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ARTICLE INFO ABSTRACT
Keywords: Breast cancer remains a significant global health concern, necessitating the development of novel
Anticancer activity therapeutic approaches. In this study, we investigate the role of Eu>* doped hydroxyapatite

3t
Han: Eu™ NCs nanocomposites (Han: Eu®") in the treatment of MCF7 and 4T1 breast cancer cell lines.

Ph°t°1umlne§9ence ) Furthermore, we explored the structural and luminescent properties of these nanocomposites.
CIE chromaticity coordinates 3+ . . ip PRI :
Bioimaging Han: Eu”" were synthesized using a modified co-precipitation method, and their morphology and

crystal structure were characterized using scanning electron microscopy (SEM) and X-ray
diffraction (XRD) in which the average crystalline size of Han: Eu®t was found to be 25 nm,
rendering them suitable for cellular uptake and targeted therapy. To gain insights into the
luminescent properties of Han: Eu®", their excitation and emission spectra were recorded using
photoluminescence spectrometer. The characteristic red emission of Eu>* ions was observed upon
excitation, validating the successful doping of Eu®* into the Han lattice, which was confirmed by
the CIE chromaticity coordinate study. These luminescent properties of Han: Eu* hold promise
for potential applications in bioimaging. To evaluate the efficacy of Han: Eu®" in breast cancer
treatment, MCF7 and 4T1 cell lines were exposed to varying concentrations of the nano-
composites. Cell viability assays revealed a concentration-dependent reduction in cell viability,
indicating the potential anticancer activity of Han: Eu®*. The findings of this study contribute to
the expanding field of nanomedicine, bringing targeted breast cancer treatments and us closer to
more effective.
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1. Introduction

Enhanced permeation and retention (EPR) effect-mediated selective accumulation of nanoparticles in cancer tissue has made them
a promising tool for cancer diagnosis and treatment [1]. Breast cancer is the most commonly diagnosed cancer in women globally,
representing 25 % of all cancer cases. This malignancy is the most common cancer in both genders and holds the top position as the
primary cause of mortality resulting from cancer in females. According to estimates, breast cancer accounted for one in every eight
newly diagnosed cases of cancer in the year 2020, with a total of approximately 2.3 million cases reported. According to recent
statistics, breast cancer accounted for approximately 684,996 fatalities in 2020, with a significant proportion of these deaths
concentrated in regions with limited access to resources [2]. Typically, neoplastic cells of breast cancer aggregate to form a mass
frequently detectable through radiographic imaging or palpation as a discrete nodule. In cases where breast cancer metastasizes
beyond the primary site and infiltrates the bloodstream and lymphatic system, it progresses to an advanced stage. Metastatic breast
cancer is the term used to describe the spread of breast cancer to other organs, including but not limited to the liver, lungs, bones, and
brain. The time at which the ailment is identified represents a significant prognostic indicator. According to research, a significant
proportion of patients diagnosed and treated for a localized primary breast cancer tumour have a survival rate of over five years,
reaching up to 99 % [3]. The survival rate of patients with metastatic disease significantly declines, with a mere 23 % of individuals
surviving beyond five years [4]. The treatment modalities available for metastases are often constrained [5]. The efficacy of surgery in
managing localized primary tumors is well-established. However, its utility in resecting multiple metastatic lesions is limited. This is
supported by existing literature [6]. The efficacy of medication may be compromised if the administered doses, whether orally or
intravenously, do not adequately reach the intended sites, as per sources [7,8]. Targeted therapies and immunotherapies represent a
novel and auspicious approach to managing breast cancer [9,10]. Drug repurposing is gaining significant traction as a means to
expedite the drug development process. This is because the safety and efficacy of existing approved drugs have already been estab-
lished, resulting in a reduction in attrition rate, timestamp, and cost from bench to pilot compared to new drug development [11].

