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ARTICLE INFO ABSTRACT

Keywords: Mastering new and efficient ways to obtain successful drug delivery systems (DDS) with controlled release
OCtacalc%“_m phosphate became a paramount quest in the scientific community. Increase of malignant bone tumors and the necessity to
Doxorubl_cm optimize an approach of localized drug delivery require research to be even more intensified. Octacalcium
2;2?)221;:&}’ phosphate (OCP), with a number of advantages over current counterparts is extensively used in bone engi-
Osteosarcoma cells neering. The aim of the present research was to synthesize bioactive and biocompatible doxorubicin (DOX)
MC3T3-E1 containing OCP particles. DOX-OCP was successfully obtained in situ in an exhaustive range of added drug (1-20

wt%, theoretical loading). Based on XRD, above 10 wt% of DOX, OCP formation was inhibited and the obtained
product was low crystalline o-TCP. In-vitro drug release was performed in pH 7.4 and 6.0. In both pH envi-
ronments DOX had a continuous release over six weeks. However, the initial drug burst for pH 7.4, in the first 24
h, ranged from 15.9 + 1.3 % to 33.5 + 12 % and for pH 6.0 23.7 &+ 1.5 % to 36.2 + 12 %.The DOX-OCP
exhibited an inhibitory effect on viability of osteosarcoma cell lines MG63, U20S and HOS. In contrast,
MC3T3-E1 cells (IC50 > 0.062 uM) displayed increased viability and proliferation from 3rd to 7th day. Testing of
the DDS on ferroptotic markers (CHAC1, ACSL4 and PTGS2) showed that OCP-DOX does not induce ferroptotic
cell death. Moreover, the evaluation of protein levels of cleaved PARP, by western blotting analysis, corroborated
that apoptosis is the main pathway of programmed cell death in osteosarcoma cells induced by DOX-OCP.

1. Introduction

One of the frontline difficulties of today’s society is a myriad of
different types of cancer. It has been projected that by the onset of 2040,
global cancer cases will reach staggering 26 million, with 15 million
people standing in need of chemotherapy (Wilson et al., 2019). Ac-
cording to the publicly available data, bone tumours comprise roughly
3-5 % of juvenile cancers and less than 1 % of cancers in adults. Oste-
osarcoma (OS) is one of the main representatives of malignant skeletal
tumour (accounting to ~ 40 % of bone tumours), most commonly
diagnosed as the primary malignant bone tumour. Treatment of OS is
essentially based on various chemotherapies, followed by surgical

resection, while only a scarce number of alternatives are present (vac-
cines, immune checkpoint inhibitors, monoclonal antibodies) (Martinez
et al.,, 2021). Even though chemotherapy is extremely important as
adjuvant therapy, significant data suggests that osteoporosis is an un-
wanted side effect, resulted from accelerated loss of bone mineral den-
sity due to the treatment (Guise, 2006; Siebler et al., 2002). Recent study
has demonstrated that senescence (loss of a cell’s power of division and
growth) propels age-related bone loss contributing to an already
dangerous chemotherapy-induced bone loss (Yao et al., 2020).
Doxorubicin hydrochloride (DOX, Doxorubicin, Adriamycin) is a
photosensitive, water-soluble chemotherapeutic drug, derived from
Streptomyces peucetius var. caesius. It is being extensively used as the
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first-line therapy for a variety of cancers, among which are osteogenic
bone cancers (Sritharan & Sivalingam, 2021). Even though DOX has a
reputation as a well-established and highly effective anti-neoplastic
agent (Sritharan & Sivalingam, 2021; Tacar et al., 2012; van der Zan-
den et al., 2021), the successful use of it has been hampered by toxicities
ranging from nausea and hematopoietic suppression, to an increased
risk of doxorubicin-induced cardiomyopathy (Olson & Mushlin, 1990;
van der Zanden et al., 2021; Yin et al., 2018). DOX toxicity is connected
with intravenous administration of the drug and its initial half-life of
eight minutes and a terminal half-life of 30 h (40 % of the administered
dosage gets metabolized by other organs) (Sritharan & Sivalingam,
2021). This initial drug burst (large amounts of the drug are being
released before the release rate reaches a stable profile) can have a less
negative effect if the delivery of DOX is targeted. Research has shown
that the lower initial burst and slower in vitro release of doxorubicin
loaded microparticles resulted in a lower short term cytotoxicity to
Glioma C6 cells when compared to the free drug (Lin et al., 2005).
Additional hindrance to the treatment of OS is chemoresistance, usually
triggered by the cells poor reaction to the initial therapy or the acquired
resistance developed over time. Chemoresistance of osteosarcoma cells
to DOX is found to be coupled with the increased drug efflux via p-
glycoprotein, mutations in topoisomerase II enzyme, DNA damage
repair and surge of detoxification. To increase its widespread applica-
bility and to limit the development of chemoresistance and dosage-
dependent toxicity, it is of paramount importance to design a drug de-
livery system (DDS) that will regulate the localized administration and
short/long-term effects of doxorubicin. For that reason, several research
groups have investigated the combination of DOX with nanoparticles,
liposomal formulations or polymers (Elbayoumi & Torchilin, 2009;
Gautier et al., 2012; Modh et al., 2021; A. Z. Wang et al., 2012).
Following these benchmarks, calcium phosphates (CaPs), functionalized
with drugs/ions for biological or therapeutical applications, have been
occupying the scientific headlines in the field of bone therapy (Lebugle
et al., 2002; Loca et al., 2015; Mosina et al., 2022).

One of the most important members of CaPs, octacalcium phosphate
(OCP, Cag(HPO4)2(P0O4)4x5H50), has been postulated to be a precursor
of biological apatite crystals due to its intrinsic structure (Kovrlija et al.,
2021; L.C.Chow & Eanes, 2001; Mathew et al., 1988). Next to the
abundant accounts of OCP enhancing the bone formation (Anada et al.,
2008; Saito et al., 2021; Suzuki & Insley, 2020), as of recently it is being
reported as a potent drug delivery vehicle for the incorporation of
different therapeutical agents (Kovrlija et al., 2021). OCP has several
advantages over other calcium phosphates in terms of a possible drug
carrier. The peculiar arrangement of the structure, crystallographic
planes resembling the ones from apatite, and a relatively empty water
layer (approximately 0.8 nm in thickness), enables the incorporation of
distinct ions and molecules inside and not only by adsorption (L.C.Chow
& Eanes, 2001). OCP has the ability to readily convert to a thermody-
namically more stable phase, calcium deficient hydroxyapatite
(CDHAp), demonstrating an ameliorated effect on the bone formation
(Honda et al., 2007). Furthermore, the fact that it has higher solubility
than the stoichiometric hydroxyapatite (0.0081 g/L at 25 °C for OCP,
and 0.0003 g/L for HAp) can directly influence the drug release kinetics
and the overall release profile (Dorozhkin, 2016). With this OCP has the
potential of a triple effect on sustained delivery of DOX: initial burst
release from the DOX molecules adsorbed on the surface of OCP, release
of DOX incorporated inside of the OCP’s water layer caused by the
gradual transformation to apatite and if OCP was combined with a
polymer (e.g. alginate) it would allow an even more prolonged drug
release as the construct would degrade. As envisioned DDS would be
implemented locally in the tumour site and the form of the end appli-
cation can vary. OCP has been used as a composite coating on titanium
alloys (Bordbar-Khiabani et al., 2023), as an injectable cement paste
(Demir et al., 2023) or in the form of pellets (Lebugle et al., 2002).
Together with the local distribution of the drug, such OCP construct
could later on mimic the formation of biomimetic apatite and boost the
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healing and regeneration processes.

