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Abstract
Several types of calcium phosphate (CaP) biomaterial carriers have been designed to deliver bone
morphogenetic protein-2 (BMP-2) to augment spinal fusion in spinal surgery. Here, we evaluated an in situ-
formed hydrogel (IFH) constructed from hyaluronan (IFH-HA) combined with a BMP2/hydroxyapatite (HAP)
composite in bone formation in a murine model of posterolateral lumbar fusion (PLF). HAP was submerged
in HA-tyramine (TA) polymer solution containing horseradish peroxidase (HRP) and 2 µg BMP-2 (BMP2/HA-
TA/HRP solution). H2O2 was added to initiate the curing reaction (BMP-2/IFH-HA). phosphate-buffered

saline (PBS) was added to the BMP2/HA-TA/HRP solution (BMP-2/HA-TA) instead of H2O2 to evaluate the

effectiveness of the curing reaction. HAP immersed in PBS was used as a control. PLF model mice were
randomly assigned to receive one these composites (n = 10 each).

X-ray images were taken to assess the bone fusion, and microcomputed tomography analysis was conducted
to examine new bone formation at the graft site four weeks following surgery. No evidence of fusion was
observed four weeks after surgery in the Control or BMP2/HA-TA group. In contrast, the BMP2/IFH-HA
group exhibited newly formed bone between the transverse processes and bone union in coronal sections.
Relative to the Control and BMP2/HA-TA groups, the BMP2/IFH-HA group showed significantly greater bone
volume. The BMP2/IFH-HA group also showed significantly elevated bone mineral content relative to the
BMP2/HA-TA group. A composite comprising BMP2/HAP and IFH-HA, thus, enhanced the new bone
formation in a murine model of PLF, suggesting its promise for augmenting spinal fusion.
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Introduction
Posterolateral lumbar fusion (PLF) is a common procedure for spinal fusion. For solid fusion, bone stock
needs to be added to facilitate fusion of the bone from two isolated sites. Bone stock typically contains
autologous bone, allogeneic bone, and artificial bone. Although autologous bone can be obtained locally,
there is a risk of complications and pain at the site of bone collection.

In the orthopedic field, calcium phosphate (CaP) biomaterials such as synthetic hydroxyapatite (HAP) and
beta-tricalcium phosphate (β-TCP) are often adopted to facilitate bone formation [1]. The composition and
microstructure of CaP closely resemble those of native bone tissue to provide favorable surroundings for
bone formation [2,3]. However, due to the limited osteoinductive activity of CaP, the material can be
disadvantageous for bone formation at graft sites, which have an inactive osseous environment [4,5].

Bone morphogenetic protein-2 (BMP-2) is an osteoinductive protein that facilitates the recruitment and
differentiation of mesenchymal progenitor cells (MPCs) into the osteoblastic lineage, which go on to form a
bony matrix. Approved by the United States Food and Drug Administration, BMP-2 is widely used as a bone
treatment [6,7]. Delivery of BMP-2 on an absorbable collagen sponge (ACS) is an approved technique for
certain interbody fusion procedures. Additionally, a number of different CaP carriers have been reported to
deliver BMP-2 for the purpose of actively facilitating bone formation in PLF [8,9]. However, the initial burst
release pattern observed using these CaP carriers has the potential to decrease bone formation and induce
adverse effects in the clinic [10,11].

To overcome this problem, we focused on in situ-formed hydrogels (IFHs) constructed from natural
polysaccharides, including collagen, gelation, dextran, pullulan, and hyaluronan (HA) [12-17]. IFHs cure via
an oxidative coupling reaction between hydrogen peroxide (H2O2) and horseradish peroxidase (HRP) in an
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aqueous solution. In our previous studies, we reported that IFH constructed from HA (IFH-HA) enabled a
sustained release of BMP-2 at a fracture and bone defect site [18,19]. However, the effect of combining BMP-
2 with CaP remains unclear. In this article, we introduced BMP-2 into HAP using IFH-HA and examined the
effect of a BMP-2/IFH-HA/HAP composite on bone formation in a murine model of PLF.

