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Abstract: During the past decade, there has been a continued increase in the demand for bone
defect repair and replacement resulting from long-term illnesses or traumatic incidents. To address
these challenges, tissue engineering research has focused on biomedical applications. This field
concentrated on the development of suitable materials to enhance biological functionality and bone
integration. Toward this aim, it is necessary to develop a proper material that provides good osseoin-
tegration and mechanical behavior by combining biopolymers with ceramics, which increase their
mechanical stability and mineralization process. Hydroxyapatite (HAp) is synthesized from natural
resources owing to its unique properties; for example, it can mimic the composition of bones and teeth
of humans and animals. Biopolymers, including chitosan and alginate, combined with HAp, offer
good chemical stability and strength required for tissue engineering. Composite biomaterials contain-
ing hydroxyapatite could be a potential substitute for artificial synthetic bone grafts. Utilizing various
polymers and fabrication methodologies would efficiently customize physicochemical properties
and suitable mechanical properties in synergy with biodegradation, thus enhancing their potential
in bone regeneration. This review summarizes the commonly used polymers in tissue engineering,
emphasizing their advantages and limitations. This paper also highlights recent advances in the
production and investigation of HAp-based polymer composites used in biomedical applications.

Keywords: hydroxyapatite; smart polymers; regenerative medicine; bone tissue engineering;
polymeric materials

1. Introduction

Bone concerns, such as osteoporosis, osteoarthritis, and fractures, are major health
issues that cause weak bones or even broken bones, leading to decreased mobility, increased
falls, and significantly impacting quality of life [1-3]. For these reasons, medical procedures
such as bone grafting or even full bone replacement may become necessary to restore
bone structure and performance. A big challenge in treating bone diseases is that bones
do not grow back easily when badly damaged or with large defects, making replacement
a necessity in medical treatments [4,5]. In the past, autografts and allografts were used
to replace bones. However, these could lead to serious consequences, such as immune
system reactions, risk of spreading diseases, and pain [6]. Tissue engineering (TE) has
emerged as a potential new method of fixing and regenerating bones. Tissue engineering
aims to produce biomaterials that mimic bone structure and function, as well as help bones
heal naturally [7,8]. This method focuses on creating scaffolds that facilitate cells to grow,
change, and form mature tissues. These scaffolds are commonly made from biocompatible
materials that eliminate long-term health risks, reduce inflammation, and promote cell
growth [9,10].
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Bone tissue engineering scaffolds are biocompatible, biodegradable, bioactive, osteo-
conductive, and non-toxic [11]. A scaffold should have a network of pores sufficient to
enable cell seeding and cell penetration. In addition to supporting and facilitating bone
growth, they should also provide a mechanical structure [12,13]. One of the critical aspects
of fabricating TE scaffolds is determining the optimal time to break them down to ensure a
proper balance between newly formed bone regeneration and scaffold resorption. [14,15]. A
variety of materials have been studied for developing scaffolds, such as hydroxyapatite and
fluorapatite [16]. These materials are biocompatible and osteoconductive, enabling their
use in tissue engineering applications [17]. Furthermore, apatite forms on their surfaces,
facilitating bone attachment to them and contributing to bone growth, which is essential
for bone regeneration [18,19].

Bioactive materials like bioceramics and bioactive glasses also stimulate stem cells to
proliferate, differentiate into osteoblasts, and promote bone formation [20]. This process is
imperative for bone healing. Added substances that act as growth factors or osteogenic
agents to the scaffold enhance the rate of regeneration. This is accomplished by activating
stem cells to develop into bone-building cells known as osteoblasts, which support bone
formation [21,22].

To design a structure, composite materials are created by combining two or more
different materials from biocompatible sources that act as bone extracellular matrices. The
structure of these biomaterials, natural and synthetic, has similar strength, stiffness, and
fracture resistance to natural bone. They are also biocompatible and can be easily implanted
into the human body [23]. Additionally, researchers are investigating nanocomposite scaf-
folds that aid tissue regeneration and repair [24]. This review paper, therefore, concentrates
on the investigation and production of composite materials based on biopolymers and
hydroxyapatite. Materials such as these can be used to produce advanced scaffolds that
promote bone healing. By combining biopolymers and bioactive ceramics like hydroxyap-
atite, novel scaffolds have been developed that work like natural bone. This review paper,
therefore, concentrates on the investigation and production of composite materials based
on biopolymers and hydroxyapatite.

2. Biopolymers Used in Tissue Engineering

Biomaterial characteristics must be extensively investigated to ensure their success-
ful application in tissue engineering. Chemical composition, structural and biological
properties, degradation rate, and method of manufacture all play a role in material se-
lection [25,26]. Researchers focus on biopolymers to promote regeneration, healing, and
reconstruction of injured tissues through scaffolds. Along with the advancement in tis-
sue engineering, biomaterials have emerged as a promising option for bone repair and
regeneration, addressing the limitation of the conventional metallic implants and bone
grafts [27,28]. Bone transplants, therefore, have significantly increased, exceeding over
two million transplants performed worldwide [28]. Biomaterials, including biopolymers,
have gained significant interest for their therapeutic potential in bone repair and health
owing to their beneficial antioxidant and anti-inflammatory properties. Biopolymers have
also been known for their advantageous properties such as biocompatibility, biodegrad-
ability, and structural similarity to natural bones [29]. Among biopolymers, chitosan,
collagen, and gelatin are extensively researched and applied in bone tissue engineering [29].
Three-dimensional printing combined with nano-biomaterials in scaffolds for bone tissue
engineering is expected to further enhance the effectiveness, applicability, and durability of
these novel materials. This novel combination will ultimately benefit patients with bone
defects, injuries, and diseases [27,30]. Depending on their origins, biopolymers used in TE
are grouped into two primary categories [31], naturally derived polymers and synthetic
polymers, as illustrated in Figure 1.
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Figure 1. A classification of biodegradable polymers, with examples, based on their source.

2.1. Natural Polymers

Polymers originating from biological sources such as plants, animals, and microorgan-
isms exhibit special properties, including biocompatibility and bioactivity, which improve
cell proliferation and adhesion [32]. Examples include proteins, polysaccharides, lipids,
and nucleic acids. Each group has special features that make them useful in certain medical
treatments or research. Proteins like collagen help form tissues, polysaccharides such as
chitosan help heal wounds, and nucleic acids can be involved in genetic therapies [33,34].
The use of natural polymers in TE has considerably increased through the development
of multimodal scaffolds that possess distinct shapes and properties, both physically and
chemically [35]. However, the strength of these polymers and how quickly they break
down make them difficult to control. As a result, they could be less useful for holding
weight in the body unless they are altered to support weight [36]. To render these biostruc-
tures more efficient in applications required for weight-bearing purposes, some potential
alterations may include reinforcing the internal structure, incorporating stronger materials,
or redesigning the shape or form to better distribute weight.

These polymers can be combined with other materials to provide a sufficient level
of strength and breakdown rate. This is especially beneficial for hard tissues like bones
or cartilage. Table 1 shows a summary of the general properties of the natural polymers
usually employed in TE. For instance, collagen is an essential protein in the extracellular
matrix of the human body. It has a triple-helical structure composed of fibrils serving
as nucleation sites for nano-apatite particle growth, facilitating cell adhesion and tissue
development [37]. Another effective example is chitosan, derived from crustacean shells.
Chitosan possesses several advantageous properties, such as it degrades naturally over
time and promotes bone growth. These characteristics make it useful for bone tissue
engineering, where it assists with bone restoration and prevents infection [38]. However,
these natural polymers have a downside: their limited adhesion strength limits their use in
applications requiring durable structural integrity. To address this issue, scientists combine
them with synthetic polymers or enhance their properties by incorporating nanoparticles.
This enhances natural polymers’ performance in medical applications requiring strong,
stable materials, such as bone and cartilage repair [39].
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Table 1. Natural polymers widely used in tissue engineering together with their main characteristics

and applications.

Pol Properties Aol
olymers ication Ref
¥ Advantages Limitation PP eterences
Excellept biocompatibility, Weak mechanical
biodegradable, .
Gelatin nomtoxic properties, Scaffolds for hard [40]
enhancement (; £ cell low stability in physiological tissue engineering
adhesion and proliferation condition
B%odegradz'ib.illity, Weak mechanical
biocompatibility, strength Bone tissue
Alginate bioresorbable, non-toxicity, g, . [41]
mimicking the function of low cell adhesion, applications
. difficult to sterilize
extracellular body tissue
Good water absorption
capacity, . -
Cellulose mechanical performance, A lowe;?lll(frfgizdablhty 3Drzc?£f;1izrﬁzne [42]
structural properties, cell p
adhesion, biocompatibility
Prevent formation of scar
tissue, -
Chitosan excellent biocompatibility, Poor #abﬂlty, weak Scaffolds, [43]
biodegradability, and mechanical performance microspheres
anti-inflammatory
Superior biocompatibility, . .
low toxicity, biodegradable, Weak mec‘h'am'cal properties, Scaffolds, drug delivery
Collagen rough surf | poor stability in an aqueous [44]
gh surtace, low environment systems
immunogenicity ’
High biocompatibility,
biodegradability, good cell Weak mechanical
Hyaluronic Acid adhesion, performance, high Scaffolds, hydrogel [45]
proliferation, degradation rate
differentiation
Enhanced flexibility, Reduced
Silk Fibroin biocompatibility, good Scaffolds [46]

mechanical performance

biodegradation rate

2.2. Synthetic Biopolymers

In comparison with natural polymers, synthetic polymers are highly customizable,
durable, and easy to manufacture [47]. Unlike natural polymers, artificial ones can be
designed to possess specific characteristics such as regulated degradation rates, customized
strength properties, and modifiable porosity. These attributes make synthetic polymers
particularly well-suited for TE applications, especially in rebuilding bones or cartilage,
where the material needs to handle weight [48].

