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Background

The osteoinductive potential of bone graft substitutes is essential for bone
regeneration. Bioactive glass (BAG) and demineralized bone matrix (DBM) are widely
used biomaterials, the relative osteoinductive potential of these materials, alone or in
combination, remains unclear. This study evaluates and compares the osteoinductive
potential of nano-BAG+DBM (NanoFuse™ DBM), BAG alone and DBM alone using
the C2C12 alkaline phosphatase (AP) induction assay, where AP activity serves as a
quantitative marker of osteoinduction in vitro.

Methods

C2C12 murine myoblast cells were cultured in triplicate with four test materials: nano-
BAG+DBM/Gel, BAG/Gel, DBM/Gel, and Wet/Frozen DBM. Wet/Frozen DBM served
as a reference for native osteoinductive potential, while gel-based formulations were
assessed for their ability to induce AP activity. AP activity was quantified
spectrophotometrically at 410 nm after three days, with positive and negative controls
included to validate assay performance.

Results

Wet/Frozen DBM exhibited the highest AP activity. Among gel-based formulations,
nano-BAG+DBM/Gel induced the highest AP activity, suggesting a synergistic effect
between BAG and DBM. DBM/Gel also demonstrated substantial AP activity but was
less potent. BAG/Gel alone had the lowest AP activity, indicating limited osteoinductive
potential.
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Conclusion

NanoFuse™ DBM (nano-BAG+DBM) was superior to DBM or BAG alone in
osteoinductive potential, supporting its use in bone formation. The greater AP activity
observed suggests a synergistic effect between BAG and DBM, where bioactive ion
release from BAG may enhance the osteoinductive signaling of DBM. Further in vivo
studies are needed to confirm its long-term regenerative potential in bone healing.

Opposed Reviewers:

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript

O©CoO~NOUAWNE

O©CoO~NO O WDN PP

An In Vitro Study of Alkaline Phosphatase Induction as a Quantitative Measure of the
Osteoinductive Potential of FDA-Approved Nano-Bioactive Glass Combined with
Demineralized Bone Matrix (DBM) vs Bioactive Glass Alone and DBM Alone

Kingsley R. Chin, MD* 234
Chukwunonso C. llogu, MD*#
Sukanya Chebrolu MS 14
William M. Costigan MD*®
Erik Spayde MD*®

Vito Lore PE’

Douglas P. Beall MD?®

Robby Lane®

James F. Kirk PhD

Jason A. Seale, MBBS!*

!Less Exposure Surgery Specialists Institute (LESS Institute aka LESS Clinic), Fort Lauderdale,
Florida, USA; 2Department of Orthopedics, Herbert Wertheim College of Medicine at Florida
International University, Miami, Florida, USA; *Faculty of Science and Sports, University of
Technology, Kingston, Jamaica, West Indies; “Less Exposure Spine Surgery (LESS) Society
501©(3), Fort Lauderdale, Florida, USA; ->Congress Orthopaedic Associates, Pasadena,
California, USA, °St. Charles Spine Institute, Thousand Oaks, California, USA; ‘LESSpine,
Burlington, Massachusetts, USA; 8Comprehensive Specialty Care, Edmond, OK, USA; °Amend
Surgical, Alachua, Florida, USA; °Research and Development Department, Nanotherapeutics,
Inc., 13859 Progress Blvd., Suite 300, Alachua, FL 32615

Corresponding Author:

Kingsley R. Chin, MD, MBA

Professor of Clinical Orthopedics

Herbert Wertheim College of Medicine at Florida International University

Adjunct Professor, Faculty of Science and Sports, University of Technology, Kingston, Jamaica
Attending Spine Surgeon

Less Exposure Surgery Specialist Institute (LESS Institute aka LESS Clinic)

6550 N Federal Highway, Suite #510, Fort Lauderdale, Florida 33308

Tel: 954-640-6010, Fax: 855-411-4647, M:617-697-5442

Email: kingsleychin@thelessinstitute.com



mailto:kingsleychin@thelessinstitute.com
https://www2.cloud.editorialmanager.com/bone/viewRCResults.aspx?pdf=1&docID=38954&rev=0&fileID=704163&msid=a003a450-fb2d-4808-8312-f3b727b841ec
https://www2.cloud.editorialmanager.com/bone/viewRCResults.aspx?pdf=1&docID=38954&rev=0&fileID=704163&msid=a003a450-fb2d-4808-8312-f3b727b841ec

