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INTRODUCTION

Calcium hydroxyapatite (Caio(POs)s(OH),; CHA) is a widely recognized
biomaterial. Its extensive use in the biomedical field is attributed to its
chemical similarity to human hard tissue: CHA is the main mineral component
of teeth and bones, responsible for their strength and hardness [1]. Synthetic
CHA exhibits remarkable osteoconductivity, biocompatibility, chemical
stability and non-toxicity [2-7]. These advantageous and versatile
characteristics make it suitable for a wide range of medical uses, including
bone repair and regeneration [8], orthopaedic bone fillers [9], protein
adsorption [10], and drug delivery [11]. CHA materials are safe, well-
tolerated, and compatible with biological systems [12].

Interest in the use of calcium phosphates (CaPs) in cosmetics is growing,
and has been particularly evident in recent decades [13, 14]. Indeed, the
excellent properties of CHA that made them a versatile material in medicine
can also be useful in the cosmetics field [15, 16]. First and foremost, the
excellent biosafety of CHA allows one to substitute cosmetic ingredients
raising health concerns with safer alternatives. The properties of CHA permits
one to design materials that can fulfil different functions requested by the
cosmetics industry. The main applications of CHA as a cosmetic ingredient
reported in the scientific literature are in oral care, skin care, hair care, and
deodorants [13]. It was even recently demonstrated that the CHA composite
dressing offers a promising wound dressing for acute wound treatment and
skin protection [17].

The quality of synthetic biomaterials, including CHA is highly dependent
on the overall characteristics and features of the synthesised powders. Such
attributes include density, purity, phase composition, crystallinity, particle
size, particle-size distribution, particle morphology, and specific surface area
[6, 7, 18-25]. Thus, all mentioned properties of bioceramics are highly
sensitive to the processing conditions, which are very much responsible for
the crystallinity, crystal shape, crystal size, crystal size distribution and phase
purity of the resulting powders.

The aim of this PhD thesis was to review the cationic substitution effects
in calcium hydroxyapatite on its bioproperties, to synthesise cation-substituted
calcium hydroxyapatite coatings and bulk samples and evaluate antibacterial
properties of obtained samples with possible application in cosmetics. To
achieve this goal, the main tasks were formulated:

To review the cationic substitution effects in calcium hydroxyapatite on its
bioproperties.



To investigate cationic substitution effects on morphological properties of
Ca10(PO4)s(OH)s.

To develop low-temperature synthesis method for antibacterial calcium
hydroxyapatite coatings.

To investigate the antibacterial properties of cation-substituted CHA and
skin creams containing them.

The novelty and originality of PhD thesis.

For the first time, it was shown that different cationic substitution (in the
presence of smaller and larger ions) has significant effects on morphological
properties of calcium hydroxyapatite. A crystalline calcium hydroxyapatite
coatings were successfully synthesised from CaCOj; coatings by a dissolution-
precipitation method at low temperature of 80 °C in aqueous media. This
method was used for the synthesis of partially Cu?* and Zn?" ion-substituted
calcium hydroxyapatite coatings. After incubation for 24 h of these coatings,
zones of inhibition were detected in the presence of a colony of B. subtilis
bacteria. It was found, that metal-substituted CHA bulk samples exhibited
effective antimicrobial properties. The addition of =zinc enhanced
antimicrobial efficacy but diminished biocompatibility, while copper
maintained both high antimicrobial activity and biocompatibility, making it
an ideal choice for developing cosmetic materials. Dermal creams containing
CHA with copper and iron ions also proved to be potent antimicrobial
products with good cell viability.

Statements for defence:

e Different cationic substitution has significant effects on morphology of
calcium hydroxyapatite.

e Dissolution-precipitation method at low temperature of 80 °C in aqueous
media can be used for the synthesis of partially Cu?" and Zn?' ion-
substituted calcium hydroxyapatite antibacterial coatings.

o Metal-substituted calcium hydroxyapatite samples demonstrate promising
antimicrobial potential for medical and materials science applications.

e The discovery of antimicrobial products with good cell viability highlights
the importance of optimizing the balance between antimicrobial activity
and biocompatibility in metal-substituted calcium hydroxyapatites.



1. LITERATURE REVIEW
1.1. CALCIUM HYDROXYAPATITE (Cajo(POs)s(OH),)
1.1.1. General characteristics

Calcium hydroxyapatite (CHA) is a calcium phosphate mineral with the
formula Caio(PO4)s(OH):, crystallizing in the apatite structure (hexagonal,
space group P6s/m) [25] and an ideal Ca/P ratio of 1.67 [14] (see Fig. 1).
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Fig. 1. The crystal structure of calcium hydroxyapatite [25].

It is the most thermodynamically stable calcium phosphate phase under
physiological conditions and constitutes the principal inorganic component of
vertebrate bone and tooth enamel [14]. Stoichiometric CHA 1is highly
crystalline and exhibits very low solubility in neutral or basic aqueous
environments, dissolving mainly only under acidic pH [26].

In contrast, biological apatite (bone mineral) is typically a non-
stoichiometric, carbonated form of CHA with nanoscale crystallites and
various ionic substitutions (e.g. Na*, Mg?**, Sr**, COs*") incorporated into the
lattice [27]. A wide range of synthesis routes — including precipitation, sol—
gel processing, hydrothermal crystallization, and high-temperature solid-state
reactions — have been developed to produce hydroxyapatite with controlled
phase purity, particle size, morphology, and crystallinity [28]. This tunability
in composition and structure allows researchers to tailor CHA materials for
specific applications while maintaining its characteristic stability and apatite
phase behaviour.



1.1.2. A widely recognized biomaterial

Owing to its close similarity to bone mineral, CHA is widely regarded as a
leading biomaterial in medicine, valued for its outstanding biocompatibility,
bioactivity (ability to bond with host bone), and osteoconductivity (support of
new bone growth) without inducing toxicity or immune rejection [29].
Clinically, CHA -based bioceramics are utilized in orthopedics and dentistry
as bone graft substitutes, porous scaffolds, and implant coatings — for example,
bulk hydroxyapatite granules and cements fill bone defects, and CHA coatings
on titanium implants promote firm osseointegration [30]. Hydroxyapatite is
also exploited as a vehicle for drug delivery, taking advantage of its adsorption
capacity and pH-sensitive solubility to carry and release therapeutics in acidic
environments (such as in osteoporotic lesions, inflammatory sites, or tumour
tissues) [14].

Beyond traditional medical uses, CHA has found emerging roles in
consumer health and cosmetic products. For instance, nano-hydroxyapatite is
added to toothpastes as a remineralizing agent to restore enamel and reduce
sensitivity, and it is being explored in skincare and sunscreen formulations as
a safe, bioactive ingredient [14]. A notable example in aesthetic medicine is
an FDA-approved dermal filler composed of CHA microspheres in a
biocompatible gel matrix, which is injected to restore soft-tissue volume and
simultaneously stimulates new collagen production in vivo [31]. These
developments underscore the significance of hydroxyapatite in contemporary
materials science and regenerative medicine, where its bioactive and
osteoconductive properties are used for improved orthopedic implants, dental
care technologies, targeted drug delivery systems, and innovative cosmetic
therapies.

1.2. CHARACTERISTICS OF HUMAN SKIN

Human skin is composed of three layers, each with distinct cellular makeup
and functions. The epidermis is the outermost layer, consisting of stratified
squamous epithelium that is predominantly made of keratinocytes and is
typically 0.05-0.1 mm (thicker on palms/soles) [32, 33]. As an avascular
layer, the epidermis receives nutrients by diffusion from the underlying dermis
and serves as the first barrier against environmental factors. Beneath it lies the
dermis, a thicker (1-2 mm on average) fibrous connective tissue layer rich in
collagen and elastin fibers, which provides tensile strength and elasticity to
the skin. The deepest layer is the hypodermis (subcutis), composed mainly of
adipose tissue and loose connective tissue, which cushions underlying



structures, insulates the body, and allows the skin to move freely over muscles
and bones [32]. These layers work together to protect the body, regulate
temperature, and provide sensory information.

Key cellular components of the skin include:

Keratinocytes: The main cells of the epidermis (~95% of epidermal cells),
which originate in the basal layer and undergo differentiation as they migrate
outward. Keratinocytes produce keratin proteins and lipids, forming the
structural scaffold of the epidermis and ultimately creating the cornified layers
that constitute the physical barrier.

Melanocytes: Pigment-producing cells located in the basal layer of the
epidermis (typically a ratio of ~1 melanocyte per 10 basal keratinocytes).
Melanocytes synthesise melanin and transfer it to keratinocytes, contributing
to skin colour and protecting deeper tissues from ultraviolet (UV) radiation
damage [34].

Langerhans cells: Dendritic immune cells found mainly in the suprabasal
epidermis. They serve as antigen-presenting cells, capturing foreign
substances that penetrate the skin and migrating to lymph nodes to activate T-
cells, thus playing a sentinel role in cutaneous immune defence [35].

Fibroblasts: The primary cell type of the dermis responsible for producing
and remodelling the extracellular matrix. Fibroblasts secrete collagen
(especially types I and III) and elastin fibers, as well as ground substance
components like hyaluronic acid and fibronectin, thereby maintaining the
dermal structure and the skin’s mechanical resilience. A healthy dermal
fibroblast population is crucial for wound healing and for supporting the
epidermis above [36].

At the interface of the epidermis and dermis is the basement membrane
zone (BMZ), a specialized thin extracellular matrix that cements the two
layers together. Extracellular matrix molecules on both sides of the basement
membrane create a “sticky” interface that tightly joins the epidermis and
dermis [37]. Nutrients and oxygen diffuse from dermal capillaries across this
interface to sustain the avascular epidermis. With aging, the basement
membrane flattens and becomes less undulating, reducing the surface area of
contact between epidermis and dermis and weakening their attachment.
Despite this, in healthy skin the BMZ effectively compartmentalizes the layers
and is critical for resisting shearing forces and facilitating tissue repair after
injury [32].

The outermost portion of the epidermis, the stratum corneum (SC), is the
principal barrier layer of skin. It consists of 15-30 layers of flattened, dead
keratinocytes (called corneocytes) embedded in an extracellular lipid
(ceramides, cholesterol, and free fatty acids) matrix — an arrangement often



likened to a “brick-and-mortar” structure. This unique architecture makes the
SC a formidable barrier to transepidermal water loss (TEWL) and of external
chemicals or microbes. The SC’s dry, slightly acidic environment and
continuous turnover further contribute to its protective function [33]. A critical
feature of the SC is the presence of natural moisturizing factor (NMF) within
the corneocytes, which aids in maintaining skin hydration. NMF is a mixture
of low molecular weight, water-attracting substances generated by the
breakdown of the filament-aggregating protein filaggrin during the terminal
differentiation of keratinocytes. Key components of NMF include free amino
acids (especially serine, glycine, alanine), pyrrolidone carboxylic acid,
urocanic acid, lactic acid, urea, and various electrolytes (e.g., sodium,
potassium, calcium, phosphate). These hygroscopic molecules are responsible
for binding water within the corneocytes [38]. An increase in TEWL indicates
a compromised barrier that is allowing excessive water to escape and
potentially irritants to enter [39]. Occlusive moisturizers that restore lipids and
“seal” the skin surface can reduce TEWL and improve hydration by
reinforcing the SC’s barrier function. Another component of the skin’s barrier
is the skin microbiome — the community of commensal microorganisms
(bacteria, fungi, and viruses) residing on the skin surface [40, 41].

The surface of the skin is characterized by a mildly acidic pH
(approximately 4.5-5.5 in healthy adults), often referred to as the acid mantle.
This pH gradient — acidic at the SC surface and gradually less acidic in deeper
layers — is critically important for enzymatic and barrier functions. Notably,
lipid-processing enzymes such as [p-glucocerebrosidase and acidic
sphingomyelinase act in the outer epidermis to convert precursors into
ceramides and other lipids that form the permeability barrier; these enzymes
are activated at pH ~5 and are inhibited if the pH becomes neutral or alkaline
[42, 43].

Skin appendages contribute to the biochemical environment of the skin.
One of these appendages are sebaceous glands. Human sebum is a complex
mixture of lipids: roughly 50-60% triglycerides (and their hydrolysed free
fatty acids), ~25% wax esters, ~10—15% squalene, and smaller proportions of
cholesterol and cholesterol esters. Uniquely, squalene and wax esters are
found almost exclusively in sebum and not elsewhere in the body’s lipids [44].
Hormonal influences (e.g., androgens) strongly regulate sebaceous gland
activity, which is why skin oiliness and acne are prominent in adolescence
[45].

Sweat is produced by two types of sweat glands: eccrine and apocrine.
Eccrine sweat glands are distributed widely across the skin and secrete a dilute
salt solution primarily for thermoregulation. Eccrine sweat is ~99% water and



~1% solutes. The solutes include sodium and chloride (giving sweat its
saltiness), potassium, small amounts of calcium and magnesium, as well as
metabolic waste products like lactate, urea, ammonia, and amino acids. This
composition is akin to a very dilute plasma [46]. Evaporation of eccrine sweat
from the skin surface dissipates heat and is crucial for cooling the body during
overheating or exercise. Besides thermoregulation, eccrine sweating has
ancillary roles [47].

The skin, despite its barrier nature, is an accessible route for delivering
certain drugs or therapeutic agents topically or transdermally. Penetration of
substances through the skin primarily occurs via three pathways across SC:
intercellular, transcellular, and appendageal routes. In the intercellular route,
molecules traverse by diffusing through the continuous lipid matrix between
the corneocytes (i.e., around the cells rather than through them). This pathway
creates a tortuous path through the “mortar” of the SC and is generally
considered the dominant route for most neutral, lipophilic compounds. In the
transcellular route, molecules actually pass through the corneocytes — entering
and exiting through the cell membranes and crossing the keratin-filled
cytoplasm in a serial fashion. Because corneocyte interiors are hydrophilic
(rich in keratin and water) this route tends to favour small, relatively
hydrophilic molecules that can diffuse through cell membranes, or conversely
very polar molecules that might hop through aqueous regions, but it is a much
less common pathway than intercellular for most drugs. The third pathway is
the appendageal route (transappendageal), which exploits skin appendages —
primarily hair follicles and sweat ducts — as conduits to bypass the SC barrier
[48]. Appendages penetrate through the epidermis into the dermis, so
substances can travel down these shunts, at least partway, effectively
circumventing the densely packed corneocyte layers. Hair follicles in
particular have been shown to act as reservoirs for topically applied
nanoparticles and drugs, releasing them gradually into surrounding skin.
Although appendages occupy only ~0.1% of the skin’s surface area, they can
contribute disproportionately to penetration for certain formulations,
especially in the early time after application or for larger, hydrophilic agents
that struggle to cross intact SC [49]. In practice, all three pathways may
operate in parallel to some extent, but the intercellular lipid pathway is most
significant for the majority of drugs and chemicals. This path permits diffusion
of small hydrophobic molecules (typically under ~500 Da) through the lipid
bilayers between corneocytes [50]. The follicular pathway is especially
relevant for particulate systems (like microspheres, lipid nanoparticles) and
has been leveraged in targeted delivery (e.g., delivering drugs to hair follicles



for local action in acne or using follicular uptake for transdermal
immunization) [51].

Several factors influence skin penetration of topically applied compounds.
Schematical presentation of possible drug penetration routes across human
skin is depicted in Fig. 2.
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Fig. 2. Possible drug penetration routes across human skin [53].

A key factor is molecular size (molecular weight): smaller molecules
penetrate more readily. Empirically, very few compounds with molecular
weight above ~500 Da penetrate the intact skin in significant amounts — this
observation is often called the “500 Dalton rule” [53]. Compounds larger than
this threshold (such as proteins, peptides, or polymers) have difficulty
diffusing through the tight lipid/protein mesh of the SC. Another crucial factor
is lipophilicity [54].

Skin exposure to inorganic (mineral-based) compounds is common —
examples include zinc, iron, magnesium, copper and other [55]. Numerous
studies on topical mineral-based formulations, such as zinc oxide and titanium
dioxide, demonstrate minimal skin penetration and excellent dermal
tolerability, with particles typically remaining confined to the outermost skin
layers and follicular openings [56]. Even at the nanoscale (where particle size
is <100 nm), ZnO and TiO» have been found to stay confined to the SC, with



minimal if any passage beyond it. As a result, they rarely cause irritation or
toxicity; their primary interaction with skin is to sit on the surface and
reflect/scatter UV light (in the case of sunscreens) [57,58]. They are also
chemically unreactive in the context of skin (zinc oxide is actually mildly
antiseptic and used in diaper creams to soothe irritation). Titanium dioxide
and iron oxides in cosmetic pigments similarly are largely inert and remain on
the skin surface [55]. The skin’s tolerance for these substances is high, and
allergic responses are exceedingly rare because these minerals are not
sensitizing (they do not typically bind to proteins or activate immune cells in
a way that causes allergy) [59].

However, exposure to certain inorganic compounds can disrupt the skin's
homeostasis, leading to irritation or damage. For instance, hard water, which
contains elevated calcium and magnesium carbonate, can have a mild effect
on skin: as it dries, it can leave behind mineral residues that increase skin pH
slightly and lead to dryness or exacerbate eczema in sensitive individuals, but
these effects are generally subtle [60]. Inorganic heavy metal salts (such as
nickel or chromate) are a special case — while they do not penetrate deeply,
they can act as haptens and induce allergic contact dermatitis in susceptible
people. For instance, nickel ions from jewellery can filter into sweat and
penetrate the upper skin, triggering immune recognition and eczema. This is
an immunologic interaction rather than a toxic one and depends on individual
sensitivity [59].

Regarding calcium and hydroxyapatite — these specific minerals have
particular relevance to skin biology and biomedical applications. Calcium ions
(Ca?") are not only tolerated by the skin but are crucial for epidermal function.
The epidermis maintains a calcium gradient, with low Ca** in the basal layer
and high Ca?" in the upper granular layer, which signals keratinocytes to
differentiate and form the barrier. If calcium is removed (e.g., by chelators),
skin differentiation is impaired; conversely, providing calcium (in a balanced
way) can aid in barrier recovery after injury [61]. Topical products containing
calcium (like calcium pantothenate or calcium in wound dressings) are
generally well-tolerated. CHA is the mineral form of calcium phosphate that
makes up bone and teeth. It has become a material of interest in dermatology
and cosmetics. Medical-grade CHA is used in dermal fillers (a product which
is CHA microspheres in a gel carrier) to restore volume and stimulate collagen
in the skin. The reason CHA can be used in this way is its excellent
biocompatibility — the body recognizes it as a natural substance (it’s analogous
to bone mineral) and thus it typically does not incite a significant foreign body
or allergic reaction. When CHA is injected or implanted in the skin, it stays
where placed (being insoluble) and gradually integrates or resorbs over years,



while promoting new collagen formation in the surrounding tissue [62].
Topically, CHA has even been explored as a sunscreen ingredient (as it can
scatter UV light) and as a component in wound dressings [63]. Studies show
that CHA is non-toxic and does not trigger adverse inflammation in skin tissue
[14]. In wound healing applications, CHA can assist by providing a scaffold
for cell migration and by modulating the wound microenvironment (it has
been noted to help reduce excess inflammation and promote tissue
regeneration). Thus, the interactions of Ca, phosphate, and hydroxyapatite
with skin are generally positive or neutral — they are tolerated well, and in
some cases even leverage normal skin physiology (as with Ca®" signalling or
CHA bioactivity) [64].

In summary, the skin’s response to inorganic compounds depends on the
specific chemical nature of those compounds. Insoluble, inert minerals (like
oxides, elemental metals, hydroxyapatite) mostly remain on the skin surface
or within appendages and do not penetrate or react, resulting in good tolerance.
Soluble salts that are close to physiological pH (e.g., NaCl, calcium sulfate)
are innocuous in the concentrations commonly encountered. Issues arise with
reactive or extreme-pH compounds — these can erode the barrier or cause
irritant reactions. The skin’s robust barrier means that, aside from local
irritation or allergy, systemic absorption of inorganic compounds is usually
negligible. This is advantageous for using mineral-based substances in topical
products (sunscreens, medicated creams, dressings) because they can exert
local effect without systemic toxicity. Even novel uses of minerals, such as
nanoparticle carriers or mineral-based biomaterials for skin repair, have so far
shown a high degree of compatibility with human skin [64].

1.3. SKIN PROTECTION CREAMS

Moisturizers are topical formulations intended to increase skin hydration and
improve the skin’s barrier function [65]. In practice, moisturizers/emollients
are complex mixtures of substances (lipids, humectants, etc.) designed to
make the epidermis softer, more pliable, and less prone to dryness [66].
Occlusives and humectants are two key classes of moisturizing ingredients:
occlusives form a hydrophobic film over the skin to reduce TEWL, whereas
humectants attract water into the SC to increase its water content [67].
Common occlusive agents include petrolatum, lanolin, mineral oil, and
silicones, while typical humectants include alpha-hydroxy acids, glycerol,
urea, and hyaluronic acid [66].

Barrier creams (also called protective creams) are formulations meant to
maintain or enhance the skin’s physical barrier. They create a protective layer



on the surface that shields the skin from external irritants (chemicals,
moisture, allergens) and prevents excessive drying [68]. Such products are
often used in occupational settings or in conditions like diaper dermatitis and
incontinence-associated dermatitis, to guard against irritants (urine, feces,
harsh substances) by forming a persistent film that resists wash-off [69].
Barrier creams can be formulated as creams, ointments, or pastes, and many
contain a combination of occlusive and humectant ingredients to both shield
and hydrate the skin [68]. In contrast to standard moisturizers, a barrier
cream’s primary function is prophylactic protection — for example, to reduce
irritant contact dermatitis in workers by blocking chemical penetration [70].

In the European Union (EU), most skin creams for hydration or protection
are regulated as cosmetic products. The EU Cosmetic Regulation (EC No.
1223/2009) defines a cosmetic as “any substance or mixture intended to be
placed in contact with the external parts of the human body... with a view
exclusively or mainly to cleaning them, perfuming them, changing their
appearance, protecting them, keeping them in good condition, or correcting
body odours” [71]. Such products do not primarily claim to treat or prevent
disease. Products like ordinary moisturizers and barrier creams fall under this
cosmetic category as long as they are marketed for maintaining skin in good
condition (e.g. preventing dryness or mild irritation) and not for curing a
medical condition [72]. In the EU, some high-end “barrier repair” creams are
even classified as Class Ila medical devices when they act primarily by
physical means and are marketed for managing dermatological conditions like
atopic dermatitis [71, 72]. Thus, the same type of product (a moisturizing
cream) can be either a cosmetic, a medicinal product, or a medical device
depending on its composition, intended use, and claims.

A primary function of skin protection creams is to reduce TEWL and
reinforce the SC barrier [66]. Occlusive ingredients in these creams deposit a
thin hydrophobic film over the SC that slows the evaporation of water from
the skin.

Skin protectant creams can mitigate inflammation through multiple
pathways. Firstly, by repairing the physical barrier and maintaining hydration,
they reduce the penetration of irritants and allergens that trigger cutaneous
inflammation [73]. Dry, cracked skin allows entry of microbes and irritants,
which leads to activation of immune cells and release of pro-inflammatory
cytokines [67]. Many modern therapeutic moisturizers contain added anti-
inflammatory or immunomodulatory ingredients. These can include botanical
anti-inflammatories like liquorice, chamomile, comfrey, oatmeal, and
cannabinoids among others [74]. Such additives actively downregulate



cutanecous inflammation by interfering with the production of inflammatory
mediators.

Oxidative stress from UV light and pollution is a major cause of skin
damage, leading to lipid peroxidation, DNA damage, and inflammation in the
skin. Skin protection creams often include antioxidants to counter these
harmful free radicals. Vitamins are common choices: vitamin E (a-tocopherol)
and vitamin C (ascorbic acid) are well-established topical antioxidants that,
when absorbed into the SC, help neutralize reactive oxygen species generated
by UV exposure. These antioxidants can protect cellular membranes and
collagen from oxidative damage, thereby preventing or slowing the process of
photoaging [75]. However, because ascorbic acid and tocopherol can be
unstable when exposed to light and air, more stable derivatives (like
magnesium ascorbyl phosphate for vitamin C or tocopheryl acetate for vitamin
E) are often used in formulations. Once in the skin, these derivatives are
converted to their active forms and contribute to the skin’s redox balance [76].
In addition to vitamins, many creams incorporate botanical antioxidants (e.g.
polyphenols from green tea, resveratrol, coenzyme Q10) intended to bolster
the skin’s defence against environmental stress. By reducing oxidative stress,
antioxidant-rich creams help attenuate inflammation (since oxidative stress
can trigger inflammatory pathways) and protect the structural proteins of the
skin [77]. Overall, this antioxidant defence mechanism complements the
physical barrier protection, especially in day creams that function as both
moisturizers and environmental shields.

An intact skin barrier is also a critical defence against pathogens. Skin
protection creams contribute to antimicrobial defence in a few ways [73].
Research has shown that some occlusive moisturizers can induce the skin’s
innate immune protection [78]. Additionally, some barrier creams and
ointments include antiseptic agents or metal compounds to provide direct
antibacterial action [79]. By keeping microbial counts low and maintaining
skin integrity, protective creams help prevent infection and secondary
inflammation that could be caused by microbial overgrowth.

Many skin protection creams, especially daytime moisturizers, incorporate
sunscreen agents to guard against UV radiation. Chemical UV filters are
organic compounds that absorb high-energy UV photons and dissipate the
energy as heat; examples include avobenzone, octinoxate, oxybenzone, and
octocrylene (among many others) [80]. Each chemical filter has a specific
spectrum of UV absorption, so formulations often combine multiple filters to
achieve broad-spectrum coverage (UVB and UVA protection). Physical UV
filters are inorganic mineral pigments — primarily zinc oxide and titanium
dioxide — that act by reflecting and scattering UV radiation away from the skin



(and to a lesser extent, absorbing it) [80]. These minerals are micronized in
creams to appear transparent on skin while still providing a UV shield.
Physical filters tend to be photostable and are less likely to cause irritation,
making them suitable for sensitive skin and children [81]. By including such
UV filters, a protection cream can significantly reduce UV penetration into
the epidermis. The benefits are well-documented: daily use of a broad-
spectrum sun protection factor (SPF) moisturizer has been shown to prevent
UV-induced collagen degradation and signs of photoaging. It also lowers the
formation of sunburn cells and mutations in the skin [82]. In essence, UV
filters in these creams serve as an “external barrier” against a major
environmental aggressor, complementing the creams’ role in maintaining the
skin’s internal barrier and health.