In cancer drug development, the conventional approach involves the initial stages of lead identification and optimization, followed
by pre-clinical and clinical studies to ascertain the drug’s safety, toxicity, and effectiveness as an anti-cancer agent. Currently, many
clinical trials are recorded on the clinical trial website [12]. Celecoxib has exhibited significant potential in inhibiting the metastasis
and proliferation of tumour cells through its targeting of COX-2, regulation of the tumour microenvironment, and sensitization of
cancer cells to other treatments. This represents a promising avenue for drug treatments in this area [13-16]. The therapeutic agent
Fluorouracil (5-FU) has been sanctioned for treating breast cancer. Its anti-cancer properties are attributed to its ability to impede
cancer progression, trigger apoptosis, and reduce metastasis. These effects are achieved through various mechanisms, including
inhibiting the Ras/ERK pathway, downregulating the NF-kB gene expression, and enhancing therapeutic efficacy when used with
targeted nanoparticle-based therapies [17-21]. Metformin, a commonly prescribed medication for diabetes, exhibits anti-cancer
properties in breast cancer through its interaction with AMPK, inhibition of various signaling pathways, reduction of inflammation,
and potential for combination therapy. These attributes position it as a promising contender for treating breast cancer [22-26].
Nitroxoline, initially utilized as an antibiotic for treating urinary tract infections, has demonstrated considerable efficacy in combating
cancer. It has been observed to possess anti-cancer properties such as anti-angiogenic activity and the ability to impede tumour growth,
metastasis, and invasion in diverse forms of cancer. These attributes make it a promising therapeutic option for treating breast cancer,
with the added advantage of a favorable pharmacokinetic profile and minimal toxicity [27,28]. Penfluridol, initially developed as an
antipsychotic medication, has exhibited significant anti-tumour properties in multiple cancer cell lines and in vivo models, including
breast cancer. These effects are attributed to various mechanisms, such as inhibiting integrin signaling, induction of apoptosis and
autophagy, suppressing metastasis, disruption of mitochondrial and lysosomal functions, and inhibition of angiogenesis. As a result, it
has the potential to be a promising candidate for the treatment of breast cancer, with enduring effects and the possibility of being used
in combination therapies [29-32]. Tamoxifen (TAM) is a selective oestrogen receptor modulator (SERM) commonly employed as a
therapeutic intervention for breast cancer patients with oestrogen receptor-positive tumors. Its mechanism of action involves inhib-
iting oestrogen receptor (ER) signaling, which leads to cell cycle arrest and decreased proliferation. In addition to its anti-cancer
effects, TAM has been shown to provide other benefits, such as reducing the risk of recurrence, improving disease-free survival,
and enhancing outcomes in specific patient subgroups. As a result, TAM is considered to be a highly efficacious treatment option for
breast cancer [33-36]. Doxorubicin (ADM) is an anthracycline antibiotic with strong antineoplastic properties and is effective against
several types of cancer, including breast cancer. Its therapeutic mechanism involves DNA intercalation, Topo-II disruption, ROS
generation, and induction of apoptosis. However, using liposomal formulations, such as PEGylated liposomal doxorubicin (PLD), in
combination therapies has been shown to enhance its efficacy while reducing cardiotoxicity, as reported in previous studies [37-39].

Luminous nanoparticles exhibit exceptional potential as optical probes for medical and biological imaging applications. The pri-
mary role of these entities is to furnish the essential fluorescence contrast that is imperative for visualizing particular cellular con-
stituents and tissues [40]. Various luminescent materials, such as gold nanoparticles [41], quantum dots [42], monoclonal antibodies
[43], nanodiamonds [44], nanostructures labelled with organic dyes [45], and rare earth-doped nanomaterials [46] have been sug-
gested as potential fluorophores for applications in biosensing and bioimaging. Lanthanide-doped nanoparticles have been recognized
as a new classification of probes that exhibit a prolonged fluorescence lifetime, elevated quantum yield, distinct emission peaks, colour
modulation based on the lanthanide ion-doped, and exceptional resilience to photo-bleaching instigated by environmental factors. The
utilization of hydroxyapatite (HA) nanoparticles as nanoplatforms for the effective doping of lanthanides is significant in this context.
The primary component of natural bone mineral is Hydroxyapatite (HA), which possesses noteworthy attributes, including facile
functionalization, biocompatibility, bioactivity, and efficient biodegradability in biological settings [47,48]. The biocompatibility of
hydroxyapatite nanocomposites makes them appropriate for use in biomedical applications due to their numerous physiological
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interfaces and physicochemical properties at the nanoscale. The terms "tissue revamp" and "recovery" are frequently utilized inter-
changeably, particularly in the domain of injury rehabilitation [49].