O©CoO~NOUAWNE

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Structured Abstract

Background: The osteoinductive potential of bone graft substitutes is essential for bone
regeneration. Bioactive glass (BAG) and demineralized bone matrix (DBM) are widely used
biomaterials, the relative osteoinductive potential of these materials, alone or in combination,
remains unclear. This study evaluates and compares the osteoinductive potential of nano-
BAG+DBM (NanoFuse™ DBM), BAG alone and DBM alone using the C2C12 alkaline
phosphatase (AP) induction assay, where AP activity serves as a quantitative marker of

osteoinduction in vitro.

Methods: C2C12 murine myoblast cells were cultured in triplicate with four test materials:
nano-BAG+DBM/Gel, BAG/Gel, DBM/Gel, and Wet/Frozen DBM. Wet/Frozen DBM served as
a reference for native osteoinductive potential, while gel-based formulations were assessed for
their ability to induce AP activity. AP activity was quantified spectrophotometrically at 410 nm

after three days, with positive and negative controls included to validate assay performance.

Results: Wet/Frozen DBM exhibited the highest AP activity. Among gel-based formulations,
nano-BAG+DBM/Gel induced the highest AP activity, suggesting a synergistic effect between
BAG and DBM. DBM/Gel also demonstrated substantial AP activity but was less potent.

BAG/Gel alone had the lowest AP activity, indicating limited osteoinductive potential.

Conclusion: NanoFuse™ DBM (nano-BAG+DBM) was superior to DBM or BAG alone in
osteoinductive potential, supporting its use in bone formation. The greater AP activity observed

suggests a synergistic effect between BAG and DBM, where bioactive ion release from BAG
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may enhance the osteoinductive signaling of DBM. Further in vivo studies are needed to confirm

its long-term regenerative potential in bone healing.

Keywords: NanoFuse; Osteoinduction, Bone Graft, Bioactive Glass (BAG), Demineralized bone

matrix (DBM), Synergistic effect, In Vitro model.
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1. Introduction

Bone healing is a complex biological process involving the coordination of cellular and
molecular mechanisms to restore skeletal integrity following injury or surgical intervention [1-3].
A critical aspect of this process is osteoinduction, in which osteoprogenitor cells are stimulated
to differentiate into osteoblasts, the bone-forming cells responsible for osteogenesis or the
formation of new bone tissue. Osteogenesis is a tightly regulated process involving a sequence of
cellular events driven by osteoinductive signaling molecules, such as bone morphogenetic
proteins (BMPs). The foundation of osteoinduction was established by Marshall Urist, who
identified bone morphogenetic proteins (BMPs) as potent regulators of osteogenesis [4, 5]. This
breakthrough led to the development of demineralized bone matrix (DBM), an allograft-derived
material that retains BMPs and other osteoinductive growth factors, making it one of the most
widely used bone graft substitutes [6-8].

While natural bone regeneration is a tightly regulated process, severe bone defects and clinical
conditions often necessitate the use of bone grafting materials to restore skeletal integrity [9-11].
Building on Urist’s discovery, advances in biomaterials and tissue engineering have expanded
the scope of bone grafting strategies, particularly in treating bone defects, non-unions, and spinal
fusions, where natural bone regeneration alone is inadequate [12, 13]. Autograft bone harvested
from a patient remains the gold standard due to its inherent osteogenic, osteoinductive, and
osteoconductive properties. However, its use is limited by donor site morbidity and restricted
availability, necessitating alternative grafting solutions [14, 15]. Consequently, researchers and
clinicians have turned to allografts, xenografts, and synthetic substitutes, each offering distinct