As a drug delivery system, OCP has been previously used in the
cancer research and it showed promising results. Main findings have
focused on the combined effect with an antineoplastic agent, metho-
trexate (MTX). Lebugle et al. (Lebugle et al., 2002) have used implants,
made mostly from partly hydrolysed OCP and dextran, which were
doped with 2, 4 and 6 % of MTX and subsequently tested for in vitro and
in vivo pharmacokinetics and biocompatibility. In vitro release profile
resulted in 95.2 %, 68.3 % and 71.9 % of released MTX for granules
containing 2 %, 4 % or 6 % of drug, respectively. In in vivo environment,
75 % of 2 % MTX remained in the doped implants after 24 h, and 25 %
after a week. Ito’s research group (Ito et al., 2014), observed the
behaviour of a mixture of OCP and HAp as a new potential drug carrier
for MTX. Here, the specific characteristic of OCP to hydrolyse into
CDHAp were postulated to be the assisting mechanism of the drug
release. Tested DDS was capable of retaining the drug, while the release
profile was continuous for 48 h and the proliferation of human osteo-
sarcoma cell line was considerably inhibited (1x10° cells, while the
control had 4x10° cells, approximately). Another interesting approach
was the functionalization of OCP with extrinsic iron ions and their
combination into a scaffold with poly(lactic-co-glycolic acid) for
chemotherapy and bone repair after surgery (Shi et al., 2019). Presented
DDS sustained human umbilical vein endothelial cell (HUVECs) adhe-
sion and spreading in vitro and prompted improved angiogenesis in vivo.
Model proteins (bovine serum albumin and lysozyme) were significantly
greater than on the control without doping (~8.5 and 9.5 mg/g,
respectively), neovascularization was higher (after 4 weeks implanta-
tion from 71.7 + 6.6 to 99.8 + 9.8 per mm?, depending on the con-
centration of ion), and DDS had higher stimulatory effects on potential
vascularization (~0.25 IOD/area).

Several inorganic CaP biomaterials have been combined with DOX.
DOX-loaded apatite particles have shown the cytotoxic behaviour to-
ward human SAOS-2 osteosarcoma cells in vitro (~0.2 absorbance, while
control had ~ 0.6) (Iafisco et al., 2016). Furthermore, a self-setting paste
— combining amorphous calcium phosphate and doxorubicin loaded
particles of bone-like carbonated nanocrystalline apatite, have been
tested and the in vivo implantation was carried out (Martinez et al.,
2021). Average number of metastatic pits was 2.0 for the DDS, versus 3.3
for the control, which represented a decrease of nearly 40 %. DOX was
also combined with nano and micro HAp by immersing them in dis-
solved DOX in phosphate-buffered saline (PBS) at different pH (Y. Liu
et al., 2022b). At pH 2.5, 81 % DOX was released from nano HAp during
72 h. 46 % DOX was released at pH 5 and at pH 7.4 16 % of the drug was
released. For the complex with micro HAp at pH 5.6-6.8, 8-16 % of the
drug was released extracellularly compared to pH 7.4. Overall, in in vivo
setting, micro HAp complex and nano HAp complex had the same
antitumor efficacy, whereas micro HAp-DOX was less cytotoxic to
MC3T3 cell line compared to nano HAp alone within the 50-100 pg/mL
concentration range. When HAp was combined with alfa hemihydrate
calcium sulfate (40 to 60 ratio), the biphasic material released 28 % DOX
in vitro during the first week and at pH 5, 36 % was released, with a
strong cytotoxic effect on both MG-63 cells (75 %) and 143B cells (98 %)
(Y. Liu et al., 2021). The aforementioned combination of the anticancer
drugs and different OCPs could also be the potential strategy to reduce
presence of osteosarcoma drug-resistant phenotype, as well as to treat
the disease after the therapeutic effect has gone (with the bone regen-
erative properties of CaPs) (Cree & Charlton, 2017; Nussinov et al.,
2021; Pisa & Kapoor, 2020). Moreover, the usage of the local drug de-
livery systems eliminates the systemic toxicity and lowers the needed
amount of the drug. However, to our knowledge, when it came to
functionalizing OCP with doxorubicin, DDS that preserves the unique
OCP phase and shows anti-osteosarcoma properties has not yet been
developed.

Hence, in order to go one step further with the design of a suitable
drug delivery vehicle for the bone cancers, a novel, in situ synthesis of
doxorubicin doped octacalcium phosphate (DOX-OCP) via the
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hydrolysis of a-tricalcium phosphate (a-TCP), has been performed. OCP
has been functionalized with DOX in a large doping range (from 1 wt%
to 20 wt% of theoretical DOX loading). Products were analyzed by an
extensive multi-technique characterization approach with X-ray
diffractometry (XRD), to certify the existence of OCP phase, and Fourier-
transform infrared spectroscopy (FTIR) to show hydrogen phosphate
(HPO4(5) and HPO4(6)) group P-(OH) stretch and OH in-plane bend.
Furthermore, scanning electron microscopy (SEM) was performed to
show the morphology of the novel DDS. After establishing the physi-
cochemical characteristics of the materials, the in vitro release kinetics of
doxorubicin in phosphate-buffered saline (PBS) at pH 7.4 and pH 6.0
were assessed over a six-week period using ultraviolet-visible spec-
trometry (UV-Vis). Furthermore, as prepared local drug delivery sys-
tems (DOX-OCP) were subjected to the cytocompatibility evaluation
with human osteosarcoma cell lines, MG-63 and murine calvarial cell
line, MC3T3-E1l. The cytotoxicity of the DOX towards MG63 and
MC3T3-E1 cells was also assessed by determining the IC50 values. The
choice of using both MG63 and MC3T3-E1 cell lines enables a compar-
ative analysis of the response between cancer cells (MG63) and normal
cells (MC3T3-E1), when exposed to the DOX-OCP drug delivery system.
By studying the impact of DOX loaded OCP powders on MG63 cells,
valuable insights can be gained regarding the development of effective
in vivo drug delivery systems for bone cancer treatment (Banerjee &
Bose, 2019). Additionally, assessing the effects on MC3T3-E1 cell line,
provides important information on the system’s efficacy in post-tumor
excision treatments and its potential to reduce metastases (Pinski
et al., 2001).

Apoptosis has long been considered a deliberate mechanism of pro-
grammed cell death (PCD) and the pathways involved in this process
have been extensively studied in various types of tumour cells (X. Wang
et al., 2022). Moreover, the induction of apoptosis was recognized as a
prominent therapeutic approach for eliminating cancer cells (Ji et al.,
2015; J. Li et al., 2016; Pfeffer & Singh, 2018; Singh et al., 2022).
However, recent increasing evidence has proven that an anti-tumour
strategy based on the induction of non-apoptotic cell death is a prom-
ising direction for addressing certain challenges (e.g., poor chemo-
therapy efficacy, genomic alterations, low tumour cellularity) in the
cancer therapy (X. Wang et al., 2022). Ferroptosis is a newly discovered
form of PCD that differs from apoptosis, necrosis, and autophagy at both
morphological and biochemical levels (Xuejun Jiang et al., 2021). Fer-
roptosis characteristics, identified by iron-dependent accumulation of
lipid peroxides and inhibition of GPX4, highlight new treatment op-
portunities for cancers that are resistant to conventional therapies,
including osteosarcoma (S. Li et al., 2023; X. Liu et al., 2022b; Qiu et al.,
2022). Furthermore, the recently developed therapeutic agent for oste-
osarcoma by Fu et al., was observed to impede tumour growth through
the induction and synergistic interaction of ferroptosis and apoptosis (Fu
et al., 2021). Osteosarcoma exhibits high genetic heterogeneity, leading
to variations in genomic and proteomic profiles among cell lines.
Consequently, these cells may display diverse differentiation capacities,
ranging from osteoblastic to other phenotypes resembling neoplasms in
vivo. Moreover, differences in tumor formation capacity, influenced by
the composition of the extracellular matrix (ECM), and metastatic po-
tential, determined by the expression of specific markers, contribute to
their aggressiveness. These variations can significantly impact tumor
response to treatment and overall therapy outcomes. Hence, employing
a variety of cell lines is essential when screening for PCD. Therefore, in
order to test which pathway of cell death is undergoing when exposed to
OCP-DOX DDS, we evaluated the induction and execution of both
apoptosis and ferroptosis with a panel of OS cells — U20S, MG63 and
HOS.

