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INTRODUCTION

Calcium hydroxyapatite (Caio(PO4)s(OH)2; CHA) is a naturally occurring mineral that serves an
essential function in the robust composition of human bones and dentition. Due to its chemical
composition and structural similarity to hard tissues, it is a vital material for biomedical applications.
CHA is widely used in the fields of bone grafts [1], dental implants [2], and tissue engineering scaffolds
[3], where its excellent biocompatibility and bioactivity [4], as well as its ability to be integrated with the
living tissue, provide benefits for medical treatment.

CHA can be synthesized by various methods, including precipitation, sol-gel, and hydrothermal
techniques. Each of these methods offers unique advantages in controlling the material's properties, such
as particle size, morphology, and crystallinity, which significantly influence its performance in specific
applications [5]. For instance, materials with optimized crystallinity and morphology are more suitable
for bone repair and tissue regeneration [6,7]. Recent advancements in synthesis methods focus on
tailoring these characteristics to expand the functional properties of hydroxyapatite and increase its utility
in medical treatments [8].

A promising strategy to increase the multifunctional abilities of hydroxyapatite is the development
of composites with biologically active compounds. Eugenol is a phenolic compound that is obtained
primarily from clove oil and is well known for possessing antimicrobial, anti-inflammatory, and
analgesic properties [9,10]. Integrating eugenol into hydroxyapatite can lead to multifunctional materials
that combine the mechanical and structural properties of hydroxyapatite with the therapeutic properties
of these compounds [12]. They are promising composites used in dentistry and orthopedics due to the
surface functionality resulting in infection prevention, enhanced healing, and long-term drug
incorporation [13,14]

The main objective of this work is to carry out a comparative study of the different synthesis methods
for CHA, as well as to prepare its composites with eugenol. This study explores the structural, chemical,
and antibacterial properties of these materials to assess their potential applicability in medicine and
dentistry. [15]

Objectives
The following tasks were set to achieve these objectives:

« Synthesis and characterization of CHA using precipitation, sol-gel, and hydrothermal

techniques.

o Comparative analysis of CHA synthesized by different methods.

o Development and characterization of composites of CHA with eugenol.

« Evaluation of the potential bio-applications of hydroxyapatite-eugenol composite.



1. LITERATURE REVIEW

1.1 Calcium hydroxyapatite

Calcium hydroxyapatite [CHA; Ca10(POs4)s(OH):] is a calcium phosphate-based bio-ceramic material
that has been the interest of researchers working in different areas of specialties, such as orthopedics,
maxillofacial surgery, and biomedical fields [16] because of its chemical composition which is similar
to that of human bone and teeth [17-20], and its high biocompatibility [21-23]. Moreover, it is a bioactive
material that can provide cell proliferation of different types of cells. CHA's distinctive features,
including its osteoconductive properties and ability to boost tissue and bone regeneration, increase its
potential for fulfilling its uses in interdisciplinary fields.

1.1.1 General features

It is always essential to consider the biomaterial's chemical, physical, structural, and biological properties
before using it for biomedical applications. The composition, physical structure, and biological properties
of CHA play critical roles in potential applications. It is a member of the apatite family, which contains
calcium and phosphate in its composition, as well as fluorapatite and chlorapatite. The crystal structure
of CHA is hexagonal; it consists of an array of PO4 tetrahedra held together by Ca ions interspersed
among them; its structure has OH ions (Fig. 1), which can be substituted by fluoride, chloride, or
carbonate, resulting in fluorapatite, chlorapatite or carbonate apatite, respectively [24]. Other than that,
replacing Ca?* and POs* in CHA is still possible [25]. The substitution in its structure can significantly
change its structural characteristics [26, 27] and physicochemical and biological properties [25].

& Hydrogen

Calcium
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Fig 1. Crystal structure of hydroxyapatite [38]

CHA is a free-carbonate stoichiometric apatite phase with a calcium-to-phosphate Ca/P ratio 1.67 [28,
29]. CHA is the most stable thermochemically in various factors such as pH, temperature, and the content
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of human biological conditions. CHA is moderately resorbable in physiological environments, which
means it can gradually be replaced by natural bone [29]. Its bioactivity is one of its characteristics, raising
its potential to induce tissue and bone regeneration. As for its mechanical properties, CHA is brittle,
which limits its use in areas that require high load force [30]. It can be obtained from natural or synthetic
sources [31]. Natural CHA can be prepared from eggshells [32-34], fish bones [35], coral [36], or bovine
[37]. Although CHA can be found in nature as calcium apatite, it needs to be chemically synthesized to
encounter specific properties, which include purity and morphology.

1.1.2 Synthesis methods

Researchers have utilized various methods for synthesizing calcium phosphate (CaP) biomaterials,
namely calcium hydroxyapatite, as will be discussed in this section. CHA is formed in the Ca-POs-H20
through a reaction of the starting materials; the reaction should contain Ca?* and PO* ions, and a
combination of these sources could be used to prepare CHA using a specific method. The selection of
both ionic sources usually involves salts to avoid the formation of other CaP phases. For instance, using
phosphoric acid (H3PO4) as the phosphate source could form the precipitation of the brushite phase [39].
Applying high temperatures during the synthesis can result in immensely high crystallinity, significantly
different from natural bone [40]. On the other hand, biomaterials synthesized under low temperatures
could exhibit low crystallinity and, thus, demonstrate more excellent tissue compatibility [41]. Synthesis
methods, such as sol-gel [42], hydrothermal [43], and co-precipitation [44-46].

1.1.1.1  Sol-gel method

This method effectively synthesizes the nanostructured hydroxyapatite phase because it allows for
strictly controlled process parameters [47]. Sol-gel uses a mixture of calcium and phosphate to obtain
CHA to a significant extent. Some of the authors used organic materials in the sol-gel technique. Masuda
et al. [48] demonstrated that the sol-gel could synthesize the CHA method by using calcium ethoxide [Ca
(OCzHs)2] and Triethyl phosphite [P(OC2Hs)3] as precursors of metal alkoxides. Then again, the alkoxide
was altered instantly using calcium or phosphorus inorganic precursors. Li et al. [49] reported that
applying the sol-gel process efficiently produces CHA with improved stability at biomaterial/host bone
interfaces in vivo and in vitro experiments. However, calcium nitrate tetrahydrate [Ca (NO3)2-4H20)] has
been widely used and selected as a calcium precursor for the synthesis of CHA in combination with
phosphate precursor in the sol-gel technique [50].

Although various precursors of calcium and phosphate can be used in this process, the chemical
reactivity and the temperature for the formation of the apatite structure during the synthesis of CHA
primarily depend on the chemical nature of the precursors. Balamurugan et al. [47] employed calcium
nitrate tetrahydrate and triethyl phosphate as calcium and phosphate precursors, respectively, with a Ca/P
ratio of 1.67, then the resulting CHA powder was thermally heated at a range of different temperatures
up to 900°C. Brendel et al. [51] synthesized CHA using calcium nitrate tetrahydrate and phenyl-
diclorophosphine [CeHsCI2P] as precursors at low temperatures (400°C). However, the obtained CHA
resulted in low purity and poor crystallinity. Increasing the temperature to 900°C resulted in a pure and
highly crystallized CHA phase.