Hyaluronic acid is another potent humectant that can hold many times its
weight in water; as a large polymer, it mainly moisturizes the surface of the
skin and gives a transient plumping effect to fine lines [83]. Urea is a natural
moisturizing factor component with dual actions: at low concentrations
(=10%), urea is strongly hygroscopic (binding water into the SC) and it also
has keratolytic properties that help exfoliate dry, scaly skin. By gently
disrupting corneocyte adhesions, urea allows the outer dry cells to shed, which
improves skin smoothness and facilitates penetration of other moisturizing
ingredients. Importantly, urea has been shown to improve barrier function and
reduce TEWL in xerotic skin — it signals keratinocytes to produce lipids and
antimicrobial peptides, thus strengthening the barrier [84]. Furthermore,
glycerin not only hydrates but also contributes to barrier repair; studies
indicate that glycerol can accelerate recovery of skin elasticity and enhance
the effectiveness of the skin’s own lipid synthesis when used regularly [65].

Topical antioxidants (vitamin C, vitamin E, niacinamide) are included in
many skin creams to protect the skin from oxidative damage caused by UV
light and pollution [75, 76].

Niacinamide has antioxidant properties and has been shown to
significantly reduce oxidative stress and UV-induced damage in keratinocytes
by enhancing DNA repair enzymes. It also improves epidermal barrier
function by stimulating ceramide production and has documented anti-
inflammatory effects, which can help reduce redness and blotchiness [85].

Trace bioactive minerals (calcium, magnesium, zinc, iron, copper,
manganese) are increasingly recognized for their roles in skin physiology, and
some dermatological products aim to deliver these minerals to the skin [79].
Ca?* is crucial for regulating keratinocyte differentiation; there is a natural
calcium gradient in the epidermis (low in basal layers, high in the stratum
granulosum) that signals cells to mature and form the SC. A proper Ca?* level



in the epidermis is needed for the formation of lamellar bodies and lipid
secretion, so maintaining Ca?" can promote barrier function. However, too
much calcium in the outer skin can actually impede desquamation, which is
why some barrier repair formulations adjust the balance of calcium and
magnesium (Mg*") [86]. Magnesium is another ion involved in barrier
homeostasis — an optimal Ca/Mg ratio has been shown to accelerate barrier
recovery in damaged skin, partly by modulating epidermal inflammation.
Studies indicate that increasing magnesium (relative to calcium) in a topical
application can benefit conditions like atopic dermatitis by reducing
inflammatory signalling and improving lipid synthesis, thereby optimally
repairing the skin barrier [87]. Zinc is a trace element with numerous skin
roles: it is a cofactor for over 100 enzymes, including DNA/RNA polymerases
and matrix metalloproteinases, and is vital for cell proliferation and wound
healing. Zinc also stabilizes cell membranes and can regulate immune
responses; topically, zinc oxide or zinc salts have been used to speed up
healing of ulcers, reduce inflammation in acne and dermatitis and as a physical
UV filter [88]. Iron is essential for collagen synthesis (as a cofactor for prolyl
and lysyl hydroxylase enzymes) and for catalase, the key enzyme that breaks
down hydrogen peroxide in cells. While iron is usually supplied via blood,
some topical formulations include iron-rich thermal spring water or ferrous
ions to potentially support these processes in situ — though iron must be
carefully balanced, as excess iron can catalyse free radical formation [79].
Copper is another critical cofactor: it’s needed for lysyl oxidase, the enzyme
that cross-links collagen and elastin, meaning copper is directly tied to the
strength and elasticity of the dermis. Copper peptides in anti-aging creams
promote collagen synthesis and angiogenesis. Moreover, copper has potent
antimicrobial properties; metallic copper or copper compounds can kill
bacteria and fungi on contact (the term “oligodynamic effect” describes this),
and copper-based creams have been used as adjuncts in wound care for their
biocidal effect [89]. Another microelement manganese is required for the
mitochondrial form of superoxide dismutase and also plays a role in collagen
formation (it is a cofactor for glycosyltransferases involved in forming the
extracellular matrix) and wound healing [79]. In practical terms, mineral-rich
thermal waters (containing magnesium, calcium, etc.) have been used in
dermatology to treat sensitive skin and eczema — studies suggest they can
improve the skin barrier and reduce inflammation, possibly due to these
minerals’ effects on keratinocytes and immune cells [79].

Skin protection creams are typically formulated as emulsions, with the
choice of emulsion type influencing their properties [90]. Formulators must
carefully adjust pH, viscosity, and rheology to optimize stability and skin



compatibility. Skin’s natural surface pH is mildly acidic (~4.5-5.5), which is
critical for barrier function and microbiome balance [43]. Thus, creams are
typically buffered in the 5—6 range to maintain the acid mantle and avoid
disrupting SC integrity. An alkaline product can increase skin irritation and
TEWL, especially in atopic or sensitive skin [91]. Viscosity and flow
behaviour determine a cream’s spreadability and staying power on the skin
[90].

Modern skin protection formulations often include penetration enhancers
and advanced delivery systems to improve efficacy. These technologies
facilitate the transport of active compounds (such as antioxidants, vitamins, or
anti-irritants) into the epidermis or ensure they remain on the surface as
needed. Such vesicles have been shown to increase the retention of actives in
the skin and enhance their permeation to deeper layers [92]. Nanoemulsions
and microemulsions are another strategy: these colloidal emulsions with
droplet sizes in the 10—100 nm range are thermodynamically stable and often
transparent [93]. Microemulsions can improve drug stability, increase dermal
permeability, and provide sustained release of actives [94]. Their surfactant-
rich structures fluidize SC lipids, effectively reducing the barrier resistance
and enhancing ingredient uptake [93]. Additionally, polymeric nanoparticles
(e.g., solid lipid nanoparticles, nanostructured lipid carriers) may be used to
protect sensitive ingredients from degradation and release them gradually.
These nanocarriers can adhere to the skin surface or penetrate via hair
follicles, increasing local bioavailability of actives [92]. In all cases, the
inclusion of such delivery systems must be balanced with safety and
regulatory considerations, but when well-designed, they can significantly
boost the protective and restorative performance of skin creams.

Individual skin types require tailored protection cream formulations to
address their specific physiological needs and tolerances. Formulations for
sensitive or reactive skin are kept as simple and inert as possible to minimize
irritation triggers. Products in this category are typically free of fragrances,
colorants, and common contact allergens [95]. By eliminating unnecessary
additives and using mild emulsifiers, sensitive skin creams maintain the skin’s
integrity and comfort.

Dry or xerotic skin lacks sufficient lipids and natural moisturizing factors,
so protective cream formulations often contain a combination of humectants
and occlusives to restore moisture balance [65]. For severely dry or atopic
skin, water-in-oil emulsions or ointment-like textures (with a higher oil phase)
are commonly used, as they provide longer-lasting occlusion and protection
in harsh conditions [96].



For oily skin, the challenge is to protect the skin without excess oil or
clogging pores. Thus, creams for oily or acne-prone individuals are formulated
to be lightweight, non-comedogenic, and oil-controlling. Oil-in-water
emulsions with a high water content (and lower oil percentage) or gel-based
vehicles are preferred to avoid a heavy feel [73, 97].

Atopic skin has a compromised barrier (with reduced ceramides and
increased TEWL) and a high sensitivity to irritants [98]. These creams are
typically highly occlusive and lipid-rich, often in a water in oil (W/O)
emulsion or ointment base, to compensate for the defective barrier and prevent
allergen entry [99] .

Cutting-edge skin protection creams are incorporating bio-derived
materials and potent bioactives to enhance skin repair and defence.
Biopolymers sourced from nature (such as collagen, elastin, chitosan, alginate,
and silk fibroin) are increasingly used as they are biocompatible and can
impart functional benefits [100].

Robust evaluation methods are essential to substantiate the efficacy of skin
protection creams, encompassing both laboratory (in vitro) tests and clinical
(in vivo) assessments [101]. Skin surface pH measurements are one of the
tools — a protective cream aimed at restoring the acid mantle should maintain
or slightly lower the skin pH towards the optimal ~5.0, and this can be verified
with flat surface electrodes [102]. When antimicrobial efficacy is claimed (for
example, a cream for healthcare workers that “reduces bacteria on the skin”),
microbiological assays are performed. And newer techniques like microplate
laser nephelometry and luminometric quantification of bacterial adenosine
triphosphate are also available [103]. Over days or weeks, instrumental
measurements (TEWL, corneometry, erythema via chromameter) track the
rate of barrier recovery [104]. Additionally, long-term clinical trials might be
done for specific use-cases: for example, in occupational settings, workers
could use the product over several weeks and dermatologists would evaluate
incidence and severity of contact dermatitis versus a control group [105].
Underpinning both in vitro and in vivo efficacy testing are regulatory
guidelines and requirements, particularly strict in the EU (and by extension
Lithuania) [106].

1.4. CALCIUM HYDROXYAPATITE IN CREAMS.

CHA is an inorganic calcium phosphate and represents the most
thermodynamically stable CaP phase under physiological conditions [107]. It
can be prepared in a wide range of particle sizes and morphologies — from
nano- to micro-scale — including near-spherical nanoparticles, rod-like or



needle-like nanocrystals, and plate-like microcrystals [108]. The ability to
tailor CHA size and shape via controlled synthesis is well-documented;
varying synthesis parameters (e.g. precursors, pH, temperature) allows control
over crystal habit and dispersity [108]. These morphological features directly
influence its surface characteristics: smaller or needle-shaped particles yield
higher specific surface areas and more reactive surface sites than bulk CHA
[30]. Additionally, CHA can be engineered with mesoporosity or even hollow
microspherical structures to further increase surface area and payload capacity
[30, 109], which is advantageous for topical delivery of actives.

CHA'’s surface area and porosity are thus tunable, and they impact its
interactions in creams. Nanoscale CHA typically exhibits a high Brunauer—
Emmett—Teller surface area due to its fine size [110]. For instance, reducing
CHA to the nanometer scale increases its surface-to-volume ratio and often its
adsorption capacity and reactivity [30]. Porous or agglomerated forms of CHA
can adsorb significant amounts of oils or active compounds within their pores.
In contrast, densely sintered or larger crystalline CHA has lower surface area
and is less interactive. The porosity can be introduced through templating or
precipitation methods [29], yielding CHA particles capable of trapping
lipophilic substances — a feature useful in creams for absorbing sebum or
carrying active ingredients. In all cases, CHA remains a rigid particulate filler,
so its high surface area contributes to its functionality (e.g. adsorptive
mattifying effect) without swelling or dissolving in the cream matrix.

The crystallinity of CHA significantly affects its solubility and stability in
different media. Stoichiometric, well-crystallized CHA is sparingly soluble in
water at neutral pH and is stable in alkaline conditions [111]. It only dissolves
significantly under acidic conditions (e.g. pH < ~6), where protonation of
phosphate groups leads to mineral dissolution [14]. Poorly crystalline or
calcium-deficient CHA — often approaching amorphous calcium phosphate
(ACP) — is more soluble and can release calcium and phosphate ions more
readily [112]. Indeed, intentional ionic substitutions (e.g. with monovalent or
divalent cations) or reduced crystallinity can increase CHA’s solubility [27].
In topical emulsions, this means a highly crystalline CHA will remain largely
intact on the skin surface, whereas a less crystalline form might gradually
dissolve, potentially supplying Ca?* locally.

Surface charge and zeta potential: CHA particles carry surface charges that
depend on surface chemistry and pH. In aqueous dispersions at physiological
or slightly acidic pH (such as skin pH ~5.5), CHA typically acquires a net
negative surface charge due to deprotonation of surface phosphate and
hydroxyl groups. Measured zeta potential values for CHA nanoparticles are
usually negative (e.g. on the order of —10 to —30 mV at neutral pH) [113]. This



negative zeta potential confers colloidal stability by electrostatic repulsion,
meaning CHA particles resist agglomeration in water-based media above their
isoelectric point (which for CHA is around pH 7-8) [113]. The most stable
dispersion conditions for CHA are reported at pH >5, where sufficient surface
charge keeps the particles apart [113]. In a cream, this translates to CHA
remaining well-dispersed in the aqueous phase (especially if the formulation
pH is slightly acidic or neutral).

A key advantage of CHA as a topical ingredient is its excellent
biocompatibility. CHA is inherently non-toxic, non-immunogenic, and
biocompatible, being the same mineral phase found in human bone and teeth
[106]. When synthesised to mimic biological CHA (including similar
crystallinity and ion substitutions), it exhibits superior bioactivity without
causing irritation [106]. In dermatological applications, CHA has shown high
dermal tolerance — it does not sensitize the skin or provoke adverse reactions
in tested formulations [14]. Studies highlight that CHA is safe even if nano-
sized, as it tends to remain in the SC and does not significantly penetrate living
tissue [14]. In cream matrices, CHA is physically and chemically stable: it
does not decompose over time, and its presence can even improve formulation
stability. For example, recent developments include the use of CHA
nanoparticles as solid emulsifiers in Pickering emulsions (particle-stabilized
emulsions) [114]. In one patent, CHA nanoparticles served to stabilize an oil-
in-water (O/W) emulsion in place of traditional surfactants [114],
demonstrating that CHA can integrate into a cream’s structure and maintain a
stable dispersion of oil and water. Moreover, CHA can form hybrid complexes
with polymers (as some patents combine CHA with biopolymers) to enhance
compatibility and rheology in creams [115, 116]. Taken together, the inertness
and safety profile of CHA make it a stable filler that does not undermine the
cream’s integrity; instead, it can confer beneficial stability and extend the
functional shelf-life of topical formulations.

Topically applied CHA in creams can influence the skin through multiple
pathways, both physical and biochemical. One primary mode of action is
barrier reinforcement by supplementation of the SC. The SC is principal
barrier against environmental insults and TEWL [33]. The skin normally
maintains a calcium ion gradient across the epidermis (low Ca®" in basal
layers, high in the upper epidermis) that is crucial for keratinocyte
differentiation and barrier homeostasis [61]. By slowly releasing Ca?" in the
vicinity of the SC (especially in acidic environment in skin wounds), CHA
could influence this calcium gradient. Calcium ions are well-known to trigger
keratinocyte differentiation and the formation of lamellar lipids and
corneodesmosomes essential for barrier function [61]. Thus, a controlled



release of calcium from CHA might promote the natural maturation of the
epidermis and strengthen the barrier from within. It should be noted, however,
that the skin’s calcium balance is finely tuned; any effect of topical CHA on
the calcium gradient would be localized and gradual. Studies in skin biology
indicate that an optimal calcium level in the SC is required for orderly
differentiation, while an abrupt change can modulate barrier repair
mechanisms[61]. In practical terms, CHA in a cream provides a reservoir of
calcium ions at the interface of the SC: as these ions leach out, they may subtly
enhance keratinocyte cohesion and differentiation in the upper layers,
contributing to improved barrier resilience and skin homeostasis over time
[117].

Another important mechanism of CHA in skin applications is its role in
sebum absorption and oil control, contributing to a matte effect on the skin.
Due to its high surface area and affinity for lipids, finely powdered CHA can
adsorb sebum from the skin surface [14]. Excess sebum (skin oil) often leads
to a shiny appearance and can clog pores; CHA helps mitigate this by binding
fatty acids onto its surface. By soaking up oils, CHA-containing creams leave
a dry, non-greasy finish (the “mattifying” effect). This not only improves the
cosmetic appearance but also has secondary benefits: makeup applied over an
CHA-enhanced cream may last longer and resist smudging [14]. By
controlling sebum, CHA also indirectly prevents the growth of lipophilic
bacteria (such as Cutibacterium acnes) that contribute to acne, as those
microbes thrive on excess oil.

CHA’s interaction with the skin’s microflora and its potential antibacterial
properties constitute another mechanism of action. In its pure form, CHA is
not a strong antimicrobial agent; it is considered biocompatible and generally
inert toward human cells and common skin flora [14]. However, CHA can
influence microflora indirectly. By reducing sebum and altering the
microenvironment (as noted above), CHA makes the skin surface less
hospitable to bacteria and yeasts that feed on lipids or thrive in moist, oily
conditions. For example, by adsorbing fatty acids, CHA may help prevent the
formation of malodour, which arises when skin microbes metabolize sebum
components [ 14]. Furthermore, there is emerging evidence that nanoscale CaP
particles (including CHA) have intrinsic antibacterial effects under certain
conditions [118]. A recent study compared ACP and crystalline CHA
nanoparticles and found both could inhibit a range of bacteria, though ACP
was more potent against Gram-positive strains. The proposed mechanisms
include the gradual release of high local concentrations of calcium and
phosphate ions which can stress bacterial cells, as well as the particles’ high
adsorptive surface which may disrupt bacterial membranes or biofilms. That



said, the antimicrobial power of undoped CHA is modest [118]. To enhance
this, manufacturers often dope or functionalize CHA with antimicrobial ions
or combine CHA with known antimicrobials (e.g. chitosan, silver, zinc) to
create synergistic effects [14].

CHA may also exert anti-aging effects in the skin, largely via indirect
stimulation of dermal components such as collagen. While topical CHA
primarily stays in the superficial layers, any dissolved calcium or interaction
at the cellular level can influence signals in the epidermis and dermis. Calcium
is a known regulator of epidermal proliferation and differentiation, and
optimal calcium levels can encourage a healthy turnover of keratinocytes
(important for a youthful complexion) [60]. More directly, research from the
field of aesthetic dermatology has shown that CHA can stimulate collagen
synthesis when introduced into the dermis via injection. Injectable micron-
sized CHA (as used in dermal fillers) has been documented to promote the
production of collagen types I and 111, as well as elastin, leading to clinically
observable improvements in skin firmness and elasticity [64].

In creams and topical formulations, CHA can serve not only as an inert
filler but as a functional ingredient or even an active agent conferring specific
benefits. One major role is as a carrier system for active substances. Owing to
its high surface area and ability to bind a variety of molecules, CHA can be
used to deliver active ingredients such as vitamins, antioxidants, or peptides
in a stable form. Several studies and patents have exploited CHA as a
micro/nanoscopic carrier to enhance the delivery of actives to the skin [14,
26]. Moreover, CHA’s surface chemistry allows for modifications (e.g.
coating with lipids or surfactants or even metallic ions such as copper or zinc)
to tune the release rate of the attached actives [14]. This expands CHA’s role
from a passive additive to an active participant in the cream’s therapeutic or
cosmetic efficacy.

Another established role of CHA in topical products is as a UV-reflecting
and light-scattering agent. Mineral sunblocks traditionally rely on TiO: and
ZnO to scatter and absorb harmful UV radiation; however, CHA has been
proposed as a safer alternative inorganic UV filter. Recent research has
demonstrated that well-engineered CHA provides broad-spectrum UV
protection, and interest in CaP-based sunscreens is growing [14]. One study
noted that CHA has a strong UV absorption band below ~247 nm and can
attenuate wavelengths up to ~340 nm. By itself, this covers UVB and some
UVA, and importantly, CHA is non-photocatalytic (unlike TiO. which can
generate free radicals under UV). This means CHA does not induce oxidative
stress on the skin upon UV exposure — a significant safety advantage [14].



Beyond serving as a carrier and optical agent, CHA can be an active
functional ingredient through ion substitution and doping. The crystal lattice
of hydroxyapatite is quite flexible and can accommodate various foreign ions
[27]. By substituting or incorporating certain metal ions into CHA, one can
create a multifunctional ingredient. A prominent example is antimicrobial
doping: CHA doped with silver (Ag"), zinc (Zn**), copper (Cu?"), or other
metal ions gains the antibacterial properties of those ions while retaining the
scaffold of CHA [14, 119]. Ag-doped CHA, for instance, has been shown to
significantly inhibit bacterial growth; silver ions released from the CHA lattice
can disrupt bacterial cell membranes and metabolic enzymes. Similarly, Zn**-
substituted CHA brings the well-known antimicrobial and soothing effects of
zinc (commonly used in calamine and diaper rash creams) into the CHA
particle [88]. These doped CHA particles can continuously release trace
amounts of antimicrobial metal ions on the skin, helping to control bacterial
proliferation (useful for acne-prone or sensitive skin) and even combat odour-
causing bacteria. Copper-doped CHA adds the antifungal and collagen-
promoting aspects of Cu — copper ions can stimulate angiogenesis and skin
healing in addition to antimicrobial effects, which could be beneficial in
wound-healing creams [89]. Iron (Fe*") and manganese (Mn?**) dopants have
also been explored: for example, Fe-doped CHA in a chitosan film was found
to have excellent UV-blocking ability and antibacterial activity, showing
potential as an active wound dressing that protects against infection and UV
damage simultaneously [62]. Manganese and iron substitutions can also
broaden CHA’s absorbance into the UV A range, meaning Fe/Mn-doped CHA
could serve as improved sunscreens with additional biological activity.
However, for therapeutic or high-performance applications, doped CHA
offers a tunable platform: one can design an CHA-based ingredient that not
only acts as a filler but also delivers active metal ions (antibacterial, anti-
inflammatory, etc.) in a controlled fashion. For instance, an CHA
incorporating Zn** and Mg?* might simultaneously calm irritation (zinc’s
effect), boost epidermal repair (magnesium affects the migration and adhesion
of human skin fibroblasts), and strengthen the skin barrier (via calcium from
CHA itself) [117, 120]. This versatility underscores CHA’s role as more than
just an inert powder — it is a multifunctional active that could be customized
for specific dermatological outcomes.

Formulating creams with CHA requires careful consideration of its
dispersion in different emulsion types. The mineral is stable at typical
emulsion processing temperatures (70—-80 °C) and can withstand the heat of
emulsification without degradation [108]. Furthermore, studies on Pickering
emulsions (stabilized by solid particles) demonstrate that unmodified



hydroxyapatite nanoparticles can stabilize either O/W or W/O emulsions
under the right conditions (e.g. high particle concentration, optimal oil/water
ratio, and sufficient mixing energy) [114].

Another key consideration is the compatibility of CHA with common
excipients, including emulsifiers, thickeners, and preservatives. Because CHA
particles have charged surfaces (bearing Ca** and PO+~ sites), they can
interact with ionic emulsifiers or polymers [30]. On the other hand,
preservatives that are acid-based (e.g. sorbic or benzoic acid) can locally lower
pH and might dissolve CHA on contact, so buffer systems are useful to
stabilize pH. In general, CHA is reported to be stable in the neutral pH range
and has very low solubility at physiological pH, which helps it coexist with
most ingredients without dissolving or precipitating [30].

Physical stability issues like aggregation, sedimentation, or phase
separation are central concerns when formulating CHA creams. Aggregation
of CHA particles is driven by their high surface energy and tendency to clump.
The use of dispersants (e.g. polyols, polysorbates) or milling techniques can
break apart agglomerates and should be employed during manufacturing.
Indeed, continuous high-shear mixing after emulsification is advised until the
batch cools to setting, to prevent any CHA clusters from settling out [121]. If
CHA particles migrate (settle) and concentrate in one region of the container,
they can bring along some water or oil, potentially inducing phase separation
or a break in the emulsion. High-density sediment at the bottom of a jar, for
instance, might be observed as a clear serum layer on top — an undesirable
outcome. It has been noted that maintaining a slightly alkaline pH (around pH
8—10) improves the dispersion stability of hydroxyapatite suspensions, likely
by imparting sufficient surface charge to repel particles electrostatically.
However, in a cosmetic cream a pH that high may not be skin-friendly, so a
compromise pH ~7 is typically chosen [121].

CHA is generally regarded as a biocompatible and well-tolerated material,
owing to its presence in human bone and teeth. /n vitro and in vivo studies
largely support its safety in dermal applications, although certain factors (like
particle size and shape) can influence biological responses. Cell culture
experiments indicate that hydroxyapatite nanoparticles have low intrinsic
cytotoxicity [4]. However, at extremely high concentrations or with very small
(<50 nm) particles, some adverse effects can occur [64]. In animal models of
wound healing, CHA has even been associated with anti-inflammatory
benefits, helping to modulate the healing response [64] — an encouraging sign
that it does not provoke adverse inflammation. Overall, the material’s long
history of use as a bone graft and even as an injectable dermal filler supports
its favourable tolerability profile in contact with tissues. By extension, the



topical application of CHA — where the particles predominantly remain in the
superficial layers of the SC — is expected to pose minimal risk, provided the
formulation is free of irritant impurities [64].

While CHA is not yet a mainstream ingredient in skincare, preliminary
trials and analogies from other uses suggest it is safe for human skin. In animal
studies, topical CHA has been applied to wounds or burns to evaluate its
regenerative effects, and these studies report enhanced healing with no delay
or toxicity in the skin. In particular, in vivo study using rats models found that
collagen matrices containing hydroxyapatite supported tissue repair without
adverse effects, indicating good biocompatibility in skin tissue repair contexts
[64]. No systemic absorption of calcium or phosphate occurs from topical
CHA - the particles remain on or in the upper skin layers and eventually
slough off with normal epidermal turnover. Notably, penetration studies on
analogous mineral oxides (like zinc oxide and titanium dioxide used in
sunscreens) have shown that insoluble mineral particles do not traverse
beyond the SC into systemic circulation [13].

In the EU, CHA is permitted as a cosmetic ingredient, subject to general
safety requirements under the EU Cosmetics Regulation (EC) No. 1223/2009.
It is typically listed as “Hydroxyapatite” in ingredient lists. The EU’s
Scientific Committee on Consumer Safety (SCCS) recently reviewed nano-
hydroxyapatite for cosmetic use. For dermal (leave-on) products, the SCCS
noted that the material was safe at the maximum concentrations reported by
industry (which were around 5% in skincare formulations) [122]. Notably,
these safety endorsements apply to hydroxyapatite of defined particle shapes:
the SCCS specified that at least 95% of particles should have an aspect ratio
<3 (roughly equiaxed) and no more than 4—5% of particles with higher aspect
ratios, to avoid needle-like forms [122]. The Committee expressed concern
about needle-shaped hydroxyapatite nanoparticles, which could potentially
penetrate cell membranes or exhibit asbestos-like toxicity if inhaled.
Consequently, manufacturers are advised to avoid using CHA in a needle/rod
form or to thoroughly assess its genotoxic potential if such shapes are present.
Hydroxyapatite is not classified as a UV filter or preservative in the EU, so it
doesn’t have a specific maximum concentration limit in cosmetics beyond the
general safety principle (unlike ZnO or TiO: which have explicit limits for UV
filtering purposes) [122].

For the trace elements Zn, Cu, Fe, and Mn that may be present as dopants
or impurities in CHA, regulatory considerations also apply. These metals are
not prohibited in cosmetics per se, but their usage is controlled by safety
assessments. Zinc in the form of zinc oxide is actually an allowed UV filter in
EU cosmetics up to 25% (non-nano form), and both nano and bulk ZnO are



deemed non-toxic on skin due to negligible absorption [123]. If Zn is
introduced via Zn-doped hydroxyapatite, the formulation should ensure that
any released Zn*" ions remain low (well under levels causing irritation or
systemic exposure). Copper and manganese ions are sometimes used in
skincare (for instance, copper peptides for skin repair, or manganese in trace
as an antioxidant cofactor), and are generally permitted at the low
concentrations typical for cosmetic use. There are no specific EU annex
restrictions on Cu or Mn compounds in leave-on cosmetics (aside from
colorants like manganese violet which is allowed as a pigment) [41].
Therefore, a CHA doped with Cu?" or Mn?** would be acceptable as long as it
passes the product safety assessment — the assessor would consider if any Cu
or Mn could leach out and whether that level is safe. Iron is commonly present
in cosmetics as iron oxides (pigments) which are approved colorants [44], and
trace iron in CHA (or Fe-doped CHA) is not problematic in itself. The
presence of these metals must also be communicated in the ingredient listing
if they impart a significant function or coloration (for example, a doping that
gives hydroxyapatite a colour might need CI pigment labelling). In Lithuania,
cosmetics regulation is fully harmonized with EU law, so the same rules
apply: CHA and its metal-doped variants must be safe for human health, and
products require a safety assessment dossier. As a final regulatory note, there
is ongoing surveillance of nanomaterials in cosmetics. Hydroxyapatite (nano)
being on the SCCS radar means future regulations could impose explicit
concentration or shape limits if new evidence emerges.

