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A B S T R A C T

The increasing demand for sustainable, functional food packaging has heightened interest in bio-based additives 
that can enhance material performance while maintaining consumer safety. Hydroxyapatite (HA), extensively 
studied in biomedical and environmental contexts for its physicochemical stability, ion-exchange capacity, and 
biocompatibility, has recently been proposed as a prospective additive for food packaging systems. This review 
critically examines the feasibility of translating insights from biomedical and environmental studies to packaging 
applications by systematically analyzing peer-reviewed literature published between 2021 and 2025 following 
PRISMA guidelines. The synthesized evidence indicates that HA incorporation, typically at low filler loadings, 
has been reported to improve tensile strength and thermal stability, with polymer permeability improvements of 
up to several tens of percent observed in previous studies. Environmental studies further demonstrate HA’s high 
adsorption capacity and ion-exchange behavior, whereas biomedical research provides indirect evidence of 
biological compatibility and controlled interaction with active agents. Nevertheless, direct experimental evi
dence in food packaging remains limited, including polymer–filler incompatibility, nanoparticle migration risks, 
and regulatory compliance. This review, therefore, positions hydroxyapatite as a prospective rather than vali
dated packaging additive and outlines critical research priorities, including quantitative migration testing, 
formulation optimization, and regulatory evaluation, required to assess its practical feasibility in safe and sus
tainable food packaging applications.

1. Introduction

Global demand for sustainable, functional food packaging is growing 
due to environmental concerns and increased consumer awareness 
about food quality and safety. Traditional petroleum-based materials 
offer protection but pose ecological risks, including non- 
biodegradability and potential chemical migration into food. Bio- 
based materials (e.g., cellulose, PLA, PHA) have ecological benefits 
but often lack mechanical strength, barrier performance, and antimi
crobial properties. These weaknessess hinder their widespread use 
(Huang et al., 2019; Noviyanti et al., 2024; Shouket et al., 2023).

Hydroxyapatite (HA), a calcium phosphate-based mineral with the 
chemical formula Ca10(PO4)6(OH)2, is the primary inorganic component 
of hard tissues such as bone and teeth (Noviyanti et al., 2020). It has 
structural similarities to biological apatite and is widely used in 

biomedical applications, such as bone regeneration, dental implants, 
and controlled drug delivery, due to its biocompatibility and bioactivity. 
(da Costa Brito et al., 2024; Malvano et al., 2022; Mehmood et al., 2025; 
Shouket et al., 2024; Sun et al., 2024). These domains illustrate HA’s 
multifunctionality and provide insight into underlying mechanisms 
relevant to interaction with biological tissues as illustrated in Fig. 1.

Beyond biomedical use, HA has also shown significant potential in 
environmental applications. It has been effectively used for the 
adsorption of heavy metals, dyes, and organic pollutants from waste
water, thanks to its high surface area and ion-exchange capabilities 
(Amenaghawon et al., 2022; Hossain et al., 2023). Additionally, its role 
in controlled release systems and environmental remediation further 
demonstrates its multifunctionality (Ibrahim et al., 2020). These char
acteristics suggest that HA could be adapted for use in food packaging 
systems, particularly where contaminant adsorption, barrier 
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enhancement, or antimicrobial action is desirable.
Despite these promising attributes, the application of HA in food 

packaging remains largely underexplored, with limited experimental 
studies directly assessing its performance within polymer matrices. 
Moreover, insights derived from biomedical and environmental studies 
cannot be directly extrapolated to food packaging systems, as critical 
challenges related to polymer-HA interfacial compatibility, nanoparticle 
migration, and regulatory compliance must be carefully addressed. 
Recent studies on nanomaterial migration into food simulants further 
underscore the need for material designed specifically to meet food- 
contact safety requirements. In this context, modern food packaging 
increasingly demands materials capable of responding to microbial 
contamination, absorbing harmful substances, and controlling gas and 
moisture transmission, which are increasingly sought after in modern 
food systems (Aziz et al., 2024; Singh et al., 2020; Zhang et al., 2025). 
Incorporating functional fillers or additives with proven biocompati
bility and environmental relevance, such as HA, aligns with these ob
jectives. Given its ion-exchange capacity, reported antimicrobial 
potential, and compatibility with polymer matrices under appropriate 
formulation strategies, HA represents a promising candidate for next- 
generation food packaging materials, though it still requires rigorous 
validation.

Although bio-based packaging has progressed considerably, the 
incorporation of inorganic additives remains relatively underexplored, 
primarily due to safety,compatibility, and regulatory compliance. HA, 
however, represents a unique and compelling case. Its biocompatibility, 
bioactivity, and multifunctional characteristics have been extensively 
validated in biomedical and environmental fields, its potential role in 
food packaging systems has not yet been systematically evaluated. To 
the best of our knowledge, there are no substantial experimental studies 
directly assessing the incorporation of HA into packaging matrices, 
highlighting a critical gap in the current literature. This gap is particu
larly significant, as insights from biomedical and environmental 
research offer valuable perspectives for the rational design of functional, 
safe, and sustainable packaging materials. While hydroxyapatite has 
been extensively studied in biomedical and environmental contexts, the 
direct transfer of findings from these domains to food packaging systems 
require careful interpretation. Accordingly, this review aims to address 
this gap by providing a cross-disciplinary synthesis that integrates the 
physicochemical characteristics of HA with evidence from biomedical 
and environmental studies, thereby establishing a theoretical founda
tion and research roadmap for future experimental investigations. Bio
logical and aquaeous environments differ fundamentally from solid 
polymer matrices in terms of mass transport mechanisms, exposure 
pathways, and material interactions. Therefore, in this review, evidence 
from biomedical and environmental studies is not treated as directly 
applicable to food packaging, but rather as a source of mechanistic 

insight to inform material design, safety considerations, and perfor
mance expectations in packaging systems. This present work explicitly 
examines the interplay between HA properties and their implications for 
packaging functionality, safety, and regulatory considerations.

2. Method

This review used a Systematic Literature Review (SLR) approach 
based on PRISMA guidelines for transparency and rigor. We systemati
cally analyzed peer-reviewed publications published between 2021 and 
2025 about HA’s properties and their relevance to biomedical, envi
ronmental, and food packaging uses. The PRISMA flow diagram sum
marizes how studies were selected. We also show publication trends and 
themes to support the systematic method.

2.1. Literature search strategy

A systematic search was conducted across Scopus, Web of Science, 
PubMed, and ScienceDirect, covering publications between 2021 and 
2025. Database-specific Boolean search strings were applied and 
adapted to each database’s indexing system. The primary search strings 
included: (“Hydroxyapatite” OR “HA”) AND (“food packaging”), (“Hy
droxyapatite” OR “HA”) AND (“membrane”) AND (“biomedical appli
cation” OR “antibacterial”), (“Hydroxyapatite” OR “HA”) AND 
(“membrane”) AND (“environmental remediation” OR “water purifica
tion”). Only peer-reviewed research articles, review papers, and book 
chapters were considered. Conference proceedings, patents, and pre
prints were excluded to ensure the credibility and reliability of the 
sources. Duplicate records retrieved from multiple databases were 
identified and removed using reference management software, followed 
by manual verification of titles and author names to ensure accuracy, as 
summarized in Table 1.

2.2. Inclusion and exclusion criteria

The inclusion criteria comprised peer-reviewed English-language 
articles published between 2021 and 2025, focusing on hydroxyapatite 

Fig. 1. Schematic diagram of HA properties in the biomedical and environmental field relevant to food packaging.

Table 1 
Key steps in the systematic literature review workflow.

