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ANNOTATION

Within the present work, the synthesis methodology and upscaling of octacalcium
phosphate (OCP) production from low-temperature a-tricalcium phosphate (a-TCP) have been
optimized, and a comprehensive analysis profile of the obtained OCP has been established. To
ultimately utilize the data from the physicochemical analysis, an in silico model capable of
identifying the production stage of OCP has been designed. The developed OCP has been
applied in two approaches: as a doxorubicin hydrochloride (DOX) drug delivery system for the
treatment of osteosarcoma and as a protective coating against corrosion for titanium implants.
The doxorubicin-octacalcium phosphate (DOX-OCP) drug delivery system was characterized,
and the in vitro drug release and biological effects on MG63 (cancer cells) and MC3T3-El
(normal cells) were studied. Sodium alginate/octacalcium phosphate (Alg/OCP) composite
coatings were developed, and their electrochemical behavior on titanium alloys in inflammatory
conditions was assessed.

The Doctoral Thesis has been written as a collection of articles. It consists of a summary in
Latvian and English and five SCI publications. Each summary contains 15 figures and 1 table,
followed by 5 appendices, totaling in 173 pages, including electronically available
supplementary information.
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GENERAL OVERVIEW OF THE THESIS

Introduction and Literature Review

Due to an increasing number of people having musculoskeletal diseases (322.75 million
incident cases in 2019) [1], bone cancers (by 2040, global cancer cases will reach 26 million
[2]) or incomplete regeneration of bones, it is detrimental to guide the research in the direction
of finding the most effective solutions, which are able to help in the treatment of bone defects
and bone tissue regeneration. Regenerative medicine’s main endeavor is to mimic the properties
of the native bone as closely as possible so the entire regeneration process can be faster and
easier for the patients. Considering that using different drugs is also necessary to battle certain
diseases, an additional goal is to minimize the aftermath of the systemic distribution that can
have a lethal outcome. Nevertheless, irrespective of the end application, a suitable material
needs to closely align to the golden standard: be biocompatible, biodegradable and exhibit
osteoinductive properties (engagement and stimulation of cells to differentiate into
preosteoblasts [3]).

Calcium phosphates (CaPs) are highly effective and reliable materials [4], biocompatible,
osteoconductive, have the ability to incorporate different drugs/ions, and they are also the main
constituents of bone’s and teeth’s inorganic part [5-8]. CaPs can be classified by their Ca/P
molar ratio, solubility, crystallinity, particle size, morphology and specific surface area (SSA),
but also based on their final form (nanoparticles, scaffolds, coatings, etc.). Hydroxyapatite
(HAp, Caio(PO4)s(OH)2), the most commonly used phase, is also naturally present in hard
tissues (in non-stoichiometric form). Even though HAp is the most stable phase under
physiological conditions, the disadvantage to using it could be slow resorption kinetics [9,10].
The second most often used CaP is tricalcium phosphate (TCP, Ca3(POs)2). The two
polymorphs of TCP are o and B, and they are mostly used for bone regeneration [11], for
example, a-TCP is extensively used in bone cements and other bone substitutes, as it has
excellent biocompatibility and it showed positive results in in vivo [8]. Conversely, a-TCP has
too high degradation rate when compared to the new bone growth rate [12,13]. Three out of all
CaPs are presumed to be the precursors of bone apatite — amorphous calcium phosphate (ACP,
Ca3(PO4)2'nH20), dicalcium phosphate dihydrate (brushite or DCPD, CaHPO4-2H20), and
octacalcium phosphate (OCP, Cag(HPO4)2(PO4)4-5H20) [8,14]. ACP exhibits higher solubility
and resorption rates, facilitated by lack of crystallinity, the presence of a hydrated layer, and
the existence of defects, which ultimately contribute to the improved bioactivity [15,16]. DCPD
has layers (sheets of CaO and PO4+*) that are parallel to the c-axis and are held together by
hydrogen bonds from the water molecules within the structure [17,18]. DCPD forms in acidic
aqueous solutions at pH 2—6, and one of the major DCPD’s advantages is the strong inclination
to transform to OCP or calcium deficient hydroxyapatite (CDHAp), which is why it is often
used in self-setting CaP cements.

The third precursor, i.e., OCP, is the most similar one to HAp. The similarity lies in its
structure — apatite layers being parallel to the (100) plane with hydrated layers in between
[19,20]. This particular arrangement of apatite crystallographic planes (~ 1.1 nm thickness) and
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a relatively empty hydrated layer (~ 0.8 nm thickness) [21], enables OCP to transform itself to
the thermodynamically more stable phase, CDHAp, both in vitro and in vivo [21,22]. The
presence of water molecules in the hydrated layer influences the level of the similarity of OCP
structure to the one of HAp. Comparable conversion of OCP to apatite transpires in the process
of bone formation [8]. Moreover, due to the presence of the hydrated layer, the incorporation
of different ions and molecules is significantly more attainable [23]. From the biological point
of view, the release of the HPO4>~ ions from OCP [24] facilitates the stimulation of main bone
cells (e.g., osteoblasts, osteocytes, osteoclasts [25]) and helps in enhancing macrophage
migration to the implantation site [21]. Several studies showed that OCP can decrease the
secretion of proinflammatory cytokines (necrosis factor-alpha and Interleukin-1), which show
anti-inflammatory properties [26,27]. Also, multiple groups showed evidence of OCP’s
osteoinductivity — OCP-coated titanium [28] and OCP-coated polyethylene glyco-
terephthalate/polybutylene terephthalate (PEGT/PBT) [29].

There are two main pathways for synthesizing OCP: the precipitation [20,30] and the
hydrolysis [17,31]. The starting sources of calcium (Ca?") and phosphate (PO4>") ions vary, and
usually, in precipitation, they are combinations of calcium acetate, calcium carbonate, sodium
acid phosphate and phosphoric acid, whereas in hydrolysis, the most common precursors are
DCPD or a-TCP. Both processes are quite complex, and they depend on the intertwined effects
of the pH, temperature, stir rate, ionic strength, etc. [23,32]. For example, if the temperature in
the system is higher, the time until OCP materializes is shorter due to the more kinetically
conducive conditions, which favor the formation of this phase. Alternatively, if the pH
increases, it could lead to the precipitation of another phase (e.g., CDHAp). The aforementioned
factors can also influence the size and morphology of the crystals (precipitation can result in
thin elongated and lamellar particles, whereas hydrolysis can exhibit thin plate-like particles
mixed with finer whisker-like particles) and the biological effect it will have [20,33]. Owing to
this, the appropriate synthesis conditions must be chosen, depending on not only phase purity
but also final morphology and the application of OCP.

