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Graphical Abstract 

 
Conversion of fish scale bio-waste into hydroxyapatite (HAp) 

Abstract 
The production of fish waste is increasing dramatically, as more than 70% of captured fish require pro-

cessing before being sold. These enormous amounts of fish by-products are wasted, generating an undesir-
able environmental impact and a loss of value-added products. Recently, there has been a growing interest 
in utilizing fish scale waste as a low-cost source to produce natural nano-hydroxyapatite (HAp) ceramic 
growth and sustainability. On 1 April 2023, an electronic search was performed across four major databases 
(ScienceDirect, ProQuest, Scopus, and PubMed). Among the 1824 articles identified, only 27 met this re-
view’s inclusion criteria. These studies extracted HAp from fish scales and conducted in vitro or in vivo 
assessments. The in vitro studies demonstrated the non-cytotoxic nature of HAp derived from fish scales 
and its superior cell viability compared to control or synthetic HAp. Furthermore, histopathological evalu-
ations revealed favorable bioavailability and biological responses. These findings indicate that HAp ob-
tained from natural sources offers an environmentally friendly, sustainable, and cost-effective approach for 
manufacturing these materials, which are fully utilized for high-commercial purposes. Such materials are 
promising for biomedical applications, contributing positively to the economy, environment, and overall 
community well-being. 
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Purpose, Rationale, and Limitations 
The escalating production of fish waste, partic-

ularly fish scales, poses significant environmental 
and economic challenges. Over 70% of captured 
fish require processing, resulting in substantial 
by-product waste that often goes unutilized, lead-
ing to environmental degradation and economic 
losses. The growing interest in adopting sustaina-
ble practices has spotlighted the potential of these 
by-products, particularly fish scales, as a resource 
for generating value-added products like natural 
nano-hydroxyapatite (HAp). This systematic re-
view aims to explore using fish scales, a low-cost 
and natural source, to produce ceramic HAp in-
tended for biomedical applications. It highlights 
its non-cytotoxic nature, superior cell viability, 
and favorable bioavailability. This review aims to 
establish a comprehensive understanding of the 
advancements and potential of fish scale-derived 
HAp (FSHAp) in biomedical applications, 
thereby contributing to economic growth, sus-
tainability, and community well-being. However, 
the review is limited by including studies primar-
ily in vitro or in vivo, with a noticeable absence 
of clinical trials that could substantiate the practi-
cal applications of FSHAp in human healthcare. 

Summary of relevant literature 
According to the Food and Agriculture Organi-

zation (FAO) [1], there has been a significant in-
crease in the consumption of aquatic foods, ex-
cluding algae, in recent decades, going from 
19 million tons in 1950 to an all-time record of 
about 179 million tons in 2018, with an annual 
growth rate of 3.3% (Figure 1). The fishery and 
aquacultural production have increased drasti-
cally, in line with the expanding world’s popula-
tion and rapid urbanization and industrialization. 
As a result of high fish demand, the volume of 
fish waste has increased dramatically worldwide. 
A large amount of underutilized waste is gener-
ated in the fish processing industry and fish mar-
kets, including viscera (12–18%), heads (9–
12%), skins and fins (1–3%), scales (5%), bones 
(9–15%), and muscle-trimmings (15–20%) [2]. 

Discarding most fish wastes of low commercial 
value is a common practice, resulting in environ-
mental pollution and the loss of value-added by-
products. Fish processing is a critical necessity 
for big fish companies, both for reducing 
transport costs of unused parts and increasing 
product stability and quality. Companies remove 
parts, such as the viscera, which might have en-
zymes and bacteria that pose a risk during pro-
cessing or storage [3]. Approximately 20 to 80% 
of solid fish waste must be discarded [4]. These 
vast quantities of fish by-products are discarded, 
leading to an adverse environmental impact. Hy-
droxyapatite (HAp), chemically recognized as 
Ca10(PO4)6(OH)2, is a mineral form of calcium 
apatite ceramics, a group of phosphate-containing 
minerals [8]. It is classified within the domain of 
bioresorbable ceramics. These materials are char-
acterized by their capacity for gradual degrada-
tion and subsequent absorption by the body, ulti-
mately facilitating their replacement by native tis-
sue [9]. 

