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Hydroxyapatite is an important fish bone calcium in tuna head, which is widely used to repair of bone defect. Chitosan is a degradable basic polysaccharide with good biocompatibility and bone guiding, which can achieve targeted delivery to the injured spinal cord after spinal cord injury (SCI). This study aimed to evaluate the beneficial effects of chitosan combined hydroxyapatite (chitosan-hydroxyapatite) nanoparticles on SCI. The result revealed the chitosan-hydroxyapatite particles were successfully constructed and the stability of particles was maintained at low temperature. Moreover, we found chitosan-hydroxyapatite administration could improve SCI, while chitosan alone treatment resulted in no significant increase of the Basso Beattie Bresnahan (BBB) scores compared with the control group. In addition, chitosan-hydroxyapatite particles also significantly reduced the lesion cavity volume and improved the dispersed structure, indicating it could promote the recovery of tissue function of SCI rats. This study explored the effects of chitosan-hydroxyapatite nanoparticles on the location and function of spinal cord injury, provided experimental evidence for further research on its application in spinal cord repair, and helped improve the efficient use of tuna heads.
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INTRODUCTION

Tuna is a large, medium-sized and upper-layered fish that is distributed in the middle and low latitudes of the ocean, and has high economic value (1). Tuna is a warm-water migratory fish in the ocean and is one of the three nutritional fish recommended by the International Nutrition Society. In recent years, owing to the rich in high-quality protein, docosahexaenoic acid, eicosapentaenoic acid and other polyunsaturated fatty acids, and the meat is tender and soft, tuna is favored by consumers and is an important ocean food commodity fish (2). Tuna meat is delicious, nutritious, and rich in biologically active substances such as EPA and DHA, but it will produce a lot of scraps, including fish head, offal, fish bone, fish tail and fish skin (3, 4). Tuna head is an important part of the scraps and rich in crude fats and fatty acids, but the large proportion of fish bones in the fish head makes it difficult to process and use (5). Tuna head is boiled to get tuna head soup, which contains a large amount of saturated fatty acids, monounsaturated fatty acids, polyunsaturated fatty acids, and vitamin E, preventing blood lipids, cardiovascular disease such as arteriosclerosis, and can balance the deficiency of n-3 polyunsaturated fatty acids (6, 7). In addition, tuna head soup is rich in various proteins such as collagen, oligopeptides and chondroitin, and has a very rich calcium content, as high as 20–30% (8).

Tuna head soup is a new marine source for the separation of hydroxyapatite (9). Hydroxyapatite is a bone bionic material with good biocompatibility and bone guiding effect, which can promote early osseointegration and bone repair (10, 11). Nano-hydroxyapatite has been reported to have superior bioresorbtion and close chemical and crystallographic structure to ordinary hydroxyapatite (12). Simultaneously, nano-hydroxyapatite has less cytotoxicity and better biological properties. Besides, it is more biocompatible and has a beneficial effect on bone formation (13). The application of nano-hydroxyapatite in stomatology mainly involves many fields such as jaw defect repair, implantation, root canal filling, and dental remineralization (14). Spinal cord injury (SCI) is a devastating neurological disorder that causes significant physiological changes in patients, such as the cardiovascular responses, metabolic pathways and thermoregulation (15). In recent years, with the continuous deepening of research on spinal cord injury, the understanding of spinal cord regeneration and repair after spinal cord injury has been deepened, and the development of cell biology and molecular biology has provided new therapeutic methods for the treatment of SCI (16, 17). However, various methods are not satisfactory for the treatment of spinal cord injury. Therefore, in this study, hydroxyapatite previously extracted from the tuna head was applied to the treatment of SCI. At present, it is the focus of research to further improve the performance of hydroxyapatite so as to improve its efficiency, and one of the methods is to modify its surface. On the other hand, chitosan is a degradable basic polysaccharide with a six-membered ring stable structure, which is suitable for the preparation of stressed materials, and has good biocompatibility and bone guiding (18). Chitosan nanomaterials have become the main scaffolding materials for bone repair, cartilage regeneration, and soft tissue repair due to their good biocompatibility, good mechanical properties, and excellent degradation performance (19). However, the effect of hydroxyapatite combined chitosan nanoparticles on the repair of spinal cord injury remains unknown. In this study, hydroxyapatite nanoparticles were modified by chitosan, which could improve the delivery efficiency by changing the hydrophobicity, surface charge and stability. Also, this study explored the effects of chitosan-hydroxyapatite nanoparticles on the location and function of spinal cord injury, and provided experimental evidence for further research on its application in spinal cord repair.