To determine the CaP phase, its characteristic markings and morphology, a multi-technique
characterization approach is necessary. To confirm the presence of a specific phase, X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy,
scanning electron microscopy (SEM), nuclear magnetic resonance (NMR), thermogravimetric
analysis (TGA), transmission electron microscopy (TEM), Brunauer—Emmett—Teller method
(BET), Laser granulometry, etc. are being used. However, the downside of OCP (a very high
similarity to CDHAp [23]) creates difficulty in claiming the phase purity quantitatively (overlap
of XRD maxima with CDHAp can disrupt the Rietveld analysis). Other obstacles detected
during the course of the literature review were relatively small yields of the obtained pure
product (~ 100 mg — 2 g), a narrow region of pH (5.0-7.0 pH), temperatures favorable for the
synthesis of OCP, and the inability to process it under high temperatures (> 80 °C) [23].

As the ongoing research progresses, innovative ways to employ OCP in regenerative
medicine are being explored. OCP has been used as a bone cement [34] and as a composite
scaffold with polymers (alginate, gelatin, collagen, PEGT, etc.) for the reconstruction of bone
defects [35-37]. Also, as a coating on titanium alloy implants to enhance the biological
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performance of the metal surfaces [29,38]. Considering the additional objective of regenerative
medicine is to address systemic conditions like osteoporosis and minimize drug intake
frequency and toxicity in cancer patients, the integration of bioactive ions and drugs into the
CaPs has gained considerable popularity. When it comes to OCP, several ion substitutions
(carbonate (COs?"), magnesium (Mg?"), zinc (Zn?"), and strontium (Sr>")) have been done to
tune the bioactive effects [23]. Moreover, OCP has been used as a drug delivery system (DDS)
to improve the biodistribution of therapeutics (bisphosphonates, ibuprofen, methotrexate) via
local delivery pathways [23]. The conventional systemic drug delivery route operates through
the circulatory system, potentially resulting in various side effects, systemic toxicity, and
suboptimal delivery to the targeted site [39]. To mitigate these drawbacks, local agent delivery
aims to reduce the burst release and to establish a tailored drug release profile, specific to the
defect site. As malignant skeletal tumors (osteosarcoma (OS) standing out as a prominent
representative), make up roughly 40 % of all bone tumors [2], some of the efforts on employing
OCP as a carrier were directed to testing the effect of methotrexate-loaded OCP on OS cell
lines [40], however research on OCP drug loading was mostly focused on bisphosphonates.
Thus, it is crucial to devise a new DDS that effectively controls the localized administration
and short/long-term effects of the anticancer drugs. It also enhances the applicability and
mitigates the development of chemoresistance and dosage-dependent toxicity. It has been
hypothesized that, if the drug loading is achieved in situ during the initial stages of OCP
synthesis, it can lead to ultrahigh drug loading capacity (DLC) [41]. However, even though
OCP has shown a high potential as a biologically active ion/molecule delivery system, there is
scarce data on how the drug release mechanism from OCP works and how the process of
drug/ion loading affects the formation of the OCP phase.
The rationale behind the proposed research

After a thorough review and bearing in mind the demonstrated importance of OCP, the
Thesis focused on delivering systematic studies on OCP formation and utilization that were
lacking in the literature, therefore filling the identified knowledge gap to some extent. Thus,
within the Thesis, the optimization of the synthesis methodology and scale-up method of OCP
synthesis was elaborated, anticancer drug-loaded OCP delivery systems were developed, and
OCP applicability in composite coatings was tested. The comprehensive strategy of the PhD
research is shown in Fig. 1.

Objective 1 Objective 2 Objective 3 Objective 4
Synthesis Scale-up Drug delivery Composite
technology system coating
< Z N
| 0o ® O O CON ) 0O @® O
Optimization "
o Physico- 100mg  Phase  fnsiico  DOX-OCP Drug  invitto  OCP/alg  FTYSico-  Electro-

chemical
characterization

chemical  chemical

synthesis characterization tests

L trangformation model synthesis release = assays coating
methodology 1049

Fig. 1. PhD project roadmap. OCP — octacalcium phosphate; Alg — alginate; DOX —
doxorubicin; DOX-OCP — doxorubicin loaded octacalcium phosphate.
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Aim and Objectives

The aim of the Thesis was to optimize the synthesis technology to obtain a stable OCP with

high phase purity and to explore its application as a drug delivery vehicle as well as a protective

composite coating. To fulfil the aim, the following objectives were set:

1.

To optimize the synthesis methodology of OCP via the hydrolysis of low-
temperature o-tricalcium phosphate (LT-a-TCP) and study the physicochemical
properties of the obtained OCP.

. To optimize the scale-up of the synthesis technology, determine the formation

pathway of OCP, and develop an in silico model for the determination of the OCP
synthesis termination based on the XRD and FTIR results.

. To develop a drug delivery system for cancer treatment by combining OCP with an

anti-neoplastic agent — doxorubicin hydrochloride (DOX-OCP).

. To develop the OCP-embedded hydrogel coatings for metallic implants able to

enhance corrosion resistance.

Thesis to Defend

Hundredfold upscaling of OCP synthesis via the hydrolysis of LT-a-TCP at room
temperature does not affect the physicochemical properties of the final product
(phase composition, molecular structure and morphology).

. Doxorubicin can be incorporated into the octacalcium phosphate particles up to

10 wt% of the initial OCP precursor amount, while higher amounts of doxorubicin
inhibit the OCP phase formation. The as-synthesized product can serve as a
prolonged-release anticancer drug delivery system.

. If used in coatings for 3D printed Tibased metallic implants, OCP affects electrical

charge transfer resistance at the substrate and coating interface.

Scientific Novelty

The scientific novelty was recognized in the following aspects:

L.

By following the phase transformations from LT-a-TCP to OCP, it was established
and described through chemical equations that the progressive shift from LT-o-TCP
phase to the OCP phase transpired through DCPD as an intermediary point.

2. Maximum loading of doxorubicin hydrochloride during the in situ synthesis of OCP

was 10 wt% (of the initial LT-a-TCP amount), whereas everything above inhibited
the OCP formation. Furthermore, doxorubicin-loaded OCP caused apoptosis as the
main cell death pathway.

12



Practical Significance

OCP's simple and straightforward synthesis methodology was optimized by choosing LT-
o-TCP as a single precursor that required less energy consumption to produce, which aligned
with the set goals of the European Green Deal. The synthesis methodology was further utilized
to obtain high yields of OCP, which could be used on an industrial scale. The applicability of
as-synthesized OCP is twofold:

1) in the development of a novel DDS for the local treatment of osteosarcoma, and

2) in the development of OCP-embedded hydrogel coatings for the enhancement of
corrosion resistance of 3D-printed titanium alloys.
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MAIN RESULTS OF THE THESIS

Optimization of OCP synthesis methodology

Despite the fact that the potential of OCP to stimulate bone regeneration is reported to be
higher than that of HAp [3,42,43], a moderately narrow window of opportunity to obtain it and
the complexity of synthesis hinders the scientific community, as well as industry, from
proactive involvement [23,32]. Both key routes to obtain OCP have their advantages and
disadvantages, and the main pros and cons are highlighted in Table 1.

