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INTRODUCTION
Bone tissue is an exceptional material that surpasses most 
artificial materials in strength. It is also flexible and resistant 
to various mechanical stresses. Bone tissue undergoes 
constant metabolic and structural changes, driven by 
the activity of osteoclasts, which break down bone, and 
osteoblasts, which build new bone. This process prevents 
damage accumulation, maintains mechanical strength, 
and regulates calcium metabolism [1]. Bone tissue also 
contains osteocytes and an extracellular matrix, which 
enable bones to perform essential functions in the body 
[2]. Both bones and muscles arise from the paraxial meso-
derm, developing together to form the musculoskeletal 
system, which functions as an integrated unit [3].

Hydroxyapatite, a complex material with the chemical 
formula Ca10(OH)2(PO4)6, shares a structure similar to the 
inorganic matrix of bone. Due to its similarity to natural 
bone, hydroxyapatite has been explored as a potential 
bone substitute [4]. Bone is primarily composed of miner-
als, with hydroxyapatite being the dominant component. 

The physicochemical properties of hydroxyapatite affect 
the characteristics of bone. However, natural hydroxy-
apatite differs significantly from its synthetic counter-
part, particularly in the presence of trace elements like 
strontium and magnesium. Synthetic hydroxyapatite 
offers benefits such as chemical purity and structural 
predictability, but it has drawbacks, especially in surgical 
settings where it may exfoliate. It is also brittle and has 
low resistance to cracking and stretching, leading to its 
reduced use in clinical practice [5].

Nanotechnology has advanced the development of 
inorganic transplantation methods, enabling the pro-
duction of nanohydroxyapatite (nHA). This technology 
enhances the predictability of the material’s regenerative 
properties, allowing for more accurate and long-lasting 
bone defect repairs and improved integration with sur-
rounding bone tissue [6]. In vivo studies have shown that 
nHA can also serve as a carrier for antimicrobial drugs, 
offering controlled antibiotic release while providing a 
scaffold for bone repair at defect sites.
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Since ancient times, clinicians have struggled with 
treating intramedullary defects, which are challeng-
ing to manage due to their location. Hydroxyapatite 
presents a promising solution because of its ease of 
use, resistance to mechanical damage, and strong ad-
hesion. It is also useful for filling bone cavities left after 
the surgical removal of infected bone or tumors. While 
autogenous grafts remain the most effective option, 
their limited availability poses a significant challenge. 
Allogeneic transplantation is another possibility, but it 
carries the risk of disease transmission from donor to 
recipient. Inorganic transplantation, however, offers 
significant advantages, including nearly unlimited 
availability and no risk of pathogen transmission [7].

This review will examine the potential clinical applica-
tions of nanohydroxyapatite, comparing its effectiveness 
and applicability with other organic and inorganic ma-
terials. It will also assess its use in treating bone defects. 
Encouraging results from animal studies and applications 
in various medical fields suggest that nanohydroxyapa-
tite holds great promise for orthopedic use [8].

MATERIALS AND METHODS
A comprehensive review of the literature was con-
ducted using PubMed and Google Scholar to identify 
relevant studies on nanohydroxyapatite, synthetic 
scaffolds, bone defects, bone infections, and osteo-
myelitis. The search strategy employed a combination 
of keywords, such as “nanohydroxyapatite” and “bone 
defect,” “nanohydroxyapatite” and “synthetic scaffolds,” 
and related terms to capture a wide array of studies 
within the scope of bone repair and regeneration. 

Articles were included in the review based on specific 
criteria:
•	� Studies that involved nanohydroxyapatite or syn-

thetic scaffolds in relation to bone defects, bone 
infections, or osteomyelitis.

•	� Articles published within the last 15 years to ensure 
the inclusion of the most up-to-date research.

•	 Studies published in English.
•	� Full-text articles available for review.
We excluded:
•	 Studies that were available only as abstracts.
•	 Articles in languages other than English.
•	� Articles published more than 15 years ago to main-

tain relevance and ensure the use of recent findings.

SEARCH RESULTS AND STUDY SELECTION
The initial search yielded approximately 1,000 articles 
across both databases. After applying the exclusion 
criteria, the pool was narrowed down to 25 studies most 

relevant to the specific focus of this review. Due to the 
limited availability of studies specifically focused on the 
clinical use of nanohydroxyapatite for bone defects and 
infections, we prioritized studies that met the outlined 
criteria and provided meaningful insights.