Europium has garnered considerable interest in bioimaging due to its distinctive spectroscopic characteristics, which include high
quantum yield, narrow emission bands, and long fluorescence lifetime. The aforementioned characteristics render it a highly suitable
contender for employment in bioimaging endeavours, particularly in fluorescence microscopy [50] and magnetic resonance imaging
(MRI) [51]. Furthermore, the utilization of europium complexes as probes for identifying and measuring diverse biomolecules,
including proteins, DNA, and enzymes, has been documented [52].

In the present context, the escalating cost of oncological drugs that have received marketing approval has exacerbated the financial
burden rather than alleviation it. Consequently, exploring an alternative methodology that can effectively address the challenges of
escalating attrition rate, time, and cost in the cancer drug development process is imperative. The objective of the current research was
to thoroughly examine the feasibility of synthesizing luminescent biomimetic and highly biocompatible Eu-doped hydroxyapatite
nanocomposites through the precipitation method under controlled conditions. Additionally, the study aimed to investigate these
nanocomposites physicochemical and cytocompatibility properties. In this study, we conducted measurements of the sensitized
fluorescence of Eu (III) to investigate its luminescence properties. Initially, the precipitates of Eu-doped hydroxyapatite (Han: Eu®*
NCs) nanocomposites (NCs) were generated by the precipitation of solutions containing Eu>*/Ca%*/Chloride/Citrate/Phosphate.
Subsequently, a comprehensive characterization of the aforementioned precipitates was performed using a diverse range of com-
plementary techniques. Particular emphasis was placed on identifying the circumstances that facilitate the acquisition of biomimetic
characteristics. The sensitized fluorescence was measured to investigate the luminescence properties of the generated particles.
Subsequently, the cytocompatibility of said particles was evaluated through In vitro cellular assays.

2. Materials and methods
2.1. Reagents

The chemicals Calcium chloride, Ammonium dihydrogen phosphate, Sodium dihydrogen phosphate and disodium hydrogen
phosphate were from Merck (Bangalore, India). Europium oxide was obtained from Sigma (Sigma Aldrich, Bangalore, India). Sodium
dihydrogen phosphate and disodium hydrogen phosphate obtained from Merck chemicals were utilized for buffer preparations.
Doxorubicin, MCF7 and 4T1 breast cancer cell lines were used for in vitro studies.

2.2. Methodology

Preparation of Europium Chloride: Europium oxide was converted to europium chloride by dissolving with hydrochloric acid
which then followed by evaporation of the solvent.

2.3. Synthesis of nanocomposites

In the synthesis process, 7.315 g of 1 M Calcium chloride (CaCly) was dissolved in 50 ml of distilled water. 5.75 g of 1 M Sodium
dihydrogen phosphate (NagHPO4) was dissolved in 50 ml of distilled water. The solution of Calcium chloride and Ammonium
dihydrogen phosphate were mixed. The as synthesized Calcium chloride and Ammonium dihydrogen phosphate solution herein after
been abbreviated as Han (Hydroxyapatite Nanocomposites). To this Han solution 0.5 g of Europium chloride was added as dopant.
Since the prepared solution is in acidic medium, the authors added ammonium hydroxide and Sodium hydroxide solution to make it
alkaline pH i.e., approximately 8. The resultant opaque colloidal mixture underwent filtration, multiple rinses with an aqueous so-
lution, and subsequent separation by decantation. Ultimately, the suspension underwent centrifugation. After that the pellet obtained
had to be dried completely and macerated with mortar and pestle. The resultant finely powdered nanocomposite consists of Han: Eu>*.
The nanocomposites that were synthesized henceforth denoted as Han: Eu®" NCs in the subsequent examinations.

