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Abstract

Sonication-induced silk hydrogels were previously prepared as an injectable bone replacement
biomaterial, with a need to improve osteogenic features. Vascular endothelial growth factor
(VEGF445) and bone morphogenic protein-2 (BMP-2) are key regulators of angiogenesis and
osteogenesis, respectively, during bone regeneration. Therefore, the present study aimed at
evaluating in situ forming silk hydrogels as a vehicle to encapsulate dual factors for rabbit
maxillary sinus floor augmentation. Sonication-induced silk hydrogels were prepared /7 vitro and
the slow release of VEGF1g5 and BMP-2 from these silk gels was evaluated by ELISA. For /n
vivo studies for each time point (4 and 12 weeks), 24 sinus floors elevation surgeries were made
bilaterally in 12 rabbits for the following four treatment groups: silk gel (group Silk gel), silk gel/
VEGF¢5 (group VEGF), silk gel/BMP-2 (group BMP-2), silk gel/VEGF165/BMP-2 (group V+B)
(n=6 per group). Sequential florescent labeling and radiographic observations were used to record
new bone formation and mineralization, along with histological and histomorphometric analysis.
At week 4, VEGF1g5 promoted more tissue infiltration into the gel and accelerated the degradation
of the gel material. At this time point, the bone area in group V+B was significantly larger than
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those in the other three groups. At week 12, elevated sinus floor heights of groups BMP-2 and V
+B were larger than those of the Silk gel and VEGF groups, and the VV+B group had the largest
new bone area among all groups. In addition, a larger blood vessel area formed in the remaining
gel areas in groups VEGF and VV+B. In conclusion, VEGF45 and BMP-2 released from injectable
and biodegradable silk gels promoted angiogenesis and new bone formation, with the two factors
demonstrating an additive effect on bone regeneration. These results indicate that silk hydrogels
can be used as an injectable vehicle to deliver multiple growth factors in a minimally invasive
approach to regenerate irregular bony cavities.

1. Introduction

Osseointegrated dental implants are considered to be a useful alternative to replace missing
teeth. However, patients with an edentulous posterior maxilla usually have an atrophied
maxilla [1, 2]. Inadequate alveolar bone together with specific anatomic structure of
maxillary sinus often hampers implant installation. Consequently, different approaches have
been developed to deal with this problem, and maxillary sinus floor elevation is an effective
way to restore the posterior upper jaw [3-5]. Although various bone-grafting materials,
including autogenous bone, allogeneic bone and xenografts, are currently being used for
maxillary augmentation, these grafts have disadvantages, including finite donor availability,
potential donor site morbidity, disease transmission, immunogenic response and high cost
[6-8]. As a consequence, many biomaterials with good biocompatibility have been
developed as an alternative to traditional graft materials. For example, a new technology,
called “injectable tissue-engineered bone”, has been a focus since the technology is
minimally invasive and has good plasticity [9]. In addition, injectable tissue-engineered
bone can be mixed with growth factors and cells with osteoinductive properties for irregular
shaped bony cavities such as maxillary sinus floor augmentation [10-13].