CLASSIFICATION OF STUDIES
The selected studies were then divided into two main 
categories:
1.	� In-vitro studies: These included experiments con-

ducted in laboratory settings, often involving cell 
cultures or synthetic bone environments to test the 
properties of nanohydroxyapatite and synthetic 
scaffolds.

2.	� In-vivo studies: These were further subdivided 
into studies conducted on animals and humans. 
Animal studies provided valuable insights into the 
biological responses to nanohydroxyapatite in living 
organisms, while human studies focused on clinical 
outcomes and the material’s effectiveness in treating 
bone defects or infections.

This methodological approach ensured that the review 
included a balanced representation of preclinical and 
clinical research, providing a broad perspective on the 
potential applications of nanohydroxyapatite in bone 
repair and infection management.

REVIEW 

NANOHYDROXYAPATITE

SYNTHESIS AND PROPERTIES OF 
NANOHYDROXYAPATITE
The formation process of nanohydroxyapatite (nHA) 
varies based on the synthesis method employed, with 
each approach influencing the resulting material’s 
properties. One of the most commonly used methods 
for synthesizing nHA is wet chemical precipitation, a 
process favored for its simplicity and lack of reliance 
on organic solvents. This method typically involves 
extracting calcium and phosphorus from inexpensive 
and readily available inorganic salts. The simplicity of 
the process and the minimal use of complex chemicals 
enable the production of nanohydroxyapatite at a rel-
atively low cost [9].

During wet chemical precipitation, calcium and 
phosphate ions are combined in an aqueous solution 
under controlled pH and temperature conditions. The 
resulting nanohydroxyapatite crystals are highly uni-
form, with properties such as size, morphology, and 
crystallinity being carefully regulated by adjusting 
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parameters like reaction time, temperature, and ionic 
concentrations. Wet precipitation is advantageous for 
its scalability and the ability to produce high yields of 
nanohydroxyapatite with consistent properties, making 
it an ideal method for large-scale production [9].

MODIFICATION OF NANOHYDROXYAPATITE
The properties of nHA, such as crystallinity, solubility, 
and morphology, can be significantly influenced by 
introducing various inorganic ions into its structure. This 
ion substitution allows researchers to tailor the material 
for specific biomedical applications without altering the 
crystal configuration of hydroxyapatite. For instance, 
the addition of magnesium ions (Mg2+) to nHA has 
shown promise in inhibiting cancer cell proliferation, 
making it a potential candidate for bone regeneration 
in cancer patients [10]. Magnesium-modified nHA 
exhibits lower crystallinity and increased solubility, 
which enhances its biodegradability and bioactivity, 
promoting better integration with natural bone tissue.

Similarly, the incorporation of silicon ions (Si4+) into 
the nHA matrix has been observed to enhance the 
proliferation and differentiation of osteoblasts, the 
cells responsible for bone formation. Silicon plays a 
crucial role in bone metabolism and regeneration, and 
its presence in nHA stimulates cellular activity, leading 
to faster bone growth and repair. Additionally, the 
substitution of iron ions (Fe3+) has been explored to 
improve osteoblast adhesion to the nHA surface. This 
modification enhances the material’s interaction with 
bone-forming cells, increasing its effectiveness as a 
scaffold for bone regeneration [10].

APPLICATIONS AND RESEARCH FOCUS
Due to its favorable properties and potential applica-
tions in bone repair and regeneration, nanohydroxyap-
atite has garnered significant interest from researchers 
in the fields of biomaterials and tissue engineering. The 
ability to modify the material’s surface structure with 
various ions enables the fine-tuning of its biological 
performance, allowing for applications beyond tradi-
tional bone substitutes. For example, ion-doped nHA 
has been studied for its potential use in drug delivery 
systems, where its surface can be functionalized to re-
lease therapeutic agents like antibiotics or anticancer 
drugs in a controlled manner.

As a result of these promising modifications, nano-
hydroxyapatite has been the focus of numerous in-vi-
tro studies, which have demonstrated its bioactivity 
and compatibility with human cells. These laboratory 
studies have laid the foundation for further in-vivo ex-

periments on animal models, where researchers have 
explored nHA’s performance in bone regeneration, 
wound healing, and infection management. The suc-
cessful outcomes from these preclinical studies have 
led to clinical trials in human patients, where nHA-
based scaffolds and implants are being tested for their 
effectiveness in treating bone defects, osteomyelitis, 
and other orthopedic conditions.