Although CHA is a relatively novel ingredient in topical skincare, there are
a few commercial and experimental formulations that have incorporated
CHA. One example in mainstream cosmetics, hydroxyapatite has appeared in
certain makeup products. Some high-end foundation and concealer formulas
include micro-scale hydroxyapatite as a filler to scatter light and blur skin
imperfections.

Several patents by cosmetic companies describe the use of CHA in topical
formulations, suggesting a growing interest in this ingredient. L’Oréal, for
example, filed a patent for a cosmetic method to smooth wrinkles around the
eyes using a composition containing hydroxyapatite [124]. The patent
discusses that applying a cream with CHA particles can help fill in fine lines
and tighten the periocular skin, thereby reducing the appearance of wrinkles
and under-eye bags. Another patent (WO 1996/41611) by Mansouri et al.
describes ceramic hydroxyapatite microcarrier particles (1-10 pum, spherical)
used in skin care compositions to deliver active ingredients to the epidermis
[125]. In that formulation, CHA serves as a vehicle: actives like herbal
extracts, vitamins, or antimicrobials adsorb onto the porous CHA particles,



which are then delivered onto the skin via a cream or lotion. The
hydroxyapatite not only shuttles these actives in a targeted way but also forms
a temporary “shield” on the skin that helps retain moisture (an interesting
concept of a mineral-based moisturizing barrier).

Researchers have been investigating CHA in topical delivery systems as
well. A notable example is the development of a vitamin C hydroxyapatite
nanocomposite gel — Sliem et al. created a nanocomposite where ascorbic acid
(a potent but unstable antioxidant) was immobilized onto nano-hydroxyapatite
particles within a carboxymethyl cellulose gel [126]. This experimental
formulation showed greatly improved photo-stability and thermal stability of
vitamin C, meaning the CHA protected the vitamin from degradation. When
tested, this CHA-based nanocarrier not only preserved the active ingredient
but also was found to be safe on skin cells, with no cytotoxicity observed up
to 50 ug/mL and excellent biocompatibility [ 126]. Another academic example
is the use of CHA in wound healing ointments or dressings: studies have
combined hydroxyapatite with polymers like chitosan to make hydrogel
creams that can be applied on burns or chronic wounds. These composite
creams aim to harness CHA’s ability to stimulate tissue regeneration; for
instance, CHA/chitosan gels have shown synergistic effects in promoting
collagen synthesis and angiogenesis in injured skin [64]. While these are not
commercial products yet, they demonstrate the experimental use of CHA in
semi-solid topical formulations for skin repair.

Additionally, CHA has been compared to other calcium-based compounds
in lab studies. One study examined a cream containing calcium carbonate vs.
one with calcium hydroxyapatite for treating skin dryness, and it was noted
that the CHA cream had a more sustained moisturizing effect (presumably
because CHA is less soluble and remained as a reservoir of calcium on the
skin). These comparative explorations suggest that CHA may offer
advantages over simpler minerals in topical use, combining the desirable inert
properties of an earth mineral with a degree of biofunctionality.

Looking ahead, CHA holds exciting potential for innovative skincare and
dermatological applications. One promising avenue is the integration of CHA
into advanced delivery systems, such as nanoparticles and other
biocompatible carriers. Given CHA’s ability to bind and stabilize various
molecules, it could serve as a nano-reservoir for active ingredients in future
creams. More realistically, CHA may find uses in specialty dermocosmetics
like anti-pollution creams (where CHA could bind heavy metals or pollutants
on the skin surface due to its adsorptive capacity) or in antimicrobial creams
(CHA doped with silver or copper could slowly release those ions for anti-
bacterial effect on acne-prone skin). The dopability of hydroxyapatite is well-



known in biomaterials research — ions like Zn?*, Cu?', Ag', Sr*" can be
substituted into the CHA lattice to impart specific biological effects. In a
future personalized skincare context, one could customize a CHA-based
cream: e.g., Zn-doped CHA for someone with oily, acne-prone skin (providing
zinc’s anti-inflammatory benefit) or Sr-doped CHA for someone with
sensitive skin (strontium is known to soothe irritation). These doped variants
would retain CHA’s overall biocompatibility while tailoring the trace ionic
milieu to the skin’s needs — a very fine-tuned approach to skincare. As
research progresses, it is clear that CHA is not just a passive “mineral filler”
but a versatile platform. Its use in cosmetics is still in early stages, but given
the positive safety profile and multifunctionality, we expect to see calcium
hydroxyapatite feature prominently in next-generation dermocosmetic
products that aim to blur the line between cosmetic and therapeutic. In
summary, CHA’s future applications could range from being a carrier for
advanced actives, a post-treatment skin rejuvenator, to a component of smart,
bio-interactive creams that adapt to and heal the skin — fulfilling the promise
of truly functional skincare rooted in biomaterial science.



2. EXPERIMENTAL
2.1. SYNTHETIC PROCEDURES
2.1.1. Synthesis of bulk calcium hydroxyapatite

Calcium nitrate tetrahydrate (Ca(NO3),-4H,0, >99%, Roth) and diammonium
hydrogen phosphate ((NH4).HPO4, >98%, Roth) were utilized as precursors
for the synthesis of pristine ACP. Iron nitrate nonahydrate (Fe(NO3);-9H-0,
>98%, Roth), copper nitrate trihydrate (Cu(NO3)2-:3H,0, >99.5%, Roth) and
zinc nitrate hexahydrate (Zn(NOs),-6H>0, >99.5%, Roth) were used for the
synthesis of Fe-, Cu-, and Zn-substituted calcium hydroxyapatite samples,
respectively. Magnesium nitrate hexahydrate (Mg(NO3)2:6H>0, >98%, Roth),
manganese nitrate tetrahydrate (Mn (NO3),-4H,O, >98%, Roth), strontium
nitrate (Sr(NOs)2, >98%, Roth), and barium nitrate (Ba(NO3),, 299 %, Roth)
were used for the synthesis of Mg-, Mn-, Sr- and Ba-substituted calcium
hydroxyapatite samples, respectively. Wet precipitation synthesis was
applied, and Ca to P ratio was kept as 1.5:1, for the synthesis of ACP. Firstly,
1 M Ca?' nitrate solution was prepared by dissolving metal salt in deionized
water. The pH of 0.5 M (NH4),HPOj4 solution was adjusted to 10 by adding
concentrated ammonia solution (NH4OH, 25%) under a constant mixing.
After mixing of Ca(NOs); and (NH4),HPO4 and aging for 10 min, the obtained
precipitates were washed with deionized water and isopropanol and dried in
an oven at 50 °C overnight. Finally, the obtained ACP was ground in an agate
mortar and annealed in a furnace at 700 °C for 5 h (air atmosphere, heating
rate of 5 °C/min) in order to induce the crystallization of tricalcium phosphate
(a-TCP).

The synthesis of CHA, Fe:CHA, Cu:CHA, Zn:CHA, Mg:CHA, Mn:CHA,
Sr:CHA and Ba:CHA samples was performed via a phase transformation of
a-TCP in an aqueous solution. The synthesised a-TCP was used as a precursor
for the hydrothermal synthesis of doped and un-doped CHA samples. The a-
TCP powders (0.3 g) were placed in 90 ml PTFE liner to which aqueous
solutions of various metal salts with different concentrations (20 ml) were
added. The vessels were sealed in stainless steel reactors, transferred to a pre-
heated oven and maintained at 200 °C for 3 h. Subsequently, the vessels were
cooled down to room temperature. The samples were filtered, washed with
ethanol and acetone, and dried at 50 °C overnight.



2.1.2. Synthesis of calcium hydroxyapatite coatings

The synthesis of the CHA porous layers was carried out on Ti (Thermo
Scientific; 1.0 mm thick, 99.2%; CAS 7440-32-6) wafers, which were laser
cut (1x1 cm) in the open access mechanics centre. The titanium wafers were
mechanically abraded to remove the oxide film formed in the air and surface
scratches. The titanium plates were mechanically abraded with sandpaper of
different grit sizes (1000-2500 grit). The plates were scrubbed for 1 min on
each side. The plates were then chemically treated by soaking for 30 minutes
at 70°C in a solution of 96% 5 ml H,SO4 and 7% 0.35 ml HCI. After soaking,
the plates were washed in an ultrasonic bath with distilled water and ethanol
for 5 minutes. The cleaned plates were dried overnight at room temperature.
The prepared plates were used for the synthesis of CaCO;3; and CHA.

For the preparation of the solution, 11.807 g of Ca(NOs3),-4H,O was
weighed and dissolved in 100 ml of ethanol (99.8%). Concentration was 0.5
mol/l. The solution was subjected to magnetic stirring at a temperature of 30°C
until complete dissolution was confirmed. The submerged plates were then
placed in a furnace, manufactured by Nabertherm, for heat treatment. A CO»-
rich environment within the furnace was established by positioning ceramic
plates coated with activated carbon adjacent to the submerged plates. The
furnace was programmed to elevate its internal temperature from an initial
20°C to 550°C at a rate of 3°C/min. Upon reaching 550°C, this temperature
was maintained for a duration of 5 h. During the reaction, Ca(NOs), was
thermally decomposed into CaO, followed by a reaction of the CaO with the
CO; to form calcite. Before removal from the furnace, the furnace was cooled
by lowering the temperature to 20°C at a rate of 3°C /min.

For the synthesis of CHA, a solution was prepared by weighing 0.14 g of
Na,HPO, and 0.6057 g of TRIS (C4H1:1NOs) buffer. The weighed materials
were dissolved in 100 ml of distilled water. The solution was stirred on a
magnetic stirrer until dissolved and maintained at 30°C. The pH of the solution
was alkaline (approximately 9-10). After the dissolution of the materials, the
solution was poured onto CaCOs-synthesised plates and soaked for 7 days at
80°C. After removal from the solution, the samples were washed with distilled
water, dried and used for further analysis. The formation of CHA follows this
reaction:

10 CaCOs; + 6 Na,HPO4 + 2 H,O = Calo(PO4)6(OH)2 + 8 NaHCO; + 2
Na,COs;

In order to introduce Cu®* ions, a mixture of Ca(NOs), and Cu(NOs), was
prepared at a concentration of 0.5 mol/l. 5.9036 g of Ca(NO3),-4H,O and



5.814 g of Cu(NOs),:2.5H,0 (Sigma-Aldrich) were weighed. The substances
were dissolved in 100 ml of ethanol. After the solution has been prepared, the
chemically and mechanically treated titanium plates were dropped into the
solution in a porcelain dish to submerge. This was then heated in an oven
under a CO; atmosphere in a previously mentioned manner. After the heating
procedure, the plates were dipped into a solution of 0.14 g Na,HPO4 + 0.6057
g TRIS buffer (dissolved in distilled water) and soaked for one week at 80°C.
A similar procedure was repeated for the introduction of Zn?" ions (weighed
7.4365 g Zn(NOs),-6 H,O; Chempur). To successfully alloy Zn?* ions, the
synthesis was also carried out by direct dropping of already synthesised CHA
onto titanium plates into Zn(NO3),-6H,O solution. 7.4365 g of the material
was weighed and dissolved in 100 ml of distilled water. A further modification
of the Zn-CHA synthesis was also performed. First, CaCO3; was synthesised
according to the methodology described for the synthesis of CaCOs on Ti
substrates, then Ti plates containing the synthesised calcium carbonate were
dipped into a solution of 0.14 g Na,HPO4 + 0.6057 g TRIS buffer + 7.4365 g
Zn(NO3)»:6 H,O, which was prepared by dis-solving these materials in
distilled water.

2.1.3. Preparation of creams

For the preparation of creams, the following reagents and their concentrations
(%) were used: synthesized CHA, Fe:CHA, Cu:CHA, and Zn:CHA samples
(0.1%), isopropyl myristate (8%) (Sigma-Aldrich, > 90%)), stearic acid (1.5%)
(Sigma-Aldrich, > 98%), petrolatum Vaseline® (0.5%) (Sigma-Aldrich, >
98%), sunflower oil (1%) (Sigma-Aldrich), eumulgin B25 (1.5%) (Sigma-
Aldrich, > 98%), cetyl alcohol (4%) (Sigma-Aldrich, > 99.5%), betaine (2%)
(Sigma-Aldrich, > 98%), glycerol (20%) (Sigma-Aldrich, 99%),
phenoxyethanol (1%) (Sigma-Aldrich, > 99%), ethanol (2%) (Vilniaus
degtine, 92%), and deionized water (58.4%). The oil phase was melted in a
separate beaker with slow stirring and heating of the fat phase raw materials
up to 75-80 °C. The aqueous phase raw materials were also mixed and heated
to 75-80 °C. Both phases, after the ingredients have been evenly mixed and
reached a uniform temperature in the range of 75-80 °C, were combined by
pouring the oily phase into the aqueous phase. After joining, homogenization
was performed at 2000-3000 rpm for 2 min, maintaining the same
temperature. The mixture was cooled to 35°C while stirring and the
temperature-sensitive ingredients were added. The phases were combined by
homogenization for 2 min using 2000-3000 rpm.



2.2. CHARACTERIZATION

A Rigaku MiniFlex II diffractometer emitting Ni-filtered Cu Ka radiation and
working in Bragg-Brentano (0/20) geometry was applied to collect powder X-
ray diffraction data. During the data collection, 20 angle was changed from 10
to 60°, step width of 0.01° and scanning speed of 5°/min were applied. Raman
spectra were recorded at room temperature using a combined Raman and
scanning near-field optical microscope (SNOM) WiTec Alpha 300 R
(Germany) with a 532 nm excitation laser source (power 40.9 mW). Infrared
(FTIR) spectra were recorded using a Bruker ALPHA ATR spectrometer in
the range of 4000—400 cm'. A Hitachi SU-70 field-emission scanning
electron microscope (FE-SEM) was used to study the surface morphology of
the samples. For the elemental analysis, the samples were dissolved in 5%
nitric acid (HNOs, Rotipuran® Supra 69%, Carl Roth) and diluted to
appropriate volume. Calibration solutions were prepared by an appropriate
dilution of the stock standard solutions (single-element ICP standards 1000
mg/L, Carl Roth). Perkin Elmer Optima 7000 DV ICP-OES spectrometer was
used for the determination of elemental composition of the samples.

The stability of the synthesised cosmetic products was evaluated by
applying centrifugal force to the dispersion system. The centrifugation
stability test was performed by weighing an equal amount of each sample into
centrifuge tubes, which were placed in the centrifuge drum and subjected to a
centrifugal force of 3000 rpm for 5 min. After the test, phase separation was
assessed visually.

The determination of CHA, Fe:CHA, Cu:CHA, and Zn:CHA cream
samples’ cytotoxicity toward osteoblasts (U2-OS line) was performed using
normative method (ISO 10993: Biological evaluation of medical devices; Part
5: Tests for in vitro cytotoxicity; Part 12: Biological evaluation of medical
devices, sample preparation and reference materials (ISO 10993-5:2009 and
ISO/IEC 17025:2005). The conditioned medium was obtained by 24-hour/37
°C incubation of 200 mg of sample in 1 ml of reference medium for osteoblast
culturing (the Dulbecco’s Modified Eagle’s Medium High Glucose [DMEM]
supplemented with 10% of fetal bovine serum). The same sample weight of
creams was introduced to the medium and emulsified using 1% DMSO. The
osteoblasts were cultivated with conditioned medium for 24 hours. The
normative Neutral Red method was performed to assess the osteoblasts’
viability. The growth control were osteoblasts cultured in non-conditioned
DMEM medium. 70% ethanol was applied for the positive control for cell
death. The test was repeated six times. Statistical analysis was performed
using GraphPad Prism 10.0 software. The normality of distribution was



verified using Shapiro—Wilk’s test. To evaluate statistical significance, the
ANOVA test with post hoc Dunnett’s multiple comparison (0.05) was
performed.

Substances for experiments’ usability control: gentamycin sulphate
(Sigma-Aldrich), fluconazole (Pfizer Chemicals) as antibacterial and
antifungal agents, respectively, and 70% ethanol as substance of proven
cytotoxicity toward eukaryotic cells. American Tissue and Cell Culture
(ATCC) reference cell line applied: osteoblasts U2-OS (Sigma-Aldrich).
ATCC reference microbial cells applied: bacteria Staphylococcus aureus 6538
(Merck) and Pseudomonas aeruginosa 27853 (Merck); fungus: Candida
albicans 10231 (Sigma-Aldrich).

Evaluation of the antibacterial properties of synthesised coatings on Ti
substrates were tested using the inhibition zone method in the presence of
Gram-negative Escherichia coli and Gram-positive Bacillus subtilis bacteria.
Microbiological tests were conducted after 24 hours of incubation at 37°C.



3. RESULTS AND DISCUSSION

3.1. OVERVIEW OF CATIONIC SUBSTITUTION EFFECTS IN
CALCIUM HYDROXYAPATITE ON BIOPROPERTIES

It is clear that metal-modified phosphates have improved the antibacterial and
antifungal properties of bioceramics. We reached this conclusion in our
recently published review article. A special improvement of bioproperties is
observed when silver, copper, iron and zinc ions are introduced instead of
calcium into the structure of CHA. The influence of silver ions has been
studied very thoroughly. It was shown that a minor amount of silver dopant
cannot alter the microstructure, stability, and crystallinity of the CHA
structure in an implant and has a significant effect on the new bone formation
and bone remodelling processes [127].

However, there is still a lack of excellent technological solutions for
obtaining a good quality of copper, iron and zinc ions-substituted CHA.
Previous studies indicated that Fe can have an inhibitory effect on osteoblast
mineralisation in vitro. CHA samples substituted for Fe** were synthesised by
different synthesis methods and characterised [128, 129]. CHA samples
substituted for Fe were also tested for their biocompatibility, antibacterial
property, drug release capability, cell adhesion and division on human
osteosarcoma cells (MG-63) [130, 131]. The drug release profile was tested
for one of the most effective and widely used drugs methotrexate for the
treatment of various cancers and rheumatoid arthritis. More sustained and
controlled drug release has been observed with increased iron concentration
in CHA. Furthermore, antibiotic-loaded iron-substituted CDHA is highly
suitable for clinical orthopaedic applications and for theranostics [132]. CHA,
when substituted with iron, showed UV protection properties and was used to
make sunscreen creams [133]. The superparamagnetic properties of
microspheres can enable smart mechanisms for the on-demand release of
therapeutic factors in situ by low alternated magnetic signals. Recently,
magnetic BG (45S5) based scaffolds covered with Fe loaded CHA
nanoparticles were obtained and their cytotoxicity was investigated [134].
Overall, the results obtained suggested that magnetic Fe-CHA coatings seem
to enhance the biological performance of 45585 BG based scaffolds.

The biomedical properties of these Cu-substituted different phosphates
were also investigated. Copper-substituted BCP ceramic showed
biocompatibility with bone marrow cells [135]. The good adherence with Cu-
doped BCP samples is highlighted in Fig. 3.



Fig. 3. Bone marrow adherent cell (black arrows) after 8 days of culture on a
Cu-doped biphasic calcium phosphate ceramic disk [135].

Novel copper-doped mesoporous hydroxyapatite microspheres (Cu-
MHMs) were successfully synthesised by using a microwave-assisted
hydrothermal method using creatine phosphate as the organic phosphorus
source [136]. Cu-MHMs consisting of CHA nanorods/nanosheets as building
blocks exhibited a hollow mesoporous structure and a high specific surface
area, which made them promising for drug delivery and for the application in
repairing massive bone defects. Copper-containing phosphate coatings on
different bone implants were also fabricated and investigated [137, 138]. In
vitro characterisation on bioactivity and biocompatibility of copper-doped
hydroxyapatite coatings deposited on the Ti6Al4V alloy with increasing
copper content was evaluated under simulated body fluid (SBF) and
cytotoxicity tests [138]. The cytotoxicity evaluation using MTT assays
showed that the 3 mol% Cu-CHA coating was not toxic under in vitro
characterizations.

Numerous investigations have highlighted that zinc-containing phosphate
compositions are also innovative as biomaterials to fill bone cavities, can be a
matrix for cells and have an antibacterial effect that supports regeneration of
damaged tissue [139]. ZnO-doped CHA samples showed increased bone
mineral formation [140]. Zinc-based degradable biomaterials have recently
appeared due to their biocompatibility, biodegradability, and pro-regeneration



properties [141, 142]. For bioimplants, however, phosphate-based ceramic
materials have been investigated and used. CHA doped with Zn showed non-
toxic characteristics with enhanced MG-63 cell proliferation activity. The
results suggested that 1 mol% Zn-CHA scaffolds may have enormous
potential in bone repair and regeneration. Zinc-doped CHA showed the
desired strength, bioactivity, and degradation to suit a variety of implant
applications [143]. In conclusion, Zn-doped CHA enhanced the radiation
effect on breast cancer cells [144]. CHA samples doped with Zn were also
designed for dental applications, osteogenic differentiation of hMBC, and
functionalisation of different implant alloys [145-147].

Thus, the breakthrough on further metal-substitution studies in CHA is
necessary for surgeons to have dental implants, knee, or hip implants with
excellent biocompatibility on hand. Scientists have to turn to this area of
research again, because so far we only know about the sufficiently effective
biological effects of these metal ions and about the possibility of using
phosphates containing them in the treatment of dental canals or osteoporosis.
The recent results suggested that the variation in surface morphological
structure of metal-substituted CHA could be effective tool in hindering
bacterial growth. This insight may contribute to the development of
antibacterial scaffolds. Thus, different cationic and structural modifications of
CHA could be useful for providing antibacterial activity to various
biomaterials.

3.2. TAILORING CALCIUM HYDROXYAPATITE MORPHOLOGY
VIA SUBSTITUTION EFFECTS OF DIVALENT/TRIVALENT CATIONS

In this part, the hydrothermal synthesis method to produce CHA of controlled
morphology without the use of organic additives was developed. The
influence of smaller (Mg, Mn**) and larger (Sr**, Ba*") ions on the hydrolysis
of a-TCP and crystal growth of CHA particles was investigated.

3.2.1. Investigation of calcium hydroxyapatite formation in the presence of
smaller (Mg**, Mn?") and larger (Sr**, and Ba*") ions

Four series of hydrothermal syntheses with varying amounts of Mg**, Mn*",
Sr?*, and Ba®" ions were carried out to investigate the influence of foreign ions
on the hydrolysis process of a-TCP. The ionic radii (CN = 6) of the foreign
ions applied in this study increase in the following order: Mg?" (0.72 A) <
Mn?* (0.83 A) < Sr** (1.18 A) < Ba®>" (1.35 A) [148]. Fig. 4 shows the
representative powder XRD patterns of the samples prepared under different



synthetic conditions in the presence of divalent cations. At lower temperature
(120 °C), the smaller cations had the highest impact on the hydrolysis process
of a-TCP. Even at concentration as low as 0.1 mol %, the presence of Mg?**
ions induced the formation of small amount of B-TCP secondary phase. This
effect became more evident with increasing Mg concentrations, and 5 mol%
of Mg?" hindered the hydrolysis process completely, and only starting a-TCP
could be identified in the XRD pattern of Mg-5-120. The inhibitory effect of
Mg on the CHA crystal growth and its preference for the -TCP structure has
been reported previously. Unlike in the case of Mg?', the lowest Mn**
concentration (0.1 mol%) did not induce the formation of B-TCP; however,
the presence of B-TCP became evident in the sample Mn-0.5-120. Higher
concentrations of Mn?* ions (1, 5, and 10 mol% of Mn?*) completely inhibited
the hydrolysis of a-TCP. That is, even if the lowest Mg concentration (0.1
mol%) was enough to cause the formation of some B-TCP along with the
major CHA phase, higher concentrations of Mn had a more prominent effect
on the o-TCP hydrolysis, and a lower concentration of Mn?* than Mg?* is
sufficient to completely hinder the process of CHA formation under the
hydrothermal treatment at 120 °C.

Sr?* ions had the lowest effect on the hydrolysis of a-TCP: single-phase
CHA was obtained with even 1 mol% of this cation present in the synthesis
mixture; however, higher concentrations of Sr retarded the hydrolysis process
and induced the formation of B-TCP.
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Fig. 4. XRD patterns of the samples after hydrothermal treatment at 120 °C
for 3 h and at 200 °C for 5 h. Varying concentrations of smaller and larger
ions were used as additives: (a) Mg-x-120 and Mg-x-200; (b) Mn-x-120 and
Mn-x-200; (¢) Sr-x-120 and Sr-x-200; and (d) Ba-x-120 and Ba-x-200.



Finally, the Ba®" ions had an inferior effect: concentration of 0.5 mol%
resulted in the formation of some B-TCP while 5 mol% of Ba®" prevented the
hydrolysis process completely.

The obtained results indicate that the formation of B-TCP in an aqueous
medium can be promoted by the presence of foreign ions. Increased
temperature and time of the synthesis resulted in an increased crystallinity of
the final products which is seen from sharp diffraction peaks. Interestingly, it
appeared that Ba®>" had similar impact as Mg?" under milder conditions, but
higher temperature and longer process revealed significant differences
between the effect of these cations.

Several distinct bands at around 940—1180 ¢cm™ and around 500660 cm!
were observed in all FTIR spectra of the synthesised samples. Bands centred
at ca. 1023 and 1090 c¢cm™ are assigned to asymmetric P-O stretching
vibrations (v3), while the band with a peak at 960 ¢cm™ corresponds to
symmetric P—O stretching vibrations (vi) of CHA [149]. The results of FTIR
spectroscopy are in a good agreement with the results of the XRD analysis.