biological and mechanical properties for bone regeneration.
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Among these alternatives, DBM has emerged as a key osteoinductive material due to its
preserved BMP content, which promotes mesenchymal stem cell (MSC) differentiation into
osteoblasts [16, 17]. Bioactive glass (BAG), a synthetic biomaterial developed by Hench et al. in
the late 1960s, has gained attention for its ability to stimulate bone formation through ion release
and surface bioactivity [18]. BAG, composed primarily of silica, calcium, and phosphate, which
mimics the mineral composition of natural bone and fosters osteogenesis by releasing its
biologically active ions, including calcium and silicate [19]. These calcium, phosphate and silica
ions stimulate cellular responses, promote hydroxyapatite (HA) formation, and enhance
integration with host bone. More recently, nano-BAG has been developed as a variant with
higher surface area and enhanced bioactivity, potentially increasing its osteoinductive effects
[20]. However, the osteogenic potential of DBM and BAG is highly dependent on their
composition, formulation, and processing methods, necessitating further investigation into their
comparative efficacy.

While DBM and BAG each exhibit distinct osteoinductive and osteoconductive properties, their
combined use may create synergistic effects, enhancing osteoinduction beyond what either
material can achieve alone. DBM serves as a natural reservoir of BMPs, while BAG promotes
cellular activity and mineral deposition, suggesting that their co-administration could optimize
bone. NanoFUSE® DBM (NanoFuse Biologics LLC, Burlington, MA), an FDA-approved bone
graft substitute, was designed to harness these complementary mechanisms by integrating
human-derived DBM with synthetic 45S5 bioactive glass [21]. Its formulation consists of 33%
DBM cortical bone, 33% 45S5 BAG, and 33% porcine gelatin, providing a structural and

biochemical environment conducive to osteogenesis. However, comparative studies assessing the
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osteoinductive potential of BAG, DBM, and their combination remain limited, particularly in
controlled in vitro settings.

Given the importance of osteoinduction in bone graft performance, in vitro assays provide a
robust model for evaluating this property. A widely accepted approach involves measuring
alkaline phosphatase (AP) activity, an early marker of osteogenic differentiation, to assess the
osteoinductive capacity of bone graft materials [22, 23]. The C2C12 cell differentiation assay,
which utilizes a murine myoblast line capable of differentiating into osteoblast-like cells in
response to BMP signaling, serves as a reliable model for osteoinduction assessment.

Despite the promising osteoinductive properties of DBM and BAG, their comparative efficacy
particularly in combination remains largely unexplored. This study provides the first quantitative
assessment of nano-BAG+DBM, BAG alone and DBM alone using the C2C12 AP induction
assay, offering critical insights into their potential synergistic effects. By evaluating AP activity
as an early osteogenic marker, this information can aid in the development of optimized bone
graft formulations, ultimately advancing regenerative strategies in orthopedic and spinal

applications where robust bone formation is essential.

2. Materials and Methods

2.1. Study Design

This study utilized an in vitro C2C12 cell differentiation assay to evaluate the osteoinductive
potential of four test materials and two controls. Three test materials were gel-based
formulations, each weighing 5 g, and stored at room temperature: BAG alone (BAG/Gel,
SNO001), nano-BAG+DBM (nano-BAG+DBM)/Gel, SN002, NanoFuse™ DBM), and DBM alone

(DBM/Gel, SN003). The fourth material, wet/frozen DBM (SN004), weighed 1 g and was
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stored at -10 to -20°C to compare its osteoinductive effects with the gel-based formulations. The
negative control consisted of C2C12 cells cultured in growth media alone, establishing a baseline
for AP activity. The positive control included C2C12 cells treated with human bone
morphogenic protein-2 (BMP-2) to confirm osteogenic induction. All test materials were
prepared, stored under the specified conditions, and used in the assay accordingly.

2.2. Cell Culture and Differentiation Assay

C2C12 myoblast cells were maintained under standard culture conditions at 37°C in a humidified
atmosphere with 5% CO., using Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and L-glutamine. Cells were seeded into 24-well plates at a
density of 1 x 10* cells per well and allowed to adhere overnight. After adherence, the culture
medium was replaced with differentiation media containing 2% FBS to minimize proliferation
and promote differentiation. Test materials from each of the four test groups were added at 20
mg and 50 mg concentrations, with each condition tested in triplicate wells. BMP-2 was added to
positive control wells. Cells were incubated for three days at 37 + 2°C ina 5 = 2% CO2
atmosphere and monitored daily for adherence, contamination, and any cytotoxic effects of the
test materials.

