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ABSTRACT: Trends in health care delivery systems have shifted as a result of the modern uses of biomaterials in medicine. Contrary to tra-
ditional medicine, modern healthcare are now useful in solving problems that were considered impossible some years back. One of the most
significant factors to the most recent advancements in implant development has been the use of calcium based materials in the creation of nec-
essary implants in the form of soft and hard tissues. With the advent of naturally sourced materials in the manufacturing of biomaterials, lots of
attention are now focused on the different sources of agro-based resources that can be used for the product developments. These agro-based
materials are now been considered for sustainable and ecological purposes in several areas of applications globally in the recent times. Hence,
the review was carried out with focus on the sources, relevance, processing techniques and applications of tricalcium phosphate based bioma-
terials in modern day healthcare delivery. This review provides a historical and prospective picture of the crucial functions that materials based
on tricalcium phosphate will play in fulfilling human requirements for medication.
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Introduction

The emergence of biomaterials has significantly transformed
healthcare delivery, particularly, in tissue engineering, regenera-
tive medicine, and personalized therapies. However, early bio-
materials were inert and served as passive supports. But recently,
the advancements in biomaterials have focused on materials
that can actively modulate biological responses, such as immu-
nomodulatory biomaterials.13 Precision biomaterials are now
designed for individual patients using digital technologies and
big data.*> Additive manufacturing, like 3D printing, allows
for the creation of complex structures that mimic natural tis-
sues, enhancing applications in bone regeneration and wound
healing.6® Biomaterials are synthetic materials being used to
create devices that can replace biological parts and work well
with living tissue. The development of biomaterials has reversed
the conventional medical practice of amputating damaged
parts.” Within the biomedical field, many biomaterials, includ-
ing biomedical implants, are being created for various applica-
tions. Consequently, a fast-developing class of biomaterials
known as biomedical implants is being utilized to replace dam-
aged or sick soft or hard tissues in the human body. Since these
materials were created to satisfy structural and biocompatibility
requirements, it is anticipated that they would be secure and
well-tolerated by the body as the patient grows.>10

Mineralized tissue called bone is essential for the body’s
support and defense. On the other hand, several conditions,
including trauma, age, inflammation, infections, and malignan-
cies, can result in bone abnormalities and have an impact on
everyday life and health.!! Significant bone defects greater than
2 cm or more than 50% of the defect’s circumference often can-
not mend spontaneously and require using biomaterials for
repair. Still, certain faults can heal up rather rapidly.!?

Every year, millions of people have bone grafting issues that
needs medical attention. Treatment of tissue defects represents
a major challenge in clinics due to issues involving shortage of
donors, inappropriate sizes, abnormal shapes, and immuno-
logical rejection.’® Hence, to address these problems which
have huge financial impact, it is imperative from a scientific
and clinical standpoint to create improved biomaterials for tis-
sue healing.'* In recent times, bone tissue engineering, mem-
brane-guided regeneration, Ilizarov technique, and bone
transplantation are typical therapies for bone defects.®
However, these approaches frequently fail to satisfy clinical
requirements. The gold standard for autologous bone grafting
is limited by the following factors: risks of infection, blood loss,
reoperation after surgery, and limited tissue availability.!4

Tricalcium phosphate (TCP) possesses a crystalline structure
and chemical makeup similar to bone, making it a biocompatible
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and bioabsorbable material. Interestingly, when compared to
other bone replacements, its rate of biodegradation is higher
than that of hydroxyapatite (HA)."* T'CP is distinguished by its
unique crystalline and physical characteristics, as well as by its
very pure and homogeneous chemical makeup. There are 3 dif-
ferent forms of TCP: B-TCP, which is the low-temperature ver-
sion, and a- and o' T'CP, which are the high-temperature forms.
Nevertheless, as a'-T'CP can only be found above ~1430°C and
quickly turns back to o-T'CP when the temperature drops below
the transition point, it has little practical use. On the other hand,
B-TCP exhibits stability at room temperature, but at around
~1125°C, it reconstructs itself to become a-T'CP, a state that
lasts until the temperature drops to normal temperature.

Currently, due to environmental concern, biomaterials are
being developed from readily available agricultural by-prod-
ucts due to their comparable bio-mineral contents.!® While
hydroxyapatite (HA) has been widely developed and used as
an alternate inorganic source for bone and tooth replacements
and grafting,'” less attention has been given to tricalcium
phosphate (TCP) based biomaterials which is one of the rea-
sons for this study. Therefore, this review focused on trical-
cium phosphates (TCP), which have shown significant
potential in bone healing. Studies, such as those by Vdoviakova
et al,'"® demonstrated that, TCP ceramics can effectively fill
bone defects and promote new bone formation characterized
by immature bone with a high density of osteoblasts and dis-
organized collagen. Hence, the review highlights the impor-
tance of TCP as bioceramics in enhancing osteoconductivity
and calls for more TCP based advanced biomaterials with bio-
active properties to stimulate the body’s regenerative processes
for improved bone healing and regeneration. It also under-
scored the methods for the synthesis of TCP from natural
materials for sustainable development.