Elemental analysis of the final products was performed by means of ICP-
OES in order to determine if the foreign ions from the solution transfer to the
obtained powders during the hydrolysis reaction and to estimate the
incorporation level of these ions as compared to the initial M-to-Ca ratios.
ICP-OES analysis revealed that only a limited amount of foreign ions was
incorporated into the final products. It is obvious that for smaller ions (Mg?*
and Mn?"), the discrepancies between the initial and final (in obtained
powders) molar ratios were less significant as compared to those of Sr** and
Ba*". The actual percentage of Mg?" and Mn?* ions was in good agreement
with the initial ratios of cations in the reaction mixture up to 5 mol%, which
indicates that during the hydrolysis of a-TCP these ions are transferred to the
synthesis products. An increasing concentration of these ions in the reaction
solution only slightly increased their content in the obtained powders. In the
case of Sr**, appreciably higher discrepancies were observed, which indicates
that after the reaction a significant amount of Sr?>* ions remained in the
solution. For instance, the reaction performed with 5 mol% resulted in the
product containing only about a half of this amount. Of all the metals studied,
Ba*" ions were characterized by the lowest ability to incorporate into the
obtained product. The difference between the initial ratios of cations and the
actual molar ratio varied in the range from 34% to 84% being higher for
samples with high initial concentration of Ba?*. Whereas Ba®" can partially
substitute Ca*" in CHA, only small quantities of Ba>" can be introduced into
the CHA structure in an aqueous solution. This is due to the large radius of



this ion. Hence, a limited amount of Ba?* detected in the final product is not
surprising.

Morphology of the prepared powder particles was examined by scanning
electron microscopy. Figs. 5 and 6 show the SEM images of higher
magnification with details of the selected samples. Differences in morphology
depending on the synthesis conditions could be seen in the SEM images of the
samples. Hydrothermal treatment at 120 °C with 0.1 mol% of various cations
resulted in the formation of plate-like crystals. When higher concentrations of
metal ions are introduced into the reaction mixture, the formation of both
plate-like and hexagonal rod-like particles occurred. In some cases, self-
assembly of the rods into flower-like structures was observed. Under the
hydrothermal treatment at 200 °C, the formation of the rod-like together with
plate-like crystals occurs even when lowest investigated concentration (0.1
mol%) of metal ions is introduced to the reaction mixture. Increasing metal
concentrations go hand in hand with an increased fraction of rod-like particles.

Fig. 5. SEM images of the samples after hydrothermal treatment at 120 °C for
3 h: (a) Mg-0.1-120; (b) Mg-1-120; (c) Mn-0.1-120; (d) Mn-1-120; (e) Sr-1-
120; (f) Sr-5- 120; (g) Ba-0.1-120; (h) Ba-1-120.



Fig. 6. SEM images of the samples after hydrothermal treatment at 200 °C for
5 h: (a) Mg-0.1-200); (b) Mg-5-200; (¢) Mn-0.1-200; (d) Mn-5-200; (e) Sr-
0.1-200; (f) Sr-5-200; (g) Ba-0.1-200; (h) Ba-5-200.

The sample prepared with 5 mol% of Ba>* consisted of hexagonal rod-like
particles only. Taking into account the most prominent influence of Ba*" ions
on the formation of rod-like CHA crystals, an additional series of experiments
with varying Ba*" concentrations (1, 2, 3, and 4 mol%) were performed at 200
°C. The samples prepared with 1 and 2 mol% of Ba?* still contained some
plate-like structures (see Fig. 7).

Fig. 7. SEM images of the samples after hydrothermal treatment at 200 °C for
5 h: a), b) a-TCP-Ba (1 mol%); c), d) a-TCP-Ba (2 mol%); e), f) a-TCP-Ba
(3 mol%); g), h) a-TCP-Ba (4 mol%).

No such structures were observed in SEM images of the sample prepared
with 3 and 4 mol% of Ba**, these samples were comparable to that prepared



with 5 mol% of Ba*" and consisted of rod-like particles. The average diameter
and length of the rods were around 0.2 and 4 um, respectively. The
concentration of Ba*" ions did not significantly affect the dimensions of the
obtained CHA rods.

These results indicate clearly that the morphology of the final products
depends on the conditions of the hydrothermal synthesis, but the concentration
and nature of the foreign ion play a key role in this process. According to other
studies, the differences in morphological features of CHA samples appear
because of the varying inhibiting effect of the substituting ion, as well as due
to the formation of defects and strains in the CHA lattice [150, 151].

In conclusion, by applying divalent cations as controlling agents for the
hydrothermal synthesis, morphology control of doped calcium-deficient
hydroxyapatite ~was achieved. Hydrothermal synthesis conditions
(temperature, time) affected the phase purity and morphology of the final
products, but the nature and concentration of the foreign ions were the main
factors determining the characteristics of the products. Smaller ions (Mn** and
Mg?") were found to have a stronger inhibiting effect on the hydrolysis process
of a-TCP as compared to larger ions (Ba*" and Sr**). Higher temperatures and
longer reaction times lead to the formation of single-phase CHA in the
presence of higher concentrations of the metal ions. This was especially
notable in the case of Ba*" and Sr**. Moreover, increased temperature and time
of the hydrothermal synthesis resulted in an increased crystallinity of the final
products. Samples consisting of solely plate-like (exposed c-planes) or rod-
like (exposed a(b)-planes) CHA crystals were obtained by modifying the
synthesis conditions.

3.2.2. Investigation of calcium hydroxyapatite formation in the presence of
Fe**, Cu*" and Zn*'ions

CHA and metal-substituted samples Fe:CHA, Cu:CHA, and Zn:CHA were
also synthesised using above developed method. Fig. 8 shows the powder
XRD pattern of non-substituted CHA sample prepared by hydrothermal
synthesis via a phase transformation of a-TCP in an aqueous solution. All
diffraction lines are indexed confirming that monophasic CHA was obtained.
The XRD patterns of metal-substituted samples (Fe:CHA, Cu:CHA and
Zn:CHA) are presented in Fig. 9.
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Fig. 8. XRD pattern of CHA prepared by hydrothermal synthesis via a phase
transformation of a-TCP in an aqueous solution.

In the presence of Fe’" and Cu®" ions, the formation of different TCP
phases (B-TCP and a-TCP) as secondary phases is evident. Unlike Fe*" and
Cu?" ions, Zn** ions did not induce the formation of B-TCP or a-TCP.

FTIR spectra of all synthesised samples were very similar, regardless of
metal substitution as shown by two representative FTIR spectra of CHA
samples (Fig. 10). These FTIR results again are in a good agreement with the
XRD data. The results of the elemental analysis of the synthesised specimens
are summarized in Table 1. ICP-OES analysis revealed that only small
amounts of Fe** and Cu?" ions were incorporated into the final products. It is
evident that Zn*>" ions almost completely substituted Ca*" ions in the CHA
structure.



Intensity (a. u.)

Fig. 9. XRD patterns of Fe:CHA, Cu:CHA, and Zn:CHA samples.
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Fig. 10. FTIR spectra of Cu:CHA (bottom) and Zn:CHA (top) samples.

Table 1. Metal concentrations determined by the ICP-OES analysis of the
samples obtained at 200 °C for 5 h (standard deviations in parentheses).

Theoretical Determined amount, mol%
Sample amount foreign
o Ca2+ Fe3+ Cu2+ Zn2+

metal, mol%
CHA 0 99.75(2) | - - -
Fe:CHA 10 90.51(1) | 8.44(2) | - -
Cu:CHA 10 91.02(3) | - 8.70(1) | -
Zn:CHA 10 89.67(2) | - - 10.03(2)

The surface morphology of the synthesised samples was investigated by

SEM. Fig. 11 displays the SEM images of CHA, Fe:CHA, Cu:CHA, and
Zn:CHA samples.



Fig. 11. SEM micrographs of the CHA, Fe:CHA, Cu:CHA, and Zn:CHA
samples obtained by hydrothermal synthesis.

The images reveal small morphological differences depending on the type
of substituent. Hydrothermal treatment of non-substituted a-TCP at 200 °C
resulted in the formation of differently oriented and slightly agglomerated
plate-like crystals of CHA. The individual particles were approximately 50
nm in size. When metal ions were introduced into the reaction mixture, the
formation of plate-like particles with additional shapes and a higher degree of
agglomeration occurred. The Fe**-containing sample consisted of plate-like
and needle-shaped particles of similar size (~50 nm). The sample with 10
mol% Cu*" featured large plate-like structures with smaller particles evenly
distributed on the plate surfaces. In the case of Zn*"-substituted CHA, the
powder comprised both plate-like and fibrous particles, ranging in size from
50 to 100 nm.

Finally, by applying Fe**, Cu*" and Zn?' cations as controlling agents for
the hydrothermal synthesis, the morphology control of CHA was achieved.
Notably, it highlights the phase purity of CHA and Zn:CHA (in the presence
of Fe*" and Cu?" ions, the a- and B-TCP phases have formed). The synthesised
nanosized CHA, Fe:CHA, Cu:CHA, and Zn:CHA samples were used as



additives in the preparation of skin creams. These results will be discussed in
the next part of the dissertation.

3.3. LOW-TEMPERATURE SYNTHESIS OF CALCIUM
HYDROXYAPATITE COATINGS

In the present part of PhD thesis, the low-temperature synthesis of substituted
calcium hydroxyapatite with copper and zinc ions on titanium substrates was
performed. XRD analysis, FTIR and Raman spectroscopies, and SEM were
employed to evaluate the phase composition, surface functional groups,
crystallinity, and morphology of the coatings. Antibacterial properties of the
coatings were tested using the inhibition zone method.

3.3.1. Synthesis and characterization of calcium hydroxyapatite coatings

The synthesis of the CHA porous layers was carried out on Ti wafers. The
prepared plates initially were used for the synthesis of CaCOs coatings.
Crystalline calcium hydroxyapatite was then synthesised from these CaCO3
coatings through the dissolution-precipitation method at low temperature (80
°C). The phase composition of the coatings was determined by XRD. The
XRD patterns showed that a layer of CaCO; was formed on the Ti substrate.
At 26 = 29.4°, the most intense peak characteristic of calcite (CaCO3) was
visible. The data were in a good agreement with literature [152]. As was
already mentioned, CHA was then synthesised from these CaCOs coatings
through the dissolution-precipitation method. The XRD results clearly showed
the formation of CHA with characteristic reflections in the 31-32.5° 20 angle
range (see Fig. 12).
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Fig. 12. XRD pattern (top, left), Raman spectrum (top, right), FTIR spectrum
(bottom, left) and SEM micrograph (bottom, right) of a calcium
hydroxyapatite coating on a Ti substrate. Diffraction reflections: * - HAP
[PDF: 96-431-7044]; & - Ti [PDF: 96-901-6191]; + CaCOs [PDF: 96-154-
7348].

The peaks of CaCOs are also identified, proving that some CaCOjs still
remains unreacted. In addition, intense diffraction peaks of the Ti substrate
are visible. Thus, it can be concluded that a layer of calcium hydroxyapatite
has formed on the titanium substrate. Fig. 12 also shows Raman spectrum of
CHA coating. The PO4* peaks at 590, 950, 1085 cm™! of the phosphate group
oscillations belong to CHA. The peak around 285 cm'! is attributed to Ca-PO,
and Ca-OH bonds. The FTIR spectrum of the calcium hydroxyapatite layer on
a Ti substrate is also depicted in Fig. 12. The FTIR spectra shown here identify
absorption peaks for POs* (560-600 cm™, ~600 cm™ and 1000-1100 cm™),
OH- (3600-3500 cm™ and 630 cm™), COs* (1460-1530 cm™), as well as for
HPO4* (610-615 cm™) [149]. Thus, it can be concluded that the Raman and
FTIR spectroscopy results obtained confirmed the X-ray diffraction data for
the successful formation of Caio(PO4)s(OH): coatings on the Ti substrate. The



morphological features of CHA coatings were investigated by SEM.
Hexagonal CHA particles of 20 nm in size were formed at low temperature.
A particular morphological feature of the synthesised CHA (Fig. 12) is that a
very high degree of homogeneity and distribution of particle size is achieved.

3.3.2. Synthesis and characterization of Cu?- and Zn?*-substituted calcium
hydroxyapatite coatings

The phase crystallinity and purity of Cu?’-substituted CHA specimens
synthesised by low-temperature sol-gel and dissolution-precipitation method
were also investigated by means of XRD analysis. It was determined, that
during the heating of mixture of Ca(NO3), and Cu(NOs); solutions in a CO;
atmosphere, in addition to CaCOs;, a copper hydroxide carbonate
Cuz(OH)>COs (malachite) also has formed. It is not surprising, since it is
known that pure CuCOs does not form in an aqueous media under normal
conditions:
2 Cu(NOs3); + COz + 4 NaOH — Cu(OH),COs + 4 NaNOs + H,O

Fig. 13 represents the XRD pattern of the CHA coating where Ca** ions
are substituted by Cu** ions.
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Fig. 13. XRD pattern of the Cu-CHA coating obtained on the Ti substrate.
Diffraction reflections: * - CHA; ¢ - Ti.



The XRD results indicate that the low-temperature dissolution-
precipitation method can be successfully used for the synthesis of partially
Cu?* ion-substituted CHA. Treatment of CaCOs containing a small amount of
impure Cuz(OH),CO; with sodium hydrogen phosphate produces copper
substituted Cu-CHA:

10-x CaCOs + x CU2(OH)2CO3 + 6 Na,HPO4 + 2 H,O =

CaoxCux(POs)s(OH), + x Cu(OH), + 8 NaHCO; + 2 Na,CO;

Fig. 14 represents the Raman spectrum of a CHA coating substituted with
Cu?* ions.
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Fig. 14. Raman spectrum of the Cu-CHA coating obtained on the Ti substrate.

In this Raman spectrum, the band at 428 cm™ of the phosphate group
vibrations are visible, while the bands at 590, 607 cm™! also belong to the PO4**
asymmetric vibrations of the CHA. The band at 957 cm™ corresponds to a
fully symmetric stretching of PO4*. The sharpness of this band confirms a
good crystallinity of the Cu-CHA coating [153].

However, the formation of CHA coatings substituted with Zn*" ions by the
above preparation method did not proceed. The results presented in the XRD
pattern of the coating synthesised by the low-temperature dissolution-
precipitation method (by forming mixed carbonates from a mixture of



Zn(NO3)2-6H,0 and Ca(NOs),-4H>O and dropping the product into Na,HPO4
+ TRIS buffer solution) confirmed only formation of calcite which was not
transformed to the Zn-CHA. Therefore, different variations of the proposed
synthesis method were tested to obtain a Zn-CHA coating on Ti substrate. An
attempt was made to synthesise the Zn-CHA coating by direct immersing of
the already synthesised CHA coating on Ti into Zn(NOs), solution. The
reaction was carried out under the same conditions at 80°C for one week. The
XRD pattern of the resulting product is shown in Fig. 15.
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Fig. 15. XRD pattern of CHA doped with Zn®" coatings synthesised by

immersing the CHA coating on Ti in zinc nitrate solution. Diffraction

reflections: e - TiO, [PDF: 96-152-8779]; ¥ - Zn(OH)(NOs)(H,0) [PDF:96-

152-9913].

Unexpectedly, the Zn-CHA did not form, and also the CHA coating dissolved,
although the solubility of CHA is very low. An even more unexpected result was
the formation of almost single phase zinc hydroxide nitrate monohydrate
Zn(OH)(NO3)(H:0) instead of Zn-CHA on the Ti substrate.

The SEM images clearly showed that the addition of copper to the CHA
also changes the morphology of the particles. Instead of the hexagonal 20 nm
particles of CHA, fibrous crystallites with a snowflake shape of about 1 um
have formed (see Fig. 16).
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Fig. 16. SEM micrographs of Cu-CHA (left) of Zn3(OH)4(NOs3), coatings
(right) fabricated on Ti substrate.

The volumetric snowflake crystallites are composed of interlocking
needles between 0.5 nm and 1 nm in size. The morphology of the Zn**-
containing samples synthesised by forming mixed carbonates from a mixture
of Zn(NO3),-6H,0O and Ca(NOs),-4H,O and immersing the product into a
Na,HPO, + TRIS buffer solution differs considerably from that of the CHA
and Cu-CHA. The representative SEM image of this sample is also shown in
Fig. 16. It can be seen that homogeneous coatings with some cracks have
formed. The coatings are composed of planar crystals larger than 1 pm
forming a continuous coating. Few accumulations of smaller particles are also
visible on the Ti surface.

Elemental analysis of the synthesised Cu and Zn containing coatings was
carried out by EDX analysis. The EDX spectra of both samples are presented
in Fig. 17.
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Fig. 17. EDX spectra of Cu-CHA (top) and Zn3(OH)4(NOs) coatings (bottom)
fabricated on Ti substrate.



In the case of Cu-CHA coating, the Ca/P ratio of ~1.62 was found to be almost
identical to the calcium/phosphorus ratio in stoichiometric CHA (1.67). The
molar ratio of calcium to copper was Ca:Cu = 1:0.033, i.e. about 3.3 mol% of the
calcium was likely replaced by copper. The formula for the synthesis product
could be then written Ca9,7Cuo,3(PO4)6(OH)2 or Ca9,85CuO,15(PO4)6(OH)2, if the
reaction produced a further stoichiometric amount of copper hydroxide. From the
EDX measurements of the sample with zinc, the Ca/P ratio determined was
completely unreasonable as it did not correspond to any possible
calcium/phosphorus ratio in known phosphates. Although calcium and
phosphorus were detected in the synthesised coating, XRD analysis failed to
detect calcium phosphate crystalline phases. It is likely that a significant amount
of amorphous calcium carbonate and/or a very small amount of calcium
hydroxyapatite remained in the coating. The EDX spectrum shows that the
coating synthesised contains a significant amount of zinc.

3.3.3. Investigation of antibacterial properties

Evaluation of the antibacterial properties of synthesised coatings on Ti
substrates revealed no zones of CHA inhibition in the presence of Gram-
negative Escherichia coli and Gram-positive Bacillus subtilis bacteria.
Subsequent microbiological tests conducted after 24 h of incubation at 37 °C
demonstrated zones of inhibition in samples containing Cu-CHA when
exposed to a colony of B. subtilis (see Fig. 18). According to existing literature
[154], Gram-positive bacteria possess a negatively charged cell surface and a
substantial peptidoglycan membrane, ranging from 20-80 nm in thickness. In
contrast, Cu** ions are positively charged and adhere to these negatively
charged surfaces, thereby inducing apoptosis in Gram-positive bacteria.
Similar observations on the effects of Cu-doped titanium alloy coatings on
Gram-positive bacteria have been reported in a study by Kalaivani et al. [155].

Fig. 18. Results of antibacterial performance
tests of low-temperature synthesised Cu-
CHA coating on Ti with B. subtilis. Blue
arrow marks inhibition zone.




Fig. 19 illustrates the zones of inhibition associated with samples doped
with Zn*" ions when exposed to a B. subtilis colony. However, no zones of
inhibition were observed in the presence of E. coli.

Fig. 19. Results of antibacterial performance tests of low-temperature
synthesised coatings with Zn*" ions on Ti with (left) B. subtilis and (right) E.
coli bacteria. Blue arrow marks inhibition zone.

Inhibition zone of coating with Cu-CHA coating on Ti were 10.5 mm + 0.5
mm average from 9 measurement, the plate with the Zn3(OH)4(NO3), coatings
were 15 mm + 1.8 mm. Several factors may explain the lack of inhibition
zones in some cases with Cu®** and Zn*' ion coatings. One plausible
explanation is that materials from coatings do not substantially diffuse into the
medium; the fraction that does diffuse exhibits inhibitory effects solely against
B. subtilis. Another possibility is the absence of direct contact between the
metal ions and the bacteria. Alternatively, the concentrations of metal ions
may be insufficient for inhibition.

Titanium and calcium phosphate ceramics have emerged as the gold
standard in orthopaedic applications. Titanium alloys exhibit commendable
mechanical strength and resistance to physiological corrosion, courtesy of an
intrinsic oxide layer. Calcium phosphates, particularly CHA, offer
unparalleled biocompatibility, accelerating biological responses and
promoting strong bone-implant interfaces. When CHA-based ceramics are
implanted, a fibrous layer is formed on the surface of the ceramics, which
helps the implant to bond to the living bone. This stabilises the implant and
anchors it to the surrounding tissue.

In this study, the incorporation of Zn?" ions into CHA was investigated.
Zinc is a critical trace element in humans, constituting approximately 3 g in
the adult body. It serves both catalytic and structural roles in various biological



processes, including metabolism, cell division, and gene transcription. Zinc
deficiency is detrimental, particularly affecting the immune system [156].
Zinc is found as a trace element in bone. Scientific publications have reported
that zinc stimulates bone formation by activating osteoblast proliferation and
differentiation. Zn-CHA also has antibacterial properties against Gram-
negative and Gram-positive bacteria. CaP doped with less than 1 % zinc ions
exhibits effective biological activity [156]. The Zn-CHA samples obtained by
the different methods show a different distribution of zinc in the coating. The
dependence of the Zn-CHA biological response on the zinc content has been
investigated in various experiments. /n vitro adhesion and proliferation studies
have shown that human osteoblast cells respond better to Zn-CHA layers
compared to pure CHA coatings.

Another cation included in our research was Cu?'. The introduction of Cu
ions into the CHA structure also provides antibacterial properties to the CHA,
which reduces the risk of inflammation after implantation. Despite promising
applications in orthopaedics, the literature shows that commercial success is
still a long way off. This is not only due to the burden of the regulatory
processes involved in bringing metal-doped materials to the health market, but
also due to the difficulty in proving the effect of the element experimentally.
Today's challenges are to combine in the same study all the characteristics
related to the element: material studies (chemical composition, phase
composition, formation, biomechanical aspects (brittleness, mechanical
strength and oxidation resistance) and biological aspects (cytotoxicity,
bactericidal, osteogenic and angiogenic properties) [157]. Cu is a trace
element essential for numerous physiological functions, including respiration,
energy production, and tissue formation. It is crucial for bone collagen
maturation and osteoblast function. Key studies have substantiated the
antimicrobial efficacy of Cu-doped CHA [158].

3.4. APPLICATION OF SYNTHESISED CALCIUM
HYDROXYAPATITE SAMPLES IN COSMETICS

The effect of Fe3*, Cu?*, and Zn?* substitution in CHA on the antimicrobial
properties of CHA are summarized in this part of dissertation. Notably, it
highlights the antimicrobial activity of Zn:CHA and Cu:CHA against
Staphylococcus aureus and Candida albicans. The synthesised nanosized
CHA, Fe:CHA, Cu:CHA, and Zn:CHA samples were used as additives in the
preparation of skin creams. /n vitro biological studies of the resulting skin
creams demonstrated their antimicrobial activity against Pseudomonas



aeruginosa, and showed a reduction in osteoblasts cells viability of in the
range of 20—-40%.
The photographs of fabricated cream samples are presented in Fig. 20.

Fig. 20. The photographs of fabricated cream samples using nanosized CHA
(bottom, left), Fe:CHA (bottom, right), Cu:CHA (top, left), and Zn:CHA (top,
right) samples.

From these images, it is evident that the external appearance of all the
creams prepared with different CHA is nearly identical. The morphology of
the cream samples was also appeared almost the same across all formulations,
regardless of the type of calcium hydroxyapatite used. SEM micrographs of
cream samples are presented in Fig. 21. These results clearly indicate that the
morphology of the cream products differs significantly from that of the
hydroxyapatites.



Fig. 21. The SEM micrographs of fabricated cream samples using nanosized
CHA (bottom, left), Fe:CHA (bottom, right), Cu:CHA (top, left), and Zn:CHA
(top, right) samples.

3.4.1.Biocompatibility assessments

The primary focus of this study was to engineer a series of hydroxyapatite-
based materials by incorporating various metals (Zn, Cu, or Fe) to enhance
their antimicrobial properties while maintaining biocompatibility with human
cells. Biocompatibility assessments were carried out using osteoblasts.
Results from osteoblast viability assays (Fig. 22) demonstrate that the
unmodified CHA material did not induce cell death, confirming its
biocompatibility in comparison to the untreated control (C+). Both Fe*'- and
Cu?*-substituted CHA materials also showed no significant cell death, thus
preserving their biocompatibility.
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Fig. 22. The survivability/cytotoxicity of osteoblasts exposed to the provided
powder samples. C+ — growth control, i.e. osteoblasts cultured in non-
conditioned DMEM medium. Bars show level of cellular growth, while
percentage values show cytotoxicity of the specific samples. Asterisks show
statistical significance, while ns — lack of statistical significance.

In contrast, Zn-substituted CHA led to over 30 % cell death in osteoblasts,

indicating potential cytotoxicity.

The analysis of the cream samples (Fig. 23) revealed a more pronounced

effect on osteoblast viability.
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Fig. 23. The survivability/cytotoxicity of osteoblasts exposed to the provided
cream samples. C+ — growth control, i.e., osteoblasts cultured in non-
conditioned DMEM medium. Bars show level of cellular growth, while
percentage values show cytotoxicity of the specific samples. Asterisks show
statistical significance, while ns — lack of statistical significance.

The material without metal additives significantly reduced cell viability;
however, toxicological standards generally consider reductions around or
below 20 % to be insignificant. These findings suggest that creams containing
Cu and Fe are as biocompatible as the sample without metals. In contrast, the
Zn-containing cream, similar to Zn:CHA, showed potential cytotoxicity,
raising concerns about its suitability for clinical or cosmetic applications.



3.4.2. Antimicrobial activity

The antimicrobial efficacy of the materials was evaluated against two bacterial
strains — Staphylococcus aureus (Gram-positive) and Pseudomonas
aeruginosa (Gram-negative) — as well as a yeast strain, Candida albicans,
representing a broad spectrum of common pathogens. The flat, polystyrene
surface of multi-well plate was likely less conducive to microbial growth
compared to the porous hydroxyapatite surface, which may explain the more
robust bacterial growth observed on the latter (see comparison of C+and CHA
in Figs. 24 and 25). Therefore, two comparisons were made to assess
microbial growth reduction for each bacterial pathogen, with the control being
either the polystyrene surface (C+) or hydroxyapatite.

The addition of Zn?* and Cu?* to CHA effectively reduced biofilm
formation in Gram-positive bacteria and yeast but was less effective against
Gram-negative bacteria. In contrast, metal-doped materials in creams were
effective against both bacterial types, with Zn-containing samples also
exhibiting antifungal properties (Figs. 24-26). These differential effects likely
result from the unique cell wall structures and surface charges of the
microorganisms, which influence their interactions with the metal-doped
materials. A summary of the antimicrobial properties is presented in Table 2.
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Fig. 24. Reduction of S. aureus growth resulting from exposure to the
investigated samples: A) and B) powders; C) creams. For powders two charts
were performed with different sets of positive controls (C+ or CHA).
Asterisks show statistical significance, while ns — lack of statistical

significance.
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Fig. 25. Reduction of P. aeruginosa growth resulting from exposure to the
investigated samples: A) and B) powders; C) creams. For powders two charts
were performed with different sets of positive controls (C+ or CHA).
Asterisks show statistical significance, while ns — lack of statistical
significance.
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statistical significance, while ns — lack of statistical significance.



Table 2. Summarized antimicrobial properties of investigated powders and
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creams. — lack of activity; “+” — weak activity against pathogen; “++” —
stronger activity against pathogen.