Synthetic polymers can be tailored for specific TE uses. Poly (ethylene glycol) (PEG)
is frequently used because of its good biocompatibility and immunogenicity, and its me-
chanical traits can be fine-tuned to match the needs of the tissue being repaired. Synthetic
polymers are limited in that they may not naturally promote cell adhesion or growth,
unlike natural polymers [49]. Researchers can optimize synthetic polymer performance
in biological environments by incorporating bioactive compounds, nanoscale particles, or
growth-stimulating agents. As shown in Table 2, synthetic polymers offer extensive flexibil-
ity and control in tissue engineering, but need modifications to improve their bioactivity.
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Table 2. Synthetic polymers widely used in tissue engineering together with their main properties

and applications.

Pol Properties Aool
olymers ication Ref
y Advantages Limitation PP elerences
Biocompatible, degradable, . .
Poly (ethylene glycol) non-toxic, non-immunogenic lelted. rheological, . Sca.ffo.lds, BTE, 3D .
(PEG) blend with various polymers, mechaanal st.re.ngth, bloprmt.mg, orthopedic [50]
enzyme-stable, hydrophilic and bioactivity implant
Poly (vinyl alcohol) E);Ciil(lieentr:;(;ﬁﬁ}patféﬂty Low bioactivity and Scaffolds, drug delivery 51]
(PVA) mechganical bel):,a %ior cell adhesion systems
Biodegradability, high Low t.o ughness, Load.bea.lring
Polylactic acid (PLA) mechanical performance, lesser mec}'lam(;?l support, e;pphca'tlons, . [52]
inflammatory response insufticient orthopedic repair,
biocompatibility scaffolds
Proliferation, and differentiation,
Poly (glycolic acid) high crystallinity, excellent .
(PGA) mechanical performance, good Hydrophobic Scaffolds, BTE [53]
cell attachment
Good biodegradability, and
Poly (-caprolactone) biocompatibility, low elastic Poor cell attachment, Scaffolds, BTE, 3D [54]
(PCL) modulus, tailorable physical hydrophobic bioprinting
properties, low degradation rate
Poly (methyl Enhances processability,
methacrylate) (PMMA) durability Undegradable Scaffolds [55]
Processability, good mechanical
Poly (lactic-co-glycolic performance, high Possible inflammatory Scaffolds, orthopedic
yaci d) (PL GgA})] biocompatibility, adjustable response, low implants, drug delivery [56]
degradation rate, low bioactivity systems

inflammatory response

One of the commonly used synthetic polymers in TE is poly (glycolic acid) (PGA),
which rapidly degrades and has strong mechanical properties, making it ideal for fixing
tendons and ligaments [57]. Another synthetic polymer is poly (lactic acid) (PLA), which
is well-known for being biodegradable and having an adjustable breakdown rate. PLA
is commonly used in cases where a temporary structure is needed, such as fixing bones
or cartilage. However, PLA, like other polymers, has weak mechanical performance,
restricting its potential applications in the medical field. For this reason, inorganic materials
or other polymer matrices are often used to enhance their mechanical properties for bone
regeneration purposes [58]. For instance, Bal et al. designed scaffolds based on PLA-PEG to
support BMP-2 incorporation. Despite this, HAp was also considered to be introduced to
the system, as its mechanical properties were insufficient [59]. In contrast, polycaprolactone
(PCL) demonstrates a slower degradation rate and excellent mechanical properties, making
it more appropriate for long-term applications such as bone scaffolds. However, synthetic
polymers like PCL and PLGA lack innate abilities to promote cell growth. This requires
modification through the incorporation of specific bioactive agents or in combination with
bioceramics such as hydroxyapatite. This is to enhance cell adhesion and bone tissue
formation. Synthetic materials have resulted in enhanced and more targeted tissue healing
strategies. These materials are expected to provide increasingly specialized solutions to
various tissue regeneration needs [60].
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3. Hydroxyapatite as Bioactive Agent in Biocomposites

In human bones and teeth, hydroxyapatite (HAp) is composed mostly of calcium ap-
atite. Bioactivity is approved for its ability to deliver biological signaling that stimulates cell
activity and tissue growth. HAp offers a promising opportunity for producing biomaterials
at lower costs. Natural sources such as eggshells, shells, and corals provide an effective way
of obtaining hydroxyapatite [26,61]. Furthermore, materials with high calcium content from
natural origins such as bovine bones, fish bones, and scales can be used as useful resources
of HAp (Table 3). In addition, eggshells from chickens, bones from fish, and fish scales
serve as favorable calcium sources due to their widespread accessibility and ease of access.
Consequently, this results in reduced costs for raw materials, and provides environmental
benefits by reusing waste products [62]. Improper control of these substances can foster
environmental conditions for bacteria and fungi proliferation, owing to the organic matter.
This can result in unpleasant consequences, such as foul odors and the spread of illness.

Table 3. Comparison between different HAp sources.

Source Types of CaP Characteristics Biomedical Applications References
High similarity to human Bone grafts, dental
Animal Bones Hydroxyapatite bone, excellent implants, coatings for [4,63]
osteoconductive prosthetics
Calcium carbonate . .
Eggshells (CaCO3), can be Low-cost, aE;JCrlecsleslnt, easy to  Bone rep;;lr,s tcil;llsg delivery [64]
transformed into HAp p y
Calcium carbonate Porous structure resemblin Bone scaffolds, tissue
Corals (CaCOs3), transformed & .’ [22]
. cancellous bone regeneration
into HAp
Calcium carbonate Biodegradable, porous Bone regeneration, dental
Marine Shells (CaCQOs), can be naturall goccurril; pstruct{lre ag licationé [63]
converted to HAp Y & pp
Fish Scales Hydroxyapatite Naturally contains calcium Bone implants, [66]

phosphate, biocompatible

regenerative medicine

Mammalian bones, including horses, camels, pig, and bovine contain a large amount
of calcium carbonate (CaCOs3), making them an excellent source for extraction of hydrox-
yapatite. Bovine bones are commonly employed in HAp extraction. Bones have to be
cleaned before preparation by rinsing using hot water or solvents, removing fats, proteins,
as well as blood cells by heating the bone to a temperature of 1400 °C during the produc-
tion stage. Barakat et al. compared the efficiency of three different approaches for HAp
production from bovine bones through thermal decomposition, sub-critical water treat-
ment, and alkaline hydrothermal processes. Upon examination of the results, it is obvious
that the alkaline hydrothermal process yields pure HAp nanorods, which differ from the
nanoparticles produced by the two competing methods [63]. The chemical structure of
eggshells, which are organic bioceramic compounds in nature, consists of 95% crystalline
calcium carbonate CaCOj3 covered by a 5% protein layer. Thus, it acts as a suitable initial
precursor of calcium for HAp synthesis [67]. Azis used a sol-gel process to prepare HAp
nanoparticles from eggshells by precipitating calcium carbonate, dissolved using 0.3 M
HNO3, mixed and stirred with 0.3 M (NH4)2HPO4, dissolved in aquadest for 3 h. Based
on the results, it was shown that the pure hexagonal pattern of HAp was found at one day
curing time and pH 9 [64]. Sundaram et al. used a 30-day procedure to synthesize HAp
from nanoparticles rich in drug molecules by using ciprofloxacin from eggshells as calcium
precursors, eliminating the need for toxic chemicals [68]. Castro et al. produced HAp by
hydrothermal eggshell fabrication using ultra-high-frequency treatment techniques [69].
Gergely et al. produced HAp from waste eggshells by thermal processing in a couple
of steps [70]. In the initial step, almost all biological substances were calcined, while the
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subsequent step included eggshell converted to calcium oxide. A ball mill operating at
various rates of speed was used to avoid accumulation and maintain uniform blending of
calcium carbonate. XRD, FTIR, and SEM results show that a rotational milling (4000 rpm
for five hours) is preferred compared to ball milling (350 rpm for ten hours); thus, at the
nanoscale level, uniform HAp is produced, regardless of milling [70]. According to a
study by Mohd et al., HAp was synthesized from eggshells by chemical precipitation and
calcination processes. The calcination method was carried out at various degrees of heat,
and after that, the calcinated powder was dispersed in a solution containing water and a
concentration of 0.6 M phosphoric acid. Based on the data, 700 °C was the ideal calcination
condition for HAp [71]. Lee et al. analyzed the properties of HAp obtained from eggshells
and artificial HAp by FTIR and XRD. In addition, they investigated the bone regeneration
efficiency of rabbit fault simulation (in vivo test). Results showed that bone growth I both
kinds of HAp were better than the empty group [72]. The similarly results were observed
by Balazsi et al., utilizing nanosized HAp for bone healing in a rabbit and mouse disease
experiment, and the findings were examined by TEM [73]. Researchers have found that
the prepared HAp extracted from hen’s eggshells that are discarded as waste has potential
applications in tissue engineering.

Several marine wastes, for example, mollusk shellfish, cuttlebone shellfish, oyster
shellfish, and snail shellfish, are of great interest in terms of HAp, as they contain a large
amount of CaCOj;. Natural HAp can be obtained via a thermal calcination process, which
involves heat treatment at high temperatures to eliminate volatile substances. For example,
seafood residue of green mussel shells was used to produce HAp after calcination at
different temperatures for two hours using an infrared treatment method, based on a study
by Liand A. et al. [65]. It was shown that the crystalline HAp phase had notable variation
among the various specimens [65]. Similarly, Zuliantoni et al. prepared HAp from snail
shells using the hydrothermal technique with phosphate hydrogen diammonium. Based
on their study, HAp obtained from snail shell has excellent characteristics compared to
standard HAp. Nanosized HAp can be also derived from mussel shells. Shells represents
about 55% of the weight of mussels, and they are composed of 95-99% aragonite, which is
a form of CaCOs [66]. Figure 2 summarizes the extraction of HAp from its natural sources.
All of these natural sources of HAp offer cheaper, eco-friendly options than man-made
materials. Each has special benefits, like strength or working well with bone cells, which
makes them suitable for different medical uses.