Table 1
Advantages and Disadvantages of Precipitation and Hydrolysis Routes for OCP Synthesis
[31, 44-47].
Precipitation Hydrolysis
Pros Cons Pros Cons
. Minimum two Only one Slower
Faster reaction .
precursors precursor reaction
Yield is limited
. . Dose rate .
Higher yields . No dose rate to the initial
regulation
precursor amount
Higher Lower
/ temperatures temperatures /
(60 °C-80 °C) (25 °C-60 °C)
/ Washing of the No washing /
precipitate needed step
/ pH regulation pH regulation /
always needed could be avoided

Hydrolysis of low-temperature a-TCP to OCP

After considering the pros and cons of the synthesis pathways, the hydrolysis route aligned
more with the proposed objectives of the PhD Thesis. According to the literature, both DCPD
and o-TCP have been used as precursors in hydrolysis. However, DCPD has higher solubility
than a-TCP, it can be more easily affected by carbon dioxide from the atmosphere, and in lower
temperatures (< 30 °C), it takes months to transform to OCP [21]. Thus, o-TCP has been chosen
as the sole precursor in OCP synthesis.

Traditionally, the synthesis of a-TCP involves heating the materials that contain calcium
and phosphate, such as B-TCP, to temperatures of 1300 °C or higher for an extended duration
(~ 2-3 h). This conventionally synthesized o-TCP manifests as a coarse powder necessitating
subsequent milling, which yields particles with a wide size distribution and generates an
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amorphous phase [44]. To avoid it and to use a more energy-efficient way, low-temperature -
TCP (LT-a-TCP) was made from ACP with high SSA (>70 m?/g) (precipitation from
diammonium phosphate solution and calcium nitrate tetrahydrate solution) that was heat treated
at 650 °C (Fig. 2) [44].

The following OCP synthesis was performed in the acidic media (0.0016 M
orthophosphoric acid (H3POs) from the aforementioned LT-a-TCP, with unremitting stirring,
at room temperature (22 °C) [45]. The samples were dried at 37 °C (overnight), and, to evaluate
whether the obtained OCP was pure, the products were subjected to multiple analysis
techniques (see Fig. 2).
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Fig. 2. General scheme of OCP synthesis methodology and overview of the used
characterization methods in determining the OCP phase.

The as-synthesized sample (marked with OCP1) has been analyzed with a set of preselected
characterization methods able to deliver the data on different levels. Phase compositions were
studied with the X-ray diffraction technique (XRD, PANalytical Aeris diffractometer, The
Netherlands), and the crystalline phase identification was done by using the PDF-2 database
from the International Centre for Diffraction Data (ICDD). To get the information on the phases
at the molecular level, Fourier transform infrared spectroscopy (FTIR, Nicolet iS 50, Thermo
Scientific, USA) and Raman spectroscopy (LabRAM HR 800 microscope, Horiba Jobin Yvon,
Japan) have been used as the chosen techniques. The morphology of the powders was
characterized with scanning electron microscopy (SEM, Tescan Mira\LMU, Tescan, Czech
Republic) and transmission electron microscopy (TEM, Tecnai F20, FEI). Particle size
distribution was determined using laser granulometry (Malvern Mastersizer 3000), whereas
specific surface area was measured using Brunnauer—-Emmet-Teller method (BET,
QUADRASORB SI and Quadra Win).

The XRD pattern of OCP is very specific. The characteristic low angle (100) maxima at
4.72 20 degrees and a peak doublet at 9.44 (200) 20 degrees and 9.77 (010) 26 degrees (Fig
3 A), were shown in the obtained OCP1 [46]. Even though these markings make OCP easy to
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recognize among other CaPs, the region of 25-35 20 degrees is known to overlap with the XRD
maxima of HAp (Fig. 3 A), due to the close relationship of OCP and HAp structures [46—48].
However, the lack of HAp maxima at 10.8 20 degrees is one indicator of no or minimal HAp
presence. Another important part to observe is the aforementioned doublet at 9.4 and 9.7 26
degrees because the most intense OCP peak (4.7) is superimposed to the X-ray diffusion
background, hence not easily accessible and affected by the plate-like morphology that causes
preferential orientations. The influence of the background can later interfere with Rietveld’s
calculations used to determine the quantity of the specific phase.
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Fig. 3. A set of analyses confirming the obtained OCP purity: A — XRD diffractogram; B —
FTIR spectra; C — Raman spectra; D — SEM micrograph; E — TEM micrograph; F — Particle
size distribution and SSA (* — the XRD peak at 4.7 20 degrees).

Another distinctive feature of OCP’s unit cell is two HPO4* crystallographic sites, labeled
HPO4(5) and HPO4(6); their P-(OH) stretch and OH in-plane bend cannot be distinguished via
the XRD method. The HPO4(5) group is situated in the hydrated layer, and the HPO4(6) group
is located at the junction of the apatite and hydrated layers; however, they are different
(HPO4(6) has a shorter and stronger intermolecular hydrogen bond than that of HPO4(5)) [49].
HPO, groups are not found in HAp, and their presence can further discriminate between these
two phases. Therefore, FTIR and Raman spectroscopy were used to examine the samples’
molecular structure and help to confirm the purity of the OCP phase (Fig. 3 B and C) [49].
Specific OCP absorbance bands that differentiate it from other CaPs were highlighted in OCP1
spectra — HPO4?~ bending and O—H stretching modes (Fig. 3 B, orange and green shading). The
most significant HPO4 absorbance bands assigned to OCP are: 1295 cm™' (OH in-plane
deformation mode) and 917 cm™' (P(6)—(OH) stretch of a strongly hydrogen-bonded HPO4>
ion), also the v3 stretching mode of PO4>~ and HPO4>", at 1077 cm™!, 1093 cm ™!, and 1121 cm™ ..
The absence of a detectible 3572 cm™' OH™ band for HAp is one of the pointers of a pure OCP
formation (or at least with a negligible HAp presence, shown in [45]). OH™ absorbance band at
633 cm™!, usually assigned to the OH™ libration movement in HAp, was found as a shoulder in
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OCP (627 cm'); however, according to Fowler et al. [49], it also represents a libration
movement of the H>O(4) water molecule of OCP. In Raman spectra, the most intense bands are
located between 900-1000 cm™!, corresponding to the vs triple-degenerate asymmetric P-O
stretching mode and partly to the vi symmetric P—O stretching vibration. A specific band for
OCP is located at 958 cm™! (Fig. 3 C, most intense peak) [49]. However, the large mass may
also be associated with the convolution of several crystalline phases composed of the main band
at 960 cm™! and the shoulder at 964 cm ™, associated with vi PO4 of OCP, and it could indicate
a low crystallized OCP phase.