On the other hand, many researchers suggest using phosphorous pentoxide [P20s], calcium nitrate
tetrahydrate, or calcium acetate monohydrate [Ca(CH3COOQ).-H20)] as precursors for synthesizing CHA
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powders [52]. They usually dissolve the raw materials in ethanol by stirring and/or refluxing them.
Different solvents, such as 2-butanol, ethanol, and water, were used to prepare the solvents (see Fig. 2)
[53]. However, the potential drawback is the formation of the B-tricalcium phosphate [3-TCP; Ca3(POa4)2]
phase in addition to CHA when the surfactant’s concentration was not optimized [54].
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Fig 2. Sol-gel method for synthesis of CHA diagram [53]

1.1.1.2  Hydrothermal method

This method is one of the standard methods for producing CHA in an aqueous solution under pressure
and high temperatures in an autoclave or hydrothermal vessel. Organic modifiers could be used to control
the morphology and structure of crystals [55-57]. This procedure can obtain high-crystalline CHA
powder.

The following reactions would produce CHAp:

4Ca(OH), + 6CaHPO42H,O0 ——» Caio(POa4)s(OH)2 + 18H.0 1)
or
10CaCOs + 6(NHs)2HPOs > Ca1o(PO4)s(OH)2 + 6NH3+2H.0 + 10CO.  (2)

This technique's required pressure and temperature are favorable for increasing the reactivity and
creating chemical bonds that ensure the formation of a stoichiometric and CHA with high crystallinity
[56]. Additionally, Huang et al. [55] reported that the interactive effect of pressure and temperature
produced high-crystalline CHA without any further post-treatment. Moreover, Zhang et al. [58]
synthesized CHA with high purity by hydrothermal reaction between calcium chloride [CaCl.] and
phosphoric acid [H3PO4] at 100°C for 10 hours.

When calcium hydroxide [Ca(OH).] and ammonium phosphate [(NH4)3sPOs] were used in a

hydrothermal method at 200°C for 24 h, COs substituted CHA with a Ca/P ratio from 1.86 to 2.08 was
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formed [59]. In contrast, Wang et al. [60] applied a hydrothermal reaction with low temperatures ranging
from 60 to 150C for 12 to 24 h, using CaCl, and dipotassium hydrogen phosphate [K2HPO4], which
resulted in CHA with pure crystalline phase. Also, Nagata et al. [61] employed the hydrothermal method
using calcium nitrate tetrahydrate and diammonium phosphate [(NH4)2HPO.]; the resulting material had
pure and crystalline phases. However, there were inconsistencies in shapes and sizes. Therefore, several
studies have used surfactants like cetyltrimethylammonium bromide (CTAB) [57,62], as well as a
chelating agent like ethylene diamine tetra-acetic acid (EDTA) [63] to control the morphology of CHA.
Manafi et al. [43] reported the successful synthesis of nanostructured CHA by dissolving calcium
hydrogen phosphate dihydrate [CaHPO4-2H,0] and sodium hydroxide [NaOH] in distilled water and
then adding CTAB. The synthesis was regulated at 150°C for 2 hours.

In summary, hydrothermal can produce CHA with higher crystallinity. Moreover, this method results
in controllable particle size and morphology of the obtained materials by adding modifiers such as EDTA
and CTAB.

1.1.1.3  Precipitation reaction method

The precipitation method is one of the broadest techniques used by researchers for the synthesis of CHA.
It uses an aqueous solution, known as wet, chemical, or aqueous precipitation. The reaction occurs
between calcium and phosphorus ions, with controlled pH and temperatures [64]. The chemical
precipitation method is the most researched technique for synthesizing CHA. In contrast to the other
available methods, it was widely chosen for the synthesis of CHA since it presents a simple process and
has a relatively low cost [44]; additionally, it produces CHA with characteristics similar to those of bone
and dental tissues. The precipitation method goes through a series of procedures. Initially, reagents
containing calcium and phosphate are mixed; for the Ca?* source, the candidates are calcium hydroxide
[Ca(OH)] or calcium nitrate [Ca(NOs)]. For the PO4* source, the candidates are orthophosphoric acid
[H3PO4], or diammonium hydrogen phosphate [(NH4)2HPOs]. Next, the mixture is adjusted to a specified
pH, and the reaction is from room temperature to the boiling point of water [65,66]. Some studies have
investigated the optimal pH to use during the synthesis of CHA. Based on Afshar et al. [67], the
precipitated Ca?* in the CHA decreases with pH reduction. The mixture is stirred to allow the crystal
growth and the precipitation of CHAp. Finally, the obtained precipitate will be filtered, washed to remove
any by-products, and dried before being ground into powder form [68].

Yagai and Aoki first stated this method, as Bouyer et al. [69] indicated calcium hydroxide [Ca(OH)2]
and phosphoric acid [H3POa] were used as the starting materials in the following reaction;

10Ca (OH)2 + 6H3POs ——» Ca1o(PO4)s(OH)2 + 18H20 (3)

This reaction produced only water as a byproduct. The particle size, shape, and surface area of CHA
were highly susceptible to the rate of phosphoric acid and the reaction temperature; in particular, the
addition rate was firmly connected to the solution's pH. Temperature was a definitive factor in the crystal
structure.

Moreover, for the synthesis of CHA, calcium nitrate or calcium chloride can be used as calcium
sources with ammonium hydrogen phosphate at a pH higher than 4.2, adjusted with ammonium



hydroxide. The reaction temperature can vary between room temperature ~ 100°C [70, 71]. The reaction
can be shown as follows (4):

10Ca (NOs3)2 + 6(NH4)2HPO4 + 8NH4OH ——» Ca10(PO4)s(OH)2 + 20NH4NO3
+ 6H20 4)

Rigo et al. [72] used the precipitation method to produce CHA powder; clinical studies of this product
demonstrated advanced bone tissue regeneration.

Moreover, Ghosh and Sarkar [73] conducted a study for synthesizing CHA using different methods
(precipitation, sol-gel, and combustion). This study showed that CHA produced through precipitation
had the highest density and hardness. Furthermore, its bioactivity was favorable compared to the other
methods. Therefore, we can conclude that precipitation is the most suitable method to produce CHA with
improved bioactivity. A schematic diagram of the synthesis of CHA by the chemical precipitation method
is shown in Fig. 3.
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Fig 3. Chemical precipitation method for synthesis of hydroxyapatite diagram [53].

1.1.3 Application in Medicine
The first artificial biomaterial used in history was Plaster of Paris or Calcium sulfate [CaSOa4] [74, 75],
but its drawbacks limit its clinical uses. In the period of (1876 — 1945) Fred Houdlette Albee invented
bone grafting [76]. He first attempts to implant calcium phosphate [CaPQOa4] as an artificial biomaterial to
repair bone defects in rabbits [77]. Also, he invented other advances for their uses in orthopedic surgery
[75]. At present, CHA has drawn much attention and interest as a biomaterial with much potential for
applications in various fields related to medicine [78-80]. Among the applications, CHA can be used in
drug delivery systems, implants, dentistry, bone grafting, and tissue engineering.

Drug carrier in the recent decade, CHA has been used as a drug carrier. For instance, nanoparticles
have been applied to control the release of many proteins and drugs [81]. CHA is used to supply
antibiotics to the hard tissue [82] and other medications as an anticancer substance [83-85], anti-
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inflammatory [86-89], and some other molecules such as vitamins, hormones, and growth factors [90-
92]. For drug release, differences in the morphology of CHA permit the loading of drug capacities,
particularly CHA with microspheres with hollow structures, accelerating the loading of drugs and their
controlled release [93]. In this context, Ibrahim et al. [94] synthesized CHA using eggshells at room
temperature with a pore volume of (1.4 cm®/g) and a surface area of (284.1 m?/g); the obtained CHA
with these characteristics developed the incorporation of ibuprofen, dissolution, and the controlled
release of drug through carbon dioxide [CO2].