Natural Hydroxyapatite

Methods Methods
* Calcination * Calcination + precipitation
* Hydrothermal * Calcination + hydrothermal
« Alkaline hydrolysis * Calcination + ultrasonic irradiation
Marine Mineral
(Fish bone, fish scale) (Limestone)
\) -~
Y
= g x> l
Mammalian Shells Plant
Bone(bovine, horse, cow ) (Egg shell, seashell) (Leaves, peel)

D}cthods

 Calcination
* Hydrothermal

* Alkaline hydrolysis

Methods Methods

* Sol-gel Pyrolysis

* Mechano-chemical * Chemical participation
+ Calcination + Calcination

* Hydrothermal * Hydrothermal

* Alkaline hydrolysis * Alkaline hydrolysis

Figure 2. Schematic diagram of natural sources and synthesis methods for HAp.
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Hydroxyapatite—Polymer Composites for Bone-Tissue Engineering

In the area of tissue engineering, polymer-based HAp composites are gaining signifi-
cant traction as they improve the mechanical properties of hydroxyapatite-based implants
while still maintaining the desirable bioactive characteristics needed for bone replace-
ment [74]. In addition, investigations have shown that manufactured implants from
nanosized HAp exhibit better results than microsized ones. HAp particle size, biopolymer
content, and synthesis processes can be adjusted to tailor the properties of HAp poly-
mer composites to meet the requirements for biomedical purposes [75]. The produced
composites possess superior properties such as biocompatibility, promoting cell adhesion,
proliferation, and differentiation, enabling tissue engineering applications. Additionally,
HAp nanoparticles remarkably enhance the mechanical performance and bioactivity of
biopolymer composite materials. This enhances their suitability for critical applications, for
example, load-bearing implants and drug delivery systems. The enhanced performance
of polymer composites with HAp as an additive can be because of intermolecular reac-
tions with polymer chains of HAp, as reported in a study carried out on polyurethane.
Results showed that increasing concentrations of HAp reduced the mobility of polymer
chains [26,76]. In contrast, scaffolds for bone regeneration require specific characteristics,
such as biocompatibility, considerable mechanical performance to withstand weights, and
biodegradability without emitting toxins into tissues [77].

4. Fabrication of Hydroxyapatite-Polymer Composites

Different fabrication methods are adapted for the producing composite scaffolds from
HAp and other calcium phosphates (CaP), which mimic the natural bone properties. This
is due to the importance of bioactivity in creating a chemical bond with natural bone.
The common techniques to tailor composite scaffolds include freeze-drying, particulate
leaching, electrospinning, gas foaming, biomimetic, solvent casting, laser sintering, and 3D
printing [78,79].

4.1. Solvent/Solution Casting Method

The process of solvent casting biocomposites consists of a polymeric material dissolved
in an organic solvent, and mixed with ceramic granules, which before were molded inside
a predefined 3D mold, and then the solvent was allowed to evaporate [80]. A schematic
diagram of the solvent casting technique is displayed in Figure 3.

HAp -
- — ]
—~AAR * — -
ES e
Polymer Solvent Polymer solution

Ol

Magnetic stirrer I

Drying in hot air oven

Film casting
Casting of polymer solution

Figure 3. Schematic diagram of the solvent/casting solution process.

This fabrication technique is simple to prepare, low cost, and operates at ambient
temperatures without specialized equipment. In one study, nano-HAp/chitosan composite
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membranes were prepared by solvent casting. The crosslinking agent is genipin, used
with acetic acid as a solvent. Various concentrations of nano-hydroxyapatite/chitosan
composite membrane extracts were added to cell wells to determine viability. Results
indicated that the developed nano-hydroxyapatite/chitosan composite membranes were
noncytotoxic. According to them, these membranes will facilitate the engineering of bone
tissue [81]. A study found that different concentrations of HAp were added to the solution
containing alginate—gelatin films to make a composite film using the solution casting
method to crosslink alginate and gelatin solutions. Physical and mechanical properties
of the obtained composite film were examined. The obtained results demonstrated that
increased HAp resulted in a rougher film surface. Additionally, Gram-positive bacteria
were more susceptible to these drugs than Gram-negative bacteria. It was concluded that
the obtained films could be used for biomedical applications [82]. Additionally, Deng et al.
investigated the ability of incorporating nHAp into a poly (D, L-lactide) (PDLLA) composite
to replace and regenerate bone tissue [83]. In this study, HAp/PDLLA composites were
co-blended in N, N-dimethyl formamide solvent and homogeneously dispersed, followed
by drying and blending the hybrid material, and compacting with a hot-pressing machine.
Improved mechanical properties were observed, which is essential for implant material
used in vivo. SEM, as shown in Figure 4 for a composite with more than 20 wt.% HAp,
revealed nucleation sites for apatite formation and, as a result, exhibited better in vitro
properties [83].

a

Figure 4. SEM images of composite films immersed in simulated body fluid at a temperature of
36.5 °C for (a) 1, (b) 7, (c) 14, and (d) 21 days. Reproduced with permission [83].
4.2. Freeze-Drying Methods

Freeze-drying techniques involve freezing a material using different methods such as
a dry-ice bath to remove residual solvents. The material is frozen after being dissolved in a
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Polymer solution

= %—»%’% —

solvent, resulting in a solid powder that can be loaded into cells easily. The temperature
during this process is kept low to prevent phase separation of polymer solutions. Figure 5
shows a schematic description of the freeze-drying technique used in several studies to de-
velop polymer-based scaffolds for tissue regeneration. Various types of polymers were used
in the production of scaffolds, such as chitosan [84,85], gelatin [86], poly (ether ester) [87],
silk fibroin/hyaluronan [88], and carboxymethyl cellulose [89]. These are some exam-
ples of polymer-based nanocomposite scaffolds for tissue engineering and regenerative
medicine prepared by freeze-drying techniques. They include n-HAp/PLLA composite
scaffolds with uniformly distributed HAp, and excellent mechanical properties, compres-
sion strength, using 20 wt.% HAp content [90], collagen/HAp [91,92], chitosan/HAp [93],
or gelatin/HAp [94].

Ice

Enmlsion Freezing mold Solvent Porous

crystallization scaffold

Magnetic stirrerl

Figure 5. Schematic diagram of the freeze-drying process.

As an alternative, Sun et al. explored the possibility of forming a flexible nHAp/chitosan
by combining chitosan with multiple doses of nHAp. A significant difference in surface
morphology was detected at freezing temperatures, as shown in Figure 6. Frozen surfaces
with a heterogeneous porous structure were achieved at —20 °C for 4 h, while composites
fabricated at -78 °C showed homogeneity and regularity [95].

Figure 6. Morphology of (a) a less dispersed film (—20 °C) and (b) a well dispersed film (—78 °C) [95].

4.3. Electrospinning

Electrospinning is an effective process to produce ultra-fine polymeric fibers that
range in diameter from micrometers to nanometers. This method is frequently used for
tissue engineering applications because of the similarity of these structures in morphology
and fiber diameter to the extracellular matrix of human tissues [96]. As an additional
advantage, electrospinning is regarded as a simple and low-cost fabrication technique
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that generates multiple fiber patterns with high pore size, offers lower fabrication costs,
and provides a safe work environment as opposed to other fabrication techniques [97].
The schematic diagram of the electrospinning process is displayed in Figure 7. During
this process an electric field is applied to a viscous solution forced through a syringe
that controls its flow. This is done to obtain fiber collected on a metal collector plate.
Several studies have examined the efficacy of electrospun fibrous biomaterials as tissue
regeneration scaffolds. Natural polymers such as collagen, chitosan, cellulose, silk fibroin,
and synthetic polymers including polyvinylpyrrolidone (PVP), (PLGA), and (PLA) can be
electrospun. Moreover, the combination of natural and synthetic polymers promises better
clinical performance [98-104].

Collector — j y/“\”’ - ‘
i

Polymer solution

N

Spinneret

High voltage
power supply

Figure 7. Schematic diagram of the electrospinning process.

For example, HAp substances can be incorporated during the electrospinning process
to enhance the characteristics of the final fibers spun for use in bone regeneration [105-107].
P. Gouma et al. fabricated artificial bone tissue scaffolds based on natural hybrids of
cellulose acetate and n-HAp particles by employing the electrospinning technique. To
mimic extracellular matrix architectures, the performance of in vitro bone generation was
investigated for a period of 14 days. The obtained results demonstrated that the produced
nanocomposite supports osteoblast binding and growth, as well as stimulates bone cell
function, as seen in Figure 8 [108].

Due to chitosan and HAp bioactivity and osteoconductive abilities, PVA /chitosan
blended membranes can be utilized for hard tissue engineering. Yang et al. [109] used an
electrospinning technique to prepare nanofibrous biocomposite scaffolds of chitosan/PVA
with an average diameter ranging from 100 to 700 nm. This is quite like the fiber diameter
of natural bone tissues, which ranges from 100 to 450 nm. The results showed that the
diameter of the composite fibers increased with an increase in the nHAp content, as seen in
Figure 9. Researchers reported that the addition of HAp nanoparticles into nanofibrous
chitosan scaffolds yielded significantly enhanced bone formation outcomes, in comparison
with pure electrospun chitosan scaffolds [109].



J. Compos. Sci. 2024, 8, 523

12 of 20

Figure 8. SEM of cell scaffolds cultured, at different magnifications (al,a2), for 1 day, (b1,b2) 7 days,
(c1,c2) and 14 days. Yellow marks show the anchorage sites of the cells. Reproduced with permis-
sion [108].