Hydrogels are injectable water-swollen polymeric materials which have been used for tissue
engineering and drug/growth factor release [14, 15]. Silk fibroin is a natural polymer used in
the design of bioactive matrices with advantages of controlled degradability, versatile
chemistry, impressive mechanical properties and low inflammatory response because of the
intrinsic chemical characteristics of the protein [16-18]. Purified silk fibroin solutions can
form hydrogels due to the self-assembled physical crosslinks or B-sheet crystals, under
controllable conditions [19-21]. Silk hydrogels were prepared by ultrasonication in our
previous studies [21]. This is a relatively simple and controllable process, as the transition
time can be modulated from minutes to hours based on the sonication power and duration
[21]. Previously, silk fibroin hydrogels showed compatibility with host cells and bioactive
molecules [21, 22]. These advantages of silk hydrogels suggest its potential use as a carrier
as a minimally invasive biomaterial for bone regeneration for irregular bony cavities.
Scaffolds encapsulating individual osteogenic growth factors have demonstrated bone repair
ability [23-25]. Bone regeneration involves many bioactive factors with different efficacies;
the combination of VEGF and BMP-2 offers synergy towards bone regeneration [26, 27].
Angiogenesis is the first step in the tissue regeneration process and microvascular networks
supply oxygen and nutrients and also facilitate cell invasion into engineered bone [28].
Among various growth factors involved in angiogenesis, VEGFg5 has been extensively
investigated as a potent growth factor in driving endothelial behavior and enhancing
osteogenesis. In addition, VEGF can promote osteogenesis by directing the function of
osteo-related cells [29-31]. BMP-2 plays a central role in many steps during bone
regeneration. During bone healing, BMP-2 stimulates both osteoblast proliferation and
differentiation [32], recruits undifferentiated mesenchymal cells from peripheral tissues and
facilitates precursor cell differentiation into bone-forming cells [28, 33]. BMP-2 has
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demonstrated powerful in vivo osteogenic ability when applied locally and has been
recognized as one of the most potent osteoinductive growth factors [34-37].

The objective of the present study was to assess the utility of silk hydrogels as a dual growth
factor delivery vehicle for bone regeneration. VEGF,g5 and BMP-2 were delivered by
sonication-induced silk gels to elevate the rabbit sinus floor. Sequential observations were
carried out to evaluate the effects of the silk hydrogel as a vehicle for dual growth factor
delivery and for filling irregular bony cavities in the rabbit sinus.

2. Materials and Methods

2.1. Animals

A total of 24 male New Zealand rabbits with an average weight of 2.5 kg were used in this
study. All animals were obtained from the Ninth People’s Hospital Animal Center
(Shanghai, China) and the experimental protocol was approved by the Animal Care and
Experiment Committee of Ninth People’s Hospital.

2.2. Silk fibroin solutions preparation

Silk fibroin stock solutions were prepared as previously described [38]. Briefly, cocoons of
Bombyx mori were boiled in 0.02 M sodium carbonate aqueous solution for 40 min, and
then rinsed thoroughly with deionized water to extract the sericin proteins. After overnight
drying, the extracted silk fibroin was dissolved in 9.3 M LiBr solution at 60°C for 4 hours.
Residual salt was removed by dialyzing in deionized water using Slide-a-Lyzer dialysis
cassette (MWCO 3,500, Pierce) for 2 days. The final concentration of the silk fibroin was
about 8.0 wt % and the 5.0 wt % solution was prepared by dilution with deionized water.

2.3. Sonication-induced gelation and growth factor capsulation

Recombinate VEGF,g5 and BMP-2 protein (gift from Wyeth) were dissolved in deionized
water and the final concentration was adjusted to 1.0 mg/ml and 1.5 mg/ml, respectively.
Then 1 ml of 5.0 wt % silk fibroin solution, after autoclaving in a glass flask, was sonicated
at 25% amplitude for 30 s. Four study groups of silk gel were prepared: (1) silk gel alone
(Silk gel); (2) silk gel encapsulated with VEGF155 (VEGF); (3) silk gel encapsulated with
BMP-2 (BMP-2); (4) silk gel encapsulated with VEGF145 and BMP-2 (VV+B). For different
experimental groups, the mixture of 20 wl VEGF4g5 solution and 20 I deionized water, the
mixture of 20 .l BMP-2 solution and 20 .l deionized water, or the mixture of 20 .l
VEGFg5 and 20 .l BMP-2 was added to the sonicated silk solution immediately and mixed
gently. Then 40 | deionized water was added in the control gel alone group. The mixed
solutions were aspirated in 1 ml syringes and placed in 37°C for 1~6 hours to allow gelation
(Fig. 1a-c). All the operations were carried out in the laminar flow cabinet.