Step Description

I Formulating research questions
II Search relevant studies
III Evaluate study quality
IV Summarize findings
V Interpret results
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(HA) and its applications in biomedical, environmental, or polymer- 
based systems with potential relevance to food packaging. This time 
window was selected to highlight recent advances in HA synthesis, 
nanostructural modification, and biopolymer integration, all of which 
are directly applicable to next-generation packaging technologies. 
Foundational studies published before 2021 were cited only in the 
introduction section for background purposes and were explicitly 
excluded from the systematic screening and synthesis. Exclusion criteria 
included non-peer-reviewed sources, conference abstracts, and papers 
lacking direct relevance to HA composites. The selection of literature 
was based on predefined inclusion and exclusion criteria to ensure 
relevance and quality. Studies included discussion of physicochemical 
properties of HA relevant to food packaging applications, particularly its 
antibacterial activity, adsorption capacity, mechanical reinforcement, 
and biocompatibility. Research focusing on HA-polymer composites, 
especially in biopolymer matrices, was also considered. Conversely, 
studies solely addressing HA in bone regeneration, drug delivery, or 
dental applications, without relevance to key packaging properties, 
were excluded. Of the 296 records initially identified, 3 duplicates were 
removed, leaving 293 articles for title and abstract screening. Addi
tionally, articles lacking experimental data or theoretical insights into 
HA’s functional properties, as well as grey literature such as proceedings 
and technical reports, were excluded from this review.

Study selection and screening (PRISMA)

Study selection and screening were conducted following the PRISMA 
framework. After duplicate removal, retrieved records were screened in 
two stages: title-abstract screening to exclude clearly irrelevant studies, 
followed by full-text assessment using predefined inclusion and exclu
sion criteria focused on relevance to HA applications with potential 
implications for food packaging. The identification, screening, eligi
bility, and inclusion process is summarized in the PRISMA flow diagram 
(Fig. 2), while the thematic distribution of the selected studies across 
biomedical, environmental, and packaging-related domains is presented 
in Fig. 3.

2.3. Data extraction and synthesis

The relevant information from the selected studies was systemati
cally extracted and organized into major thematic categories to provide 
a comprehensive perspective on the potential of hydroxyapatite (HA) as 
a food packaging additive. An initial pool of 293 articles was screened, 
focusing on four principal dimensions: (i) the physicochemical 

characteristics of HA, such as composition, crystallinity, porosity, and 
stability; (ii) its biomedical applications, particularly concerning 
biocompatibility, cytotoxicity, and antimicrobial functions; (iii) its 
environmental applications, with emphasis on adsorption mechanisms, 
pollutant removal, and controlled release; and (iv) its prospective inte
gration into food packaging, including effects on mechanical strength, 
barrier performance, and food safety. Following the screening process, 
46 articles were retained for qualitative synthesis, which enabled the 
identification of research trends, knowledge gaps, and prospective di
rections. Ultimately, 21 of these articles were used as the primary ref
erences to establish a theoretical framework for further experimental 
investigations into HA-based food packaging materials. Given the 
narrative and cross-disciplinary nature of this review, a formal risk-of- 
bias assessment was not conducted; however, only peer-reviewed arti
cles with clear methodological descriptions and relevant experimental 
or theoretical contributions were included.

3. Main discussion

This discussion synthesizes evidence from biomedical, environ
mental, and packaging-related studies to highlight key functional in
sights, unresolved limitations, and translational challenges associated 
with hydroxyapatite-based food packaging systems. The integration of 
hydroxyapatite (HA) into biopolymer-based material has been explored 
in various experimental studies to enhance the functional properties of 
food packaging applications (Thool et al., 2024). These studies aim to 
evaluate the effects of HA addition on thermal stability, antibacterial 
activity, mechanical strength, and barrier properties. Table 2 summa
rizes recent studies investigating HA-based composite systems proposed 
for food packaging applications. Rather than demonstrating uniform 
performance enhancement, the reported outcomes highlight the matrix- 
dependent and formulation-specific role of hydroxyapatite. Across 
different polymer systems, HA primarily functions as a reinforcing filler 
and structural modifier, enhancing tensile strength and rigidity by 
improving load transfer within the composite matrix. However, any 
reported improvements in

elongation at break or flexibility are more plausibly attributed to the 
synergistic effect of secondary additives, such as plasticizers or poly
phenolic compounds, which enhance chain mobility and interfacial 
dispersion rather than to HA itself.

As shown in Table 2, incorporating hydroxyapatite generally en
hances tensile strength and thermal stability across various biopolymer 
matrices, reflecting its rigid mineral structure and its ability to improve 
stress transfer within composite systems. Moreover, the incorporation of 

Fig. 2. Illustrative PRISMA outline of the systematic literature review methodology.
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HA into chitosan film has been reported increase with higher glass 
transition (141 to 155 Tg with 1% HA addition) and delayed weight loss 
temperature by 60% from 374 ◦C for neat CS to 383 ◦C and 404 ◦C for 
CS-HA 1% and 3%, respectively) (Thool et al., 2024; Upadhyay & Ullah, 
2024). According to (Qiu et al., 2024), HA also improved the thermal 
stability of pure chitosan film with a higher residual weight ratio from 
32.18% for pure CS film and 34.25% for CS-HA film). Nevertheless, this 
mechanical reinforcement is frequently accompanied by reduced 
ductility, particularly in formulations lacking flexible or plasticizing 
components. Such behavior is consistent with established composite 
mechanics, where the inclusion of inorganic fillers increases stiffness at 
the expense of elongation at break (Y. Wang et al., 2023).

Improvements in antibacterial performance reported in several 
studies should also be interpreted with caution. In most cases, effective 
antibacterial activity arises from composite formulations containing 
additional bioactive agents, such as plant-derived polyphenols or 

essential oils, rather than from HA alone. Within these systems, HA 
primarily serves as a structural scaffold or carrier that facilitates the 
dispersion and stabilization of antibacterial compounds, rather than 
acting as a dominant antibacterial agent (Qiu et al., 2024; Y. Wang et al., 
2023). Nevertheless, HA itself may exhibit modest antibacterial activity 
through surface-mediated interactions and ionic exchange mechanisms 
(Malvano et al., 2022). As reported by (Adzkia et al., 2026), the incor
poration of HA into the cellulose acetate matrix activated the antibac
terial properties, as evidenced by increased inhibition zones against 
Bacillus subtilis (from 0 to 1.27 mm) and Pseudomonas aeruginosa (from 
0 to 1.14 mm). It may be activated, but the activity still remains weak. 
However, this intrinsic effect is generally insufficient for robust anti
bacterial performance, thereby justifying the incorporation of comple
mentary bioactive agents to achieve effective antibacterial functionality.

Similarly, reductions in water vapor or gas permeability observed in 
HA-based composites are better attributed to increased diffusion 

Fig. 3. Temporal published research analysis trend on Sciencedirect (2025 – 2021) of hydroxyapatite in (a) biomedical and (b) environmental applications.
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tortuosity and microstructural modification of the polymer matrix, 
rather than to direct adsorption phenomena. These findings underscore 
that HA’s functional contribution in food packaging systems is highly 
dependent on formulation design, polymer compatibility, and filler 
dispersion. Consequently, performance enhancements reported across 
different studies are not directly comparable and should not be 

generalized without careful consideration of matrix-specific interactions 
and trade-offs.

The conceptual framework of this review is illustrated in Fig. 4, 
which outlines the interrelationships between hydroxyapatite’s physi
cochemical properties and its demonstrated functions in biomedical and 
environmental fields, providing a foundation for its prospective 

Table 2 
The effects of HA incorporation into the composite in food packaging applications.

Composite Form Advantages on 
application

Mechanical strength Ref.
Thermal stability Antibacterial Elasticity Permeability

Hydroxyapatite porous 
microspheres 
(HPMS)-Polyvinyl 
alcohol (PVA)- 
sesbania gum (SG)-tea 
tree oil(TTO)

Film Provided theoretical 
basis for bio-based 
packaging with 2% 
loaded TTO-HPMS

TTO-HPMS enhanced 
thermal stability

Increased 
bacteriostatic 
efficiency and 
inhibition zone against 
S.aurus and E. coli from 
6.86 mm to 9.70 mm

Decreased 
elongation at 
break from 437% 
to 286%

Highest WVP 
reached with 1.5% 
TTO-HPMS

(Y. Wang 
et al., 2023)

Chitosan- 
hydroxyapatite 
(CS-HA)

Film Signified potential of 
film in food packaging

Higher glass transition 
(141 to 155 Tg with 1% 
HA addition) and 
improved thermal 
stability (delayed 
weight loss 
temperature by 60% 
from 374 ◦C for neat CS 
to 383 ◦C and 404 ◦C 
for CS-HA 1% and 3%, 
respectively)

− 61.54% increased 
in tensile strength 
with incorporated 
3% HA

WVP decreased by 
52% with the 
addition of HA 
compared to neat 
CS film

(Upadhyay 
& Ullah, 
2024)