Figure 9. SEM micrographs of scaffolds produced by electrospinning. (a) Chitosan/polyvinylalcohol
(Chi/PVA) fibers, (b) Chi/PVA + 2% hydroxyapatite (HAp) (uncrosslinked), (c) Chi/PVA + 5% HAp
(uncrosslinked), (d) Chi/PVA + 5% HAp (crosslinked) [109].
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4.4. 3D Printing of Microstructure Composites

Using 3D printing technology allows for the rapid production of designs, which can
then be visually presented to colleagues and users; 3D-printed scaffolds with controllable
internal porosity, pore size, and interconnected structure have attracted increasing attention
in recent years in biomedical research. It is essential that scaffolds made from synthetic
and natural polymers have excellent biocompatibility and mechanical strength in order to
treat critical bone defects [110]. PLA is an eco-friendly clinical polymer having approxi-
mately the same compressive strength as natural bone. Despite its excellent mechanical
performance, PLA exhibits little bioactivity. PLA and n-HAp combine to enhance biolog-
ical activity [111]. Heo et al. fabricated PLA/HAp composite scaffolds with nano- and
micro-particle sizes of added HAp to produce porous bone tissue scaffolds via 3D print-
ing, as shown Figure 10. The mechanical properties, in vitro performance, and features of
PLA/n-HAp and PLA/m-HAp composite scaffolds have been examined and analyzed,
and the best type was proposed for critical bone defects. According to the authors, the
n-HAp particles were uniformly distributed in the composite and dispersed in the PCL
matrix. It was found the coarse and microsized HAp particles were dispersed in the PCL
matrix, including some rough micropores in the composite. While the nanosized HAp
scaffold had a smooth surface, the microsized HAp had a rough surface [112].

. 5001 _

Figure 10. (a) Photograph of n-HAp/PCL, (b) SEM micrographs of n-HAp/PCL, and (c) m-
HAp/PCL [112].

4.5. Electrodeposition

Electrodeposition processes are carried out in aqueous solutions to produce a thin and
uniform film on a substrate material. During this method, the solvent solution suspends
particles, which move in an electric field and deposit on an electrode. The electrode-
position technique has high accuracy, controls film thickness and uniformity, uses low
energy and deposition rate, is easy to use and low-cost. Moreover, electrodeposition is
efficient for covering surfaces [113]. Additionally, it is a valuable approach to fabricate
composite films that play increasingly significant roles in different applications, like TE
scaffolds [114]. S. Mahmoodi et al. utilized electrodeposition methods for the deposition of
HAp/chitosan nanocomposites on 316L stainless steel. Composite coatings were prepared
from suspensions of 2.5, 5, and 10 g/L HAp and 0.5 chitosan at 60 V/cm in different
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solvents including methanolic, ethanolic, and isopropanolic suspensions. According to
the results observed in Figure 11, it was found that chitosan adsorbed most strongly to
HAp nanoparticles in isopropanol and least in methanol. In addition, coatings deposited
from ethanolic suspensions with 2 and 5 g/L of HAp had adhesion strengths of 1.53 MPa
and 1.97 MPa, respectively. In coatings deposited from an ethanolic suspension containing
10 g/L HAp nanoparticles and 0.5 g/L chitosan, the powder/polymer ratio is high. This
results in aggregation due to not having enough chitosan to adhere HAp nanoparticles
to each other, and there are many agglomerates [115]. Xin Pang and Igor Zhitomirsky
developed a fabrication method to form HAp/chitosan composite films by chemical pre-
cipitation and electrodeposition techniques [116]. A variety of cathodic deposits (with a
thickness of up to 50 Im) were formed on platinum foils, stainless steel wires, and graphite
substrates. They demonstrated that the deposit composition varied by the amount of HAp
content in chitosan solutions [116]. Farrokhi R. examined the bioactivity evaluation of
pure HAp, HAp/chitosan, and HAp/chitosan/graphene oxide composites by dissolving
them in SBF [117]. It was observed that apatite formation occurs on all composite coatings,
which reveals bonding between implants and natural bones. Researchers have shown that
HAp/chitosan composite coatings deposited at 60 V for 60 s gradually enhance adhesion
strength up to 2.30 MPa when more carbon nanotubes are incorporated. Furthermore,
carbon nanotubes improve the composite coating’s hardness and elastic modulus [117].

Figure 11. SEM microstructures of coatings deposited from methanolic (a—c), ethanolic (d—f), and
isopropanolic (g—i) suspensions containing 0.5 g/L chitosan and 2 g/L (a,d,g), 5 g/L (b,e,h), and
10 g/L (cf,i) HAp nanoparticles at 60 V/cm. Reproduced with permission [115].

5. Conclusions and Future Direction

Natural and synthetic-based polymers have attracted considerable interest in the past
decade in the field of tissue engineering and regenerative therapies by offering a variety
of structures to repair an injured organ. Considering polymers are limited in mechanical
strength, biocompatibility, and ability to mimic natural ECM structures, there has been
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a demand for blending polymers together or incorporation of reinforcing agents into
biomaterials. Researchers need to keep improving these materials to take full advantage of
their benefits and deal with current challenges. Biological resources such as collagen, gelatin,
chitosan, fibrin, cellulose, and alginate are typically sources of natural biopolymers. Their
compounds exhibit good compatibility with tissues in the body. Nevertheless, they often
lack sufficient strength for applications such as bone scaffolds or other support implants.

Current research has examined the incorporation of bioactive ceramics, for example,
HADp, into polymer matrixes to enhance their strength. This will simultaneously help tissue
regeneration. HAp is synthesized from different natural resources such as eggshells, fish
scales, bovine bones, and marine sources. Hydroxyapatite nanoparticles offer significant
benefits as a replacement for base composites found in the human body. HAp-based
scaffolds are produced using various fabrication approaches, including solvent/solution
casting, electrospinning, freeze-drying, 3D printing, and electrodeposition. This review con-
cluded that HAp-based composite polymers produced by different fabricating techniques
could be promising alternative composites in biomedical engineering.

The primary challenge in bone tissue engineering lies in the lack of vascularization.
Thus, future research efforts will concentrate on devising an efficient strategy for producing
scaffolds that foster the growth of blood vessels and promote vascularization. Primary
attention will be directed towards the development of custom-tailored scaffolds utilizing
novel biomaterials that are capable of adapting to alterations in the body, providing the
desired biological functionalities and mechanical properties for bone regeneration purposes.

Additionally, modeling simulations are useful for developing scaffolds appropriate for
bone tissue regeneration requirements. The development of such models can be essential
for tackling bone-related issues.

In conclusion, natural and synthetic polymer-based hydroxyapatite composites are
promising materials for regenerating damaged tissues and facilitating recovery. Even
though positive results have been achieved from polymer-based hydroxyapatite compos-
ites in vitro and a few in vivo studies, challenges in translating biomedical research into
innovation are still a major concern. Some drawbacks are related to preclinical model
inadequacy, infection, expense, and lengthy processes. It is imperative to apply animal
models for a correct analysis and ensure animal data are comparable to human data before
performing clinical trials. In addition, one of the most important factors is to assess the
effectiveness and nature of the interaction of skeletal bone tissue with the damaged part of
the body.

Funding: This work was supported by the National Research, Development, and Innovation
Office—OTKA NKFI 146076.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author/s.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Amiryaghoubi, N.; Fathi, M.; Pesyan, N.N.; Samiei, M.; Barar, J.; Omidi, Y. Bioactive polymeric scaffolds for osteogenic repair and
bone regenerative medicine. Med. Res. Rev. 2020, 40, 1833-1870. [CrossRef] [PubMed]

2. Pramanik, S.; Kharche, S.; More, N.; Ranglani, D.; Singh, G.; Kapusetti, G. Natural Biopolymers for Bone Tissue Engineering: A
Brief Review. Eng. Regen. 2023, 4, 193-204. [CrossRef]

3. Deng, J; Song, Q.; Liu, S.; Pei, W.; Wang, P; Zheng, L.; Huang, C.; Ma, M.; Jiang, Q.; Zhang, K. Advanced applications of
cellulose-based composites in fighting bone diseases. Compos. Part B Eng. 2022, 245, 110221. [CrossRef]

4. Bothe, F,; Lotz, B.; Seebach, E.; Fischer, J.; Hesse, E.; Diederichs, S.; Richter, W. Stimulation of calvarial bone healing with human
bone marrow stromal cells versus inhibition with adipose-tissue stromal cells on nanostructured 3-TCP-collagen. Acta Biomater.
2018, 76, 135-145. [CrossRef]

5. Idumah, C.I. Progress in polymer nanocomposites for bone regeneration and engineering. Polym. Polym. Compos. 2021, 29,
509-527. [CrossRef]

6.  Ferraz, M.P. Bone Grafts in Dental Medicine: An Overview of Autografts, Allografts and Synthetic Materials. Materials 2023,

16,4117. [CrossRef]


https://doi.org/10.1002/med.21672
https://www.ncbi.nlm.nih.gov/pubmed/32301138
https://doi.org/10.1016/j.engreg.2022.12.002
https://doi.org/10.1016/j.compositesb.2022.110221
https://doi.org/10.1016/j.actbio.2018.06.026
https://doi.org/10.1177/0967391120913658
https://doi.org/10.3390/ma16114117

J. Compos. Sci. 2024, 8, 523 16 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Eldeeb, A.E.; Salah, S.; Elkasabgy, N.A. Biomaterials for Tissue Engineering Applications and Current Updates in the Field: A
Comprehensive Review. AAPS PharmSciTech 2022, 23, 267. [CrossRef] [PubMed]

Farag, M.M. Recent trends on biomaterials for tissue regeneration applications: Review. ]. Mater. Sci. 2023, 58, 527-558. [CrossRef]
Schatkoski, V.M.; do Amaral Montanheiro, T.L.; de Menezes, B.R.C.; Pereira, R.M.; Rodrigues, K.F; Ribas, R.G.; da Silva, D.M,;
Thim, G.P. Current advances concerning the most cited metal ions doped bioceramics and silicate-based bioactive glasses for
bone tissue engineering. Ceram. Int. 2021, 47, 2999-3012. [CrossRef]