2.3. Alkaline Phosphatase (AP) Assay

At the end of the incubation period, cells were washed with cold phosphate-buffered saline
(PBS) to remove residual media. Cells were lysed using 0.5% Triton X-100 in PBS, followed by
three freeze-thaw cycles to ensure complete membrane disruption. AP activity was quantified
using a colorimetric assay, in which 50 uL of each clarified lysate was incubated with 150 pL of

0.3 mM p-nitrophenyl phosphate (p-NPP) in 2-amino-2-methyl-1-propanol buffer (pH 10.5) for
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30 minutes at 37°C. The reaction was stopped by adding 50 pL of 1.0 N NaOH, and the amount
of p-nitrophenol released was measured spectrophotometrically at 410 nm using a plate reader.
Alkaline phosphatase catalyzes the conversion of p-nitrophenyl phosphate (pNPP) into p-
nitrophenol, a reaction that produces a yellow color detectable at 410 nm (ODuio). The intensity
of this color change correlates with AP activity, meaning that higher AP activity results in
greater absorbance and indicates a stronger osteoinductive response.

To standardize AP activity across different samples, specific activity was calculated and
expressed as AP units per milligram of total protein (AP units/mg protein). This measure
normalizes enzyme activity to total protein content, allowing for direct comparison of
osteoinductive potential across different test groups. Higher specific AP activity values indicate
greater AP induction and, by extension, stronger osteoinductive potential. Samples exceeding the
upper assay limit (UAL) were classified as having high osteoinductive potential, while those
below the limit of quantification (LOQ) were considered to have minimal or no osteoinductive
response.

2.4. Controls and Assay Validation Criteria

The negative control for the C2C12 cell differentiation assay established a baseline for AP
activity. The negative control for the AP assay was the AMP buffer (pH 10.5) plus substrate (p-
NPP) blank, ensuring no background enzyme activity from the assay reagents. The positive
control for the differentiation assay was C2C12 cells treated with BMP-2, serving as a reference
for osteogenic induction, while the positive control for the AP assay was 300 U/mL alkaline
phosphatase, confirming the functionality of the AP assay itself. The Wet/frozen DBM test was

included as an additional positive control for DBM-based test material to compare the
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osteoinductive potential of different DBM formulations, specifically gel-based versus wet/frozen
DBM.
To validate the assay, the following criteria were established:
e The ODuio value for BMP-2-treated cells must be at least twice that of the negative
control (C2C12 cells + growth media).
e The ODuio value for the 300 U/mL alkaline phosphatase standard must be at least twice
that of the AMP buffer plus substrate blank.
e The ODuaio value for the negative controls (C2C12 cells plus growth media and AMP
buffer plus substrate blank) must not exceed 0.100.
2.5. Evaluation Criteria
Once the assay was validated, the osteogenic potential of the four test groups was evaluated by
comparing their ODu10 values to the negative and positive controls. The following criteria were
applied:
e If the mean ODu10 value Of a test material was at least twice that of the negative control, it
was classified as positive for AP induction, indicating osteoinductive potential.
e |If the mean OD.io value was less than twice that of the negative control, it was classified
as negative for AP induction, suggesting little or no osteoinductive activity.
This evaluation provided a quantitative comparison of the four test materials, determining their
ability to induce AP activity in C2C12 cells.
2.6. Statistical Analysis
Data was collected in triplicate for each experimental condition. Statistical analyses included
calculations of mean values, standard deviation (SD), and percent relative standard deviation

(%RSD).
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3. Results

The assay's validity was confirmed, as all positive and negative controls met predefined
acceptance criteria, thereby ensuring reliability and reproducibility (Table 1). BMP-2 and
Wet/Frozen DBM served as positive controls, demonstrating strong osteoinductive activity, as
expected. No protocol deviations were observed, further reinforcing the accuracy and
consistency of the findings. AP activity varied across the test groups, reflecting differences in
osteoinductive potential based on composition and concentration. The detailed results are
presented in Table 2 and Figure 1.