Among different aquacultural wastes, fish 
scales have gained much interest in recent years. 
Fish scales have limited industrial values and are 
usually thrown away as aquacultural waste. Nev-
ertheless, recent studies revealed that fishery dis-
cards might potentially serve as an alternative 
source of bioactive compounds, such as hydroxy-
apatite, collagen, gelatin, lipids, enzymes, hydrol-
ysates, and peptides, exhibiting significant prom-
ise for diverse applications in nutraceuticals and 
functional foods [5]. 

In fact, using marine species, including fish 
products, for medical purposes is common, and 
they are considered promising sources of benefi-
cial animal-derived medicines [6]. The composi-
tion of fish scales predominantly consists of ap-
proximately 41%-45% organic constituents (in-
cluding collagen, fat, lecithin, sclerotin, vitamins, 
etc.) and 38%-46% inorganic components (such 
as calcium-deficient hydroxyapatite, calcium 
phosphate, etc.), along with trace elements like 
zinc and iron [7]. 
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Figure 1. World capture fisheries and aquaculture production.

HAp crystallizes in a hexagonal system, form-
ing a complex lattice structure comprised of cal-
cium ions, phosphate groups, and hydroxide ions. 
Such a structure endows HAp with high stability 
and enables it to replicate the mineral components 
of human bones and teeth closely. The lattice of 
HAp is versatile and capable of incorporating var-
ious ions, which facilitates the modification of its 
physical and chemical properties. Among the var-
ious calcium phosphate (CaP) salts listed in Table 
1, hydroxyapatite stands out because it chemi-
cally and structurally mimics the phosphate com-
plexes found in bones and teeth, with a calcium-
to-phosphorus (Ca/P) ratio of 1.5 to 1.7 [10]. In 
biomedicine, HAp is recognized for its biocom-
patibility, osteo-conductivity, and bioactivity, no-
tably its capacity to form direct bonds with living 
tissues [11]. It is the predominant bio-mineral in 
bones and teeth, with the inorganic phase of bone 
largely consisting of calcium phosphates, primar-
ily hydroxyapatite [12]. Ap exhibits thermody-
namic stability in body fluids when crystallized 
and shares a compositional likeness with bone 
minerals, facilitating its integration into bone 
structures without eliciting inflammatory re-
sponses or local or systemic toxicity [13]. This 
compatibility underscores its significant potential 
in different biomedical applications and for bone 
tissue engineering (BTE) in particular [14], [15].  

Typically, natural hydroxyapatite is derived 
from biological sources or by utilizing waste ma-
terials, such as mammalian bone (e.g., bovine 
[26], [27], camel [28], horse [29], and pig [30]), 

aquatic or marine sources (e.g., fish bone [31] and 
fish scale[32]), shell sources (e.g., cockle [33], 
eggshell [34], and seashell [35]), and plants and 
algae [36], [37] and also from mineral sources 
(e.g., limestone) [38]. Shells consist of calcium 
carbonate, which can undergo a chemical trans-
formation into HAp by reacting with an appropri-
ate source of phosphorus. On the other hand, ani-
mal bones, fish bones, and scales serve as excel-
lent sources of naturally occurring hydroxyapatite 
due to their inherent composition. Hence, the ex-
traction process alone is sufficient to obtain hy-
droxyapatite from these biological sources, elim-
inating the need for additional chemical reactions. 
The unique physical properties of fish scales, 
characterized by higher collagen content and 
greater flexibility than bone, facilitate a more 
straightforward and easier extraction of HAp 
[39]. It is noteworthy that hydroxyapatite, irre-
spective of its source, contains certain impurities 
such as hydroxyl ions (OH−), phosphite ions (PO3 
3-), fluoride ions (F−), and chloride ions (Cl−). The 
presence of chloride and phosphate ions can alter 
the configuration of HAp, whereas hydroxyl and 
fluoride ions are known to enhance its conforma-
tional robustness [40]. This aspect of HAp’s com-
position is crucial in understanding its interaction 
with biological systems and its potential modifi-
cations for specific applications. Various tech-
niques can be employed to extract HAp from fish 
scales. Among these, the widely used method is 
the calcination process, which entails subjecting 
the scales to varying temperatures of up to 
1400°C in a furnace [32].
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Table 1. Different Salts of Calcium Phosphate (CaP) 

Material Symbol Chemical Formula Ca/P 
Ratio 

Application Reference 

Monocalcium 
phosphate 

monohydrate 
MCPM Ca (H2PO4 )2 ·H2O 0.5 

Used in fertilizers and as a 
leavening agent in the food 
industry 

[16] 