Zhou, Y.; Chyu, J.; Zumwalt, M. Recent Progress of Fabrication of Cell Scaffold by Electrospinning Technique for Articular
Cartilage Tissue Engineering. Int. ]. Biomater. 2018, 2018, 1953636. [CrossRef]

Chasan, S.; Hesse, E.; Atallah, P.; Gerstner, M.; Diederichs, S.; Schenker, A.; Grobe, K.; Werner, C.; Richter, W. Sulfation of
Glycosaminoglycan Hydrogels Instructs CellFate and Chondral versus Endochondral Lineage Decisionof Skeletal Stem Cells In
Vivo, Adv. Funct. Mater. 2022, 32,2109176. [CrossRef]

Xu, C,; Liu, Z.; Chen, X.; Gao, Y.; Wang, W.; Zhuang, X.; Zhang, H.; Dong, X. Bone tissue engineering scaffold materials:
Fundamentals, advances, and challenges. Chin. Chem. Lett. 2024, 35, 109197. [CrossRef]

Collins, M.N.; Ren, G.; Young, K_; Pina, S.; Reis, R.L.; Oliveira, ].M. Scaffold Fabrication Technologies and Structure/Function
Properties in Bone Tissue Engineering. Adv. Funct. Mater. 2021, 31, 2010609. [CrossRef]

Eltom, A.; Zhong, G.; Muhammad, A.; Eltom, A.; Zhong, G.; Muhammad, A. Scaffold Techniques and Designs in Tissue
Engineering Functions and Purposes: A Review. Adv. Mater. Sci. Eng. 2019, 2019, 3429527. [CrossRef]

Hutmacher, D.W.; Tandon, B.; Dalton, P.D. Scaffold design and fabrication. In Tissue Engineering; Elsevier: Amsterdam,
The Netherlands, 2023; pp. 355-385. [CrossRef]

Nikolova, M.P,; Chavali, M.S. Recent advances in biomaterials for 3D scaffolds: A review. Bioact. Mater. 2019, 4, 271-292.
[CrossRef] [PubMed]

Koons, G.L.; Diba, M.; Mikos, A.G. Materials design for bone-tissue engineering. Nat. Rev. Mater. 2020, 5, 584-603. [CrossRef]
Kazimierczak, P.; Wessely-Szponder, J.; Palka, K.; Barylyak, A.; Zinchenko, V.; Przekora, A. Hydroxyapatite or Fluorapatite—
Which Bioceramic Is Better as a Base for the Production of Bone Scaffold?—A Comprehensive Comparative Study. Int. |. Mol. Sci.
2023, 24, 5576. [CrossRef]

Kokubo, T. Apatite formation on surfaces of ceramics, metals and polymers in body environment. Acta Mater. 1998, 46, 2519-2527.
[CrossRef]

Czka, M.; Cholewa-Kowalska, K.; Osyczka, A.M. Bioactivity and osteoinductivity of glasses and glassceramics and their material
determinants. Ceram. Int. 2016, 42, 14313-14325. [CrossRef]

ElHawary, H.; Baradaran, A.; Abi-Rafeh, J.; Vorstenbosch, J.; Xu, L.; Efanov, J.I. Bone Healing and Inflammation: Principles of
Fracture and Repair. Semin. Plast. Surg. 2021, 35, 198-203. [CrossRef]

Najman, S.; Stojanovi¢, S.; Zivkovié, J.; Najdanovi¢, J.; Radenkovié, M.; Vasiljevi¢, P; Ignjatovi¢, N. Applications of Biomaterials in
Regenerative Medicine and Tissue Engineering—Concepts and Perspective. Contemp. Mater. 2023, 14, 1-18. [CrossRef]

Ferraz, M.P. An Overview on the Big Players in Bone Tissue Engineering: Biomaterials, Scaffolds and Cells. Int. . Mol. Sci. 2024,
25,3836. [CrossRef] [PubMed]

Pina, S.; Oliveira, ].M.; Reis, R.L. Natural-Based Nanocomposites for Bone Tissue Engineering and Regenerative Medicine: A
Review. Adv. Mater. 2015, 27, 1143-1169. [CrossRef] [PubMed]

Dwivedi, R.; Kumar, S.; Pandey, R.; Mahajan, A.; Nandana, D.; Katti, D.S.; Mehrotra, D. Polycaprolactone as biomaterial for bone
scaffolds: Review of literature. J. Oral Biol. Craniofacial Res. 2020, 10, 381-388. [CrossRef]

Brahmi, A.; Agsous, M.; Benkhaoula, B.N.; Ziani, S.; Khireddine, H.; AitAli, S.; Abdullah, M.M.; Chai, B.X.; Belaadi, A. Fluoro-
Hydroxyapatite/Chitosan composites as an eco-friendly adsorbent for Direct Red 23 dye removal: Optimization through
Response Surface Methodology. J. Mol. Struct. 2024, 1321, 140212. [CrossRef]

Furka, D.; Santana, ].A.D.; Furka, S. Advances in new materials for bone tissue engineering simplifying postoperative rehabilita-
tion: Recent Scientific Breakthroughs. Cusopis REHABILITACIA 2023, 60, 16-18. [CrossRef]

Mamidi, N.; [jadi, F.; Norahan, M.H. Leveraging the Recent Advancements in GeIMA Scaffolds for Bone Tissue Engineering: An
Assessment of Challenges and Opportunities. Biomacromolecules 2024, 25, 2075-2113. [CrossRef]

Jacob, J.; More, N.; Kalia, K.; Kapusetti, G. Piezoelectric smart biomaterials for bone and cartilage tissue engineering. Inflamm
Regen. 2018, 38, 2. [CrossRef]

Soundarya, S.P,; Sanjay, V.; Menon, A.H.; Dhivya, S.; Selvamurugan, N. Effects of flavonoids incorporated biological macro-
molecules based scaffolds in bone tissue engineering. Int. J. Biol. Macromol. 2018, 110, 74-87. [CrossRef]

Heidari, B.S.; Ruan, R.; Vahabli, E.; Chen, P,; De-Juan-Pardo, E.M.; Zheng, M.; Doyle, B. Natural, synthetic and commercially-
available biopolymers used to regenerate tendons and ligaments. Bioact. Mater. 2022, 19, 179-197. [CrossRef]

Baranwal, J.; Barse, B.; Fais, A.; Delogu, G.L.; Kumar, A. Biopolymer: A Sustainable Material for Food and Medical Applications.
Polymers 2022, 14, 983. [CrossRef] [PubMed]

Awad, Y.M.; Blagodatskaya, E.; Ok, Y.S.; Kuzyakov, Y. Effects of polyacrylamide, biopolymer and biochar on the decomposition
of 1*C-labelled maize residues and on their stabilization in soil aggregates. Eur. ]. Soil Sci. 2013, 64, 488-499. [CrossRef]

Chen, Y;; Hung, S.-T.; Chou, E.; Wu, H.-S. Review of Polyhydroxyalkanoates Materials and other Biopolymers for Medical
Applications. Mini-Rev. Org. Chem. 2018, 15, 105-121. [CrossRef]


https://doi.org/10.1208/s12249-022-02419-1
https://www.ncbi.nlm.nih.gov/pubmed/36163568
https://doi.org/10.1007/s10853-022-08102-x
https://doi.org/10.1016/j.ceramint.2020.09.213
https://doi.org/10.1155/2018/1953636
https://doi.org/10.1002/adfm.202109176
https://doi.org/10.1016/j.cclet.2023.109197
https://doi.org/10.1002/adfm.202010609
https://doi.org/10.1155/2019/3429527
https://doi.org/10.1016/B978-0-12-824459-3.00011-1
https://doi.org/10.1016/j.bioactmat.2019.10.005
https://www.ncbi.nlm.nih.gov/pubmed/31709311
https://doi.org/10.1038/s41578-020-0204-2
https://doi.org/10.3390/ijms24065576
https://doi.org/10.1016/S1359-6454(98)80036-0
https://doi.org/10.1016/j.ceramint.2016.06.077
https://doi.org/10.1055/s-0041-1732334
https://doi.org/10.7251/COMEN2301001N
https://doi.org/10.3390/ijms25073836
https://www.ncbi.nlm.nih.gov/pubmed/38612646
https://doi.org/10.1002/adma.201403354
https://www.ncbi.nlm.nih.gov/pubmed/25580589
https://doi.org/10.1016/j.jobcr.2019.10.003
https://doi.org/10.1016/j.molstruc.2024.140212
https://doi.org/10.61983/lcrh.v60i3.12
https://doi.org/10.1021/acs.biomac.3c00279
https://doi.org/10.1186/s41232-018-0059-8
https://doi.org/10.1016/j.ijbiomac.2017.09.014
https://doi.org/10.1016/j.bioactmat.2022.04.003
https://doi.org/10.3390/polym14050983
https://www.ncbi.nlm.nih.gov/pubmed/35267803
https://doi.org/10.1111/ejss.12034
https://doi.org/10.2174/1570193X14666170721153036

J. Compos. Sci. 2024, 8, 523 17 of 20

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

Pina, S.; Reis, R.L.; Oliveira, ].M. Natural polymeric biomaterials for tissue engineering. In Tissue Engineering Using Ceramics and
Polymers; Elsevier: Amsterdam, The Netherlands, 2022; pp. 75-110. [CrossRef]

Samir, A.; Ashour, EH.; Hakim, A.A.A.; Bassyouni, M. Recent advances in biodegradable polymers for sustainable applications.
NPJ Mater. Degrad. 2022, 6, 68. [CrossRef]

Ficai, A.; Andronescu, E.; Voicu, G.; Ghitulica, C.; Vasile, B.S.; Ficai, D.; Trandafir, V. Self-assembled collagen/hydroxyapatite
composite materials. Chem. Eng. J. 2010, 160, 794-800. [CrossRef]