Impact of Agro-Based Resources on Sustainability of
Biomaterials
Application of agro-based materials in polymer composites for
various applications has form part of the new trends in advanced
materials development. This class of materials based on source
of origin, belongs to natural materials. Natural materials have
been reported to be biodegradable and contribute to the devel-
opment of green economy due to their several advantages such
as environmental friendliness, energy efficiency, ease of manu-
facturing, low cost, and sustainability.!” Natural materials have
recently become more attractive to technology and innovation
as substitute for synthetic materials due to these merits in sev-
eral areas of applications including biomedical.?° Several works
have been carried out to reveal the potential applications of
natural materials sourced from plants, animals and minerals.
Among the commonly used materials are; snail shells, egg-
shells, cow bone, fish bones, and scales.?1-23

The use of agricultural by-products for the production of
biomaterials helps reduce environmental pollutions and sup-
ports the creation of eco-friendly biomaterials that can replace

petroleum-based products. Recently, agro-wastes, like plant
matter and food residues, are valuable for producing bioplastics
which lowers fossil fuel dependence and reduce the amount of
plastic pollutions in our environments.?* Bioplastics made from
renewable resources such as starch and cellulose from agricul-
tural by-products is sustainable and efficient alternatives for
various applications in modern days.?> Thus, these develop-
ments are being advanced based on current and future concerns
for sustainable human and environmental needs.

Nowadays, valorizing agro-industrial food wastes is emerg-
ing as an effective method for producing high-value biomateri-
als. Lignocellulosic biomass, a major component of agricultural
waste, can be converted into nanocellulose and other valuable
products using sustainable biorefinery techniques.?® This pro-
cess not only tackles waste management issues but also sup-
ports the circular economy by turning waste into useful
resources.?%?” Also, the use of agro-based resources in biomate-
rials development reduces greenhouse gas emissions compared
to traditional manufacturing process with synthetic materials,
thereby, lowering the carbon footprint significantly.?®* The
development of biocompatible materials from agro-wastes,
such as egg and snail shells, demonstrates the potential for
transforming waste into high-value medical products.?23%31

Sources and production methods for tricalcium

phosphate

With the chemical formula Cay(PO,),, tricalcium phosphate
(TCP) is the calcium salt of phosphoric acid. It is one of the 3
calcium phosphate polymorphs that make up the CaO-P,O;
system, along with B-TCP, a-TCP, and o/-TCP.32 It is fre-
quently utilized in many different contexts, such as calcium
supplements, dental products, and food additives. The sources
of tricalcium phosphate can be categorized into natural and
synthetic as shown in Table 1.

Synthesis of tricalcium phosphate. The synthesis of tricalcium
phosphate (T'CP) can be achieved through various methods,
each influencing the material’s properties and applications.
TCP exists in different polymorphic forms, primarily o-
tricalcium phosphate (o-TCP) and PB-tricalcium phosphate
(B-TCP), which can be synthesized using distinct approaches.

One common method for synthesizing a.-T'CP involves the
thermal treatment of calcium phosphate precursors. Typically,
calcium and phosphate sources, such as calcium carbonate and
phosphoric acid (calcium phosphate precursors), are mixed
and heated at high temperatures (around 1300°C) to facilitate
the formation of a-T'CP. The temperature and calcination
duration impact crystallinity and phase purity, with higher
temperatures enhancing strength but risking unwanted phase
formation.#! Optimizing these conditions is essential to ensure
o-TCP’s quality for clinical applications. This process often
results in a coarse powder that requires milling to achieve the
desired particle size for biomedical applications. High-
temperature synthesis is crucial because it ensures the stability
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Table 1. Sources of tricalcium phosphate.

S/IN SOURCES PRODUCTION METHODS REFERENCES
1. Natural sources
Bone ash Traditionally, tricalcium phosphate was derived from bone ash. Bones from Lu et ald®
animals are calcined (heated at high temperatures), resulting in a residue
rich in tricalcium phosphate.
Phosphate rocks Naturally occurring phosphate rocks, such as apatite, contain significant Lu et al®®
amounts of tricalcium phosphate. These rocks are mined and processed
to extract the phosphate compounds.
Coral and shells Coral and shell materials, which consistmainly of calcium carbonate, can Lu et al®®
be chemically treated to produce tricalcium phosphate.
2. Synthetic sources
i. Chemical precipitation Tricalcium phosphate can be synthesized by the precipitation method, Irbe et al3*
calcium hydroxide method. where calcium hydroxide or calcium chloride is reacted with phosphoric
acid under controlled conditions. The resulting precipitate is filtered,
washed, and dried to obtain pure TCP.
3Ca(0OH), + 2H;P0O,—~Ca,(PO,), +6H,0
ii. Calcium chloride method Irbe et al®*

3CaCl, + 2NazPO,—~Ca4(PO,), +6NaCl

NaCl,CaCl,+2Na,P0,—Ca,(PO,),+6NaCl

Sol-gel method

This is a more advanced synthesis technique where calcium and

Ishikawa et al3®

phosphate precursors are mixed in a sol-gel process, forming a gel that is
then calcined to form tricalcium phosphate.

Solid state

This method involves the reaction of solid precursors at elevated

Altomare et al3¢

temperatures, leading to the formation of the desired calcium phosphate
phase. The solid-state synthesis is characterized by several key steps,
including the selection of appropriate raw materials, mixing, and
subsequent high-temperature treatment.

Flame spray pyrolysis

This is a method for producing fine particles by atomizing a liquid

Lee et al®”

precursor into a high-temperature flame, where it undergoes rapid
combustion and forms solid particles.

Hydrothermal Synthesis

This method involves reacting calcium and phosphate sources under high

Ady et al38

pressure and temperature in a hydrothermal reactor, producing highly pure
and crystalline tricalcium phosphate.

High-temperature
combustion synthesis

This is a process where exothermic chemical reactions occur at elevated
temperatures, typically above 1000°C, to synthesize materials like

Duncan et al3®

3.