2.4. Release kinetics of VEGF1g5 and BMP-2 from silk gels in vitro

After undergoing the self-assembly transition to the gel state in the 1 ml syringe, silk
hydrogel with encapsulated VEGF,g5 and BMP-2 was cut into 0.5 cm long cylinder-shape
segments (about 100 p.l). These segments were washed three times with 1xPBS before being
placed in a microcentrifuge tube containing 1 ml 1xPBS and incubated at 37°C. At each
selected time point (1, 3, 7, 14, 28 days), the supernatant was collected and stored at -80°C.
The gels were resuspended in fresh PBS and incubated until the next time point. The release
of VEGFg5 and BMP-2 was quantified using ELISA kits (Becton, Dickinson & Company,
USA), respectively, according to the manufacturers’ instructions [10].
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2.5. Maxillary sinus floor elevation procedure

The observation time points in this study were set at week 4 and week 12. A total of 24
rabbits were randomly allocated into 4 study groups. Each group included 3 animals with 6
maxillary sinuses (n=6) at both time points. After general anesthesia through the
intramuscular injection of ketamine (40 mg/kg), the sinus floor elevation surgery was
performed as our previously described methods [39]. Briefly, a 2.5 cm midline incision was
made on the nasal dorsum, and the skin and periosteum were lifted to expose the nasal bone
and nasoincisal suture line. Two round bone windows (diameter, about 0.4 cm) located
approximately 2 cm anterior to the nasofrontal suture line, 0.5 cm lateral to the midline were
opened, using a round bur, in the nasal bone bilaterally. Care was taken to protect the sinus
mucosa. A freer elevator was used to peel and push the mucosa inward gently, and 200 p.l of
each silk gel was injected into the elevated cavity from the syringe separately for each group
(Fig. 1d). The elevated height was defined as the maximal distance between sinus bony
floors and raised nasal dorsum in the augmented space (Fig. 1e).

2.6. Radiographic observation

Radiographic images were obtained immediately and at 4, 8 and 12 weeks after maxillary
sinus floor elevation surgery. Lateral jaw radiographies were obtained under anesthesia with
a dental X-ray machine (Trophy, France), from a distance of 5 cm with an exposure time of
0.28 5 (280 V, 8 mA), to follow new bone formation and mineralization.

2.7. Sequential fluorescent labeling

A polychrome sequential fluorescent labeling method was carried out on rabbits sacrificed at
week 12 to observe the rate of new bone formation and mineralization, as previously
described [40]. For this assay 25 mg/kg tetracycline hydrochloride (TE, Sigma, USA), 20
mg/kg calcein (CA, Sigma, USA) and 30 mg/kg alizarin red S (AL, Sigma, USA) were
administrated intraperitoneally at 3, 6 and 9 weeks after surgery, respectively.

2.8. Sample preparation

The rabbits sacrificed at 4 weeks were exsanguinated via jugular vein and perfused via
bilateral carotid arteries with 10% buffered formaldehyde (pH 7.4) as we have previously
described [39]. The maxillae were dissected along the midline and trimmed into smaller
blocks, and then fixed in the same 10% buffered formaldehyde solution. Rabbits from the
week 12 observation groups were perfused with Microfil (Flow Tech, USA) via bilateral
carotid arteries. First, 200 ml heparinized saline was used to clear the blood existing in the
craniofacial vessels. The blue colored Microfil solution was subsequently infused at a slow
rate of 5 ml/min until the whole tongue was clearly colored blue. The samples were then
allowed to polymerize over two hours before small blocks were trimmed and fixed in 10%
buffered formaldehyde solution.

2.9. Micro-Computed tomography scanning

The fixed samples at 12 weeks were imaged with a desktop Micro-CT system (uCT-80,
Scanco Medical, Switzerland) in high-resolution scanning mode (pixel matrix, 1024x1024;
voxel size, 20 um; slice thickness, 20 pum) to determine bone volume. To obtain the original
three dimensional (3D) image, a threshold value of 225 was chosen to segment the Micro-
CT images for all specimens using the analyze software package (Scanco Medical,
Switzerland). The 3D reconstructed images were presented to show new bone formation in
the elevated sinus area by cutting the buccal and lingual into two halves. Bone mineral
density (BMD), bone volume fraction (Bone volume/total volume, BV/TV), and trabecular
thickness of new bone were analyzed as previously described [7].
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2.10. Histological and histomorphometric observations