Through this comprehensive evaluation, our study aims to enhance
the understanding of the effects DOX-OCP drug delivery system has on
bone cancer cells, leading to the development of improved treatment
strategies to minimize metastasis after tumour excision. Furthermore,
present research helps to understand the role OCP could have in the
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incorporation of a known chemotherapeutic drug, and the synergy ef-
fects the presented construct could have on the biological response. This
would provide a new, alternate, functionalized bone material for ther-
apeutic applications.

2. Materials and methods
2.1. Materials

The following reagents have been used throughout the experiments:
orthophosphoric acid (H3PO4, 75 %) was purchased from Latvijas
Kimija, Latvia. Doxorubicin hydrochloride (DOX, Lot 20120715) was
purchased from CHEMOS Gmbh Germany and from Merck, Milan, IT,
hydrochloric acid (HCl, 37 %, Lot Z0720617 111) was purchased from
Emsure®, Germany and phosphate buffered saline (PBS, Lot SLCH0989)
from Sigma Aldrich, USA. Dulbecco’s phosphate buffered saline (DPBS)
was purchased from Sigma Aldrich (Darmstadt, Germany) and Gibco™
and Thermo Fisher, USA. Dimethyl sulfoxide (DMSO) was purchased
from Sigma Aldrich, USA. 24-well plates with insert purchased from
VMR, USA. Minimum essential medium o (MEM-a), pen-
icillin-streptomycin (pen-strep), fetal bovine serum (FBS) and Trypsin
EDTA 1X were acquired from Gibco™, Thermo Fisher, USA and from
EuroClone, Pero, IT. MG63 and MC3T3-E1 cells (LOT:7009744) were
purchased from ATCC, USA. Cell counting kit-8 (CCK-8) and CellTiter
Blue assay kit were purchased from Sigma Aldrich, USA. U20S, MG63
and HOS osteosarcoma cell lines (used to test cell death with 1DOX-
OCP) were purchased from ‘Biological Resource Center ICLC Cell
bank, Core facility IRCCS Ospedale Policlinico San Martino, Genova
(IT). Dulbecco’s modified Eagle’s medium — DMEM, EuroClone; Pero, IT.
L-glutamine was from Sigma-Aldrich; Milan, IT and Ferrostatin-1 (Fer1)
from Merck, Milan, IT. AlamarBlue™ reagent (Bio-Rad; Berkeley, CA,
US) and multiwell inserts (0.4 um pore size; Sarstedt, Germany). Tri-
pleXtractor reagent (Grisp; Porto, PT); ExcelRT™ Reverse Transcription
Kit (SMOBIO, Bio-Cell; Rome, IT) and RIPA Buffer supplemented with a
protease inhibitor cocktail (Merck, Milan, IT). Non-fat dry milk (Merck,
Milan, IT), and Tween20 (Merck, Milan, IT). Primary antibodies: anti-
cleaved PARP (1:1000, Cell Signaling Technology: Danvers, US); anti-
Tubulin (1:1000, Santa Cruz Biotechnology, Dallas, US), secondary an-
tibodies (1:5000; Bio-Rad) and SuperSignal West Pico Plus
(ThermoFisher).

2.2. Synthesis methodology

2.2.1. Synthesis of octacalcium phosphate

To obtain a-TCP, amorphous calcium phosphate (ACP) was synthe-
sized and heated for one hour at 650 °C (5 °C/min) (Kovrlija et al.,
2023). Prior to OCP synthesis, a-TCP was fully analyzed and its phase
composition was corroborated with XRD. 100 mg of o-TCP were
immersed into 50 mL of 0.0016 M H3POy4 solution at room temperature,
under unremitting stirring (300 rpm), during the 24 h period. pH was
monitored throughout the entire time frame. Obtained sample was
washed with deionized water and left to dry at 37 °C. The obtained
octacalcium phosphate is further referred to as the OCP. The synthesis
have been performed more than five times in order to claim the for-
mation of OCP.

2.2.2. Incorporation of doxorubicin in octacalcium phosphate

Same procedure of a-TCP hydrolysis towards OCP was used for the
drug incorporation. 100 mg of a-TCP and corresponding amount of
theoretical DOX load (1, 3, 5, 7, 8, 9, 10 and 20 wt%) were simulta-
neously immersed into 50 mL of 0.0016 M H3PO,4 solution at room
temperature for 24 h, with constant stirring (300 rpm). Obtained sam-
ples were left to dry at 37 °C. The obtained doxorubicin loaded octa-
calcium phosphate is named depending on the theoretical loading
amount of DOX that was added (see Table 1). Additional samples were
synthesized in the same manner with 12, 15 and 18 wt% of DOX to
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Table 1
Identification of obtained doxorubicin loaded calcium phosphates.

Sample name Precursor Theoretical amount of DOX used (wt%)
OCP o-TCP 0
1DOX-OCP 1
3DOX-OCP 3
5DOX-OCP 5
7DOX-OCP 7
8DOX-OCP 8
9DOX-OCP 9
10DOX-OCP 10
12DOX-CaP 12
15DOX-CaP 15
18DOX-CaP 18
20DOX-CaP 20

ascertain the CaP phase that is being formed between the further tested
10 wt% and 20 wt% of DOX. However, they were not used in the in vitro
drug release and cytotoxicity assessments. The synthesis have been
performed more than five times in order to claim the formation or in-
hibition of OCP phase.

2.2.2.1. Assessment of doxorubicin adsorption on octacalcium phosphate.
In order to test whether the in situ methodology of adding doxorubicin to
OCP results in the drug being incorporated into OCP, an adsorption test
was carried out in the following manner. 100 mg of OCP and 9 mg of
DOX (corresponding to the 9DOX-OCP from the in situ loading) were
added in 50 mL of PBS and stirred continuously for 24 h (300 rpm).
Obtained samples were left to dry at 37 °C. As obtained product
(referred further as 9DOX-OCP ads.) was tested with XRD and subjected
to in vitro drug release test for 48 h in PBS pH 7.4.

2.3. Phase and composition characterization

2.3.1. X-ray diffraction

Presence of OCP phase was examined by using X-ray powder
diffractometry. XRD was completed using PANalytical Aeris diffrac-
tometer (The Netherlands) and complementary analysis were done with
X’PertHighScore and the International Centre for Diffraction Data PDF-2
(ICDD) database. To obtain XRD pattern the following parameters were
used: 40 kV and 15 mA, step size 0.0435°, from 3° to 60° 260 degrees and
time per step 299.575 s. For crystalline phase identification ICDD entries
were used — #026-1056 for OCP and #009-0348 for a-TCP.

2.3.2. Fourier-transform infrared spectroscopy

Fourier transform infrared spectrometer Thermo Scientific Nicolet™
iS™s50 (Waltham, MA, USA), used in Attenuated Total Reflectance
(ATR) mode, was employed to characterize functional groups of pow-
ders at the molecular level. The FTIR spectra were recorded in the range
4000-400 cm ', with the number of scans 64, at a resolution of 4 cm™".

The processing software was OMNIC.