OCP crystals exhibit plate-like morphology, and the sizes of the crystals depend on the
synthesis route. The formation of the particular OCP crystals is thought to be connected to the
Hartman—Perdok theory of periodic bond chains, which says that a constant path of strong
bonds within the crystal structure has a portion of the lattice that is cut by a certain face (hkl)
[47]. For OCP, the plates grow in the [001] direction, with the largest face (100), and these
interconnections lead to the formation of spherical aggregates that resemble sand roses. SEM
analysis (Fig. 3 D) showed the surface morphology of OCP1, which resembled small, loosely
aggregated plate-like particles (2—5 pm in size, thickness in nm range), interconnected in a rose
shape. Small plate-like crystals of different sizes were seen when the OCP’s inner structure was
analyzed with TEM (Fig. 3 E) (50-300 nm approximately). It was also noticed that crystals
were overlapping and entwining, which led them to form agglomerates of different sizes that
were seen in SEM. BET measurements showed that OCP1 had a large SSA of 53 + 6 m%*/g. The
high value of SSA may suggest higher physicochemical and biological reactivity of the
material, which could have a very strong effect on the cells. The evolution of the particle size
distribution (a bimodal curve, Fig. 3 F) showed that the smallest primary particle size was in
the array of 5-25 pm, totaling in ~ 5 % volume. The occurrence of the secondary distribution
in the range of 150-500 um indicated that the particles were unevenly agglomerated.

The first objective of the research was successfully achieved, and it demonstrated the
feasibility of obtaining pure OCP powder from LT-a-TCP. However, the yield of the product
was ~ 100 mg per batch, which was not sufficient for potential application and subsequent in
vitro/in vivo studies. Consequently, an endeavor to augment the product's yield was initiated.
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OCP synthesis scale-up, phase formation kinetics and in silico model of the
synthesis progression from LT-a-TCP to OCP

After obtaining pure OCP from LT-a-TCP (at room temperature in 24 h, OCP1), the next
step was to optimize the settings and try to achieve a higher product yield. The synthesis
methodology of LT-a-TCP hydrolysis was scaled up a hundredfold (100 mg — 1g — 10 g).
During the process of scale-up optimization, two additional aspects were followed — phase
formation kinetics from LT-a-TCP to OCP and the development of an in silico model for
tracking the stage of the OCP synthesis.

OCP synthesis scale-up

The acquired data have shown that with a constant liquid-to-solid ratio of the precursors,
the time of the OCP synthesis has increased with the amount of the initial LT-a-TCP used. In
the tenfold scale-up, the OCP phase was achieved after 72 h (OCP2, 1 g), and in the hundredfold
scale-up, OCP was obtained after 180 h (OCP3, 10 g).
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Fig. 4. Final OCP phases obtained in three levels of scale-up. A —XRD pattern; * marks the
main maxima mentioned in the text, and the reference simulated pattern (ICDD entry #026-
1056) corresponds to the main maxima of the OCP triclinic phase; B — FTIR spectra; C —
Raman spectra.

Characteristic XRD peaks of OCP have been detected — 4.7 degrees and a doublet at 9.4 and
9.7 20 degrees (Fig. 4 A) [23,50]. Same as in the original synthesis level (OCP1, 100 mg), the
pattern in the region of 25-35 20 degrees was not very well resolved [20]. FTIR v;P-O
stretching mode at 1300-1000 cm ™!, for the OCP2 and OCP3 (Fig. 4 B), clearly showed the
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strongest lines expected for the OCP phase, and in Raman, the viP-O stretching mode was
accentuated (Fig. 4 C). The assignment of the most specific bands of OCP was discussed in the
previous section. To observe the possible variances of composition within a single sample,
micro and macro spots in Raman were recorded and discussed within the manuscript [45]. The
obtained results suggested that the formation and/or dissolution of the phases were closely
linked to the size of the starting powder’s grains (or aggregates).

According to the laser granulometry, both OCP2 and OCP3 had similar particle sizes as
OCP1, whereas their specific surface area was slightly higher than that of OCP1, 66 + 5 m?/g
and 63 + 8 m%/g, respectively.

OCP phase formation Kkinetics

A detailed progression of the OCP phase formation has been followed during the synthesis
of OCP3 (10 g) as a function of time. The total duration of the synthesis was 180 h, and the pH
was monitored throughout the entire time. Throughout the synthesis monitoring, the focus was

placed on important XRD maxima of all present phases and the variations in the reaction media
pH. XRD patterns were used to visualize the gradual evolution of the crystalline phase from
LT-0-TCP, as an initial phase, towards the combination of LT-a-TCP, DCPD, and OCP, and
ending with the pure OCP phase (Fig. 5) [51,52]. The characteristic maxima that were
highlighted are maxima at 4.7, 9.4 and 9.7 20 degrees (belonging to OCP triclinic structure),
11.7, 20.9 and 29.2 26 degrees (belonging to DCPD monoclinic structure) and 12.1, 22.1 and
22.9 26 degrees (belonging to a-TCP monoclinic structure).
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Fig. 5. Synthesis of OCP3: XRD patterns showing the transition from LT-o-TCP, via DCPD
to OCP phase, supplemented by the change in pH. The reference simulated patterns (ICDDs)
correspond to the main maxima of the HAp, OCP, and DCPD [45].

The variations in the pH helped to discern the underlying chemical background (through
chemical equations) of the phase changes, as the release of ions (e.g. OH", H") directly
influences the solution pH. The general chemical equation displaying the hydrolysis of LT-o-
TCP to OCP is the following: 3Ca3(PO4)2 + 7TH20— Cag(HPO4)2(PO4)s-5SH,0 + Ca(OH)..
However, this equation implies an increase in the solution pH, which is connected to the direct
uptake of PO4*~ into the OCP phase and an equivalent release of soluble calcium hydroxide
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(Ca(OH)y). As it was seen by the XRD patterns, DCPD was formed as an intermediary phase
during the hydrolysis, which was not shown in this equation, hence the general chemical
reaction is inadequate. With the observed changes in the pH (Fig. 5) and with the indispensable
help of Professor Christian Rey from the University of Toulouse, the progression from LT-a-
TCP to OCP was broken down into several distinct steps, as outlined below.

1. Dissolution step.

Before the addition of LT-a-TCP, the orthophosphoric acid solution pH was 2.80 + 0.15,
and once the precursor was added, the solution pH rapidly increased and stabilized at 6.69 +
0.08 after 1 h. This initial event aligned with the fast dissolution of LT-a-TCP and could be
represented by the equation Ca3(PO4), + 3H0— 3Ca’* + HoPO4~ + HPO4> + 30H™ (which
corresponds to the 6.69 pH). Moreover, it ensures a release of OH™, which sets the reaction
medium at an almost neutral pH related to the buffering zone of orthophosphate anions. A
distinct change in the phases was evident when the progression was observed via SEM. The
presence of LT-a-TCP, presented with thin thread-like crystals, was seen; however, due to the
ongoing dissolution process, small needle- or plate-like crystals started to appear within the LT-
o-TCP agglomerates (Fig. 6, 1 h).

2. Precipitation step.

Given the solubility characteristics of LT-a-TCP and the initial acidic dissolution that
shifted the solution pH towards an alkaline environment, the resulting solution is supersaturated
regarding OCP, DCPD, and even HAp. Nevertheless, HAp had a smaller incline to form than
the other two phases due to their better ability to nucleate and grow (higher crystallization rates)
[53,54].