Chitosan-nano 
hydroxyapatite-tea 
polyphenol 
(CS-HA-TP)

Film Demonstrated excellent 
performance in the 
preservation of semi- 
dried fish product 
(prolonged the product 
by > 7 days)

Improved thermal 
stability (higher 
residual weight ratio; 
34.25% for CS-HA film 
than CS film 32.18%)

Delayed increases in 
the microbial 
proliferation (lower 
total viable count from 
7.47 log CFU/g to 6.53 
log CFU/g)

Increased tensile 
strength by 
126.22% and 
elongation at 
break by 67.87%

Reduced 29.78% 
WVP

(Qiu et al., 
2024)

Hydroxyapatite/ 
Quercetin-sodium 
alginate 
(HA/QUE-SA)

Coating Prolong the quality of 
fresh chicken fillet 
during the storage 
period of 11 days 
(prolonged 3 days)

No significant 
difference after cooked 
at high temperature

Inhibit bacterial 
growth against 
Pseudomonas spp. and 
Entero 
Bacteriaceae (with 7–8 
CFU/g bacterias at 11 
days; 3 days later 
compared to control)

− − (Malvano 
et al., 2022)

Cassava starch- 
nanohydroxyapatite

Film Demonstrated the 
efficient HA (with 0.8% 
concentration) 
incorporation in 
cassava starch film as 
biodegradable 
packaging

− − Improved tensile 
strength from 12.5 
MPa to 16.10 MPa 
and elongation at 
break from 1.55% 
to 6.87%

Reduction of 
WVTR by 42%

(Thool 
et al., 2024)

Poly(lactic acid) / 
hydroxyapatite

Film Exhibited higher 
stabilization efficiency 
for biodegradable 
package

Better thermal 
resistance (increased 
filler content from 2 to 
10 wt%)

− − − (Zaharescu 
et al., 2020)

Alginate/starch beads 
with hydroxyapatite

Beads HAincorporation 
increased stability to 
prolong food quality

Exhibited higher 
thermal stability 
(decreased weight loss 
from 67% to 60–37%; 
with HA content 
varying from 2 to 10% 
w/v)

− − − (Kongthong 
et al., 2025)

Carboxymethyl 
cellulose (CMC) / 
sodium alginate / 
nano-hydroxyapatite 
/ tea polyphenols

Film Reduces food (tomato) 
weight loss (9.04% to 
7.52%) and extends 
shelf life

− − Exhibited 
improved tensile 
strength (45.19 
MPa to 63.58 MPa) 
and elongation 
(52.56% to 
82.45%)

Excellent oxygen 
permeability 
(1.841 x 10-3 g/ 
m2s)

(Z. Wang, 
2025)

Cellulose acetate / 
hydroxyapatite (CA/ 
HA)

Film Highlighted potential of 
CA/HA film as food 
packaging material

Increased thermal 
stability (decreased 
weight loss from 5.93% 
for pure CA film to 5.07 
for CA with 20% HA 
content)

Activated the 
antibacterial 
properties via 
increased inhibition 
zone against Bacillus 
subtilis (from 0 to 1.27 
mm) and Pseudomonas 
aeruginosa (from 0 to 
1.14 mm)

Increased 
compressive 
strength (from 
0.207 to 0.749 kgf) 
and tensile 
strength (from 
0.206 to 0.397 kgf)

Lower WVTR 
value than pure 
CA film 
approximately by 
45%

(Adzkia 
et al., 2026)
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application in food packaging systems. In this review, biomedical and 
environmental studies are not discussed as independent application 
domains, but rather as reference systems to elucidate the physico
chemical mechanisms of hydroxyapatite that may be relevant to food 
packaging performance. Specifically, biomedical studies provide insight 
into biocompatibility, interfacial interactions, and controlled release 
behavior, while environmental applications highlight adsorption 
mechanisms, ion exchange, and stability under complex conditions. 
These mechanisms are critically evaluated in the context of solid poly
mer matrices to assess their potential transferability to food packaging 
systems.

3.1. Fundamental physicochemical properties of hydroxyapatite

As previously discussed, hydroxyapatite (HA) possesses a wide array 
of physicochemical properties, includingbiocompatibility, bioactivity, 
porosity, and ion-exchange capacity, that have been successfully applied 
in biomedical and environmental fields. These properties also position 
HA as a highly promising additive in food packaging systems, where 
functionality beyond basic containment is increasingly demanded. 
Specifically, HA can play multiple functional roles in packaging 
matrices, including enhancing barrier performance, providing antibac
terial activity, and supporting active or intelligent packaging mecha
nisms. As outlined in Table 3, these potential roles highlight HA’s 
versatility and underscore the importance of further research to opti
mize its integration into biopolymer-based packaging materials.

While hydroxyapatite is widely recognized for its porous structure 
and large surface area, the relevance of these features differs substan
tially across biomedical, environmental, and packaging contexts. In 
composite systems, such characteristics primarily influence interfacial 
interactions with polymer and biopolymer matrices, contributing to 
biocompatibility and structural compatibility rather than acting as 
standalone functional agents. Consequently, hydroxyapatite represents 
a promising candidate for the development of composite material 
(Voskanyan et al., 2024; Zaharescu et al., 2020). Its biocompatible 
characteristics exhibit value in the medical field, particularly for bone 

and teeth implants, thereby indicating safety and a non-toxic profile for 
the human body (Ielo et al., 2022). Beyond biomedical applications, this 
biocompatibility also supports its use in environmental contexts, espe
cially as an adsorbent for heavymetals in wastewater treatment, where 
material safety and minimal ecological impact are essential (Voskanyan 
et al., 2024). In packaging composites, HA primarily enhances barrier 
performance by increasing the tortuosity of the gas and vapor diffusion 
pathways within the polymer matrix. Although its polar surface groups 
may interact with certain small molecules, such effects are secondary 
compared to its role in physically obstructing diffusion. Therefore, HA’s 
barrier improvement mechanism arises mainly from diffusion-mediated 
processes rather than true bulk adsorption, distinguishing it from the 
adsorption behavior observed in environmental remediation systems 
(Lara-Ochoa et al., 2021; Qiu et al., 2024).

While HA has demonstrated promising reinforcing and barrier- 
enhancing capabilities, the inherent interfacial incompatibility 

Fig. 4. Schematic conceptual framework insights from biomedical and environmental applications of hydroxyapatite can be translated into prospective functions in 
sustainable food packaging.

Table 3 
Summary of Functional Features of Hydroxyapatite Relevant to Food Packaging.

Functional 
Feature

Description Relevance to 
Packaging

Ref.

Biocompatibility Non-toxic and 
safe

Indicates safety and 
compatability of the 
contact from 
migration of material 
to food product

(Voskanyan 
et al., 2024)

Antibacterial 
activity

Inhibit growth of 
gram-positive and 
gram-negative 
bacteria

Prevents microbial 
contamination in 
packaging and prolong 
the product quality

(Qiu et al., 
2024; Y. Wang 
et al., 2023)

Adsorption 
capacity

Ability to adsorb 
gases, moisture, 
and toxins

Suitable for active 
packaging 
applications

(Shafiq et al., 
2023)

Thermal stability Stable at high 
processing 
temperatures

Enables use in heat- 
processed packaging 
systems

(Kongthong 
et al., 2025; 
Qiu et al., 
2024)
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between its hydrophilic surface and hydrophobic polymer matrices (e.g., 
PLA or PVA) poses a significant challenge. Unmodified HA particles tend 
to aggregate and form interfacial voids, which may hinder stress transfer 
and degrade mechanical performance. To overcome these limitations, 
surface functionalization is essential. Techniques such as silane 
coupling, surfactant coating, and polymer grafting have been shown to 
improve dispersion, reduce interfacial tension, and strengthen interfa
cial adhesion (Akindoyo et al., 2017; Farkas et al., 2022; Gapsari et al., 
2025; Morsy, 2024; Subramaniyan et al., 2024). These modifications 
enable effective load transfer within the composite and ensure uniform 
filler distribution, key factors. Hence, surface modification is a crucial 
step toward achieving reliable and scalable HA-based food packaging 
materials.