2.3.3. Scanning electron microscopy

The surface morphology of the OCP and DOX-OCP was visualized by
scanning electron microscope (Tescan Mira\LMU, Tescan, Czech Re-
public). Sample image generation was performed with combination of
secondary electrons and back-scattered electrons, created at an accel-
eration voltage of 5 kV. Samples were secured with an electrically
conductive double-sided adhesive carbon tape, on a standard aluminium
pin stubs. Prior to the SEM measurement, samples were sputter coated
with gold, using Emitech K550X (Quorum Technologies, United
Kingdom) sputter coater.
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2.4. Determination of drug release profiles in vitro

2.4.1. Drug content and drug release in physiological and tumour mimetic
pH

To evaluate in vitro DOX release from the prepared DOX-OCP pow-
ders, 15 mg of three replicate samples from each DOX-OCP batch were
immersed in 4 mL of PBS (pH 7.4 and pH 6.0) and incubated at 37 °C +
0.5 °C and 100 rpm (Environmental Shaker — incubator ES-20, Biosan,
Riga, Latvia). The pH of PBS was adjusted with HCl. 2 mL aliquots of the
solutions were taken directly from the vessels after 40 min, 2h, 4 h, 6 h,
24 h, 48 h and 72 h and, finally, every seven days for a period of 42 days
for pH 7.4 and for pH 6.0. The volume taken in both experiments was
replaced with 2 mL of fresh corresponding solution, keeping the total
dissolution medium volume constant. To determine the drug content in
DOX-OCP, all samples were dissolved in the acidic water (pH 1.5 + 0.05,
adjusted with HCI), at a solid to liquid ratio of 1 mg/1 mL and mixed
with a vortex. DOX content in dissolution medium was determined using
Ultra Violet-Visible spectrometry (UV-Vis, Evolution 300, Thermo Sci-
entific, Waltham, MA, analysis software: VISION pro) at A = 480 nm and
expressed as the cumulative DOX release from the DOX-OCP powders.

2.4.2. Drug adsorption on octacalcium phosphate

DOX adsorption experiments on OCP were carried out using a single
DOX to OCP ratio corresponding to the 9 wt% for 9DOX-OCP in the in
situ methodology (100 mg of OCP, 9 mg of DOX). In order to compare
9DOX-OCP and 9DOX-OCP ads, total drug content was determined, and
DOX release was tested for 48 h. The total amount of DOX (DOXads) was
determined by dissolving it in the acidic water (pH 1.5 + 0.05, adjusted
with HCI), at a solid to liquid ratio of 1 mg/1 mL and testing with
UV-VIS at A = 480 nm. The drug release of 9DOX-OCP ads was tested at
pH 7.4, by following the same procedure described in the previous
paragraph.

2.5. In vitro biological studies
2.5.1. Determination of IC50 and cytocompatibility

2.5.1.1. Cell culture. Cytotoxicity of 1DOX-OCP, 5DOX-OCP and
10DOX-OCP was tested on human-derived osteosarcoma cell line MG63
and mouse-derived preosteoblast cell line MC3T3-E1. Prior to the ex-
periments, both cell lines were continuously cultured as described in
ATCC product sheet. Briefly, MG63 cells were expanded in o-MEM
medium supplemented with 10 % FBS and 1 % pen-strep. Similarly,
MC3T3-E1 cells were cultivated in a-MEM medium supplemented with
10 % FBS and 1 % pen-strep. All cell lines were maintained at 37°C in a
humidified atmosphere — 5 % COx.

2.5.1.2. Drug cytotoxicity. DOX stock solution was prepared by dis-
solving it in a dimethyl sulfoxide to achieve a high concentration (10
mM). Then, a series of DOX dilutions were prepared by diluting the stock
solution with culture medium to obtain a range of concentration (0.1 nM
to 1 pM). The stock solution was sterilized through filtering by using
0.22 pm syringe filter.

Each cell line was plated at a concentration of 1x10* cells/well in 96-
well plate, respectively. The plates were incubated in the incubator for
24 h to allow cell attachment and growth. After 24 h incubation period,
the culture media was removed and the DOX dilutions were added by
following the serial dilution protocol. The culture medium only (no
DOX) was used as a control. Cells were treated with DOX dilutions for
24 h. After 24 h incubation, cell viability was assessed using cell-
counting kit-8 (CCK-8). Absorbance was measured by using microplate
reader (Infinite® 200 PRO, Tecan, USA) at 450 nm. The percentage of
cell viability was calculated for each DOX concentration and for the
control wells. A dose-response curve using the log-transformed DOX
concentrations was plotted to calculate the IC50 level of DOX (DOX
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concentration that causes 50 % inhibition of cell viability) on MG63 and
MC3T3-E1 cell lines.

2.5.1.3. Cell viability assays. MG63 and MC3T3-E1 cells were cultured
as described above. The cytotoxicity of DOX-loaded OCP powders
(1DOX-0OCP, 5DOX-OCP, and 10DOX-OCP) was assessed using indirect
methods. Prior to cell seeding, DOX-loaded OCP powders were sterilized
with 70 % ethanol for 40 min. 5x10* cells were seeded per well in a 24-
well plate. Then, a cell strainer (VMR, USA) with a pore size of 0.4 um,
containing 3.75 mg DOX-loaded OCP powder, was placed in each well
and incubated for 7 days. The powder/medium ratio (3.75 mg/mL) was
maintained, as in the DOX release measurement experiment. Cell
viability (%) was determined using the CellTiter-Blue™ assay, following
the manufacturer’s instructions. Briefly, CellTiter-Blue reagent was
added to each well on day 1, 2, 3, 5, and 7, and incubated for two hours.
After incubation, the CellTiter-Blue™ containing medium was trans-
ferred to a 96-well plate, and the absorbance was measured at 570 nm
using a microplate reader (Infinite® 200 PRO, Tecan, USA), with 600
nm as the reference wavelength. Additionally, optical images of the cells
were captured after 7 days of incubation to assess their morphology and
overall growth.

2.5.2. Determination of cell death pathway

2.5.2.1. Cell culture and treatment. U20S, MG63 and HOS osteosarcoma
cell lines were maintained in DMEM supplemented with 10 % FBS, 2 mM
L-glutamine and 1 % penicillin/streptomycin, and cultured at 37 °C in
humidified incubator with 5 % CO,. Cells were exposed to 3.75 mg/mL
of 1DOX-OCP, 5.4 uM doxorubicin and 10 pm Ferrostatin-1.

2.5.2.2. Cell viability assays. Cell viability was measured using Ala-
marBlue™ reagent according to the manufacturer’s instructions. Briefly,
cells were plated in 24-well plates at a density of 15x10° cells/well. Cells
were exposed for 48 — 72 h to 3.75 mg/mL of 1DOX-OCP or OCP alone in
indirect contact, by using multiwell inserts. After treatments, the cell
medium was discarded and an appropriate volume of AlamarBlue® re-
agent was added and incubated for up to 4 h. Fluorescence was moni-
tored at 530-560 nm excitation wavelength and 590 nm emission
wavelength, using a TECAN microplate reader (TECAN, Switzerland).

2.5.2.3. qRT-PCR. TripleXtractor reagent was used to isolate total RNA,
as indicated by the supplier. The ExcelRT™ Reverse Transcription Kit
was used to synthesize cDNA, following the manufacturer’s instructions,
by using 2 mg of total RNA. Quantitative PCR reactions were performed
by using a CFX96 thermocycler. Primer sequences are reported in
Table 2 and were designed by using the online IDT PrimerQuest Tool
software (IDT; https://eu.idtdna.com/Primerquest/Home/Index). The
L34 mRNA level was used as an internal control, and the comparative Ct
method (DDCt) was used for the relative quantification of gene expres-
sion (Gagliardi et al., 2023).

2.5.2.4. Western Blotting analysis. Proteins were isolated by using a
RIPA Buffer supplemented with a protease inhibitor cocktail. An equal
amount of proteins (20 pg) were subjected to an SDS-PAGE and elec-
troblotted onto nitrocellulose membranes (Bio-Rad). Membranes were
blocked for 1 h by using 5 % non-fat dry milk in PBS plus 0.1 % Tween20
and incubated with indicated primary antibodies in a blocking solution,

Table 2

Primer sequences.
Target Sequence: Forward/Reverse
CHAC1 CTCAAGCGCTGTGGATTT/TGTCTCCCTGCCAGAAA
ACSL4 CCTGCAGCCATAGGTAAAG/CAGGCCAGTGTGAAAGAATA
PTGS2 GCCTGGTCTGATGATGTATG/GTATTAGCCTGCTTGTCTGG
L34 GTCCCGAACCCCTGGTAATAGA/GGCCCTGCTGACATGTTTCTT
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overnight at 4 °C. Primary antibodies were: anti-cleaved PARP (1:1000);
anti-Tubulin (1:1000). Detection was achieved using HRP-conjugated
secondary antibodies (1:5000) and visualized by SuperSignal West
Pico Plus (ThermoFisher). Images were acquired by using a ChemiDoc
Touch Imaging System (Bio-Rad) and analyzed by Image Lab software
(Bio-Rad).

