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Abstract


We prepared a bone plate enabled with the local, sustained release of BMP2, which is a drug known to inhibit Osteoclastic-mediated bone resorption and also expedite the bone-remodeling activity of osteoblasts. For this, we coated a bone plate already in clinical use (PLT-1031, Inion, Finland) with a blend of BMP2 and a biocompatible polymer, 4-azidobenzoic acid-modified chitosan (i.e., Az-CH) photo-cross linked by UV irradiation. As we performed the in vitro drug release study, the drug was released from the coating at an average rate of 4.03^g/day for 63 days in a sustained manner. To examine the effect on bone regeneration, the plate was fixed on an 8mm cranial critical size defect in living rats and the newly formed bone volume was quantitatively evaluated by micro-computed tomography (micro-CT) at scheduled times over 8 weeks. At week 8, the group implanted with the plate enabled with sustained delivery of BMP2 showed a significantly higher volume of newly formed bone [52.78 ± 6.84%] than the groups implanted with the plates without drug [23.6 ± 3.81%] [p b 0.05]. The plate enabled with BMP2 delivery also exhibited good biocompatibility on H&E staining, which was comparable to the Inion plate already in clinical use. Therefore, we suggest that a bone plate enabled with local, sustained delivery of BMP2 can be a promising system with the combined functionality of bone fixation and its expedited repair.


Abbreviations: Poly Lactic-Co-Glycolic Acid; PLA: Poly Lactic Acid; PGA: Poly Glycolic Acid; FDA: Food and Drug Administration; ACDF: Anterior Cervical Discectomy and Fusion; PEI: Poly Ethylenimine; PEG: Poly Ethylene Glycol; SEM: Scanning Electron Microscopy; UTS: Ultimate Tensile Strength; UTM: Universal Testing Machine; ELISA: Enzyme-Linked Immunosorbent Assay; DMEM: Dulbecco's Modified Eagle Medium




Introduction


Bone fixation systems made of biodegradable polymers, such as poly [lactic-co-glycolic acidj [PLGA], poly [lactic acidj [PLA] or poly [glycolic acid] [PGA], have attracted a great deal of interest as they would not need a secondary removal surgery due to biodegradability [1,2]. The major compartments of the bone fixation systems are plates and screws, where the plate is positioned and fixed on a fractured bone by screws. In this way, the undesired motion of the fractured bone can be prevented until complete healing. However, the bone fixation systems currently in clinical use do not have the functionality to treat patients with bone loss or diseases, such as osteoporosis. It was reported that approximately 11.4% of comminuted fractures induce bone loss [3], which would impair the stability of the bone fixation systems, thereby often needing a secondary surgery [3,4]. Such complications would also include infection, which was reported to occur in approximately 13.9% patients with fractured bone [5]. The osteoporotic patients often show low bone density, which delays bone healing [6] and causes severe complications, such as microfracture, malunion or a loosening of the fixation system even with adequate fixation of fractured bone [7,8]. It has been reported that the failure of bone fixation systems occurs in 2 to 10% of fractures related to osteoporosis [8,9].

For these reasons, a strategy to facilitate bone healing is needed to properly treat fractured bone without a failure of the fixation system [10]. BMP-2, a member of TGF-b super family has potential to differentiate pluripotent cell to osteoblasts and is a key molecule for bone homeostasis. After rhBMP-2 was approved by Food and Drug Administration [FDA] as an osteoinductive bone graft substitutes (In FUSE, Medtronic Sofamor Danek), BMP-2 has been widely used in the lumbar inter body fusion, open tibial fracture and oral- maxillofacial surgery[11,12]. Currently, rhBMP-2 soaked in absorbable collagen sponge scaffold loaded in LT Cage taperd fusion device is the only instruction for bone graft use. With enhanced retention of rhBMP-2 and achievement of bone regeneration however, off-label use of rhBMP-2 in improper location and dosage has also emerged [13,14]. Because of these off-label uses of rhBMP-2, many and various complications have reported including life- threatening swelling after anterior cervical discectomy and fusion [ACDF], as well as seroma, vertebral osteolysis and ectopic bone formation [15,16]. These adverse effects are thought that because of short half-life of BMP-2 in serum condition and limitation of proper delivery system.