The highest AP activity was observed in the Wet/Frozen DBM group, where both concentrations
surpassed the UAL. The 50 mg/well sample reached >94.420 AP units/mg protein, while the 20
mg/well sample measured >64.885 AP units/mg protein. Among the gel-based formulations,
nano-BAG+DBM/Gel demonstrated the strongest osteoinductive response, ranking second
overall to Wet/Frozen DBM. The 50 mg/well sample exceeded the UAL (>92.473 AP units/mg
protein), while the 20 mg/well sample induced moderate AP activity (0.333 U/mL, 19.974 AP
units/mg protein). Although DBM/Gel alone also induced substantial AP activity, its response
was lower than nano-BAG+DBM/Gel at both concentrations. The 50 mg/well DBM/Gel sample
exceeded the UAL (>72.569 AP units/mg protein), while the 20 mg/well sample exhibited
moderate AP activity (0.217 U/mL, 13.815 AP units/mg protein). In contrast, BAG/Gel alone
displayed the lowest osteoinductive potential, with AP activity below the LOQ, comparable to

the negative control.

4. Discussion

10
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4.1. Brief Summary

This study evaluates and compares the osteoinductive potential of an FDA-approved nano-
bioactive glass (BAG) and DBM combination (hano-BAG+DBM), DBM alone and BAG alone
using the C2C12 alkaline phosphatase (AP) induction assay in an established in vitro model.
While both BAG and DBM are widely used in bone grafting applications, their individual
limitations necessitate exploring complementary formulations that enhance osteoinductive
activity. By using AP activity as a quantitative marker of osteoinduction, this study provides new
insights into how these materials compare in stimulating osteogenic differentiation and their
potential clinical applications.

4.2. Key Findings

The highest AP activity was observed in the Wet/Frozen DBM control, confirming its strong
intrinsic osteoinductive properties due to the presence of native BMPs and other osteogenic
factors. Among the gel test groups, the nano-BAG+DBM/Gel formulation exhibited significantly
greater AP activity than either BAG or DBM alone, indicating a synergistic effect between
bioactive ion release from BAG and the osteoinductive factors within DBM. While DBM/Gel
alone exhibited moderate osteoinductive potential, its effect was less pronounced than the nano-
BAG+DBM combination, suggesting that the addition of nano-BAG enhances DBM’s
osteoinductive properties, possibly through BMP retention and osteogenic signaling. In contrast,
BAG alone failed to induce significant AP activity, confirming its function as an osteoconductive
material. These findings suggest that nano-BAG+DBM)/Gel provides an optimal balance of
osteoconductive and osteoinductive properties, making it a more effective bone graft alternative

than either component alone [24, 25]. These results support the use of BAG as a scaffold that

11
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requires additional biologic components, such as DBM, to achieve meaningful osteoinductive
effects.

4.3. Comparison with Similar Research

The results align with previous findings that DBM serves as a more effective long-term
osteoinductive agent than single-factor BMP-2 due to its sustained release of multiple growth
factors [26]. The enhanced performance of nano-BAG+DBM in this study is further supported
by prior animal studies, which have demonstrated that bioactive glass enhances bone induction
and formation when combined with DBM [27-29]. Studies have shown that bioactive ions
released from BAG enhance osteogenic differentiation, thereby contributing to cell signaling for
osteogenesis [30-32]. Incorporating DBM into a scaffold may influence its degradation rate
and bioresportion, potentially affecting the controlled release of osteoinductive factors [31].
These factors may further support the observed synergistic effects in this study

4.4. Limitations and Future Research

Despite these promising results, this study has limitations. The C2C12 AP assay measures early-
stage osteogenic differentiation, but it does not assess later stages of bone formation, such as
mineralization and matrix deposition. Additionally, as an in vitro model, it does not fully
replicate the complex physiological environment of bone healing. Variability in DBM
composition across donors may also affect reproducibility.