2.6. Statistical analysis

Each group of samples was represented by three or six replicates. All
the synthesis have been done more than five times to show the repetitive
formation pathway. Where applicable, results were presented as mean
value + standard deviation.

When comparing groups of samples, analysis was performed in Prism
(v8, GraphPad Software, USA), using the one-way ANOVA, Tukey’s post
hoc analysis and normal distribution Shapiro-Wilk’s test. The difference
was considered significant for p < 0.05. All the experiments were per-
formed in triplicate, and date values were presented as means + stan-
dard deviations. Viability data were analysed using the two-way ANOVA
and then Tukey’s multiple comparison test. P-values of < 0.05 were
considered to indicate statistical significance.

3. Results and discussion

With their exceptional bioactivity and tailorable biodegradability,
calcium phosphates have been standing out from other biomaterials,
which made them an excellent choice for drug delivery in biomedical
applications, orthopaedics and dentistry. OCP is reckoned to possess a
higher affinity towards organic molecules than other CaPs (Yang et al.,
2010). This is owing to the particular arrangement of the structure,
crystallographic planes and a relatively empty water layer, where the
incorporation of distinct ions and molecules is much more achievable.
The interchangeably arranged structure made of an apatite layer of 1.1
nm- resembling the main attributes of HAp, and a water layer,
comprised of ten water molecules (H30) in the unit cell of 0.8 nm, mimic
a channel going lengthways with the c-axis (Kovrlija et al., 2021).
Furthermore, it has been hypothesized that, if the drug loading is
implemented in situ in the first steps of the OCP synthesis, it can lead to
ultrahigh drug loading capacity, ensuring a prolonged drug release
(Tang et al., 2011). This is mainly because of the numerous binding sites
that are resulting from CaP clusters, which have an ultrahigh specific
surface area, giving the possibility for the drug molecules to be adsorbed
on the surface. In our previous work (Kovrlija et al., 2023) we have
shown that during the hydrolysis process, a-TCP transforms to OCP
through several steps: dissolution, precipitation and the growth step of
OCP phase. As these steps in the mechanism imply a release of hydroxyl
ions (OH") and orthophosphate anions (HPOZ "), their subsequent role in
the formation of the hydrated layer in the OCP led us to assume that
incorporating the DOX during the in situ OCP synthesis process, could
potentially lead to the drug loading in the hydrated layer itself.

3.1. Synthesis and characterization of doxorubicin loaded octacalcium
phosphate

Being a metastable phase, OCP formation depends on multiple fac-
tors and it is not easy to obtain a final pure product without impurities
(e.g., brushite) that are present in its transformation process (Kovrlija
et al., 2023). Due to this, the first step was to establish the thermal
transformation of ACP to o-TCP to be certain that the sintering has
yielded pure o-TCP (Fig. 1A in supplementary file (Fig. 1A S)). Subse-
quently, pure OCP has been synthesized from the low temperature a-TCP
and used as a reference material for the final step of creating the DDS
with OCP and varying contents of doxorubicin.

3.1.1. Formation of a-TCP and pure OCP
Thermal transformation of ACP to a-TCP was confirmed using XRD
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Fig. 1. Characterization of OCP and DOX-OCP (1 — 20 wt%): A) XRD patterns; the reference simulated pattern (ICDD entry #026-1056) corresponds to OCP triclinic
phase. B) XRD patterns of OCP and DOX-OCPs. Maxima at 4.7 and 26.1 26 degrees are respectively attributed to the planes (100) and (002) of OCP crystal. C, D, E)
FTIR spectra of DOX-OCP. Star and the combining brackets mark the bands that have changes due to DOX incorporation.

analysis (Fig. 1A in supplementary file (Fig. 1A S)). Representative
maxima of a-TCP were in agreement with the reference XRD pattern
provided by the ICDD, while FTIR spectroscopy analyses clearly showed
the specific a-TCP bands (1300-900 cm ! domain and 700-500 cm !
domain, attributed to the vibrations of PO?{) found in the spectra
(Fig. 1B S). SEM micrographs (Fig. 1C S) displayed the morphology of
a-TCP agglomerates with elongated grain like particles (sizes below 500
nm).

Using o-TCP as the only precursor, OCP was synthesized via hydro-
lysis process, within 24 h. The XRD pattern, FTIR spectra and SEM
corroborated the formation of pure OCP from o-TCP (Fig. ID S, 1E S, 1F
S, respectively).

3.1.2. Doxorubicin loaded OCP

In order to attain the highest possible drug loading, doxorubicin was
added in situ, at the beginning of the a-TCP hydrolysis. However, as it
was shown before with other ions/drugs added to OCP (Kovrlija et al.,
2021), loading can be done up to a certain extent, after which the for-
mation of OCP can be inhibited. With this limitation, two questions have
been acknowledged: can DOX be loaded into OCP and how much of it
can be added to have the OCP phase?

3.1.3. X-Ray Diffraction

DOX was added in the range from 1 wt% to 20 wt% of the total
starting amount (Table 1). DOX-OCP phases were attained after 24 h
(Fig. 1 A)). Once the syntheses have been performed successfully and
OCP particles with 1, 3, 5, 7, 8, 9 and 10 wt% (theoretical loading) of
doxorubicin were obtained, XRD analysis have confirmed the

characteristic OCP fingerprints, proving that the mechanism of a-TCP
conversion was still possible (Fig. 1 A). All X-ray diffraction peaks
observed at low angles are characteristic to the OCP triclinic structure.
Low angle (100) maximum, at 20 = 4.7 degrees and a doublet (200)
and (010) at 9.4 and 9.7 degrees, respectively, were clearly seen (Fig. 1
A))(Kovrlija et al., 2023). If compared with pure OCP, DOX-OCP dif-
fractograms exhibited a slight shift towards the lower 20 degrees
(Fig. 1B). Slight shift of the 4.7 and 26.1 20 degrees maxima, respec-
tively, attributed to the planes (100) and (002) of OCP crystal, indi-
cated the lattice expansion in the DOX-OCP system (Fig. 1 B). Moreover,
obtained results revealed, that the crystal structure of OCPs was slightly
altered with the increasing DOX content, according to the changes of
diffraction angle and peak intensity (Fig. 1B). While not a definitive
confirmation of DOX integration into the OCP structure, the shifted main
maxima observed at 4.3, peaks at 10.1, 16.5, 26.20, and a pattern
spanning from 30.1 to 36.5 20 degrees, suggest a potential for significant
influence. It was also shown that the stabilization of the OCP structure
was dependent on the amount of DOX used for the OCP-DOX synthesis. If
the amount was above 10 wt% (theoretical loading), it led to the inhi-
bition of the c-axis growth and the destabilization of the overall trans-
formation mechanism, leaving the drug adsorbed on the a-TCP phase
(Fig. 2 S and Fig. 1 A and B). The concentrations of DOX between 10 and
20 wt% (12, 15 and 18 wt%) have all inhibited the OCP formation (Fig. 2
S), and for further in vitro analysis 20DOX-OCP has been chosen as a
representative of them. The most significant maxima for o-TCP
remained in 20DOX-OCP (12.1, 30.7 26 degrees, with double maxima ~
22.8 and ~ 34 20 degrees) (Fig. 1 A and B).