Microbial activity caused by food spoilage bacteria is a primary 
factor in the degradation of various food products, often resulting in 
reduced quality, accelerated spoilage, and substantial economic losses 
(Ben Lagha et al., 2020). To address this issue, antibacterial agents have 
been employed in food preservation to inhibit the growth of pathogenic 
bacteria. In line with increasing health and environmental awareness, 
consumers are increasingly preferring natural and safe preservatives 
(Yuliana et al., 2022). HA also has inherent antibacterial properties, 
which are particularly beneficial in minimizing bacterial contamination. 
This activity is attributed to its surface characteristics and interaction 
with bacterial cell walls, which can hinder bacterial adhesion and 
growth (Ain et al., 2019; Seyedmajidi et al., 2018). Hence, it should still 
be noted that the intrinsic antibacterial activity of pristine HA is 
generally mild, and stronger antibacterial effects reported in composite 
systems are often associated with synergistic interactions with second
ary bioactive agents or polymer matrices (Malvano et al., 2022; Qiu 
et al., 2024).

In addition to physical and microbiological safety, the potential for 
chemical migration from packaging materials into food remains a crit
ical consideration. Such migration may involve additives or residual 
synthesis compounds that can leach into food under certain storage or 
temperature conditions. Although hydroxyapatite (HA) is generally 
recognized as chemically stable and safe, careful assessment is still 
required to ensure that all incorporated additives comply with estab
lished safety thresholds. HA is widely recognized for its biocompatibility 
and low toxicity; however, these characteristics are not universal across 
all forms and applications. Importantly, biocompatibility demonstrated 
in biomedical applications does not automatically translate into safety 
for food-contact materials, as exposure routes, contact durations, and 
regulatory evaluation criteria differ substantially between biological 
tissues and food packaging systems. The safety profile of HA is strongly 
influenced by its source, synthesis method, degree of crystallinity, par
ticle size, and surface modification. In particular, nano-sized HA parti
cles may raise additional concerns related to cellular internalization and 
oxidative stress,necessitating careful evaluation of potential migration 
behavior in food-contact applications. Consequently, prospective use of 
HA in food packaging requires thorough migration testing and regula
tory compliance prior to commercialization. According to (European 
Commision, 2025), regulations on plastic materials intended for food 
contact specify migration limits (SMLs) are defined to safeguard con
sumer health. In parallel, the European Food Safety Authority (EFSA) 
emphasizes the importance of assessing long-term exposure, particularly 
from emerging biodegradable or bio-based materials. While HA, 
composed of calcium and phosphate ions, is classified as a GRAS sub
stance and generally exhibits minimal migration risk in its conventional 
bulk form (Adzkia et al., 2025). This designation does not necessarily 
extend to nano-scale HA, which may require separate regulatory eval
uation depending on its physicochemical characteristics and intended 
application.

Regulatory compliance is a decisive factor in determining the feasi
bility of hydroxyapatite (HA) for food-contact applications. Under EU 
Regulation No. 10/2011 and EFSA guidance, mineral-based fillers are 
required to undergo migration testing using standardized food simulants 

(aqueous, acidic, and fatty) to assess substance release and compliance 
with specific migration limits (SMLs) as summarized in Table 4. Simi
larly, the U.S. Food and Drug Administration (FDA, 21 CFR 177) man
dates compositional analysis and extractive testing for indirect food 
additives. At present, hydroxyapatite-based nanocomposites do not 
possess explicit regulatory authorization for use in food packaging ap
plications. Consequently, despite promising laboratory-scale perfor
mance, regulatory approval remains a critical challenge for industrial 
translation and must be addressed through systematic migration, toxi
cological, and exposure assessments.

When benchmarked against authorized inorganic fillers such as 
calcium carbonate (CaCO3) and titanium dioxide (TiO2), HA offers a 
comparable chemical stability and a lower cytotoxicity profile. How
ever, its regulatory status in food packaging applications remains pre
liminary, primarily due to the limited availability of migration, 
toxicokinetic data, and long-term exposure data, particularly for nano
scale formulations. For industrial implementation, HA-based packaging 
systems must therefore demonstrate not only adequate physicochemical 
performance, but also strict compliance with regulatory requirements, 
including migration limits, toxicological safety, and long-term exposure 
assessments under internationally recognized frameworks. Despite its 
mineral origin, systematic data regarding the gastrointestinal fate, 
bioavailability, and cumulative exposure of HA, especially in nano-sized 
forms, remain scarce. This limitation highlights the necessity for 
application-specific safety evaluations before HA can be established as a 
regulatory-compliant additive in sustainable food packaging.

Although hydroxyapatite is widely regarded as safe in its bulk form, 
nanoscale HA (<100 nm) introduces specific regulatory and toxicolog
ical considerations when applied in food-contact materials. Under the 
EU Regulation No. 10/2011, migration testing into aqueous and fatty 
food simulants required to evaluate the potential release of nano
particles. Migration behavior is strongly influenced by particle size, 
morphology, surface charge, and dissolution kinetics, all of which affect 
gastrointestinal exposure and biological interaction. While the intrinsic 
chemical composition of HA (Ca10(PO4)6(OH)2) suggests low inherent 
toxicity, nanoscale formulations may exhibit altered bioavailability and 
enhanced interaction with biological tissues compared to bulk materials 
(J. Han et al., 2023; M. Han et al., 2024). Consequently, nano- 
hydroxyapatite is subject to heightened regulatory scrutiny, increased 
surface area, and modified dissolution behavior, which may influence 
cellular uptake, accumulation, and long-term exposure, factors that are 
not fully captured by conventional bulk-material safety evaluations. 
Therefore, the safe implementation of HA nanocomposites in food 
packaging requires a comprehensive evaluation of migration dynamics, 
cytotoxicity, and long-term exposure effects in accordance with EFSA 
and EU safety guidelines. In this context, the suitability of hydroxyap
atite for food packaging applications should be regarded as prospective 
rather than conclusive until supported by systematic toxicological and 
migration studies.

To establish the novelty of hydroxyapatite (HA) in food packaging 
applications, it is essential to compare its performance potential with 
that of other commonly employed fillers in biopolymer-based systems. 
Existing reinforcement agents, such as nanostructured montmorillonite, 
cellulose nanofibers, and metallic nanoparticles (e.g., AgNPS and ZnO), 
have been widely used to enhance the mechanical, barrier, and anti
microbial properties of packaging materials. However, each of these 
additives presents distinct advantages and limitations, particularly 
regarding safety, biocompatibility, and environmental persistence. As 
shown in Table 5, HA offers a unique balance of functional performance 
and safety credentials, positioning it as a sustainable alternative with 
cross-disciplinary potential derived from biomedical and environmental 
research.

Table 5 provides a comparative overview of commonly employed 
fillers in biopolymer-based food packaging, highlighting their functional 
roles, advantages, and inherent limitations. Established fillers, such as 
cellulose nanofibers (CNF), are widely recognized for their mechanical 
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reinforcement and biodegradability; however, their hydrophilic nature 
often compromises moisture barrier performance and provides limited 
antibacterial functionality (Hamad et al., 2020; Kwak et al., 2025). In 
contrast, metal-based fillers such as silver and zinc oxide nanoparticles 
offer strong antibacterial or UV-blocking effects but raise persistent 
concerns regarding cytotoxicity, nanoparticle migration, and regulatory 
restrictions (Hendrawati et al., 2023; Plaeyao et al., 2025; Saleh et al., 
2024; Sitisan et al., 2024).Within this context, HA occupies an inter
mediate functional position. Unlike AgNPs and ZnO, HA is intrinsically 
biocompatible and chemically stable, with GRAS status for bulk or food- 
related formulations, thereby substantially reducing safety-related bar
riers for food-contact applications. However, this designation still re
quires independent migration and toxicological evaluation (Adzkia 
et al., 2025; J. Han et al., 2023; M. Han et al., 2024). However, its 
antibacterial activity is comparatively mild and formulation-dependent, 
often requiring combination with bioactive agents or surface modifica
tion to achieve performance levels comparable to conventional anti
bacterial fillers (El Fawal et al., 2019; Y. Wang et al., 2023). 
Nevertheless, this moderate antibacterial performance, combined with 
its superior safety profile and multifunctionality, positions HA as a 
promising complementary filler rather than a direct replacement for 
highly active antimicrobial nanoparticles in food packaging systems.