Material Pathogen

S. aureus P. aeruginosa C. albicans

CHA - — _

Zn:CHA + - ++

Fe:CHA - - -

Cu:CHA + - ++

LL - - -

LL Zn + ++ ++

LL Cu + ++ +

LL Fe + + —

The incorporation of metal-doped hydroxyapatites into dermal creams has
shown promising results, particularly in terms of biocompatibility and
antimicrobial properties. The antimicrobial action of hydroxyapatite is
primarily attributed to its high concentration of calcium ions, which induce
calcium stress in bacterial cells, leading to cell death [159, 160]. This is a
significant finding as it suggests a non-antibiotic approach to controlling
microbial growth, which could be particularly valuable in settings where
antibiotic resistance is a concern. Doping hydroxyapatite with essential metal
ions such as copper, zinc, and iron enhances these antimicrobial effects.
Copper, for example, exhibits potent antimicrobial properties, by disrupting
bacterial cell membranes, leading to cell death. Similarly, zinc ions interfere
with bacterial cell wall integrity and metabolic processes, increasing bacterial
permeability and ultimately causing cell death. These metal ions play crucial
roles in cellular structures such as cell membranes and DNA, and are actively
involved in processes such as electron transfer and catalysis. However,
excessive levels of these metals can be cytotoxic, potentially causing cellular
damage or death [161]. The question of why the antimicrobial effect of Zn,
Cu and Fe:CHA is enhanced when mixed with the creams is complex and
difficult to answer definitively. Several factors may contribute to the increased
antimicrobial effect when metal-doped materials are combined with creams.
For example, improved contact between the materials could be achieved and
could play a role [162]. Additionally, a synergistic effect with the cream
components may also contribute to this behaviour [163]. Regarding
biocompatibility, research indicates that zinc-substituted and copper-
substituted hydroxyapatites are cytocompatible, likely due to the combined



effects of their microporous surface structure and the beneficial release of
ions. Iron-substituted variants also support essential cellular functions for skin
health, such as wound healing and protection against oxidative stress.

Centrifugation tests revealed that the manufactured cosmetic products
remained stable under a centrifugal force of 3000 rpm for 5 minutes. The pH
values of the freshly prepared products fell within the required range of pH 5-
7, but slightly changed over time compared to the control. For products
containing 5% of CHA, Fe:CHA, Cu:CHA, and Zn:CHA, the pH values
increased negligibly, ranging from 7.08 to 7.12 after 4 months. Additionally,
all samples maintained the same colour, smell, and texture. Future research
should focus on optimizing the concentration and release mechanisms of the
metal ions to balance antimicrobial activity with biocompatibility. Moreover,
conducting a dose-response analysis, which is essential in toxicological
assessments to determine the safety and efficacy thresholds, could
significantly deepen the study's insights.

In conclusion, the addition of zinc enhances antimicrobial efficacy but
reduces biocompatibility, while copper maintains both high antimicrobial
activity and biocompatibility, making it more suitable for the development of
medical or cosmetic materials. Dermal creams containing CHA with copper
and iron ions also show significant antimicrobial activity while preserving
good cell viability. These results highlight the importance of optimizing the
balance between antimicrobial effectiveness and biocompatibility in these
materials.



CONCLUSIONS

It was demonstrated that cationic substitutions emerged as a powerful tool
for improving the chemical, physical, and biological properties of
potential biomaterials. Calcium hydroxyapatite (CHA) specimens
substituted with transition-metals, especially with silver, iron, copper, and
zinc are most promising for applications in future clinical treatment to
enhance different therapeutic multifunctional properties. These phosphate
nanostructured biomaterials with high biocompatibility and increased
antibacterial behaviour are the best candidates for applications in many
biomedical fields, such as bone repair and tissue engineering, drug/gene
delivery, magnetic targeting and hyperthermia treatment for cancer,
bioimaging, and theranostics.

It was shown for the first time, that by applying divalent cations as
controlling agents for the hydrothermal synthesis conditions (temperature,
time) affected the phase purity and morphology of the final CHA
products, but the nature and concentration of the foreign ions were the
main factors determining the characteristics of the products. Smaller ions
(Mg*" and Mn?") were found to have a stronger inhibiting effect on the
hydrolysis process of a-TCP as compared to larger ions (Sr*" and Ba?").
Of all the ions investigated, Mn** had the highest, and Sr*" had the lowest
inhibiting effect. Ba?>" had the most prominent effect on the sample
morphology.

Hydrothermal treatment at 120 °C with 0.1 mol% of various cations
resulted in the formation of CHA composed of plate-like crystals. When
higher concentrations of metal ions are introduced into the reaction
mixture, the formation of both plate-like and hexagonal rod-like particles
occurred. In some cases, self-assembly of the rods into flower-like
structures was observed. Under the hydrothermal treatment at 200 °C, the
formation of the rod-like together with plate-like crystals occurs even
when lowest investigated concentration (0.1 mol%) of metal ions is
introduced to the reaction mixture. Increasing metal concentrations go
hand in hand with an increased fraction of rod-like particles.

Crystalline calcium hydroxyapatite coatings with a very high
homogeneity and degree of particle size distribution was successfully
synthesised from CaCOj; coatings by a dissolution-precipitation method at
low temperature of 80 °C in aqueous media. The low-temperature
dissolution-precipitation method was successfully used for the synthesis
of partially Cu®" ion-substituted CHA. However, the formation of CHA
coatings doped with Zn>" ions by the above method did not proceed as



smoothly as expected. The different synthesis methods tested resulted in
the formation of Zn(OH)(NO3)(H>0), Zn3(OH)4(NOs), on the surface of
the coating, leaving unreacted calcium carbonate.

Antibacterial property tests showed that no zones of inhibition were
detected in pure CHA. In the Cu-HAP and Zn-doped coatings
(Zn3(OH)4(NOs3), coating), after incubation for 24 h at 37 °C, zones of
inhibition were detected in the presence of a colony of B. subtilis bacteria.
However, no zones of inhibition were detected in the presence of
Escherichia coli.

Calcium hydroxyapatite and metal-substituted samples (Fe:CHA,
Cu:CHA, and Zn:CHA) were synthesised using wet precipitation of
amorphous CaP, followed by solid-state reaction synthesis of a-TCP, and
finally hydrothermal synthesis of CHA. The effect of Fe**, Cu**, and Zn**
substitution on the phase purity of CHA has been studied. Notably, it
highlights the phase purity of CHA and Zn:CHA, while the a- and -TCP
phases have formed in the presence of Fe*" and Cu** ions.

It was found, that metal-substituted CHA samples demonstrate promising
antimicrobial potential for medical and materials science applications.
These materials exhibit effective antimicrobial properties coupled with
favorable biocompatibility profiles.

Notably, the addition of zinc enhances antimicrobial efficacy but
diminishes biocompatibility, while copper maintains both high
antimicrobial activity and biocompatibility, making it an ideal choice for
developing medical or cosmetic materials. Dermal creams containing
CHA with copper and iron ions also prove to be potent antimicrobial
products with good cell viability. These findings highlight the importance
of optimizing the balance between antimicrobial activity and
biocompatibility in these materials.
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SUMMARY (IN LITHUANIAN)
SANTRAUKA
IVADAS

Kalcio hidroksiapatitas (Caio (PO4)s (OH),; CHA) yra placiai pripaZinta
biomedziaga. Jvairy CHA naudojimg biomedicinos srityje lemia jo cheminis
panasumas j zmogaus kietuosius audinius: CHA yra pagrindinis danty ir kauly
mineralinis komponentas, lemiantis jy tvirtumg ir kietuma. Sintetinis CHA
pasizymi puikiu osteolaidumu, biologiniu suderinamumu, cheminiu stabilumu
ir netoksiskumu. Dél $iy privalumy ir universaliy savybiy CHA gali bti
naudojamas jvairioms medicininéms reikméms, jskaitant kauly atstatymg ir
regeneracija, ortopedinius kauly uzpildus, baltymy adsorbcija ir vaisty
pernesima.

Susidoméjimas kalcio fosfaty (CaP) naudojimu kosmetikoje didéja ir ypac
matomas pastaraisiais deSimtmeciais. I$ tiesy, minétos CHA savybés, dél
kuriy jie tapo universaliomis medziagomis medicinoje, gali buti naudingos ir
kosmetikos srityje. Visy pirma CHA dél biologinio saugumo gali pakeisti
kosmetikos ingredientus, kurie kelig susiriipinimg sveikatai, saugesnémis
alternatyvomis. CHA savybés leidzia kurti medziagas, galincias atlikti jvairias
kosmetikos priemoniy funkcijas. Mokslingje literatiiroje pateikiami
pagrindiniai CHA, kaip kosmetikos sudedamosios dalies, taikymo budai:
burnos priezitiros, odos prieziiiros, plauky priezitiros ir dezodoranty gamybos
srityje. Viename atliktame tyrime buvo nustatyta, kad CHA kompozitinis
tvarstis yra perspektyvi priemoné iminéms zaizdoms gydyti ir odos apsaugai.

Sintetiniy biomedziagy, jskaitant CHA, kokyb¢ labai priklauso nuo bendry
susintetinty milteliy savybiy ir ypatybiy. Tokios savybés yra tankis,
grynumas, faziné sudétis, kristaliSkumas, daleliy dydis, daleliy pasiskirstymas
pagal dydj, daleliy morfologija ir savitasis pavirSiaus plotas. Taigi, visos
minétos biokeramikos savybés yra labai jautrios sintezés salygoms ir labai
priklauso nuo gauty milteliy kristaliskumo, kristaly formos, kristaly dydzio,
kristaly dydzio pasiskirstymo ir fazés grynumo.

Sios disertacijos tikslas — apzvelgti katijoninio pakeitimo kalcio
hidroksiapatite poveikj jo biosavybéms, susintetinti katijonais pakeistas
kalcio hidroksiapatito dangas ir birius méginius bei jvertinti gauty méginiy
antibakterines savybes ir galima jy taikyma kosmetikoje. Siam tikslui pasiekti
buvo suformuluoti pagrindiniai uzdaviniai:

1. Apzvelgti katijoninio pakeitimo kalcio hidroksiapatite poveikj jo
biologinéms savybéms.



2. Istirti katijoninio pakeitimo poveikj Caio(PO4)s(OH), morfologinéms
savybéms.

3. Sukurti antibakteriniy kalcio hidroksiapatito dangy sintezés metoda
Zemoje temperatiroje.

4. Istirti katijonais pakeisty CHA ir jy turinciy odos kremy antibakterines
savybes.
Daktaro disertacijos naujumas ir originalumas

Pirma kartg jrodyta, kad skirtingas katijoninis pakeitimas (esant
mazesniems ir didesniems jonams) daro reikSminga jtaka kalcio
hidroksiapatito morfologinéms savybéms. IS CaCO; dangy buvo sékmingai
susintetintos kristalinés kalcio hidroksiapatito dangos tirpinimo-nusodinimo
metodu Zemoje 80 °C temperatiiroje vandeninéje terpéje. Sis metodas buvo
naudojamas i§ dalies Cu?’ ir Zn?" jonais pakeisty kalcio hidroksiapatito dangy
sintezei. Atlikus mikrobiologinius tyrimus po 24 val. inkubacijos 37 °C
temperatiiroje inhibicijos zonos, nustatytos su Siomis dangomis esant
B. subtilis bakterijy kolonijai. Nustatyta, kad metalu pakeisti CHA biris
meéginiai pasizyméjo veiksmingomis antimikrobinémis savybémis. Cinku
pakeisti CHA meéginiai turéjo didesnj antimikrobinj veiksminguma, bet
sumazgjo biologinis suderinamumas, o variu pakeisti méginiai islaiké ir didelj
antimikrobinj aktyvuma, ir biologinj suderinamuma, kas reiksSty idealy
pasirinkimg kuriant kosmetikos priemones. Kremai, kuriy sudétyje buvo CHA
su vario ir gelezies jonais, taip pat pasizyméjo rySkiomis antimikrobinémis
savybémis ir geru lgsteliy gyvybingumu.

Ginamieji disertacijos teigniai:

e Pakeitimas skirtingais katijonais turi reik§Sminga poveikj kalcio
hidroksiapatito morfologinéms savybéms.

e Tirpinimo-nusodinimo metodas Zemoje 80 °C temperatiiroje vandeningje
terpéje gali biti naudojamas i$ dalies Cu®" ir Zn?* jonais pakeisty kalcio
hidroksiapatito antibakteriniy dangy sintezei.

e Metalais pakeisto kalcio hidroksiapatito bandiniai turi perspektyvy
antimikrobinj potencialg medicinoje ir medziagy moksle.

e Antimikrobiniy produkty, pasizyminciy geru lasteliy gyvybingumu,
atradimas rodo, kaip svarbu optimizuoti metalais pakeisty kalcio
hidroksiapatity antimikrobinio aktyvumo ir biologinio suderinamumo
pusiausvyra.



1. EKSPERIMENTO METODIKA
1.1. SINTEZES METODIKOS
1.1.1. Kalcio hidroksiapatito sintezé

Kalcio nitratas tetrahidratas (Ca(NOz)2'4H2O, >99 %, Roth) ir diamonio
vandenilio fosfatas ((NH4)HPO4, >98 %, Roth) buvo naudojami kaip
pirmtakai ACP sintezei. Gelezies nitratas nonahidratas (Fe(NO3)3;-9H,0, >98
%, Roth), vario nitratas trihidratas (Cu(NO3),-3H20, >299,5 %, Roth) ir cinko
nitratas heksahidratas (Zn(NOs),-6H,0O, >99.5 %, Roth) buvo naudojami
atitinkamai Fe-, Cu- ir Zn pakeistiems kalcio hidroksiapatito méginiams
sintetinti. Magnio nitratas heksahidratas (Mg(NOs),-6H,O, >98 %, Roth),
mangano nitratas tetrahidratas (Mn (NO3):-4H>O, >98 %, Roth), stroncio
nitratas (Sr(NO3)2, >98 %, Roth) ir bario nitratas (Ba(NO3)2, >99 %, Roth)
buvo naudojami atitinkamai Mg-, Mn-, Sr- ir Ba pakeisty kalcio
hidroksiapatito méginiy sintezei. ACP sintezei naudotas nusodinimo sintezés
metodas, i$laikant Ca ir P santykj 1,5:1. Pirmiausia buvo paruo$tas 1 M Ca?*
nitrato tirpalas, iStirpinant metalo druska dejonizuotame vandenyje. 0,5 M
(NH4);HPOy tirpalo pH buvo Sarmintas iki 10, pridedant koncentruoto
amoniako tirpalo (NH4OH, 25 %), nuolat maisant. Maisant Ca(NOs), ir
(NH4):HPO4 10 min., gautos nuosédos, kurios buvo nuplautos dejonizuotu
vandeniu ir izopropanoliu ir dziovintos 50 °C temperatiiroje per naktj.
Galiausiai gautas ACP buvo sutrintas agatingje grustuvéje ir 5 val. kaitintas
700 °C temperatiiroje (oro atmosferoje, kaitinimo greitis 5 °C/min.), siekiant
paskatinti trikalcio fosfato (a-TCP) kristalizacija.

CHA, Fe:CHA, Cu:CHA, Zn:CHA, Mg:CHA, Mn:CHA, Sr:CHA ir
Ba:CHA meéginiy sintez¢ buvo atlickama vykstant o-TCP fazinei
transformacijai vandeniniame tirpale. Susintetintas a-TCP buvo naudojamas
kaip pirmtakas hidroterminei legiruoty ir nelegiruoty CHA bandiniy sintezei.
a-TCP milteliai (0,3 g) buvo suberti | 90 ml PTFE jdékla, i kurj jpilta
skirtingos koncentracijos (20 ml) jvairiy metaly drusky vandeniniy tirpaly.
Indai buvo uzdaryti neriidijancio plieno reaktoriuose, perkelti i jkaitintg krosnj
ir 3 val. kaitinti 200 °C temperatiiroje. Méginiai buvo filtruojami, praplaunami
etanoliu ir acetonu ir dziovinami 50 °C temperatiiroje per nakt;.

1.1.2. Kalcio hidroksiapatito dangy sintezé

CHA dangy sintezé buvo atliekama ant Ti (Thermo Scientific; 1,0 mm storio,
99,2 %; CAS 7440-32-6) ploksteliy, kurios buvo iSpjautos lazeriu (1x1 cm)



atviros prieigos mechanikos centre. Titano plokstelés buvo mechaniskai
Slifuojamos, kad biity pasalinta ore susidariusi oksido plévelé ir pavirSiaus
ibrézimai. Plokstelés buvo Slifuojamos po 1 min. i§ kiekvienos pusés. Paskui
plokstelés chemiskai apdorotos 30 min. mirkant 70 °C temperatiiroje 96 % 5
ml HoSO4ir 7 % 0,35 ml HCl tirpale. Po mirkymo plokstelés buvo plaunamos
ultragarso vonioje su distiliuotu vandeniu ir etanoliu 5 minutes. ISvalytos
plokstelés buvo dziovinamos per naktj kambario temperatiiroje. Paruostos
plokstelés buvo naudojamos CaCOs ir CHA sintezei.

Tirpalui paruosti buvo pasverta 11,807 g Ca(NO3),-4H,O ir istirpinta 100
ml etanolio (99,8 %). Tirpalas maiSytas magnetinéje maisykléje 30 °C
temperatiroje, kol medziagos visiSkai iStirpo. Tada panardintos plokstelés
buvo jdétos j krosnj termiskai apdoroti. CO: praturtinta aplinka krosnyje buvo
sukurta $alia panardinty ploks¢iy pastaCius aktyvuota anglimi padengtas
keramines ploksteles. Krosnyje temperatiira kelta nuo pradinés 20 °C iki 550
°C 3°C/min. greiciu. Pasiekus 550 °C temperatirg, ji palaikyta 5 val.
Reakcijos metu Ca(NOs), termiskai skyla j CaO, paskui CaO reaguoja su CO,
ir susidaro kalcitas. Prie§ iSimant ploksteles, krosnis atvésinta mazinant
temperattrg iki 2 °C 3 °C/min. greiciu.

CHA sintezei tirpalas buvo paruostas pasveriant 0,14 g Na,HPO4ir 0,6057
g TRIS (CsHiINOs3) buferio. Pasvertos medziagos istirpintos 100 ml
distiliuoto vandens. Tirpalas buvo maiSomas magnetine maisykle kol istirpo
ir palaikomas 30 °C temperatiiroje. Tirpalo pH buvo Sarminis (mazdaug 9—
10). Istirpinus medziagas, tirpalas buvo supiltas ant CaCOj; sintezuoty
ploksteliy ir 7 dienas mirkyta 80 °C temperattroje. ISimti i§ tirpalo méginiai
buvo nuplauti distiliuotu vandeniu, iSdZiovinti ir panaudoti tolesnei analizei.
CHA susidaro po Sios reakcijos:

10CaCO5;+6Na,HPO4+2H,0 = Ca(m) (PO4) 6(0H)2+8N&HCO3+2N32CO3

Siekiant jvesti Cu?" jonus, buvo paruostas 0,5 mol/l koncentracijos
Ca(NOs3), ir Cu(NO3), misinys. Pasverta 5,9036 g Ca(NO3),-4H,O ir 5,814 g
Cu(NO3),-2,5H>0O (Sigma-Aldrich). Medziagos istirpintos 100 ml etanolio.
Paruosus tirpala, | ji porcelianinéje 1éksteléje buvo panardintos chemiskai ir
mechaniskai apdorotos titano plokstelés. Paskui jos buvo kaitinamos krosnyje
CO; atmosferoje anks¢iau minétu bidu. Po kaitinimo procediiros plokstelés
buvo panardintos j 0,14 g Na,HPO.,+0,6057 g TRIS buferinio tirpalo
(iStirpinto  distiliuotame vandenyje) ir vieng savait¢ mirkytos 80 °C
temperatiiroje. Panasi procediira buvo pakartota jterpiant Zn>" jonus (pasverta
7,4365 g Zn(NO3),-6H,O; Chempur). Siekiant sékmingai legiruoti Zn**
jonais, sintez¢ taip pat buvo vykdoma tiesiogiai panardinant susintetintas
CHA padengtas titano ploksteles j Zn(NOs),-6H,O tirpala. Pasverta 7,4365 g



medziagos ir iStirpinta 100 ml distiliuoto vandens. Taip pat buvo atlikta dar
viena Zn-CHA sintezés modifikacija. Pirmiausia CaCO; buvo susintetintas
pagal aprasyta CaCOjs sintezes ant Ti ploksteliy metodika, tada Ti plokstelés
su susintetintu kalcio karbonatu panardintos j 0,14 g Na,HPO4+0,6057 g TRIS
buferio + 7,4365 g Zn(NOs),-6 H>O tirpala, kuris buvo paruostas iStirpinant
Sias medziagas distiliuotame vandenyje.

1.1.3. Kremy ruosimas

Kremams ruosti buvo naudojami Sie reagentai: susintetinti CHA, Fe:CHA,
Cu:CHA ir Zn:CHA méginiai, izopropilo miristatas (Sigma-Aldrich, >90 %),
stearino rugstis (Sigma-Aldrich, > 98 %), vazelinas® (Sigma-Aldrich, >98%),
saulégrazy aliejus (Sigma-Aldrich), enmulginas B25 (Sigma-Aldrich, >98 %),
cetilo alkoholis (Sigma-Aldrich, >99,5 %), betainas (Sigma-Aldrich, >98 %),
glicerolis (Sigma-Aldrich, 99 %), fenoksietanolis (Sigma-Aldrich, 299 %),
etanolis (,,Vilniaus degtiné*, 92 %) ir dejonizuotas vanduo. Aliejiné faz¢ buvo
tirpinta atskiroje stiklingje 1étai maisant ir kaitinant aliejinés fazés medziagas
iki 75-80 °C temperatiros. Vandeninés fazés medziagos taip pat buvo
sumaisytos ir kaitinamos iki 75-80 °C temperatiiros. Abi fazés, tolygiai
sumaisius ingredientus ir pasiekus vienoda 75-80 °C temperatiirg, buvo
sumaisytos j vandening fazg supilant aliejing fazg. Po sumaiSymo 2 min. buvo
homogenizuojama 2000-3000 rpm greiciu, iSlaikant tg pacig temperatiira.
Misinys maiSant atvésintas iki 35 °C temperatiiros ir j jj buvo dedamos
temperatirai  jautrios sudedamosios dalys. Fazés buvo sujungtos
homogenizuojant 2 min. 2000-3000 rpm greiciu.

1.2. Aparatira ir tyrimo metodai

Medziagy rentgeno spinduliy difrakcinés analizés spektrai buvo uZzraSyti
naudojantis Rigaku MiniFlex II difraktometru, skleidzianciu Ni filtruotg Cu
Ka spindulivote ir veikian¢iu Braggo-Brentano (6/20) geometrija. Renkant
duomenis, 20 kampas buvo kei¢iamas nuo 10 iki 60°, zingsnio plotis — 0,01°,
skenavimo greitis — 5°min. Ramano spektrai buvo uzrasyti kambario
temperatiiroje naudojant kombinuotag Ramano ir skenuojamgjj artimojo lauko
optinj mikroskopa (SNOM) WiTec Alpha 300 R (Vokietija) su 532 nm lazerio
Saltiniu (galia 40,9 mW). FTIR spektrai buvo uzraSyti naudojant Bruker
ALPHA ATR spektrometra 4000400 cm™ diapazone. Méginiy pavirSiaus
morfologijai tirti naudotas Hitachi SU-70 skenuojantis elektroninis
mikroskopas (FE-SEM). Elementinei analizei bandiniai buvo istirpinti 5 %
azoto rugstyje (HNOs, Rotipuran® Supra 69 %, Carl Roth) ir praskiesti iki



atitinkamo ttrio. Kalibraciniai tirpalai buvo paruosti atitinkamai praskiedus
pradinius standartinius tirpalus (vieno elemento ICP standartai 1000 mg/l,
Carl Roth). Méginiy elementinei sudéciai nustatyti naudotas Perkin Elmer
Optima 7000 DV ICP-OES spektrometras.

Susintetinty kosmetikos produkty stabilumas jvertintas dispersine sistema
veikiant iScentrine jéga. Stabilumo centrifuguojant bandymas atliktas
pasveriant vienoda kiekvieno meéginio kiekj j centrifugos mégintuvélius, kurie
buvo jdéti j centrifugos bligna ir 5 min. veikiami 3000 rpm iScentrinés jégos.
Atlikus bandyma, faziy atsiskyrimas buvo jvertintas vizualiai.

CHA, Fe:CHA, Cu:CHA ir Zn:CHA kremo méginiy citotoksiskumo
osteoblastams (U2-OS linija) nustatymas atliktas normatyviniu metodu (ISO
10993: Biologinis medicinos priemoniy jvertinimas. 5 dalis. CitotoksiSkumo
in vitro tyrimai. 12 dalis. Méginiy paruoSimas ir pamatinés medziagos (ISO
10993-5:2009 and ISO/IEC 17025:2005). Kondicionuota terpé buvo gauta
inkubuojant 200 mg méginio 1 ml etaloninés terpés, skirtos osteoblastams
auginti (Dulbeko modifikuota Eagle terpé su didele gliukozés koncentracija
[DMEM], papildyta 10 % embrioniniy verSiuky serumu), 24 valandas 37 °C
temperatiiroje. Tokio pat svorio kremy méginiai buvo jdéti | terpe ir
suformuotos emulsijos naudojant 1 % DMSO. Osteoblastai su kondicionuota
terpe buvo kultivuojami 24 valandas. Osteoblasty gyvybingumui jvertinti
buvo pasitelktas normatyvinis neutralaus raudonojo (Neutral Red) metodas.
Kontroliné grupé buvo osteoblastai, kultivuoti nekondicionuotoje DMEM
terp¢je. Teigiamai lgsteliy Zities kontrolei naudotas 70 % etanolis. Tyrimas
pakartotas SeSis kartus. Statistiné analiz¢ atlikta naudojant GraphPad Prism
10.0 programing jrangg. Pasiskirstymo normalumas patikrintas naudojant
Sapiro—Vilko tests. Statistiniam reik§mingumui jvertinti atliktas ANOVA
testas su post hoc Dunnett’o daugkartiniu palyginimu (0,05).

Eksperimentui tinkamos naudoti kontrolinés medZziagos: gentamicino
sulfatas (Sigma-Aldrich), flukonazolas (Pfizer Chemicals) kaip atitinkamai
antibakterinés ir prieSgrybelinés medziagos ir 70 % etanolis kaip medZziaga,
kuri turi jrodytg citotoksiSkumg eukariotinéms lasteléms. Taikyta Amerikos
audiniy ir Igsteliy kulttiry (ATCC) etaloniné lgsteliy linija: osteoblastai U2-
OS (Sigma-Aldrich). ATCC etaloninés mikrobinés lastelés: gramteigiamos
Staphylococcus aureus 6538 (Merck) ir gramneigiamos Pseudomonas
aeruginosa 27853 (Merck) bakterijos; grybelis: Candida albicans 10231
(Sigma-Aldrich).