To test the difference between the synthesis methodologies and to
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Fig. 2. Characterization of OCP and DOX-OCP (1 — 10 wt%) and DOX-TCP (20 wt%): SEM micrographs (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 5 um bottom right.

confirm whether the in situ strategy resulted in DOX being incorporated
in OCP, adsorption experiment has been done. By mixing OCP with the
DOX solution, no significant changes have been noticed in the crystal-
lographic pattern of OCP (Fig. 3 S). Previously observed peak shift of the
characteristic maxima in 9DOX-OCP synthesized in situ (4.7 and 9.4 and
9.7 20 degrees), which was an indication of DOX incorporation within
the water layer, has not been seen in 9DOX-OCP ads. That suggested that
DOX was solely adsorbed on the material’s surface. The most noticeable
change within 9DOX-OCP ads was pronounced maxima at ~ 31 and 45
20 degrees, which have been assigned to the sodium chloride (NaCl) that
was present in the PBS (Fig. 3 S).

3.1.4. Fourier Transform Infrared Spectroscopy

To corroborate the structural identification, FT-IR spectroscopy has
been completed on all of the samples. Assignment of the presence of the
hydrogen phosphate (HPOZ ") and phosphate (PO3 ") groups is of crucial
value when establishing the OCP phase. All of the samples, except
20DOX-CaP, have representative markings of the OCP phase (Fig. 1C).
The PO3~ v5 stretching mode encompassing the bands at 1077 cm™?,
1296 cm ! and 1120 cm ™! has been accentuated. Additionally, PO%’ Vs
domain of the OCP spectrum showed the characteristic absorbance
bands at 524, 560, 601 and 627 cm™!. More importantly, P-OH
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Fig. 3. Total DOX content and DOX loading efficiency in OCP-DOX samples (1
— 10 wt%), and in DOX-TCP sample (20 wt%).

stretching at 917 cm ™! and 861 cm ™!, connected with the HPOZ ™ ion has
been prominently distinguished. Same as in XRD data, 20DOX-CaP
exhibited clearly the markings of a-TCP with strongest bands found in
1300-900 cm ™! and 700-500 cm ™! domain, attributed to the vibrations
of PO3~. To some extent, the influence of strong DOX absorbance bands
can be seen in DOX-OCP systems. Increasing intensity of the band in the
region 1570 cm™! indicates an antisymmetric COO stretch. DOX
prominent peak at ~ 1111 cm ™! led to the broadening of the PO3 ™ v3
stretching domain when compared to OCP and as a result, slight
shoulder band can be distinguished in DOX-OCP systems (Fig. 1C). The
band at 464 cm™! (Fig. 1C) from DOX could indicate the traces in the
composition of all the DOX-OCP samples, as the increase in the intensity
of the band is gradually higher with the increase of the drug load. The
bands assigned to HPO4(5) at 1193 cm™! in OCP were reduced to a weak
band at DOX-OCPs, indicating that the HPO4(5) group is substantially
reduced. However, most of the bands only had a slight broadening, with
a high possibility of auxiliary convoluted bands underneath the main
ones, hindering the possibility of clearly marking the peaks of DOX
(Fig. 1C). Another possible explanation to the changes in the chemical
structure could be the formation of DOX/Ca?t complexes. The oscilla-
tion of the aromatic ring (C-H oscillations derived from aliphatic groups
(e.g., methoxy groups)) occurs throughout the spectral range and also in
the areas where slight changes have been noticed in DOX-OCPs
(~1580-1600 cm™ ). Moreover, the divalent metal-DOX complexes
showed the ring breathing and bending vibrations of C(16)-C(18) =0, C
(30)-H3 at ~ 1000 cm™! (Jabtonska-Trypuc et al., 2017).

3.1.5. Surface morphology

Particular OCP plate-like morphology makes it easy to distinguish
between HAp and o-TCP. Plate crystals usually have a strong tendency to
assemble into a rose-like form; however, the size of such an agglomerate
varies among different samples, where OCP thin plates did not exceed 2
pm (Fig. 2). During the in situ incorporation of DOX, plate-like particles
seemed to be more overlapping and entwining with the increase of DOX
amount in samples, subsequently leading them to form agglomerates
from 1 to 20 um (Fig. 2 A-G). However, there is no definite indication
that this is due to the DOX presence within the system. The highest wt%
of incorporated DOX (20 wt%) led to the inhibition of OCP plate like
structure and preservation of elongated grain-like particles typical for
o-TCP (Fig. 2 H).

3.2. Evaluation of DOX release kinetics from DOX loaded OCP particles

Ever since it was approved by the Food and Drug Administration
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(FDA) in 1974 (Sritharan & Sivalingam, 2021), DOX was used in many
combinations with multiple intracellular targets. When intravenously
administered DOX had an initial half-life of 8 min and a terminal half-
life of 30 h, while plasma clearance of doxorubicin was 324-809 mL/
min/m?, and the effect on DNA has been seen in concentrations as low as
10 nM. Nevertheless, the dosage amounts vary depending on the site of
usage and overall conditions (e.g., in vitro: 2 pM/5 pM for 24 h, in vivo: 5
mg/kg/dose, every 15 days (Sritharan & Sivalingam, 2021)). Due to
these limitations of short half-life and systemic poisoning, local drug
delivery vehicles are highly sought after. CaP therapeutic functionali-
sation to treat bone diseases became very attractive because of its ability
to incorporate and retain the active substance while providing a way to
deliver it locally in a controlled manner. DOX adsorption experiments on
apatite substrates showed that DOX molecules did not have a high af-
finity for the surface of apatite and the amount of DOX adsorbed was 8
umol DOX m2 apatite (Iafisco et al., 2016). When DOX was incorpo-
rated into bone cements, contradictory data was seen. One group
observed a sustained and controlled release (Tani et al., 2006), while
Genin et al. recorded a burst release for the first 40 h that continued to a
prolonged release up to 240 h (25 % DOX after 40 h and 35 % after 240
h) (Génin et al., 2004; Pylostomou et al., 2023).

The effect of the in situ incorporation of doxorubicin into OCP had a
detrimental impact on the amount of the incorporated DOX, as well as
on the cumulative drug release. As expected, the obtained results
showed that with an increase of theoretical DOX content in the OCP, the
detected incorporated drug content and the loading efficiency increased
gradually (Fig. 3). In the case of DOX content of 1, 5 and 10 wt%
(theoretical loading), the amount of detected incorporated DOX was
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0.093 + 0.01 wt% with the loading efficiency 9.6 + 1.9 %, 1.54 £+ 0.1
wt% with the loading efficiency 20.85 + 1.29 % and 2.02 + 0.06 wt%
with the loading efficiency 21.8 + 0.73 %, respectively.

However, with DOX loading of 20 wt%, which did not yield the OCP
phase, the highest incorporated DOX amount was observed (2.66 +
0.24 wt%), but the loading efficiency was quite low (15.99 + 1.36 %). A
possible reason could be that DOX was adsorbed on the surface of a-TCP,
thus at the same time inhibited the OCP formation and showed a higher
detected drug content.

The in vitro release of doxorubicin from the DOX-OCP system in pH
7.4 and pH 6.0 is shown in the Fig. 4. Early DOX burst release, observed
initially in the first 24 h up to three days for pH 7.4, ranged from
approximately 17 % to 75 % (Fig. 4A), while the continued and uniform
release was monitored up to six weeks (Fig. 4B). The plateau of the
cumulative release percentage was inversely proportional to the theo-
retical content of doxorubicin. For example, for 5DOX-OCP, 23.6 + 1.6
% (28.0 + 3.7 pg) was released after two hours, 38.9 + 1.3 % (46.3 +
4.2 pg) after 72 h and 52.5 4 2.3 % (62.3 4 5.8 ug) after 42 days. While,
the 10DOX-OCP reached 15.9 + 1.3 % after two hours, 27.7 £ 1.7 %
after 72 h and 38.3 + 2.0 % after 42 days. It was noticed that the lower
the amount of the incorporated doxorubicin, the higher the release rate.
This observation could be caused by the phase transformation of OCP to
calcium deficient hydroxyapatite. Lower amounts of drug may result in
faster transformation, which could consequently lead to a faster release
(Ito et al., 2014). Except for 1DOX-OCP, all other tested samples have
not completely released the active substance, indicating that the drug
release period can be substantially longer. In general, increasing the
concentration of the drug loading increased the adsorbed amount of
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drug until a certain threshold. In our case, even though the amount of
the detected incorporated DOX content increased with the addition of
20 wt% of the drug (Fig. 3), the obtained DDS was not considered suc-
cessful as it prevented the formation of OCP.