From a structural perspective, HA primarily functions as a reinforc
ing filler and tortuosity enhancer, improving mechanical stiffness and 
reducing gas permeability rather than acting as a standalone active 
agent (Thool et al., 2024; Upadhyay & Ullah, 2024). Nevertheless, 
challenges related to dispersion, interfacial compatibility with polymer 
matrices, and limited experimental validation in real packaging systems 
remain significant constraints. Therefore, rather than replacing existing 
fillers, HA should be viewed as a complementary additive whose value 
lies in balancing moderate multifunctionality with superior safety and 
environmental compatibility. In this context, understanding HA’s long- 
established behavior in biological systems becomes essential for evalu
ating its safety profile and functional limitations prior to food-contact 
applications.

3.2. Biomedical Perspectives: Biocompatibility, Safety, and functional 
behavior

Growing interest has focused on developing green antibacterial 
agents that minimize the risk of resistance while offering broad- 
spectrum activity. In this context, hydroxyapatite has emerged as a 
promising material for biomedical applications (Yi et al., 2024). In 
biomedical and pharmaceutical research, such materials are crucial for 
improving drug efficacy, enabling targeted treatment approaches, and 
advancing regenerative medicine. Among various candidates explored, 
HA demonstrated such significant potential (Noviyanti et al., 2024).

Hydroxyapatite has a long way to go in being utilized in the 
biomedical field due to its remarkable characteristics, namely its unique 
biocompatibility, bioactivity, osteoconductive, and functional versa
tility, as stated in Table 6. These properties are included not as direct 
evidence for food packaging performance, but as a mechanistic refer
ence framework to understand HA-matrix interactions, surface 

Table 4 
Potential chemical substances from packaging materials and relevant migration limits.

Substance Possible Source SML (mg/kg food) Regulatory References

Formaldehyde Adhesives, crosslinkers 15.0 EU Reg. 2025 amending 
No. 10/2011

​ ​

Phosphate ions Natural component of HA Not regulated (GRAS) EFSA ​ ​
Calcium Natural component of HA Not regulated (GRAS) EFSA ​ ​
Hydroxyapatite 

(HA)
Multifunctional additive for 
reinforcement, adsorption, 
and antimicrobial protection

Biocompatible, bioactive, GRAS- 
certified, stable, and non-toxic; 
enhances mechanical, barrier, 
and safety properties

Limited experimental 
validation in packaging; 
dispersion challenges in 
polymer matrices

Represents a sustainable and safe 
alternative with cross-functional 
potential derived from biomedical 
and environmental insights

Malvano et al., 
2022; Qiu et al., 
2024;Thool et al., 
2024

Table 5 
Comparison of Common Fillers Used in Biopolymer-Based Food Packaging and Their Key Functional Attributes.

Filler Type Main Function in 
Packaging

Advantages Limitations Relevance to HA-Based 
Applications

Ref.

Cellulose 
Nanofibers (CNF)

Structural reinforcement 
and biodegradability 
enhancement

Renewable, 
biodegradable, and good 
mechanical performance

Hydrophilic nature may 
compromise moisture resistance; 
limited antimicrobial activity

HA can complement CNF’s 
reinforcement with additional 
antimicrobial and adsorption 
capabilities

(Kwak et al., 2025)

Silver 
Nanoparticles 
(AgNPs)

Antimicrobial agent Strong broad-spectrum 
antibacterial activity

Potential cytotoxicity, migration 
concerns, and regulatory 
restrictions

HA provides safer antimicrobial 
functionality with GRAS status and 
lower migration risk

(Plaeyao et al., 
2025; Sitisan et al., 
2024)

Zinc Oxide 
Nanoparticles 
(ZnO-NPs)

UV-blocking and 
antimicrobial activity

Good antimicrobial and 
photocatalytic effects

Possible toxicity and particle 
migration; limited 
biodegradability

HA offers comparable antibacterial 
potential with better 
environmental compatibility

(Hendrawati et al., 
2023; Saleh et al., 
2024)

Table 6 
Biomedical-Inspired Functionalities of Hydroxyapatite for Food Packaging.

Application 
Area

Key Function Relevance to 
Packaging

Ref.

Bone 
implants

Biocompatibility, 
bioactivity, low 
toxicity

Ensures safety and 
compatibility with 
food contact

(Iwanami- 
Kadowaki et al., 
2021; Kotak & 
Devarajan, 2020)

Drug 
delivery 
and carrier

Controlled release, 
carrier role, increasing 
adsorption capacity

Enables potential 
for smart or active 
packaging systems

(Asghar et al., 
2023; Farkas 
et al., 2022; Rial 
et al., 2021; Wan 
et al., 2022)

Drug release Controlled release, 
biocompatibility

Ensures safety and 
compatibility with 
food contact

(El-Habashy 
et al., 2021; 
Levingstone 
et al., 2021)

Wound 
dressing

Antimicrobial, 
regenerative, enhanced 
mechanical properties 
and thermal stability

Suggests 
microbial 
protection 
capabilities and 
flexibility of 
material

(Cunha et al., 
2020; Tabassum 
et al., 2024; Q. 
Wang et al., 
2024)
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reactivity, and material stability. Importantly, differences in exposure 
conditions, contact media, and performance requirements between 
biomedical and packaging systems necessitate careful reinterpretations 
of these findings (Munir et al., 2021). To avoid conceptual overlap, 
biomedical and environmental evidence are discussed separately before 
being translated into packaging implications. Moreover, HA also serves 
as a carrier in drug delivery and release systems, illustrated in Fig. 5. 
This figure is not intended to represent a direct packaging system but 
rather to illustrate the adsorption-release principles that may inspire 
active packaging design. It has the capability to control the release of 
active substances, a trait that may be repurposed for smart or active 
packaging solutions (Rial et al., 2021). Drug carriers are made up of 
many binding agents (e.g., hydrogels, xerogels, or biodegradable poly
mers) that release the medication for various uses, namely anesthetic 
effects first, followed by anti-inflammatory protection and bone growth 
stimulation (Loca et al., 2015). Its antimicrobial and regenerative 
properties, commonly harnessed in wound healing applications, further 
reinforce HA’s potential to enhance food safety by preventing microbial 
contamination (Lamkhao et al., 2019). Such features suggest that HA 
may also be safe and effective in having contact between food and 
bioplastic materials.

Although biomedical studies consistently demonstrate HA’s 
biocompatibility, chemical ability, and surface functionality, these at
tributes do not directly guarantee suitability for food-contact applica
tions. In packaging systems, HA is embedded within solid polymer 
matrices, where gas and vapor transport, mechanical reinforcement, and 
migration behavior are governed by diffusion kinetics, interfacial 
adhesion, and composite morphology rather than biological interactions 
(Adzkia et al., 2025; Lara-Ochoa et al., 2021). Consequently, biomedical 
data should be regarded as supportive but indirect evidence, high
lighting mechanisms rather than performance benchmarks.

Despite persistent skepticism regarding the safety of inorganic ma
terials, hydroxyapatite (HA) provides strong evidence that not all inor
ganic compounds pose risks to human health (Lara-Ochoa et al., 2021). 
As bone tissue research advances, synthetic materials that can replicate 
natural apatite for bone repair and regeneration are being developed. 
This substitute material is utilized to repair diseased and damaged areas 
of human bone, caused by various factors (Singh et al., 2020). HA’s 

exceptional biocompatibility, close mineral resemblance to human 
bone, and low toxicity make it a reliable material, particularly for crit
ical biomedical applications such as bone implants. Beyond its role in 
structurally reinforcing the bone matrix, HA also exhibits osteogenic 
properties that promote bone regeneration and enhance the regenera
tive capacity of bone tissue (Iwanami-Kadowaki et al., 2021; Kotak & 
Devarajan, 2020). To serve as an effective bone repair material, the 
mechanical properties of HA must be enhanced to match those of natural 
bone, while maintaining its inherent biocompatibility (Hench, 1991; 
Singh et al., 2020). Table 7 compares the mechanical properties of HA 
and natural bone tissue as reported in biomedical literature. This com
parison is not intended to suggest equivalence with food packaging 
materials but to provide contextual insight into HA’s intrinsic stiffness 
and load-bearing characteristics, which underpin its role as a reinforcing 
filler in polymer composites.