The elevated sinuses of rabbits sacrificed at week 12 were bisected along the sagittal plane
of the mesiodiatal direction and cut into the buccal and lingual halves along the top of the
maxillary sinus. The height of augmented maxillary sinus floor was measured on these
longitudinal sections as shown in Figure 1 (e). One half of the sample was decalcified,
embedded in paraffin and sectioned into 4 wm thick sections. Three randomly selected
sections were stained with hematoxylin-eosin (HE). The other half was dehydrated,
embedded in polymethylmethacrylate (PMMA) and cut into 150 um thick sections using a
microtome (Leica, Germany). These sections were gradually ground and polished to a
thickness of 40 wm [41]. All samples of the week 4 observation group were decalcified and
stained with HE as above. Decalcified specimens were subjected to histological and
histomorphometric observations and analyzed using a personal computer-based system
(Image-Pro Plus™, USA). Nondecalcified sections were observed for fluorescent labeling
under confocal laser scanning microscope (CLSM, Leica, Germany). Excitation/emission
wavelengths of chelating fluorochromes were used 405/580 nm, 488/517 nm and 543/617
nm for TE (yellow), CA (green) and AL (red), respectively. As shown in Fig. 4b, rectangle
regions (100x magnification) located in the center of the elevated sinus membrane margin
along the maximal sagittal plane were used to quantify the different fluorescently labelled
areas to reflect the ingrowth of new bone. All images were stored digitally and the
histomorphometric observations were analyzed using Image-Pro Plus™ software [40]. The
numbers of TE, CA and AL labeled pixels in each image represent bone regeneration and
mineralization at 3, 6 and 9 weeks after operation. The undecalcified sections were further
stained with Von Gieson’s picro fuchsin [42]. The percentage of blue colored Microfil areas
on these sections was calculated with Image-Pro Plus™ software to evaluate blood vessel
formation in each group.

2.11. Statistical analysis

All the data were expressed as mean =+ standard deviation. Statistically significant
differences (p < 0.05) among the various groups were measured using ANOVA and SNK
post hoc based on the normal distribution and equal variance assumption test. All statistical
analysis was carried out using an SAS 8.2 statistical software package (Cary, USA).

3. Results

3.1. Gross observation

The injectable property of silk gels makes them relatively easy to utilize when used to lift
the sinus floor, with smaller bone windows compared to previous animal models for the
insertion of blocks for filling. All animals were given antibiotics through intramuscular
injection 3 days after the operation and therefore were only slight soft tissue edema in a few
rabbits that disappeared 2-4 days post-operation. No infections were detected within the 4 or
12 week observation periods.

3.2. The release of VEGF145 and BMP-2 from silk gel

The VEGF45 and BMP-2 ELISA kits were used to quantify the release of growth factors
from silk gels. Figure 2 reflects the cumulative release of the two growth factors when
incubated /n vitro. There was no obvious burst release for both growth factors after the
initial /n vitro culture. After one day, the release of VEGF45 and BMP-2 was 12,659 +
1,867 pg/ml and 16,677 + 1,828 pg/ml, respectively. VEGF1g5 and BMP-2 were slowly
released from the dual factor encapsulated silk gels and after 14 days the release kinetics
showed a cumulative release of VEGFg5 and BMP-2 with 43,891 + 6,262 pg/ml and 60,952
+ 4,459 pg/ml, respectively. Over a 28 days period the cumulative release was 62,909 +
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7,836 pg/ml for VEGF 45 and 87,423 + 6,205 pg/ml for BMP-2. Therefore, fabricating silk
gels as a vehicle to deliver growth factors provided sustained release kinetics.