The in vitro release of doxorubicin from the DOX-OCP system in the
tumour mimetic environment (PBS pH 6.0) showed a similar trend for
the higher amounts of loaded doxorubicin (7, 8, 9, 10 and 20 wt%),
whereas for the lower amounts the release was slower (1, 3 and 5 wt%).
Early DOX burst release, observed initially in the first 24 h up to three
days, ranged from approximately 23 % to 39 % (Fig. 4D), while the
continued and uniform release was monitored up to six weeks (Fig. 4C).
For example, 5DOX-OCP released 12.1 + 0.9 % (20.4 + 1.6 pg) of DOX
after two hours, 25.6 + 1.6 % (42.9 + 3.2 ug) after 72 h and 52.5 + 2.3
% (47.4 + 4.0 pg) after 42 days. While, the 10DOX-OCP had almost the
same release, reaching 15.3 + 1.3 % after two hours, 29.6 + 1.5 % after
72 h and 33.1 + 1.4 % after 42 days. The slower release (and similar
release) trend of DOX-OCPs in pH 6.0, could be connected with the
stability of OCP in the acidic solutions. OCP’s transformation to apatite
is solution mediated and guided by factors such as pH, temperature,
ionic concentration, time etc. In acidic pH, OCP is stable, except when
the solution contains fluoride ions (LeGeros et al., 1989). As we assume
the partial release of the drug from DOX-OCP DDS is due to the gradual
transition of OCP to apatite, if that transition is hindered the release
would be either similar or slower (in case of the small amounts of the
drug being incorporated).

In the literature, the mechanism of adsorption and parameters of
several models are being attuned to fit the experimental curves, i.e.
isotherms of drug adsorption, out of which the most common ones are
Langmuir’s and Freundlich’s (Parent et al., 2017). If the detected
quantity of the drug increases gradually with the drug concentration,
which was the case in our DDS, it follows Freundlich’s isotherm. This
potentially indicates that the prospective carrier sites of adsorption stay
unsaturated. The initial burst release of DOX within the first six hours
continued until day three in a decreased trend, and then it stabilized and
continued for the following 39 days. One way to control the initial drug
release would be to incorporate the DOX carrier into a polymer, thus
creating a more complex DDS (Pelss et al., 2011). Physical adsorption of
the doxorubicin molecules to the surface of OCP, through electrostatic
forces or hydrogen bonding, between the positively charged DOX mol-
ecules and negatively charged OCP could explain the initial burst
release. Whereas, the sustained DOX release afterwards could be clari-
fied through strong chemical interaction (Ca-O) that can hamper the
escape of the drug from the DOX-OCP drug delivery system. Similar
behaviour was noticed by Zhu et al (Qi et al., 2015) when they loaded
amorphous calcium phosphate (ACP) with doxorubicin and tested the
ACP/Dox DDS in PBS solution, at different pH values. Doxorubicin
release was found to be low and they reached a plateau (1.7 %) over a
period of 13 h. Jiang et al. (Xiaodan Jiang et al., 2022) tested the release
of DOX from hydroxyapatite and also confirmed a quick release during
the initial immersion period, followed by the slowly sustained release
during the later immersion period (36.5 % at pH 7.4 after 100 h). To test
the difference in release between the incorporated doxorubicin via the in
situ method and doxorubicin adsorbed onto the OCP, 9DOX-OCP ads was
immersed in PBS pH 7.4 and observed for 48 h. The initial detected
amount of DOX was higher in 9DOX-OCP ads (3.07 + 0.4 %) than in
9DOX-OCP (1.7 £ 0.1 %). In the first 6 h, 48.3 + 2.2 % of DOX was
released, while at 48 h the detected amount was 51.1 + 2.8 % (Fig. 4 S).
In comparison to the 9DOX-OCP, where DOX was integrated through in
situ synthesis, only 25.7 + 2.6 % of DOX was released at the 6th hour,
with the total release reaching only 31.5 & 2.2 % on the second day. This
clearly confirmed the effectiveness of the in situ method.In vitro release
evaluations are not envisioned to predict the in vivo release, but they
rather aim to advance the overall knowledge regarding the parameters
inducing the DDS comportment and to give an indication of the set-up of
the initial in vitro biological screenings.
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3.3. In vitro cell studies

3.3.0.1. IC50 and Cellular Response

The ICsg values were drawn from the DOX dose-response curve of
each cell line (Fig. 5). Accordingly, more than 0.85 ng (0.016 uM) and
3.397 ng (0.062 uM) of DOX is having an inhibitory effect for MG63 and
MC3T3-E1 cells, respectively.

The influence of DOX release on the viability of MG63 and MC3T3-
E1 cells was tested by placing OCP and DOX-loaded OCP powders in
contact with cells by using inserts (Fig. 6). The culture medium incu-
bated with DOX loaded OCPs (5DOX-OCP and 10DOX-OCP) suppressed
MG63 and MC3T3-E1 cells in the period of 7 days. However, from day 3
to day 7 of culturing, the pure OCP showed a proliferative effect on both
cell lines, resulting in increased cell viability (from 72.70 % to 84.89 %
for MG63 cells and from 62.34 % to 96.84 % for MC3T3-E1 cells). The
inhibition rate of 10DOX-OCP on the cell viability was significantly
higher than that of the 5DOX-OCP and 1DOX-OCP, providing the
additional evidence of their pronounced inhibitory effect on MG63 cells
(Fig. 6 (a)). These in vitro cell studies also demonstrated that a time and
concentration-dependent decreasing proliferation rate of MG63 and
MC3T3-E1 cells was more evident with 5DOX-OCP and 10DOX-OCP
(Fig. 6). With both formulations, the rate of viable cells after 72 h was
dramatically low (30.81 + 0.34 and 17.84 + 0.09 for MG63 cells and
36.93 + 1.27 and 24.19 + 3.22 for MC3T3-E1 cells, respectively). MG63
viability decrease, when exposed to DOX-OCPs, could be solely attrib-
uted to the cytotoxic effects of DOX. DOX is known to interfere with DNA
replication and induce cell death in various cancer cell lines (Akutsu
et al., 1995; Roncuzzi et al., 2014; Wen et al., 2018). In this case, the
DOX-loaded OCP powders likely released DOX molecules into the sur-
rounding culture medium, which then interacted with the MG63 cells
and caused a decrease in their viability. On the other hand, the increase
in viability of MC3T3-E1 cells after 72 h could be due to several factors.
MC3T3-E1 cells may have different characteristics or mechanisms that
make them more resistant to the cytotoxic effects of DOX compared to
the MG63 cells (Fig. 5). It is known that different cell lines can vary in
their sensitivity or resistance to chemotherapy drugs, including DOX.
Factors such as variations in drug uptake, efflux pumps, DNA repair
mechanisms, cell cycle regulation, and apoptotic pathways can influ-
ence a cell line’s response to cytotoxic agents (J. Wang et al., 2009).
Furthermore, the presence of elevated Ca®' ions in the medium could
potentially activate the extracellular calcium-sensing receptor (Thorn
et al., 2011). This activation, in turn, may enhance the proliferation of
the cells. If the DOX created a Ca-complex with the CaP in the proposed
DDS, the literature data have shown that the complexation of doxoru-
bicin with metal ions has the ability to increase the cytotoxic properties
of the drug (Jabtonska-Trypuc et al., 2017). It has been shown that
complexes with Fe>* and Cu®" ions facilitate the binding of doxorubicin
to DNA and increase the production of reactive oxygen species, which
aids in the cytotoxic effect. However studies also have shown that
doxorubicin can form DNA double-stranded breaks in human cells
enabling the calcium channel blocker to sensitize cells to doxorubicin
and dampen the doxorubicin efficacy (Thuy et al., 2016). Moreover, the
observation of comparable or increased viability levels of the OCP
powder in comparison to the control group indicated that the uptake of
Ca?" ions, which play a crucial role in osteointegration, positively
influenced cell proliferation.