3. Growth step of DCPD and OCP phases.

Due to the preferential crystal growth rate of DCPD, LT-a-TCP to DCPD conversion was
faster than that of LT-a-TCP to OCP. The following equation can be used as a representation
of the process: Ca3(POs)2 + 3H20—3Ca?" + HoPO4~ + HPO4*™ + 30H, raising the pH up to
7.32 + 0.07 (Fig. 5). XRD patterns follow the chemical equation, and at the highest pH value
(48 h, OCP3 synthesis), the (020) maximum, 11.7 20 degrees, intensifies markedly compared
to any other diffraction peak, pointing at the presence of DCPD (Fig. 5). Hydrolysis, as a
continuous process, resulted in a mixture of OCP and DCPD in the system. With making a
parallel to SEM findings, it could be corroborated that at 24 h, 30 h, and 48 h time points, when
the amount of DCPD increased, a gradual change from thread-like particles to larger and thicker
plate-like particles was observed (Fig. 6, 24 h, 30 h, 48 h). Larger and considerably more
massive plates were ascribed to DCPD (Fig. 6, 30 h, yellow arrow) and smaller, thinner plate-
like crystals to OCP (Fig. 6, 30 h, yellow circle). However, this is difficult to differentiate due
to the high morphological similarity of the two phases.

4. DCPD to OCP conversion step.

By complete dissolution of LT-a-TCP, DCPD became the most soluble phase of the system
and the precursor for the transformation into OCP, showed in the final equation:

8 CaHPO4-2H20—Cag(PO4)4(HPO4)2-5H20 + 2H3PO4 + 11H-0.

This reaction leads to the release of protons into the solution, which, together with the buffering
properties of the present phosphate medium, results in the final pH of 6.44 + 0.05. At the end
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of the synthesis, OCP’s plate-like morphology, with noticed fragmentation of the larger
particles and the presence of the spherical aggregates could be detected (Fig. 6, 180 h).

By using the Rietveld refinement and SEM [52], the progression of the OCP and
intermediary phase formation has also been quantified and, together with their morphology,
displayed in Fig. 6. The phases evolved with time from 100 % of LT-a-TCP (in the first hour)
to ~ 37 % of DCPD and ~ 63 % of OCP (at 27 h) and ended with ~ 100 % of OCP.

{Brushite
——i0cP
——laTCcP

Fig. 6. SEM micrographs of OCP formation (scale bar 5 pm and 2 pm) connected (red arrow)
to the according point (dashed line) in the phase content diagram constructed on the XRD
quantitative data. The yellow arrow directs to potential DCPD particles, while the yellow

circle marks the potential OCP plates [45].

To check if the scaled-up technology affects the cytocompatibility of OCP, the intermediate
products and final products of the OCP3 synthesis were subjected to direct contact with human
bone mesenchymal stem cells ((BMSC) and the results were compared with OCP1 and OCP2
(Fig. 7 A). The ‘Control’ represented cells cultivated on polystyrene without CaP powder
samples. The results yielded > 80 % of cell metabolic activity. This also indicated that if the
technology were upgraded even more in the future, the trace amounts of transient phases and
the final phase would be safe for the cells of the bone microenvironment. Visual analysis
coupled with immunofluorescent staining, intended to show the cell morphology, indicated a
possible CaP particle internalization within the cells when hBMSCs were subjected to direct
contact with the powders (Fig. 7 B).
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Fig. 7. A — In vitro cell viability of OCP1, OCP2, OCP3 and intermediary phases during
OCP3 synthesis. Based on one-way ANOVA with Tukey’s correction, significant differences
between groups of samples were indicated with asterisks (** for p <0.01). B— hBMSCs
morphology on the third day of cultivation in direct contact with final OCP samples (OCP1,
OCP2, OCP3) in the concentration of 0.5 mg/mL. Control represented cells on polystyrene.
Immunofluorescent (left columns) and bright-field (right columns) microscopy. Image bar
scale: 125 pm.

In silico modelling of the synthesis progression from LT-o0-TCP to OCP

Conducting comprehensive laboratory experiments is essential for producing and
evaluating engineered biomaterials. This includes synthesizing and characterizing their
properties and examining the biocompatibility between the surface's physicochemical
properties and the adjacent biological microenvironment. However, the chemistry of CaP is
exceptionally diverse, allowing for the potential formation of numerous phases depending on
specific experimental conditions. Furthermore, the actual experiment conditions may deviate
slightly from the intended ones, and this could be attributed to factors such as experimental
errors or approximations. To advance towards the new era of artificial intelligence (AI) and to
strengthen the collaboration with the University of Eastern Piedmont, together with Dr. M.
Nascimben et al. [55] we have developed an automated analysis sequence designed to create a
decision support system for monitoring the synthesis progression from LT-a-TCP to OCP.

The goal was to combine the computational protocols capable of determining the synthesis
stage (or potential end of it) and the data retrieved from the XRD and FTIR patterns from OCP3
synthesis (10 g yield, 180 h). The analysis sequence contained machine learning (ML)
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techniques for feature ranking, spatial filtering, and dimensionality reduction, which were
needed in order to tune the automatic recognition of the synthesis stages (Fig. 8).
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Fig. 8. Schematic process of establishing the machine learning technique for determining the
stage of OCP production based on XRD and FTIR spectra [55].

The synthesis progression was monitored with XRD and FTIR (see the previous chapter),
and the first two time points (i.e., 1 h and 24 h), as well as the last two time points (144 h and
180 h), were chosen as representative for the initial and final stage of the synthesis, respectively.
The analysis pipeline then subjected this data to a preprocessing technique used in ML, called
spatial filtering, which enhanced the separation between different classes or patterns from
XRD/FTIR. This subset was then employed to recognize OCP production phases.

The combination of expertise in synthesizing and characterizing OCP and a newly
developed algorithm capable of identifying at which stage the production of OCP is has brought
a promising foundation for a decision support system explicitly tailored for OCP synthesis
monitoring. Integration of XRD/FTIR data sets and Al would enable researchers to construct a
more robust and informative feature set for training the machine-learning model, which would
ultimately lead to a more balanced and accurate model with reduced bias and variance.
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Application potential of OCP

As one of the important components of bone tissue inorganic phase, OCP has extensive
application possibilities in bone tissue engineering. Its significance stems from the ability to
release crucial calcium and phosphate ions in the human body, essential for regulating the new
bone deposition. Up until now, OCP has been functionalized as a bone cement [34], a composite
scaffold with different polymers (alginate, gelatin, collagen, PEGT, etc.) [35-37], as a coating
on titanium or titanium alloy implants [29,38] and as a drug/ion delivery vehicle [23], but
clinical applications of the OCP-based biomaterials currently remain at the starting point.

To test the OCP biological potential and to bridge the gap towards clinical application, in
the second part of the PhD research, OCP was utilized in the development of two composite
biomaterials for the biomedical field. Firstly, OCP was doped with doxorubicin hydrochloride
to create an effective drug delivery system for bone cancer treatment. Secondly, OCP was
combined with alginate in a composite coating on 3D-printed titanium alloys to test whether it
could improve their corrosion resistance.