Materials And Methods
Synthesis of graft materials
We generated the hyaluronan-tyramine (HA-TA) conjugate based on details described elsewhere [18]. To
synthesize IFH-HA, the HA-TA polymer was crosslinked in the presence of the catalyzing enzyme HRP
(FUJIFILM Wako Pure Chemical Corporation, Richmond, VA) and H2O2 in 10 mM phosphate-buffered saline

(PBS; pH 7.4). HAP (10 mg) was submerged in 2% HA-TA polymer solution with 0.8 units/mL HRP and 2 µg
BMP-2 (PeproTech Inc., Rocky Hill, NJ) (Figure 1, Panel A-1). To initiate the curing reaction, 4 mM H2O2 was

added to the HAP in BMP2/HA-TA/HRP solution (BMP-2/IFH-HA, Figure 1, Panels A-2, B-1). PBS was added
to the BMP2/HA-TA/HRP solution instead of H2O2 to evaluate the effectiveness of the curing reaction (BMP-

2/HA-TA, Figure 1, Panel B-2). HAP in PBS was used as a control (Figure 1, Panel B-3).

FIGURE 1: Creation of BMP2/hydroxyapatite/in situ-formed hyaluronan
hydrogel composites
(A and B) Scheme showing how bone morphogenetic protein-2 (BMP-2)/hydroxyapatite (HAP)/in situ-formed
hyaluronan hydrogel (IFH-HA) composites were formed.

A-1: Hyaluronan-tyramine (HA-TA) polymer solution containing horseradish peroxidase (HRP) and BMP-2 (BMP-
2/HA-TA/HRP) was added to HAP. A-2: To initiate the curing reaction, H2O2 was added to the HAP in BMP2/HA-
TA/HRP solution (BMP2/IFH-HA). A-3: BMP2/HAP/IFH-HA composite was grafted between the L6 and L7
transverse processes. 

B-1: 4 mM H2O2 was added to the HAP in BMP2/HA-TA/HRP solution to initiate curing. B-2: PBS was added to
the BMP2/HA-TA/HRP solution instead of H2O2 to evaluate the effectiveness of the curing reaction. B-3: HAP in
PBS was used as a control.

Mouse model of PLF
The animals were handled and subjected to surgeries according to the guidelines of the Animal Ethics
Committee of Kitasato University (Permission number: 2020-090). Thirty C57BL/6J mice (aged 10 weeks,
male; Charles River Laboratories Japan, Inc., Yokohama, Japan) chosen for this study were provided standard
laboratory chow (CRF-1, Oriental Yeast, Tokyo, Japan) and housed under controlled temperature (25 ± 1°C),
humidity (60 ± 5%), and light conditions (12-hour light/dark cycle).

To anesthetize mice, diethyl ether was injected intramuscularly into the upper limbs together with a 1:10
dilution of a mixture containing one part midazolam, three parts Domitor, and one part Vetorphale at 0.15
ml per animal. To establish the PLF model, a cut was made in the skin along the midline and then in the
paramedian fascia right of L6-L7 aseptically to reveal the lumbar posterolateral spine. Using blunt dissection
to divide the dorsal paraspinal muscles allowed the laminae and costal processes of L6-L7 to become
exposed. BMP2/IFH-HA, BMP2/HA-TA, or PBS was then positioned in the right lateral space linking the L6
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and L7 costal processes.