NANOHYDROXYAPATITE IN IN-VITRO 
STUDIES
To date, two notable in-vitro studies have investigated 
the effects of nanohydroxyapatite (nHA) in various bio-
logical contexts, providing insights into its biocompati-
bility and potential applications in tissue regeneration.

In a 2022 study conducted by Gusmão et al., the re-
searchers explored the cytotoxicity of nanohydroxyap-
atite, titanate nanotube (TiNT), and their combination 
(nHA-TiNT) on mouse fibroblasts. The study evaluated 
the viability of fibroblasts exposed to these materials 
at different concentrations – 1%, 2%, 3%, and 10% – 
comparing the results with a control group of untreated 
cells. The results showed that at all tested concentra-
tions, no cytotoxic effects were observed against the 
mouse fibroblasts. This indicates that both nHA and 
TiNT, as well as their combination, are biocompatible 
with fibroblasts and do not adversely affect cell viability, 
even at higher concentrations. The lack of cytotoxicity 
is a crucial finding, as it supports the potential use of 
nHA-based materials in medical applications such as 
bone regeneration, where cell survival is critical [11].

In another study, Zhang et al. investigated the effects 
of nanohydroxyapatite-doped gelatin (Gel-nHA) on 
mouse articular chondrocytes, cells responsible for 
cartilage production. This study aimed to compare 
Gel-nHA with non-doped gelatin (Gel) to assess their 
effectiveness in treating osteoarthritis. The study found 
that both Gel and Gel-nHA enhanced the migration and 
proliferation of chondrocytes, confirming their poten-
tial in forming acellular matrix scaffolds for cartilage 
regeneration. However, Gel-nHA demonstrated supe-
rior performance in promoting chondrocyte activity 
compared to the control Gel.

Moreover, chondrocytes cultured in Gel-nHA ex-
hibited increased secretion of critical cartilage matrix 
components, such as type II collagen and glycosami-
noglycans (GAG), which are essential for cartilage 
formation and integrity. Importantly, nHA also stimu-
lated chondrocyte mineralization and the production 
of type X collagen, which is involved in the process of 
endochondral ossification and contributes to the overall 
strength and stability of the cartilage. These findings 
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suggest that the presence of nHA in the Gel scaffold 
not only enhances cartilage regeneration but also im-
proves the quality and durability of the repaired tissue 
by promoting bone-cartilage integration. This positions 
Gel-nHA as a potentially superior material for articular 
cartilage repair over traditional Gel [12].

Both studies provide encouraging evidence for the 
biocompatibility and regenerative potential of nanohy-
droxyapatite in different cell types, laying the ground-
work for future research on its clinical applications in 
tissue engineering and regenerative medicine.

NANOHYDROXYAPATITE IN ANIMAL 
STUDIES
We reviewed eight animal studies exploring the applica-
tion of nanohydroxyapatite in various species, including 
rabbits, rats, and sheep. These studies highlight the 
material’s promising effects in promoting bone healing 
and regeneration.

In a preclinical study conducted by Júnior et al., fe-
male rats were used to compare the effectiveness of 
nanohydroxyapatite (nHA) and dual acid-etched (DAE) 
surfaces as implant coatings. The study also evaluated 
the addition of leukocyte-platelet-rich fibrin (L-PRF) 
to the nHA coating. Results from histological and mi-
cro-imaging analyses revealed that nHA, both with and 
without L-PRF, significantly enhanced bone-implant 
contact, increased bone surface area, and improved 
trabecular bone separation compared to DAE, indicat-
ing better osseointegration [13].

In another preclinical study by Han et al., female rab-
bits were utilized to compare two types of membranes 
– one made of polycaprolactone/nanohydroxyapatite/
collagen (PCL/nHA/Col) and the other of PCL alone – 
for promoting healing after anterior cruciate ligament 
(ACL) reconstruction. The PCL/nHA/Col membrane 
showed a significant increase in failure load and stiff-
ness compared to the control, suggesting that it facili-
tated stronger bone-ligament integration [14].