Geger, A; Yildiz, N.; Kavak, D.; Calimli, A. Comparison of chitosan apatite composites synthesized by different methods. Polym.
Compos. 2008, 30, 288-295. [CrossRef]

Pina, S.; Ribeiro, V.P.; Marques, C.F; Maia, ER; Silva, T.H.; Reis, R.L.; Oliveira, ] M. Scaffolding Strategies for Tissue Engineering
and Regenerative Medicine Applications. Materials 2019, 12, 1824. [CrossRef] [PubMed]

Ahmady, A.; Abu Samah, N.H. A review: Gelatine as a bioadhesive material for medical and pharmaceutical applications. Int. J.
Pharm. 2021, 608, 121037. [CrossRef]

Rahman, M.; Shahid, A.; Hossain, T.; Sheikh, S.; Rahman, S.; Uddin, N.; Rahim, A.; Khan, R.A.; Hossain, I. Sources, extractions,
and applications of alginate: A review. Discov. Appl. Sci. 2024, 6, 443. [CrossRef]

Etale, A.; Onyianta, A.].; Turner, S.R.; Eichhorn, S.J. Cellulose: A Review of Water Interactions, Applications in Composites, and
Water Treatment. Chem. Rev. 2023, 123, 2016-2048. [CrossRef]

Harugade, A.; Sherje, A.P.; Pethe, A. Chitosan: A review on properties, biological activities and recent progress in biomedical
applications. React. Funct. Polym. 2023, 191, 105634. [CrossRef]

Liu, X.; Zheng, C.; Luo, X.; Wang, X.; Jiang, H. Recent advances of collagen-based biomaterials: Multi-hierarchical structure,
modification and biomedical applications. Mater. Sci. Eng. C 2019, 99, 1509-1522. [CrossRef] [PubMed]

Taconisi, G.N.; Lunetti, P.; Gallo, N.; Cappello, A.R.; Fiermonte, G.; Dolce, V.; Capobianco, L. Hyaluronic Acid: A Powerful
Biomolecule with Wide-Ranging Applications—A Comprehensive Review. Int. . Mol. Sci. 2023, 24, 10296. [CrossRef] [PubMed]
Reizabal, A.; Costa, C.M.; Pérez-Alvarez, L.; Vilas-Vilela, J.L.; Lanceros-Méndez, S. Silk Fibroin as Sustainable Advanced Material:
Material Properties and Characteristics, Processing, and Applications. Adv. Funct. Mater. 2023, 33, 2210764. [CrossRef]
Satchanska, G.; Davidova, S.; Petrov, P.D. Natural and Synthetic Polymers for Biomedical and Environmental Applications.
Polymers 2024, 16, 1159. [CrossRef]

Reddy, M.S.B.; Ponnamma, D.; Choudhary, R.; Sadasivuni, K.K. A Comparative Review of Natural and Synthetic Biopolymer
Composite Scaffolds. Polymers 2021, 13, 1105. [CrossRef]

Moshood, T.D.; Nawanir, G.; Mahmud, F.; Mohamad, F.; Ahmad, M.H.; AbdulGhani, A. Sustainability of biodegradable plastics:
New problem or solution to solve the global plastic pollution? Curr. Res. Green Sustain. Chem. 2022, 5, 100273. [CrossRef]
Ibrahim, M.; Ramadan, E.; Elsadek, N.E.; Emam, S.E.; Shimizu, T.; Ando, H.; Ishima, Y.; Elgarhy, O.H.; Sarhan, H.A.; Hussein,
A.K,; et al. Polyethylene glycol (PEG): The nature, immunogenicity, and role in the hypersensitivity of PEGylated products. J.
Control. Release 2022, 351, 215-230. [CrossRef]

Oun, A.A.; Shin, G.H.; Rhim, J.-W.; Kim, ].T. Recent advances in polyvinyl alcohol-based composite films and their applications
in food packaging. Food Packag. Shelf Life 2022, 34, 100991. [CrossRef]

Farah, S.; Anderson, D.G.; Langer, R. Physical and mechanical properties of PLA, and their functions in widespread applications—
A comprehensive review. Adv. Drug Deliv. Rev. 2016, 107, 367-392. [CrossRef]

de Oca, HM.; Ward, L. Structure and mechanical properties of PGA crystals and fibres. Polymer 2006, 47, 7070-7077. [CrossRef]
Liu, S.; Qin, S.; He, M.; Zhou, D.; Qin, Q.; Wang, H. Current applications of poly(lactic acid) composites in tissue engineering and
drug delivery. Compos. B Eng. 2020, 199, 108238. [CrossRef]

Rahman, S.S.; Mahmud, M.B.; Salehi, A.; Monfared, A.R; Islam, A; Filleter, T.; Lee, P.C.; Park, C.B. Mechanically strong and fully
transparent PMMA composite with greatly improved toughness and impact strength incorporating PEBA nanofibrils. Chem. Eng.
J. 2024, 480, 148311. [CrossRef]

Gentile, P.; Chiono, V.; Carmagnola, I.; Hatton, P.V. An Overview of Poly(lactic-co-glycolic) Acid (PLGA)-Based Biomaterials for
Bone Tissue Engineering. Int. . Mol. Sci. 2014, 15, 3640-3659. [CrossRef]

Sadasivuni, K.K.; Saha, P.; Adhikari, J.; Deshmukh, K.; Ahamed, M.B.; Cabibihan, ].J. Recent advances in mechanical properties of
biopolymer composites: A review. Polym. Compos. 2020, 41, 32-59. [CrossRef]

Khouri, N.G.; Bahd, ].O.; Blanco-Llamero, C.; Severino, P.; Concha, V.O.; Souto, E.B. Polylactic acid (PLA): Properties, synthesis,
and biomedical applications—A review of the literature. J. Mol. Struct. 2024, 1309, 138243. [CrossRef]

Bal, Z.; Korkusuz, F; Ishiguro, H.; Okada, R.; Kushioka, J.; Chijimatsu, R.; Kodama, J.; Tateiwa, D.; Ukon, Y.; Nakagawa, S.; et al.
A novel nano-hydroxyapatite/synthetic polymer/bone morphogenetic protein-2 composite for efficient bone regeneration. Spine
J. 2021, 21, 865-873. [CrossRef]

Elmowafy, E.M.; Tiboni, M.; Soliman, M.E. Biocompatibility, biodegradation and biomedical applications of poly(lactic
acid)/poly(lactic-co-glycolic acid) micro and nanoparticles. J. Pharm. Investig. 2019, 49, 347-380. [CrossRef]

Laohavisuti, N.; Boonchom, B.; Boonmee, W.; Chaiseeda, K.; Seesanong, S. Simple recycling of biowaste eggshells to various
calcium phosphates for specific industries. Sci. Rep. 2021, 11, 15143. [CrossRef]

Alkaron, W.; Almansoori, A.; Balazsi, K.; Balazsi, C. Hydroxyapatite-Based Natural Biopolymer Composite for Tissue Regenera-
tion. Materials 2024, 17, 4117. [CrossRef]


https://doi.org/10.1016/B978-0-12-820508-2.00001-5
https://doi.org/10.1038/s41529-022-00277-7
https://doi.org/10.1016/j.cej.2010.03.088
https://doi.org/10.1002/pc.20635
https://doi.org/10.3390/ma12111824
https://www.ncbi.nlm.nih.gov/pubmed/31195642
https://doi.org/10.1016/j.ijpharm.2021.121037
https://doi.org/10.1007/s42452-024-06151-2
https://doi.org/10.1021/acs.chemrev.2c00477
https://doi.org/10.1016/j.reactfunctpolym.2023.105634
https://doi.org/10.1016/j.msec.2019.02.070
https://www.ncbi.nlm.nih.gov/pubmed/30889687
https://doi.org/10.3390/ijms241210296
https://www.ncbi.nlm.nih.gov/pubmed/37373443
https://doi.org/10.1002/adfm.202210764
https://doi.org/10.3390/polym16081159
https://doi.org/10.3390/polym13071105
https://doi.org/10.1016/j.crgsc.2022.100273
https://doi.org/10.1016/j.jconrel.2022.09.031
https://doi.org/10.1016/j.fpsl.2022.100991
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.1016/j.polymer.2006.07.045
https://doi.org/10.1016/j.compositesb.2020.108238
https://doi.org/10.1016/j.cej.2023.148311
https://doi.org/10.3390/ijms15033640
https://doi.org/10.1002/pc.25356
https://doi.org/10.1016/j.molstruc.2024.138243
https://doi.org/10.1016/j.spinee.2021.01.019
https://doi.org/10.1007/s40005-019-00439-x
https://doi.org/10.1038/s41598-021-94643-1
https://doi.org/10.3390/ma17164117

J. Compos. Sci. 2024, 8, 523 18 of 20

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Barakat, N.A.M.; Khil, M.S.; Omran, A.; Sheikh, FA.; Kim, H.Y.; Barakat, N.A.; Khil, M.S.; Omran, A.; Sheikh, FA.; Kim, H.Y.
Extraction of pure natural hydroxyapatite from the bovine bones bio waste by three different methods. J. Mech. Work. Technol.
2009, 209, 3408-3415. [CrossRef]

Azis, Y.; Adrian, M.; Alfarisi, C.D.; Khairat; Sri, R.M. Synthesis of hydroxyapatite nanoparticles from egg shells by sol-gel method.
IOP Conf. Ser. Mater. Sci. Eng. 2018, 345, 012040. [CrossRef]

Liandi, A.R; Rianom, W.H.; Cahyana, A.H.; Fathoni, A.; Wendari, T.P. Transforming seafood waste: Green mussel shell-derived
hydroxyapatite as a catalyst for spirooxindole synthesis. Bioresour. Technol. Rep. 2024, 25, 101796. [CrossRef]