Microcomputed tomographic (μCT) analysis
Four weeks after the PLF surgery, all mice were euthanized using an overdose of CO 2 inhalation, and the

lumbar spine and pelvis were removed along with the surrounding muscle. The extracted tissue was fixed in
4% paraformaldehyde (Nacalai Tesque Inc., Kyoto, Japan) at 4°C for 48 hours. Subsequently, μCT images
were taken with a micro-focus x-ray and CT system (inspeXio SMX-90CT Plus; Shimadzu, Tokyo, Japan) at
voxel size, 20 μm/pixel; matrix size, 1024 × 1024; acceleration voltage, 90 kV; and current, 110 mA. Images
were taken in the coronal plane from the L6 to L7 transverse process to assess the posterolateral bone mass.
Further, images were taken along the axial plane from the L6 to L7 transverse process and at the midline
between these vertebrae, and the mean cross-sectional area of newly formed bone was measured on the
surface of the vertebrae with three-dimensional (3D) image analysis software (Tri-3D-Bon; Ratoc System
Engineering, Tokyo, Japan) (Figure 1, Panel B). To evaluate the volume of new bone, we constructed a HAP
calibration curve using the data generated from phantom images obtained using various densities of HAP
(Ratoc System Engineering, Tokyo, Japan). To assess the bone mineral content in each sample, densities
measured using the microcomputed tomography (μCT) images were compared with the HAP calibration

curve. A threshold of 300 to 800 mg/cm3 was used to indicate the presence of new bone as grafted HAP has a

density greater than 800 mg/cm3.

Histology
Following μCT analysis, the tissues were embedded in methyl methacrylate, sectioned at 4 μm thickness,
and reacted with Masson’s trichrome stain to visualize the formation of new bone between the costal
processes 6 and 7.

Statistical analysis
Statistical comparisons were conducted in Statistical Package for the Social Sciences (SPSS) version 25.0
(IBM Corp., Armonk, NY). We used ANOVA and then Bonferroni's posthoc comparisons test to compare
groups. p < 0.05 suggested a statistical significance.

Results
Evaluation of new periosteal bone formation from x-ray and µCT images
No evidence of bone fusion was observed four weeks after surgery in the Control group and BMP2/HA-TA
group (Figure 2, Panels A, B; fusion rate, Control group, 0/10; BMP2/HA-TA group, 0/10). In contrast, the
BMP2/IFH-HA group showed newly formed bone between costal processes 6 and 7 and bone union in coronal
sections at the same time point (Figure 2, Panel C; fusion rate, 10/10; p < 0.001). Meanwhile, all groups
showed new bone formation on the surface of the laminae and spinal processes. Bone volume was
significantly elevated in the BMP2/IFH-HA group relative to the PBS and BMP2/HA-TA groups (p = 0.028 and
p = 0.001, respectively, Figure 3, Panel A). Further, the BMP2/IFH-HA group had elevated bone mineral
content relative to the BMP2/HA-TA group (p = 0.003, Figure 3, Panel B).

FIGURE 2: Soft x-ray images of the region surrounding L6 and L7 four
weeks following surgery
(A) PBS, (B) BMP2/HA-TA, and (C) BMP2/IFH-HA groups.

PBS: Phosphate-buffered saline; BMP2: Bone morphogenetic protein-2; HA: Hyaluronan; TA: Tyramine; IFH: In
situ-formed hydrogel.
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FIGURE 3: Bone volume and bone mineral content of graft sites four
weeks following surgery
Microcomputed tomography images were analyzed for new bone formation four weeks following surgery in the
PBS, BMP2/HA-TA, and BMP2/IFH-HA groups. (A) Bone volume (BV) and (B) bone mineral content (BMC). n =
10.

*p < 0.05.

PBS: Phosphate-buffered saline; BMP2: Bone morphogenetic protein-2; HA: Hyaluronan; TA: Tyramine; IFH: In
situ-formed hydrogel.

Histology
Consistent with our µCT results, histological examination revealed abundant bone formation in the BMP-
2/IFH-HA group and little newly formed bone in the BMP-2/HA-TA and Control groups (Figure 4).

FIGURE 4: Histological images showing new bone formation four weeks
following surgery
Masson’s trichrome staining was used to reveal new bone formation at the graft site. (A) PBS, (B) BMP2/HA-TA,
and (C) BMP2/IFH-HA groups. Scale bars indicate 100 μm.