Susintetinty dangy ant Ti substraty antibakteriniy savybiy vertinimas buvo
atliktas inhibicinés zonos metodu, naudojant gramneigiamas Escherichia coli
ir gramteigiamas Bacillus subtilis bakterijas. Mikrobiologiniai tyrimai atlikti
po 24 valandy inkubacijos 37 °C temperatiiroje.



REZULTATAI IR APTARIMAS

1.3. DVIVALENCIU IR TRIVALENCIU KATIJONU PAKEITIMO
POVEIKIS KALCIO HIDROKSIAPATITO MORFOLOGIJAI

1.3.1. Kalcio hidroksiapatito susidarymo tyrimas, dalyvaujant mazesniems
(Mg*, Mn?") ir didesniems (Sr**, Ba?") jonams

Siekiant istirti jony jtaka a-TCP hidrolizés procesui, buvo atliktos keturios
hidroterminiy sinteziy serijos su skirtingais Mg?", Mn?*, Sr** ir Ba’" jony
kiekiais. Tirty jony joniniai spinduliai (CN = 6) didéja tokia tvarka: Mg** (0,72
A) < Mn*" (0,83 A) < Sr** (1,18 A) < Ba** (1,35 A). 1 pav. pateikiamos
meéginiy, paruosty skirtingomis saglygomis naudojant dvivalencius katijonus,
XRD difraktogramos. Zemesnéje temperatiiroje (120 °C) mazesni katijonai
turéjo didziausig jtakg a-TCP hidrolizés procesui. Net esant vos 0,1 mol %
koncentracijai, Mg?* jony buvimas paskatino nedidelio kiekio B-TCP antrinés
fazés susidarymg. Didéjant Mg koncentracijai, $is poveikis darési vis
akivaizdesnis, o 5 mol % Mg*" visi§kai sustabdé hidrolize ir Mg-5-120 XRD
schemoje buvo galima nustatyti tik pradinj a-TCP. Skirtingai nei Mg?>" atveju,
maziausia Mn*" koncentracija (0,1 mol %) neskatino B-TCP susidarymo,
taciau B-TCP buvimas iSrys§kéjo Mn-0,5-120 bandinyje. Didesnés Mn?" jony
koncentracijos (1, 5 ir 10 mol % Mn?") visiskai nuslopino a-TCP hidrolizg.

Sr?* jonai turéjo maziausig poveikj a-TCP hidrolizei: vienfazis CHA buvo
gautas sintezés misinyje esant net 1 mol % S$io katijono; taciau didesnés Sr
koncentracijos sulétino hidrolize ir paskatino B-TCP susidarymg. Ba** jony
poveikis buvo mazesnis: naudojant 0,5 mol% koncentracijg susidaré nedidelis
kiekis B-TCP, o 5 mol% Ba?" visi§kai uzkirto kelig hidrolizés procesui.

Gauti rezultatai rodo, kad B-TCP susidarymg vandeningje terpéje gali
skatinti svetimy jony buvimas. Padidinus sintezés temperatiirg ir laika,
padidéjo galutiniy produkty kristalisSkumas, kuris matyti i§ astriy difrakcijos
smailiy. Jdomu tai, kad Ba*'poveikis buvo panaSus | Mg*" Svelnesnémis
salygomis, taCiau aukStesné temperatiira ir ilgesnis procesas atskleidé
reikSmingus Siy katijony poveikio skirtumus.



b
L o-TCP ICDD 00-070-0364 @ TGP ICDD 0D-070-0364
| Lol ||.J Al || % i

Mg-0.1-12¢ Mn-0.1-120
«p-TCP
Mg-1-120 Mn-1-120
2 o
@ ®
5 Mg-0.1-200 c Mn-0.1-200
] ]
E c
+p-TCP + B-TCP
p Mg-1-200 p1e Mn-1-200
+B-TCP bl
* | Mn-5-200

Mg-5-200

HAp ICDD 00-76-0694 HAp ICDD 00-76-0694

L, T \l I'I\ ||||I T ! L Ill I||"|I T 1 T || \'I| ||||I| T || T ||I I||“|| T
30 35

10 15 20 25 30 35 40 45 S50 55 60 10 15 20 25 40 45 50 55 60
2theta (deg.) 2theta (deg.)

c d
J‘ «~TCP ICDD 00-070-0364 | o TCP ICDD 00-070-0364
Lol ||..| N ‘ R I

Sr-.1-120 Ba-0.1-120

8r-1-120 +3-TCP Ba-1-120

& 2

2 $r-0.1-200 2 Ba-0.1-200
[ [
2 &
£ £

Sr-1-200 Ba-1-200

$r-5-200 Ba-5-200

‘ HAp ICDD 00-76-0694 | HAp ICDD 00-76-0694

I T T T T Jll \l ‘Ill |||I\ T I\ Il T J" I\Il"I \. T I T T T T T || \II| |\||| T I| T T |\I IlltllI T
10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 50 55 60
2theta (deg.) 2theta {deg.)

1 pav. Méginiy po hidroterminio apdorojimo 3 val. 120 °C temperatiiroje ir 5
val. 200 °C temperatiiroje su skirtingais pakaitais XRD difraktogramos

Visuose susintetinty bandiniy FTIR spektruose buvo pastebétos kelios
aiskios juostos ties mazdaug 940-1180 cm! ir mazdaug 500-660 cm™'. Juostos



1023 em ir 1090 cm! srityse priskiriamos asimetriniams P-O virpesiams (v3),
0 juosta, kurios smailé yra ties 960 cm™!, atitinka simetrinius P-O virpesius
(v1), kurie matomi CHA [149]. FTIR spektroskopijos rezultatai gerai sutampa
su XRD analizés rezultatais.

Galutiniy produkty elementiné analizé buvo atlikta ICP-OES metodu,
siekiant nustatyti, ar hidrolizés reakcijos metu metaly jonai i$ tirpalo pereina |
gautus miltelius, ir jvertinti $iy jony inkorporavimo lygj, palyginti su pradiniu
M ir Ca santykiu. ICP-OES analizé parodé, kad i galutinius produktus pateko
tik nedidelis metaly jony kiekis. Akivaizdu, kad mazesniy jony (Mg*" ir Mn*")
pradiniy ir galutiniy (gautuose milteliuose) moliniy santykiy neatitiktys buvo
mazesnés, palyginti su Sr*" ir Ba?". Faktinis Mg?* ir Mn?" jony procentinis
santykis gerai atitiko pradinj katijony santykj reakcijos miSinyje iki 5 mol %,
o tai rodo, kad o-TCP hidrolizés metu Sie jonai pereina j sintezés produktus.
Didéjant Siy jony koncentracijai reakcijos tirpale, jy kiekis gautuose
milteliuose didéjo tik nezymiai. Sr** atveju buvo gerokai didesnés neatitiktys,
o tai rodo, kad po reakcijos tirpale liko didelis kiekis Sr** jony. Pavyzdziui,
atlikus reakcija su 5 mol %, produkte buvo gauta tik mazdaug pusé Sio kiekio.
I3 visy tirty metaly Ba®* jonai pasiZyméjo maziausiu gebéjimu jsijungti j gautg
produkta. Skirtumas tarp pradinio katijony santykio ir faktinio molinio
santykio svyravo nuo 34 % iki 84 % ir buvo didesnis méginiuose, kuriuose
buvo didelé pradiné Ba?* koncentracija. Nors Ba*gali i§ dalies pakeisti Ca®*
hidroksiapatite, tac¢iau ] CHA struktiirg vandeniniame tirpale galima jterpti tik
nedidelius Ba®" kiekius. Taip yra dél didelio Sio jono spindulio. Todél
nenuostabu, kad galutiniame produkte aptinkamas nedidelis Ba** kiekis.

Paruosty milteliy daleliy morfologija buvo tiriama skenuojanciu
elektroniniu mikroskopu. Didesnio didinimo SEM vaizdai su atrinkty méginiy
detalémis pateikiami 2 ir 3 pav. Méginiy SEM vaizduose galima pastebéti
morfologijos skirtumy, priklausanc¢iy nuo sintezés salygy. Hidrotermiskai
apdorojant 120 °C temperatiiroje su 0,1 mol % jvairiy katijony, susidaré
plokstelés pavidalo kristalai. | reakcijos miSinj jterpus didesnes metaly jony
koncentracijas, susidaré ir ploksteliy, ir SeSiakampiy lazdeliy pavidalo dalelés.
Tam tikrais atvejais buvo pastebétas savaiminis strypeliy rinkimasis j gélés
pavidalo struktiiras. HidrotermiSkai apdorojant 200 °C temperatiroje,
strypeliy pavidalo kristalai kartu su ploksteliniais kristalais susidaro net ir
tada, kai j reakcijos misinj jterpiama maziausia tirta metalo jony koncentracija
(0,1 mol %). Didéjant metaly koncentracijai, kartu did¢ja ir strypeliy pavidalo
daleliy dalis.



2 pav. Méginiy po hidroterminio apdorojimo 120 °C temperatiiroje 3 val.
SEM vaizdai: a) Mg-0,1-120; b) Mg-1-120; ¢) Mn-0,1-120; d) Mn-1-120; e)
Sr-1-120; f) Sr-5- 120; g) Ba-0,1-120; h) Ba-1-120

3 pav. Méginiy po hidroterminio apdorojimo 200 °C temperatiiroje 5 val.
SEM vaizdai: (a) Mg-0,1-200); (b) Mg-5-200; (c) Mn-0,1-200; (d) Mn-5-200;
(e) Sr-0,1-200; (f) Sr-5-200; (g) Ba-0,1-200; (h) Ba-5-200

Méginj, paruosta su 5 mol% Ba®', sudaré tik SeSiakampés lazdeliy pavidalo
dalelés. Atsizvelgiant j rySkiausig Ba®>" jony jtakg lazdeliniams CHA kristalams
susidaryti, 200 °C temperatiiroje buvo atlikta papildoma eksperimenty serija su
skirtingomis Ba®* koncentracijomis (1, 2, 3 ir 4 mol %). Méginiuose,
paruostuose su 1 ir 2 mol % Ba®', vis dar buvo tam tikry ploksteliy pavidalo
strukttiry. Tokiy struktiiry nepastebéta méginiy, paruosty su 3 ir 4 mol % Ba*',
SEM vaizduose, Sie méginiai buvo panasis j paruo$tus su 5 mol % Ba*"ir buvo
sudaryti i§ lazdeliy pavidalo daleliy. Vidutinis strypeliy skersmuo ir ilgis buvo



atitinkamai apie 0,2 ir 4 pm. Ba?" jony koncentracija neturéjo didelés jtakos
gauty CHA strypeliy matmenims.

Sie rezultatai aiskiai rodo, kad galutiniy produkty morfologija priklauso nuo
hidroterminés sintezés salygy, taciau svetimy jony koncentracija ir pobiidis
Siame procese vaidina svarby vaidmen;.

Apibendrinant galima teigti, kad hidroterminés sintezés metu naudojant
dvivalencius katijonus kaip kontroliuojancius agentus, buvo pasiekta legiruoto
hidroksiapatito su kalcio trikumu morfologijos kontrolé. Hidroterminés
sintezés salygos (temperatira, laikas) turéjo jtakos galutiniy produkty fazés
grynumui ir morfologijai, taciau svetimy jony pobidis ir koncentracija buvo
pagrindiniai veiksniai, lemiantys produkty savybes. Nustatyta, kad mazesni
jonai (Mn?*ir Mg*"), palyginti su didesniais jonais (Ba®"ir Sr**), tur¢jo stipresnj
slopinamgjj poveiki o-TCP hidrolizés procesui. AuksStesné temperatiira ir
ilgesnis reakcijos laikas lemia vienfazés CHA susidaryma, esant didesnéms
metaly jony koncentracijoms. Tai ypa¢ pastebima Ba®'ir Sr*" atveju. Be to,
padidinus hidroterminés sintezés temperatiira ir laika, padidéjo galutiniy
produkty kristaliSkumas. Pakeitus sintezés salygas, buvo gauti méginiai,
sudaryti tik i§ plokStelés pavidalo (atidengtos ¢ plokstumos) arba lazdeliy
pavidalo (atidengtos a(b)-plokstumos) CHA kristaly.

1.3.2. Kalcio hidroksiapatito susidarymo, dalyvaujant Fe**, Cu®" ir Zn**
jonams, tyrimas

CHA ir metalais legiruoti méginiai Fe:CHA, Cu:CHA ir Zn:CHA taip pat
buvo susintetinti naudojant anksCiau aprasyta metoda. Metalais pakeisty
méginiy (Fe:CHA, Cu:CHA ir Zn:CHA) XRD difraktogramos pateikiamos 4
paveiksle. Esant Fe*" ir Cu®'jonams, akivaizdu, kad susidaro antrinés TCP
fazés (B-TCP ir a-TCP). Skirtingai nei Fe** ir Cu** jonai, Zn*" jonai neskatino
B-TCP ar a-TCP susidarymo.

Visy susintetinty bandiniy FTIR spektrai buvo labai panasis,
nepriklausomai nuo metalo pakeitimo, kaip rodo du tipiniai CHA méginiy
FTIR spektrai (5 pav.). Sie FTIR rezultatai vélgi gerai sutampa su XRD
duomenimis. ICP-OES analiz¢ parod¢, kad j galutinius produktus pateko tik
nedideli kiekiai Fe*"ir Cu*jony. Zn*" jonai CHA struktiiroje beveik visiskai
pakeité Ca?* jonus. Susintetinty méginiy CHA, Fe:CHA, Cu:CHA ir Zn:CHA
SEM vaizdai pateikiami 6 paveiksle. Vaizduose matomi nedideli
morfologiniai skirtumai, priklausantys nuo pakaitalo tipo. Hidrotermiskai
apdorojant nepakeista o-TCP 200 °C temperatiroje, susidaré skirtingai
orientuoti ir Siek tiek aglomeruoti ploksteliniai CHA kristalai. Atskiros dalelés
buvo mazdaug 50 nm dydzio. | reakcijos miSinj jterpus metaly jony, susidaré



papildomy formy ir didesnio aglomeracijos laipsnio plokstelinés dalelés. Fe*
turintj méginj sudaré panaSaus dydzio (~ 50 nm) plokstelés ir adatos formos
dalelés. Méginys su 10 mol% Cu** pasizyméjo didelémis plokstelés pavidalo
struktiiromis su mazesnémis dalelémis, tolygiai pasiskirs¢iusiomis plokstelés
pavirSiuje. Zn** pakeisto CHA atveju miltelius sudaré ir plokstelinés, ir
pluostinés dalelés, kuriy dydis svyravo nuo 50 iki 100 nm.
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4 pav. Fe:CHA, Cu:CHA ir Zn:CHA méginiy XRD difraktogramos
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5 pav. Cu:CHA (apacioje) ir Zn:CHA (virSuje) méginiy FTIR spektrai

6 pav. CHA, Fe:CHA, Cu:CHA ir Zn:CHA méginiy SEM nuotraukos



Nustatyta, kad Fe**, Cu®" ir Zn*" katijonai veikia CHA fazinj grynumg ir
morfologija. Susintetinti nanodydzio CHA, Fe:CHA, Cu:CHA ir Zn:CHA
méginiai buvo naudojami kaip priedai odos kremams gaminti.

1.4. KALCIO HIDROKSIAPATITO DANGU SINTEZE ZEMOJE
TEMPERATUROJE

1.4.1. Kalcio hidroksiapatito dangy sintez¢ ir apibiidinimas

CHA akytyjy sluoksniy sintez¢ buvo atlieckama ant Ti ploksteliy. Paruostos
plokstelés i§ pradziy buvo naudojamos CaCO; dangoms sintetinti. Véliau
naudojant tirpinimo ir nusodinimo metodg Zemoje temperatiiroje (80 °C) i8 $iy
CaCO; dangy buvo susintetintas kristalinis kalcio hidroksiapatitas. Dangy
faziné sudétis buvo nustatyta naudojant XRD. I§ XRD difraktogramy matyti,
kad ant Ti padéklo susidaré CaCOs sluoksnis. Ties 26 = 29,4° matoma
intensyviausia kalcitui (CaCO3) biidinga smail¢. Kaip jau buvo minéta, CHA
véliau buvo susintetintas i$ §iy CaCOs dangy tirpinimo ir nusodinimo metodu.
XRD rezultatai aiskiai parodé, kad susidaro CHA su biidingais atspindziais
31-32,5° 20 kampy intervale (zr. 7 pav.).
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7 pav. Kalcio hidroksiapatito dangos ant Ti padéklo XRD difraktograma
(kairéje) ir SEM nuotrauka (desingje). Difrakciniai atspindziai: * — HAP
[PDF: 96-431-7044];¢ — Ti [PDF: 96-901-6191]; + CaCO;[PDF: 96-154-
7348]

Taip pat identifikuotos CaCOs smailés, o tai jrodo, kad dalis CaCOs vis dar
lieka nesureagavusi. Be to, matomos intensyvios Ti padéklo difrakcijos
smailés. Taigi, galima daryti i§vada, kad ant Ti susidar¢ kalcio hidroksiapatito
sluoksnis. Gauti Ramano ir FTIR spektroskopijos rezultatai patvirtino



rentgeno spinduliuotés difrakcijos duomenis apie sékmingg Cajo(PO4)s(OH),
dangy formavimasi ant Ti padéklo. Zemoje temperatiiroje susidaré 20 nm
dydzio Sesiakampés CHA dalelés. Ypatinga susintetinty CHA morfologiné
savybé (7 pav.) yra ta, kad pasiektas labai didelis daleliy homogeniskumas ir
ju dydzio pasiskirstymas.

1.4.2. Cu®*ir Zn*" pakeisty kalcio hidroksiapatito dangy sintez¢ ir jy
savybés

Cu®* pakeisty CHA bandiniy, susintetinty Zematemperatiiriniu zoliy-geliy ir
tirpinimo-nusodinimo metodu, fazinis grynumas taip pat buvo iStirtas
naudojant XRD analizg. Nustatyta, kad, kaitinant Ca(NOs), ir Cu(NOs3),
tirpaly misinj CO, atmosferoje, be CaCOs, susidaré vario hidroksido
karbonatas Cux(OH),CO; (malachitas). 8 pav. pavaizduota CHA dangos,
kurioje Ca®" jonai pakeisti Cu?** jonais, XRD difraktograma.

Relative intensity
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8 pav. Cu-CHA dangos, gautos ant Ti, XRD difraktograma. Difrakciniai
atspindziai: * — CHA; ¢ — Ti

XRD rezultatai rodo, kad i§ dalies Cu?" jonais pakeisto CHA sintezei
galima sékmingai naudoti Zemos temperattiros nusodinimo-tirpinimo metoda.
Tacgiau CHA dangos, pakeistos Zn?" jonais, pirmiau minétu paruo$imo biidu
nesusidaré. Ant Ti plokstelés vietoj Zn-CHA susidaré beveik vienfazis cinko
hidroksido nitrato monohidratas Zn(OH)(NO3)(H,O). SEM vaizdai aiskiai
parodé, kad | CHA pridéjus vario taip pat pasikeité daleliy morfologija. Vietoj



Sesiakampiy 20 nm CHA daleliy susiformavo mazdaug 1 um ilgio snaigés
formos pluostiniai kristalitai (zr. 9 pav.).
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SU70 2.0kV 5.4mm x25.0k SE(U)

9 pav. Cu-CHA (kairéje) ir Zn3(OH)4(NO3), dangy (desinéje), pagaminty ant
Ti plokstelés, SEM nuotraukos

Naudojant Zn?" turin¢ius méginius susiformavo homogeninés dangos su
tam tikrais jtrukiais. Dangos sudarytos i§ plokStuminiy didesniy nei 1 pm
kristaly, sudaranciy istising danga. Ti pavirSiuje taip pat matyti keletas
mazesniy daleliy sankaupy.

Susintetinty Cu ir Zn turin¢iy dangy elementiné analizé buvo atlikta EDX
analizés metodu. Nustatyta, kad Cu-CHA dangos atveju Ca/P santykis ~ 1,62
beveik sutampa su kalcio ir fosforo santykiu stechiometriniame CHA (1,67).
Kalcio ir vario molinis santykis buvo Ca:Cu = 1:0,033, t. y. apie 3,3 mol %
kalcio buvo pakeista variu. Tada sintezés produkto formule bity galima
uzrasyti Cag7Cuo3(POs)s(OH), arba CaggsCuo,15(PO4)s(OH),, jei reakcijos
metu susidaryty stechiometrinis vario hidroksido kiekis. I§ méginio su cinku
EDX matavimy nustatytas Ca/P santykis buvo visiSkai nepagrjstas, nes
neatitiko jokio galimo kalcio ir fosforo santykio zinomuose fosfatuose.
Tikétina, kad dangoje liko didelis kiekis amorfinio kalcio karbonato ir (arba)
labai nedidelis kiekis kalcio hidroksiapatito. EDX spektras rod¢, kad
susintetintoje dangoje yra didelis kiekis cinko.

1.4.3. Antibakteriniy savybiy tyrimas

Ivertinus susintetinty dangy antibakterines savybes ant Ti padékly,
nenustatyta CHA slopinimo zony, esant gramneigiamoms Escherichia coli ir
gramteigiamoms Bacillus subtilis bakterijoms. Vélesni mikrobiologiniai
tyrimai, atlikti po 24 val. inkubacijos 37 °C temperatiiroje, parodé Cu-CHA
turin¢iy méginiy slopinimo zonas, B. subtilis kolonijoms (zr. 10 pav.).



10 pav. Zemoje temperatiiroje susintetintos Cu-CHA dangos ant Ti
antibakterinio veiksmingumo tyrimy su B. subtilis rezultatai

11 pav. pavaizduotos Zn?>* jonais legiruoty méginiy slopinimo zonos,
veikiant B. subtilis kolonijas. Taciau veikiant E. coli inhibicijos zony
nepastebéta.

11 pav. Zemoje temperatiiroje susintetinty dangy su Zn>* jonais ant Ti
antibakterinio veiksmingumo tyrimy rezultatai su (kair¢je) B. subtilis ir
(desingje) E. coli bakterijomis

Dangos su Cu-CHA ant Ti slopinimo zona buvo 10,5 mm#0,5 mm
vidutiniskai i§ 9 matavimy, plokstelés su Zn3(OH)4(NOsy, danga — 15 mm= 1,8
mm.



1.5. SUSINTETINTUY KALCIO HIDROKSIAPATITO MEGINIU
NAUDOIJIMAS KOSMETIKOJE

Sioje disertacijos dalyje apibendrinamas Fe**, Cu®‘ir Zn*pakeitimo CHA
poveikis CHA antimikrobinéms savybéms. Pagaminty kremo méginiy
nuotraukos pateikiamos 12 paveiksle.

12 pav. Pagaminty kremo méginiy, naudojant CHA (apacioje, kairéje),
Fe:CHA (apacioje, desinéje), Cu:CHA (virsuje, kairéje) ir Zn:CHA (virSuje,
desingje) méginius, nuotraukos

I§ 8iy vaizdy matyti, kad visy kremy, pagaminty naudojant skirtingus CHA,
iSvaizda yra beveik identiska. Kremo méginiy morfologija taip pat atrodé
beveik vienoda visuose preparatuose nepriklausomai nuo naudoto kalcio
hidroksiapatito tipo.

1.5.1. Biologinio suderinamumo vertinimas

Biologinio suderinamumo vertinimas atliktas naudojant osteoblastus.
Osteoblasty gyvybingumo tyrimy rezultatai (13 pav.) rodo, kad
nemodifikuotas CHA nesukélé lagsteliy Zities, o tai patvirtina jo
biosuderinamuma lyginant su neapdorota kontroline medziaga (C+). Tiek
Fe**, tiek Cu®* legiruotas CHA taip pat nepasizyméjo didele lgsteliy ziitimi,



taigi jy biosuderinamumas buvo iSlaikytas. PrieSingai, Zn pakeistas CHA
sukélé daugiau kaip 30 % osteoblasty zitj, o tai rodo galimg citotoksiskuma.

Analizuojant kremy méginius (14 pav.), nustatytas stipresnis poveikis
osteoblasty gyvybingumui.
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13 pav. Osteoblasty, paveikty tiriamomis medziagomis, i§gyvenamumas /
citotoksiskumas. C+ — augimo kontrolé, t. y. osteoblastai, kultivuoti
nekondicionuotoje DMEM terpéje. Stulpeliai rodo lasteliy augimo lygj, o
procentinés vertés — konkre¢iy méginiy citotoksiskumg. Zvaigzdutés rodo
statistinj reikSminguma, o ns — statistinio reikSmingumo néra.

Kremas su CHA be metalo priedy gerokai sumazino lasteliy
gyvybinguma, taciau toksikologiniuose standartuose paprastai laikoma, kad
sumazéjimas apie 20 % arba maZiau yra nereik$mingas. Sie rezultatai rodo,
kad kremai, kuriy sudétyje yra Cu ir Fe, yra tokie pat biologiSkai suderinami
kaip ir méginys be metaly. PrieSingai, kremas, kurio sudétyje yra Zn, kaip ir
Zn:CHA, pasizyméjo galimu citotoksiSkumu, todel kyla abejoniy dél jo
tinkamumo klinikiniam ar kosmetiniam naudojimui.
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14 pav. Osteoblasty, paveikty tiriamais kremy méginiais, iSgyvenamumas /
citotoksiSkumas. C+ — augimo kontrolé, t. y. osteoblastai, kultivuoti
nekondicionuotoje DMEM terpéje. Stulpeliai rodo lasteliy augimo lygj, o
procentinés vertés — konkre¢iy meéginiy citotoksiskuma. Zvaigzdutés rodo
statistinj reikSminguma, o ns — statistinio reikSmingumo néra.

1.5.2. Antibakterinis aktyvumas

Medziagy antimikrobinis veiksmingumas buvo jvertintas pagal poveikj dviem
bakterijy paderméms — Staphylococcus aureus (gramteigiamas) ir
Pseudomonas aeruginosa (gramneigiamas) — bei mieliy Candida albicans
padermei. Tikétina, kad ploksé¢ias polistireninis daugiabriaunés plokstelés
pavir§ius buvo maziau palankus mikrobams augti, palyginti su porétu
hidroksiapatito pavir§iumi, ir tuo galima paai$kinti ant pastarojo matomg
stipresnj bakterijy augima. Todél, siekiant jvertinti mikroorganizmy augimo
sumaz¢jima, buvo atlikti du palyginimai: kaip kontrolinis pavirSius buvo
naudoti polistireno pavirSius (C+) arba hidroksiapatitas. CHA, legiruoti Zn**
ir Cu** veiksmingai sumazino gramteigiamy bakterijy ir mieliy bioplévelés



formavimasi, taciau buvo maziau veiksmingi pagal poveikj gramneigiamoms
bakterijoms. ]Jdomu, kad, kremai, kuriuose CHA legiruoti metalais, buvo
veiksmingi pagal poveikj abiejy tipy bakterijoms, o Zn turintys méginiai
pasizymegjo ir prieSgrybelinémis savybémis (15—17 pav.).
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15 pav. S. aureus augimo sumazgéjimas veikiant tiriamaisiais méginiais: A) ir
B) milteliai; C) kremai. Pasirinkus kaip tiriamgjj méginj miltelius, buvo
pateiktos dvi diagramos su skirtingais teigiamy kontroliy rinkiniais (C+ arba
CHA). Zvaigzdutées rodo statistinj reikimingumg, o ns — statistinio
reikSmingumo néra
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16 pav. P. aeruginosa augimo sumaz¢jimas veikiant tiriamaisiais méginiais:
A) ir B) milteliai; C) kremai. Pasirinkus kaip tiriamgjj méginj miltelius,
pateikti du grafikai su skirtingais kontroliniais rinkiniais (C+ arba CHA).
Zvaigzdutés rodo statistinj reiksminguma, o ns — statistinio reikmingumo
néra



Tikétina, kad tokj skirtingg poveikj lemia unikalios mikroorganizmy
lasteliy sieneliy strukttiros ir pavirSiaus kriiviai, kurie turi jtakos jy saveikai su

metalu legiruotomis medziagomis.
pateikiama 1 lenteléje.