RESULT


Characteristics of Chitosan-Hydroxyapatite Nanoparticles

To determine the stability and surface charge of chitosan-hydroxyapatite nanoparticles, the particles were incubated at 4°C for 4 weeks. The sizes of chitosan-hydroxyapatite nanoparticles were around 105 nm and the zeta potential of chitosan-hydroxyapatite nanoparticles was found to be nearly 9 mV, which suggested that the stability of the particles was successfully maintained at low temperature for 4 weeks (Table 1). In addition, the sizes of chitosan nanoparticles were around 90 nm and their zeta potential were nearly 11 mV at 4°C in 4 weeks (Table 1).


Table 1. Sizes and zeta potentials of chitosan and chitosan-hydroxyapatite nanoparticles (n = 3).
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Identification of Chitosan-Hydroxyapatite Nanoparticles

The modification of chitosan-hydroxyapatite nanoparticles was confirmed by FTIR analysis. As shown in Figure 1A, hydroxyapatite was successful attached to chitosan nanoparticles. For chitosan-hydroxyapatite nanoparticles, the spectrum showed characteristic absorption of peak around 3,500 cm−1 which was attributed to the combined stretching vibration of OH and N-H groups, whereas at 1,700 cm−1 was the characteristic peaks of amide. Moreover, C-H stretching of rock was observed at 1,400 cm−1, and C-O-C stretching mode at 1,150 and 1,050 cm−1. The spectra of peak around 1,070 and 570 cm−1 represented [image: image] stretching group, and the peak of 1,450 cm−1 indicated the [image: image] stretching vibration, which were the characteristic absorption bands of hydroxyapatite, demonstrating that hydroxyapatite was successfully coated in chitosan nanoparticles. Low-molecular weight chitosan-hydroxyapatite nanoparticles were studied under SEM for the integrity (Figure 1B). It was observed that hydroxyapatite appeared to have a mixture of fine micro and nano granules that were integrated with the chitosan scaffold (Figure 1B).


[image: Figure 1]
FIGURE 1. Characteristics and microscopic image of components used for chitosan-hydroxyapatite preparation. (A) Infrared spectroscopy images of chitosan scaffold and chitosan-hydroxyapatite. (B) Scanning electron micrographs of chitosan-hydroxyapatite. Arrows represent the particles. Scale bar: 100 μm.




Targeted Delivery of Chitosan-Hydroxyapatite to the Injured Spinal Cord

To investigate the effect of chitosan-hydroxyapatite nanoparticles on targeted delivery to the injured spinal cord, the Cy5.5 was labeled to chitosan-hydroxyapatite nanoparticles at room temperature. The Cy5.5 labeled chitosan-hydroxyapatite and chitosan were used to treat the rats of SCI by intravenous administration and quantified in the injured spinal cord at 48 h after SCI (Figure 2A). The concentration of the particles was measured by detecting the fluorescence intensity of Cy5.5. The result demonstrated that the efficiency of delivery to the injured spinal cord were significantly enhanced by the treatment of chitosan-hydroxyapatite compared with chitosan treatment group, which was estimated through the fluorescence intensity of Cy5.5 at the injured spinal cord (Figure 2B).


[image: Figure 2]
FIGURE 2. Targeted delivery of chitosan-hydroxyapatite to the injured spinal cord. (A) Fluorescence images of chitosan-Cy5.5 and chitosan-hydroxyapatite-Cy5.5 in the injured spinal cord. Red represents Cy5.5, blue represents dapi. Scale bar: 100 μm. (B) Quantitative results of fluorescence intensity of Cy5.5 in the labeled chitosan and chitosan-hydroxyapatite (n = 4). **P < 0.01.