Octacalcium phosphate and doxorubicin hydrochloride: novel drug
delivery system for cancer treatment

Doxorubicin hydrochloride (DOX, doxorubicin), derived from Streptomyces peucetius var.
caesius, water-soluble and photosensitive, is one of the widely used representatives of anti-
cancer drugs [56]. Even though DOX is an effective anti-neoplastic agent it causes multiple
systemic toxicities, extending from nausea and hematopoietic suppression to an increased risk
of doxorubicin-induced cardiomyopathy [57,58]. Moreover, only a small fraction of any
systemically given dose reaches the surgical site. Thus, the use of local anticancer delivery
systems could be a solution to achieve high drug levels at the cancer site. Exploring the inherent
pathways of programmed cell death (PCD) such as apoptosis, necrosis, or ferroptosis is crucial
for tissue engineering (to mimic natural tissue development), drug development (drugs exert
their effects by inducing or inhibiting PCD), therapeutic strategies and normal cellular
development (eliminating unwanted or damaged cells) [59,60]. Given that the malfunction of
intracellular pathways is also a potential trigger for cancer initiation in the human body,
comprehending whether PCD is attributed to apoptosis (the death of cells that occurs as a
normal and controlled part of development) or ferroptosis (the death of cells that occurs due to
genetic changes in iron homeostasis) can contribute to the development of innovative drug
delivery systems for future cancer treatments.

Execution of OCP synthesis at room temperature has demonstrated the potential for in situ
drug loading. The significance lies in the hypothesis that achieving drug loading during the
initial stages of OCP formation can result in an exceptionally high drug encapsulation capacity
[41]. Given that the stages of LT-a-TCP transformation to OCP involve the release of OH™ and
HPO4*, they also play a role in the formation of the hydrated layer in the OCP. This, in turn,
reinforced the idea that incorporating DOX during the in situ OCP synthesis could potentially
result in drug loading within the hydrated layer. At the same time, a high specific surface area

27



of OCP that was achieved and its plate-like particle morphology, potentially make OCP more
effective and more favorable in regard to cell responses. Thus, to develop a novel DDS, the
emphasis was placed on three steps:

1) materials’ physicochemical property profile once it was functionalized with DOX in
a large concentration range (from 1 wt% to 20 wt% of theoretical LT-a-TCP content);

2) in vitro release Kinetics of doxorubicin during the period of six weeks; and

3) assessment of the cytocompatibility and the mechanism of PCD.

A schematic representation of the development of doxorubicin-loaded octacalcium
phosphate (DOX-OCP) as a drug delivery system is shown in Fig. 9 [61].
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Fig. 9. Schematic representation of the development and characterization approach
of doxorubicin-loaded octacalcium phosphate.

To test the maximum amount of DOX incorporation while still preserving the OCP phase
1 wt%, 3 wt%, 5 wt%, 7 wt%, 8 wt%, 9 wt%, 10 wt%, and 20 wt% DOX (of initial LT-o-TCP
amount; 1DOX-OCP, 3DOX-OCP, 5DOX-OCP, 7DOX-OCP, 8DOX-OCP, 9DOX-OCP,
10DOX-OCP, 20DOX-CaP) were added to the OCP synthesis medium, and the synthesis lasted
for 24 h. By means of XRD analysis, the representative OCP diffraction maxima (low angle
(100) maximum, at 20 = 4.7 degrees and a doublet (200) and (010) at 9.4 degrees and 9.7
degrees) have been detected in the synthesis products where up to 10 wt % of DOX was added
(Fig. 10 A and B). If compared with pure OCP, DOX-OCP diffractograms exhibited a slight
shift of the maxima 4.7 20 degrees and 26.1 20 degrees towards the lower 20 degrees and a
change in intensity. This indicates the lattice expansion in the DOX-OCP system, which
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suggests that the drug was incorporated into the crystal structure of OCP. Moreover, the
stabilization of the OCP structure depends on the amount of DOX used for the OCP-DOX
synthesis. When the quantity of added DOX was above 10 wt%, it hindered the c-axis growth
in the OCP structure and destabilized the overall transformation process from LT-o-TCP to
OCP. XRD patterns of the tested materials showed that the prominent maxima for LT-a-TCP
still persisted at 12.1 and 30.7 20 degrees, with double maxima at approximately 22.8 and 34
20 degrees (Fig. 10 A and B) [61]. This means that the drug was being adsorbed onto the LT-
o-TCP phase, and the inability of LT-a-TCP to dissolve led to the formation of LT-a-TCP-
DOX DDS and not DOX-OCP, which was the set goal.
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Fig. 10. Physicochemical property profile of DOX-OCP: A — XRD patterns, where ICDD
entry #026-1056 corresponds to OCP triclinic phase; B — XRD patterns of OCP and DOX-
OCPs. Maxima at 4.7 20 degrees and 26.1 20 degrees correspond to (100) and (002) planes,
respectively; C, D — FTIR spectra of DOX-OCP. The star and the combining brackets mark

the bands that have changed due to DOX incorporation.

Based on FTIR analysis, all of the products (aside 20DOX-CaP) have typical absorbance
bands of the OCP phase (Fig. 10 C and D): 1077 cm™!, 1296 cm™', and 1120 cm™' from the
PO4*~v; stretching mode, and 524, 560, 601, and 627 cm™ from PO4>~ v4 domain. Furthermore,
P-OH stretching at 917 cm ! and 861 cm ™!, associated with the HPO4? ion, has been seen. To
a certain degree, the influence of strong DOX absorbance bands can also be seen in DOX-
OCPs. The increasing intensity of the band in the 1570 cm™! region (Fig. 10 D) signifies an
antisymmetric COO™ stretch that could form a strong DOX absorbance band in that position.
Moreover, DOX's prominent peak at ~ 1111 cm™ led to a widening of the PO4>~ v3 stretching
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domain compared to the same region in pure OCP. Consequently, a slight shoulder band can be
discerned in the FT-IR spectra of DOX-OCP systems (Fig. 10 C). Bands at 1193 cm!,
associated with HPO4(5), showed reduced intensity with the increase in DOX content in DOX-
OCP systems, suggesting the beginning of OCP hydrolysis to CDHAp.

After the loading of DOX, OCP’s plate-like particles appeared to be more overlapping and
entwining with the increase of DOX amount in the samples, consequently directing them to
form agglomerates in the size of 1-20 um (Fig. 11 A-G). As it was found previously both in
XRD and FTIR data analysis, the highest wt% of the theoretically applied amount of DOX (20
wt%) led to the inhibition of the OCP phase and preservation of elongated grain-like particles
typical for a-TCP (Fig. 11 H) [61].