4.5. Clinical Relevance

The FDA-approved nano-BAG+DBM formulation demonstrated superior osteoinductive
potential, making it a viable candidate for bone grafting applications. Unlike autografts and
allografts, which pose risks such as donor site morbidity and immune rejection, synthetic-

biological hybrid materials like nano-BAG+DBM offer a potentially safer and more effective

12
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alternative. Given its enhanced osteoinductive response compared to DBM alone, nano-
BAG+DBM may be particularly useful in challenging clinical scenarios, such as non-unions,
large bone defects, and spinal fusion procedures.

4.6. Implications for Future Research

To further validate these findings, future studies should focus on in vivo models to assess the
long-term regenerative potential of nano-BAG+DBM in bone healing. Given the variability in
DBM composition across donors, additional research is needed to evaluate batch-to-batch
consistency and reproducibility in DBM-based composites. Optimizing the nano-BAG:DBM
ratio may further enhance osteoinductive potential, ensuring a balanced formulation that
maximizes both bioactivity and structural integrity. Investigating the underlying molecular
mechanisms, particularly key signaling pathways such as BMP/Smad, Wnt/p-catenin, and
Mitogen-Activated Protein Kinase (MAPK), will provide deeper insights into the synergistic
effects observed in this study. Biomechanical testing should be conducted to determine the load-

bearing capacity and mechanical stability of BAG+DBM composites in clinical applications.

5. Conclusion

This study provides quantitative evidence that the FDA-approved nano-BAG+DBM formulation
exhibits significantly greater osteoinductive potential than either BAG or DBM alone, as
indicated by elevated AP activity in C2C12 cells. The combination of bioactive glass and DBM
leverages both osteoconductive and osteoinductive mechanisms, creating a highly effective bone
graft substitute. Given these findings, nano-BAG+DBM represents a promising alternative to

traditional bone grafting materials. However, further in vivo research is needed to confirm its

13
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efficacy in clinical applications and optimize its formulation for enhanced regenerative

outcomes.

14



O©CoO~NOUAWNE

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Acknowledgements

The authors would like to acknowledge Nanotherapeutics, Inc. for sponsoring this study and
providing the test materials used in this research. We extend our gratitude to AppTec, Inc. for
conducting the in vitro alkaline phosphatase induction assay and ensuring adherence to the
protocol. Special thanks to Joseph Newcome, Study Director, for overseeing the execution of
the study and ensuring the integrity of the results. We also appreciate the contributions of
Dennis Tomisaka and the research team involved in the sample preparation, data collection, and

analysis.

CRediT authorship contribution statement.

Kingsley R. Chin, MD — Conceptualization, Writing — review and editing, Supervision;
Chukwunonso C. llogu, MD - Writing — original draft, Formal analysis; Sukanya Chebrolu MS -
Writing — original draft, Project administration; William M. Costigan MD — Supervision; Erik
Spayde MD — Supervision; Vito Lore PE — Supervision; Douglas P. Beall MD - Writing —
review and editing, Supervision; Robby Lane — Conceptualization, Methodology, Data curation;
James F. Kirk PhD — Conceptualization, Methodology, Data curation; Jason A. Seale, MBBS -

Writing — original draft, Writing — review and editing, Visualization.

Funding:

This research did not receive any specific grant from funding agencies in the public, commercial,

or not-for-profit sectors.

Data availability

15



O©CoO~NOUAWNE

Data will be made available on request.

References:

1. Kalfas IH. Principles of bone healing. Neurosurg Focus. 2001;10(4):E1.
2. Buza JA, 3rd, Einhorn T. Bone healing in 2016. Clin Cases Miner Bone Metab.
2016;13(2):101-5.

3. Dimitriou R, Tsiridis E, Giannoudis PV. Current concepts of molecular aspects of
bone healing. Injury. 2005;36(12):1392-404.
4, Grgurevic L, Pecina M, Vukicevic S. Marshall R. Urist and the discovery of bone

morphogenetic proteins. Int Orthop. 2017;41(5):1065-9.

5. Urist MR. Bone: formation by autoinduction. 1965. Clin Orthop Relat Res.
2002(395):4-10.

6. Gruskin E, Doll BA, Futrell FW, Schmitz JP, Hollinger JO. Demineralized bone
matrix in bone repair: history and use. Adv Drug Deliv Rev. 2012;64(12):1063-77.