In food packaging applications, mechanical performance is governed 
by the composite architecture rather than HA’s intrinsic properties 
alone. While bone-related mechanical data illustrate the structural 
robustness of HA, the relevance to packaging must be interpreted 
cautiously, as polymer flexibility, filler dispersion, and interfacial 
bonding ultimately determine tensile behavior, elongation, and tough
ness. Therefore, these biomedical comparisons serve as qualitative 
reference points rather than quantitative predictors of packaging 
performance.

Given that an ideal bone repair material must support osteogenesis, 
ensure biosafety, remain cost-effective, and possess appropriate me
chanical strength to achieve optimal bioadaptability, HA clearly fulfills 
these multifaceted requirements. Furthermore, HA can be combined 
with various biopolymers to further optimize its functional properties 
and mechanical adaptability for bone repair applications (Liang et al., 
2024). To maximize properties, HA functionalized with quercetin (Forte 
et al., 2016), cellulose (Liang et al., 2024; Tabaght et al., 2021), collagen 
(Iwanami-Kadowaki et al., 2021), and chitosan (Muzzarelli, 2009).

According to recent research, HA has been extensively investigated 
in biomedical research as a carrier for drug delivery systems; primarily 
due to its biocompatibility, low toxicity, controllable physicochemical 
characteristics, and porous structure that enables adsorption and 
controlled release of therapeutic agents (Singh et al., 2020). Further
more, the porous architecture of HA, combined with its capacity to 
adsorb and gradually release therapeutic agents, enables precise mod
ulation of drug release kinetics, potentially enhancing treatment efficacy 
and patient adherence (Lara-Ochoa et al., 2021; Noviyanti et al., 2024). 
While HA’s osteoconductive behavior and affinity for certain bioactive 
molecules support tissue integration and localized therapeutic action 
(Asghar et al., 2023; Higino & França, 2022). Collectively, these 
biomedical functions highlight HA’s capacity to interact safely and 
predictably with active substances, providing indirect but relevant in
sights into its potential role as a functional additive in food packaging 
systems.

The function of HA as a carrier in drug delivery and drug release 
applications has been demonstrated to enable effective controlled 
release, resulting in optimal therapeutic outcomes. This capability also 
enhances its capacity to adsorb bioactive substances at the intended 
target site (Asghar et al., 2023; Farkas et al., 2022; Rial et al., 2021; Wan 
et al., 2022). Because of its low solubility at physiological pH, HA is also 

Fig. 5. Conceptual illustration of hydroxyapatite (HA)-mediated adsorption 
and controlled release mechanisms, as extensively demonstrated in biomedical 
delivery through drug-loaded hydroxyapatite.

Table 7 
Properties comparison between HA and natural bone (Hench, 1991; Singh et al., 
2020).

Mechanical Properties HA Natural bone

Compressive strength (MPa) 300 10 – 230
Bending strength (MPa) 110 – 200 200
Fracture toughness (MPa/m1/2) < 1 2 – 12
Young’s modulus (GPa) 40 – 120 7 – 30
Poission’s ratio 0.27 0.30
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utilized as a carrier for local drug delivery via injection and surgical 
implantation. Three essential kinds of HA can be employed primarily for 
this purpose (Lara-Ochoa et al., 2021): 

(1). Drugs placed onto or coupled with implanted HA scaffolds;
(2). Porous HA or nano-HA granular particles;
(3). HA or nano-HA particles coated with polymers.

Due to their ability to penetrate cellular membranes and biological 
barriers, hydroxyapatite (HA) nanoparticles smaller than 100 nm can 
deliver therapeutic agents to otherwise inaccessible sites. Porous HA, 
when loaded with antibiotics, has been used as an implantable drug- 
delivery system for sustained release to target specific diseases. Micro
porous structures of HA can function as effective (Ain et al., 2019). The 
integration of drugs into the microporous structure facilitates sustained 
release over extended periods. Compared to dense scaffolds, micropo
rous HA scaffolds exhibit significantly higher drug-loading capacity and 
prolonged release profiles. The presence of fine pores enables both high 
adsorption and extended release duration (Loca et al., 2015). Initially, 
drug molecules adhered to the surface of HA particles are rapidly 
released, creating a burst effect. Subsequently, as the HA matrix grad
ually degrades, the release becomes more controlled and continuous 
(Singh et al., 2020). Many studies have reported that HA exhibited 
excellent controlled release and sustained dosage of drugs that can 
adjust the limitation of toxicity (El-Habashy et al., 2021; Levingstone 
et al., 2021; Singh et al., 2020). Thus, this proves that HA has its own 
high potential as a low- toxic material to apply in the food area due to its 
safety and biocompatibility with food.

Wound dressings are critical tools in clinical care, traditionally used 
to absorb exudates, keep wounds dry, and prevent infection. However, 
recent research indicates that a moist and warm environment signifi
cantly improves healing outcomes. Modern dressings are therefore 
designed to retain moisture, support oxygen flow for tissue regeneration, 
and limit bacterial growth (Q. Wang et al., 2024). The addition of HA to 
certain main matrix films enhanced many properties. As reported by 
(Cunha et al., 2020), the incorporation of HA powder has activated the 
antibacterial activity against Gram-negative strain, Escherichia coli, and 
Gram-positive strain, methicillin-resistant Staphylococcus aureus. At the 
same time, the film is also non-cytotoxic. Thus, they stated that this 
material is very suitable for wound dressing, due to its properties that 
could reduce bacterial contamination. Moreover, HA can enhance the 
mechanical properties of the main matrix biopolymer film, making it a 
promising component for advanced wound care applications (Q. Wang 
et al., 2024). The favorable mechanical properties of HA are also 
accompanied by improved thermal stability, as demonstrated through 
Thermo-Gravimetric Analysis (TGA), as reported by (Tabassum et al., 
2024) in Fig. 6. The TGA curve comparison indicates that HA exhibits 
the highest thermal stability, with two distinct stages. The first stage (35 
– 145 ◦C) corresponds to the evaporation of surface-adsorbed water, 
while the second stage (145 – 500 ◦C) is associated with the vaporization 
of crystallization water.

In addition to its antibacterial properties, the incorporation of HA 
into biomedical scaffolds can serve as a reservoir for calcium ions at the 
site of injury. These ions play a crucial role in stimulating the formation 
of fibroblasts and keratinocytes during the wound healing process, while 
also mitigating acidic inflammatory responses. In contrast to traditional 
materials, nanoscale HA offers favorable surface characteristics, 
including grain size, porosity, and wettability–enabling better regula
tion of protein interactions and prolonged functional performance 
(Sahmani et al., 2019; Tabassum et al., 2024). The ability of HA to 
release calcium ions and interact with biomolecules can be leveraged to 
develop antimicrobial or controlled-release packaging systems, 
enhancing food safety and extending shelf life. However, it is important 
to note that biocompatibility, antibacterial, and other functional per
formance in biological systems do not directly equate to food-contact 
safety, and additional considerations, such as migration behavior and 

long-term exposure, must be evaluated in packaging applications. 
Beyond biomedical systems, the adsorption capacity and surface 
chemistry of HA have also been exploited in environmental applications, 
further demonstrating its multifunctional potential.

3.3. Environmental Perspectives: Adsorption, ion Exchange, and 
remediation sensor

In environmental applications, hydroxyapatite has been extensively 
investigated for its strong affinity toward various contaminants, 
including heavy metals, volatile organic compounds (VOCs), and mi
crobial agents. HA’s unique ability to be assimilated within physiolog
ical environments offers a significant advantage in facilitating 
interactions with biological molecules (Noviyanti et al., 2024). Its 
adsorption and ion exchange capabilities have been widely exploited in 
wastewater treatment, soil remediation, and environmental sensing, 
demonstrating its effectiveness in immobilizing and stabilizing hazard
ous substances. While these functions are predominantly validated in 
aqueous and soil-based systems, they provide indirect insights into how 
HA may contribute to advanced food packaging concepts. Rather than 
acting as a direct adsorbent within polymer matrices, HA’s environ
mental performance highlights its chemical stability, surface reactivity, 
and safety profile, which are relevant to the design of active or smart 
packaging materials, as summarized in Table 8. Furthermore, HA’s 
application in air filtration technologies, particularly in removing mi
crobes and airborne contaminants, suggests an extended use for anti
microbial food packaging, contributing to prolonged shelf life and 
improved food hygiene.