RhBMP-2 has been used in high dosage to achieve satisfactory bone regeneration [17]. To solve these unwanted problems, various kinds of carriers have been developed to fulfill controlled and more effective delivery of rhBMP-2. Chemical polymers such as Polyethylenimine (PEI), polyethylene glycol (PEG) [18], poly [lactic-co-glycolic acid] [PLGA] [19] and natural polymers such as collagen [20], albumin, chitosan [21] and silk fibroin [22] have been widely used with different formats, not only for rhBMP-2 delivery but also other bioactive molecules. However, futher studies are still nessasary for application of these systems in clinical use [23]. In this work, therefore, we prepared a bone fixation plate with the added functionality of the local, sustained delivery of BMP2. For this, we employed a bone plate already in clinical use [PLT-1031, Inion, Finland) and coated it with 4-azidobenzoic acid-modified chitosan (i.e., Az-CH) loaded with BMP2. Az-CH was cross linked via UV irradiation to serve as a drug diffusion barrier for the sustained delivery of BMP2 [24,25]. In addition, cross linked Az-CH can form covalent bonds with poly[lactic acid], one of the major constituents of the Inion plate [26,27], and thus, the Az-CH based coating could be stably attached on the surface of the Inion plate.

Az-CH is also proven to be biocompatible to a large extent [27,28]. We characterized the morphology and coating by scanning electron microscopy [SEM]. We also performed the in vitro drug release study in phosphate buffered saline [PBS; pH 7.4] at 37 °C with the plate coated with both Az-CH and BMP2. For the in vivo evaluation, the plates were fixed on a craniotomy defect, 8 mm in diameter, created on the skull of living rats [29]. The degree of reconstructed bone volume was quantitatively measured using micro-computed tomography [micro-CT] at a predetermined schedule for 8 weeks following implantation. The histopathologic analyses were also carried out with the tissue including the implanted plate 8 weeks after implantation with hematoxylin and eosin [H&E] staining.

Materials and Methods

Materials

4-azidobenzoic acid was obtained from Tokyo Chemical Industry (Tokyo, Japan). Chitosan (Mw; b 200 kDa, degree of deacetylation; 75-85%), N,N,N’,N’-tetramethylethylenediamine [TEMED], 1-ethyl- 3-[3-dimethylaminopropyl]-carbodiimide [EDC], o-phthaldialdehyde [OPA] and 2- mercaptoethanol [2 ME] were all purchased from Sigma-Aldrich [MO, USA]. Phosphate buffered saline [PBS, pH 7.4j was obtained from the Seoul National University Hospital Biomedical Re- search Institute. Bioabsorbable bone fixation plates (PLT-1031), composed of poly (trimethylene carbonatej, polylactide and polyglycolide [30], and were purchased from Inion (Finland). Zolazepam and tiletamine (0.3ml/kg; Zoletil-->) were supplied from Virbac (France). Xylazine (0.1 ml/ kg; Rompun-->) was obtained from Bayer [Germany].

Synthesis of an 4-Azidobenzoic Acid-Modified Chitosan (Az-CH) and Loading BMP2 Protein

Az-CH was synthesized as described in a previous study. In brief, a chitosan solution was first prepared with 200mg chitosan dissolved in 15ml distilled water adjusted to pH 4.75 using acetic acid solution. TEMED [116.2mg] was dissolved in 1ml distilled water, which was then added to the chitosan solution. To this resulting solution, a mixed solution of EDC in 1ml distilled water and 40mg 4-azidobenzoic acid in 1ml dimethyl sulfoxide was then added. After adjusting the pH to 5 with 1 M HCl, the reaction was carried out at room temperature over-night. The solution was filtered via a 0.22|im-pore filter (GSWP04700, Millipore, Bedford, MA), which was then freeze-dried for 3 days to give a dry powder of Az-CH.