Industrial production

Food industry

ceramics, metals, or composites. The intense heat from the reaction
promotes the rapid formation of solid products, often resulting in highly
crystalline materials with uniform structure and desirable properties.

In the food industry, tricalcium phosphate is produced under stringent
conditions to ensure it meets food-grade standards. This often involves
purification steps to remove impurities and ensure it is safe for

Ardiansyah et al*®

consumption.

Pharmaceutical and
biomedical applications

For use in pharmaceuticals and biomedical applications, tricalcium
phosphate is produced under controlled conditions to achieve high purity

Kim et al'

and biocompatibility. This often includes additional processing steps to
ensure the material meets the required specifications for medical use.

and crystallinity of the a-T'CP phase, which is essential for its
bioactivity and mechanical strength.3*

Likewise, B-T'CP can be synthesized using several methods,
including wet chemical precipitation, mechanochemical syn-
thesis, and sol-gel processes. One common approach for pro-
ducing B-TCP is the wet chemical precipitation method, which
allows for precise control over variables like temperature, pH,

and reactant concentrations. For instance, adjusting the concen-
trations of diammonium hydrogen phosphate and calcium
nitrate can affect the particle size and bioactivity of B-TCP.4
The wet chemical precipitation method involves mixing cal-
cium nitrate and diammonium hydrogen phosphate in an aque-
ous solution, where the pH is carefully controlled (typically
between 8 and 10.8) using sodium hydroxide. This method
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allows for the formation of nano-sized B-T'CP particles, which
can be advantageous for enhancing the material’s surface area
and reactivity.*

Another approach for synthesizing B-TCP is through the
calcination of biological or synthetic apatite at temperatures
above 700°C. This method can yield biphasic calcium phos-
phate (BCP) materials, which consist of both hydroxyapatite
and B-TCP, allowing for tailored solubility and mechanical
properties suitable for various clinical applications.**

Synthesis of TCP can be optimized by adjusting the ratios
of the constituent phases to achieve specific biological
responses. Also, the incorporation of additives during the pro-
cess can modify the properties of TCP. For instance, the addi-
tion of iron to tricalcium phosphate has been explored to
enhance its toughness, making it more suitable for load-bear-
ing applications.® Furthermore, the use of biopolymers or
other organic compounds during synthesis can improve the
bioactivity and integration of TCP with biological tissues.
Thus, the influence of production process on the properties of
TCP cannot be over emphasized.

Influence of production methods on the quality of tricalcium phos-
phate. The synthesis methods for tricalcium phosphate (TCP)
play a critical role in determining its physicochemical proper-
ties, crystallinity, morphology, and biological performance in
medical applications. Also, pH control during synthesis is vital
as it influences phase formation and precipitation kinetics.
Likewise, the additives incorporated during synthesis affect
TCP’s properties. For example, adding polymers like alginate
or collagen can improve TCP scaffold porosity and intercon-
nectivity, facilitating better cell infiltration and tissue integra-
tion.* The developed composite materials often demonstrate
improved biological responses, such as increased cell attach-
ment and proliferation, compared to pure TCP.#

Solid state method. Solid-state synthesis is characterized
by several key steps, including the selection of appropri-
ate raw materials, mixing, and subsequent high-temperature
treatment.3® In the solid-state method, the most common
precursors used are calcium carbonate (CaCOs) and calcium
phosphate compounds such as dicalcium phosphate (DCP)
or calcium oxide (CaQ). The reaction typically requires a high
temperature, often exceeding 800°C, to facilitate the solid-state
reaction between these precursors, resulting in the formation
of TCP.3647 For instance, Kariya et al demonstrated that by
modifying the heating process in a dental casting mold, B-T'CP
could be synthesized effectively, highlighting the importance
of temperature control in the solid-state method.*” How-
ever, it is important to note that this method often requires
long reaction times and high sintering temperatures, which
can lead to challenges in achieving uniform particle size and
morphology.3” Moreover, the solid-state method can also be
influenced by the presence of additives or modifiers, such as
magnesium oxide (MgQO), which can alter the phase composi-
tion and enhance the properties of the final product. This was

illustrated by Altomare et al, who explored the synthesis of
new B-TCP variants with different metal substitutions, dem-
onstrating how solid-state reactions can be tailored to produce
materials with specific characteristics.®® The resulting B-TCP
produced via solid-state methods is known for its bioactivity
and osteoconductivity, making it suitable for various biomedi-
cal applications, including bone grafts and scaffolds for tissue
engineering.*$4

Solid State Reaction is a traditional method for synthesiz-
ing TCP, typically requiring high temperatures (around
1300°C) and extended reaction times. This method often
results in coarse powders that necessitate milling to achieve the
desired particle size and homogeneity.3* While this technique
can produce materials with good crystallinity, high tempera-
tures can lead to the formation of unwanted phases if the pre-
cursors are not pure.?’ Moreover, the long synthesis time can be
a significant drawback for large-scale production.3”

Flame spray pyrolysis. It is a method that allows for the pro-
duction of amorphous tricalcium phosphate nanoparticles. In
this technique, a liquid precursor solution is introduced into a
flame, where it undergoes rapid thermal decomposition. The
resulting nanoparticles exhibit a Ca:P ratio of 1.5, which is
essential for the formation of TCP.5° This method is advan-
tageous due to its ability to produce nanoparticles with con-
trolled morphology and size, which are critical for enhancing
the bioactivity of the material in biological environments.3
This technique allows for the production of nanoparticles
with controlled morphology and size, which can enhance the
material’s bioactivity.! However, the purity of the final prod-
uct can be compromised due to the presence of residual com-
bustion by-products, which may affect the material properties
adversely.>? Additionally, the complexity of the equipment and
the need for precise control over the reaction conditions can
limit its widespread application.