PBS: Phosphate-buffered saline; BMP2: Bone morphogenetic protein-2; HA: Hyaluronan; TA: Tyramine; IFH: In
situ-formed hydrogel.

Discussion
Delivery of BMP-2 on an ACS is an approved technique for certain interbody fusion procedures. Off-label use
of BMP-2/ACS wrapped in synthetic bone consisting of β-TCP and HAP has demonstrated superior efficacy
to autologous cancellous bone grafts in PLF [20]. Here, we compared the usefulness of a BMP2/HAP/IFH-HA
composite with a BMP-2/HAP/TA-HA composite for stimulating bone formation in a murine model of PLF.
Our findings suggest that an IFH-HA/HAP/BMP-2 composite may be a new treatment method for
augmenting spinal fusion.

Activation of BMP2 signaling in the early phase of the bone regeneration process can cause inflammation
and activation of MPCs, and plays a pivotal role in the osteoblastic differentiation of MPCs [21-24]. This
suggests that extended and continued release of BMP2 could be pertinent for speeding up bone formation at
graft sites. In a previous study, an IFH-HA material that was capable of continually releasing platelet-
derived growth factors over 14 days enhanced the proliferation of MPCs in vitro [25]. Likewise, in our
previous study, IFH-HA was able to continually release BMP2 for 14 days in vitro [18]. Together, the present
study and previous studies suggest that BMP2/HAP/IFH-HA composites may exhibit high bone induction
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potential owing to their ability to continually release BMP-2.

However, a limitation of our study is that findings from rodent models may not necessarily be translatable to
the clinic owing to different responses to BMP-2 in humans [26]. Additional studies in large animal models
are needed to validate our results.

Conclusions
We evaluated an in situ-formed hydrogel constructed from hyaluronan combined with a
BMP2/hydroxyapatite composite in the bone formation in a murine model of PLF. A composite comprising
BMP2/HAP and IFH-HA enhanced new bone formation in a murine model of PLF, suggesting its promise for
augmenting spinal fusion.

Additional Information
Disclosures
Human subjects: All authors have confirmed that this study did not involve human participants or tissue.
Animal subjects: The animals were handled and subjected to surgeries according to the guidelines of the
Animal Ethics Committee of Kitasato University. Issued protocol number 2020-090. Conflicts of interest:
In compliance with the ICMJE uniform disclosure form, all authors declare the following: Payment/services
info: All authors have declared that no financial support was received from any organization for the
submitted work. Financial relationships: All authors have declared that they have no financial
relationships at present or within the previous three years with any organizations that might have an
interest in the submitted work. Other relationships: All authors have declared that there are no other
relationships or activities that could appear to have influenced the submitted work.

Acknowledgements
This investigation was supported in part by Grant-in-Aid for Young Scientists Grant No. 19K18546, Grant-in-
Aid for Scientific Research (C) No. 20K09440, Grant-in-Aid for Young Scientists (Start-up) No. 21K20978,
and a Kitasato University Research Grant for Young Researchers.

References
1. Ng AM, Tan KK, Phang MY, et al.: Differential osteogenic activity of osteoprogenitor cells on HA and

TCP/HA scaffold of tissue engineered bone. J Biomed Mater Res A. 2008, 85:301-12. 10.1002/jbm.a.31324
2. Baheiraei N, Nourani MR, Mortazavi SM, Movahedin M, Eyni H, Bagheri F, Norahan MH: Development of a

bioactive porous collagen/β-tricalcium phosphate bone graft assisting rapid vascularization for bone tissue
engineering applications. J Biomed Mater Res A. 2018, 106:73-85. 10.1002/jbm.a.36207

3. Doi Y, Iwanaga H, Shibutani T, Moriwaki Y, Iwayama Y: Osteoclastic responses to various calcium
phosphates in cell cultures. J Biomed Mater Res. 1999, 47:424-33. 10.1002/(sici)1097-
4636(19991205)47:3<424::aid-jbm19>3.0.co;2-0