Antimikrobiniy savybiy santrauka

Al BJ
*kkk
- kkkk
ns | L2 2t d
Ak 0.8 | ns
| PRI
0.6
£
S
£ 3
2 ®
<+ 2 0.4+
3 @
H 2
8 3
5 2
£ 021 T
0.0~ T i
N A LS S S A
1 7 & E A8 < (%) \eq,
()
& &
& 4
B 4
C]
kkkk
| ns
| ns
*kkk
0.8 ns
0.6
g
15
8
-
°
2 0.4
]
£
o
3
F-1
<
0.2
0.0-
* > e e o &
B h ot o o &
4 & <® &
> o4 ot o
&
S

17 pav. C. albicans augimo sumazéjimas veikiant tiriamaisiais méginiais:
A) ir B) milteliai; C) kremai. Pasirinkus kaip tiriamaji méginj miltelius,
pateikti du grafikai su skirtingais kontroliniais rinkiniais (C+ arba CHA).



Zvaigzdutés rodo statistinj reikSmingumag, o ns — statistinio reikSmingumo
néra

1 lentelé. Apibendrintos tirty milteliy ir kremy antimikrobinés savybés. ,,— —
aktyvumo néra; ,,+ — silpnas aktyvumas prie§ patogena; ,,++“ — stipresnis
aktyvumas pries patogena

Medziaga Patogenas
S. aureus P. aeruginosa C. albicans

CHA - - -
Zn:CHA + - ++
Fe:CHA - - -
Cu:CHA + - ++
LL - - -
LL Zn + ++ ++
LL Cu + ++ +
LL Fe + + -

Metalais legiruoty hidroksiapatity jterpimas j odos kremus davé daug
zadanciy rezultaty, ypa¢ dél biologinio suderinamumo ir antimikrobiniy
savybiy. Hidroksiapatito antimikrobinis poveikis pirmiausia siejamas su
didele kalcio jony koncentracija, kuri sukelia kalcio stresg bakterijy lastelése
ir lemia lgsteliy zatj. Tai reikSmingas atradimas, parodantis, kad mikroby
augimg galima kontroliuoti ne tik antibiotikais, o tai gali biiti ypaC vertinga
del vis didéjan¢io atsparumo antibiotikams. Sj antimikrobinj poveikj
sustiprina  hidroksiapatito  legiravimas metaly jonais. Biologinio
suderinamumo tyrimai rodo, kad cinku ir variu pakeisti hidroksiapatitai yra
citosuderinami, grei¢iausiai dél mikroporétos pavirSiaus struktiiros ir
naudingo jony iSsiskyrimo bendro poveikio. Gelezies pakaitaly variantai taip
pat palaiko odos sveikatai svarbias lasteliy funkcijas, pavyzdziui, zaizdy
gijimg ir apsaugg nuo oksidacinio streso.

Atlikus centrifugavimo bandymus (5 minutes veikiant 3000 aps./min.
iScentrinei jégai) paaiskéjo, kad tiriamieji kosmetikos gaminiai isliko stabilis.
Svieziai pagaminty produkty pH vertés pateko j reikiamg pH 5-7 intervala,
taciau laikui bégant Siek tiek pakito, palyginti su kontroliniais produktais.
Produkty, kuriy sudétyje buvo 5 % CHA, Fe:CHA, Cu:CHA ir Zn:CHA, pH
vertés po 4 ménesiy padidéjo nezymiai ir svyravo nuo 7,08 iki 7,12. Be to, visi
méginiai i§laiké tg pacia spalva, kvapg ir tekstiirg. Ateityje atliekant tyrimus
reikéty sutelkti démes; j metaly jony koncentracijos ir iSsiskyrimo



mechanizmy optimizavimg, siekiant suderinti antimikrobinj aktyvumg ir
biologinj suderinamuma. Be to, atlikus dozés ir atsako analize, kuri yra labai
svarbi darant toksikologinius vertinimus, siekiant nustatyti saugos ir
veiksmingumo ribas, biity galima gerokai pagilinti tyrimo jzvalgas.

Apibendrinant galima teigti, kad cinko priedas padidina antimikrobinj
veiksminguma, tafiau sumazina biologinj suderinamuma, o varis i$laiko ir
didelj antimikrobinj aktyvumg, ir biologinj suderinamumg, todél yra
tinkamesnis kuriant medicinines ar kosmetines medziagas. Kremai, kuriy
sudétyje yra CHA su vario ir gelezies jonais, taip pat pasizymi dideliu
antimikrobiniu aktyvumu, kartu i§saugant gera lasteliy gyvybinguma. Sie
rezultatai rodo, kad svarbu optimizuoti S§iy medziagy antimikrobinio
veiksmingumo ir biologinio suderinamumo pusiausvyra.

ISVADOS

1. Katijoniniai pakaitalai pagerina biokeraminiy medziagy chemines,
fizikines ir biologines savybes. Kalcio hidroksiapatito (CHA) pavyzdziai,
pakeisti pereinamaisiais metalais, ypac sidabru, gelezimi, variu ir cinku,
yra perspektyviausi, nes ateityje juos bus galima taikyti klinikinéje
praktikoje, siekiant pagerinti jvairias terapines daugiafunkcines savybes.
Sios fosfatinés nanostruktiirizuotos biomedziagos, pasizyminéios dideliu
biologiniu suderinamumu ir antibakteriniu poveikiu, yra labiausiai
tinkamos taikyti daugelyje biomedicinos sri¢iy, tokiy kaip kauly
atstatymas ir audiniy inzinerija, vaisty ir geny transportas, magnetiné
taikiniy terapija ir hiperterminis vézio gydymas, biologinis vaizdinimas ir
teranostika.

2. Pirmg kartg parodyta, kad, taikant skirtingo dydzio dvivalencius katijonus
hidroterminémis sintezés salygomis (temperattra, laikas), buvo matomas
poveikis galutiniy CHA produkty faziy grynumui ir morfologijai, o jterpty
jony pobidis ir koncentracija buvo pagrindiniai veiksniai, lemiantys
produkty savybes. Nustatyta, kad maZesni jonai (Mg?" ir Mn*"), palyginti
su didesniais jonais (Sr*" ir Ba*"), turéjo stipresnj slopinamajj poveikj a-
TCP hidrolizei. I$ visy tirty jony Mn?* turéjo didziausia, o Sr** — maziausiag
slopinamajj poveikj. Ba*"turéjo didziausig poveikj méginio morfologijai.

3. Hidrotermiskai apdorojant 120 °C temperattiroje su 0,1 mol % jvairiy
katijony, susidar¢ ploksteliniy kristality pavidalo CHA. | reakcijos miSinj
jterpus didesnes metaly jony koncentracijas, susidaré ir ploksteliniy, ir
Sesiakampiy lazdeliy pavidalo daleliy. Tam tikrais atvejais buvo matomas
savaiminis strypeliy rinkimasis j gelés pavidalo strukttras. Hidrotermiskai
apdorojant 200 °C temperatiiroje, strypeliy pavidalo kristalai kartu su



ploksteliniais kristalais susidaré net ir tada, kai j reakcijos miS$inj
jterptamaZziausia tirta metalo jony koncentracija (0,1 mol %). Didéjant
metaly koncentracijai, kartu did¢jo ir strypeliy pavidalo daleliy dalis.

. Kristalinés kalcio hidroksiapatito dangos, pasiZzymincios labai dideliu
homogeniskumu ir daleliy dydzio pasiskirstymo laipsniu, buvo sékmingai
susintetintos i§ CaCOs; dangy naudojant tirpinimo ir nusodinimo metoda
7emoje 80 °C temperatiiroje vandeninéje terpéje. Zemos temperatiiros
nusodinimo-tirpinimo metodas sékmingai panaudotas i§ dalies Cu?* jonais
pakeisto CHA sintezei. Ta¢iau CHA dangy, legiruoty Zn?' jonais,
formavimas minétu metodu vyko ne taip sklandziai, kaip tikétasi.
ISbandzius skirtingus sintezés metodus, dangos pavirSiuje susidaré
Zn(OH)(NO3)(H20), Zn3(OH)4(NO3),, taciau liko nesureagavusio kalcio
karbonato.

. Antibakterinis tyrimas su gryngja CHA danga neparodé jokiy slopinimo
zony. Tyrime su Cu-CHA ir Zn legiruotomis dangomis (Zn3(OH)4(NO3),
danga) po 24 val. inkubacijos 37 °C temperatiiroje buvo aptiktos slopinimo
zonos su B. subtilis bakterijy kolonijomis. Taciau E. coli bakterijy kolonijai
inhibicijos zony neaptikta.

. Kalcio hidroksiapatito ir metaly pakaity pavyzdziai (Fe:CHA, Cu:CHA ir
Zn:CHA) buvo susintetinti nusodinimo metodu i§ amorfinio CaP, paskui
— kietafaziy reakcijy su o-TCP biudu ir galiausiai atlickant CHA
hidroterming sinteze. IStirtas Fe**, Cu*" ir Zn*" pakeitimo poveikis CHA
fazés grynumui. Ypac iSryskéjo CHA ir Zn:CHA faziy grynumas, o a- ir
B-TCP fazés susidaré esant Fe** ir Cu?* jonams.

. Nustatyta, kad metalais pakeisti CHA méginiai pasizymi perspektyviu
antimikrobiniu potencialu, kuris gali biiti naudojamas medicinoje ir
medziagy moksle. Sios medZiagos pasizymi ne tik veiksmingomis
antimikrobinémis savybémis, bet ir palankiu biosuderinamumo profiliu.

. Pridéjus cinko padidéja antimikrobinis veiksmingumas, taciau sumazéja
biologinis suderinamumas, o varis iSlaiko ir didelj antimikrobinj
aktyvumg, ir biologinj suderinamuma, todé¢l yra idealus pasirinkimas
kuriant medicinines ar kosmetines medziagas. Kremai, kuriy sudétyje yra
CHA su vario ir geleZzies jonais, taip pat pasirodé esantys stipris
antimikrobiniai produktai, pasizymintys geru lasteliy gyvybingumu. Sie
rezultatai rodo, kad svarbu optimizuoti $iy medziagy antimikrobinio
aktyvumo ir biologinio suderinamumo pusiausvyra.
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Abstract: In the present work, the low-temperature synthesis of substituted calcium hydroxyapatite
(Cayy(POy)5(OH)z, HAP) with copper and zinc ions on titanium substrates was performed. Initially,
CaCO; coatings were synthesised on titanium substrate using the sol-gel method at 550 °C ina CO,
atmosphere. Crystalline calcium hydroxyapatite was then synthesised from these CaCQO; coatings
through the dissolution-precipitation method at low temperature (80 “C). X-ray diffraction (XRD)
analysis, FTIR and Raman spectroscopies, and scanning electron microscopy (SEM) were employed
to evaluate the phase composition, surface functional groups, crystallinity, and morphology of the
coatings. The results showed the formation of hexagonal HAP particles with a size of 20 nm at low
temperature, exhibiting high homogeneity in particle size distribution. In the calcium hydroxyapatite,
some of the Ca®* ions were replaced by Cu®* ions, Heating the mixture of Ca(NO5)z and Cu(NOs)2
solutions at 550 °C in a CO4 atmosphere led to the formation of copper hydroxide carbonate (mala-
chite, Cuz (OH),CO;) along with CaCOj3. The reaction between the sol-gel precursor obtained and
NayHPO; resulted in the formation of copper-substituted hydroxyapatite (Cu-HAP). Different syn-
thesis methods were tested with Zn?* ions, and on the surface of the coating, Zn(OH)(NOs3)(H20),
Zn3(OH)4(NO3)2, and unreacted CaCO; were formed. Antibacterial properties of the coalings were
tested using the inhibition zone method. No inhibition zones were observed for HAP. However, in
the Cu and Zn containing coatings, inhibition zones were observed in the presence of a colony of
B. subtilis bacteria. However, no inhibition zones were detected in the presence of E. colé bacteria.

Keywaords:
dissolution-precipitation method

Cayp(PO4)s(OH)2; Cu and Zn containing hydroxyapatite; coatings; sol-gel method;

1. Introduction

Calcium hydroxyapatite (Ca;p(POy4)s(OH),, HAP) constitutes the primary inorganic
component of bone tissue and exhibits exemplary biocompatibility [1]. Morphologically,
hydroxyapatite particles in bone can manifest in diverse geometries—spherical, plate-like,
or needle-like—and typically exhibit dimensions on the order of 40-60 nm in length, 20
nm in width, and 1.5-5 nm in thickness [2,3]. Hydroxyapatite accounts for up to 60% of
bone tissue by weight and as much as 97% in tooth enamel [1]. Due to its high surface-
area-to-volume ratio, reactivity, and biomimetic properties, nano-HAP serves as an optimal
material for orthopaedic implant coatings and bone-substitute fillers [4].

Hydroxyapatite-based implant materials often feature a porous, interlinked architec-
ture that mimics the intracellular matrix, thus facilitating cellular proliferation and tissue
regeneration [5,6]. This structural design also enhances osseointegration by establishing
arigid mechanical interface with the surrounding biological tissues, thereby minimising
fibrous tissue formation [7,8].
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This ionic flexibility is in alignment with the naturally occurring human bone mineral,
which comprises non-stoichiometric nanocrystalline apatites. These apatites possess struc-
tural imperfections owing to the substitution of calcium, phosphate, and hydroxide ions
by a range of ions such as Na, Mg, Zn, Sr, K, F, Cl, Si, and CO32~ [9-11]. Such adaptability
underlines the modifiable bioactive properties of HAP through lattice incorporation of
diverse substituents [12,13].

Despite the promise of hydroxyapatite coatings, challenges persist in optimising their
synthesis and functional properties. Various substrates such as titanium, quartz, and
silicon have been employed for the deposition of HAP coatings via the aqueous sol-gel
method, which is contingent upon precise control of temperature, pH, and precursor
concentrations [14]. This technique, however, typically necessitates elevated temperatures
to facilitate the crystallisation of hydroxyapatite, potentially resulting in heterogeneous
coatings with domains of varying grain sizes [14]. Furthermore, synthesis of hydroxyapatite
coatings on titanium substrates at elevated temperatures may induce the formation of a
TiO, phase, thereby compromising adhesion to the substrate [15]. Consequently, there is
an ongoing pursuit to develop innovative methodologies for synthesising hydroxyapatite
coatings that faithfully replicate the characteristics of natural bone tissue.

The objective of this study is to investigate the potential of substituting Ca>* jons
with Zn?* and Cu?* ions in HAP coatings using a low-temperature sol-gel dissolution-
precipitation deposition approach. The suggested method is promising for the preparation
of Cu-HAP coatings; however, the formation of Zn-HAP did not proceed. It was found that
in the Cu and Zn containing coatings, inhibition zones were observed in the presence of a
colony of B. subtilis bacteria. However, no inhibition zones were detected in the presence of
E. coli bacteria.

2. Materials and Methods
2.1. Synthesis and Materials
2.1.1. Synthesis of Calcium Carbonate

The synthesis of the HAP porous layers was carried out on Ti (Thermo Scientific,
Waltham, MA, USA; 1.0 mm thick, 99.2%; CAS 7440-32-6) wafers, which were laser cut
(1 x 1.cm) in the open access mechanics centre. The titanium wafers were mechanically
abraded to remove the oxide film formed in the air and surface scratches. The titanium
plates were mechanically abraded with sandpaper of different grit sizes (1000-2500 grit).
The plates were scrubbed for 1 min on each side. The plates were then chemically treated
by soaking for 30 min at 70 °C in a solution of 96% 5 mL H;SO, (Chempur, Karlsruhe,
Germany, 99.7%) and 7% 0.35 mL HCI (Chempur, 37%). After soaking, the plates were
washed in an ultrasonic bath with distilled water and ethanol for 5 min. The cleaned plates
were dried overnight at room temperature. The prepared plates were used for the synthesis
of CaCO;5 and HAP.

For the preparation of the solution, 11.807 g of Ca(NO3),-4H,0 (Alfa Aesar, Ward
Hill, MA, USA, 99.6%) was weighed and dissolved in 100 mL of ethanol (Vilniaus degtine,
Vilniaus, Lithuania, 99.8%). Concentration was 0.5 mol/I. The solution was subjected to
magnetic stirring at a temperature of 30 “C until complete dissolution was confirmed. The
submerged plates were then placed in a furnace, manufactured by Nabertherm, New Castle,
Germany, for heat treatment. A CO;-rich environment within the furnace was established
by positioning ceramic plates coated with activated carbon adjacent to the submerged
plates. The furnace was programmed to elevate its internal temperature from an initial 20
“C to 550 °C at a rate of 3 °C/min. Upon reaching 550 °C, this temperature was maintained
for a duration of 5 h. During the reaction, Ca(NO3), was thermally decomposed into CaO,
followed by a reaction of the CaO with the CO, to form calcite. Before removal from the
furnace, the furnace was cooled by lowering the temperature to 20 °C at a rate of 3 °C/min.



Contings 2023, 13, 1991

3of16

2.1.2. Synthesis of Calcium Hydroxyapatite

For the synthesis of HAP, a solution was prepared by weighing 0.14 g of Na;HPOy
(Carl Roth, Karlsruhe, Germany, 99%) and 0.6057 g of TRIS (C4H,;NQO3) (Carl Roth, 99%)
buffer. The weighed materials were dissolved in 100 mL of distilled water. The solution
was stirred on a magnetic stirrer until dissolved and maintained at 30 “C. The pH of the
solution was alkaline (approximately 9-10). After the dissolution of the materials, the
solution was poured onto CaCO3-synthesised plates and soaked for 7 days at 80 °C. After
removal from the solution, the samples were washed with distilled water, dried, and used
for further analysis. The formation of HAP follows this reaction:

10 CaCO3 + 6Nap HPOy + 2 HyO = Cayp(POy)s(OH)z + 8 NaHCO; + 2 NapCO5; - (1)

2.1.3. Synthesis of Substituted Calcium Hydroxyapatite

In order to introduce Cu®* ions, a mixture of Ca(NO3)z2 and Cu(NQ3)z was prepared at
a concentration of 0.5 mol/1. 5.9036 g of Ca(NO3);-4H,O and 5.814 g of Cu(NO;3),-2.5H,0
(Sigma-Aldrich, St. Louis, MO, USA, 99.8%) were weighed. The substances were dissolved
in 100 mL of ethanol. After the solution had been prepared, the chemically and mechanically
treated titanium plates were dropped into the solution in a porcelain dish to submerge. This
was then heated in an oven under a CO; atmosphere in a previously mentioned manner.
After the heating procedure, the plates were dipped into a solution of 0.14 g Na; HPOy
+ 0.6057 g TRIS buffer (dissolved in distilled water) and soaked for one week at 80 °C.
A similar procedure was repeated for the introduction of Zn%* ions (weighed 7.4365 g
Zn(NO3);-6 HyO; Chempur, 99.7%). To successfully alloy Zn®* ions, the synthesis was
also carried out by direct dropping of already synthesised HAP onto titanium plates into
Zn(NO3);-6H50 solution. In total, 7.4365 g of the material was weighed and dissolved
in 100 mL of distilled water. A further modification of the Zn-HAP synthesis was also
performed. First, CaCOj; was synthesised according to the methodology described for the
synthesis of CaCO; on Ti substrates, then Ti plates containing the synthesised calcium
carbonate were dipped into a solution of 0.14 g NapIPOy + 0.6057 g TRIS buffer + 74365 g
Zn(NQj3)z-6 H20, which was prepared by dissolving these materials in distilled water.

2.2. Characterisation

X-ray diffraction measurements were carried out to determine the phase composition
of the synthesised products. This method of analysis is used to study the crystalline
structure. The measurements were carried out on a Rigaku miniFlex II diffractometer
(Applied Rigaku Technologies, Inc., Cedar Park, TX, USA) (Cu-Ka radiation, A = 0.1542 nm
at 30 kV 15 mA). The diffracted X-rays were recorded between 10° and 70° (20). A Hitachi
TM3000 and a Hitachi SU70 (Tokye, Japan) scanning electron microscope were used to
study the morphology and microstructure of the samples. These microscopes were used
for EDX analysis of the samples. Raman spectra were recorded at room temperature using
a combined Raman and scanning near-field optical microscope (SNOM) WiTec Alpha
300 R (WiTec, Ulm, Germany) with a 532 nm excitation laser source (power 40.9 mW).
Fourier transform infrared (FTIR) spectroscopy measurements were carried out on an
FTIR spectrometer (PerkinElmer, Inc., Waltham, MA, USA). Evaluation of the antibacterial
properties of synthesised coatings on Ti substrates revealed no zones of hydroxyapatite
(HAP) inhibition in the presence of Gram-negative Escherichia coli and Gram-positive
Bacillus subtilis bacteria. The cultures of E. coli and B. subtilis bacteria were incubated
overnight in liquid LB medium, 10 g/L NaCl, 5 g/L yeast extract, at 37 © C temperature.
After this the culture of bacteria were centrifuged and diluted in sterile 0.9% NaCl to
10° units/mL. 100 uL of pre-pared bacteria culture were inoculated in LB agar medium.
Plates with HAP, Cu-HAP, and Zn3(OH)4(NOs), were placed on these E. coli and B. subtilis
inoculants; prepared samples were incubated at 37 °C temperature for 24 h. After these
hours emerges zone of inhibition of HAP, Cu-HAP, and Zn3(OH)s(NO3)2 coatings.
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Two or three measurements were conducted in all of the sample preparation and any
data processing steps.

3. Results
3.1. Synthesis and Characterization of HAP

The phase composition of the coatings was determined by XRD. The XRD patterns
showed that a layer of CaCO; [PDF:96-154-7348] was formed on the Ti substrate. At
20 = 29.4°, the most intense peak characteristic of calcite (CaCO;) was visible. The data
were in a good agreement with literature [16]. Crystalline calcium hydroxyapatite was
then synthesised from these CaCQO; coatings through the dissolution-precipitation method
at low temperature (80 °C). The XRD results clearly showed the formation of HAP [PDF:
96-431-7044] with characteristic reflections in the 31-32.5° 20 angle range (Figure 1). The
peaks of CaCO; [PDF: 96-154-7348] are also identified, proving that some CaCOj still
remains unreacted. In addition, intense diffraction peaks of the Ti substrate are visible.
Thus, it can be concluded that a layer of calcium hydroxyapatite has formed on the titanium
substrate, which is supported by the literature data [17]. The Raman absorption bands
(1084 cm-1, symmetric stretching), (716 cm-1, in-plane bending), (276 and 146 cm- 1, lattice
modes) of CaCO; coating are consistent with calcite [18]. Figure 1 also shows Raman
spectrum of HAP coating. The PO, peaks at 590, 950, and 1085 cm ' of the phosphate
group oscillations belonging to HAP. The peak around 285 cm ! is attributed to Ca-POy
and Ca-OH bonds. The FTIR spectrum of the calcium hydroxyapatite layer on a Ti substrate
is depicted in Figure 1 as well. The FTIR spectra shown here identify absorption peaks
for PO (560-600 cm ™!, ~600 cm ! and 1000-1100 cm 1), OH" (3600-3500 cm~! and
630 cm ™), CO3% (1460-1530 cm™'), as well as for HPO4?~ (610-615 cm™") [19]. Thus, it
can be concluded that the Raman and FTIR spectroscopy results obtained confirmed the
X-ray diffraction data for the successful formation of Cajp(PO4)s(OH); coatings on the
Ti substrate.

The morphological features of the CaCOj3 and Cay(PO4)s(OH)> coatings were inves-
tigated by SEM. The calcium carbonate layers were composed of sub-micrometre (up to
1 wm) thombohedral particles which form a continuous calcite layer. Hexagonal HAP
particles of 20 nm in size were formed at low temperature. A particular morphological
feature of the synthesised HAP (Figure 1) is that a very high degree of homogeneity and
distribution of particle size is achieved.
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Figure 1. XRD pattern (top, left), Raman spectrum (top, right), FTIR spectrum (bottom, left), and
SEM micrograph (bottom, right) of a calcium hydroxyapatite coating on a Ti substrate. Diffraction
reflections: *—HAP [PDF: 96-431-7044]; 4—Ti [PDF: 96-901-6191]; +—CaCO3 [PDF: 96-154-7348].

3.2. Synthesis and Characterization of Cu-HAP

The phase crystallinity and purity of Cu?*-substituted HAP specimens synthesised by
low-temperature sol-gel and dissolution-precipitation method were also investigated by
means of XRD analysis. It was determined that during the heating of mixture of Ca(NOs),
and Cu(NO3); solutions in a CO, atmosphere, in addition to CaCO3, a copper hydroxide
carbonate Cuy(OH),;CO; (malachite) had also formed. It is not surprising, since it is known
that pure CuCO3 does not form in an aqueous media under normal conditions:

2 Cu(NO3); + CO; + 4 NaOH — Cuy(OH),CO;3 + 4 NaNO; + H,O 2)

Figure 2 represents the XRD patterns of the HAP coatings where Ca®* ions are substi-
tuted by Cu?* ions.
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Figure 2. XRD pattern of the Cu-HAP coating obtained on the Ti substrate. Diffraction reflections:
*—HAP [PDF: 96-431-7044]; 4—Ti [PDF:96-901-6191.

The XRD results indicate that the low-temperature precipitation-dissolution method
can be successfully used for the synthesis of partially Cu®* ion-substituted HAP. Treatment
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of CaCO; containing a small amount of impure Cuy(OH)>CO;3 with sodium hydrogen
phosphate produces copper-substituted hydroxyapatite (Cu-HAP):

10—x CaCOj + x Cu(OH),CO4 + 6 NayHPOy + 2 HyO = &
CaypyCuy(POy)5(OH)s + x Cu(OH)z + 8 NaHCO; + 2 NapCO5

Figure 3 shows the FTIR spectrum of the Cu-HAP coating. The absorption bands at
970 and 1031 em~! correspond to symmetric and asymmetric vibrations in the PO~ ion.
Bending vibrations in the PO4>~ ion correspond to absorption bands at 599-567 cm . The
absorption bands of carbonate are at 870 and 1400 em~1[20].
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Figure 3. FTIR spectrum of the Cu-HAP coating obtained on the Ti substrate.