Effect of Chitosan-Hydroxyapatite on the Function Recovery After SCI

To investigate the effect of chitosan-hydroxyapatite on SCI, we assessed the function repair by treatment of chitosan-hydroxyapatite after SCI. The BBB scores were significantly increased at 7 days after treatment of chitosan-hydroxyapatite, compared with the control SCI group (Figure 3A). On the other hand, chitosan alone treatment resulted in no significant increase of the BBB scores at different time points compared with the control group (Figure 3A). In order to explore the effect of chitosan-hydroxyapatite on tissue recovery after SCI, the HE staining was performed at 28 days after injury. The result demonstrated that administration of chitosan-hydroxyapatite significantly reduced the lesion cavity volume, and chitosan treatment resulted in no significant improvement of the lesion cavity volume compared the SCI group (Figure 3B). In addition, the dispersed structure was apparently improved by the chitosan-hydroxyapatite treatment when compared with the SCI and CN treatment group (Figure 3B).


[image: Figure 3]
FIGURE 3. Effect of chitosan-hydroxyapatite on the recovery of spinal cord injury in rats. (A) Basso, Beattie and Bresnahan (BBB) scores were evaluated at different time points after injury. *P < 0.05 vs. SCI group. (B) The HE staining was performed at 28 days after injury.





DISCUSSIONS AND CONCLUSIONS

Tuna heads are rich in fish bone calcium. Preparation of fish bone calcium into nano-hydroxyapatite plays an important role in the effective use of tuna head. Nano-hydroxyapatite is widely used in bone injury diseases. It is estimated that there are more than 3 million patients with bone defects caused by traffic, production accidents and trauma, tumors and tuberculosis each year (20). The most commonly used treatment method is allogeneic tissue transplantation for trauma to the bone and severe soft tissue damage (21). However, there are many complications such as infection, delayed or non-union of bone healing, bleeding, and chronic pain, with the risks of immune rejection and disease transmission (22). Owing to the problems with allogeneic tissue transplantation, it is urgent to explore the new treatment methods in trauma surgery. SCI is easily caused by crushing, fracturing, pulling or sharps, bullets, etc., and is difficult to repair. SCI may lead to permanent disability, which places a greater burden on patients and society.

In recent years, with the continuous deepening of research on chitosan nanoparticles materials, it has been found that chitosan nanoparticles materials have good biocompatibility, degradability and osteoinductivity (23). Therefore, researchers have tried to treat SCI by using composite chitosan nanoparticles materials (24). Here, in this study, through biochemical methods, chitosan-hydroxyapatite nanoparticles were formed and evaluated using different manners. The size and zeta potential of chitosan-hydroxyapatite nanoparticles did not change significantly after being stored at 4°C for 4 weeks, which suggested that the stability of the particles was successfully maintained at low temperature. The modification of chitosan-hydroxyapatite nanoparticles was confirmed by FTIR analysis and the integrity of chitosan-hydroxyapatite nanoparticles was testified using SEM.

Previous studies have shown that chitosan nanoparticles can be delivered to the injured spinal cord in a targeted manner (25, 26). To investigate the effect of chitosan-hydroxyapatite nanoparticles on targeted delivery to the injured spinal cord, the Cy5.5 was labeled to chitosan-hydroxyapatite nanoparticles at room temperature. The efficiency of delivery to the injured spinal cord were significantly enhanced by the treatment of chitosan-hydroxyapatite compared with chitosan treatment group through quantification of the fluorescence intensity of Cy5.5 at the injured spinal cord, suggesting that chitosan-hydroxyapatite targeted to the injured spinal cord. Previous studies reported that chitosan nanoparticles might slightly improve the function recovery after SCI (27, 28). Here, in this study, we found that chitosan alone treatment resulted in no significant increase of the BBB scores at different time points compared with the control group. On the other hand, the BBB scores were significantly increased at 7 days after treatment of chitosan-hydroxyapatite when compared with the control SCI group, which suggested that chitosan-hydroxyapatite could promote the function recovery after SCI. In addition, chitosan-hydroxyapatite was also testified to promote the tissue recovery after SCI. In conclusion, this study explored the effects of chitosan-hydroxyapatite nanoparticles on the location and function of spinal cord injury, and provided experimental evidence for further research on its application in spinal cord repair.