4. LeGeros RZ: Calcium phosphate-based osteoinductive materials. Chem Rev. 2008, 108:4742-53.
10.1021/cr800427g

5. Shiwaku Y, Neff L, Nagano K, et al.: The crosstalk between osteoclasts and osteoblasts is dependent upon
the composition and structure of biphasic calcium phosphates. PLoS One. 2015, 10:e0132903.
10.1371/journal.pone.0132903

6. Kim YJ, Lee JY, Kim JE, Park JC, Shin SW, Cho KS: Ridge preservation using demineralized bone matrix gel
with recombinant human bone morphogenetic protein-2 after tooth extraction: a randomized controlled
clinical trial. J Oral Maxillofac Surg. 2014, 72:1281-90. 10.1016/j.joms.2014.01.022

7. Triplett RG, Nevins M, Marx RE, Spagnoli DB, Oates TW, Moy PK, Boyne PJ: Pivotal, randomized, parallel
evaluation of recombinant human bone morphogenetic protein-2/absorbable collagen sponge and
autogenous bone graft for maxillary sinus floor augmentation. J Oral Maxillofac Surg. 2009, 67:1947-60.
10.1016/j.joms.2009.04.085

8. Dimar JR 2nd, Glassman SD, Burkus JK, Pryor PW, Hardacker JW, Carreon LY: Clinical and radiographic
analysis of an optimized rhBMP-2 formulation as an autograft replacement in posterolateral lumbar spine
arthrodesis. J Bone Joint Surg Am. 2009, 91:1377-86. 10.2106/JBJS.H.00200

9. Hurlbert RJ, Alexander D, Bailey S, et al.: rhBMP-2 for posterolateral instrumented lumbar fusion: a
multicenter prospective randomized controlled trial. Spine (Phila Pa 1976). 2013, 38:2139-48.
10.1097/BRS.0000000000000007

10. Kakuta A, Tanaka T, Chazono M, et al.: Effects of micro-porosity and local BMP-2 administration on
bioresorption of β-TCP and new bone formation. Biomater Res. 2019, 23:12. 10.1186/s40824-019-0161-2

11. Yang C, Unursaikhan O, Lee JS, Jung UW, Kim CS, Choi SH: Osteoconductivity and biodegradation of
synthetic bone substitutes with different tricalcium phosphate contents in rabbits. J Biomed Mater Res B
Appl Biomater. 2014, 102:80-8. 10.1002/jbm.b.32984

12. Jin R, Hiemstra C, Zhong Z, Feijen J: Enzyme-mediated fast in situ formation of hydrogels from dextran-
tyramine conjugates. Biomaterials. 2007, 28:2791-800. 10.1016/j.biomaterials.2007.02.032

13. Jin R, Teixeira LSM, Dijkstra PJ, Karperien M, van Blitterswijk CA, Zhong ZY, Feijen J: Injectable chitosan-
based hydrogels for cartilage tissue engineering. Biomaterials. 2009, 30:2544-51.
10.1016/j.biomaterials.2009.01.020