Fig. 11. SEM micrographs of DOX-OCP (1-10 wt%) and DOX-CaP (20 wt%): a — 1 wt%, b
-3 wt%, ¢ — 5 wt%, d — 7 wt%, e — 8 wt%, f— 9 wt%, g — 10 wt%, and h — 20 wt%,; scale bar
is 5 pm.

For the theoretical DOX loading content of 1 wt%, 5 wt%, and 10 wt% (content), the amount
of incorporated DOX was 0.093 + 0.01 wt% with the loading efficiency of 9.6 £ 1.9 %, 1.54 +
0.1 wt% with the loading efficiency of 20.85 + 1.29 % and 2.02 + 0.06 wt% with the loading
efficiency of 21.8 + 0.73 %, respectively (Fig. 12 A). Nonetheless, when 20 wt% of DOX was
used in the OCP synthesis, which did not result in the OCP phase formation, the highest DOX
incorporation of 2.66 + 0.24 wt% was observed. However, the loading efficiency was relatively
low — 15.99 £ 1.36 %. This simultaneous action of drug adsorption on the surface may have
hindered the formation of OCP while exhibiting a higher detected drug content [61].
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Fig. 12. A — Total DOX content and DOX loading efficiency in DOX loaded samples; B —
DOX initial burst release in the first 24 h (%); and C — total DOX release during six weeks
(%).

When analyzing DOX release from the developed DOX-OCP delivery systems, it was
observed that within the first 24 hours, an early burst release of DOX occurred, ranging from
approximately 17 % to 75 % (Fig. 12 B) from the total amount of DOX in the DDS.
Subsequently, a sustained and consistent release was monitored for up to six weeks (Fig. 12 C).
The initial burst release of doxorubicin molecules from the surface of OCP may be attributed
to the physical adsorption of the drug, driven by electrostatic forces or hydrogen bonding. This
occurs between the positively charged DOX molecules and the negatively charged OCP. In
contrast, the continued release of DOX thereafter may be elucidated by a robust chemical
interaction (Ca—0O), which hinders the drug's escape from the DOX-OCP drug delivery system
[61]. Furthermore, it was found that the cumulative release percentage plateau was inversely
proportional to the theoretical doxorubicin content. For instance, in the case of SDOX-OCP,
23.6 £ 1.6 % (28.00 + 3.68 png) was released after two hours, 38.9 + 1.3 % (46.3 + 4.2 pg) after
72 hours, and 52.5 +2.3 % (62.3 £ 5.8 pg) after 42 days. Meanwhile, the 10DOX-OCP reached
15.9 + 1.3 % after two hours, 27.7 £ 1.7 % after 72 hours, and 38.3 + 2.0 % after 42 days. It
was observed that the lower the amount of incorporated doxorubicin, the higher the drug release
rate. This observation may be attributed to the phase transformation of OCP to calcium-
deficient hydroxyapatite [62,63], while lower drug amounts may lead to a faster transformation,
consequently resulting in a quicker release. It was also determined that for all DOX-OCPs, the
active substance was released gradually from the DDS, and the release profile followed the
Freundlich isotherm [63].

In vitro assays

The influence of DOX on MG63 (cancer cells) and MC3T3-El (normal cells) cells was
studied to compare the cell response to the DOX-OCP drug delivery system. The inclusion of
both cell lines allows for a comprehensive analysis of the system's effectiveness in bone cancer
treatment and post-tumor excision treatments, offering insights into its potential to reduce
metastases. The impact of DOX release on MG63 and MC3T3-El1 cell viability was assessed
by exposing cells to OCP and DOX-OCPs (Fig. 13 A). Obtained results revealed that the culture
medium treated with IDOX-OCP, 5SDOX-OCP, and 10DOX-OCP suppressed MG63 cells over
the course of 7 days (54.1 %, 12.4 %, and 5.7 % of cell viability, respectively). On the other
hand, between day 3 and day 7 of MC3T3-E1 cell cultivation, pure OCP, 1IDOX-OCP, and
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5DOX-OCP demonstrated a stimulatory effect, leading to an increase in cell viability (from
58.5 % to 93.4 % for 1IDOX-OCP and from 36.9 % to 67.4 % for SDOX-OCP). The increase
in viability could be due to the cell’s slow adjustment to stress caused by the changes or due to
the presence of elevated Ca®" ion concentration in the cell medium released from OCP that
activated the extracellular calcium-sensing receptors and enhanced the proliferation of the cells
[64,65]. The inhibitory effect of 10DOX-OCP on cell viability was notably greater than that of
5DOX-OCP and 1DOX-OCP, providing further evidence of its pronounced inhibitory effect on
MG63 cells (Fig. 13 A).

As the preliminary viability tests showed that the DOX-OCP system is lethal to MG63 cells
in all concentrations, the lowest incorporated DOX was chosen for further analysis. To assess
PCD in osteosarcoma cells (OS), more variety in used cell lines was needed as OS have high
genetic heterogeneity. Due to them having different phenotypes, they can express different
differentiation capacities and tumour formation capacities and as a result, they can have diverse
responses to certain treatments. Hence, IDOX-OCP was retested with U20S, MG63, and HOS
cell lines. All of the three chosen cell lines are human cell lines commonly used in research;
however, they have genetic and phenotype differences, which are preferred for pre-clinical
assessments. Similar to the previous cytocompatibility assessments, the outcomes showed a
noteworthy reduction in the viability of all examined osteosarcoma cells when exposed to
IDOX-OCP (MG63 — 0.32 + 0.2 %, HOS — 0.17 £ 0.02 %, and U20S — 0.25 + 0.02 % of cell
viability) (Fig. 13 B). The variances in cell viability between 1DOX-OCP and DOX may stem
from the immediate accessibility of the drug at its final concentration in the positive control
group (DOX), whereas doxorubicin from 1 wt % of DOX-OCP was released gradually over
time, aligning with the findings of the in vitro drug release study (Fig. 12 B and C). To see
whether the sensitivity of OS cells will increase towards the ferroptosis, DOX-OCP was
combined with the ferroptosis inhibitor Ferrostatin-1 (Fer-1) [66]. The results showed no
significant difference (Fig. 13 C) in OS cell survival in the presence of 1DOX-OCP+Fer-1
compared to 1IDOX-OCP alone (Fig. 13 C). This pointed out that ferroptosis is not involved in
DOX-OCP-induced cell death in OS cells. As ferroptosis was excluded, the next step was to
check apoptosis by testing the levels of cleaved poly (ADP-ribose) polymerase (PARP) [67,68],
considered as a guarantee of apoptosis by western blotting analysis. Results showed increased
expression of cleaved PARP in HOS and MG-63 cells exposed to 1DOX-OCP, confirming the
induction of apoptotic cell death (Fig. 13 D) [61]. The in vitro assays were done in collaboration
with Dr. E. Panczyszyn from the University of Eastern Piedmont in Italy and with Dr. O. Demir
from the Riga Technical University.

32



‘ CELL VIABILITY ASSESMENT OF DOX-OCP l I ASSESMENT OF CELL DEATH PATHWAY

MG63 MC3T3-E1 HOS MG-63
W c

€2 CNT
1 == ocp 2
| &= = 1D0X-OCP =
= - 5D0X-0CP
- mm 10DOX-OCP|

Cell viability (%)

Cell viabiliry (%)

......