MATERIALS AND METHODS


Preparation of Chitosan and Chitosan-Hydroxyapatite Nanoparticles

Hydroxyapatite was prepared and characterized by Fourier Transform infrared spectroscopy (FT-IR) according to the reported methods (9). A total of 2.5 g of low-molecular weight chitosan (1,526 Da) was dissolved in 250 mL of 2% acetic acid solution. The solution was stirred overnight on a mechanical stirrer (RW 20.n Labortechik) and sonicated for 1 h to remove any air bubbles. The solution was lyophilized in freeze dryer to form chitosan scaffolds. A total of 2.5 g of prepared hydroxyapatite was suspended in 50 mL of water and carefully transferred into the chitosan solution. The solution was mechanically stirred for 24 h to disperse the hydroxyapatite particles in the polymer matrix in a homogeneous manner. The mixed solution was lyophilized in freeze dryer to form chitosan-hydroxyapatite nanoparticles.



Characterization of Chitosan-Hydroxyapatite Nanoparticles

Chitosan-hydroxyapatite nanoparticles samples were prepared by drop drying a water diluted suspension. The mean diameter of the studied samples was determined by statistical analysis. The surface charges of nanoparticles in distilled water were determined using a zeta potential analyzer (the measurement temperature at 25°C), (Brookhaven Instrument Co., CA). The nanoparticles size was characterized through dynamic light scattering (He-Ne laser, wavelength 633 nm, incident Angle 90°, set the measurement temperature at 25°C, time for 5 min, the nanoparticles were placed in the particle size pool Appropriate amount of nanoparticles in the particle size pool) (DLS).



Fourier Transform Infrared Spectroscopic Analysis

FTIR was used to evaluate the modification of chitosan-hydroxyapatite nanoparticles. The chitosan-hydroxyapatite nanoparticles were recovered by freeze-drying and characterized by FTIR spectroscopic analysis. Briefly, 500 μg nanoparticle powder was mixed and ground with spectroscopic-grade KBr. IR spectra was recorded using an FTIR spectrophotometer (Thermo, USA) within the range of 500–4,000 cm−1. Chitosan nanoparticles were determined as control.



Scanning Electron Microscopy

The structural integrity of chitosan-hydroxyapatite was analyzed and the image was detected by Scanning Electron Microscopy (SEM, HITACHI, Japan). Chitosan-hydroxyapatite and chitosan were fixed overnight in the buffer containing 25 g/L glutaraldehyde (glutaraldehyde was dissolved in 0.1 mol/L sodium diarsonic acid buffer), respectively, and dehydrated with gradient ethanol. The treated samples were freezed for 2 d and Metal spraying.



Cy5.5-labeled chitosan-hydroxyapatite nanoparticles

Cy5.5 was dissolved in DMSO, added to chitosan or chitosan-hydroxyapatite solution and left at room temperature in the dark for 6 h. The solution was performed with dialysis against distilled water. The amounts of Cy5.5 in the chitosan or chitosan-hydroxyapatite treatment in the injured spinal cord were determined by fluorescence.



Animals

Adult wistar-rats (males) are 6 weeks old [(180–220 g), Sprague-Dawley, Harlan] were provided by the Animal Center of Second Military Medical University. All of the animals were treated humanely and with regard for the alleviation of suffering. This study was carried out in accordance with the guidelines of the Care and Use of Laboratory Animals of the National Institutes of Health. All experimental protocols described in this study were approved by the Ethics Review Committee for Animal Experimentation of the Second Military Medical University. The permission number for animal experiment is SHOU-DW-2021-074.



Animal Model of SCI

Allen's method was used to make SCI rat model. The rats were anesthetized with 4% isoflurane. A laminectomy was performed at the thoracic vertebra level 10 (T10) after shaving and cleaning until fully recovered from the anesthesia. Spinal cord contusion was induced using a weight-drop apparatus, where a guided 5 g rod was dropped from a height of 80 mm onto the exposed cord, representing moderate SCI. After surgery, the muscles were sutured in layers and the skin incision was closed with silk threads. Penicillin G (40,000 U, i.m.) was administrated daily for 3 days to prevent infection.



Experimental Groups and Interventions

Twelve rats were randomly assigned to three groups: SCI rats (n = 4), chitosan-treated SCI rats (n = 4), chitosan-hydroxyapatite-treated SCI rats (n = 4). 15 mg/kg concentrations of chitosan-hydroxyapatite and chitosan were intravenously administered daily for 5 days and started at 1 h after injury. After injury, the mice in the SCI group were injected with saline solution through the tail vein. The other groups were administrated with 15 mg/kg concentration of chitosan-hydroxyapatite, 15 mg/kg concentration of chitosan (500 μL in saline) through a single intravenous tail vein injection.