Tissue engineering Bone grafts could be defined as a material that can replace and regenerate bone
when implanted into the bone defect. They are necessary to treat bone lesions resulting from infections,
tumors, or trauma. However, some drawbacks may originate from donor site compatibility and immune
system rejection. Therefore, applying biocompatible scaffolds is an alternative for bone healing because
they can ensure cell proliferation, differentiation, and tissue regeneration. An additional characteristic of
the bone graft is its highly porous structure with interconnected pores, which allows cell migration to the
defect site and promotes new bone tissue regeneration. Macropores in the scaffolds are favorable for
allowing the formation and mineralization, hence, the migration of osteoblasts. Meanwhile, the
micropores improve vascularization by blood supply and nutrient diffusion for bone reconstruction
[95,96].

In Dentistry, the most distinctive characteristic of CHA for maxillary sinus augmentation (MSA)
Is its sponge-like structure compared with the other granular graft materials, as it can easily be
compressed and placed in any desired site for MSA. Ohba S et al. [97] applied CHA to augment the
maxillary sinus floor. He concluded from his study that there were no signs of infections. Furthermore,
it enhances the development of mature bone because of its adequate pore size required for cell migration.

Dental implants are a successful treatment option for replacing teeth. However, a bone defect may
sometimes be significantly large, making replacing the defect with an implant challenging. Therefore,
bone reconstruction using a bone graft is required before placing the dental implant.

Periodontal bone defects and alveolar bone destruction are outcomes of chronic periodontal disease;
this results in infra-body defects that need long-term care. The reconstruction of these bony defects is
ordinarily done through guided tissue. Regeneration using barrier membrane and guide bone regeneration
(GBR) using CHA as graft material is a successful option for treatment [98]. Kamboj et al. [99, 100]
evaluated the efficacy of CHA in treating bony defects and concluded that it showed a significant
reduction in the depth of the dental pocket.

1.2 Composites of calcium hydroxyapatite

The evolution of biomaterials has continued over the years as new methods and innovative materials
have been investigated and developed due to their high demand in numerous biomedical applications.
The progression of materials for biomedical applications started from bioinert materials such as stainless
steel, zirconia, etc., which are biocompatible but inactive [101-103]. On the other hand, bioactive
materials can interact with tissue and surroundings [104]. Biodegradable and bioactive materials have
been utilized for bone tissue regeneration because of their superior cell adhesion, differentiation, and
proliferation [105]. Moreover, bioactive materials can construct an organic bond with the surrounding



tissues and release antibacterial/antioxidant agents [106]. CHA is an example of bioactive materials and
biopolymers [107].

Polymer-based composites, including polyethylene (PE) and high-density polyethylene (HDPE), are
combined with CHA to improve their biological properties, and they are used in implants for orthopedic
applications. Liu et al. [108] introduced HDPE/CHA composites with excellent mechanical performance
and good biocompatibility in vivo. Poly (lactic-co-glycolic acid) (PLGA) is another polymer material
that can be used with CHAp. Park et al. [109] prepared PLGA/CHA composite using the melt reaction
method, with high efficacy as bone grafting material (see Fig. 4). There are many other polymers to be
used, such as polyesters like poly (lactic acid) (PLA), poly-caprolactone (PCL), and poly(L-lactic acid)
(PLLA) [110-115], and their composites have attracted interest due to their outstanding biodegradability
and biocompatibility. These polymers are not toxic to the body, as they can gradually degrade within the
body, leaving no residue and no side effects on the tissues. However, they have some drawbacks that
limit their use; polyester materials have lower mechanical strength when compared to metals. To
overcome these limitations, adding a bio-ceramic material into polyesters could considerably enhance its
bioactivity and regulate the acidic degradation environment, eliciting new bone formation and hindering
inflammatory reactions [116].
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Fig 4. Process of preparing PLGA-g-CHA composites [109]
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Ceramics-based composites: Matsumoto et al. [117] investigated a CHA incorporated with zirconia
(ZrO2) with a microporous structure, and the results revealed that the obtained composites had strength
in the range of cortical bone strength—also, Bulut et al. [118] studied the biocompatibility of
CHAV/zirconia and alumina composites as well, the results showed excellent mechanical properties of the
CHA/ZrO, composites along with development of bioactive properties. Moreover, Chopra et al. [119]
fabricated a composite of zinc-doped CHA nanorods using a one-pot hydrothermal technique. The
obtained composites demonstrated improved protein adsorption and potential for osteoconductive and
osteoinductive properties. Moreover, it promoted accelerating bone regeneration and vascularization in
a rat model.

Some drawbacks of zirconia and alumina may arise, such as poor bioresorbability, brittleness, and
high stiffness, leading to stress shielding and limiting their uses.

Metal-based composites have long been employed as a coating material on titanium (Ti) implants and
have exhibited great results [120]. Porter et al. [121] revealed that CHA coating with Ti accelerated the
implants' healing compared to the uncoated implants. Thus, CHA implants coated with Ti promoted
bioactivity. However, they could produce poor bonding between CHA and Ti surfaces, leading to flaking
of the implant.

1.3 Eugenol
Eugenol (EUG) (Fig. 5) is eco-friendly, inexpensive, and abundantly present.

HO
\O XN

Eugenol

Fig 5. Structure of eugenol [129]

It is a widely known and well-investigated compound, a clove essential oil phenolic component. It is
mainly an extracted component with about 70-90% clove oil and is responsible for the clove aroma. It
was first isolated from Eugenia caryophyllata buds and leaves and introduced as a volatile compound in
1929. It was commercially produced in 1940 in the United States of America (USA) [122-126]. EUG is
extracted from natural ingredients like nutmeg oil, cinnamon, and many other plants [122,127]. EUG
was used in ancient Chinese medicine. Currently, it has a wide range of therapeutic and practical
applications. When evaluated against fungi, Cladosporium spp. and EUG exhibited favorable antioxidant
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and antimicrobial properties [128,129]. It also showed antimicrobial effects against several human
pathogens, including broad Gram-negative and Gram-positive bacteria, fungi types, and several species
[130]. Some publications reported other activities, such as antiviral and anti-inflammatory [131]. In
addition, reports showed antibacterial activity, which can work through interactions with the cell
membrane of bacteria [132].

1.3.1 Chemical properties

Eugenol (4-allyl-2-methoxyphenol) with the chemical formula [C10H1202] is a phenylpropanoid, a
colorless to pale-yellow oil with a strong spicy aroma, and pungent odor of clove and tangy taste, with a
molecular weight of 164.2 g/mol. This molecule is considered a weak acid, moderately soluble in water
but well soluble in organic solvents, such as ethanol, methanol, etc. [122,129].

EUG has low chemical solubility and is sensitive to oxidation and numerous chemical interactions;
when taken orally, it is rapidly absorbed via the small intestines and metabolized in the liver [126,129].
Based on its chemical structure, eugenol has a benzene ring and allyl, methoxy, and hydroxyl functional
groups; this will make it possible to obtain other beneficial derivatives of eugenol [133,134].

EUG reacts with many strong alkalis. For example, when exposed to air, EUG’s texture becomes thicker,
and its color turns darker. It also gets blackened with time and may decay when exposed to light [135].

1.3.2 Application in Dentistry

Presently, dental materials are not required to be exclusively biocompatible but also to have an
antibacterial effect [136,137]. In dentistry, EUG is acknowledged for its analgesic and anesthetic
properties [138]. It has been applied in combination with Zinc Oxide (ZOE) as a coating material for
pulpotomy procedures on primary teeth, where the infected part of the coronal pulp tissue is removed,
followed by the placement of the combination of ZO and EUG. Aside from this use, it can be found in
oral care products, as it has been shown to hinder teeth's decalcification caused by taking acidic drinks
and promoting remineralization [139-141].