2.4. Particle characterizations

Different characterization techniques were used for the nanocomposites, including, X-Ray Diffraction Spectroscopy (XRD), X-ray
Photoelectron Spectroscopy (XPS), Differential Scanning Calorimetry (DSC), Fourier Transform Infrared Spectroscopy (FTIR), Scan-
ning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy (SEM-EDS), Photoluminescence (PL) studies, Particle size and In
vitro cytotoxicity tests.

2.4.1. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectra were initially recorded with a Bruker Alpha II FTIR spectrometer equipped with an attenuated
total reflectance (ATR) accessory of Zinc-selenium crystal. The prepared powdered samples were directly placed on the crystal and
were recorded within the wave number range from 4000 cm™! to 500 cm ™.

2.4.2. X-Ray Diffraction Spectroscopy (XRD)
The X-ray diffraction (XRD) data were obtained using the AERIS PAN analytical diffractometer with para focusing geometry and Cu
Kol radiation (1.5406 A). The homogeneously dispersed powdered specimens were applied onto the sample plate and subsequently
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positioned onto the holder for analytical purposes. The high-score software was utilized for conducting data processing.

2.4.3. X-ray Photoelectron Spectroscopy (XPS)

The elemental composition and oxidation states of the specimen were ascertained by utilizing an X-ray Photoelectron Spectrometer
(XPS). The analysis was conducted using the K-alpha model provided by Thermo Scientific, a company based in the United States. The
XPS system employed in this study utilizes monochromatic Al Ka X-ray radiation, characterized by a source energy of 1486.6 eV. This
specific energy facilitates accurately determining binding energies corresponding to various elements in the analyzed sample. Data was
acquired and processed using the Avantage commercial software (version 5.932, Thermo Scientific, USA). The XPS data was recorded,
and initial processing steps, such as background correction and noise reduction, were performed using comprehensive software.

2.4.4. Scanning electron microscopy (SEM-EDAX)

The CHN analysis, encompassing carbon, hydrogen, and nitrogen elements, was conducted utilizing the PerkinElmer 2400 CHN
elemental analyzer (PerkinElmer). Additionally, the EDAX analysis was performed on the EDAX APEX. The solubility profile of the
Han: Eu®* specimen indicates its solubility in water and partial solubility in DMSO, methanol, chloroform, acetonitrile, and ethanol
while exhibiting insolubility in diethyl ether.

2.4.5. Differential Scanning Calorimetry

The thermal characteristics of Han: Eu>* produced synthetically were examined using a TA 2920 modulated DSC thermal analyzer
(TA Instruments, New Castle, DE). The analysis was performed on a calcinated sample weighing approximately 10 mg and placed in an
aluminium pan. A protective atmosphere comprising Nitrogen (N2) gas was employed, with a gas flow rate of 50 mL/min. The pan was
subjected to a hermetic seal and subsequently underwent a temperature increase from 50 °C to 300 °C at 10 °C per minute. The
thermodynamic properties of the sample were determined using the Universal Analysis Programme, Version 1.9 D. These properties
include the onset temperature (Tm), denaturation temperature (Td), enthalpy of denaturation (AH), and cooperativity, which is
represented by the width at half-peak height (AT1/2).