For loading the BMP2 protein, we first cut a whole piece of an Inion bone plate (PLT-1031, mesh type: 14 x 14 holes) into square-shaped pieces (6 x 6mm), each with a screw hole at the center. These pieces were each used as the UP samples without further treatment. Recombinant human BMP-2 was kindly provided from Deawoong Phamaceutical Co., Ltd., Seoul, Korea. RhBMP-2 was added to the mixture after vortexed briefly. To prepare the coated samples, i.e., Az-CH_P or BMP-Az-CH_P, the coating solution was first prepared: 20 mg Az-CH or a blend of 20mg Az-CH and 2mg BMP2 was dissolved in 1 ml of albumin buffered saline. Then, four drops of the coating solution (3 µl per drop) were added on top of the unmodified plate around the screw hole at the center. We prepared the three different types of bone plate samples in this work:

a)	UP: unmodified bone plates with no treatment

b)	Az-CH_P: bone plates coated with Az-CH only

c)	BMP-Az-CH_P: bone plates coated with Az-CH and BMP2

The coated samples were each placed under UV irradiation (100 W; 365nm, Blak-Ray, UVP, USA) for 5min to crosslink Az-CH, which were then dried at room temperature for 24 h in a dark room (Figure 1B). In this work, we coated only one side of the plate that should be faced toward the fractured bone after fixation. We also avoided the screw holes from coating, which would be under severe frictional stress during fixation. For the in vivo experiments and the mechanical property evaluation, we cut the Inion plate into a piece containing three screw holes. The outer two holes were used to suture and fix the plate on a bone for the in vivo experiments or employed as sites for clamping for the mechanical property evaluation. The coatings were made in the same way as described above, only around the screw hole in the middle.

Plate Characterizations

The surface of the coating on the plate samples (i.e., BMP-Az- CH_P) was examined and compared with that of the non-coated, intact surface, using a scanning electron microscope [SEM; 7501F,? Jeol, Japan]. Prior to imaging, the sample was placed on the SEM specimen mount and sputter coated with platinum for 5 min (208HR, Cressington Scientific, England).
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Figure 1:   The Austenitic phase shape of the XP file (35°C) (FKG Dentaire, La Chaux-de-Fonds, Switzerland).
 



Mechanical Property Evaluation

To examine the mechanical properties of the plate after coating, we measured the ultimate tensile strength (UTS) of the plate samples, i.e., UP, Az-CH_P and BMP-Az-CH_P. The plate samples were each loaded in a universal testing machine (UTM; Instron-5543, MA, USA) equipped with a load cell of 71 kN, where both ends of the sample were clamped and pulled at a rate of 3mm/min until they broke [31].

Measurement of Drug-Loading Amount

The amount of BMP2 in the coating was measured, following the method as previously employed [32]. The remaining rhBMP-2 in supernatant was measured for calculation of loading efficiency. RhBMP-2 was quantified by enzyme-linked immunosorbent assay (ELISA) kit (Antigenix America, Huntington Station, NY) according to the manufacturer’s instructions. RhBMP-2 loading efficiency = (actual loaded amount of rhBMP-2)-(remaining rhBMP-2 in supernatant) / (actual loaded amount of rhBMP-2) x 100 (%).

In Vitro Drug Release Study

The BMP-Az-CH_P was immersed in 2ml of phosphate buffered saline (PBS, pH 7.4) [33] at 37 °C, which was continuously agitated at 125rpm in a shaking incubator (SI-300, JEO TECH, Korea). For in vitro release study, BMP-Az-CH_P (total 5ug of rhBMP-2 included) was re-suspended in 1 ml of Dulbecco's modified eagle medium (DMEM) (HyClone, Logan, Utah) containing 10 % FBS (HyClone, Logan, Utah), then placed in a rotator maintained at 37 °C. At given time points, samples were centrifuged (10,000 x g, 10min, 4 °C) and supernatant (released medium) was stored at -80oC (n=3) for further analysis. 1 ml of fresh medium was replaced to the BMP-Az- CH_P. Amount of released rhBMP-2 was determined by ELISA.