EUG plays a significant role in the dental field. It is also a sensitizer and can produce local anesthesia.
Furthermore, EUG-producing dental materials are used in clinical dentistry. ZOE is applied to the dental
cavity; small amounts of eugenol disperse through the dentine to the pulp in lower concentrations; as
pointed out earlier, it has anti-inflammatory and local anesthetic effects on the dental pulp. Thus, using
ZOE as a temporary dental filling may promote pulpal healing. ZOE is also used as an endodontic sealer
to impact the healing of the periapical tissue. Moreover, eugenol is a popular painkiller due to its ability
to inhibit voltage-gated sodium channels (VGSC) in the primary supply neurons of the teeth [142].
Hwang et al. [143] investigated the effect of EUG using a rat model; his study demonstrated that a
combination of EUG and capsaicin can be a pain-selective local analgesic in the orofacial region. It
demonstrates anti-nociceptive activity; it is also used with prilocaine/ lidocaine in topical applications to
reduce pain [144].

In addition, post-to-root canal treatment, coronal leakage is considered a significant reason for
endodontic treatment failure [145]. In vitro studies have demonstrated that the rapid penetration of
bacteria in the root canal system will increase without a coronal seal over the root filling [146,147].
Therefore, applying a base to root canal filling has decreased microleakage and expanded the long-term
prognosis of root canal-treated teeth [148,149]. ZOE restorative material is also used as a base beneath
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the permanent filling between visits to prevent bacteria from accessing the root canal. It is thought that
the free hydroxyl groups in eugenol can cause damage to the cell membrane by altering the membrane
permeability, giving the ZOE-based materials their antibacterial and bacteriostatic effects [150,151].
Niyaz Ahmed et al. [152] investigated the impact of using eugenol-Nano emulsion-Carbopol gel (EUG-
NE-Gel), significantly reducing the alveolar bone and treating periodontal diseases.

Although eugenol has multiple properties and is commonly used in the dental field, it was reported to
have side effects such as irritation and allergy for dentists and burning mouth syndrome [153]. Opdyke
et al. [154] stated that eugenol (< 5%) is safe for topical application. Considering the various benefits
and advantageous features of CHAp and EUG, our study aimed to investigate the development of
CHAPp/EUG composites and evaluate their potential for antibacterial activity.
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2. EXPERIMENTAL

This section details the methodologies employed for synthesizing and characterizing calcium
hydroxyapatite [CHA; Ca10(PO4)s(OH)2] and its composite with eugenol. The synthesis procedures were
designed to compare different methods for CHA preparation, while the characterization techniques were
used to assess the synthesized materials' structural, morphological, and antibacterial properties.

2.1 Synthesis
CHA was synthesized using three different methods:

1- Sol-gel

2- Hydrothermal

3- Precipitation techniques
These methods were selected to evaluate their effects on particle morphology, crystallinity, and bioactive
properties. During synthesis, CHA with eugenol composites was prepared by incorporating eugenol into
its matrix.

2.1.1 Sol-Gel Method
Reagents used

1- Calcium acetate monohydrate (Ca(CH:COO):-H20, >99%, Carl Roth)

2- Diammonium hydrogen phosphate ((NH4)2HPO4, >97%, Carl Roth)

3- Polyethylene glycol (PEG 1500, M, 1400-1600 g/mol, Carl Roth)

4- Ammonia aqueous solution (NHs, >25%, Carl Roth)

5- Distilled water
The sol-gel method synthesized CHA, utilizing calcium acetate hydrate as the calcium source and
diammonium hydrogen phosphate as the phosphate source. This process involved solution preparation,
polymer incorporation, pH adjustment, gel formation, and subsequent calcination to obtain the final
powder.
Solution Preparation
Two 200 mL beakers were each filled with 25 mL of distilled water. In one beaker, 2.377 g of
(NH4):HPO. was dissolved, while in the other beaker, 5.285 g of Ca(CHsCOO).'H20 was added. Both
solutions were stirred continuously using individual magnetic stirring bars, and the beakers were covered
with Petri dishes to prevent evaporation.
Preparation of PEG Solution
A 6% PEG solution was prepared separately by dissolving 6 g of PEG in 94 mL of distilled water under
constant stirring. Once fully dissolved, 25 mL of the solution was added to each beaker containing the
calcium and phosphate solutions. The temperature was maintained at 55 to 60°C while stirring for 30
minutes to ensure thorough mixing.
pH Adjustment
To initiate the sol-gel process, 20 mL of NHz was gradually added to both beakers while monitoring the
pH until it reached 11. The temperature was then increased to 65-80°C, and the solutions were stirred
for an additional 20 minutes to promote homogeneity. The two solutions were combined into a covered
beaker and stirred for another 30 minutes to prevent excessive evaporation.
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Gel Formation and Drying
The combined suspension was subjected to controlled evaporation at 80-100°C, which formed a Ca-P-
O gel. This gel was dried at 150°C for 24 hours to remove residual moisture and enhance the material's
structural integrity.
Calcination
The dried gel was calcinated at 400, 600, 680, and 800°C for 5 hours to promote phase transformation
and crystallization. The temperature increased at a controlled heating rate of 1°C/min from room
temperature. Between each calcination step, intermediate grinding was performed using an agate mortar
and pestle to ensure the uniformity of the final product.

The resulting powder was further analyzed using scanning electron microscopy (SEM), X-ray
diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR) to evaluate its structural and
morphological characteristics.

Ca(CH,CO0),*H,0

(NH,),HPO, PEG /

| \ o\ /
A~ Al < aa =~ aa

55— 60°C pH 11 65 — 80°C

O e L
o
. O ° O . O - O
Heating at 400, Drying at Heating at Stirring
600, 680, and 150°C for 24h 80-100°C

800°C

Fig 6. The schematic diagram for the synthesis of CHA by sol-gel method.

2.1.2 Hydrothermal Method
Reagents Used
1- Calcium nitrate tetrahydrate Ca(NOs)2-4H20, >99%, Carl Roth)
2- Diammonium hydrogen phosphate ((NH4)2HPO4, >97%, Carl Roth)
3- Ammonia aqueous solution (NHs, >25%, Carl Roth)
4- Distilled water
5- Acetone
The hydrothermal method was utilized to synthesize a-tricalcium phosphate (a-TCP: a-Cas(PO4)2)
through a wet precipitation process, followed by hydrothermal treatment to achieve the desired phase
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composition. The synthesis involved the preparation of precursor solutions, precipitation, filtration,
freeze-drying, and final hydrothermal processing.

a-TCP synthesis by wet precipitation

6.84 g of Ca(NOs)2-4H-0O was dissolved in 40 mL of distilled water to prepare the precursor solutions.
In comparison, 2.54 g of (NH4):HPO4 was dissolved in 30 mL of distilled water. To adjust the pH, 10
mL of 25% ammonia solution was added to the phosphate solution, adjusting the pH to 10. The solution
was stirred for one minute, after which the calcium nitrate solution was rapidly added while stirring at
400 rpm. This resulted in a white precipitate, which was stirred continuously for 10 minutes to ensure
homogeneity.

Filtration and storage

The precipitate was collected by Buchner funnel filtration apparatus under vacuum and washed
thoroughly with 200 mL of deionized water to remove residual ions. The purified precipitate was then
transferred to a container and refrigerated for 15 minutes before freeze-drying.