Sol-gel method. 1t’s another prevalent synthesis route for
TCP, known for its simplicity and ability to produce nano-
sized particles at relatively low temperatures. This method
involves the conversion of precursor solutions into a gel,
which subsequently undergoes drying and heat treatment to
form TCP. The sol-gel process has been shown to yield high-
purity materials with uniform composition, making it suitable
for biomedical applications.®® Specifically, the sol-gel-derived
TCP can be tailored to achieve desired properties such as
porosity and mechanical strength, which are vital for bone
grafting materials.>

The Sol-gel Method is advantageous for its ability to pro-
duce highly homogeneous materials at relatively low tempera-
tures compared to solid-state methods. This technique allows
for the incorporation of various dopants and can yield materi-
als with tailored properties.>* However, the sol-gel process can
be time-consuming, involving multiple steps such as gelation,
drying, and calcination, which may extend the overall synthesis
time.?® Furthermore, achieving complete conversion to TCP
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can be challenging, and the final product may require further
processing to enhance crystallinity.>°6111

Hydrothermal treatment. It’s a synthesis method that
involves the use of high-pressure and high-temperature water
to facilitate the crystallization of TCP from precursor materials.
This technique allows for the production of highly crystalline
TCP, which is beneficial for its mechanical properties and bio-
activity.”” The hydrothermal process can also be combined with
other methods to enhance the characteristics of the synthesized
TCP, such as improving its solubility and biological response.3
Hydrothermal Treatment is characterized by its ability to pro-
duce high-purity materials due to the controlled environment
in which the reaction occurs. This method can yield TCP with
desirable microstructures and enhanced bioactivity.”® However,
the necessity for high pressure and temperature can complicate
the synthesis process and increase operational costs.’” Addi-
tionally, the scalability of this method can be limited due to the
specialized equipment required.

High-temperature combustion synthesis. High-temperature
combustion synthesis is characterized by exothermic reaction of
precursors that leads to the formation of TCP at elevated tem-
peratures. This method is particularly effective for producing
TCP with specific stoichiometries and phases, such as a-TCP
and B-TCP, which have different biological behaviors.?* The
combustion synthesis route can also be optimized to control
the particle size and morphology, which are critical for their
application in bone regeneration.”® High-Temperature Com-
bustion Synthesis is a rapid method that can produce TCP at
lower temperatures than traditional solid-state methods. This
technique can lead to the formation of TCP with good crystal-
linity and specific morphologies.®® However, the combustion
process can introduce impurities from the fuels used, which
may affect the material properties negatively.”> Moreover, con-
trolling the combustion conditions is crucial to avoid the for-
mation of undesired phases.

Precipitation method. Chemical Precipitation methods are
widely used for their simplicity and ability to produce materi-
als with high purity and uniformity.*> This method allows for
the control of particle size and morphology through careful
manipulation of reaction conditions such as pH and tempera-
ture.®! However, the precipitation process can be sensitive to
environmental factors, and achieving consistent results may
require extensive optimization.*> Additionally, the drying and
calcination steps can add to the overall synthesis time.

These methods have been used to synthesized tricalcium
phosphate by many researchers using difference by-products
from animal sources.

Synthesis of tricalcium phosphate from eggshells
(a). Beta tricalcium phosphate (B-T'CP) was synthesized
from eggshells using precipitation method at tempera-
ture variations of 600°C-1000°C and sintering dura-
tions of 1-5hours by Sani et al.®? The results revealed a

notable amount of B-T'CP composition and Ca/P ratio
in the final product where highest B-T'CP composition
of 81% was achieved at 1000°C for 5 hours of sintering.
However, the Ca/P ratio of 1.74 did not meet the
desired value of 1.5 which implies that further optimi-
zation is needed. Conversely, materials with a higher
Ca/P ratio may not provide the same level of biological
response, as indicated by the work of Hossain, which
discusses the implications of different calcium phos-
phate compositions in drug delivery and scaffold appli-
cations.®® Achieving the optimal ratio of 1.5 is essential
for ensuring the desired physical and biological proper-
ties, which are critical for their effectiveness in medical
and dental applications. Further optimization of syn-
thesis methods and conditions is necessary to meet this
target, thereby enhancing the performance of calcium
phosphate-based biomaterials.®

(b). In another research, collected eggshells were washed

and immersed in boiling water for 30 minutes to remove
any surface contaminants. The washed eggshells were
dried in the oven for 3 hours before crushed into smaller
flakes using alumina mortar. The flakes were calcined at
a temperature of 900°C for 4hours in the furnace for a
complete transformation of CaCO; into CaO powders
to ensure complete carbon dioxide removal (CO,) as
reported by previous researchers.®>¢¢ CaP powders were
prepared by using the wet chemical precipitation
method followed by calcination at different tempera-
tures. X-ray diffraction (XRD) analysis shows that the
2 types of CaP patterns present are hydroxyapatite
(HA) and B-Tricalcium phosphate (B-TCP). Fourier
transform infrared (F'TIR) shows phosphate ion band
in every sample while scanning electron microscopy
(SEM) shows the transformation of structure from
needle-like to more fluffy and rounded-edge structure
from uncalcined to 1000°C. From the results obtained,
CaP extracted from eggshell waste was successfully
synthesized from the precipitation method. This
method contributes to the materials processing cost
reduction and increases the application of natural mate-
rials instead of synthetic ones.