In Vitro Cell Cytotoxicity Evaluation

We used two distinct cell types (Korean Cell Line Bank, Korea), i.e., the NIH3T3 mouse fibroblasts cells, to assess the cytotoxicity of the plate samples prepared in this work. The NIH3T3 fibroblasts were grown in the media (WelGENE, Korea) of DMEM, respectively, both of which were supplemented with 10% fetal bovine serum (Gibco, Life Technologies, UK) and 1% antibiotic (penicillin, 10,000 U ml-1; Gibco, Life Technologies, UK). The cells were incubated in an atmosphere of 5% CO2 in air and 100% relative humidity at 37 °C. All samples were sterilized prior to the test using ethylene oxide gas. Three batches were tested for each of the sample types. For evaluation with NIH3T3 cells, the samples were each placed in a 24- well cell culture plate where the NIH3T3 fibroblasts were prepared at a density of 2.0 x 104 cells/well. After incubation in a humidified atmosphere with 5% CO2 at 37 °C for 24h (HERAcell 150i, Thermo Scientific, USA), the samples were each washed with distilled water to fully remove the non-adhered cells. Afterward, the adhered cells on the coating were quantitatively investigated. For quantitative evaluation of the cells, the EZ-Cytox Cell viability assay kit was used, following the manufacturer's instruction (No. EZ- 1000, DAEILAB SERVICE, Korea) [34]. The absorbance was measured at 450nm using a micro plate reader (VERSA max, Molecular Devices, USA).

In Vivo Animal Study

For the in vivo evaluation of the plate samples, we used 8-week-old male SD rats weighing 250-300g (Koatech, Keung-Ki, Pyong-Taek, Korea). The rats were cared and housed, following the protocol approved by the Institutional Animal Care and Use Committee. The rats were provided with food and water ad libitum. All samples were sterilized prior to implantation using ethylene oxide gas. Three batches were tested for each of the sample types. To examine the bone regeneration effect, we first created the calvarial bone defect in rats as previously reported [35]. Anesthesia was induced by intramuscular injection of a cocktail of Zolazepam and tiletamine (0.3ml/kg; Zoletil-->, Virbac, France), and xylazine (0.1ml/kg; Rompun-->, Bayer, Germany). Then, the hair on the head was clearly shaved, followed by cleaning with Betadine--> (Hyundai Pharm, Korea) and the calvarial bone was exposed through a skin incision, 5 cm in length. A calvarial bone defect, 8 mm in diameter, was created with a trephine (TPHB-B8, Osung, Korea). To fix the plate in place, two holes for suturing, 10mm apart, were also made by drilling, each of which was located 2mm away from the boundary of a defect.

The surgical area was washed with saline to fully remove bone debris. The plate sample was placed on the calvarial bone defect with the coat- ed side facing toward the defect. Then, the plate was fixed with bio-absorbable suture (Vicryl 3-0, Ethicon, NJ, USA) through the outer two holes made for suturing. Then, the incised skin was closed with a bio-absorbable suture and a post-operative dressing was applied with Betadine-->. According to the types of the implanted samples, the animals were divided into four groups.

a)	The no treatment group: the animals without the plate

b)	The UP group: the animals implanted with the UP

c)	The Az-CH_P group: the animals implanted with the Az-CH_P

d)	The BMP-Az-CH_P group: the animals implanted with the BMP-Az- CH_P Six animals were employed for each of the implant groups.