Environmental pollution arising from industrial, domestic, urban 

Fig. 6. TGA curve comparison of gelatin, chitosan, CNC, and HA. Reprinted 
with permission from Elsevier (Tabassum et al., 2024).
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runoff, and agricultural activities has resulted in the release of cationic 
dyes (methylene blue and methyl violet) (Shafiq et al., 2023), non-ionic 
surfactants (Voskanyan et al., 2024), and heavy metals (Saha Chowd
hury et al., 2025; Wen et al., 2024) into water systems. In this context, 
the relevance of HA lies not in direct contaminant uptake but in its 
potential to influence barrier performance, surface interactions, and 
smart-sensing functionalities when appropriately integrated into pack
aging materials (Shafiq et al., 2023; Voskanyan et al., 2024). These 
considerations reinforce the need for packaging-specific experimental 
validation.

In the application of HA for the removal of methylene blue (MB) dye, 
the adsorption mechanism involves several interactions. Adsorption 
scheme of hollow mesoporous HA (HM-HA) reported by (Shafiq et al., 
2023). To illustrate the adsorption mechanisms of HA in environmental 
systems, Fig. 7 presents a schematic representation of MB dye adsorption 

on the HA surface. This example is included to elucidate the funda
mental interaction mechanisms, such as hydrogen bonding, electrostatic 
attraction, and ion exchange, that govern HA-contaminant interactions 
in aqueous environments. At the surface of HM-HA, hydrogen bonding 
forms between the dye’s hydroxyl (–OH) and amine (–NH2) functional 
groups, resulting in strong molecular affinity. Electrostatic interactions 
also occur, driven by attractive and repulsive forces between charged 
dye molecules and the ionic sites on HM-HA. Furthermore, ion-exchange 
processes occur, primarily involving phosphate groups (PO4

3-) within the 
HA matrix. These mechanisms not only demonstrate HA’s effectiveness 
in removing cationic dyes like methylene blue but also highlight its 
versatility as a functional material for pollutant adsorption.

These environmental studies provide valuable mechanistic insights 
that may inform the design of HA-filled packaging systems, particularly 
in understanding filler-matrix interactions and potential indirect 
barrier-enhancing effects. Other than wastewater contaminated with 
heavy metals, soil contamination also increased significantly over the 
years due to the rapid growth of agricultural activities and industrial 
emissions. The infiltration of heavy metals into soil may lead to their 
accumulation in living organisms through the food chain, posing serious 
and often irreversible health risks due to their persistence, and resis
tance to biodegradation. Moreover, the remediation of such contami
nants from soil environments is typically a prolonged and challenging 
process (Jia et al., 2024; Xiao et al., 2024). To address this issue, hy
droxyapatite presents a sustainable solution due to its strong capacity to 
bind heavy metals (Yan et al., 2025). Moreover, HA has slow-release 
properties (Singh et al., 2020) that can facilitate the gradual immobili
zation of contaminants, particularly advantageous in soil remediation, 
as it ensures prolonged effectiveness in reducing pollutant mobility 
(Xiao et al., 2024). Calcium ions, along with phosphate and hydroxyl 
groups present in hydroxyapatite, can immobilize heavy metals through 
mechanisms such as ion exchange, surface complexation, and precipi
tation (Cui et al., 2016).

HA have been developed by many researchers as gas sensor due to its 
unique capability to be sensitive of certain ions, so it is generally 
considered to be an ionic conductor that can perform proton transfer 
before the surface hydroxyl groups, and is often used for ammonia (Hu 
et al., 2025), carbon dioxide (Arnau et al., 2024), and alcohol (Taha 
et al., 2020). These gases have increased enormously in recent years due 
to industry emissions, livestock, and poultry farming (Arnau et al., 
2024). The environment being highly polluted causes several cases of 
poisoning, accidents, and even deaths. However, gas detection systems 
are not common in public areas due to their high maintenance and high 
power consumption. Henceforth, the development of new gas sensor 
materials has a large response amongst researchers (Noviyanti et al., 
2025). Due to its unique ability to exchange ions, HA has great potential 
as a raw material for gas sensors (Amenaghawon et al., 2022).

As illustrated by (Hu et al., 2025) in Fig. 8, through reactions be
tween ammonia adsorption and desorption processes in porous hy
droxyapatite fiber monolith (PHFM) and oleic acid. Selective physical 
adsorption is one of the key factors influencing charge transfer through 
HA. The hydroxyl and phosphate groups on the HA surface act as hy
drophilic adsorption sites, initially forming hydrogen bonds with water 
molecules in the environment. Moreover, the oleic acid on the surface of 
hydroxyapatite fibers prepared by the oleic-acid assisted method exists 
in the form of a bilayer, and the carboxylic acid groups at the end of the 
chain of the oleic acid molecule also exhibit excellent hydrophilicity. 
These sites subsequently continue to physically adsorb water molecules 
through single hydrogen bonding, ultimately forming multilayers of 
water molecules on the HA surface.

Insights from environmental applications have highlighted HA’s 
capacity for adsorption, ion exchange, and pollutant immobilization in 
aqueous systems. While these properties provide valuable mechanistic 
understanding, their relevance to food packaging must be interpreted 
with caution. In polymer-based packaging materials, HA is not expected 
to function as a direct adsorbent, but rather to influence gas and vapor 

Table 8 
Environmental Utility of Hydroxyapatite and Its Relevance to Food Packaging.

Application 
Area

Key Function Conceptual Relevance Ref.

Wastewater 
treatment

Adsorption of 
heavy metals, 
cationic dyes, 
surfactants

Demonstrates 
conceptual relevance 
for toxin mitigation 
strategies in active 
packaging and 
biocompatibility to 
ensure food safety

(Saha 
Chowdhury 
et al., 2025; 
Shafiq et al., 
2023; Voskanyan 
et al., 2024; Wen 
et al., 2024)

Soil 
remediation

Ion exchange and 
stabilization

Indicates capability 
for neutralizing 
harmful compounds

(Jia et al., 2024; 
Xiao et al., 2024; 
Yan et al., 2025)

Environmental 
sensors

Sensor 
environmental 
contaminants

Sensor material to 
detect contaminants 
or spoilage through 
ion-sensitive 
responses as smart 
packaging

(Arnau et al., 
2024; Hu et al., 
2025; Taha et al., 
2020)

Fig. 7. Schematic illustration of the adsorption mechanism of methylene blue 
(MB) dye on the surface of hollow mesoporous hydroxyapatite (HM-HA), 
involving hydrogen bonding, electrostatic interactions, and ion exchange. 
Reprinted with permission from Elsevier (Shafiq et al., 2023). (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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transport indirectly through diffusion control and increased tortuosity. 
Nevertheless, these environmental studies offer important conceptual 
guidance for the design of active and sustainable packaging systems, 
particularly regarding material safety, environmental compatibility, and 
functional stability. Accordingly, the adaptation of HA from remediation 
contexts to food packaging applications requires translating of mecha
nisms rather than directly extrapolating performance.

3.5. Translational implications for food packaging applications

Building on insights gained from biomedical and environmental 
research, this section does not assume direct applicability but critically 
evaluates how these findings can inform packaging-specific design 
considerations under fundamentally different physicochemical condi
tions. The integration of hydroxyapatite (HA) into food packaging sys
tems is an emerging interdisciplinary field of exploration. Although 
direct experimental validation remains limited, existing evidence pro
vides a strong theoretical rationale for utilizing HA as a functional ad
ditive or reinforcing filler in biodegradable packaging matrices. 
Through its physicochemical stability, adsorption capacity, and anti
microbial potential, HA could contribute to improved mechanical 
strength, enhanced barrier performance, and active protection against 
microbial contamination. Consequently, translating HA’s established 
roles in biocompatible and environmentally responsive systems into 
food packaging applications offers a promising direction toward safer 
and more sustainable materials. In this context, biomedical findings on 
controlled release and environmental data on adsorption and ion ex
change have been reinterpreted as packaging-relevant mechanisms, 
particularly for diffusion control, active compound release, and food- 
contact safety.