Radhakrishnan et al. conducted an experiment on male 
rabbits with segmental injuries to the ulna. The rabbits 
were divided into three groups: two received cylindrical 
scaffolds made from a nanohydroxyapatite composite 
(nHA, polyhydroxybutyrate, and polyɛ-caprolactone), 
with one group having an additional protein interface, 
while the third group acted as the control with no in-
tervention. Both experimental groups exhibited bone 
regeneration by bridging the defect and better bone 
maturation compared to the control group, which de-
veloped sclerotic tissue instead [15].

In a separate study, Li et al. tested the efficacy of 
copper-lithium-doped nanohydroxyapatite (Cu-Li-

nHA) in treating glucocorticosteroid-induced fem-
oral head necrosis (ONFH) in male rabbits. Rabbits 
were divided into five groups, with various implant 
treatments, including nHA, Li-nHA, and Cu-Li-nHA, 
alongside a control and surgical group. Enhanced mi-
gration of bone mesenchymal stem cells (BMSCs) was 
observed in the Cu-Li-nHA group through activation 
of the HIF-1α/SDF-1 pathway, leading to accelerated 
osteogenesis and angiogenesis, thus improving bone 
formation [16].

Wang et al. conducted a study where rabbits were 
treated with nanohydroxyapatite-chitosan-gelatin 
micro-scaffolds (HaCGMs), gelatin scaffolds, or no in-
tervention (control). HaCGMs significantly improved 
subchondral bone regeneration following knee injuries, 
showing superior results compared to gelatin scaffolds 
and controls [17].

Alegrete et al. investigated the use of nanohydroxy-
apatite as a vector for antimicrobial drugs in rabbits. 
They tested heparinized nHA/collagen biocomposites 
loaded with vancomycin (V-HEPHAPC) to evaluate 
the safety of the therapy. Rabbits were divided into 
three groups, with one receiving V-HEPHAPC, another 
HEPHAPC without vancomycin, and the control group 
receiving no treatment. Results showed no significant 
toxic effects on the liver or kidneys, despite elevated 
urinary urobilinogen levels in the V-HEPHAPC group. 
A subsequent study on sheep, where animals were in-
fected with MRSA, demonstrated that the V-HEPHAPC 
group had no remaining bacteria and showed better 
bone integration than the control groups, which suf-
fered from bacterial presence and joint destruction. 
The results indicate that nanohydroxyapatite, particu-
larly in combination with vancomycin, can effectively 
prevent infections and promote bone regeneration in 
infected areas [18].

Lastly, Gusmão et al. conducted an additional study 
on osteopenic rats, in which nanohydroxyapatite 
combined with titanate nanotubes (TiNT) at different 
concentrations (1%, 2%, 3%, 10%) was used as an 
implant material after bone cavities were created. The 
best results were observed in the group with the 10% 
TiNT-nHA combination, which exhibited the highest 
rate of bone regeneration within 30 days compared to 
untreated control animals [11].

These animal studies provide valuable insights into 
the efficacy of nanohydroxyapatite in promoting bone 
regeneration and its potential for use as a scaffold in 
various bone-related conditions. The addition of anti-
microbial drugs, protein interfaces, or specific dopants 
(e.g., copper and lithium) to nHA further enhances its 
performance, improving both osseointegration and the 
prevention of post-surgical infections.
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These clinical trials suggest that nanohydroxyapatite 
is an effective and safe alternative to traditional bone 
graft materials, offering comparable or even superior 
outcomes in terms of bone regeneration and recovery 
time. However, further research is required to better un-
derstand the potential for adverse reactions associated 
with some forms of nHA-based composites.

DISCUSSION
This review highlights the widespread use of nano-sized 
hydroxyapatite (nHA) in modern medicine, particularly 
in orthopedics and musculoskeletal traumatology. 
Nanohydroxyapatite is a molecular modification of 
hydroxyapatite, a well-known and extensively studied 
compound. As shown in this review, nHA has demon-
strated considerable potential across various medical 
applications, often outperforming traditional treatment 
methods and providing significant benefits to patients. 
Comparisons between biomaterial-based treatments 
and conventional approaches show that nHA is at least 
as effective and, in many cases, superior.