To evaluate new bone formation, images from the bone defect were obtained via micro-computed tomography (micro-CT; NFR Polaris-G90, In-vivo Micro-CT, NanoFocusRay, Korea) at 1, 4 and 8 weeks after plate implantation. Imaging was performed on the scanner at an isotropic voxel size of 9 |im with an X-ray tube current of 180 |±A and a voltage at 55 kV. At each time for imaging, the animal was sedated with an intramuscular injection of Zoletil--> (0.3mg/ ml). From each of the micro- CT images, the regions of interest were defined, based on a cylindrical shape of the cranial defect made herein, where the new bone formation was determined by setting the gray threshold level at 200. The new bone volume percent was calculated by dividing the volume of newly formed bone by that of the initially created defect, using the AMIRA software (Version 5.4, ZIB & Visage Imaging, Germany).

Histologic and Histomorphometric Evaluation

Eight weeks after plate implantation, three animals per group were sacrificed with carbon dioxide and the specimens including the bone defect and plate sample were biopsied. The specimen was fixed in 10% (v/v) buffered neutral formalin for 3 days, which was then embedded with resin, sectioned into 30 - 40 |im thick Slides (BS-3000 N, EXAKT, Germany) and stained with hematoxylin and eosin (H&E). The slides were examined under an optical microscope (BX53F, OLYMPUS, Japan) with x40 and x100 magnifications for histologic evaluation by a professional pathologist. The images of the slides were also assessed for histomorphometric evaluation using Image J software (National Institute of Health, Bethesda, USA). The new bone area percent was obtained by dividing the area of newly formed bone by that of initially created defect.

Statistics

Mean percentages of new bone volumes and areas among the four different animal groups were statistically analyzed with one-way ANOVA with a = 0.05 followed by pair wise comparisons using a Tukey’s post hoc test (Graph Pad Prism, version 5.01, USA). p <0.	05 was considered statistically significantly.

Results

As shown in (Figure 1), we briefly described the process of coating and loading the BMP2 protein in the plate. To confirm the formation of Az-CH, we assessed the UV spectra of Az-CH, chitosan and 4- azidobenzoic acid. For 4-azidobenzoic acid, an apparent peak at 266nm was ascribed to the N3 group. This peak was also observed for Az-CH with a shift to 272nm, although the chitosan did not show any characteristic peaks in the spectrum [26]. This indicated that the reaction between a free amino group of the chitosan and a carboxyl group of 4-azidobenzoic acid indeed occurred to introduce the N3 group to the chitosan [27]. To further confirm this, we also assessed the FTIR spectra (Data not shown). (Figure 2) showed the scanning electron micrographs of the non-coated and coated surfaces of the BMP-Az-CH_P. The non-coated, unmodified surface was observed to be smooth with almost no micro-cracks or -defects (Figure 2A). On the other hand, a rough, wrinkled surface was observed on the coated surface (Figure 2B & 2C), which appeared to be created while the coating solution was dried to leave the dry Az-CH. The surface morphology was not very different regardless of the presence of BMP2. 
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Figure 2:   Scanning electron micrographs of the surfaces (A) without and (B, C) with the coating on the BMP-Az-CH_P. The scale bars represent (A, B) 100 µm and (C) 10 µm. (D) Scanning electron micrograph of the side view of the coating on the BMP-Az-CH_P. The scale bar represents 100 µm.
 



The amount of chitosan in each coated plate was calculated to be about 0.18 mg and the coating thickness in dry condition was measured to be 20-40 |im (Figure 2D). The coating appeared to be stable in PBS, showing almost no apparent sign of degradation until 120 days when visually observed. In contrary, with the presence of the serum environment [36-38], the coating was observed to gradually disappear, implying that the coating should degrade when implanted in vivo. Meanwhile, the Inion plate employed in this work is known to fully degrade in two years [39]. The bone plate needs to be strong enough to fix a fractured bone until healing [40-43]. This inherent mechanical property of the bone plate herein did not vary even after coating with the method employed in this work (Table 1). For the BMP-Az-CH_P, the loading amount of BMP2 was measured to be 293.84 ± 8.04 ng per plate (i.e., 73.46 ± 2.01 ng per coating). Considering a theoretical drug-loading amount of 300 ng, the BMP- Az- CH_P exhibited a high drug loading efficiency of more than 97%. This was somewhat expected as the coating herein was prepared simply by drying the drops of the drug and chitosan solution on a plate without any other treatment.
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Figure 3:   In vitro drug release profiles of the BMP-Az- CH P with and without serum.
 