3.3. Radiographic examination

To trace new bone formation, sequential radiographic images of each study group were
obtained (Fig.3). Immediately after the operation, all sinus lifting areas were radiolucent. No
obvious difference could be detected among the four groups. From visual inspection, the
Silk gel group changed little at 12 weeks post operation. In the VEGF group, a slight
radiopaque area was able to be told at 8 weeks after the operation, and at 12 weeks, there
was a small shadow on the top of sinus lifting area. In the BMP-2 group, the radiographic
bone density was higher from 4 weeks and the opaque area was larger than that in the VEGF
group at 12 weeks. In the VV+B group, the opaque image could be distinguished as early as 4
weeks after operation. Also, the radiographic bone density was relatively higher than that in
group BMP-2 at 8 and 12 weeks, respectively.

3.4. Sequential fluorescent labeling histomorphometrical analysis

In order to avoid the probable interference from fluorescent labeling by remineralization and
remolding of marginal autogenous bone tissue (such as sinus bony floors and nasal dorsum),
the regions adjacent to the elevated sinus membrane margin were chosen to quantify the
different fluorescences labelled areas to reflect the ingrowth of new bone. The process of
new bone formation and mineralization was recorded by measuring the areas of TE, CA, AL
flurochome stained bone. From the images of Fig. 4a, fluorescent labeling areas of group
BMP-2 and group V+B were more strongly fluorescent than that of the other two groups at
all stages. Figure 4c displays the histomorphometrical analysis results, at 3 weeks post-
operation, the percentage of TE labeled area (yellow) in group V+B was 2.06 + 0.28%,
which was higher than the VEGF group (0.28 + 0.09%), the Silk gel group (0.02 + 0.01%)
or the BMP-2 group (1.41 + 0.16%) (0 < 0.05). At 6 weeks post-operation, the percentage of
CA labeled area (green) in the BMP-2 group was 1.87 + 0.38% and group V+B was 2.18 +
0.28%, which were higher than in the Silk gel group (0.25 + 0.06%) or VEGF group (0.38 £
0.09%) (p< 0.05). At 9 weeks post-operation, the percentage of AL labeled area (red) was
0.50 + 0.13%, 0.97 £ 0.27%, 2.01 £ 0.33% and 2.50 + 0.36% for the Silk gel, VEGF,
BMP-2 and V+B groups, respectively. There were significant differences between the V+B
group and other three groups (p < 0.05). Taking all of the data into consideration, more
newly formed bone infiltrated into the gels in group V+B, with VEGF g5 additively
promoting new bone formation even from the initial stages. Neoformative bone mass was
increased when compared to BMP-2 alone.

3.5. Histological findings of new bone formation

At 4 weeks after implantation, there was little new bone formation in the Silk gel group. The
whole sinus was still almost filled with gel and the percentage of new bone area among the
augmented area was only 1.75 + 0.34%. Group V+B demonstrated significant new bone
formation (30.22 + 2.91%) that was significantly higher than that of the BMP-2 (17.12 +
3.40%) and VEGF (5.57 + 1.30%) (p < 0.05) groups. In group V+B and group VEGF, the
percent of remnant gel area of these two groups was 50.97 + 8.58% and 50.24 + 7.40%,
respectively, which were less than that of the BMP-2 group (64.01 + 4.98%) and Silk gel
group (73.93 + 4.40%) (Figs. 5, 6) (p< 0.05).

Compared with 4 weeks, newly formed bone in all four groups increased at 12 weeks. The
percentage of new bone area in group V+B was 42.45 + 4.93%, which was significantly
higher than that of group BMP-2 (32.97 + 5.53%), group VEGF (18.52 + 5.64%) and the
Silk gel group (8.70 £ 2.92%) (p < 0.05). The silk gel degraded faster in group V+B and
group VEGF. The percentage of remnant gel area in group VV+B and group VEGF at 12
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weeks were 30.14 + 5.95% and 32.13 * 5.64%, respectively, which were less than that of
group BMP-2 (40.22 + 6.23%) and group Silk gel (52.81 £ 5.51%) (p < 0.05) (Fig. 5 and
Fig. 6).