Dicalcium 
phosphate di-

hydrate 
DCPD CaHPO4 ·2H2O 1.0 

Commonly used as a dietary 
supplement and in tooth-
paste formulations 

[17] 

Octacalcium 
phosphate OCP Ca8 (HPO4)2 

(PO4)4 ·5H2O 1.33 

Applied in bone regenera-
tion and as a precursor to hy-
droxyapatite in biomedical 
applications 

[18] 

α–Tricalcium 
phosphate α-TCP α-Ca3 (PO4)2 1.5 

Utilized in bone graft substi-
tutes and orthopaedic appli-
cations 

[19] 

β–Tricalcium 
phosphate β-TCP β-Ca3 (PO4)2 1.5 

Widely used in dental and 
orthopaedic bone grafting 
procedures 

[20] 

Amorphous 
calcium phos-

phate 
ACP 

CaxHy(PO4)z·nH2O, 
n = 3–4.5, 15–20% 

H2O 
1.0–2.2 

Employed in dental care 
products for remineraliza-
tion of teeth 

[21] 

Hydroxyap-
atite 

HA or 
HAp Ca10 (PO4)6 (OH)2 1.67 

Extensively used in bone 
grafting, dental implants, 
and as a coating for ortho-
paedic implants 

[22] 

Fluorapatite FA or 
FAp Ca10 (PO4) 6F2 1.67 

Used in dental care for the 
prevention of tooth decay 
and in bone graft materials 

[23] 

Oxyapatite OA or 
OAp Ca10 (PO4) 6O 1.67 

Investigated for potential 
applications in high-temper-
ature superconductors and 
luminescent materials 

[24] 

Tetracalcium 
phosphate TTC Ca10 (PO4) 2O 2.0 

Used in dental cement and 
as a precursor for hydroxy-
apatite in biomedical appli-
cations 

[25] 

Alternative techniques like alkaline heat treat-
ment have been employed to extract HAp from 
fish scales. This method uses an alkaline solution, 
typically sodium hydroxide (NaOH), to eliminate 
organic constituents in the scales [41]. The enzy-
matic hydrolysis technique involves the applica-
tion of enzymes to break down the organic con-
stituents present in fish scales. Specifically, to ef-
fectively hydrolyze collagen, a specific enzyme 
capable of targeting this protein component, such 

as protease, is utilized during the treatment pro-
cess [42]. Ionic liquid pretreatment involves the 
application of ionic liquids possessing elevated 
hydrogen bond basicity to dissolve biopolymers 
like collagen or cellulose [43].  

This literature review aims to assess the utiliza-
tion of fish scales as a cost-effective natural 
source for producing HAp for biomedical appli-
cations. Emphasis is placed on evaluating studies 
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that have successfully extracted hydroxyapatite 
from fish scales and conducted subsequent bio-
logical evaluations of the extracted material in 
vitro and in vivo. Despite the extensive body of 
research on hydroxyapatite, there are currently no 
systematic reviews exploring the possibilities of 
various biomedical applications of fish scale-de-
rived hydroxyapatite (FSHAp). 

Methodology  
The design of the present systematic review ad-

hered to the guidelines provided by the Preferred 
Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA).[44] 

Study Design 
The research question for this study was formu-

lated following the PICO (Population, Interven-
tions, Comparisons, Outcomes) model:  

(1) Studies that use biological evaluation, in-
cluding invitro cytotoxicity (population) 

(2) Studies evaluating HAp from fish scale 
sources as a biomaterial (interventions) 

(3) Studies employed control interventions, 
such as untreated (blank) controls and HAp treat-
ment comparisons 

(4) Studies examined and reported the in vitro 
cytotoxicity test results to emphasize the biocom-
patibility of HAp derived from fish scales (out-
comes) 

Search Strategies 
On 1 April 2023, a comprehensive systematic 

search was performed on four major databases, 
i.e., ScienceDirect, ProQuest, Scopus, and Pub-
Med. The search strategy incorporated a combi-
nation of relevant keywords, such as (“hydroxy-
apatite” OR “bioceramic”) AND (“fish scale” OR 
“fish waste*”), along with appropriate Boolean 
operators. The search was restricted to articles 
published in English, and the title, abstract, and 
keywords were encompassed in the search terms. 