Phase-contrast micrographs showed that after 7 days of incubation,
the majority of MG-63 cells on the plate incubated with DOX-OCPs were
dead, remaining rounded and small in size, indicating an inhibitory ef-
fect of DOX (Fig. 6 (c)). In comparison, the control group and OCP
powders appeared to result in more spread-out cell lines. The intro-
duction of OCP powders into the cell medium significantly improved cell
adhesion, as seen from the polygonal morphology of the cells. The
largest cells were observed in the control group.
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3.3.0.2. Pathway of cell death

To evaluate the anticancer properties and the pathway of cell death
induced by 1DOX-OCP, a panel of three human osteosarcoma (OS) cell
lines was used. U20S, HOS, and MG-63 cells were exposed to 3.75 mg/
mL 1DOX-OCP or 3.75 mg/mL OCP. 5.4 uM of doxorubicin (DOX),
corresponding to the estimated drug released by 1DOX-OCP within 72 h,
were used as a positive control. Firstly, cell viability was evaluated after
72 h, in cells stained with AlamarBlue. As in the previous cytocompat-
ibility tests, results indicated a significant decrease in the viability of all
tested osteosarcoma cells upon exposure to 1DOX-OCP (Fig. 7). The
observed differences in cell viability between 1DOX-OCP and DOX could
result from the immediate availability of the drug at the final

10

concentration in the positive control group (DOX), whereas doxorubicin
from 1 wt% of OCP-DOX was released gradually in a time-dependent
manner, which corresponded to the in vitro drug release study (Fig. 4).

In the second stage, the three cell lines were exposed to 3.75 mg/mL
of 10CP-DOX, 3.75 mg/mL of pure OCP, or 5.4 uM doxorubicin (DOX),
and the expression of the three well-known ferroptotic markers, such as
CHAC1, ACSL4 and PTGS2 (Chen et al., 2021) was evaluated after 48 h
by qPCR. Results indicated significant upregulation of all three genes
only in HOS cells exposed to 1DOX-OCP (Fig. 5 S). Then, in order to
verify if OCP-DOX induces ferroptotic cell death, OS cells were exposed
for 72 h to 3.75 mg/mL of 1DOX-OCP and 5.4 uM DOX alone or in
combination with the ferroptosis inhibitor Ferrostatin-1 (Fer-1) (Miotto
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Fig. 7. Sensitivity of OS cells to DOX-loaded OCP powder. The indicated OS cell lines were exposed 72 h to 1DOX-OCP, pure OCP and doxorubicin (positive control).
Cell viability was evaluated in AlamarBlue-stained cells. Histograms represent mean + s.d.; n = 3; ***p < 0.001.

et al.,, 2020). Cell viability evaluated in AlamarBlue-stained cells
revealed no significant changes in OS cell survival in the presence of
10CP-DOX + Ferl compared to 10CP-DOX alone (Fig. 8 A). These re-
sults indicated that ferroptosis is not involved in OCP-DOX-induced cell
death in OS cells.

Next, we investigated the involvement of the conventional pathway
of doxorubicin-induced PCD, apoptosis (S. Wang et al., 2004). To this
aim, U20S, HOS, and MG-63 cells were exposed to 1DOX-OCP, and
levels of cleaved PARP, considered as a hallmark of apoptosis (Chaitanya
etal., 2010), were evaluated after 48 h of treatment, by western blotting
analysis. Results shown in Fig. 8 B indicate increased expression of
cleaved PARP in HOS and MG-63 cells exposed to 10CP-DOX, con-
firming the induction of apoptotic cell death.

Collectively, our results confirmed the anticancer effects of OCP-
DOX, indicating that apoptosis is the main pathway of programmed
cell death responsible for its cytotoxic effect on osteosarcoma cells.

4. Conclusions

Even though functionalized OCP crystals revealed a high potential
and are assumed to be the future of tailored DDSs, the paucity of evi-
dence on the comprehensive release profile in vitro, the aftermath of the
in vivo settings and their relationship and implications is evident. The
presented findings offer new insights into the design of DOX-loaded
OCP, and their usage as potential drug vehicles, with satisfying drug
loading capacity and sustained release behavior.

In situ loading of DOX-OCP has shown that for the first time it was
possible to incorporate the doxorubicin into octacalcium phosphate,
while maintaining its characteristic crystal structure. The maximum
possible loading that was achieved was 10 wt%, theoretical drug load
and the detected DOX content was 2.02 + 0.06 wt% with the loading
efficiency 21.8 + 0.73 %. Furthermore, it was proven that everything
above 10 wt% inhibited the OCP formation. With the developed DOX-
OCP systems, the two out of three benefits of OCP’s triple effect (dis-
cussed in the Introduction section) have been seen: 1) the initial drug
that was adsorbed on the surface of OCP was released at first and is
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Fig. 8. Characterization of cell death induced by DOX-loaded OCP powder in osteosarcoma cells. (A) U20S, HOS, and MG63 cells were exposed for 72 h to 1DOX-
OCP, pure OCP or doxorubicin alone or in combination with 10 pM of Ferl (OCP-DOX + Ferl, DOX + Ferl) and cell viability was evaluated in AlamarBlue-stained
cells. (B) Protein levels of cleaved PARP were evaluated in osteosarcoma cells exposed as in (A), by western blotting analysis. GAPDH was used as a loading control.

Histograms represent mean =+ s.d.; n = 3; *p < 0.05, ***p < 0.001.
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characterized as an initial burst release of DOX (Fig. 4A) and 2) the drug
was also incorporated inside the OCP’s water layer (seen through the
shifts of characteristic OCP peaks in XRD, Fig. 1 A,B) that helped with
the prolonged drug release as the OCP construct slowly transformed to a
more stable phase. As a corroboration that the release was slower if the
drug loading was done at the same time as the OCP was forming (in situ
method), the adsorption experiment was also performed, DOX release
was tested for 48 h and obtained results clearly evidenced that the initial
burst release in this case is drastically higher (up to 50 % compared to in
situ) and no changes in the crystal structure of OCP were noticed. Due to
the other advantages of this methodology, for instance, low cost, facile
preparation method, presence of a single precursor and the environ-
mentally friendly approach, DOX-OCP application in drug delivery has
shown high potential.

The in vitro cell studies exhibited time and concentration-dependent
decrease in the proliferation rate of MG63 and MC3T3 cells, when they
were exposed to the DOX-loaded OCP powders. Complex formulation
between DOX and CaP in the proposed DDS potentially enhances the
cytotoxic properties of the drug, as seen in previous studies. This addi-
tional effect of complexation could contribute to increased cytotoxicity
against cancer cells. However, the potential of OCP powders to enhance
cell proliferation through the presence of elevated Ca2" ions in the
surrounding medium has also been recorded throughout different
studies. This additional data demonstrated that the interaction between
calcium and doxorubicin, instead of a synergistic effect, reduced the
efficacy of doxorubicin and led to a recovery in cell viability. Once the
pathway of programmed cell death responsible for the aforementioned
cytotoxic effect was tested, it showed that apoptosis is the main
pathway.

As the DOX-OCP drug delivery system would be administered locally
in the cancer site, aside of the therapeutic effect the drug would offer,
OCP could have an ameliorating outcome on the bone regeneration
process. DOX-OCP application would potentially be interchangeable and
could range from the composite scaffolds or protective coatings (e.g.,
with alginate) to injectable bone cements and even the granular shape of
the powders themselves. However, even if the DOX-OCP drug delivery
system has already shown a prolonged drug release in PBS (7.4 and 6.0
pH), additional improvements in terms of the in vitro drug release and
the control of the initial burst release (e.g., addition of the polymer) are
still needed. Thus, testing of such advanced constructs, followed by a
wider scope of in vitro conditions, as well as additional biological tests,
will be worth investigating in future studies.
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