Freeze-drying (Lyophilization)

The freeze-drying process was carried out to remove moisture from the precipitate without affecting its
structure. The lyophilizer was set up by turning on both control buttons, ensuring the rotatable knob was
fixed in place. The system was allowed to warm up for 15 minutes before loading the samples. The
refrigerated precipitate was covered with tissue paper, secured by a rubber band, and placed on the
lyophilizer plate. A glass dome cover was used to seal the setup, and the freeze-drying process was
initiated. The samples were lyophilized for 24-48 hours. Once complete, the samples were carefully
removed by following the appropriate procedure: selecting the "Stand up™ mode, waiting one minute,
rotating the knob, pulling the dome, and extracting the dried samples. The equipment was cleaned and
turned off after completion.

Final Processing

The freeze-dried powder was ground using an agate mortar and pestle to achieve uniform particle size.
The final product was characterized using X-ray diffraction (XRD) to determine its phase composition
before hydrothermal processing.
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Fig 7. The schematic diagram for the preparation of a-TCP.

Hydrothermal Processing of a-TCP
Preparation

For hydrothermal treatment, 0.3 g of the synthesized a-TCP powder was weighed and transferred into a
90 mL PTFE-lined autoclave. To facilitate the hydrothermal reaction, 5 mL of distilled water was
added.
Hydrothermal Treatment
The sealed autoclave was heated at 150°C for 3 hours to promote phase transformation and
crystallization. After cooling, the treated sample was filtered and washed thoroughly with acetone to
remove residual reactants. The washed sample was then dried at 50°C for 3 hours to eliminate moisture
and obtain the final hydrothermally processed material.

The resulting product was further analyzed using XRD, FTIR, and SEM to evaluate its phase
composition, structural characteristics, and morphology.
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Fig 8. The schematic diagram for the synthesis of CDHA by the hydrothermal method.

2.1.3 Precipitation Method
Reagents Used

1- Calcium nitrate tetrahydrate (Ca(NOs)2-4H20, >99%, Carl Roth)

2- Diammonium hydrogen phosphate ((NH4)2HPO4, >97%, Carl Roth)

3- Ammonia aqueous solution (NHs, >25%, Carl Roth)

4- Distilled water
The calcium and phosphate precursor solutions were prepared separately. Specifically, 3.1703 g of Ca
(NOs)2-4H-0 was dissolved in 45 mL of distilled water, while 1.0564 g of (NH4):HPO4 was dissolved in
20 mL of distilled water. Both solutions were stirred until completely dissolved.

The precipitation reaction was initiated by gradually adding 8 mL of 25% ammonia to the
Ca(NO:s)2-4H20 solution under continuous stirring. This was followed by rapidly adding the (NH4).HPOx
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solution while maintaining a stirring speed of 750 rpm. The pH was adjusted to 10-11 and verified using
litmus paper. The reaction mixture was stirred for 10 minutes, allowing the precipitate to form.

Afterward, the precipitate was collected using vacuum filtration with a Blchner funnel filtration
apparatus and washed with 60 mL of distilled water. The filtered solid was then dried at 120°C for 12
hours at a heating rate of 1°C/min. The dried precipitate was ground using an agate mortar to obtain a
fine powder, which was subsequently calcined at 800°C for 5 hours at a controlled heating rate of
1°C/min. Following calcination, the resulting powders from both methods were further analyzed using
XRD, FTIR, and SEM to evaluate their structural and morphological characteristics.
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Fig 9. The schematic diagram for the synthesis of CHA by the precipitation method
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2.2 Characterization

Various characterization techniques were employed to assess the structural, morphological, and chemical
properties of the synthesized calcium hydroxyapatite (CHA) and its composite with eugenol. These
include X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier-transform infrared
spectroscopy (FTIR), and antibacterial testing. Each technique provided valuable insights into the
material’s composition, crystallinity, surface morphology, functional groups, and potential for
biomedical applications.

Thermogravimetric Analysis (TGA)
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The thermal decomposition of the materials was conducted using thermogravimetric (TG) analysis, using
PerkinElmer STA 6000 for this purpose. 5-10 mg of material was heated from 25°C to 900°C at a
10°C/min heating rate in a nitrogen atmosphere (20 mL/min).

X-ray Diffraction (XRD)

Powder X-ray diffraction (XRD; Rigaku MiniFlex Il diffractometer) was analyzed to investigate the
synthesized CHA's phase composition. The scanning was performed within the range of 10-60° 26 at a
scanning speed of 10 °/min

Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR; Bruker ALPHA spectrometer) was used to identify the
functional groups in the synthesized CHA and CHA/eugenol composites. The FTIR spectra were
recorded in the 400-4000 cm™ range with a 4 cm™* resolution.

Scanning Electron Microscopy (SEM)

The surface morphologies of the materials were observed using scanning electron microscopy (SEM;
Hitachi SU-70 microscope, a Schottky-type field emission electron source)

20



3. RESULTS AND DISCUSSION

3.1 Comparative Study of Synthesis Methods for Calcium Hydroxyapatite

Calcium hydroxyapatite (Caio(PO4)s(OH):) was synthesized using three different techniques: sol-gel,
hydrothermal, and precipitation. Each method successfully produced hydroxyapatite, but notable
differences were observed in morphological structure, crystallinity, and thermal stability.

Physicochemical properties of the synthesized CHA

Fig. 10 demonstrates the results of the XRD of CHA synthesized by different methods. All samples
showed XRD patterns typical of CHA, which confirms that all three approaches yielded single-phase
CHA. The diffraction peaks matched well with the reference standard [PDF: 96-721-7895], and the
strongest peak appeared near 20 = 32°. It should be noted that the sol-gel-derived material showed
particularly sharp and intense peaks, indicating a greater degree of crystallinity. This improvement in
crystallinity is likely due to the higher temperatures applied during sol-gel synthesis, which promote
better crystal growth and phase purity [156,157].

Precipitation

Hydrothermal

Sol-gel

Intensity (a.u.)

PDF: 96-721-7895

10 20 30 40 50 60 70
20 (deg.)

Fig 10. XRD patterns of CHA samples synthesized by sol-gel, hydrothermal, and precipitation
methods. Vertical lines represent the standard XRD pattern of CHA [PDF: 96-721-7895].
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The functional groups in the CHA samples were confirmed using FTIR, as shown in Fig. 11. The analysis
of samples obtained by different methods demonstrated the presence of weak absorption bands at 3571
cm tand 633 cm™?, which are assigned to the stretching vibration and the bending modes of the hydroxy!
group, respectively. The characteristic bands for the phosphate group were detected at 1020-1090 cm 2,
960 cm ™1, 560-600 cm ™%, and 430-470 cm ™. A broad absorption band detected at 870 cm™* was assigned
to the P-O(H) stretching vibration of the hydrogen phosphate group, suggesting the formation of the
calcium deficiency in the synthesized apatite-type material [158]. The bands observed at 1020-1090 cm™
and 960 cm™ were assigned to the phosphate group's asymmetric and symmetric P-O stretching
vibrations, respectively. The bands detected in the 560-600 cm™ spectral region are attributed to
asymmetric O—P—O bending vibrations, whereas the 430-470 cm™! region corresponds to symmetric O—
P—O bending vibrations.

Precipitation

Hydrothermal

Sol-gel

-~
OH~™

Transmittance (a.u.)
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! I i 1 ! I i I ! I ' I v 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig 11. FTIR spectra of CHA samples synthesized by sol-gel, hydrothermal, and precipitation methods.