7. Zhang H, Yang L, Yang XG, Wang F, Feng JT, Hua KC, et al. Demineralized
Bone Matrix Carriers and their Clinical Applications: An Overview. Orthop Surg.
2019;11(5):725-37.

8. NaPier Z, Kanim LEA, Thordarson S, Kropf MA, Cuéllar JM, Glaeser JD, et al.
Demineralized Bone Matrix Bone Biology and Clinical Use. Seminars in Spine Surgery.
2016;28(4):196-216.

0. Bauer TW, Muschler GF. Bone graft materials. An overview of the basic science.
Clin Orthop Relat Res. 2000(371):10-27.

10. Garcia-Gareta E, Coathup MJ, Blunn GW. Osteoinduction of bone grafting
materials for bone repair and regeneration. Bone. 2015;81:112-21.

11. Precheur HV. Bone graft materials. Dent Clin North Am. 2007;51(3):729-46, viii.
12. Sandhu HS, Grewal HS, Parvataneni H. Bone grafting for spinal fusion. Orthop
Clin North Am. 1999;30(4):685-98.

13.  Whang PG, Wang JC. Bone graft substitutes for spinal fusion. The spine journal :
official journal of the North American Spine Society. 2003;3(2):155-65.

14.  Schmidt AH. Autologous bone graft: Is it still the gold standard? Injury. 2021;52
Suppl 2:518-S22.

15.  Fischer CR, Cassilly R, Cantor W, Edusei E, Hammouri Q, Errico T. A systematic
review of comparative studies on bone graft alternatives for common spine fusion
procedures. Eur Spine J. 2013;22(6):1423-35.

16.  Tilkeridis K, Touzopoulos P, Ververidis A, Christodoulou S, Kazakos K, Drosos
Gl. Use of demineralized bone matrix in spinal fusion. World J Orthop. 2014;5(1):30-7.
17.  Shepard NA, Rush AJ, 3rd, Scarborough NL, Carter AJ, Phillips FM.
Demineralized Bone Matrix in Spine Surgery: A Review of Current Applications and
Future Trends. Int J Spine Surg. 2021;15(s1):113-9.

18. Hench LL. The story of Bioglass. J Mater Sci Mater Med. 2006;17(11):967-78.
19. Kaur G, Pandey OP, Singh K, Homa D, Scott B, Pickrell G. A review of bioactive
glasses: Their structure, properties, fabrication and apatite formation. J Biomed Mater
Res A. 2014;102(1):254-74.

16



O©CoO~NOUAWNE

O©CoOoO~NO O WDN P

20. Massera J. 10 - Bioactive glass-ceramics: From macro to nano. In: Guarino V,
lafisco M, Spriano S, editors. Nanostructured Biomaterials for Regenerative Medicine:
Woodhead Publishing; 2020. p. 275-92.

21.  Kirk JF, Ritter G, Waters C, Narisawa S, Millan JL, Talton JD. Osteoconductivity
and osteoinductivity of NanoFUSE(®) DBM. Cell Tissue Bank. 2013;14(1):33-44.

22. Cheng H, Jiang W, Phillips FM, Haydon RC, Peng Y, Zhou L, et al. Osteogenic
activity of the fourteen types of human bone morphogenetic proteins (BMPs). J Bone
Joint Surg Am. 2003;85(8):1544-52.

23.  Siffert RS. The role of alkaline phosphatase in osteogenesis. J Exp Med.
1951;93(5):415-26.

24. Huber E, Pobloth AM, Bormann N, Kolarczik N, Schmidt-Bleek K, Schell H, et al.
(*) Demineralized Bone Matrix as a Carrier for Bone Morphogenetic Protein-2: Burst
Release Combined with Long-Term Binding and Osteoinductive Activity Evaluated In
Vitro and In Vivo. Tissue Eng Part A. 2017;23(23-24):1321-30.

25. Maddox E, Zhan M, Mundy GR, Drohan WN, Burgess WH. Optimizing human
demineralized bone matrix for clinical application. Tissue Eng. 2000;6(4):441-8.

