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Highlights 

• Salmon bone waste is upcycled into a sustainable nano-hydroxyapatite biomaterial. 
• The critical-sized calvarial defect model in rats demonstrated enhanced long-term bone regeneration, with 

complete closure by day 60, post-implantation with the salmon biograft. 
• Early healing (day 30) was faster with bovine and human xenografts, but these materials did not achieve 

full closure by day 60. 
• Porcine and synthetic grafts showed moderate regeneration, and empty defects healed slowly, confirming 

the need for grafting. 
• Biochemical and histological analyses confirmed the safety and osteogenic potential of with the salmon 

biograft. 
• Regenerative outcomes were at least comparable or even superior to commercial grafts. 
• This positions salmon-derived HAp as a viable, sustainable alternative for clinical tissue engineering. 

Abstract 

The growing global demand for safe, effective, and sustainable bone regeneration materials is 
accelerating the search for innovative alternatives to conventional grafts. Transforming fishery by-
products into high-performance biomaterials offers a unique opportunity to address both clinical 
needs and environmental sustainability. In two previous studies, we developed a nano-
hydroxyapatite biomaterial (nanoS-HAp) from Chilean salmon (Salmo salar) backbone waste using a 
modified, simplified, and cost-effective alkaline hydrolysis–calcination method. This sustainable 
process produced a highly crystalline, Ca/P-balanced, nano-structured material with excellent 
physico-chemico-mechanical properties and superior in vitro biocompatibility and osteoconductivity 
compared to widely used synthetic and xenogeneic hydroxyapatites. Building on these findings, the 
present study provides the first in vivo evaluation of our salmon-derived hydroxyapatite (SAHA). A 
critical-sized, non-vascularized calvarial defect model was established in 21 Sprague Dawley rats, 
with systemic safety and local de novo bone regeneration assessed at 15-, 30-, and 60-days post-
implantation. Hematological and biochemical profiles showed no significant deviations from control 
values, while radiographic and histological analyses revealed enhanced bone callus formation and 
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defect closure, with outcomes comparable to leading commercial bovine and human grafts. These 
results confirm the biocompatibility, osteogenic efficacy, and cost-friendly potential of SAHA in vivo. 
By transforming fishery waste into a high-performance and implantable HAp, this malleable material 
represents a promising and sustainable alternative for bone regeneration and repair. 

Keywords: hydroxyapatite; salmon-derived biomaterial; sustainable bone graft; bone tissue 
regeneration; osteoconductivity; biocompatibility; calvarial defect model; preclinical 
 

1. Introduction 

Bone grafting, augmentation, and related procedures—including tissue regeneration: 
regeneration, restoration, reconstruction, replacement, and repair—rank among the most commonly 
performed interventions worldwide, second only to blood transfusion, with over two million cases 
annually, and demand continuing to rise. [1,2]. Despite their widespread use, 
conventional/traditional graft materials—autografts, allografts, xenografts, and synthetic 
substitutes—are often limited by donor site morbidity, restricted availability, high cost, immunogenic 
risks, restricted malleability, and sub-optimal biological performance, amongst others [3]. These 
challenges underscore the urgent need for innovative biomaterials that can safely and effectively 
promote localized de novo bone regeneration [3]. Henceforth, biomaterials that actively, safely and 
efficaciously, induce, enhance, and accelerate biomineralization, osteo-conduction, and -induction 
are particularly valuable in advancing orthopaedic, oro-dental, and cranio-maxillo-facial therapies 
[3–5]. 

Hydroxyapatite (HAp: Ca_10(PO_4)_6(OH)_2), the primary mineral component of bone, is 
extensively used in bioceramics due to its biocompatibility and osteoconductive properties [6,7]. 
While HAp can be sourced from synthetic and natural origins including human and animal bones, 
fish bones have recently gained attention as a sustainable and abundant alternative. This approach 
leverages the considerable volume of fish bone waste generated globally by the fishing and 
aquaculture industries, which otherwise presents environmental disposal challenges. Indeed, Chile’s 
salmon farming industry, a significant global supplier, produces large quantities of byproducts such 
as scales, skin, and bones [8]. Valorization of these residues is essential to address environmental 
concerns while providing economic and health benefits [5]. Henceforth, extracting hydroxyapatite 
from salmon bones offers a sustainable, environment-friendly, and low-cost route to novel 
biomaterials, with potential advantages over traditional sources including prion safety, cultural and 
religious acceptability when compared to bovine or porcine materials [7,9–13]. 