(c). Synthesis and characterization of calcium phosphate

from eggshells of different poultry with and without
the eggshell membrane have been carried out. Previous
researches have used quail, hen, duck, and pigeon egg-
shells as a calcium source to obtain calcium phosphate
materials via the environmentally friendly wet synthe-
sis. Using the eggshells with the organic membrane,
the biphasic calcium phosphate materials composed
mainly of HA were obtained. The second mineral
phase was B-T'CP in the case of using quail, hen, and
pigeon eggshells, and octacalcium phosphate (OCP) in
the case of duck eggshells. The HA content in the
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obtained materials depended on the amount of mem-
brane in the eggshells and decreased in the order of
pigeon, duck, hen, and quail eggshells, respectively.
The eggshell membrane removal from the eggshells
caused the reduction in HA content and the presence
of the more soluble B-TCP or OCP phase in the
obtained materials. The calcium ions release profile in
the PBS buffer indicates the potential biomedical
application of these materials.®”

Synthesis of tricalcium phosphate from snail shell

(a). Ardiansyah et al*? carried out the synthesis of calcium
phosphate bioceramics from Achatina fulica snail
shells. The snail shells were cleaned and dried under
direct sunlight before grinding and filtering using
mesh size of 100. Calcium oxide (CaO) powder from
snail shells was obtained by calcination at 1000°C for
5hours. Calcium hydroxide (Ca(OH),) suspension
was prepared by weighing 18.5195g of CaO powder
and adding 500mL of deionized water. The H;PO,
solution was made by diluting 85% H;PO, solution in
deionized water to get a 0.6 M H;PO, solution. The
synthesis of calcium phosphate bioceramics was car-
ried out based on a modified method. A volume of
500mL of 0.6M H;PO, solution in a burette was
dropped at a speed of 6 mL/min into a beaker con-
taining 500 mL of 1M Ca(OH), suspension at a tem-
perature of 60+ 2°C with constant stirring. While
XRF analysis revealed calcium content of 81.83% in
the calcined CaO raw material XRD analysis con-
firmed the formation of tricalcium phosphates and
B-calcium pyrophosphate. The synthesized particles
exhibited irregular surface shapes with agglomeration,
typical of the precipitation method, including flux,
sphere, and fracture shapes.

(b). In the study, carbonated apatite powder (CAp) and f3-
tricalcium phosphate (B-TCP) was made from leftover
snail shells. They are produced via thermal decomposi-
tion followed by chemical precipitation method with
phosphoric acid in a one step process. A calculated
amount of the CaO powders produced from the snail
shells was exothermically reacted with ammonium
diphosphate solution in a drop wise manner. The pow-
ders were mixed and stirred for a day, then filtered and
dried in an oven. The final powder was made by crush-
ing the dried material. They then heated the powder at
a very high temperature and then characterized using
different analytical techniques.?3

(¢). Semiyou et al®® studied snail shell powders from 2 dif-
ferent types of snail shells, Lanistes varicus and
Achatina achatina snail shell to see if there powder
could be used to make calcium phosphate bioceram-
ics. They used co-precipitation and microwave irra-
diation methods to mix the powders and found that

they contained mostly calcium carbonate. The results
revealed that the synthesized calcium phosphate
bioceramics contain a mixture of Hydroxyapatite
(HA: Ca,((PO,)s(OH),) and Apatitic Tricalcium
Phosphate (TPa: Ca,(HPO,) (PO,)s(OH). The study
of the antibacterial activity of the synthesized biocer-
amics showed that only those obtained with Lanistes
varicus powder significantly inhibit the growth of
Staphylococcus aureus with a lasting effect. On the
other hand, inhibition of growth of Klebsiella oxytoca
is partial and resistance to antimicrobial activity of
bioceramics was noticed. Thus, bioceramics synthe-
sized from Lanistes varicus snail shell powder has
antibacterial property and should be used against the
growth of pathogens that cause dental cavities.

Preferable methods for the synthesis of TCP

Among various methods for synthesizing tricalcium phosphate
(TCP), the microwave-assisted co-precipitation method stands
out as one of the best. This method is advantageous due to its
ability to produce high-purity B-T'CP with controlled particle
sizes, reduced synthesis time, and enhanced homogeneity and
crystallinity compared to conventional methods like solid-state
reactions or wet chemical synthesis.®” Microwave-assisted syn-
thesis utilizes rapid heating, which can significantly enhance
reaction rates and improve the quality of the resulting TCP,
making it particularly suitable for biomedical applications
where material consistency is crucial as reported by Cestari.®
Additionally, this method often results in better phase control
and reduced impurities, which are critical for biocompatibility
and performance in medical implants.

Application of Tricalcium Phosphate

Tricalcium phosphate materials primarily function as osteo-
conductive materials, allowing bone growth either on their
surface or within their pores, channels, or tubes. Calcium
phosphate is biocompatible and effective in promoting the
formation of hard tissue. It has been utilized in various appli-
cations such as a capping agent, in cleft palate procedures for
creating apical barriers, in apexification, treating vertical bone
defects, and as coatings for implants. Tricalcium phosphate is
a resorbable phase of calcium phosphate with favorable prop-
erties, including its ability to support bone growth.”® Table 2
presents some areas of applications for tricalcium phosphate in
biomedical industries.

Tricalcium phosphate (T'CP) is a calcium salt of phosphoric
acid, commonly used in a variety of applications due to its bio-
compatibility, osteoconductivity, and similarity to the mineral
component of bones. Its uses span across medical, dental, and
nutritional fields. The beta form of TCP (Beta TCP or B-TCP)
is particularly noteworthy and preferred over other forms of
TCP for its superior properties in these applications.”” Some of
its superior properties include:
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Table 2. Application and function of tricalcium phosphate.