SEM examined the surface morphologies of the synthesized CHA samples. Fig. 12 illustrates the
different morphologies of CHA acquired through sol-gel, hydrothermal, and precipitation reactions. The
SEM images of the sol-gel-synthesized CHA in Fig. 12 (a) reveal relatively uniform particles, primarily
resembling spherical-like crystals. Moderate agglomeration is noted, and the sample's surface is smooth,
reflecting the influence of the relatively higher temperature required for the sol-gel method. Fig. 12 (b)
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Fig 12. SEM images of CHA samples synthesized by sol-gel, hydrothermal, and precipitation methods.

show the CHA synthesized by the hydrothermal method, where particles display elongated rod-like
crystals. The surfaces are smooth, and the crystals are well-defined, with minimal agglomeration present,
indicating directional crystal growth under controlled conditions. Regarding the precipitation method,
the surface of the samples depicted in Fig. 12 (c) shows particles with irregular shapes. Significant

particle agglomeration is observed, accompanied by surface roughness.
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In conclusion, based on the SEM images, the surface morphology of the produced CHA samples
depended on the synthesis method.

TGA assessed the thermal stability of the synthesized CHA samples, as shown in Fig. 13, which revealed
two main stages of weight loss.

This first stage occurred at a heating temperature ranging from 30 °C to approximately 300 °C. This
weight loss is attributed to water and moisture loss from the samples. This phenomenon was observed in
all samples regardless of the synthesis method. Furthermore, the samples produced by sol-gel
demonstrated higher stability than the others, as they had the least weight loss. Further details of the
weight loss are summarized in Table 1.

The second stage occurs between 600 °C and 800 °C, corresponding to the compounds' decomposition
in the materials. Thermal degradations in the samples synthesized by hydrothermal and precipitation
methods were significantly higher than those synthesized by the sol-gel process. This indicates the higher
crystallinity of the latter samples.

100 |-
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98 |-

97 |
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o5 | Precipitation
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[ — Hydrothermal
94 |
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Fig 13. TG curves of CHA samples synthesized by sol-gel, hydrothermal, and precipitation methods.
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Table 1. Weight loss of CHA samples synthesized by sol-gel, hydrothermal, and precipitation methods.

Synthesis Method | Weight Loss (30-300 °C) (%) | Weight Loss (600-800 °C) (%)

Sol-Gel 0.8% 0.3%
Hydrothermal 2.4% 0.9%
Precipitation 3.4% 1%
Conclusion

In the comparative study of synthesizing CHA using different methods, we concluded that the sol-gel
synthesis produced CHA with the highest crystallinity, uniform particle structure, and higher thermal
stability compared to other syntheses, which can be related to the higher temperature. The hydrothermal
method generated crystals with clear morphology but moderate stability, whereas the precipitation
method, though simple and scalable, resulted in materials with more structural imperfections and lower
thermal resistance. These findings underline the sol-gel method as the most effective route for preparing
high-quality calcium hydroxyapatite intended for advanced material applications. However, the higher
crystallinity of the material might limit its use, since it can affect the resorbability of the material when
implanted in the human body. Therefore, the precipitation method is considered for the synthesis method
to produce CHA with lower crystallinity.

3.2 Formation of calcium hydroxyapatite composites with eugenol
Eugenol was introduced into the CHA synthesis using a precipitation method with distilled water to
obtain HA-eugenol composites. Two concentrations of eugenol (2 wt.% and 5 wt.%) were prepared
and added during the reaction before filtration.
Reagents Used

1- Calcium nitrate tetrahydrate (Ca (NOs) 2-4H-0, >99%, Carl Roth)

2-  Diammonium hydrogen phosphate ((NH4) :HPO4, >97%, Carl Roth)

3- Ammonia aqueous solution (NHs, >25%, Carl Roth)

4- Eugenol (CioH1202, >99%, Thermo Scientific)

5- Distilled water
Preparation of Eugenol Solutions:

e 2% Eugenol Solution: 2 mL of eugenol was mixed with 98 mL of distilled water.

e 59% Eugenol Solution: 5 mL of eugenol was mixed with 95 mL of distilled water.
Synthesis of CHA-Eugenol Composites:
The synthesis followed the previously described precipitation method using aqueous solutions of Ca
(NOs)2-4H20 and (NHa4):HPO. under alkaline conditions. The key steps were:

1. Solution Preparation:

o 3.1703 g of Ca (NOs) 2*4H20 was dissolved in 45 mL of distilled water.
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o 1.0564 g of (NH4) :HPOa was dissolved in 20 mL of distilled water.
2. Mixing & pH Adjustment:
o 8 mL of 25% ammonia solution was added to the calcium solution under stirring.
o The phosphate solution was added quickly under continuous stirring at 750 rpm.
o The pH was adjusted to 10-11.
3. Incorporation of Eugenol:
o Before filtration, 2% or 5% eugenol solution was added to the reaction mixture and stirred
for 10 minutes at 270 rpm to ensure incorporation.
4. Filtration & Drying:
o The precipitate was filtered using a Buchner funnel and a vacuum flask.
o Washed with 60 mL of distilled water.
o The final product was dried at 120°C for 12 hours.

< Note: The calcination step (800°C for 5 hours) was skipped to retain the CHA composite's organic
and bioactive eugenol compounds.

3.2.1 Synthesis and Characterization

NH (NH,),HPO,

3
(NH,),HPO,  (Ca,),*4H,0 \ D
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for 12h

Fig 14. The schematic diagram for the synthesis of CHA/ eugenol composites by the precipitation
method

26



X-ray Diffraction (XRD)

Powder X-ray diffraction (XRD; Rigaku MiniFlex Il diffractometer) was analyzed to investigate the
synthesized CHA's phase composition. The scanning was performed within the range of 10-60° 26 at a
scanning speed of 10 °/min.

Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR; Bruker ALPHA spectrometer) was used to identify the
functional groups in the synthesized CHA and CHA/eugenol composites. The FTIR spectra were
recorded in the 400-4000 cm™ range with a 4 cm™ resolution.

Thermogravimetric Analysis (TGA)

The thermal decomposition of the materials was conducted using thermogravimetric (TG) analysis, using
PerkinElmer STA 6000 for this purpose. 5-10 mg of material was heated from 25°C to 900°C at a
10°C/min heating rate in a nitrogen atmosphere (20 mL/min).

Scanning Electron Microscopy (SEM)

The surface morphologies of the materials were observed using scanning electron microscopy (SEM;
Hitachi SU-70 microscope, a Schottky-type field emission electron source).

Brunauer-Emmet-Teller (BET)

The specific surface area of the materials was measured by conducting nitrogen (N2) gas adsorption via
the BET method using a surface area and porosity analyzer, TriStar 11 3020.

Chromatography

The quantity of eugenol in the filtrate solutions was determined by a reversed-phase HPLC method using
an Agilent 1290 Infinity 1l LC system (Agilent, Waldbronn, Germany) equipped with a binary pump,
thermostatted column compartment, photodiode array detector, and autosampler. Luna Omega C18 (3.0
% 150 mm,3 um, Phenomenex) column, maintained at 25°C, was used in the experiments. Separations
were performed at a 0.5 mL/min flow rate under gradient elution conditions with ACN/H20 mobile
phase.