Zuliantoni, Z.; Suprapto, W.; Setyarini, PH.; Gapsari, F. Extraction and characterization of snail shell waste hydroxyapatite.
Results Eng. 2022, 14, 100390. [CrossRef]

Alkaron, W.A.; Hamad, S.F.; Sabri, M.M. Studying the Fabrication and Characterization of Polymer Composites Reinforced with
Waste Eggshell Powder. Adv. Polym. Technol. 2023, 2023, 7640478. [CrossRef]

Sundaram, N.M.; Rajendran, N. Biodegradation and cytotoxicity of ciprofloxacin-loaded hydroxyapatite-polycaprolactone
nanocomposite film for sustainable bone implants. Int. ]. Nanomed. 2015, 10, 119-127. [CrossRef] [PubMed]

Castro, M.A.M.; Portela, T.O.; Correa, G.S.; Oliveira, M.M.; Rangel, ].H.G.; Rodrigues, S.E; Mercury, ]. M.R. Synthesis of
hydroxyapatite by hydrothermal and microwave irradiation methods from biogenic calcium source varying pH and synthesis
time. Boletin Soc. Espafiola Cerdmica Vidr. 2022, 61, 35-41. [CrossRef]

Gergely, G.; Wéber, F; Lukdcs, I.; Téth, A.L.; Horvath, Z.E.; Mihdly, J.; Balazsi, C. Preparation and characterization of hydroxyap-
atite from eggshell. Ceram. Int. 2010, 36, 803—-806. [CrossRef]

Mohd Pu’ad, N.M.S; Alipal, J.; Abdullah, H.; Idris, M.; Lee, T. Synthesis of eggshell derived hydroxyapatite via chemical
precipitation and calcination method. Mater. Today Proc. 2021, 42, 172-177. [CrossRef]

Lee, S.-W.; Balazsi, C.; Balazsi, K.; Seo, D.-H.; Kim, H.S.; Kim, C.-H.; Kim, S.-G. Comparative Study of hydroxyapatite prepared
from seashells and eggshells as a bone graft material. Tissue Eng. Regen. Med. 2014, 11, 113-120. [CrossRef]

Baldzsi, K.; Sim, H.-Y.; Choi, J.-Y.; Kim, S.-G.; Chae, C.-H.; Balazsi, C. Biogenic Nanosized Hydroxyapatite for Tissue Engineering
Applications. In Proceedings of the International Symposium on Biomedical Engineering and Medical Physics, Riga, Latvia,
10-12 October 2012; Springer: Berlin/Heidelberg, Germany, 2013; pp. 190-193. [CrossRef]

Ofudje, E.A.; Akande, ].A ; Sodiya, E.F,; Ajayi, G.O.; Ademoyegun, A.].; Al-Sehemi, A.G.; Kavil, Y.N.; Bakheet, A.M. Bioactivity
properties of hydroxyapatite/clay nanocomposites. Sci. Rep. 2023, 13, 19896. [CrossRef] [PubMed]

Velu, R.; Calais, T.; Jayakumar, A.; Raspall, F. A Comprehensive Review on Bio-Nanomaterials for Medical Implants and Feasibility
Studies on Fabrication of Such Implants by Additive Manufacturing Technique. Materials 2019, 13, 92. [CrossRef]
Janmohammadi, M.; Nazemi, Z.; Salehi, A.O.M.; Seyfoori, A.; John, ].V.; Nourbakhsh, M.S.; Akbari, M. Cellulose-based composite
scaffolds for bone tissue engineering and localized drug delivery. Bioact. Mater. 2023, 20, 137-163. [CrossRef]

Song, J.; Li, L.; Fang, L.; Zhang, E.; Zhang, Y.; Zhang, Z.; Vangari, P; Huang, Y,; Tian, F; Zhao, Y.; et al. Advanced strategies of
scaffolds design for bone regeneration. BMEMat 2023, 1, €12046. [CrossRef]

Radha, G.; Manjubaashini, N.; Balakumar, S. Nano-hydroxyapatite/natural polymer composite scaffolds for bone tissue engineer-
ing: A brief review of recent trend. Vitr. Model. 2023, 2, 125-151. [CrossRef]

Jang, J.-W.; Min, K.-E.; Kim, C.; Shin, J.; Lee, J.; Yi, S. Review: Scaffold Characteristics, Fabrication Methods, and Biomaterials for
the Bone Tissue Engineering. Int. |. Precis. Eng. Manuf. 2023, 24, 511-529. [CrossRef]

Joseph, B.; Jose, C.; Kavil, S.V.; Kalarikkal, N.; Thomas, S. Solvent-Casting Approach for Design of Polymer Scaffolds and Their
Multifunctional Applications. In Functional Biomaterials; Wiley: Hoboken, NJ, USA, 2023; pp. 371-394. [CrossRef]

Li, X,; Nan, K;; Shi, S.; Chen, H. Preparation and characterization of nano-hydroxyapatite/chitosan cross-linking composite
membrane intended for tissue engineering. Int. J. Biol. Macromol. 2012, 50, 43—49. [CrossRef] [PubMed]

Ttire, H. Characterization of hydroxyapatite-containing alginate—gelatin composite films as a potential wound dressing. Int. J.
Biol. Macromol. 2019, 123, 878-888. [CrossRef]

Deng, C.; Weng, ]J.; Lu, X.; Zhou, S.; Wan, J.; Qu, S.; Feng, B.; Li, X. Preparation and in vitro bioactivity of poly(d,l-lactide)
composite containing hydroxyapatite nanocrystals. Mater. Sci. Eng. C 2008, 28, 1304-1310. [CrossRef]

Yang, B.; Li, X.; Shi, S.; Kong, X.; Guo, G.; Huang, M.; Luo, E; Wei, Y.; Zhao, X.; Qian, Z. Preparation and characterization of a
novel chitosan scaffold. Carbohydr. Polym. 2010, 80, 860-865. [CrossRef]

Garg, T. Preparation of Chitosan Scaffolds for Tissue Engineering using Freeze drying Technology. IOSR . Pharm. 2012, 2, 72-73.
[CrossRef]

Wu, X; Liu, Y,; Li, X.;; Wen, P; Zhang, Y.; Long, Y.; Wang, X.; Guo, Y.; Xing, F.; Gao, J. Preparation of aligned porous gelatin
scaffolds by unidirectional freeze-drying method. Acta Biomater. 2010, 6, 1167-1177. [CrossRef]

Deschamps, A.A.; Claase, M.B.; Sleijster, W.J.; de Bruijn, ].D.; Grijpma, D.W.; Feijen, ]. Design of segmented poly(ether ester)
materials and structures for the tissue engineering of bone. J. Control. Release 2002, 78, 175-186. [CrossRef]

Yu, L.-M.; Liu, T;; Ma, Y.-L.; Zhang, F; Huang, Y.-C.; Fan, Z.-H. Fabrication of Silk-Hyaluronan Composite as a Potential Scaffold
for Tissue Repair. Front. Bioeng. Biotechnol. 2020, 8, 578988. [CrossRef]

Priya, G.; Madhan, B.; Narendrakumar, U.; Kumar, R.V.S.; Manjubala, I. In Vitro and In Vivo Evaluation of Carboxymethyl
Cellulose Scaffolds for Bone Tissue Engineering Applications. ACS Omega 2021, 6, 1246-1253. [CrossRef]


https://doi.org/10.1016/j.jmatprotec.2008.07.040
https://doi.org/10.1088/1757-899X/345/1/012040
https://doi.org/10.1016/j.biteb.2024.101796
https://doi.org/10.1016/j.rineng.2022.100390
https://doi.org/10.1155/2023/7640478
https://doi.org/10.2147/IJN.S79995
https://www.ncbi.nlm.nih.gov/pubmed/26491313
https://doi.org/10.1016/j.bsecv.2020.06.003
https://doi.org/10.1016/j.ceramint.2009.09.020
https://doi.org/10.1016/j.matpr.2020.11.276
https://doi.org/10.1007/s13770-014-0056-1
https://doi.org/10.1007/978-3-642-34197-7_50
https://doi.org/10.1038/s41598-023-45646-7
https://www.ncbi.nlm.nih.gov/pubmed/37963905
https://doi.org/10.3390/ma13010092
https://doi.org/10.1016/j.bioactmat.2022.05.018
https://doi.org/10.1002/bmm2.12046
https://doi.org/10.1007/s44164-023-00049-w
https://doi.org/10.1007/s12541-022-00755-7
https://doi.org/10.1002/9783527827657.ch12
https://doi.org/10.1016/j.ijbiomac.2011.09.021
https://www.ncbi.nlm.nih.gov/pubmed/21983025
https://doi.org/10.1016/j.ijbiomac.2018.11.143
https://doi.org/10.1016/j.msec.2008.01.003
https://doi.org/10.1016/j.carbpol.2009.12.044
https://doi.org/10.9790/3013-02107273
https://doi.org/10.1016/j.actbio.2009.08.041
https://doi.org/10.1016/S0168-3659(01)00497-7
https://doi.org/10.3389/fbioe.2020.578988
https://doi.org/10.1021/acsomega.0c04551

J. Compos. Sci. 2024, 8, 523 19 of 20

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

Wahid, F; Khan, T.; Hussain, Z.; Ullah, H. Nanocomposite scaffolds for tissue engineering; properties, preparation and appli-
cations. In Applications of Nanocomposite Materials in Drug Delivery; Elsevier: Amsterdam, The Netherlands, 2018; pp. 701-735.
[CrossRef]

Liu, C. Collagen-hydroxyapatite composite scaffolds for tissue engineering. In Hydroxyapatite (Hap) for Biomedical Applications;
Elsevier: Amsterdam, The Netherlands, 2015; pp. 211-234. [CrossRef]

Katrilaka, C.; Karipidou, N.; Petrou, N.; Manglaris, C.; Katrilakas, G.; Tzavellas, A.N.; Pitou, M.; Tsiridis, E.E.; Choli-
Papadopoulou, T.; Aggeli, A. Freeze-Drying Process for the Fabrication of Collagen-Based Sponges as Medical Devices in
Biomedical Engineering. Materials 2023, 16, 4425. [CrossRef]