APPLICATION FUNCTION

Bone tissue engineering
osteogenesis.

TCP scaffolds that mimic the natural bone structure and promote

REFERENCE(S)

Jasser et al”'; Sponer et al?2

Hybrid composites with biodegradable polymers for controlled degradation.

Dental implants
rejection rates.

Drug delivery systems
effects.

TCP-based cements and fillers that support dental regeneration.
Coatings for titanium implants to improve biocompatibility and reduce

Porous TCP carriers for targeted drug delivery, reducing systemic side

Lawrence and Yavagal’s;
Alamoudi et al”

Jasser et al”!; Kurien et al’®

Encapsulation techniques for sustained and controlled release of

therapeutics.

Orthopedic implants
bone growth.

Load-bearing TCP composites that provide mechanical support and promote

Sponer et al?

Bioactive coatings for metal implants to enhance integration and longevity.

i. Bioactivity and Biocompatibility: B-T'CP interacts posi-
tively with biological tissues, promoting cell attachment,
proliferation, and differentiation and it is non-toxic and
does not elicit an immune response when implanted in
the body.”®

ii. Osteoconductivity: B-TCP provides an ideal scaffold for
bone growth, aiding in the repair and regeneration of
bone tissues. Its structure allows for the infiltration of
bone cells and blood vessels, facilitating the integration
with natural bone.”?

iii. Resorbability: B-T'CP gradually dissolves and is replaced
by new bone tissue over time. This property is crucial for
bone healing, as it allows for the gradual transfer of
mechanical load to the newly formed bone.”

iv. Mechanical Strength: Although not as strong as some
other bone graft materials like hydroxyapatite, B-T'CP
has sufficient mechanical strength to support bone tis-
sue during the healing process, making it suitable for
load-bearing applications.””

Major roles of tricalcium phosphate-based
biomaterials

Tricalcium phosphate (TCP)-based biomaterials have become
crucial in addressing medical challenges, especially in orthope-
dics and dentistry. They excel in bone regeneration and defect
repair by mimicking natural bone’s mineral composition, which
supports new bone tissue growth. TCP scaffolds foster osteo-
blastic differentiation and bone healing by providing a favora-
ble environment for cell attachment and proliferation.”®”? Also,
TCP can be combined with polymers like polycaprolactone or
collagen to improve strength and elasticity for load-bearing
applications.®® TCP’s antibacterial properties are enhanced
through modifications with natural substances such as propo-
lis, reducing infection risks during healing.8! Beyond bone
regeneration, TCP materials are used in vertical bone augmen-
tation and maxillary reconstruction, offering advantages over

autogenous grafts due to lower morbidity and complica-
tions.’>8 Generally, TCP-based biomaterials represent a sig-
nificant advancement in regenerative medicine, addressing
many limitations of traditional bone grafting methods and
promising improved patient outcomes in orthopedic and den-
tal surgeries.

Role of Beta-tricalcium phosphate in bone repair and its mecha-
nism to regulate osteogenesis. Significant bone loss due to
trauma, tumor removal, infection, and congenital disorders
often results in delayed healing, posing a challenge for
orthopedic surgeons, thus, bone autografts have tradition-
ally been used.3* However, their limitations have prompted
the search for alternative bone substitutes.’® The main
challenges in repairing large bone defects include inade-
quate mesenchymal stem cell (MSC) recruitment, poor vas-
cularization, and insufficient growth factor stimulation. To
achieve successful bone regeneration, enhancing MSC
adhesion, growth factor release, and the angiogenic poten-
tial of biomaterial scaffolds is crucial.

Beta-tricalcium phosphate (B-TCP) is highly regarded by
orthopedic surgeons for its biocompatibility and bioactivity in
bone repair.3¢ It has been shown to significantly enhance bone
regeneration compared to nanostructured carbon implants,
porous titanium, and even bone autografts. B-T'CP scaffolds
have been optimized by adjusting their physical properties,
adding ionic components, and incorporating growth factors to
improve bone healing. The release of Ca?* from B-TCP is
essential for MSC and osteoblast proliferation and differentia-
tion, and it may influence blood clot structure at fracture sites,
affecting bone regeneration.” The porous surface of bone
materials improves mechanical interlocking and stability with
surrounding bone tissues.®® Porosity allows for the absorption
of growth factors and enhances interactions with pro-osteo-
genic factors,® which positively impacts bone formation.”
Porous B-TCP also enhances dissolution, MSC infiltration,
and new bone formation.”! Figure 1 illustrates the effect of -

TCP on bone healing.
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Figure 1. A diagram shows how B-TCP scaffolds aid bone healing. Macropores (>100 um) allow entry of growth factors, MSCs, blood vessels, oxygen,
and nutrients better than micropores (<5um). High porosity increases the scaffolds’ surface area, enhancing effectiveness. Rough surfaces boost MSC

adhesion and proliferation, aiding bone regeneration.®!