Zone of inhibition test:

Gram-negative P. aeruginosa ATCC 15442 and gram-positive S. aureus ATCC 29213 were used to test
the antibacterial activity of the synthesized materials. Sodium chloride (99%) was obtained from
Reachem Slovakia S.r. o (Slovakia). The Gram-positive Staphylococcus aureus (ATCC 29213) and
Gram-negative Pseudomonas aeruginosa (ATCC 15442) were obtained from the Nature Research
Centre (Vilnius, Lithuania) collection of microbial strains. The standard microbial growth media,
particularly Nutrient Broth (1 g L—1 beef extract, 5 g L—1 peptone, 5 g L—1 sodium chloride, and 2 g
L—1 yeast extract, pH=6.8 + 0.2) and Nutrient agar (1 g L—1 meat extract, 5 g L—1 peptone, 5 g L—1
sodium chloride, 2 g L—1 yeast extract, and 15 g L—1 agar, pH=7.4 + 0.2), were purchased from
Liofilchem (Italy) and used for bacteria propagation, cultivation, and antimicrobial assessments. Milli-Q
water (MQ, 18 MQ-cm) was used to prepare the physiological solution (0.95% NaCl) for diluting
bacterial suspensions. The antimicrobial efficiency of the fabricated composites was additionally verified
using the modified Kirby-Bauer technique, as described in our previous research [155]. In brief, frozen
bacteria cells were seeded on Nutrient agar media and left to grow at 37 °C for 24 h. Then, the few
colonies from the bacteria’s overnight culture were harvested with an inoculation needle, transferred into
the Nutrient Broth media (40 mL), and cultivated at 37 °C (200 rpm) overnight. The newly grown bacteria
cells were re-inoculated into liquid media and left to propagate unless the exponential growth phase was
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achieved. Cells were collected by centrifugation (2,504xg), double-washed, and resuspended in 0.9%
sodium chloride solution. For the zone inhibition approach, the bacteria’s suspension was prepared by
adjusting their OD600 to yield 1-3.5x108 CFU mL—1 inoculum, corresponding to the OD values in the
range from 0.22 to 0.125 and 0.08-0.1 for S. aureus and P. aeruginosa, respectively. Subsequently, 1 mL
of a particular bacterium suspension was poured into Petri dishes and, while mixing, overlaid with
Nutrient agar medium, cooled to 50 °C, and allowed to harden. Finally, the small pinch of CHA and
synthesized composites, namely, 2% EUG and 5% EUG, powders were carefully placed on the recently
inoculated agar plates. In the case of liquid positive control (eugenol), the well-diffusion approach was
exercised to test their antimicrobial performance. A sterile 6-mm cork-borer was applied to the nutrient
agar media to make wells in inoculated A. Lastly, 100 uL of each particular phenol was introduced into
the wells. In contrast, the same amount of sterile MQ was poured into the wells as a control. All
antimicrobial assessments were performed in triplicate. Notably, pure CHA and plain inoculated Nutrient
agar media acted as a negative control. The susceptibility of tested bacteria strains is determined by
measuring the clear circular zone of inhibition around the powders/suspensions of synthesized
composites and phenols.

XRD was used for phase composition analysis of the synthesized CHA and CHA-EUG composites, and
the patterns are displayed in Fig. 15. All samples exhibited XRD patterns identical to those of CHA
[156,157], indicating phase purity and consistency among the materials (standard CHA PDF file No. 00-
009-0432), shown as vertical lines for comparison.

CHA
2% EUG
=
=
=
|- 5% EUG
=
M e
PDF: 00-009-0432
I 111 || 18 ¥ |I|.|l||||I||.|III1||
10 20 30 40 S50 o0
20 (deg.)

28



Fig 15. XRD patterns of CHA, 2% EUG, and 5% EUG samples. Vertical lines represent the standard
XRD pattern of CHA [PDF: 00-009-0432].

The FTIR spectra of CHA, the obtained composites, and EUG are presented in Fig. 16. The analysis of
samples obtained by the precipitation method demonstrates the presence of weak absorption bands at
3571 cm™* and 633 cm™, which are assigned to the stretching vibration and the bending modes of the
hydroxyl group, respectively. The characteristic bands for the phosphate group are detected at 1020-1090
cm %, 960 cm™, 560-600 cm ™2, and 430-470 cm ™ [158]. The bands observed at 1020-1090 cm ™ and 960
cm! are assigned to the phosphate group's asymmetric and symmetric P—O stretching vibrations,
respectively. The bands detected in the 560-600 cm ™ spectral region are attributed to asymmetric O—P—
O bending vibrations, whereas the 430-470 cm™ region corresponds to symmetric O-P-O bending
vibrations. A broad absorption band centered at 869 cm™ is assigned to the hydrogen phosphate group's
P—O(H) stretching vibration, suggesting a calcium deficiency in the synthesized apatite-type material
[159]. The FTIR spectra of the composites exhibit distinct bands at 1428 cm™, 1328 cm™, and 824 cm ™,
which are absent in the original CHA spectrum. The band at 1428 cm™ is due to C—H in-plane bending
in eugenol, while the 1328 cm™ band likely corresponds to Ca?*-phenolate interactions, indicating
complex formation between calcium and the phenolic groups. Typically, eugenol exhibits phenolic
bending around 1360-1370 cm™*; however, under basic conditions, deprotonation leads to phenolate ion
formation and calcium binding, causing the shift to 1328 cm™. The band observed at 824 cm™ can be
attributed to benzene ring vibrations in eugenol molecules. However, when comparing the FTIR spectra
of commercial eugenol (Fig. 16), no distinct bands corresponding to organic compounds are observed.
This absence may be attributed to the temperature conditions used in this study (120 °C), which could
have induced the absence of their characteristic functional groups.
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Fig 16. FTIR spectra of CHA, 2% EUG, 5% EUG samples, and pure EUG.

The thermal behavior of CHA and the resulting composites, analyzed through TGA and depicted in Fig.
17, revealed three distinct stages of thermal decomposition. The first weight loss in the CHA sample,
synthesized through a precipitation method, occurs when heated between 30 °C and about 160 °C. This
loss results from the release of absorbed water and moisture from the sample. At this stage, the weight
loss in pure CHA and the composites showed no notable differences, indicating that the dehydration
process for the composites closely mirrors that of pure CHA. The second stage, occurring from 160 °C
to 730 °C, relates to the combustion of the organic components in the prepared composites [160]. Pure
CHA lost 3.5% of its weight. In contrast, the 2% EUG composite displayed more considerable thermal
degradation, with a weight loss of 8.3%. The thermal degradation curve in Fig. 17 highlights a more
pronounced weight loss for the 5% EUG sample, which reached 14.7%, suggesting that this composite
contains a higher concentration of organic compounds than the others synthesized. The third
decomposition stage occurs between 730 °C and 780 °C, associated with the dehydration and
decomposition of apatite into B-tricalcium phosphate and the release of water [161]. This stage was
similar for all composites, showing minimal weight loss followed by stability until the measurement
concluded at 900 °C.
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Fig 17. TG analysis curves of CHA, 2% EUG, and 5% EUG samples.
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Representative SEM micrographs demonstrate that the surface morphology of CHA and composites is
somewhat similar, as shown in Fig. 18. The surface of the CHA is composed of plate-like particles, less
than 1 um in size, which are interconnected to form a network of crystallites. In the case of composites,
the formation of elongated particles at approximately 100-200 nm in size, along with plate-like ones, has
been observed. Eugenol is distributed uniformly in the composites, and no indications of segregation or
the formation of ambiguous particle clusters have been observed; furthermore, the precipitation method
results in the formation of nano- and micropores within the composites.

Fig 18. SEM images of CHA (a), 2% EUG (b), and 5% EUG (c) samples.
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The obtained composites displayed type IV N2 adsorption-desorption isotherms, indicating the
formation of mesoporous structures, and an H3 hysteresis loop [162] with no significant differences
between the materials, as shown in Fig. 19. The BET-specific surface area (SBET) of the synthesized
materials showed no considerable difference, as presented in Table 2.