26. ZhuY, Zhang X, Chang G, Deng S, Chan HF. Bioactive Glass in Tissue
Regeneration: Unveiling Recent Advances in Regenerative Strategies and Applications.
Adv Mater. 2025;37(2):2312964.

27. Pajamaki KJ, Andersson OH, Lindholm TS, Karlsson KH, Yli-Urpo A. Induction of
new bone by allogeneic demineralized bone matrix combined to bioactive glass
composite in the rat. Ann Chir Gynaecol Suppl. 1993;207:137-43.

28. Pajamaki KJ, Andersson OH, Lindholm TS, Karlsson KH, Yli-Urpo A, Happonen
RP. Effect of bovine bone morphogenetic protein and bioactive glass on demineralized
bone matrix grafts in the rat muscular pouch. Ann Chir Gynaecol Suppl. 1993;207:155-
61.

29. Pajamaki KJ, Andersson OH, Lindholm TS, Karlsson KH, Yli-Urpo A, Laippala P,
et al. Effect of glass bioactivity on new bone development induced by demineralized
bone matrix in a rat extraskeletal site. Arch Orthop Trauma Surg. 1994;113(4):210-4.
30. Wang X, Molino BZ, Pitkanen S, Ojansivu M, Xu C, Hannula M, et al. 3D
Scaffolds of Polycaprolactone/Copper-Doped Bioactive Glass: Architecture Engineering
with Additive Manufacturing and Cellular Assessments in a Coculture of Bone Marrow
Stem Cells and Endothelial Cells. ACS Biomater Sci Eng. 2019;5(9):4496-510.

31. Chen Q, Zhu C, Thouas GA. Progress and challenges in biomaterials used for
bone tissue engineering: bioactive glasses and elastomeric composites. Prog Biomater.
2012;1(2):2.

32. Rodriguez JP, Rios S, Gonzalez M. Modulation of the proliferation and
differentiation of human mesenchymal stem cells by copper. J Cell Biochem.
2002;85(1):92-100.

17



Table(s)(Editable version)

1 Table 1: Validation of Controls and Assay Criteria for Alkaline Phosphatase Activity.

Controls and Validity Criteria Result
BMP>=2X the negative control (cell Lysate) PASS
AP Standard Curve R2 is > 0.98 PASS
Protein Standard Curve R2 is >0.98 PASS
The Cell Lysate negative control <= 0.100 PASS
The Lysis Buffer Blank negative control <=0.100 PASS

3 BMP, bone morphogenetic proteins; AP, Alkaline Phosphatase


https://www2.cloud.editorialmanager.com/bone/download.aspx?id=704160&guid=9f607b01-0054-45f5-a293-7969a069f5f0&scheme=1
https://www2.cloud.editorialmanager.com/bone/download.aspx?id=704160&guid=9f607b01-0054-45f5-a293-7969a069f5f0&scheme=1

Table 2: Summary of Alkaline Phosphatase Activity Results Across Test Groups and

Concentrations.

Sample Concentration Tested Specific Activity AP Units/mg
Test Groups
Number (mg/well) Protein
50 <LOQ (< 8.132)
BAG/Gel
SNO001 20 < LOQ (< 6.277)
50 > Upper Assay Limit (> 92.473)
Nano-BAG+DBM/Gel
SNO002 20 19.974
50 > Upper Assay Limit (> 72.569)
DBM/Gel
SN003 20 13.815
50 > Upper Assay Limit (> 94.420)
Wet/Frozen DBM
SNO004 20 > Upper Assay Limit (> 64.885)

BAG, Bioactive glass; DBM, Demineralized Bone Matrix; Nano-BAG+DBM, Nano-Bioactive

glass and Demineralized Bone Matrix combination; AP, Alkaline Phosphatase; LOQ, Limit of

Quantification.
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Highlights

[

Highlights

1.

2.

Nano-BAG+DBM exhibited greater osteoinductive potential than DBM or BAG alone.
Nano-BAG+DBM induced the highest AP activity among gel-based formulations.
DBM alone demonstrated substantial AP activity but was surpassed by Nano-
BAG+DBM.

BAG alone showed the lowest osteoinductive potential.

DBM in gel formulation showed lower AP activity than Wet/Frozen DBM.