 

Figure 1. From Waste to Graft: Progression from Hydroxyapatite (HAp) Extraction, Production, and in vitro 
Characterization to Pre-Clinical Evaluation of Salmon Fishbone-Derived HAp in an Animal Model as a safe, 
effective and sustainable Bone Graft Material. 
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In our previous work [10], we developed a novel nano-structured salmon backbone-derived 
hydroxyapatite (nanoS-HAp) using a modified, simplified, and optimized alkaline hydrolysis–
calcination process and demonstrated its superior physico-chemico-mechanical properties, optimal 
Ca/P ratio, and enhanced in vitro biocompatibility relative to conventional HAp sources [10]. We 
subsequently fine-tuned the extraction process at lab scale, confirming the material’s high 
crystallinity and favorable nano-scale features, suitable for clinical and surgical bone tissue 
engineering applications [11]. Herein, following and building on these foundational in vitro studies, 
the present work focuses on evaluating the osteogenic efficacy and biocompatibility of salmon-
derived hydroxyapatite (nanoS-HAp) in vivo. We investigate its bone regenerative potential and 
systemic safety using a critical-sized calvarial defect model in rats, aiming to demonstrate SAHA as 
a bio-effective, malleable, and sustainable alternative to conventional bone grafts, with a substantial 
potential for translation; evaluation in clinical trials, and practical use in surgeries. 

2. Materials and Methods 

Extraction, Synthesis, and Characterization of Salmon-Derived Hydroxyapatite 

The hydroxyapatite material (nanoS-HAp) used in this study was derived, extracted and 
produced from salmon fish backbone via a novel, patent-pending alkaline hydrolysis–calcination 
process developed and optimized in our collaborative laboratories [10,11]. This processing protocol 
efficiently isolates the mineral phase by removing organic components such as proteins and lipids, 
yielding a high-purity nano-structured hydroxyapatite (nanoS-HAp). Physico-chemical and 
mechanical characterization including X-ray diffraction, Raman spectroscopy, electron microscopy, 
and spectroscopy, to mention a few, demonstrated that the resulting nanoS-HAp exhibits a highly 
crystalline structure with an optimal Ca/P ratio and nano-scale morphology suitable and favorable 
for de novo bone regeneration. Moreover, the SAHA material’s biocompatibility, cellular/tissular 
characteristics, and osteoinductive properties were also previously confirmed through extensive in 
vitro cell viability and biological assays, positioning our nanoS-HAp/SAHA as a promising 
biomaterial for regenerative medicine indications and applications (i.e. particularly well-suited for 
simple and complex bone regeneration and repair applications— comparable to or even surpass those 
of synthetic, human, bovine, and porcine hydroxyapatite, positioning it as a promising candidate for 
use in tissue bio-engineering, wound healing, and bone regenerative and reparative interventions 
[10,11]. Here, we advance to assess the pre-clinical characteristics and bio-performance of nanoS-
HAp/SAHA, in vivo. 

Experimental Animals and Study Design 

Twenty-one healthy male adult rats, laboratory-born/-bred, weighing between 250 and 300 
grams, were randomized into three main groups of seven animals each. Each group corresponded to 
one of three post-operative evaluation time points: 15, 30, and 60 days. Within each time group, 
animals were sub-divided to receive different grafting materials, for comparative analysis. Animals 
were housed in a controlled environment, under standardized conditions, and routinely monitored 
and assessed for health and welfare. Sprague–Dawley rats were used for the in vivo experiments, as 
the critical-sized calvarial defect model in this species is a gold-standard approach for assessing the 
osteo-conductive and osteo-inductive potential of novel bone grafting materials, providing 
reproducible, quantifiable outcomes that closely mimic clinical challenges in cranio-maxillo-facial 
bone repair. The calvarial model offers a flat, easily accessible site with minimal movement, allowing 
for standardized defect sizes (often 5 mm in rats, which is “critical-size,” meaning it won’t heal 
spontaneously) — ideal for assessing new material performance in a controlled setting. It also serves 
as a validated preliminary step toward dental (such as alveolar ridge augmentation post-exodontia 
and sinus floor elevation/lift procedures) and certain non-load-bearing orthopaedic applications such 
as segmental defects. 