A key area of interest is the integration of nHA with 
elemental ions such as magnesium (Mg), iron (Fe), sili-
con (Si), zinc (Zn), bismuth (Bi), copper (Cu), and lithium 
(Li). These combinations enhance nHA’s properties and 
broaden its medical applications. For instance, doping 
nHA with silicon and iron ions positively affects graft 
integration with surrounding bone tissue, reducing 
recovery time and minimizing risks such as graft 
displacement or implant rejection. Although clinical 
applications are not yet fully defined, these early find-
ings suggest promising future uses of nHA in medicine 
[10]. Additionally, combining zinc and bismuth with 
nHA imparts bactericidal and bacteriostatic properties, 
preventing the formation of biofilms and reducing the 
risk of infections, especially in perioperative settings. 
This combination also facilitates post-surgical wound 
healing [22]. Although these properties have been 
mostly tested in dental implants, there is a strong 
rationale for believing they could benefit orthopedic 
applications as well, though more research is required 
to confirm this [23].

The inclusion of magnesium ions in nHA has also 
shown anti-tumor effects on human osteoblast-like 
cells and rat mesenchymal stem cells. This opens up 
potential applications in oncology and oncologic sur-
gery, particularly in managing musculoskeletal tumors 
[10,24]. Copper and lithium doping of nHA has been 
demonstrated to promote the migration of bone stem 
cells, enhancing bone regeneration within grafts [16].

In-vitro studies also provide promising results for 
cartilage regeneration. When used in hydrogels for 

NANOHYDROXYAPATITES IN CLINICAL 
TRIALS
Promising outcomes from in-vitro and animal studies 
have encouraged researchers to conduct more compre-
hensive human clinical trials. After an extensive search 
and analysis of scientific databases, we identified two 
notable studies focused on the clinical application of 
nanohydroxyapatite.

The first randomized clinical trial by Stacchi et al. 
involved 28 patients, including 10 women and 18 men 
aged between 39 and 79 years. Each patient underwent 
bilateral sinus floor elevation, using either sintered 
nanohydroxyapatite or anorganic bovine bone as an 
active control. After a six-month follow-up period, bi-
opsies were taken to evaluate the percentage of vital 
bone through histophotometry. The results revealed 
no statistically significant differences between the 
study and control groups, indicating that the efficacy of 
nanohydroxyapatite implants was comparable to that 
of natural bone. Moreover, the use of nanohydroxyap-
atite avoided the risks associated with xenograft trans-
plantation, supporting its viability as an alternative to 
traditional bone grafting techniques [19].

Another clinical study by Zhong et al. examined the 
effectiveness of different bone graft materials in 57 
patients suffering from tuberculosis of the thoracic or 
lumbar spine, all of whom exhibited associated neuro-
logical symptoms. The patients were divided into three 
groups based on the type of material used for filling 
tubercular cavities: 13 patients received hip bone trans-
plants, 26 were treated with titanium mesh bone grafts, 
and 18 received nanohydroxyapatite/polyamide-66 
cage bone grafts. All patients showed improvements 
in neurological function, and no significant differences 
were found between groups in terms of erythrocyte 
sedimentation rate (ESR), C-reactive protein (CRP), or 
visual analog scale (VAS) scores. Operative time, blood 
loss, postoperative hospitalization, and complications 
were also similar across the groups. However, patients 
in the nanohydroxyapatite/polyamide-66 group expe-
rienced less cage subsidence and significantly shorter 
graft fusion times, suggesting a faster recovery com-
pared to the other two groups [20].

Additionally, Sotome et al. conducted a multicenter 
randomized controlled trial with 126 participants to 
compare the efficacy of a porous hydroxyapatite/col-
lagen composite (HAp/Col) with porous β-tricalcium 
phosphate (β-TCP), which served as the control. The 
study found that HAp/Col showed superior bone re-
generation compared to β-TCP. However, there was a 
higher incidence of non-serious adverse reactions with 
the HAp/Col group, although these reactions did not 
necessitate patient withdrawal from the study [21].
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In conclusion, nanohydroxyapatite offers immense 
potential in modern medicine, particularly for bone 
and tissue regeneration. Its versatility, combined with 
its ability to be enhanced through elemental doping, 
makes it an invaluable biomaterial in fields such as 
orthopedics, dentistry, and potentially oncology. How-
ever, further clinical studies are needed to validate these 
findings and ensure the safe and effective application 
of nHA across a broader range of medical treatments.