High surface roughness in materials enhances bone-
forming cell attachment and osteogenic activity, aiding
osteointegration, whereas low roughness may impede it.
For instance, a calcium phosphate-coated titanium alloy
with 8 to 10 Ra showed better collagen adhesion than one
with 2 to 3 Ra. B-TCP materials can be optimized for
roughness and pore sizes to improve bone formation, pro-
tein adsorption, cell infiltration, and neovascularization.
However, B-TCP’s rapid degradation rate can limit osteo-
blast migration and colonization, hindering bone healing.*?
To address this, B-TCP is often combined with other mate-
rials to form composite scaffolds with improved biome-
chanical properties. B-TCP influences bone repair by
regulating growth factors, cytokines, and ions, promoting
osteoblast differentiation, vascularization, and growth fac-
tor release, and affecting blood clot formation to enhance
bone healing. The release of Ca2* from B-TCP is essential
for MSC and osteoblast proliferation and differentiation, as
shown in Figure 2.

Studies indicate that incorporating growth factors like the
BMP family into scaffolds enhances their biological perfor-
mance.* B-TCP is believed to improve bone regeneration by
interacting with growth factors such as BMPs, which are
crucial for cell migration, proliferation, tissue angiogenesis,
and new bone formation at defect sites. Growth factors play
a significant role in regulating angiogenesis during bone for-
mation (Figure 3). Vascular endothelial growth factor

® c
.» __a.ca"‘ ‘!‘ ®
<| -~'.-'.-'.-;~'.-'.v'.|—'.-('.l--.--.~'_lv( “~'.~ --.v'.“~l .;.-(.”
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. ca [ ]
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Figure 2. Ca?" released from B-TCP activates the a-CaMKIl pathway,
modulating CREB and extracellular ERK activity. This activation
increases the transactivation of SRE and CRE, which regulate the c-fos
promoter, leading to higher expression of AP-1 and promoting osteoblast
differentiation.?

(VEGF) regulates osteogenesis through the PISK/AKT,
Raf-MEK-ERK, and PLCy-IP3 signaling pathways after
binding to VEGFR2. Platelet-derived growth factor (PDGF)
promotes angiogenesis by activating PDGFR-ao, PDGFR-
of, and PDGFR-Bp receptors. Ca?* released from B-TCP
binds to calmodulin (CaM), enhancing endothelial cell pro-
liferation and facilitating neovascularization and bone heal-
ing. Transforming growth factor beta (TGF-B) induces
osteogenic gene expression through the SMAD signaling
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Figure 3. Role of growth factors in regulating angiogenesis during bone formation.%3

pathway after binding to TGFR2. Bone morphogenetic pro-
teins (BMPs) promote osteogenic gene expression via BMPR
and the activation of SMAD and p38-MAPK signaling
pathways.”3

After implantation at a fracture site, substitute materials
interact with peripheral blood, forming a blood clot around
the graft.”> This clot acts as a “natural scaffold,” activated by
the extrinsic coagulation pathway during bone fractures.%
Coarse, loose fibrin clots have increased roughness and
porosity, making them more susceptible to fibrinolysis,
which aids bone tissue repair and regeneration.*! In con-
trast, dense clots with thin fibrin are resistant to fibrino-
lysis, delaying bone regeneration.”” Fibrin structure impacts
bone healing, as fibrinolysis releases growth factors essen-
tial for cell growth.?7.9%108 Tight fibrin networks slow bone
healing due to low porosity and delayed degradation,
whereas B-TCP enhances bone regeneration by interacting
with growth factors.!>°%5¢ Figure 4 illustrates fibrin net-
work formation and B-TCP regulatory sites. Thrombin
catalyzes the binding of monomeric fibrinogen to poly-
meric fibrin by releasing fibrinopeptides (Fp) A (light red
arrows) and FpB (blue arrows) from fibrinogen. FpA-
derived fibrin monomers aggregate to form fibrin oligom-
ers, which then polymerize into protofibrils. These
protofibrils undergo lateral polymerization via intermolec-
ular interactions at oC regions, forming oC polymers
(black dashed circles) and resulting in thick fibers. The
cross-linked fibrin clot, a gel-like meshwork, is crucial for
hemostasis. B-T'CP may regulate fibrin polymerization at

FpB cleavage sites and the primary binding sites (black
arrowheads) of the fibrinogen y chain (orange).

Limitations and Remedy for Tricalcium Phosphate
While TCP, especially B-TCP, offers significant benefits for
biomedical applications due to its biocompatibility, osteocon-
ductivity, and resorbability, it also has limitations such as
mechanical weakness, fast resorption rate, brittleness, and han-
dling difficulties as presented in Table 3. Advances in compos-
ite materials and formulation techniques can help mitigate
these drawbacks and enhance the utility of TCP in both inter-
nal and external applications.?

Advancements in Implant Development With
Calcium-Based Materials

The development of implants using calcium-based materials,
especially calcium phosphate (CaP) biomaterials, has greatly
advanced bone regeneration. Due to their high biocompatibil-
ity, bioactivity, and resemblance to the mineral structure of
human bone, these materials are well-suited for orthopedic and
dental uses.102193 A key advancement in implant technology is
the application of calcium phosphate (CaP) coatings on tita-
nium implants. Since these coatings closely resemble the min-
eral makeup of bone, they promote better integration with
surrounding tissue. Research indicates that calcium phosphate
coatings improve osseointegration, enhancing the stability and
durability of both dental and orthopedic implants.’ The
release of calcium ions from these coatings into the surround-
ing tissue encourages the formation of biological apatite,
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Table 3. Limitations and Remedy for Tricalcium Phosphate.®®

ISSUE REMEDY
Mechanical weakness

TCP, including B-TCP, tends to have lower mechanical
strength compared to natural bone and other
synthetic materials like hydroxyapatite. This limits its
use in load-bearing applications.

Fast resorption rate

B-TCP can resorb faster than new bone formation,
leading to inadequate support during the healing
process.