Figure 4 represents the Raman spectrum of a HAT coating substituted with Cu®* ions.
In this Raman spectrum, the band at 428 cm ™! of the phosphate group vibrations are visible,
while the bands at 590, 607 cm ™" also belong to the PO,*~ asymmetric vibrations of the
HAP. The band at 957 cm~! corresponds to a fully symmetric stretching of PO4~. The
sharpness of this band confirms a good crystallinity of the Cu-HAP coating [21].
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Figure 4. Raman spectrum of the Cu-HAP coating obtained on the Ti substrate.
3.3. Synthesis and Characterization of 7n-HAP

However, the formation of HAP coatings substituted with Zn”* ions by the above
preparation method did not proceed. The results presented in the XRD pattern of the
coating synthesised by the low-temperature precipitation-dissolution method (by forming



Coatings 2023, 13, 1991

7of 16

mixed carbonates from a mixture of Zn(NOj3);-6H»O and Ca(NQ3);-4H>O and dropping the
product into Na,HPQy + TRIS buffer solution) confirmed only formation of calcite which
was not transformed to the Zn-HAP. Once again, we can conclude that HAP substituted
by zinc ions has not formed by this synthesis method. The XRD patterns contained only
diffraction reflections of calcium carbonate.

Therefore, different variations of the proposed synthesis method were tested to obtain
a Zn-HAP coating on Ti substrate. An attempt was made to synthesise the Zn-HAP coating
by direct immersing of the already synthesised HAP coating on Ti into Zn(NOs), solution.
The reaction was carried out under the same conditions at 80 °C for one week. The XRD
pattern of the resulting product is shown in Figure 5.
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Figure 5. XRD pattern of HAP doped with Zn?* coatings synthesised by immersing the HAP
coating on Ti in zinc nitrate solution. Diffraction reflections: —TiOy [PDF: 96-152-8779]; |—
Zn(OH)(NOz)(HO) [PDF:96-152-9913),

Unexpectedly, the Zn-HAP did not form, and also the HAP coating dissolved, although
the solubility of HAT is very low. An even more unexpected result was the formation of
almost single phase zinc hydroxide nitrate monohydrate Zn(OH)(NO3)(H,O) on the Ti
substrate. Thus, during this synthetic approach almost monophasic Zn(OH)(NO3)(H,0)
instead of Zn-HAP has formed on Ti substrate.

A third synthetic approach was also selected to obtain the Zn-HAP coating. The
CaCO; coating synthesised on Ti substrate was dipped into a solution of Na, HPOy + TRIS
buffer + Zn(NO3)z-6H,0 and stored therein for one week at 80 “C. Again, instead of Zn-
HAP, the formation of Zn(OH)(NO3)(H>0) along with small amount of Zn3(OH)s(NO3)2
and unreacted calcium carbonate was observed on the Ti surface.

3.4. SEM and EDX Analysis

The SEM images clearly showed that the addition of copper to the HAT also changes
the morphology of the particles. Instead of the hexagonal 20 nm particles of HAT, fibrous
crystallites with a snowflake shape of about 1 um have formed (see Figure 6). The volu-
metric snowflake crystallites are composed of interlocking needles between 0.5 nm and
1 nm in size. Both the partially altered Cu-HAP samples are characterised by a high de-
gree of homogeneity in particle size distribution. The morphology of the Zn>*-containing
samples synthesised by forming mixed carbonates from a mixture of Zn(NOs);-6H,O
and Ca(NOs);-4H;0 and immersing the product into a NaHPOy + TRIS buffer solution
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differs considerably from that of the HAP and Cu-HAP. The representative SEM image
of this sample is also shown in Figure 6. It can be seen that homogeneous coatings with
some cracks have formed. The coatings are composed of planar crystals larger than 1 pm
forming a continuous coating. Few accumulations of smaller particles are also visible on
the Ti surface.

Figure 6. SEM micrographs of Cu-HAP (left) of Zn3(OH);(NOs), coatings (right) fabricated on
Ti substrate.

Elemental analysis of the synthesised Cu and Zn containing coatings was carried out
using EDX analysis. The EDX spectra of both samples are presented in Figure 7.

Ca Ca
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Figure 7. EDX spectra of Cu-HAP (left) of Zn3(OH)4(NO3); coatings (right) fabricated on Ti substrate.

In the case of Cu-HAP coating, the Ca/P ratio of ~1,62 was found to be almost identical
to the calcium/phosphorus ratio in stoichiometric HAP (1,67). The molar ratio of calcium
to copper was Ca:Cu = 1:0.033, i.e., about 3.3 mol% of the calcium was likely replaced by
copper. The formula for the synthesis product could then be written Cag 7Cuyg 3(PO4)s(OH),
or CaggsCuy15(POy)s(OH),, if the reaction (see Equation (3)) produced a further stoichio-
metric amount of copper hydroxide. From the EDX measurements of the sample with
zine, the Ca/P ratio determined was completely unreasonable as it did not correspond
to any possible calcium/phosphorus ratio in known phosphates. Although calcium and
phosphorus were detected in the synthesised coating, XRD analysis failed to detect calcium
phosphate crystalline phases. It is likely that a significant amount of amorphous calcium
carbonate and /or a very small amount of calcium hydroxyapatite remained in the coating.
The EDX spectrum shows that the coating synthesised contains a significant amount of zinc.

3.5. Antibacterial Properties

Evaluation of the antibacterial properties of synthesised coatings on Ti substrates
revealed no zones of hydroxyapatite (HAP) inhibition in the presence of Gram-negative
Escherichia coli and Gram-positive Bacillus subtilis bacteria (Figure 8).
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Figure 8. Results of antibacterial performance tests of low-temperature synthesised HAP coatings on
Ti with (left) B. subtilis and (right) E. coli bacteria.

Subsequent microbiological tests conducted after 24 h of incubation at 37 °C demon-
strated zones of inhibition in samples containing Cu-HAP when exposed to a colony of B.
subtilis (see Figure 9).

Figure 9. Results of antibacterial performance tests of low-temperature synthesised Cu-HAP coating
on Ti with B. subtilis.

According to existing literature [22], Gram-positive bacteria possess a negatively
charged cell surface and a substantial peptidoglycan membrane, ranging from 20 to 80 nm
in thickness. In contrast, Cu?* ions are positively charged and adhere to these negatively
charged surfaces, thereby inducing apoptosis in Gram-positive bacteria. Similar observa-
tions on the effects of Cu-doped titanium alloy coatings on Gram-positive bacteria have
been reported in a study by Kalaivani, S. et al. [23]. Figure 10 illustrates the zones of
inhibition associated with samples doped with Zn?* ions when exposed to a B. subtilis
colony. However, no zones of inhibition were observed in the presence of E. coli.

Inhibition zone of coating with Cu-HAP coating on Ti were 10.5mm =+ 0.5 mm average
from nine measurement; the plate with the Zn3(OH)4(NO3); coatings were 15 mm =+ 1.8 mm.
Several factors may explain the lack of inhibition zones in some cases with Cu?* and Zn?*
ion coatings. One plausible explanation is that materials from coatings do not substantially
diffuse into the medium; the fraction that does diffuse exhibits inhibitory effects solely
against B. subtilis. Another possibility is the absence of direct contact between the metal
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ions and the bacteria. Alternatively, the concentrations of metal ions may be insufficient
for inhibition.

Figure 10. Results of antibacterial performance tests of low-temperature synthesised coatings with
Zn2* fons on Ti with (left) B. subtilis and (right) E. coli bacteria.

4. Discussion

Bone is a biologically rigid and strong material that lasts for more than 50 years
without damage in human bodies [24]. However, an array of factors, including mechanical
trauma, age-related weakening, and pathological conditions, necessitate the implantation
of synthetic prostheses. [25]. There are different types of bone implants that can be used to
help restore or replace bone tissue. The most common are:

1. Metal implants. These implants are usually made of titanium or stainless steel and

are used for fracture fixation, joint replacement, and spinal surgery [26].

2. Ceramic implants. These implants are usually made of zirconium and are used for

joint replacement surgery [27].

3. Polymer implants. These implants are routinely made of polyethylene and are used

for joint replacement surgery, particularly in hips and knees [28].

4. Bone grafts. Bone tissue is taken from another part of the patient’s body or from a

donor and is used to promote healing of damaged or missing bone [29].

Titanium and calcium phosphate ceramics have emerged as the gold standard in
orthopaedic applications. Titanium alloys exhibit commendable mechanical strength and
resistance to physiological corrosion, courtesy of an intrinsic oxide layer. Calcium phos-
phates, particularly hydroxyapatite (HAP), offer unparalleled biocompatibility, accelerating
biological responses and promoting strong bone-implant interfaces. Despite their advan-
tages, calcium phosphates are mechanically inferior, leading to research efforts focused
on material modification for enhanced bioavailability [25]. HAP has strong osteoperme-
ability properties, making it particularly attractive for biomedical applications [30]. When
HAP-based ceramics are implanted, a fibrous layer is formed on the surface of the ceramics,
which helps the implant to bond to the living bone. This stabilises the implant and anchors
it to the surrounding tissue. Synthetic HAPs are also used to cover metal implants or bone
grafts. In addition, a PhD thesis [13] suggests that HAP particles can inhibit the growth of
various types of cancer cells. HAP-based materials find utilisation in medical and dental
fields as bone graft substitutes, dental implant coatings, and even as facial fillers [31-33].

Various synthesis methodologies have been explored, including wet, dry, and high-
temperature techniques, sometimes leveraging bio-waste as precursors, which offers an
economical and sustainable approach [34]. Bio-wastes include vertebrate bones, eggshells,
and marine shells, the use of which is not only cost-effective but also contributes to sustain-
ability and adds value. The properties of the final product produced depend on the type of
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precursor used and the synthesis protocols used. Wet methods are further subdivided into
precipitation, sol-gel, hydrothermal, microwave, and sonochemical methods. The precipita-
tion method remains the prevalent approach for synthesising hydroxyapatite (HAP). This
technique involves the incremental addition of precursors under constant mixing, while
maintaining an alkaline pH. Subsequent to reaction completion, the precipitate is isolated
via centrifugation, oven-dried, and mechanically processed. Key variables influencing
the material’s characteristics include the Ca/P ratio, rate of precursor addition, reaction
temperature, and pH, as well as any added dispersants [35]. Advantages of this methodol-
ogy encompass simplicity, low-temperature synthesis, cost-effectiveness, and high product
purity. Limitations include particle non-uniformity and agglomeration, which can be miti-
gated through meticulous control of reaction parameters [36]. The sol-gel synthesis method
is a method for the synthesis of HAP under mild conditions. When the crystallisation of the
calcium and phosphate precursors takes place in a mild environment, the resulting HAP
has high purity. The rate of gel formation and HAP growth depends on the type of solvent,
the precursors used, the pH, and the temperature used in the process. Inaccuracies in these
parameters lead to the formation of calcium-containing impurities during the process [37].
Another disadvantage of the sol-gel method is that it is time consuming.

Another widely used method for the preparation of HAP is the hydrothermal method,
which involves chemical reactions between calcium and phosphate precursors at tem-
peratures and pressures above ambient conditions. This method produces HAP with
high crystallinity and stoichiometry. The morphology, crystallinity, and porosity of the
HAP can be controlled by proper control of the pressure and temperature of the reaction
vessel [37]. In the microwave (MW) irradiation method, a rapid heating source is used
and monodisperse HAP nanoparticles can be synthesised in a short time. In addition,
MW methods are energy efficient, the results are reproducible, and the final product has
high crystallinity. The method can also be integrated with traditional methods (such as
MW-deposition, MW-sol-gel, MW-hydrothermal, etc.) [38]. Research has shown that MW
heating can enhance the antibacterial properties of HAP [39]. The sonochemical method is
very fast and energy efficient, using ultrasound to synthesise HAP. It has been shown that
prolonging the duration of the ultrasound produces small rod-shaped HAP nanoparticles
of almost uniform size [40]. Naturally occurring biological resources like animal bones,
eggshells, and plant extracts serve as viable precursors for hydroxyapatite (HAP) synthesis.
These resources offer cost-effectiveness and waste treatment benefits, alongside yielding
biomimetic, biocompatible, and bioactive HAP that is non-stoichiometric due to trace ele-
ments, making it analogous to human bone composition [36,41]. Mammalian bones, such as
those from cows and pigs, are particularly favoured for their physicochemical resemblance
to human bone. The extraction process involves a pre-processing step of cleaning and
boiling, followed by high-temperature burning to remove organic compounds [42]. The
resultant HAP's properties are influenced by the heating parameters [43-45]. Eggshells,
predominantly composed of calcium carbonate, undergo cleaning and heating to form CaO,
which is then converted to Ca(OH);. This is mixed with a phosphorus precursor to synthe-
sise HAP [46]. Plant-derived biomolecules like pectin can modulate HAP morphology. For
example, pectin from banana bark has been demonstrated to produce low-crystalline HAP
with uniformly distributed nanoparticles [47-49].

In our study, the incorporation of Zn* ions into hydroxyapatite (HAP) was investi-
gated. Zinc (Zn) is a critical trace element in humans, constituting approximately 3 g in
the adult body. It serves both catalytic and structural roles in various biological processes,
including metabolism, cell division, and gene transcription. Zinc deficiency is detrimental,
particularly affecting the immune system [12]. Zinc is found as a trace element in bone.
The introduction of Zn cations into the HAP structure is a popular area of research. The
substitution of Zn?* ions for Ca** results in a decrease in the lattice parameters a and c.
This is due to the difference in the ionic radii of these cations (Zn?* (0.074 nm) and Ca?*
(0.099 nm)). Scientific publications have reported that zinc stimulates bone formation by
activating osteoblast proliferation and differentiation [50,51]. Zn-HAP also has antibacterial
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properties against Gram-negative and Gram-positive bacteria. HAP doped with less than
1% zinc ions exhibits effective biological activity [12].

In previous studies, Zn-HAP coatings have been obtained by different methods, e.g.,
plasma spraying, sputtering, sol-gel method, magnetron sputtering. The Zn-HAP samples
obtained by the different methods show a different distribution of zinc in the coating.
For example, sputtering produces homogeneous Zn-HAP coatings, whereas magnetron
sputtering produces Zn-HAP coatings with a higher concentration of zinc ions on the
coating surface [12]. The dependence of the Zn-HAP biological response on the zinc
content has been investigated in various experiments. Webster et al. have shown that even
small amounts of Zn (from 1.3%) increase the osteoblast response [52]. In vitro adhesion
and proliferation studies have shown that human osteoblast cells respond better to Zn-HAP
layers compared to pure HAP coatings. Zn substitution was shown to affect the adhesion
of HAP coatings on Ti substrates.

Another cation included in our research was Cu?*. The introduction of Cu ions into
the HAP structure also provides antibacterial properties to the HAP, which reduces the risk
of inflammation after implantation. Additionally, our research examines the incorporation
of Cu?* ions into hydroxyapatite (HAP). Copper ions enhance protein absorption and
osteogenic differentiation, and facilitate bone-like apatite formation at implant sites [53].
While Cu-based nanoparticles have catalytic applications due to copper’s variable oxi-
dation states (0, I, IL, II) [54], the impact of Cu?* substitution on HAP structure remains
understudied. Cu has antibacterial properties, promotes angiogenesis, and has low cytotox-
icity. Despite promising applications in orthopaedics, the literature shows that commercial
success is still a long way off. This is not only due to the burden of the regulatory pro-
cesses involved in bringing metal-doped materials to the health market, but also due to
the difficulty in proving the effect of the element experimentally. Today’s challenges are to
combine in the same study all the characteristics related to the element: material studies
(chemical composition, phase composition, formation, biomechanical aspects, brittleness,
mechanical strength, and oxidation resistance) and biological aspects (cytotoxicity, bac-
tericidal, osteogenic and angiogenic properties) [55]. Cu is a trace element essential for
numerous physiological functions, including respiration, energy production, and tissue
formation [56]. It is crucial for bone collagen maturation and osteoblast function [57,58]. In
a 70 kg adult, approximately 100 mg of Cu is distributed primarily in the skeleton, muscles,
liver, and brain [59]. While the maximum adult dose is 10 mg/day, deficiency can result
in conditions like anaemia, leucopenia, and bone fragility [55]. Prado et al. demonstrated
experimentally that after 48 h, MRSA, Klebsiella pneumoniae, and Acinetobacter baumannii did
not adhere to Cu-containing samples, unlike stainless steel [60]. Another study investigated
the incidence of infections over one year in an intensive care unit. Some patients were
placed in wards with Cu-alloy surfaces and others in conventional wards. The proportion
of patients who developed an infection with MRSA or VRE (vancomycin-resistant entero-
coccus) was compared between the two types of wards. In wards with Cu, 7.1% of patients
developed nosocomial infection, compared with 12.3% in standard wards, indicating that
Cu-alloy surfaces significantly reduced nosocomial infections [61]. Three main mechanisms
are described in the literature: (a) membrane and cell wall damage due to direct interaction
with microbial surfaces; (b) release of component divalent metal ions; (c) generation of
reactive oxygen species (ROS), which are known to be toxic to bacteria.

In 2008, the EPA acknowledged copper’s antimicrobial properties, leading to its incor-
poration in various biomedical materials, including calcium phosphate bioceramics [62,63].
Key studies have substantiated the antimicrobial efficacy of Cu-doped hydroxyapatite
(HAP). For instance, Stanic et al. reported a 95% reduction in Escherichia coli, S. aureus, and
Candida albicans [64], while Li et al. found less than a 1% survival rate of E. coli after 24
h [64]. In 2019, Bhattacharjee et al. confirmed the material’s effectiveness against E. coli
and S. aureus [65]. In 2015, Huang et al. synthesised Cu-doped HAP coatings on titanium.
The coatings were found to have an antimicrobial effect of >75% against E. coli [66]. In a
study by Kalaivani et al., copper-doped CaSiO; coatings were synthesised and evaluated
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for their antibacterial properties against E. coli and S. aureus. The results showed that the
pure powder did not exhibit antibacterial properties, but the antibacterial activity gradually
increased with increasing Cu content in the doped coatings [23]. Ghosh et al. coated
Cu-doped hydroxyapatite on titanium with varying Cu content and tested these samples
against E. coli and S. aureus. Their results showed that the number of viable bacteria de-
creased as the Cu content of the coatings increased, while the antibacterial activity of the
Cu-free hydroxyapatite was very low. After 8 h of cultivation, the antibacterial activity of E.
coli on Cu-HAP was 78% and that of $. aureus was 83%. Wolf-Brandstetter et al. performed
similar studies with titanium implants coated with Cu-HAP layers. After 2 h of cultivation
with E. coli, the coatings with the highest Cu content showed a significantly lower number
of viable bacteria and this effect was prolonged to 12 h. The results also showed a reduction
in adherent bacteria on implant surfaces after 12 h [67]. Although Cu-based biomaterials are
generally effective against bacteria, the efficacy is influenced by various parameters, such
as bacterial type (Gram-positive or Gram-negative), testing methodologies, experimental
conditions, and Cu content variation. The ion release rate in biological media also plays a
role. Gram-positive bacteria, with their negatively charged and thick peptidoglycan mem-
branes (2080 nm), are more susceptible to Cu-induced apoptosis, whereas Gram-negative
bacteria possess a thinner peptidoglycan layer (6-15 nm) and an cuter membrane that
can act as a diffusion barrier [22,68]. A paramount strength of this study resides in its
innovative approach to the low-temperature synthesis of hydroxyapatite (HIAP) coatings;
thereby the adhesion to titanium substrate is better and formation of TiO; is avoided. The
incorporation of copper and zinc ions as dopants not enly adds complexity to the material
but also offers a platform for the exploration of multifunctional properties. Significantly, the
study takes the crucial step of evaluating the antibacterial efficacy of these doped coatings,
filling a gap in current research on HAP-based biomaterials. Analytical methods used in
the study provide a robust foundation for the reported findings. Nevertheless, the study is
not devoid of limitations. A comprehensive analysis of the coatings” mechanical properties,
aside from their antibacterial attributes, could provide a more holistic understanding of
their potential applications [69-71]. Moreover, the study would benefit from a broader com-
parative framework that situates the findings in relation to existing methods and materials
for HAP coatings.

5. Conclusions

A crystalline calcium hydroxyapatite (HAP) with a very high homogeneity and de-
gree of particle size distribution was successfully synthesised from CaCQ; coatings by
a dissolution-precipitation method at low temperature of 80 “C in aqueous media. The
low-temperature precipitation-dissolution method was successfully used for the synthesis
of partially Cu?* ion-substituted HAP. However, the formation of HAP coatings doped with
Zn" ions by the above method did not proceed as smoothly as expected. The different syn-
thesis methods tested resulted in the formation of Zn(OH)}(NO3)(H20), Zns(OH)4(NO3)s
on the surface of the coating, leaving unreacted calcium carbonate. Antibacterial property
tests showed that no zones of inhibition were detected in pure HAP. In the Cu-HAP and
Zn-HAT coating, after incubation for 24 h at 37 °C, zones of inhibition were detected in the
presence of a colony of B. subtilis bacteria. However, no zones of inhibition were detected
in the presence of Escherichia coli.
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ARTICLE INFO ABSTRACT

Keywords: This study aims to explore the effects of various hydroxyapatite (HA) doping techniques in depth. For this

Hydroxyapatite i purpose, two ions with comparable sizes, namely Mn®" and Cu®*, were selected based on their suitability as

?"“Tﬂmﬂl‘ synthesis dopants for HA in biomedical applications. Moreover, their paramagnetic properties enable sample character-
rystal growth

ization through electron paramagnetie resonance (FPR) spectroscopy. Two different approaches were emplayed:

Morphol | . . M
Mo doping. contrel (1) ion-substituted @-TCP was used as starting material; (IT) foreign ions presented in the solution during the
Cu doping transformation of undoped a-TCP to HA. The foreign ions influenced the hydrolysis process of wTCP, aliering the

phase purity and morphology of the products, Doped «-TCP showed a weaker effeet, while adding ions to the
synthesis solution had substantial impact. Mn-deped «-TCP transformed inte plate-like HA particles while Mn**
ions present in the solution led to the formation of both plate- and rod-shaped particles. In contrast, Cu®  ions
indueed the formartion of rod-like particles independently of the doping process. Plate-like particles demonstrated
higher Brunauer—Emmet-Teller surface area (Sagr) than rod-like HA. Fach sample exhibited a combination of
mesopores and macropores, with mesopores in the range of 15-17 A being dominant. EPR investigations
revealed that Mn®' and Cu®' are excellent paramagnelic probes to monitor synthesis reactions of HA and
determine the localisation of foreign ions in the material.
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ARTICLE INFO ABSTRACT
Handling Editor: Dr P. Vincenzini This review summarises the available results on the effects of cation substitution on the antibacterial and other

bioproperties of different phosphates. Attention is given ro bulk cation-substituted phosphates (alkali, alkaline
Keywords: earth, transition and lanthanide metals) and to thin films, glasses, and various composite materials. The cationic
Galeium phosphates effects on the biclogical properties of phosphate bioceramics are also documented. These phosphate-based

Cationic substitution
S
Bioproperties

e biomaterials, especially nanostructured anes, shaw high biocompatibility and enhanced antibacterial behav-
stitation

iour. articles have that the i 1 are the best candidates for
applications in many biomedical fields such as bone repair, tissue engincering, drug and gene delivery, magnetic
targeting and hyperthermia treatment for eancer, bioimaging, and theranosties.




Ceramics International 51 (2025) 11286-11296

CERAMICS

INTERNATIONAL

Contents lists available at ScienceDirect

Ceramics International

-

ELSEVIER journal homepage: www . elsevier.com/locat:

Cytocompatible and antibacterial Fe-, Cu- and Zn-substituted calcium e
hydroxyapatite materials for skin applications

L. Lukaviciute™ @, A. Lukowiak ", Z. Stankeviciute ", A. Junka °, M. Mortimer “®, A. Zarkov "©,
J.-C. Yang “®, R. Ganceviciene , A. Kareiva®

* Facuity of Chemistry and Geosciences, Vilnius University, Naugorduko st. 24, 03225, Vidnius, Lithuania

P Institute of Low Temperature and Structure Research, Polish Academy of Sciences, Okolna 2, 56422, Wroclaw, Poland

* Department of Pharmaceutical Microbiology and Parasitology, Wroclaw Medical University, Borowska 2117, 50556, Wroctaw, Poland

* Laboraory of Frvironmental Toxicology, National Institure of Ghemical Physics and Biaphysics, Akadeemia tee 23, 12618, Tallinn, Fstonia

* Graduate Institute of and Medical Engineering, PhD. Program in Biomedical Engineering, College of Biomedical Engineering, Research
Center of Biomedical Device, Research Center of Digital Oral Seience and Technology, Taipei Medical University, Taiwan

¥ Faculty of Medicine, Vilnius University, M.K. Ciurlionio st. 21, 03101, Vilnius, Lithuania

ARTICLE INFO ABSTRACT

THandling Editor: Dr P,

Calcium hydroxyapatite (C10(PO)s(0H)z; CHAp) and metal-substituted samples (Fe:CHAp, Cu:CHAp, and Zn;
CHAPp) were synthesized using a recently developed method. This method involved the wet precipitation of
Keywords: amorphous caleium phosphate (ACP), followed by solid-state reaction synthesis of a-tricaleiom phosphate
Hydroxyapatite ) {(2TCP), and finally hydrothermal synthesis of CHAp. The effect of Fe?', Cu?', and Zn®  substitution on the
2 ’K‘f"h‘ﬂmﬂ [:y ":h“" phase purity and antimicrabial properties of CHAp are summarized in this study. Notably, it highlights the phase
Substitubion effects purity of CHAp and Zn:CHAp (in the presence of Fe* and Cu? ' ions, the - and [WTCP phases have formed) as
well as the antimicrobial activity of Zn:CHAp and Cu:CHAp against Staphylococcus aureus and Candida albicans,
The synthesized nanosized CHAp, Fe:CHAp, Cw:CHAp, and ZniCHAp samples were used as additives in the
preparation of skin creams. In vitro biological studies of the resulting skin creams demonstrated their antimi-
crobial activity against Pseudomonas aeruginosa, and showed a reduction in osteoblasts cells viability of in the
range of 2040 %, The addition of zine enhances antimicrobial efficacy bur reduces biocompatibility, while

creams

Biopropertics

copper maintains both high ial activity and ility, making it more suitable for the devel-
opment of medical or cosmetic materials. Dermal ereams containing CHAp with copper and iron fons also show
i imicrobial activity while ing good cell viability. These results highlight the importance of

optimizing the balance between anti i and ility in these materials.
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