Although hydroxyapatite is often regarded as environmentally 
benign due to its biocompatibility and compositional similarity to nat
ural minerals, its sustainability largely depends on the synthesis 
approach. Conventional methods such as sol–gel and hydrothermal 
processing are energy-intensive and generate chemical waste, whereas 
emerging biogenic synthesis routes using natural or waste-derived pre
cursors (e.g., eggshells, fish bones, coral) can substantially reduce en
ergy demand and reagent consumption (Dewi et al., 2024; Kuśnieruk 
et al., 2016; Noviyanti et al., 2020). However, quantitative life-cycle 
assessments (LCAs) comparing HA with other fillers, such as nano
cellulose or clay, remain scarce (Jose et al., 2025; Okeke et al., 2024). 
Consequently, while HA shows promise for integration into sustainable 
packaging systems, its environmental benefits should be considered 
potential rather than confirmed, pending comprehensive cradle-to- 
grave evaluations in future studies.

While pure HA demonstrates minimal intrinsic antibacterial activity, 
its use in composites has shown effective bacterial inhibition due to its 
function as a carrier or stabilizing matrix for antimicrobial agents such 
as silver, zinc, or bioactive plant-derived compounds. In such systems, 
HA enhances the dispersion and sustained release of these agents, 
contributing indirectly to antibacterial performance in food packaging 
applications. Incorporating reinforcing agents or fillers is a common 
strategy to enhance the performance of bioplastic matrices (Hendrawati 
et al., 2023; Morsy, 2024; Ruíz-Baltazar et al., 2018; Silva-Holguín & 

Reyes-López, 2020). The reduction in oxygen and moisture permeability 
observed upon HA incorporation can be explained by fundamental 
transport and thermodynamic mechanisms. HA particles increase the 
tortuosity of diffusion pathways, thereby lowering the effective diffusion 
coefficient within the polymer matrix. Additionally, their polar surface 
and high crystallinity can alter gas polymer partitioning at the interfa
cial region, leading to reduced solubility of permeating molecules. This 
combined effect, governed by Fickian diffusion and Henry’s law parti
tioning, results in lower overall permeability. Temperature-dependent 
permeability behavior may also follow Arrhenius-type kinetics, reflect
ing the thermally activated nature of diffusion processes (Lara-Ochoa 
et al., 2021; Qiu et al., 2024; Uskoković, 2020; Yue et al., 2024). 
Together, these mechanisms rationalize the barrier enhancement 
observed in HA-filled composites.

HA demonstrates the potential to contribute to multiple functional 
improvements in biopolymer-based packaging systems; these effects are 
often interdependent and governed by compositional balance. For 
instance, increasing HA loading can enhance tensile strength and barrier 
performance by reducing polymer free volume but may also induce 
brittleness or loss of elongation due to particle agglomeration (Liu et al., 
2024; Shafiq et al., 2023; Tingting et al., 2012; Zaharescu et al., 2020). 
Similarly, incorporating doped or bioactive HA to improve antibacterial 
activity can influence surface polarity and potentially impact food sen
sory properties if not carefully controlled (da Costa Brito et al., 2024; 
Silva-Holguín & Reyes-López, 2020). Hence, achieving multi
functionality requires strategic optimization of HA concentration, 
dispersion, and interfacial modification, rather than assuming linear 
enhancement across all properties. This nuanced understanding is 
crucial for translating HA’s laboratory-scale potential into a practical, 
safe, and industrially viable packaging system.

These materials are intended to improve various properties of the 
matrix, including its degradability, mechanical strength, and barrier 
effectiveness against oxygen and water vapor (Marta et al., 2022). Based 
on its multifunctional characteristics demonstrated across biomedical 
and environmental applications, hydroxyapatite holds considerable 
promise as an additive material in food packaging. Its unique physico
chemical properties enable it to serve multiple roles when incorporated 
into biopolymer-based packaging systems. These roles address key 
challenges in sustainable packaging, such as barrier protection, bacterial 
inhibition, and mechanical integrity. As outlined in Table 9, HA can be 
projected to fulfill various functional purposes that are essential to 

Fig. 8. Schematic illustration of the HA sensing mechanism. Reprinted with permission from Elsevier (Hu et al., 2025).

Table 9 
Potential Roles of Hydroxyapatite in Food Packaging Systems.

Functional Role Description Remarks

Barrier enhancer Improves resistance to oxygen 
and moisture

Performance depends on 
dispersion and 
concentration

Antibacterial 
agent

Inhibits the growth of 
foodborne pathogens

Can be enhanced via metal 
doping

Active packaging 
component

Absorbs gases or releases 
functional agents

Requires further migration 
analysis

Mechanical 
reinforcement

Enhances the strength and 
flexibility of biopolymer films 
or membranes

Effect varies with 
formulation

Q.A. Alya Adzkia et al.                                                                                                                                                                                                                        Current Research in Biotechnology 11 (2026) 100370 

12 



modern food packaging composites.
The table shows that HA is not limited to a single function but pro

vides various benefits depending on how it is formulated and applied. 
While its effectiveness as a barrier enhancer or mechanical reinforcer 
depends on factors such as dispersion and compatibility with the poly
mer matrix, its antibacterial inhibition potential may be further tailored 
through surface modifications. However, to fully optimise these roles for 
commercial food packaging, further research is needed to assess 
migration safety, material stability, and performance under real storage 
conditions. Rather than reiterating individual study outcomes, this dis
cussion emphasizes the critical trade-offs, evidence gaps, and design 
constraints that must be addressed before hydroxyapatite can be reliably 
translated into food packaging applications.

4. Conclusion

Hydroxyapatite (HA) has demonstrated versatile functionality across 
biomedical and environmental domains, attributed to its biocompati
bility, ion-exchange capacity, and structural stability; however, its 
relevance to food packaging remains largely conceptual and indirect. In 
biomedicine, HA supports bone regeneration, drug delivery, and wound 
healing through its bioactivity and compositional similarity to natural 
apatite, while in environmental systems, it functions as an effective 
adsorbent for contaminant immobilization. These applications provide 
valuable mechanistic insights; however, they do not directly validate HA 
performance or safety in food-contact materials. Despite these promising 
cross-disciplinary insights, the integration of HA into food packaging 
systems remains insufficiently validated, with limited experimental ev
idence addressing migration behavior, polymer compatibility, and long- 
term exposure safety. Particular uncertainty persists for nano-sized HA, 
where particle migration, altered bioavailibility, and regulatory classi
fication present unresolved safety and compliance challenges. Hence, 
while HA presents meaningful theoretical potential as a sustainable 
packaging additive, its suitability for real-world food packaging appli
cations should be considered prospective rather than conclusive until 
supported by systematic migration testing, toxicological evaluation, and 
regulatory approval.

4.1. Future roadmap and research Outlook

Although hydroxyapatite demonstrates theoretical promise as a 
functional additive in food packaging, several critical scientific, regu
latory, and engineering challenges remain unresolved. Addressing these 
issues is crucial to translating its theoretical advantages into practical, 
safe, and scalable applications. The following roadmap summarizes key 
research priorities and future directions for advancing HA-based pack
aging systems. To advance hydroxyapatite (HA) from conceptual po
tential to practical application in food packaging, several engineering 
pathways must be prioritized. Future studies should prioritize optimi
zation of HA/polymer composite formulations, particularly through 
surface modification (e.g., silane coupling or organic acid treatment) to 
improve dispersion, interfacial adhesion, and mechanical consistency in 
biopolymer matrices such as PLA, PVA, or CA. Standardized character
ization protocols, including dynamic mechanical analysis (DMA), oxy
gen and water vapor permeability, and migration testing in accordance 
with FDA or EFSA guidelines, are necessary to establish reproducible 
benchmarks for performance and safety. At the translational level, 
techno-economic analysis, life cycle assessment, and regulatory feasi
bility studies must accompany material development to assess cost ef
ficiency, scalability, and environmental impact under realistic industrial 
processing conditions. Finally, collaboration among academic re
searchers, regulatory bodies, and packaging industry will be essential to 
bridge laboratory-scale discoveries with real-world implementation. 
This roadmap highlights the need for coordinated cross-disciplinary 
efforts to bridge laboratory-scale findings with regulatory-compliant, 
industrially viable HA-based food packaging systems.
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