function of time
demonstrates its cytocompatibility and feasibility for bone
tissue engineering applications. TGF-B1 did not promote the
activity and proliferation of osteoblasts significantly at early
time-points; however, it had a marked effect when culturedfor
longer periods of time (3-10 days), demonstrating that the
effect of TGF-P1, which promotes the activity and prolifera-
tion of BMSCs, is time-dependent. In the in vivo experiment,
TGF-p1 did not induce significantly more new bone formation
at early time-points (4 weeks) whereas it had a marked effect
at later time-points (after 8 weeks), demonstrating that the
effect of TGF-f1 which promotes the activity and prolifera-
tion of osteoblasts is time-dependent. These results indicate
that correct TGF-f1 delivery strategies greatly affect osteo-
genic differentiation and are of importance when designing
a delivery system. The ideal duration of TGF-p1 delivery is
dependent on the drug delivery application. For example, for
slowly progressing bone healing, controlled-release formula-
tions leading to sustained improvements in patient symptoms
and/or disease conditions allow for more convenient dosage
and increased compliance with treatment.

Our data suggested that the anchorage of TGF-f1 onto the
SF-CS scaffold may achieve the intended natural configura-
tion, as TGF-P1 was protected and available for activation. The
TGF-f1-SF-CS scaffold exerts positive effects on matrix produc-
tion as well as the proliferation and differentiation of BMSCs.
Our data supports the potential use of SF-CS as a biocompat-
ible scaffold. Our findings demonstrated that TGF-B1-SF-CS
scaffolds are suitable substrates for bone tissue engineering
and TGF-f1 confers the potential physiological benefit of
accelerated reconstruction. We explored the immobilization of
TGF-f1 within the SF-CS scaffold to evaluate relative biomol-
ecule bioactivity as a function of presentation modality. Future
bone tissue engineering studies are warranted, focusing on how
TGF-f1 combined with the scaffold, and whether the sustained
release of TGF-f1 is maintained and enhanced in longer-term
studies, or examining whether the culture of different types of
cells on the TGF-p1-SF-CS scaffolds yields similar outcomes.
Our future studies aim to examine the potential repair reaction
of the TGF-B1-SF-CS scaffolds in a bone defect model in large
animals. We also aim to explore additional soluble factors and
exploit immobilization techniques to identify combinations of
biomolecules capable of improving scaffolds. The materials
developed here are also likely to be useful as 3D templates for
bone tissue engineering.

In conclusion, we compared, for the first time to the best
of our knowledge, the physiochemistry and osteogenesis of
TGF-p1-SF-CS scaffolds and SF-CS scaffolds. Our results
confirmed that TGF-B1, a bioactive growth factor, has a
significant capacity to improve the bioactivity of SF-CS scaf-
folds. The results showed that TGF-f1-SF-CS scaffolds exhibit
good biocompatibility and extensive osteoconductivity with
the host bone. Moreover, the introduction of TGF-p1 to the
SF-CS scaffolds markedly enhanced the efficiency of new
bone formation, particularly 12 weeks after implantation. The
TGF-B1-SF-CS scaffolds possessed as good biocompatibility
and osteogenesis as the hybrid ones. All these results indicated
that the TGF-$1-SF-CS scaffolds fulfiled the basic require-
ments of an ideal scaffold for use in bone tissue engineering,
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and have the potential to be applied in orthopedic, reconstruc-
tive and maxillofacial surgery.
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