Inclusion and Exclusion Criteria 
Biocompatibility publications that reported in 

vitro cytotoxicity or in vivo testing of HAp ob-
tained from fish scales were incorporated into the 
review. Studies were excluded based on specific 
criteria: 

The fish scale biomaterial used was not HAp 
(collagen, etc.) 

The HAp is from natural sources other than fish 
scales (fish bones, eggshells, etc.). 

No biological study 
Non-primary studies, case reports, reviews, and 

book chapters 
Data Extraction and Collection 
All publications from the four databases were 

imported into a reference manager to eliminate 
duplicate records. Subsequently, these records 
underwent initial screening based on their titles 
and abstracts to identify studies that align with the 
scope of the review and meet the predefined in-
clusion criteria. After the title and abstract screen-
ing process, the authors retrieved, screened, and 
evaluated full-text articles. Studies that met any 
exclusion criteria during the full-text screening 
phase were omitted from the analysis. Descriptive 
summaries of the included studies were then com-
piled into tables and presented in the Supple-
mental files, containing information on the au-
thor(s), fish species, synthesis method, interven-
tion, biological test, and critical findings respec-
tively. 

Data Synthesis and Statistical Analysis 
Owing to the variations observed in study pro-

tocols, biomaterials utilized, methodologies em-
ployed for outcome assessment, and outcome 
measures, it was not feasible to conduct a meta-
analysis. Consequently, only qualitative data 
from each study were amalgamated and presented 
in analytical tables. 

Results  
Study Selection 
The initial search of four databases resulted in 

1824 records, of which 236 were from Scopus, 56 
from PubMed, 701 from ProQuest, and 831 from 
ScienceDirect. Duplicates, which comprised 176 
records, were first removed. After excluding 
1486 records based on title screening, 160 records 
underwent abstract screening, resulting in 113 ex-
clusions. 

Among the exclusions, 50 were not primary 
studies, 18 were out of scope, three involved HAp 
from sources other than fish scales, and 28 had no 
biological study. The remaining 48 studies under-
went full-text screening, which helped to reject 
21 more studies in which inclusion criteria were 
not met. 
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Figure 2. Flowchart for the identification and selection of studies according to the PRISMA statement. 

The exclusion decision took place due to being 
out of scope (five studies), using the whole fish 
scale without extracting HAp (10 studies), having 
no biological study (three studies), and having a 
lack of access (three studies). Ultimately, twenty-
seven articles were deemed eligible for inclusion 
in the review. The entire search and screening 
process was meticulously documented and pre-
sented in Figure 2.  

Study Characteristics 
This review includes 27 eligible articles that un-

derwent thorough screening and assessment to 
obtain relevant data for comparison. Out of the 27 
studies, 11 were conducted solely to evaluate the 
in vitro properties of fish scale-derived HAp, 
while four studies assessed both in vitro and in 
vivo characteristics. In addition, 13 studies exam-
ined the in vitro properties of fish scale-derived 

HAp in combination with other materials. The 
specific parameters of the studies were organized 
and presented in three tables (Supplemental files): 
Table S1 outlines the 14 studies that examined in 
vitro properties of HAp bio-ceramics only, Table 
S2 presents the 13 studies that examined the in 
vitro properties of materials composed of a mix-
ture of HAp and other materials, and Table S3 
outlines the four studies that examined the in vivo 
properties of HAp bio-ceramics. Several in vitro 
tests and cells have been employed to study the 
impact of FSHAp; for example, the 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) assay, with a primary focus on 
assessing cellular viability and identifying any 
potential toxic effects.  

Study subjects 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Records identified from: 
PubMed (n = 56) 
Scopus (n = 236) 
ProQuest (n= 701) 
ScienceDirect (n= 831)  

Records removed before 
screening: 

 
Duplicate records removed 

(n = 176) 

Records screened based on 
title (n = 1648) 

Records excluded 
(n = 1486) 

Reports screened based on 
abstract (n = 162) 

Reports excluded (n = 113) 
     Not primary study (n = 50) 
     Out of scope (n = 18) 
     HAp not fish scale (n = 15) 
     Fish scale but not HAp (n = 3) 
     No biological study (n = 28) 
 
      

Full-text articles assessed 
for eligibility (n = 48) 

Reports excluded (n = 21) 
    Out of scope (n = 5) 
    Use intact FS (n = 10) 
    No biological study (n = 3) 
    No access (n = 3) 

Studies included in review 
(n = 27) 
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The research papers vary in their use of fish spe-
cies and methodology for extracting HAp from 
fish scales. The variation in fish species examined 

across studies is influenced by the geographical 
locations where the research is conducted.