Cy5.5-Labeled Chitosan-Hydroxyapatite Nanoparticles Treatment

Cy5.5 was dissolved in DMSO and added to chitosan or chitosan-hydroxyapatite solution for 6 h at room temperature in the dark. The solution was performed with dialysis against distilled water. The content of Cy5.5 in the labeled chitosan or chitosan-hydroxyapatite was determined using fluorescence method to ensure that the two samples had the same labeled density and were comparable. Briefly, 15 mg/kg concentrations of Cy5.5 labeled chitosan-hydroxyapatite and chitosan nanoparticles were intravenously administered in SCI rats at 1 h post-injury, respectively. At 48 h after the injection, the rats were sacrificed and the tissues of injured spinal cord were harvested. The cell nucleus was stained with 4′,6-diamidino-2-phenylindole (DAPI), respectively. The collected spinal cord tissue was placed on a slide, stained with 15 μLDAPI, and observed after 15 min. The fluorescence images of Cy5.5 labeled to chitosan-hydroxyapatite and chitosan nanoparticles in the injured spinal cord were captured with a laser confocal microscope (Leica).



Behavioral Assessment

The locomotor activity was assessed at 1, 3, 7, 14, 21, 28 days post-injury using the Basso Beattie Bresnahan (BBB) locomotor score method. The rats were put into an open box, and the wall of the box was tapping to make them crawl. The movement distance, hip, knee and ankle walking, trunk movement and coordination of the animals were observed. Each rat was observed for 15 min, and the movement ability of the rats in each group was tested by BBB score. The final score for each animal was obtained by averaging values from both investigators.



HE Staining

The cavity volume and radiated structure were evaluated by HE staining. After the last injection, the rats were anesthetized to death, and 2 cm of damaged spinal cord was extracted, and the spinal cord was treated with phosphate buffer (PBS) washing. The 5 μm longitudinal sections were made from the paraffin embedded blocks and stained with hematoxylin solution for 5 min. Then the sections were stained with eosin solution for 3 min and followed by dehydration with graded alcohol and clearing in xylene. The mounted slides were then observed and photographed using a light microscope (Nikon, Tokyo, Japan).



Statistical Analysis

The data are expressed as the means ± standard deviations of three independent experiments. The statistical differences were calculated by the Student's t-test or one-way ANOVA analysis of variance with Dunnett's test. The data were considered statistically significant when values reached P < 0.05.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Shanghai Ouean University.



AUTHOR CONTRIBUTIONS

C-cM: conceptualization, methodology, validation, formal analysis, investigation, writing—original draft, writing—review and editing, visualization, and supervision. X-cW: conceptualization, methodology, resources, supervision, and project administration. N-pT: conceptualization, methodology, resources, supervision, project administration, and funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Key Research and Development Program of China (Grant Number 2016YFD0400202-8).



REFERENCES

 1. Triantafyllou MS. Tuna fin hydraulics inspire aquatic robotics. Science. (2017) 357:251–2. doi: 10.1126/science.aan8354

 2. Sotelo CG, Velasco A, Perez-Martin RI, Kappel K, Schroder U, Verrez-Bagnis V, et al. Tuna labels matter in Europe: mislabelling rates in different tuna products. PLoS ONE. (2018) 13:e0196641. doi: 10.1371/journal.pone.0196641

 3. Hiraoka Y, Okochi Y, Ohshimo S, Shimose T, Ashida H, Sato T, et al. Lipid and fatty acid dynamics by maternal Pacific bluefin tuna. PLoS ONE. (2019) 14:e0222824. doi: 10.1371/journal.pone.0222824

 4. Zhang J, Tao N, Zhao Y, Wang X, Wang M. Comparison of the fatty acid and triglyceride profiles of big eye tuna (Thunnus obesus), Atlantic salmon (Salmo salar) and bighead carp (Aristichthysnobilis) heads. Molecules. (2019) 24:3983. doi: 10.3390/molecules24213983

 5. Zhang L, Zhao GX, Zhao YQ, Qiu YT, Chi CF, Wang B. Identification and active evaluation of antioxidant peptides from protein hydrolysates of skipjack tuna (Katsuwonus pelamis) head. Antioxidants (Basel). (2019) 8:318. doi: 10.3390/antiox8080318