3.6. Micro-CT measurements

The morphology of the newly formed bone in the week 12 samples was reconstructed (Fig.
5). No obvious bone formation was observed in group Silk gel (i). While in group VEGF (j),
a thin layer of trabecular bone protruded into the sinus from the surrounding bony wall and
elevated membrane. More new bone invading into the sinus was observed in group BMP-2
(k). By comparison, in group V+B (1), the volume of newly formed bone protruding into the
sinus was further increased. Results of quantitative analysis are shown in Fig. 6. Bone
mineral density (BMD) and the ratio of bone volume to total volume (BV/TV) were
significantly higher for group V+B when compared to the other three groups (v < 0.05). In
addition, the trabecular thickness (Th.Th) and trabecular number (Tb.N) for the VV+B group
were also higher than the other three groups (p < 0.05).

3.7 Neo-angiogenesis in the sinus

We further investigated the effect of VEGF1g5 on neo-angiogenesis of the elevated sinus
area. As shown in Fig. 7, red areas represent newly formed bone on the nondecalcified
sections. The blue colored Microfil labeled area was calculated to reflect the vascularization
of newly formed bone. The percent of new blood vessel area in group VEGF and group V+B
were 4.66 = 0.97% and 4.98 + 1.01%, respectively, which was significantly higher than that
of group Silk gel or group BMP-2 (p< 0.05).

3.8. The elevated height analysis

The height of the elevated sinus floor at 12 weeks was measured to assess the sinus
augmentation effects of the different silk hydrogel complexes. The elevated height of group
BMP-2 was 11.45 + 0.69 mm and group V+B was 11.53 + 0.78 mm (Fig. 8). There was no
significant difference between group BMP-2 and group V+B. But the elevated heights of
these two groups were all higher than that of group VEGF (8.52 + 0.67 mm) or group Silk
gel (7.52 £ 0.82 mm) (p < 0.05).

3.9 Degradation of silk gel

Following tissue ingrowth into the silk gels, a line of osteoblasts was observed around newly
formed bone (Fig. 9a). In addition, similarly to previous degradation of silk fiber and
scaffold [43, 44], multinucleated giant cells was also visible adjacent to the residual silk gel
which was close to the newly formed bones at week 4 (Fig. 9b). Those giant cells may
participate in the degradation of silk gel. Silk gel fragments engulfing by multinucleated
giant cells were shown in Fig. 9c. At week 12, more giant cells were detected around
degrading silk gel as tissue ingrowth occurred gradually (Fig. 9d).

4. Discussion

Maxillary sinus floor augmentation has been widely used as a surgical procedure to gain
bone mass for placement of dental implants. The elevated space demands sufficient bone
graft material filling to obtain adequate bone support. In the present study, a rabbit model
was used which has been well documented for sinus reconstruction. The maxillary sinus of
the rabbit has a well-defined ostium similar to that in humans [45]. When the sinus
membrane was elevated, an irregular cavity is formed. The injectable silk gel could be
beneficial in such applications since it is easy to manipulate to fill the irregular bony cavity,
which may shorten the surgical operation time and minimize surgical damage.
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Sonication-induced silk hydrogels were used for dual growth factor delivery to elevate the
rabbit sinus floor. After sonication, the growth factors were added to the silk solution and
the sol-gel transition process was completed within several hours. The silk fibroin hydrogel
as a delivery system is simple and convenient for preparation and clinical applications and
pending conditions of sonication the process can be shorted to minutes if needed [21].
Although the use of a silk gel alone did not promote sufficient new bone formation in the
rabbit model, it could serve as a useful vehicle to deliver bioactive growth factors.
Angiogenic and osteogenic factors released from silk gel promoted tissue invasion and new
bone formation. More importantly, our /n vitro studies confirmed that VEGF,45 and BMP-2
exhibited sustained release but not burst release, from the silk fibroin hydrogels. Thus, with
further optimization it should be possible to control the release process by adjusting growth
factor loading and gel biodegradation rate [44, 46]. In addition, the quality of protein
released from a sustained delivery matrix is of critical importance for substantial bone
regeneration. In our recent studies [46], we demonstrated that functional stability and
released bioactive factors from silk fibroin hydrogels were comparable to that of
unincorporated bioactive protein controls, which indicates that the incorporation in silk
fibroin hydrogels does not affect bioactivity.