Surgical Procedure 
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Under general anesthesia, a linear incision was made along the cranial midline after depilation. 
Using a scalpel with a 15-blade and surgical retractors, the parietal bone was exposed. A critical-sized 
calvarial defect (5 mm diameter) was created with a surgical micromotor (NSK SurgiPro, Japan) fitted 
with a #3 round drill bit, operating at 800 rpm under constant sterile saline irrigation. Care was taken 
not to perforate the dura mater when removing the bone fragment. Hemostasis was achieved using 
sterile gauze as was needed. 

The defect was then filled with one of the following graft materials/treatments: 
• C-0: Negative control (no graft material) 
• E-1: Synthetic HAp (SHA) (Sigma Aldrich®, Germany) 
• E-2: Porcine xenograft HAp (PHA) (The Graft, Pure Biologics, USA) 
• E-3: Bovine xenograft HAp (BHA) (Mineross Cortical X, Biohorizons, USA) 
• E-4: Human allograft HAp (HHA) (OraGraft Mineralized Cortical, Lifenet Health, USA) 
• E-5: Salmon biograft HAp (SAHA) 
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Figure 2. Pre-Clinical Surgical Protocol. Workflow for creating standardized cranial defects in rats and applying 
the experimental bone graft materials. After preparing the armamentarium and animals, defects are created and 
measured for uniformity, then grafts are applied according to randomization (N = 21, incl. empty/void control 
defects). 

Assigned graft materials were carefully inserted into the defect, packed gently to fill the space, 
and shaped to conform to the defect margins. After re-ensuring the complete and uniform graft 
placement, the subcutaneous tissue and skin were closed in layers using a 3.0 nylon thread suture. 
Post-operative analgesia (Tramadol, 20–40 mg/kg) was administered subcutaneously every 12 hours 
for 48 hours starting at anesthesia induction. Antibiotic prophylaxis with Enrofloxacin (10 mg/kg) 
was given in 2 subcutaneous doses: pre-operative and post-operative. Animals were monitored post-
operatively for pain, infection, and general health, with analgesics administered according to 
institutional guidelines. All procedures were performed under aseptic conditions and in accordance 
with institutional animal care and use protocols approved by the Scientific Ethics Committee and the 
BioResearch Center of the Universidad de los Andes in Santiago de Chile. 

Euthanasia and Biological Waste Management 

Animals were euthanized on post-operative days 15, 30, and 60 by intra-peritoneal overdose of 
ketamine (300 mg/kg) and xylazine (30 mg/kg). Remains were handled in accordance with the 
biosafety protocols of the BioResearch Center and Universidad de los Andes, and disposed of by STU 
Ltda in compliance with institutional guidelines, with the harvested samples promptly collected for 
processing, imaging, and histological analyses. 

Biocompatibility Analysis 

Blood samples were also collected via saphenous vein puncture under general anesthesia 
(ketamine/xylazine 100/10 mg/kg). Baseline samples were taken pre-surgery; and follow-up samples 
were collected at 30 and 60 days post-op. Serum biochemical parameters measured included total 
protein, albumin, total bilirubin, AST, ALT, alkaline phosphatase, glucose, cholesterol, triglycerides, 
BUN, lactic acid dehydrogenase, creatinine, sodium, potassium, chloride, calcium, phosphorus, and 
magnesium. Hematologic analysis covered erythrocytes, leukocytes, neutrophils, lymphocytes, 
monocytes, eosinophils, basophils, hemoglobin, hematocrit, and platelets, using an automated 
hematologic analyzer. C-reactive protein (CRP) levels were also assessed as an immune status 
indicator. Blood was centrifuged at 1000g for 10 minutes and plasma stored at –80°C until analysis. 