14. Jin R, Teixeira LSM, Dijkstra PJ, van Blitterswijk CA, Karperien M, Feijen J: Chondrogenesis in injectable

2022 Kuroda et al. Cureus 14(5): e25509. DOI 10.7759/cureus.25509 5 of 6

https://dx.doi.org/10.1002/jbm.a.31324
https://dx.doi.org/10.1002/jbm.a.31324
https://dx.doi.org/10.1002/jbm.a.36207
https://dx.doi.org/10.1002/jbm.a.36207
https://dx.doi.org/10.1002/(sici)1097-4636(19991205)47:3<424::aid-jbm19>3.0.co;2-0
https://dx.doi.org/10.1002/(sici)1097-4636(19991205)47:3<424::aid-jbm19>3.0.co;2-0
https://dx.doi.org/10.1021/cr800427g
https://dx.doi.org/10.1021/cr800427g
https://dx.doi.org/10.1371/journal.pone.0132903
https://dx.doi.org/10.1371/journal.pone.0132903
https://dx.doi.org/10.1016/j.joms.2014.01.022
https://dx.doi.org/10.1016/j.joms.2014.01.022
https://dx.doi.org/10.1016/j.joms.2009.04.085
https://dx.doi.org/10.1016/j.joms.2009.04.085
https://dx.doi.org/10.2106/JBJS.H.00200
https://dx.doi.org/10.2106/JBJS.H.00200
https://dx.doi.org/10.1097/BRS.0000000000000007
https://dx.doi.org/10.1097/BRS.0000000000000007
https://dx.doi.org/10.1186/s40824-019-0161-2
https://dx.doi.org/10.1186/s40824-019-0161-2
https://dx.doi.org/10.1002/jbm.b.32984
https://dx.doi.org/10.1002/jbm.b.32984
https://dx.doi.org/10.1016/j.biomaterials.2007.02.032
https://dx.doi.org/10.1016/j.biomaterials.2007.02.032
https://dx.doi.org/10.1016/j.biomaterials.2009.01.020
https://dx.doi.org/10.1016/j.biomaterials.2009.01.020
https://dx.doi.org/10.1016/j.jconrel.2011.01.031


enzymatically crosslinked heparin/dextran hydrogels. J Control Release. 2011, 152:186-95.
10.1016/j.jconrel.2011.01.031

15. Jin R, Teixeira LSM, Dijkstra PJ, Zhong Z, van Blitterswijk CA, Karperien M, Feijen J: Enzymatically
crosslinked dextran-tyramine hydrogels as injectable scaffolds for cartilage tissue engineering. Tissue Eng
Part A. 2010, 16:2429-40. 10.1089/ten.TEA.2009.0764

16. Jin R, Teixeira LS, Dijkstra PJ, van Blitterswijk CA, Karperien M, Feijen J: Enzymatically-crosslinked
injectable hydrogels based on biomimetic dextran-hyaluronic acid conjugates for cartilage tissue
engineering. Biomaterials. 2010, 31:3103-13. 10.1016/j.biomaterials.2010.01.013

17. Lee F, Chung JE, Kurisawa M: An injectable hyaluronic acid-tyramine hydrogel system for protein delivery . J
Control Release. 2009, 134:186-93. 10.1016/j.jconrel.2008.11.028

18. Shoji S, Uchida K, Satio W, et al.: Acceleration of bone union by in situ-formed hydrogel containing bone
morphogenetic protein-2 in a mouse refractory fracture model. J Orthop Surg Res. 2020, 15:426.
10.1186/s13018-020-01953-7

19. Shoji S, Uchida K, Tazawa R, et al.: Acceleration of bone formation using in situ-formed hyaluronan-
hydrogel containing bone morphogenetic protein-2 in a mouse critical size bone defect model. Biomed
Mater Eng. 2021, 32:207-15. 10.3233/BME-201172

20. Dawson E, Bae HW, Burkus JK, Stambough JL, Glassman SD: Recombinant human bone morphogenetic
protein-2 on an absorbable collagen sponge with an osteoconductive bulking agent in posterolateral
arthrodesis with instrumentation. A prospective randomized trial. J Bone Joint Surg Am. 2009, 91:1604-13.
10.2106/JBJS.G.01157

21. Cho TJ, Gerstenfeld LC, Einhorn TA: Differential temporal expression of members of the transforming
growth factor beta superfamily during murine fracture healing. J Bone Miner Res. 2002, 17:513-20.
10.1359/jbmr.2002.17.3.513

22. Lienau J, Schmidt-Bleek K, Peters A, et al.: Insight into the molecular pathophysiology of delayed bone
healing in a sheep model. Tissue Eng Part A. 2010, 16:191-9. 10.1089/ten.TEA.2009.0187