Maxillary sinus augmentation, as a bone regeneration procedure, also involves various
bioactive factors [47, 48]. In this study, encapsulating growth factors increased the ability of
the silk gel to mediate bone regeneration in the augmented sinus region of the rabbit. In
particular, the combination of VEGFg5 and BMP-2 resulted in enhanced osteogenesis over
VEGF;g5 or BMP-2 alone. According to the sequential radiographic results, opaque areas
were detected as early as four weeks after implantation in the VV+B group, while higher
radiographic bone density was detected after 8 weeks after implantation in the BMP-2
group. In addition, polychrome sequential fluorescent labeling was used to record new bone
deposition and the mineralization process. Fluorescent TE was administered
intraperitoneally 3 weeks after the operation. The percentage of TE labeling area was
significantly higher than that of the BMP-2 group. These findings showed that the
combination of VEGFg5 and BMP-2 promoted new bone formation even at initial stages of
the repair process.

As previously mentioned, VEGF165 and BMP-2 can bring additive effects. VEGF45 as a
powerful angiogenic factor promotes angiogenesis and vasculogenesis, which are important
for tissue development and regeneration. But the delivery of a single angiogenic agent was
not sufficient for bone regeneration, as shown in this study. However, VEGF55 was able to
enhance the effect of bone formation induced by BMP-2 alone. Most likely, the additive
effect was mainly brought about by contributing to the angiogenic response, which is
supported by previous studies [28, 49]. After the construction of a vascular network, the
amounts of mesenchymal stem cells or osteoprogenitor cells would be transported by
circulation, and the sustained release of BMP-2 further induced those cells into the
osteogenic lineage. In addition, VEGF 165 would also directly promote osteogenesis by
affecting osteoblasts as well as enhancing osteogenic differentiation of mesenchymal stem
cells [29-31]. These direct and indirect effects of VEGF45 not only promote early new bone
formation but also enhance the quality of newly formed bone.

The current study revealed that the remnants of silk gel in the VEGF and V+B groups were
less than that of the other two groups. VEGF g5 accelerated new tissue ingrowth by
promoting new blood vessel formation and this process increased the interface between
autologous tissue and the silk gel, which may accelerate silk gel degradation. In our previous
study [44], the immune system played a significant role in the degradation of silk scaffolds.
Macrophages and multinucleated giant cells quickly invaded and concentrated around silk
scaffold pieces as tissue ingrowth took place. Cell-mediated degradation of silk gels was
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also detected in our study. At week 4, multinucleated giant cells were observed
concentrating around silk gel pieces at the interface between tissue and gel. As tissue
ingrowth gradually increased, more giant cells participated in silk gel degradation, resulting
in more space for tissue ingrowth.

Based on the above results, dual VEGF,g5 and BMP-2 delivery could be encapsulated into
the silk gel, and the injectable delivery system achieved beneficial effects in the rabbit sinus
floor elevation model. The released biological factors promoted angiogenesis, tissue
ingrowth and bone regeneration. Since the silk gel alone lacks internal pores for initial tissue
ingrowth, the fabrication of the silk gel with improved porous structure may enhance its use
as a bone-grafting biomaterial.

5. Conclusions

Sonication-induced silk hydrogels served as useful vehicles to encapsulate and slowly
release of VEGF,g5 and BMP-2. For the irregular shaped rabbit sinus model, the use of the
silk gel had many advantages including good plasticity, minimal invasion and short utility at
operation time. The combination of angiogenic and osteogenic growth factors brought about
additive effects on bone formation. Dual factor encapsulated silk gels promoted bone
regeneration as well as maintained the augmented height in the rabbit sinus floor elevation
model. These results offer a potential alternative bone-grafting material for edentulous
maxillary sinus floor augmentation and the repair of other bony cavities in the clinic.
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Fig. 1.