Imaging Analysis 

Bone regeneration was evaluated using three-dimensional cone beam computed tomography 
(ConeBeam CT, Sirona Orthophos XG, Spain). Following euthanasia, rats were transported according 
to biosafety protocols to the imaging facility. Bone density within the defect, both centrally and at 
margins, was quantified. The defect’s aspect ratio was calculated as the transverse width divided by 
the sagittal length, providing a dimensionless measure of defect shape. Imaging was performed at 
15, 30, and 60 days post-surgery. 

Histological Analysis 

Specimens were fixed in 10% neutral-buffered formalin, rinsed, and decalcified in 18% 
ethylenediaminetetraacetic acid (EDTA). Each sample was bisected longitudinally along the 
centerline of the surgical defect and then sectioned at 10 μm thickness. Sections were then mounted 
on slides and stained with hematoxylin and eosin (H&E), Von Willebrand factor (vWF), and alpha 
smooth muscle actin (α-SMA). Antigen retrieval was performed with proteinase K, for 20 minutes at 
37°C. Images were captured by a single blinded examiner using an optical microscope equipped with 
a digital camera at 40× and 200× magnifications to evaluate de novo (new) bone formation within the 
calvarial defects. 
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3. Results 

3.1. Biocompatibility Analysis 

Biochemical and hematological analyses were conducted to evaluate the systemic health of rats 
at 30 and 60 days post-graft implantation. Table 1 summarizes the key parameters, including 
inflammatory markers, indicators of kidney and liver function, and mineral levels relevant to bone 
metabolism. Briefly, these measurements were selected to provide a comprehensive assessment of 
the animals’ physiological status, ensuring that the implanted graft materials did/not provoke any 
significant adverse systemic effects. Herein, C-reactive protein (CRP), a sensitive marker of systemic 
inflammation, showed no significant differences among the graft groups and controls at either time 
point, suggesting that the biomaterials did not elicit inflammatory or immune reactions. Kidney 
function markers, including creatinine and urea, also remained stable across groups, indicating 
preserved renal function and the absence of nephrotoxicity associated with graft implantation. Liver 
function tests—including alkaline phosphatase, alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and bilirubin—were comparable between grafted and control animals, 
further supporting the systemic safety of the materials. The ALT/AST ratio remained below 1 in all 
cases, consistent with the absence of liver injury or inflammation (any mild elevation in AST is more 
likely of a non-hepatic origin). In the context of this study, the ratio below 1 across all graft groups 
suggests that the implantation of SAHA did not induce hepatocellular damage, systemic stress, or 
inflammation. This finding further supports the hepatic safety of nanoS-HAp and suitability for 
clinical applications, including repeated or long-term exposure interventional scenarios. 

Hematological parameters, including hemoglobin concentration, leukocyte counts, and platelet 
numbers, were similarly unaffected by the implanted grafting materials. These results collectively 
indicate that the salmon-derived hydroxyapatite materials were well tolerated and did not induce 
hematological disturbances or systemic toxicity over the course of the study. Therefore, the findings 
support the biocompatibility of our novel material and its suitability to advance to clinical evaluation 
in bone regeneration applications. 

Table 1. Biochemical and Hematological Profiles of Rats implanted with Salmon-derived HAp (SAHA) and 
the other commercial grafting materials at 30 and 60 days post-operatively. CRP: C-Reactive Protein; ALP: 
Alkaline Phosphatase; ALT: Alanine Aminotransferase; AST: Aspartate Aminotransferase; Urea: Blood 
Urea Nitrogen; CTRL: Control Defect. 

 

3.2. Imaging Analysis 

CBCT or cone beam computed tomography was employed to evaluate localized bone defect 
regeneration at 15, 30, and 60 days post-implantation. At 15 days, the calvarial defects treated with 
the SAHA graft material and the bovine xenograft or BHA exhibited smaller diameters relative to the 
other groups, accompanied by an evident bone callus formation indicative of an increased metabolic 
activity. However, the newly-regenerated bone surface did demonstrate slight irregularities and 
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heterogeneity in tissue growth patterns. Interestingly, at the 60 days time-point, the smallest calvarial 
defect diameter was observed in the SAHA group, suggesting superior bone regeneration. In 
contrast, defects treated with other grafts displayed slightly larger diameters than the empty defect 
controls, which followed natural healing patterns, typical to the rat model. Herein, these findings 
demonstrate that SAHA promotes more rapid and organized bone formation, with enhanced closure 
of critical-sized defects. Representative CBCT images at 15 days are shown in Figure 3, illustrating 
early bone growth with the SAHA (A) and BHA (B) grafts. 