Limited osteoinductivity

While TCP is osteoconductive, it lacks inherent
osteoinductive properties, meaning it does not
naturally induce the differentiation of progenitor cells
into osteoblasts.

Brittleness

TCP ceramics are brittle and can fracture under
stress, which limits their use in certain clinical
scenarios.

toughness.

Handling properties

Combining TCP with other materials, such as polymers or
metals, to form composites can enhance mechanical
strength. Combining B-TCP with polymers (eg, PLA,
PLGA) or other ceramics (eg, hydroxyapatite) can create
materials with better mechanical properties.

Creating composites with ductile materials, like polymers
or fibers, can reduce brittleness and improve fracture

Developing injectable TCP pastes or putties can improve

REFERENCE(S)

Aranya et al100

Adjusting the porosity and composition of TCP, or Dorozhkin'01
combining it with slower-resorbing materials like

hydroxyapatite, can balance the resorption rate with bone

regeneration.

Incorporating growth factors such as BMPs (bone Dorozhkin'0?

morphogenetic proteins) or stem cells into TCP scaffolds
can enhance osteoinductivity.

Aranya et al'®

Aranya et al'0

TCP can be difficult to handle during surgery due to
its granular form or brittleness.

ease of use and application in clinical settings. Developing
injectable formulations of B-TCP, such as pastes or
hydrogels, can improve surgical handling, and adaptability

to complex bone defects.

essential for bone regeneration and integration.'* Additionally,
incorporating ions like fluoride and zinc into calcium phos-
phate coatings has shown antibacterial properties, which are
critical in preventing infections after surgery.'®

Another important advancement is the development of bio-
active glass ceramics and hydroxyapatite (HA) coatings. These
materials offer a scaffold for bone growth and actively contrib-

ute to the biological processes essential for osseointegration.

HA coatings, in particular, have been found to enhance early
bone healing by replicating the structure of natural bone min-
erals.1% Recent innovations feature calcium-doped titanium
surfaces, which have been shown to enhance the adsorption of
fibrinogen—a protein vital to the early stages of wound healing
and implant integration. This technique not only helps reduce
bacterial colonization but also creates a conducive environment
for bone regeneration.”
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Furthermore, the mechanical properties of calcium phos-
phate ceramics have been optimized for load-bearing applica-
tions. Studies suggest that biphasic calcium phosphate (BCP)
ceramics possess ideal solubility and osteoinductivity, making
them highly suitable for bone grafts.'%-11* The inclusion of cal-
cium oxide in BCP ceramics has further improved both their
mechanical and biological properties, enhancing their clinical
utility.19-11 These materials demonstrate excellent biocompat-
ibility and show promising outcomes in tissue integration and
mechanical performance.’2113 The incorporation of calcium
silicate into composite materials is being investigated to
enhance the bioactivity and mechanical strength of dental
implants which further expand the potential applications of

113 Thus, advance-

calcium-based materials in implantology.
ments in calcium phosphate biomaterials have tackled chal-
lenges related to immune responses and infection risks. The
creation of bioactive calcium phosphate coatings has signifi-
cantly reduced the chances of post-implantation inflammation,
as these materials do not produce excessive reactive oxygen spe-
cies.115 This biocompatibility is essential for the successful

implementation of implants in clinical settings.

Future Outlook

Tricalcium phosphate (TCP) is a prominent material in the
biomedical field, particularly in bone repair and regeneration.
Recent advancements have focused on the development of eco-
logically inclined TCP-based materials, emphasizing sustaina-
ble practices in their production and application. This review
explores the relevance, processing techniques, and future appli-
cations of these materials. Tricalcium phosphate (TCP) is
increasingly recognized for its pivotal role in biomedical appli-
cations, particularly in bone repair and regeneration, due to its
biocompatibility, bioactivity, and resorbability. Current research
focuses on enhancing these properties through the develop-
ment of ecologically inclined TCP materials, which prioritize
sustainability throughout their lifecycle. This includes sourcing
raw materials from biogenic sources, employing eco-friendly
synthesis methods, utilizing additive manufacturing tech-
niques, and implementing surface modifications that enhance
osteointegration and antimicrobial properties. Applications of
TCP span bone tissue engineering, dental implants, drug deliv-
ery systems, and orthopedic implants, with advancements in
hybrid composites, porous carriers, and bioactive coatings driv-
ing innovation. Future prospects for TCP-based materials
include the development of multi-functional composites, an
increased focus on sustainability through life cycle assessments
and circular economy principles, regulatory and clinical
advancements to streamline approval processes, and market
growth driven by heightened awareness and adoption of sus-
tainable medical solutions. These efforts aim to address the
dual goals of improving patient outcomes and promoting eco-
logical health, positioning ecologically inclined TCP materials
as a promising frontier in medical material science.

Conclusion

In conclusion, the integration of ecologically inclined practices
in the development and application of tricalcium phosphate
(T'CP) materials holds significant promise for the biomedical
field. By emphasizing sustainability from raw material sourcing
to advanced processing techniques, and by exploring innovative
applications in bone tissue engineering, dental implants, drug
delivery systems, and orthopedic implants, TCP-based materi-
als are set to transform medical treatments while mitigating
environmental impact. The future outlook is bright, with
potential advancements in material properties, regulatory sup-
port, and market adoption driving the evolution of these mate-
rials. As researchers, industry leaders, and regulatory bodies
continue to collaborate, ecologically inclined TCP materials
are poised to become a cornerstone of sustainable and effective
biomedical solutions, improving both patient outcomes and
ecological health.
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