23. Niikura T, Hak DJ, Reddi AH: Global gene profiling reveals a downregulation of BMP gene expression in
experimental atrophic nonunions compared to standard healing fractures. J Orthop Res. 2006, 24:1463-71.
10.1002/jor.20182

24. Yu YY, Lieu S, Lu C, Miclau T, Marcucio RS, Colnot C: Immunolocalization of BMPs, BMP antagonists,
receptors, and effectors during fracture repair. Bone. 2010, 46:841-51. 10.1016/j.bone.2009.11.005

25. Jooybar E, Abdekhodaie MJ, Alvi M, Mousavi A, Karperien M, Dijkstra PJ: An injectable platelet lysate-
hyaluronic acid hydrogel supports cellular activities and induces chondrogenesis of encapsulated
mesenchymal stem cells. Acta Biomater. 2019, 83:233-44. 10.1016/j.actbio.2018.10.031

26. Li Y, Chen SK, Li L, Qin L, Wang XL, Lai YX: Bone defect animal models for testing efficacy of bone
substitute biomaterials. J Orthop Translat. 2015, 3:95-104. 10.1016/j.jot.2015.05.002

2022 Kuroda et al. Cureus 14(5): e25509. DOI 10.7759/cureus.25509 6 of 6

https://dx.doi.org/10.1016/j.jconrel.2011.01.031
https://dx.doi.org/10.1089/ten.TEA.2009.0764
https://dx.doi.org/10.1089/ten.TEA.2009.0764
https://dx.doi.org/10.1016/j.biomaterials.2010.01.013
https://dx.doi.org/10.1016/j.biomaterials.2010.01.013
https://dx.doi.org/10.1016/j.jconrel.2008.11.028
https://dx.doi.org/10.1016/j.jconrel.2008.11.028
https://dx.doi.org/10.1186/s13018-020-01953-7
https://dx.doi.org/10.1186/s13018-020-01953-7
https://dx.doi.org/10.3233/BME-201172
https://dx.doi.org/10.3233/BME-201172
https://dx.doi.org/10.2106/JBJS.G.01157
https://dx.doi.org/10.2106/JBJS.G.01157
https://dx.doi.org/10.1359/jbmr.2002.17.3.513
https://dx.doi.org/10.1359/jbmr.2002.17.3.513
https://dx.doi.org/10.1089/ten.TEA.2009.0187
https://dx.doi.org/10.1089/ten.TEA.2009.0187
https://dx.doi.org/10.1002/jor.20182
https://dx.doi.org/10.1002/jor.20182
https://dx.doi.org/10.1016/j.bone.2009.11.005
https://dx.doi.org/10.1016/j.bone.2009.11.005
https://dx.doi.org/10.1016/j.actbio.2018.10.031
https://dx.doi.org/10.1016/j.actbio.2018.10.031
https://dx.doi.org/10.1016/j.jot.2015.05.002
https://dx.doi.org/10.1016/j.jot.2015.05.002

	Effect of Bone Morphogenetic Protein-2 (BMP-2)/Hydroxyapatite/In Situ-Formed Hyaluronan Hydrogel Composites on Bone Formation in a Murine Model of Posterolateral Lumbar Fusion
	Abstract
	Introduction
	Materials And Methods
	Synthesis of graft materials
	FIGURE 1: Creation of BMP2/hydroxyapatite/in situ-formed hyaluronan hydrogel composites

	Mouse model of PLF
	Microcomputed tomographic (μCT) analysis
	Histology
	Statistical analysis

	Results
	Evaluation of new periosteal bone formation from x-ray and µCT images
	FIGURE 2: Soft x-ray images of the region surrounding L6 and L7 four weeks following surgery
	FIGURE 3: Bone volume and bone mineral content of graft sites four weeks following surgery

	Histology
	FIGURE 4: Histological images showing new bone formation four weeks following surgery


	Discussion
	Conclusions
	Additional Information
	Disclosures
	Acknowledgements

	References