 

Figure 3. Cone-Beam CT (CBCT) Imaging of Cranial Defects at 15 Days Post-op. CBCT is used to visualize 
graft placement, integration and osteogenesis. (A) Salmon-derived HAp (SAHA) graft showing placement and 
early integration within the calvarial defect. (B) Bovine HAp (BHA) graft in a comparable defect, illustrating 
graft position and initial bone interface. SAHA demonstrates superior performance compared with to BHA. 

3.3. Histological Analysis 

Histological examination was performed to assess new bone formation, inflammatory response, 
and graft integration at 15, 30, and 60 days post-implantation. At 15 days, and as expected, all grafted 
samples exhibited pronounced inflammatory signs, including infiltration of immune cells and 
multinucleated giant cells surrounding the implanted materials, reflecting the initial host response to 
foreign biomaterials. By day 30, the inflammation persisted only in the human allograft group, 
correlating with delayed superficial wound healing and higher pain scores as assessed using the rat 
Grimace scale. In contrast, the other graft-treated groups showed a progressive resolution of early 
inflammatory responses, indicating a favorable tissue tolerance. By day 60, inflammatory signs were 
absent across all groups, consistent with normal healing and graft acceptance. 

Encapsulation of the graft material was observed in all groups at early time points. In the SAHA 
samples, encapsulation was evident at d15 and d30, and by d60, vital bone tissue was observed within 
the encapsulated areas alongside the residual graft material, demonstrating ongoing osteointegration 
and gradual replacement of the graft with newly- formed bone. Furthermore, graft efficacy, evaluated 
based on the resolution of inflammation, bone formation, and graft integration, indicated that the 
porcine xenograft performed most effectively, closely followed by the salmon-derived 
hydroxyapatite grafte material (SAHA). It was noted that the bovine xenograft and synthetic HAp 
grafts exhibited moderate performance, while the human allograft demonstrated the least efficacy 
among the materials tested. Hence, the ranking of graft performance from most to least effective was: 
porcine xenograft, salmon biograft, bovine xenograft, synethic, and finally the human allograft. 
Representative histological sections from rats implanted with salmon, bovine, and human grafts at 
days 15, 30, and 60 are shown in Figure 4, illustrating progressive bone formation, resolution of 
inflammation, and graft integration over time. 
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Figure 4. Hematoxylin-Eosin (H&E) Stained Microscopic Images of the Defects. (A–C) Salmon-derived HAp 
(SAHA) graft at 15, 30, and 60 days. Graft remnants are still visible at day 60, with noticeable bone bridging 
beneath, leading to complete defect closure. (D–F) Bovine HAp (BHA) graft at 15, 30, and 60 days. Graft remnants 
persist until day 60, with no defect closure and an intense fibrous and inflammatory response at day 30. (G–I) 
Human-derived HAp (HHA) graft at 15, 30, and 60 days. Graft remnants remain, with larger particle size and 
lack of defect closure; the intense fibrous and inflammatory response observed at d30 diminishes by d60. Graft 
remnants are indicated with (*). 

4. Discussion 

Bone formation is initiated by newly differentiated osteoblasts, which secrete an unmineralized 
extracellular matrix termed osteoid, composed primarily of collagen type I and other organic proteins 
that provide the structural framework for mineral deposition. This osteoid undergoes a tightly 
regulated biomineralization process, in which calcium (Ca²⁺) and phosphate (PO₄³⁻) ions from 
physiological fluids nucleate and crystallize to form hydroxyapatite (HAp: Ca₁₀(PO₄)₆(OH)₂), the 
primary mineral component of bone [9–12]. This de novo bone formation, or osteogenesis, relies not 
only on the physical availability of calcium and phosphate but also on the local chemical environment 
and signaling cues that regulate osteoblast differentiation, maturation, and extracellular matrix 
mineralization [2–4,12]. HAp serves as more than a structural scaffold; its surface chemistry and 
nanoscale features influence protein adsorption, ion exchange, and growth factor binding, thereby 
modulating cellular signaling pathways, including BMP, Wnt/β-catenin, and integrin-mediated 
mechano-transduction, which collectively guide the proliferation and differentiation of 
osteoprogenitor cells [9–12]. The precise stoichiometry, crystallinity, and nanoscale morphology of 
HAp are therefore critical determinants of both the speed and quality of bone regeneration, ultimately 
dictating the expansion of the mineralized bone matrix and the successful integration of graft 
materials within a defect [2–4,9–13]. 