CONCLUSIONS
Nanohydroxyapatite (nHA) represents a promising 
biomaterial in modern medicine, particularly in the 
fields of orthopedics, musculoskeletal traumatology, 
and dentistry. Its molecular similarity to naturally oc-
curring bone minerals makes it an ideal candidate for 
enhancing bone regeneration, implant integration, and 
tissue healing. The integration of elemental ions such as 
magnesium, iron, zinc, and copper into the nHA struc-
ture further enhances its properties, making it more 
versatile by adding antibacterial, anti-inflammatory, 
and osteogenic capabilities.

Extensive preclinical in-vitro and in-vivo studies have 
demonstrated nHA’s efficacy and safety, showing that it 
not only supports but often improves tissue regeneration 
when compared to conventional materials. In particular, its 
ability to reduce recovery time, increase implant stability, 
and minimize the risk of infections highlights its potential 
clinical benefits. Moreover, animal studies, especially in 
rodents and rabbits, have revealed nHA’s superiority in 
terms of bone formation and implant integration.

While nHA has long been established in dentistry, 
especially for filling bone defects and periodontology, 
its potential applications in orthopedics and other 
areas of medicine, including oncology, are beginning 
to emerge. However, there remains a need for more 
comprehensive human clinical trials to confirm its ef-
fectiveness across different medical fields. Early clinical 
studies, such as those involving spinal tuberculosis and 
sinus floor elevation, indicate that nHA is comparable to, 
if not better than, traditional materials like autologous 
bone grafts or titanium mesh.

The successful use of nHA in these various applica-
tions suggests that it could be increasingly employed 
as a biomaterial in medical practice. However, the 
transition from preclinical success to widespread clin-
ical adoption requires further large-scale studies to 
confirm its long-term safety, efficacy, and versatility in 
human populations. Given its potential, nHA is poised 
to become a key material in regenerative medicine, 
offering innovative solutions for bone healing, tissue 
integration, and implant technology.

treating osteoarthritis, nHA has been shown to stimu-
late chondrocytes, improve cartilage matrix quality, and 
enhance resistance to mechanical damage. This leads 
to faster and more durable cartilage regeneration [12]. 
Additionally, nHA has not shown cytotoxic effects on 
mouse fibroblasts, affirming its safety for further clinical 
investigation [11].

In-vivo animal studies, particularly on rats [11,13], 
rabbits [14-18], and sheep [18], further validate nHA’s 
efficacy in promoting bone regeneration. The mechan-
ical and molecular similarities between animal skeletal 
systems and humans allow for some conclusions to be 
extrapolated to human treatments. Studies on rodents, 
for example, have shown that implants using a combi-
nation of nHA and titanium nanotubes (TiNT) achieve 
the best results in bone integration and regeneration 
[11]. This is supported by findings from Júnior et al., who 
demonstrated that nHA significantly improves new bone 
formation when used as an implant surface material [13].

In rabbit studies, nHA has proven effective as an 
inducer of bone regeneration [14-18]. Additionally, 
nHA-based implants prevent the development of 
sclerotic tissue, which enhances implant strength and 
resistance to mechanical stress [15]. Moreover, nHA 
plays a role beyond bone tissue, improving the strength 
of ligament-to-bone interfaces in procedures such as 
anterior cruciate ligament (ACL) reconstruction [14]. 
The combination of nHA with antimicrobial agents, 
such as vancomycin, also showed promising results in 
animal models, preventing surgical site infections and 
promoting better healing outcomes [18].

Nanohydroxyapatite has been successfully utilized in 
dentistry for many years, particularly as a bone defect 
filler. Compared to alternatives like xenografts or arti-
ficial materials, nHA shows superior clinical outcomes 
while reducing the risk of zoonotic disease transmission 
[19,25,26]. However, research on nHA in fields beyond 
dentistry remains limited. In one clinical study, nHA was 
compared to iliac bone grafts and titanium mesh grafts 
for treating spinal tuberculosis. The study showed that 
nHA accelerated wound healing and postoperative 
recovery while maintaining comparable safety pro-
files to other grafting methods [20]. Clinical trials have 
further confirmed the positive effect of nHA on bone 
regeneration [21].

Beyond orthopedics, nHA has been used in peri-
odontology to replace periodontal bone defects, where 
it shows significant improvements in bone mineral 
density and tissue adhesion compared to other mate-
rials [25,26]. Given the successful track record of nHA 
in dental applications, there is strong justification for 
exploring its broader use in other fields such as ortho-
pedics and musculoskeletal surgery.
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