Ying, R.; Wang, H.; Sun, R.; Chen, K. Preparation and properties of a highly dispersed nano-hydroxyapatite colloid used as a
reinforcing filler for chitosan. Mater. Sci. Eng. C 2020, 110, 110689. [CrossRef] [PubMed]

Dela Cruz, L.G; Abt, T.; Ledn, N.; Sanchez-Soto, M. Properties of Freeze-Dried Gelatin/Clay Aerogel Composites Crosslinked
with Tannic Acid. ACS Appl. Polym. Mater. 2023, 5, 7774-7785. [CrossRef]

Sun, F; Lim, B.-K.; Ryu, S.-C.; Lee, D.; Lee, ]. Preparation of multi-layered film of hydroxyapatite and chitosan. Mater. Sci. Eng. C
2010, 30, 789-794. [CrossRef]

Ahmadi Bonakdar, M.; Rodrigue, D. Electrospinning: Processes, structures, and materials. Macromolecules 2024, 4, 58-103.
[CrossRef]

Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and Electrospun Nanofibers: Methods, Materials, and Applications. Chem. Rev.
2019, 119, 5298-5415. [CrossRef] [PubMed]

Tao, D.; Higaki, Y.; Ma, W.; Wu, H,; Shinohara, T.; Yano, T.; Takahara, A. Chain orientation in poly(glycolic acid)/halloysite
nanotube hybrid electrospun fibers. Polymer 2015, 60, 284-291. [CrossRef]

Xu, J.; Fang, Q.; Liu, Y.; Zhou, Y.; Ye, Z.; Tan, W.-S. In situ ornamenting poly(e-caprolactone) electrospun fibers with different
fiber diameters using chondrocyte-derived extracellular matrix for chondrogenesis of mesenchymal stem cells. Colloids Surf. B
Biointerfaces 2021, 197, 111374. [CrossRef]

Shakhssalim, N.; Soleimani, M.; Dehghan, M.M.; Rasouli, J.; Taghizadeh-Jahed, M.; Torbati, PM.; Naji, M. Bladder smooth muscle
cells on electrospun poly(e-caprolactone)/poly( 1 -lactic acid) scaffold promote bladder regeneration in a canine model. Mater. Sci.
Eng. C 2017, 75, 877-884. [CrossRef] [PubMed]

Gautam, S.; Sharma, C.; Purohit, S.D.; Singh, H.; Dinda, A K.; Potdar, P.D.; Chou, C.-F.; Mishra, N.C. Gelatin-polycaprolactone-
nanohydroxyapatite electrospun nanocomposite scaffold for bone tissue engineering. Mater. Sci. Eng. C 2021, 119, 111588.
[CrossRef]

Pereira, A.G.; Fajardo, A.R.; Gerola, A.P,; Rodrigues, ].H.; Nakamura, C.V.; Muniz, E.C.; Hsieh, Y.-L. First report of electrospun
cellulose acetate nanofibers mats with chitin and chitosan nanowhiskers: Fabrication, characterization, and antibacterial activity.
Carbohydr. Polym. 2020, 250, 116954. [CrossRef]

Keirouz, A.; Zakharova, M.; Kwon, J.; Robert, C.; Koutsos, V.; Callanan, A.; Chen, X.; Fortunato, G.; Radacsi, N. High-throughput
production of silk fibroin-based electrospun fibers as biomaterial for skin tissue engineering applications. Mater. Sci. Eng. C 2020,
112,110939. [CrossRef]

Dash, T.K.; Konkimalla, V.B. Poly-e-caprolactone based formulations for drug delivery and tissue engineering: A review.
J. Control. Release 2012, 158, 15-33. [CrossRef]

Wei, G.; Ma, P.X. Nanostructured Biomaterials for Regeneration. Adv. Funct. Mater. 2008, 18, 3568-3582. [CrossRef]

Li, C; Vepari, C,; Jin, H.-J.; Kim, H.J.; Kaplan, D.L. Electrospun silk-BMP-2 scaffolds for bone tissue engineering. Biomaterials 2006,
27,3115-3124. [CrossRef]

Luuy, Y,; Kim, K.; Hsiao, B.; Chu, B.; Hadjiargyrou, M. Development of a nanostructured DNA delivery scaffold via electrospinning
of PLGA and PLA-PEG block copolymers. . Control. Release 2003, 89, 341-353. [CrossRef] [PubMed]

Gouma, P;; Xue, R.; Goldbeck, C.; Perrotta, P.; Balazsi, C. Nano-hydroxyapatite—Cellulose acetate composites for growing of
bone cells. Mater. Sci. Eng. C 2012, 32, 607-612. [CrossRef]

Yang, D.; Jin, Y;; Ma, G.; Chen, X.; Lu, E; Nie, ]J. Fabrication and characterization of chitosan/PVA with hydroxyapatite
biocomposite nanoscaffolds. J. Appl. Polym. Sci. 2008, 110, 3328-3335. [CrossRef]

Mobarak, M.H.; Islam, A.; Hossain, N.; Al Mahmud, Z.; Rayhan, T.; Nishi, N.J.; Chowdhury, M.A. Recent advances of additive
manufacturing in implant fabrication—A review. Appl. Surf. Sci. Adv. 2023, 18, 100462. [CrossRef]

Bikiaris, N.D.; Koumentakou, I.; Samiotaki, C.; Meimaroglou, D.; Varytimidou, D.; Karatza, A.; Kalantzis, Z.; Roussou, M.;
Bikiaris, R.D.; Papageorgiou, G.Z. Recent Advances in the Investigation of Poly(lactic acid) (PLA) Nanocomposites: Incorporation
of Various Nanofillers and their Properties and Applications. Polymers 2023, 15, 1196. [CrossRef]

Heo, S.; Kim, S.; Wei, J.; Hyun, Y.; Yun, H.; Kim, D.; Shin, ].W.; Shin, J. Fabrication and characterization of novel nano- and
micro-HA /PCL composite scaffolds using a modified rapid prototyping process. J. Biomed. Mater. Res. Part A 2009, 89A, 108-116.
[CrossRef] [PubMed]

Nasirpouri, FE. Fundamentals and Principles of Electrode-Position. In Electrodeposition of Nanostructured Materials; Springer: Cham,
Switzerland, 2017; pp. 75-121. [CrossRef]

Azani, M.-R.; Hassanpour, A. High-performance polymer nanocomposites: Advanced fabrication methods and critical insights.
J. Polym. Res. 2024, 31, 168. [CrossRef]


https://doi.org/10.1016/B978-0-12-813741-3.00031-5
https://doi.org/10.1016/B978-1-78242-033-0.00010-9
https://doi.org/10.3390/ma16124425
https://doi.org/10.1016/j.msec.2020.110689
https://www.ncbi.nlm.nih.gov/pubmed/32204004
https://doi.org/10.1021/acsapm.3c00971
https://doi.org/10.1016/j.msec.2010.03.009
https://doi.org/10.3390/macromol4010004
https://doi.org/10.1021/acs.chemrev.8b00593
https://www.ncbi.nlm.nih.gov/pubmed/30916938
https://doi.org/10.1016/j.polymer.2015.01.048
https://doi.org/10.1016/j.colsurfb.2020.111374
https://doi.org/10.1016/j.msec.2017.02.064
https://www.ncbi.nlm.nih.gov/pubmed/28415542
https://doi.org/10.1016/j.msec.2020.111588
https://doi.org/10.1016/j.carbpol.2020.116954
https://doi.org/10.1016/j.msec.2020.110939
https://doi.org/10.1016/j.jconrel.2011.09.064
https://doi.org/10.1002/adfm.200800662
https://doi.org/10.1016/j.biomaterials.2006.01.022
https://doi.org/10.1016/S0168-3659(03)00097-X
https://www.ncbi.nlm.nih.gov/pubmed/12711456
https://doi.org/10.1016/j.msec.2011.12.019
https://doi.org/10.1002/app.28829
https://doi.org/10.1016/j.apsadv.2023.100462
https://doi.org/10.3390/polym15051196
https://doi.org/10.1002/jbm.a.31726
https://www.ncbi.nlm.nih.gov/pubmed/18431758
https://doi.org/10.1007/978-3-319-44920-3_3
https://doi.org/10.1007/s10965-024-04025-0

J. Compos. Sci. 2024, 8, 523 20 of 20

115. Mahmoodi, S.; Sorkhi, L.; Farrokhi-Rad, M.; Shahrabi, T. Electrophoretic deposition of hydroxyapatite-chitosan nanocomposite
coatings in different alcohols. Surf. Coat. Technol. 2013, 216, 106-114. [CrossRef]

116. Pang, X.; Zhitomirsky, I. Electrodeposition of composite hydroxyapatite—chitosan films. Mater. Chem. Phys. 2005, 94, 245-251.
[CrossRef]

117. Farrokhi-Rad, M.; Shahrabi, T.; Mahmoodj, S.; Khanmohammadi, S. Electrophoretic deposition of hydroxyapatite-chitosan-CNTs
nanocomposite coatings. Ceram. Int. 2017, 43, 4663—4669. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.surfcoat.2012.11.032
https://doi.org/10.1016/j.matchemphys.2005.04.040
https://doi.org/10.1016/j.ceramint.2016.12.139

	Introduction 
	Biopolymers Used in Tissue Engineering 
	Natural Polymers 
	Synthetic Biopolymers 

	Hydroxyapatite as Bioactive Agent in Biocomposites 
	Fabrication of Hydroxyapatite–Polymer Composites 
	Solvent/Solution Casting Method 
	Freeze-Drying Methods 
	Electrospinning 
	3D Printing of Microstructure Composites 
	Electrodeposition 

	Conclusions and Future Direction 
	References