Our present in vivo study demonstrated that rats implanted with salmon-derived 
hydroxyapatite (SAHA) exhibited normal renal function and stable liver enzyme profiles, with 
ALT/AST ratios consistently below 1, indicating the absence of systemic toxicity or hepatocellular 
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injury. Hematological parameters, including leukocyte, platelet, and hemoglobin counts, remained 
within the normal ranges, suggesting a stable immune response and preserved coagulation function 
post-implantation, without adverse hematological effects. These findings align with previous 
observations for HAp-based biomaterials [9,14–17], reinforcing the local and systemic safety and 
biocompatibility of our SAHA. 

Notably, animals receiving the salmon biograft showed markedly enhanced de novo bone 
regeneration, evidenced by reduced defect diameters and robust bone callus formation (Tables 2–4); 
a superior osteogenic performance consistent with the high biocompatibility and bioactivity 
previously observed in vitro [10–12,14]. Cyto-compatibility assays using C2C12 myoblasts and 
mouse embryonic fibroblasts confirmed that SAHA supports cell viability and proliferation 
significantly better than other HAp sources, with >90% cell viability even at higher concentrations 
(100–200 μg/mL). Such cellular responses indicate that SAHA provides a favorable 
microenvironment for localized osteogenesis, promoting adhesion, proliferation, and differentiation 
of osteoblasts into/within the site. 

Table 2. Sagittal CBCT-measured residual cranial defect diameters (mm) over time in 21 rats. Values represent 
mean sagittal residual defect diameters at each post-operative time point, measured using CBCT. Interpretation: 
Smaller Average = More Healing (0 mm = fully healed); SAHA provided best long-term healing (fully regenerated and 
closed defect at d60). 

 

Table 3. Transverse CBCT-measured residual cranial defect diameters (mm) over time in 21 rats. Values 
represent mean transverse residual defect diameters at each post-op time point, measured using CBCT. 
Interpretation: Smaller Average = More Healing (0 mm = fully healed); SAHA provided best long-term healing (fully 
regenerated/closed defect at d60). BHA and HHA compete for early-healing but with residual defects (incomplete repair) by 
day 60. 

 