 6. Li W, Liu Y, Jiang W, Yan X. Proximate composition and nutritional profile of rainbow trout (Oncorhynchus mykiss) heads and skipjack tuna (Katsuwonus pelamis) heads. Molecules. (2019) 24:189. doi: 10.3390/molecules24173189

 7. Selmi S, Mbarki R, Sadok S. Seasonal change of lipid and fatty acid composition of little tuna Euthynnus alletteratus-by-products. Nutr Health. (2008) 19:189–94. doi: 10.1177/026010600801900305

 8. Fan X, Li X, Tao N, Zhang J, Wang M, Qian X, et al. Effect of salt addition time on the nutritional profile of Thunnus obesus head soup and the formation of micro/nano-sized particle structure. Molecules. (2019) 24:447. doi: 10.3390/molecules24244447

 9. Venkatesan J, Kim SK. Effect of Temperature on isolation and characterization of hydroxyapatite from tuna (Thunnus obesus) bone. Materials (Basel). (2010) 3:4761–72. doi: 10.3390/ma3104761

 10. Shi P, Liu M, Fan F, Yu C, Lu W, Du M. Characterization of natural hydroxyapatite originated from fish bone and its biocompatibility with osteoblasts. Mater Sci Eng C Mater Biol Appl. (2018) 90:706–12. doi: 10.1016/j.msec.2018.04.026

 11. Ramesh N, Moratti SC, Dias GJ. Hydroxyapatite-polymer biocomposites for bone regeneration: a review of current trends. J Biomed Mater Res B Appl Biomater. (2018) 106:2046–57. doi: 10.1002/jbm.b.33950

 12. Skwarek E, Gladysz-Plaska A, Bolbukh Y. Adsorption of uranyl ions at the nano-hydroxyapatite and its modification. Nanoscale Res Lett. (2017) 12:278. doi: 10.1186/s11671-017-2042-8

 13. Wang J. Study on the effect of nano-hydroxyapatite on bone repair of athletes. Wideochir Inne Tech Maloinwazyjne. (2018) 13:221–6. doi: 10.5114/wiitm.2018.73973

 14. Grewal N, Sharma N, Kaur N. Surface remineralization potential of nano-hydroxyapatite, sodium monofluorophosphate, and amine fluoride containing dentifrices on primary and permanent enamel surfaces: an in vitro study. J Indian Soc Pedod Prev Dent. (2018) 36:158–66. doi: 10.4103/JISPPD.JISPPD_142_17

 15. Holmes D. Spinal-cord injury: spurring regrowth. Nature. (2017) 552:S49. doi: 10.1038/d41586-017-07550-9

 16. Jendelova P. Therapeutic strategies for spinal cord injury. Int J Mol Sci. (2018) 19:3200. doi: 10.3390/ijms19103200

 17. Muheremu A, Peng J, Ao Q. Stem cell based therapies for spinal cord injury. Tissue Cell. (2016) 48:328–33. doi: 10.1016/j.tice.2016.05.008

 18. Chedly J, Soares S, Montembault A, von Boxberg Y, Veron-Ravaille M, Mouffle C, et al. Physical chitosan microhydrogels as scaffolds for spinal cord injury restoration and axon regeneration. Biomaterials. (2017) 138:91–107. doi: 10.1016/j.biomaterials.2017.05.024

 19. Rao JS, Zhao C, Zhang A, Duan H, Hao P, Wei RH, et al. NT3-chitosan enables de novo regeneration and functional recovery in monkeys after spinal cord injury. Proc Natl Acad Sci USA. (2018) 115:E5595–604. doi: 10.1073/pnas.1804735115

 20. Sergeeva NS, Sviridova IK, Frank GA, Kirsanova VA, Akhmedova SA, Popov AA. Criteria of biocompatibility of materials for bone defect repair. Bull Exp Biol Med. (2014) 157:689–94. doi: 10.1007/s10517-014-2644-4

 21. Ahmed GA, Ishaque B, Rickert M, Folsch C. Allogeneic bone transplantation in hip revision surgery: indications and potential for reconstruction. Orthopade. (2018) 47:52–66. doi: 10.1007/s00132-017-3506-3