Cel viability (%)

Fig. 13. Cell viability studies of DOX-OCP. A — Cell viability assay of MG63 cells and
MC3T3-El cells with OCP, IDOX-OCP, 5DOX-OCP, and 10DOX-OCP; B — Sensitivity of
OS cells to IDOX-OCP, OCP, and DOX; C — cell viability of U20S, HOS, and MG63 cells
in combination with 10 uM of Ferl (1DOX-OCP+Fer-1, DOX+Fer-1); D — Protein levels of

cleaved PARP. Histograms represent mean + s.d.; n = 3; statistically significant differences: *
for p <0.05, ** for p <0.005, *** for p <0.001, **** for p <0.0001.

OCP-embedded hydrogel coatings as metallic implant anticorrosion
enhancers

Titanium alloys (Ti) are extensively utilized as biomaterials for fabricating dental and
orthopedic implants, primarily owing to their exceptional mechanical characteristics and
favorable biocompatibility. These alloys exhibit reasonable corrosion resistance under typical
physiological conditions (pH = 7), as their surfaces are naturally enveloped with dense
protective oxide layers. Nevertheless, in inflammatory conditions that lower the environment
pH, interactions with reactive oxygen species, lactic acid, hydroperoxyl radicals, and
hypochlorous acid (released by leukocytes into the extracellular environment) affect the
corrosion resistance of Ti surfaces. An effective strategy for improving corrosion resistance is
surface modification of Ti by hydrogel coatings. To test whether the OCP particles improve the
Ti protection even further, a collaboration was formed with Aalto University. Together with
Dr. A. Bordbar-Khiabani et al. [38], sodium alginate (Alg) and OCP powder were combined in
a composite coating and tested for their electrochemical behavior on Ti alloys. A schematic
representation of the experimental setup is shown in Fig. 14.

In brief, aqueous Alg solution (3 wt %) and OCP were combined into a composite having a
70 : 30 wt% inorganic : organic phase ratio (later referred to as Alg/OCP) and further used to
cover the surface of 3D-printed titanium substrates. Titanium alloy discs (d = 10 mm) — Ti Gr2
and Ti Gr23 alloy were covered with approximately 10 mg of the coatings (Alg and Alg/OCP)
and compared with respect to their performance against corrosion. To test the effects of the
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inflammatory conditions, three simulation media with pH 7.4 = 0.1 (normal
I) and pH 3.0 £ 0.2 (severe inflammatory — SI) were made, and immersion
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tests were performed at 37 + 0.5 °C in slightly anaerobic conditions.
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Fig. 14. Schematic representation of the experimental set-up for obtaining and
electrochemical characterization of 3D printed Ti alloys with Alg/OCP coating [38].

Physicochemical properties of the coatings were characterized prior to (marked as
Alg/OCP) and after one hour-long immersions in the respective media — marked as Alg/OCP
N, I, SI (Fig. 15). Characteristic XRD diffraction maxima of OCP were observed, and an
amorphous broad halo that was seen in the XRD pattern was specific to sodium-alginate
biopolymer (Fig. 15 A). FTIR showed the vibrations of HPO4> at 917 cm™!, 875 cm!,
1007 cm ™, and 1295 cm™! that belong to OCP and a broad band centered at approximately
3500 cm™!, which corresponds to the stretching vibrations of the hydroxyl groups (Fig. 15 B).
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Fig. 15. Physico-chemical characterization of Alg/OCP coating prior to and after the

immersion in the respective media (normal
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—SI). A — XRD patterns, B — FTIR spectra in different wavenumber regions [38].
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Electrochemical impedance spectroscopy (EIS) is usually used to characterize the
electrochemical processes, such as the evaluation of the performance of protective coatings on
metals against corrosion. The Nyquist plot was used as a frequency response plot and the Bode
modulus was used to represent the gain and phase of a system as a function of frequency. The
obtained results of EIS and the constant phase element (CPE) [69] (measurement of coating’s
capacity shown via CPEq (interface between a substrate and a solution) and Rct (resistance to
charge transfer)) were presented and explained in detail within the A. Bordbar-Khiabani et al.
study [38].

Shortly, the Nyquist plots for both inflammatory and severely inflammatory conditions
illustrated a declining pattern in the capacitive loop diameters, which indicated a reduction in
the corrosion resistance [69,70] and the Bode amplitude plot, shown in the low-frequency range
of the impedance modulus, also corroborated this trend [38]. The Rct values of samples with
Alg/OCP coatings were notably greater (23.09 + 0.10 kQ-cm? and 25.12 + 0.39 kQ-cm? for
TiGr2 and TiGr23, respectively) than those of the bare 3D-printed Ti samples
(17.63 £0.33 kQ-cm? and 20.66 + 0.73 kQ-cm? for TiGr2 and TiGr23, respectively). This
suggests that the Alg/OCP coating effectively forms a robust barrier, impeding the penetration
of corrosive ions into the substrate. Additionally, the presence of OCP further enhanced the
resistance (Rc) of Alg hydrogel (e.g., 12.33 +0.83 kQ-cm® Algand 18.84 +0.75 kQ-cm?
Alg/OCP for TiGr2), suggesting that OCP particles may fortify the crosslinking degree of the
Alg hydrogel coating and enhance the bonding force at the interface between the coating and
the substrate in normal conditions. This led to an increase in the coating's density.
Consequently, the Alg/OCP-coated samples exhibited higher Rc values than those coated with
pure Alg. The reduction in Rc values observed in coated samples under inflammatory and
severe inflammatory conditions (e.g, I: 7.15£0.91kQ-cm® Alg/OCP and SI:
3.01 £ 0.53 kQ-cm? Alg/OCP for TiGr2) can be attributed to the hydrogels becoming less stable
due to their dissolution by hydrochloric acid and hydrogen peroxide [38,69].
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CONCLUSIONS

. Tenfold and hundredfold scale-up of the hydrolysis (from LT-a-TCP) yielded the final
1 g and 10 g of pure OCP; however, the increase of the synthesis yield required the
extension of the synthesis duration from 72 h (1 g) to 180 h (10 g).

. LT-0-TCP transformation into the OCP phase transpired through brushite as an
intermediary phase.

. During the synthesis of the DOX-OCP drug delivery system, the addition of > 10 wt%

of doxorubicin (from the initial LT-a-TCP amount) inhibits OCP phase formation.

. DOX-OCP alters the proliferation profile of MG63 and MC3T3 cells, which is
influenced by both DOX concentrations in the cell medium and the contact time of
DOX-OCP/cell environment.

. Apoptosis was the primary pathway of programmed cell death induced in osteosarcoma
cells by the DOX-OCP drug delivery system.

. OCP particles in the alginate hydrogel matrix increased the electrical charge transfer
resistance at the Ti substrate and alginate/OCP coating interface.
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