Table 4. Average residual (combining sagittal and transverse) CBCT-measured cranial defect diameters (mm) 
over time in 21 rats. Values represent the mean residual defect diameters measured using CBCT in 21 rat cranial 
defects (5.0 mm initial diameter). Sag = Sagittal diameter, Trans = Transverse diameter, Avg = (Sagittal + 
Transverse) ÷ 2. Interpretation: Average values provide a single-metric overview of healing progression over time. 
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The outcomes of this in vivo study are consistent with, and directly extend, our previous in vitro 
findings [10,11], which had established the physico-chemical, structural, and cytological attributes of 
the salmon-derived HAp material relevant to bone regeneration. Indeed, physico-chemical 
characterization and analysis via XRD (X-ray diffraction) and Raman spectroscopy confirmed that 
the SAHA material possesses a highly crystalline structure with crystallite sizes up to 60.38 nm, which 
is within the optimal nano-scale range for new bone regeneration [2,4,10–12,14–17]. SEM/EDS 
analysis revealed a slightly elevated Ca/P ratio relative to stoichiometric HAp (1.67), consistent with 
reports suggesting enhanced bioactivity at these ratios [4,10–12,14–17]. Raman spectra identified key 
phosphate (PO₄³⁻) functional groups without detectable carbonate (CO₃²⁻) or hydroxyl (OH⁻) peaks, 
suggesting a distinctive mineral phase that may underlie SAHA’s unique biological performance [15–
19]. Furthermore, the structural and compositional properties of SAHA likely underpin its superior 
bioactivity, promoting osteoblast adhesion, proliferation, and differentiation, which collectively 
enhance in vivo bone regeneration. In contrast, other graft materials, including bovine and human-
derived HAp, showed less favorable outcomes, with larger defect diameters and, in the case of 
human allografts, persistent early inflammation. This chronic inflammatory response in the human 
graft group underscores potential immunogenicity issues absent in SAHA and other grafts, 
reinforcing our salmon-derived hydroxyapatite as a safer alternative. Furthermore, the encapsulation 
of exogenous material with fibrous tissue occurred in approximately 72% of SAHA-treated samples, 
likely due to particle size (250–1000 μm) relative to the 5 mm rat calvarial defects. While indicative of 
a typical foreign body response to particulate grafts, this encapsulation did not impair overall bone 
regeneration. Optimization of particle size distribution may further enhance graft integration and 
promote uniform bone growth. Although the rat critical-size calvarial model is a well-established 
platform for comparative evaluation of bone grafts, clinical translation will require testing in models 
that better replicate complex human defect geometries encountered in oral, cranio-maxillo-facial, and 
non-load-bearing orthopedic surgeries [20]. Nonetheless, our reproducible and simplified extraction 
process/protocol [10,11]—combining alkaline hydrolysis, defatting, and calcination—provides a cost-
friendly, environmentally sustainable and/or attractive alternative source and scalable technical 
method to competently produce bioactive nano-scaled HAp with favorable physico-chemico-
mechanico-biological properties. 

Collectively, these results demonstrate that salmon bone-derived nano-hydroxyapatite (SAHA) 
is a promising bone graft material, combining excellent in vitro cytocompatibility, optimal the 
structural and compositional properties, and effective in vivo osteoconductivity and pre-clinical 
biocompatibility. Beyond its regenerative performance and potential, SAHA can represent a model 
for sustainable biomaterial production from fishery waste, addressing both environmental and 
clinical needs in bone regeneration and repair. 

5. Conclusions 

The present study demonstrates that hydroxyapatite derived from Chilean salmon bone (nanoS-
HAp/SAHA) exhibits excellent and highly-promising osteo-conductive, -inductive and 
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biocompatible properties in vivo, comparable to established and commonly-used commercial bone 
grafts including bovine, porcine, and human allografts. The biochemical and hematological profiles 
of rats implanted with nanoS-HAp /SAHA remained stable, with no significant deviations from 
controls, indicating the absence of systemic toxicity or organ dysfunction. Notably, rats receiving the 
salmon biograft showed enhanced and accelerated de novo bone regeneration, evidenced by 
significantly smaller defect diameters and robust bone callus formation, thereby underscoring the 
osteogenic potential of this new biomaterial. It is nonetheless noteworthy that while some 
heterogeneity in bone growth was observed—likely due to particle size or graft handling—the overall 
transient inflammatory response supports SAHA as a safe and effective bone graft substitute. 
Building on the previous in vitro studies demonstrating nanoscale crystalline structure, optimal Ca/P 
ratio, and strong bioactivity, this in vivo validation further establishes SAHA as a viable, bioactive 
scaffold for bone regeneration and repair. Moreover, the reproducible, cost-effective extraction 
process from sustainably sourced fish bone waste provides an environmentally friendly and cost-
effective alternative to traditional mammalian-derived grafts, aligning with the growing need for 
novel regenerative biomaterials and substitutes, that are effective, attainable, and ecologically 
responsible. To the best of knowledge, we strongly believe that SAHA represents a significant 
advancement in bone tissue engineering, merging scientific innovation with sustainability. Our 
ongoing research aims to optimize material processing for more consistent bone regeneration, extend 
preclinical studies to larger animal models, and advance toward clinical translation, including 
evaluation in clinical trials. These efforts hold promise for improving patient outcomes in osseous 
regenerative therapies while simultaneously addressing the challenges of biowaste valorization and 
promoting sustainability in biomedical and dental materials. 
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