 22. Osterberg A, Engelmann R, Muller-Hilke B. Allogeneic yet major histocompatibility complex-matched bone marrow transplantation in mice results in an impairment of osteoblasts and a significantly reduced trabecular bone. J Bone Miner Metab. (2018) 36:420–30. doi: 10.1007/s00774-017-0859-y

 23. Assa F, Jafarizadeh-Malmiri H, Ajamein H, Vaghari H, Anarjan N, Ahmadi O, et al. Chitosan magnetic nanoparticles for drug delivery systems. Crit Rev Biotechnol. (2017) 37:492–509. doi: 10.1080/07388551.2016.1185389

 24. Fang X, Song H. Synthesis of cerium oxide nanoparticles loaded on chitosan for enhanced auto-catalytic regenerative ability and biocompatibility for the spinal cord injury repair. J Photochem Photobiol B. (2019) 191:83–7. doi: 10.1016/j.jphotobiol.2018.11.016

 25. Gwak SJ, Koo H, Yun Y, Yhee JY, Lee HY, Yoon DH, et al. Multifunctional nanoparticles for gene delivery and spinal cord injury. J Biomed Mater Res A. (2015) 103:3474–82. doi: 10.1002/jbm.a.35489

 26. Cho Y, Shi R, Borgens RB. Chitosan produces potent neuroprotection and physiological recovery following traumatic spinal cord injury. J Exp Biol. (2010) 213:1513–20. doi: 10.1242/jeb.035162

 27. Bozkurt G, Mothe AJ, Zahir T, Kim H, Shoichet MS, Tator CH. Chitosan channels containing spinal cord-derived stem/progenitor cells for repair of subacute spinal cord injury in the rat. Neurosurgery. (2010) 67:1733–44. doi: 10.1227/NEU.0b013e3181f9af35

 28. Liu XY, Liang J, Wang Y, Zhong L, Zhao CY, Wei MG, et al. Diffusion tensor imaging predicting neurological repair of spinal cord injury with transplanting collagen/chitosan scaffold binding bFGF. J Mater Sci Mater Med. (2019) 30:123. doi: 10.1007/s10856-019-6322-y

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Ma, Wang and Tao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/inline_1.gif
PO}





OPS/images/inline_2.gif
[ole:y





OPS/images/fnut-08-734498-g003.gif





OPS/images/fnut-08-734498-t001.jpg
Particles/weeks

Chitosan
Chitosan-hydroxyapatite

Particles/weeks

Chitosan
Chitosan-hydroxyapatite

92+38
108 +6.3

o

+111£1.2
+9+13

94+43
104 +£5.2

+11.8+£09
4+92+21

DLS hydrodynamic (nm)
2

88+58
11£36

Zeta potential (mV)

2

+10.7+£0.8
+97 1.7

89436
109+£4.7

3

+115+16
+88+15

8747
99+42

4

+103+1.2
+95+1.1





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hydroxyapatite From the Skull of Tuna (Thunnus obesus) Head Combined With Chitosan to Restore Locomotive Function After Spinal Cord Injury



		Introduction



		Result



		Characteristics of Chitosan-Hydroxyapatite Nanoparticles



		Identification of Chitosan-Hydroxyapatite Nanoparticles



		Targeted Delivery of Chitosan-Hydroxyapatite to the Injured Spinal Cord



		Effect of Chitosan-Hydroxyapatite on the Function Recovery After SCI







		Discussions and Conclusions



		Materials and Methods



		Preparation of Chitosan and Chitosan-Hydroxyapatite Nanoparticles



		Characterization of Chitosan-Hydroxyapatite Nanoparticles



		Fourier Transform Infrared Spectroscopic Analysis



		Scanning Electron Microscopy



		Cy5.5-labeled chitosan-hydroxyapatite nanoparticles



		Animals



		Animal Model of SCI



		Experimental Groups and Interventions



		Cy5.5-Labeled Chitosan-Hydroxyapatite Nanoparticles Treatment



		Behavioral Assessment



		HE Staining



		Statistical Analysis







		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
’ frontiers
in Nutrition

Hydroxyapatite From the Skull of
Tuna (Thunnus obesus) Head
Combined With Chitosan to Restore
Locomotive Function After Spinal
Cord Injury





OPS/images/fnut-08-734498-g001.gif





OPS/images/fnut-08-734498-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