Because of that, the drug was evenly distributed in the coating. According to the in vitro drug release study, the drug was released in a sustained manner for 63 days for both media with and without serum (Figure 3). Without serum, drug release was relatively fast during the first seven days with an approximate rate of 5.3% per day (i.e., 15.56µg per day), which slowed down to the rate of 0.9% per day (i.e., 2.6µg per day) for the rest 56 days. With serum, drug release became faster than the one without serum after 28 days and almost 100% drug was released in 63 days. This long-term release could be ascribed to the electrostatic interactions between chitosan and BMP2 [22,44]. To evaluate the cytotoxicity of the coatings, we first quantitatively analyzed the number of NIH3T3 fibroblasts cells adhering to the surface of the plate samples, as shown in (Figure 4). The amount of adhered cells was not significantly different among the plate samples of the UP, Az- CH_P and BMP- Az-CH_P. Considering that the UP, an Inion bone plate in clinical use, is already proven to be safe to a large extent, those results suggested that the coatings prepared in this work are also not cytotoxic.
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Figure 4:   Cytotoxicity evaluation of the plate samples of the UP, Az-CH_P and BMP-Az-CH_P, using NIH3T3 fibroblasts.
 



To examine the efficacy of the BMP2-release coating, we investigated the degree of in vivo new bone formation within the calvarial bone defect, using micro-CT (Figure 5). For all animal groups, the average percent of new bone volume increased as the time elapsed. However, the degree of new bone formation was slow in the animal groups with-out BMP2 (i.e., the no treatment, UP, Az- CH_P groups), where the new bone volume percent increased to at most 14-24% at 8 weeks and at all scheduled times of imaging, their values were not statistically significantly different. In contrast, the increase in new bone was evident with the BMP-Az-CH_P group. At 4 weeks, the new bone volume percent was 36.39 ± 5.58%, which increased further to 52.78 ± 6.84% at 8 weeks. Notably, the average percent of new bone volume was statistically significantly higher with the BMP-Az-CH_P group from 4 weeks than those with the other different animal groups (p < 0.05).
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Figure 5:   Micro-CT image analysis on new bone formation in cranial defects of the animal groups with no treatment and the ones fixed with the UP, Az-CH_P and BMP-Az- CH_P at 1, 4 and 8 weeks after implantation.
 



The tissue of the calvarial defect was microscopically evaluated on H&E staining 8 weeks after implantation, as shown in (Figure 6) . In the no treatment group, only a few bone fragments were observed, mainly at the edge of the calvarial bone defect, which seemed to be newly formed after surgery. In the UP and Az-CH_P groups, fibrous tissue surrounded the plate sample, whereas newly formed bone tissue was scarce around the plate. In contrast, in the BMP-Az-CH_P group, the newly formed bone appeared to cover most of the surface of the plate and extended to the edges of the calvarial bone defect. At 8 weeks after surgery, for all groups, neutrophils, lymphocytes and other active inflammatory components were not observed around the plate and within the bone defect, where some amount of fibrous tissue was seen instead. Notably, the amount of fibrous tissue formation was grossly similar with all groups, i.e., the UP, Az-CH_P, and BMP-Az- CH_P groups, which were approximately 10-50|im in thickness from the plate.