Silk hydrogel preparation and rabbit sinus floor elevation surgery: (a) Liquid phase silk
solution transforms into solid silk hydrogel by ultrasonication. (b) Schematic illustration of
the mechanism of silk sol-gel transition due to inter-chain physical crosslinked B-sheet
structures formed after ultrasonication. (c) Injectable property of silk gel. (d) Silk gel being
injected into the rabbit sinus from the small bony window. (€) Diagram of elevated sinus in
sagittal plane section. Yellow area represents silk gel in the sinus cavity. The maximal
distance between sinus bony floor and raised nasal dorsum is defined as the augmented
height of sinus (arrow = elevated sinus mucosa).
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Cumulative release of VEGF15 and BMP-2 from silk gels detected by ELISA.
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Fig. 3.

Sequential radiographic observation immediately, 4 weeks, 8 weeks and 12 weeks post-
operation. The front-end, back-end, apex and lowest point of the four different groups are
marked with different colored small rectangles.
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Fig. 4.

Sequential fluorescent labeling and histomophometric analysis. (a) Polychrome fluorescent
labeling of TE, CA and AL was administrated at 3, 6, 9 weeks post-operation. Images of
column “Merge 1” represent the merged three fluorochromes. “Merge 2” column represents
merged images of the three fluorochromes together with the plain confocal laser microscope
image (bar = 500 pm). (b) This scheme indicates the selected region used for quantifying the
area of fluorochrome labeling (red color rectangle labeled region). (c) This graph represents
the percentage of the labeled area of the three fluochromes of the four groups at different
periods (* indicates significant differences, p < 0.05).
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Fig. 5.

New bone formation detected by hematoxylin and eosin staining and Micro-CT. (a-d) and
(e-h) shows local histological images of the different groups at 4 and 12 weeks post-
operation, respectively. Green lines label the boundary of the augmented sinus region. The
arrows indicate the direction of newly formed tissue ingrowth into the silk gel from the
boundary. (NB: new bone; RSG: remnant silk gel). (i-1) Three dimensional reconstructed
images of augmented sinus were taken 12 weeks after operation.
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Fig. 6.

Histomorphometric analysis of the (a) bone formation and (b) remnant silk gel were also
calculated for four groups at 4 and 12 weeks post-operation (* indicates significant
differences, p < 0.05). The quantitative variables from Micro-CT scans of (c) Bone mineral
density (BMD), (d) the ratio of bone volume to total volume (BV/TV), (e) trabecular
thickness (Th.Th) and (f) trabecular number (Th.N) were calculated to assess the quality of
newly formed bone in the different groups.
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Fig. 7.

The undecalcified sections of group Silk gel (a), group VEGF (b), group BMP-2 (c) and
group V+B (d) at 12 weeks post-operation were further stained with Von Gieson’s picro
fuchsin. On those nondecalcified sections, red areas represent newly formed bone and blue
areas belong to blue colored Microfil which indicate newly formed blood vessels. (e) This
graph shows the percentage of newly formed blood vessel area in the four groups (*
indicates significant differences, p < 0.05).
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Fig. 8.
Augmented sinus height of the different groups at 12 weeks (* indicates significant
differences, p< 0.05).
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Fig. 9.

Hematoxylin and eosin staining of decalcified sections of group V+B. (a) New bone (NB)
and blood vessel (BV) formation around remnants of the silk gel (RSG). A line of active
osteogenic cells was observed around the newly formed bone (solid arrows show active
osteogenic cells). At 4 weeks post-operation, (b) multinucleated giant cells quickly invaded
into the silk gel and were observed around remnants of the silk gel (blank arrow shows
multinucleated giant cell). (c) Silk gel fragments engulfed by the giant cells were also
detected (% = small silk gel fragments). At 12 weeks post-operation, more giant cells
invaded into the silk gel (the boundary of remnants of the silk gel marked with green dash
line; blank arrow shows multinucleated giant cells).
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