 
Figure 3. Geographical distribution of the included studies. 

Among the published papers, India has the high-
est number of publications, totalling 12. With five 
papers, Taiwan followed closely, and the United 
States, with four papers. Brazil and Malaysia 
have an equal number of publications, each with 
three papers, while Nigeria and Thailand have 
two. Lastly, Bangladesh, China, Mexico, Paki-
stan, Saudi Arabia, and Singapore have each con-
tributed one paper to the body of research on this 
topic (Figure 3). Various synthesis approaches 
are employed to develop natural HAp from fish 

scales, including calcination (up to 1200 °C), hy-
drothermal methods, alkaline hydrolysis, enzy-
matic hydrolysis, and combinations of these 
methods. New techniques like ionic liquid pre-
treatment and microwave irradiation have also 
been introduced. These different methodologies 
have produced distinct morphologies and sizes of 
FSHAp. Detailed information about the fish spe-
cies used and the extraction techniques in these 
studies is provided in Tables S1 and S2.

Discussion 
This study aimed to systematically review the 

potential applications of naturally extracted HAp 
from fish scales in different biomedical fields. 
The review encompassed both in vitro and in vivo 
assessments, providing insights into its suitability 
for diverse biomedical settings. It is worth men-
tioning that the characteristics of inorganic pow-
ders derived from fish scales (e.g., particle size, 
morphology, degree of crystallinity, porosity, 
etc.) are influenced by various factors, including 
the fishing region, fish species, extraction tech-

nique, and heat treatment temperature. Calcina-
tion methods serve the purpose of eliminating or-
ganic substances and eradicating any potentially 
present pathogens. However, it should be noted 
that the elevated temperatures used in this process 
can transform the HAp phases into β-tricalcium 
phosphate (β-TCP). 

Nevertheless, compared to alternative ap-
proaches, calcination results in the production of 
HAp phases with greater crystallinity. This is 
supported by the observation that the calcium-to-
phosphorus (Ca/P) ratios found in the extracted 
HAp samples lie within the range of 1.62–1.71, 
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demonstrating a close resemblance to the stoichi-
ometric composition of HAp [32]. In contrast, the 
alkaline heat treatment, ionic liquid pretreatment, 
and enzymatic hydrolysis methods yield pure 
phase HAp but with reduced crystallinity com-
pared to the calcination approach. In alkaline heat 
treatment, the NaOH solution induces hydrolysis 
of the organic matter within the scales, while the 
resulting inorganic residue is subsequently sepa-
rated and purified through a filtration process 
[41]. As for enzymatic hydrolysis, it is to be noted 
that enzymes exhibit optimal activity at specific 
temperatures and pH conditions. Once all the col-
lagen has been degraded through enzymatic ac-
tion, the resulting mixture containing the enzyme 
is subjected to elevated temperatures to inactivate 
the enzymatic activity. Subsequently, the remain-
ing HAp is isolated and collected through centrif-
ugation [42]. In the ionic liquid pretreatment pro-
cess, hydrogen bonding facilitates the interaction 
between collagen in fish scales and the ionic liq-
uid, resulting in the dissolution of this organic 
component. 

Meanwhile, HAp, the inorganic component, re-
mains insoluble and precipitates. The subsequent 
separation of HAp is achieved through filtration 
and evaporation techniques [43]. Overall, the 
combination of ionic pretreatment and hydrolysis 
methods (enzymatic and alkaline hydrolysis) en-
ables the extraction of pure HAp without convert-
ing or modifying its chemical structure into other 
calcium phosphate phases. Furthermore, most of 
these methods can produce nanosized HAp parti-
cles with diverse morphologies.  

After extraction through various techniques, the 
characterization of the produced FSHAp is cru-
cial for ensuring its quality and suitability for bi-
omedical applications. FTIR analysis is essential 
for identifying the functional groups in HAp, re-
vealing characteristic bands for P-O bending and 
stretching, carbonate, and amide linkages. These 
bands confirm the purity of FSHAp and its poten-
tial compatibility with biological tissues [32]. 
XRD analysis provides insights into the crystal-
line structure of HAp, a critical factor in bone 
grafting and dental applications due to its impact 
on mechanical strength and bioactivity. The sharp 
peaks observed in the XRD spectra of FSHAp, 
aligning with the Joint Committee on Powder 
Diffraction Standards data for pure HAp, indicate 

a high degree of crystallinity, essential for its 
structural integrity in load-bearing applications 