These findings suggested that the extent of inflammatory reaction of the Az-CH_P and BMP-Az-CH_P was not significantly different from that of the UP, i.e., the Inion plate already in clinical use. To modulate such inflammation, a combined use of the formulation releasing antioxidants or anti-inflammatory drugs could be beneficial [45-47]. For example, the formulation in forms of microparticles could be easily embedded upon the coating during cross linking in this study. We also performed the histomorphometric analysis to quantitatively assess new bone formation. As shown in (Figure 7), the new bone area percent increased significantly with the BMP-Az-CH_P, compared with the other different groups. This result was consistent with the one from the micro-CT image analysis.
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Figure 6:   Histological images from the tissue around the cranial defect obtained at 8 weeks after implantation of the plate samples. The arrows indicate the specific locations of new bone formation. The scale bars represent 100 µm.
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Figure 7:   Histomorphometric analysis on new bone formation in cranial defects of the animal groups with no treatment and the ones fixed with the UP, Az-CH_P and BMP-Az-CH_P at 8weeks after implantation. *The AL- Az-CH_P group was statistically significantly different from the other different groups.
 




Discussion

In this work, we suggested a bone plate enabled with a therapeutic ability is potentially advantageous for the treatment of bone loss associated with comminuted fractures as well as osteoporosis. For this, we prepared a proof-of-principle device, i. e., a bone plate coated with Az- CH loaded with a osteogenic cytokine, BMP2. BMP2 is known to stimulate the recruitment and differentiation of osteoblasts, thereby facilitating new bone formation [11,16]. For this reason, the local, sustained delivery of BMP2 could be a promising way to expedite bone reconstruction. In this work, the BMP-Az-CH_P showed sustained drug release from the coating for 63 days at an average rate of approximately 4.0 ng per day (Figure 5), which should be therapeutically effective in bone regeneration and also safe to a large extent, as many previous studies reported [48-50]. This long-term release of BMP2 appeared to allow suppression of the Osteoclastic activity, significantly mainly at the late stage of bone healing [29,51]. As a result, for the bone defect animal models herein, the BMP-Az-CH_P showed the enhanced in vivo new bone formation from 4 weeks, compared with the plate samples with-out BMP2 (Figures 5 & 6). However, further study is needed to fully support the final clinical advantages of the BMP-Az-CH_P for treatment of fractures or bone loss with osteoporotic patients.

In this work, we employed a modified form of chitosan, Az- CH, as coating material. For the chitosan- based materials, to properly serve as drug diffusion barrier, chemical cross linking is often incorporated, using an agent such as glutaraldehyde, epichlorohydrin, glyoxal, etc. [52-54] However, this process requires a comparably long reaction time in an aqueous environment, which may degenerate the mechanical properties of the bone plate, originally needed for bone fixation. Un- like this, the Az-CH could form a cross linked network via UV irradiation in a short period of time (5min) to achieve the prolonged delivery of BMP2 [25,52,55]. Thus, the plate did not need to be exposed to an aqueous environment for a long time. Because of this, the plates herein appeared to retain their mechanical properties even after coating (Table 1). Most importantly, the Az-CH has been generally considered to be not cytotoxic [26,28], which could be also supported by the results in this work (Figure 3). It has been reported that a high-concentrated use of BMP2 could induce adverse side effects and thus, there are recommended dose limitations [57]. Previously, the proposed systems for the local delivery of BMP2 were in form of scaffolds [22], grafts [58] and particles [23,59] and were evaluated to be effective to a large extent. However, for the treatment of bone fracture, those systems may require an additional procedure to apply them to the defected bone before or after implanting the bone fixation system during surgery. In this sense, a combined entity of the bone plate and drug delivery coating suggested in this work could be considered practically advantageous.

Conclusion

In this work, we suggest a bone plate enabled with therapeutic functionality of expedited bone regeneration. To realize this, a bone plate already in clinical use was coated with photo-cross linked Az-CH loaded with a drug, BMP2. In this work, the drug could be released from the coating for approximately 63 days in a sustained manner, maintaining a therapeutically effective drug level. Therefore, when this BMP2-delivery plate was fixed on a calvarial critical size defect in vivo, a statistically significantly higher volume of newly formed bone was observed than those with the plates without the drug. The BMP2-delivery plate also exhibited good in vivo bio-compatibility, similar to the Inion plate already in clinical use. Therefore, we conclude that a bone plate enabled with the sustained, local delivery of BMP2 can be a promising system for both bone fixation and its expedited repair.
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