The findings demonstrated that the incorporation of eugenol exerted a negligible influence on the
surface area of the composites.
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Fig 19. The N2 adsorption-desorption isotherm of CHA, 2% EUG, and 5% EUG samples.

Table 2. Sger of CHA, 2% EUG, and 5% EUG samples.

Sample SeeT (M?/g)
CHA 60.40

2% EUG 60.44

5% EUG 60.42
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FTIR spectroscopy and TGA analysis qualitatively proved the formation of CHA composites with
eugenol. To quantify the content of eugenol in the synthesized composites, the amount of these organic
substances was determined chromatographically in the washing solutions (filtrates). Table 3 shows the
chromatography results for the synthesized composites. The quantification of organic components via
HPLC of the filtrates demonstrated minimal loss, with nearly complete retention in the composites. The
determined amounts closely matched the nominal values, indicating efficient incorporation of eugenol
into the CHA matrix, where they are chemically bonded to the CHA structure and likely physically
adsorbed on the surface or trapped within the pores.

Table 3. Determination of retained eugenol content in CHA composites by reversed-phase HPLC
method.

Sample Concentration in Nominal Determined Actual amount
filtrate, mg/L amount in amount in filtrate, | in composite, g
composite, g mg
CHA 0 0 0 0
2% EUG 888 2 17.76 1.982
5% EUG 913 5 18.26 4.982

3.2.2 Antibacterial Properties

The antibacterial activity of the composites was evaluated against Staphylococcus aureus ATCC 29213
and Pseudomonas aeruginosa ATCC 15442. It was concluded that phenol-containing EUG composite
powders exhibited more efficient antibacterial properties against the Gram-positive S. aureus bacteria,
possessing a length of the zone ranging from 0.3+0.2 to 0.5+0.1 mm for EUG 2% and EUG 5%,
respectively, when compared with CHA, which had a zone length of 0.0+0.0 (Table 4), consequently
demonstrating a concentration-dependent bactericidal effect, as shown in Fig. 20 (a).

In contrast, in the case of Gram-negative P. aeruginosa bacteria, the length of the lysis zone was
concentration independent, with all tested composite powders possessing only bacteriostatic activity
Fig. 20 (b). Moreover, pure CHA possessed comparable bacteriostatic activity on the lawns of P.
aeruginosa (Fig. 20 b). However, no effect was obtained with S. aureus cells, indicating that CHA does
not exhibit broad-spectrum antibacterial activity. Thus, further functionalization is necessary to enhance
its antimicrobial properties Fig. 20 (a).
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Fig 20. Concentration-dependent antimicrobial activity of the composite comprised of CHA with

different concentrations of eugenol towards inhibiting S. aureus ATCC 29213 (a) and P. aeruginosa
ATCC 15442 (b) growth.
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Table 4. The antimicrobial activity of CHA, 2% EUG, 5% EUG composite powder, and pure eugenol
against Gram-positive S. aureus ATCC 29213 bacteria and Gram-negative P. aeruginosa ATCC 15442.

Antimicrobial agent

Microorganism

Averaged length of
inhibition zone, mm

Effect

CHA 0.0+0.0
2% EUG 0.3+0.2 * _
S. aureus Bacteriostatic
5% EUG 0.5+0.1
Eugenol 5.6+0.5
CHA 1.1+0.4
2% EUG 0.7+0.3
5% EUG 0.7+0.3
P aeruginosa
Eugenol 2.0+0.4 Bactericidal

*-there is no effect and/or it is impossible to evaluate.

CHA composites containing eugenol are promising candidates for antibacterial applications, considering
several factors that might influence their effectiveness, such as concentration of organic constituents,
their morphological structures, and the targeted species of bacteria.
This combination could exhibit synergistic effects by enhancing the bioactivity while reducing
cytotoxicity, as both eugenol and isoeugenol are generally safe at low concentrations and can only be
cytotoxic at high concentrations [163]. Thus, the obtained composites are promising materials for
biomedical and dental applications.
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CONCLUSIONS

1. The comparative study presented distinct characteristics of CHA, which were fabricated through
sol-gel, hydrothermal, and precipitation techniques. The study focused on the crystallinity,
surface morphology, and thermal stability. CHA synthesized using the sol-gel method resulted in
highly uniform and fine particles. The XRD confirmed the phase composition and showed the
differences in the crystallinity compared to the CHA obtained by hydrothermal and precipitation
techniques. Since the sol-gel requires high temperatures for calcination, it improved the thermal
stability, as confirmed by the TGA analysis. The FTIR spectra of CHA samples confirmed the
presence of the phosphate and hydroxyl functional groups.

2. The formation of CHA and CHA-containing eugenol composites using the environmentally
friendly precipitation method. The XRD confirmed the chemical composition. The FTIR spectra
confirmed the presence of the phosphate, hydroxyl, and hydrogen phosphate groups in the pure
CHA samples. Meanwhile, the composites exhibited C—H in-plane bending in eugenol, and some
bands corresponded to Ca?*-phenolate interactions. The TGA analysis revealed more weight loss
in the composites of EUG 5% compared to the pure CHA and EUG 2%, suggesting a higher
amount of organic compounds in the composition of EUG 5%. Incorporating eugenol into the
CHA improved the antibacterial properties against Gram-positive (S. aureus) bacteria when
compared with CHA samples without eugenol incorporation.
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SUMMARY IN LITHUANIAN

Siame magistro darbe pateikiamas trijy kalcio hidroksiapatito Caio(POs)s(OH)z; CHA) sintezés metody
lyginamasis tyrimas: sol-gelio, hidroterminés ir nusodinimo technikos. Tikslas buvo jvertinti, kaip
kiekvienas metodas veikia CHA strukturines ir morfologines savybes, ir istirti jo kompozity su eugenoliu
antibakterinj aktyvuma. Rezultatai parodé¢, kad sol-gelio metodas gamina didziausig kristaliSkumg ir
terminj stabilumg turintj CHA. Taikant hidroterminj metoda buvo gauti tiksliai apibrézti vidutinio
stabilumo kristalai, o nusodinimo metodas, nors ir paprastas ir ekonomiskas, 1émé ne tokias vienodas
daleles. Veliau CHA-eugenolio kompozitai buvo susintetinti naudojant nusodinimo metodg ir apibudinti
naudojant jvairius analitinius metodus. Antibakteriné analizé parode, kad Siy kompozity antibakterinis
aktyvumas prie§ gramteigiamg Staphylococcus aureus, palyginti su gramneigiamu Pseudomonas
aeruginosa, buvo stipresnis. Sie rezultatai rodo, kad CHA-eugenolio kompozitai turi daug Zadangio
potencialo danty ir biomedicinos srityse.

This Master's thesis presents a comparative study of three synthesis methods for calcium hydroxyapatite
(Cai0(PO4)s(OH)2; CHA): sol-gel, hydrothermal, and precipitation techniques. The aim was to evaluate
how each method affects the structural and morphological properties of CHA and to investigate the
antibacterial activity of its composites with eugenol. The results demonstrated that the sol-gel method
produced CHA with the highest crystallinity and thermal stability. The hydrothermal method yielded
well-defined crystals with moderate stability, while the precipitation method, though simple and cost-
effective, resulted in less uniform particles. Subsequently, CHA-eugenol composites were synthesized
using the precipitation method and characterized using various analytical techniques. The antibacterial
analysis revealed that these composites exhibited enhanced antibacterial activity against the Gram-
positive Staphylococcus aureus, compared to the Gram-negative Pseudomonas aeruginosa. These
findings suggest that CHA-eugenol composites have promising potential in dental and biomedical
applications.
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