[46], [47]. Scanning Electron Microscopy (SEM) 
and Transmission Electron Microscopy (TEM) 
offer detailed visualization of FSHAp’s morphol-
ogy and particle size. These techniques reveal the 
surface topography and porosity of FSHAp, cru-
cial factors for cell attachment and proliferation 
in tissue engineering. Recent advances in SEM 
and TEM have allowed for even more precise 
characterization of nanoscale features, enhancing 
our understanding of how FSHAp interacts at the 
cellular level. Mechanical testing provides valua-
ble data on the hardness and modulus of elasticity 
of FSHAp. These properties are critical for ensur-
ing FSHAp-based implants can withstand physi-
ological loads without degrading. Compared to 
synthetic HAp, FSHAp often exhibits unique me-
chanical properties due to its natural origin, 
which may offer advantages in specific biomedi-
cal applications [46], [47], [70]. Various cell via-
bility assays and in vitro cultures are employed to 
assess the biocompatibility of synthesized 
FSHAp. These tests are crucial for identifying po-
tential toxic effects and establishing comprehen-
sive safety profiles. They also provide insights 
into the proliferation and growth rates of cell pop-
ulations, which is essential for predicting the in 
vivo behavior of FSHAp-based materials. Ac-
cording to ISO 10993-5 guidelines, a decrease in 
cell viability exceeding 30% indicates cytotoxi-
city [71]. This benchmark is vital for ensuring that 
FSHAp is safe for clinical use, making these tests 
an integral part of the material’s characterization 
process. 

MG-63 osteoblast-like cells have been exten-
sively utilized as a valuable model for evaluating 
cell viability following the introduction of 
FSHAp material. Firstly, MG-63 cells exhibit 
characteristics similar to human osteoblasts, mak-
ing them a relevant and reliable model for study-
ing bone-related processes and responses to bio-
materials. Secondly, these cells have a well-es-
tablished culture system and are readily available, 
allowing for convenient and consistent experi-
mentation. Among the existing literature, six 
studies have focused on this cell type. Notably, 
three of these studies [45], [48], [72] have demon-
strated a significant increase in cell viability when 
compared to synthetic HAp or control groups. 
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This improvement in cell viability was attributed 
to trace elements such as Na and Mg and car-
bonate substitutions, which made the commercial 
HAp more similar to the mineral composition of 
natural bones.[73], [74] Furthermore, the differ-
ent particle sizes between FSHAp (nanoscale) 
and synthetic HAp (microscale) could potentially 
influence cell viability [75]. Prior investigations 
have suggested that nanoscale particles enhance 
cell viability and function [76]. The remaining 
three studies [32], [46], [47] have reported satis-
factory cell viability; however, it was still lower 
than that observed in the control group. This dis-
parity could be attributed to irregularly shaped 
hydroxyapatite particles, which create obstacles 
to the proliferation of new cells. Moreover, cell 
proliferation is influenced by the surface rough-
ness and surface area of the samples. In the case 
of FSHAp, the sintering process led to increased 
porosity and surface roughness. Overall, these 
factors did not have a negative impact on cell pro-
liferation. Consistent findings across various cell 
types indicate a high percentage of cell viability 
when using FSHAp (Table S1). Additionally, it 
has been observed that hydroxyapatite derived 
from fish scales exhibits superior adherence and 
promotes cell proliferation compared to synthetic 
HAp. Due to its natural origin, the hydroxyapatite 
extracted from fish scales may contain more ions 
incorporated into its structure, such as carbonate 
ions [55]. This increased ion content enhances the 
material’s dissolution and leads to a quicker bio-
activity response than the synthetic sample. These 
findings demonstrate that fish scale-derived HAp 
is not cytotoxic in vitro. The successful clinical 
performance of biomedical implants largely relies 
on the interaction between the implants and the 
surrounding tissues at the interfacial level. 

One of the primary challenges in developing 
scaffolds for biomedical applications is ensuring 
their high biocompatibility. To address this chal-
lenge, utilizing biological substances that closely 
resemble human components offers several ad-
vantages over synthetic materials. A promising 
approach involves the conversion of biological 
waste, such as fish scales, into valuable resources, 
specifically as a source of hydroxyapatite. As a 
result, numerous studies have explored the incor-
poration of fish scale-derived HAp in combina-
tion with other materials and polymers to create 

composites or scaffolds suitable for various bio-
medical applications, including BTE, dental ap-
plications, and wound healing. These fabricated 
scaffolds are subsequently assessed for cell via-
bility using different in vitro cell models. The 
studies’ findings in Table S2 align with the ISO 
10993 standard, which specifies that a material is 
considered non-toxic if its cell viability exceeds 
70%. These studies consistently demonstrated 
that FSHAp, both alone and in combination with 
other materials, exhibits excellent biocompatibil-
ity and is well-suited for biomedical applications. 
However, it is to be noted that although increas-
ing the FSHAp enhances the bioactive properties 
of the scaffolds, it introduces a compromise in the 
mechanical characteristics of the scaffolds due to 
agglomeration [64]. Nonetheless, using extracted 
scale-based HAp fillers presents an opportunity 
for cost-effective ceramics. These investigations 
also indicate the possibility of creating novel bio-
degradable and biocompatible materials and recy-
cling technologies to tackle forthcoming waste 
management challenges in an environmentally 
sustainable approach. 

Four in vivo studies were carried out to acquire 
more detailed data about the presence of granula-
tion tissue, inflammatory process, new bone for-
mation, and biomaterial removal. The studies 
provided information about the species exam-
ined, the surgical procedures conducted, and the 
site of material implantation (see Table S3). Dif-
ferent animal models were then subjected to his-
topathological assessment to investigate the re-
sponse of bone tissue after implantation of the 
material above. The objective was to evaluate the 
biocompatibility of these substituted bone im-
plants. According to Prado et al. (2021) [51], the 
implantation of FSHAp resulted in the formation 
of granulation tissue in a structured and system-
atic manner, indicating a favorable biological re-
sponse. Histomorphometric analysis further sup-
ported these observations, which revealed no sta-
tistically significant differences in the percentage 
of bone formation between the FSHAp and con-
trol groups. According to Mondal et al. (2016) 
[46], a microscopic examination of the FSHAp 
scaffold revealed distinct healing areas. These re-
gions exhibited the formation of new cell linings, 
possibly indicating osteo-conduction. 
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Moreover, it was noted that the recovery rate 
and osteointegration ability of synthetic HAp 
were considerably lower when compared to 
FSHAp. Similar outcomes demonstrated that cell 
infiltration occurs in the healing regions. The re-
covery rate was also lower in the control and syn-
thetic HAp groups compared to FSHAp [47]. Us-
ing chemical solution-based synthetic methods 
for preparing HAp may introduce a higher proba-
bility of contamination by various ions. This po-
tential contamination could contribute to the 
compromised osteointegration property observed 
when synthetic HAp particles are implanted 
within the animal body system. In a study by 

Mondal et al. (2014) [49], the histological exam-
ination findings indicated the infiltration and in-
tegration of cells within the FSHAp scaffold, sug-
gesting favorable bioactivity. 

Furthermore, newly formed cell linings in cer-
tain regions may be attributed to osteoconduction. 
Overall, the observed new bone-cell formation in 
affected areas across various studies provides ev-
idence of the favorable affinity and osteoconduc-
tive properties exhibited by the FSHAp bio-
material. However, additional clinical research is 
needed to establish and confirm the biocompati-
bility of FSHAp for its potential use in biomedi-
cal applications.

Conclusion 
In conclusion, utilizing biowaste offers a dual advantage by enabling the extraction of valuable products 

such as HAp while simultaneously addressing solid waste management concerns within the fishery indus-
try. This practice significantly contributes to a circular economy by reprocessing waste into high-value 
biomedical products, reducing the environmental burden and promoting resource efficiency. Most studies 
have provided substantial evidence supporting the excellent biocompatibility of FSHAp, demonstrating no 
cytotoxic effects in both in vitro and in vivo models. Additionally, natural HAp has displayed superior 
activity to synthetic HAp due to its resemblance to natural tissue constituents, suggesting a greener alter-
native that is more harmonious with biological systems. Histological and histomorphometric analyses con-
ducted in these studies have further confirmed the efficacy of bone regeneration in animals treated with 
natural HAp compared to those with untreated defects. However, further research is still warranted to con-
trol the size and morphology of naturally produced HAp effectively. Advancements in this area could un-
lock diverse applications of FSHAp in the medical field, including tissue engineering and drug delivery, 
thereby enhancing the sustainability of healthcare systems. 
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