2.4.6. Photoluminescence studies

The present study examined the excitation and emission properties of Han: Eu>* NCs. This investigation was conducted using an
FLS-1000 spectrofluorometer equipped with PMK 980 and PMT 1700 detectors. The preparation of the nanocomposites suspension
was conducted. Subsequently, it was introduced into a quartz cuvette in order to mitigate any potential interference that could arise
during the measurement process. An emission analysis was conducted using the PMT 1700 detector, encompassing wavelengths
ranging from 950 nm to 1650 nm. A set of emission spectra was documented under the condition of a consistent excitation wavelength.
The excitation analysis was conducted by systematically varying the excitation wavelength from 230 to 980 nm while keeping the
emission wavelength constant. The emission intensity was measured and graphed as a function of the excitation wavelength to
generate excitation spectra, which offer insights into the energy levels and electronic transitions associated with the excitation
phenomenon.

2.5. Invitro studies

The MCF7 cell line, a human breast cancer cell line, was procured from NCCS, Pune, India. Additionally, the 4T1 cell line, a mouse
breast cancer cell line, was obtained from ATCC, United States. The MCF?7 cells were cultured in DMEM high glucose medium, while
the 4T1 cells were cultured in RPMI-1640 medium. Both cell lines were cultured in an atmosphere containing 5 % CO5 and 18-20 % O,
at 37 °Cin a CO; incubator. The culture medium was supplemented with 10 % FBS and a 1 % antibiotic-antimycotic solution. The cells
were sub-cultured every 2-3 days. The present study utilized passages 59 and 24, respectively and further MTT assay was performed.

2.5.1. MTT assay

The experimental procedure involved seeding a 96-well plate with 200 pl cell suspension at 20,000 cells per good density. The cells
were then allowed to grow for 24 h without the test agent. The drug concentrations table was referenced to ensure that the wells were
treated with the correct concentrations of the test agents. Subsequently, the plate was incubated for 24 h at 37 °C in an atmosphere
containing 5 % CO;. Following the incubation period, the residual media was extracted and supplemented with MTT reagent at a
concentration of 0.5 mg/mL in the entire solution. The plate was enveloped with aluminium foil to prevent photo damage and sub-
sequently placed back into the incubator for 3 h. Subsequently, the MTT reagent was eliminated, and a solubilization solution (DMSO)
was introduced into each well. To improve dissolution, a gyratory shaker was employed for gentle stirring, while periodic pipetting up
and down was carried out to ensure complete dissolution of MTT formazan crystals, especially in cultures with high cell density.
Subsequently, absorbance was measured using either a spectrophotometer or an ELISA reader, with a wavelength of 570 nm.

% Cell viability is calculated using below formula:

% Cell viability = [Mean abs of treated cells/Mean abs of Untreated cells] x 100.

The ICso value was determined by using linear regression equation i.e., Y = mx + C.

Here, Y = 50, M and C values were derived from the viability graph.
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3. Results and discussion
3.1. Fourier Transform Infrared Spectroscopy

The peak found at 1017 cm ™! shows the C-O stretch. Another peak found at 1396 cm™! represents the O-H bending and the peak
found at 1594 cm™! possibly shows the presence of N-H bending. The results were shown in Table 1 and Fig. 1.

3.2. X-ray diffraction analysis

The X-Ray Diffraction analysis was done for Han: Eu>" NCs with CuKa radiation in the 26 range 10°-90°. Fig. 2 represents the XRD
spectrum of Han: Eu®" NCs. The crystalline size was calculated using Scherer’s equation. The average crystalline size of the Han: Eu®*
NCs is 25 nm as depicted in Table 2.

3.3. X-ray Photoelectron Spectroscopy (XPS)

The X-ray Photoelectron Spectroscopy (XPS) survey spectrum analysis of Europium (Eu®*) doped Hydroxyapatite Nanocomposites
(Han: Eu®" NCs) has provided valuable insights into their elemental composition and chemical environment, which are crucial for
understanding their potential role in the treatment of breast cancer cell lines MCF7 and 4T1, as well as their structural and lumi-
nescence properties for cancer diagnostics. A series of scans were performed for different elements and peaks, and the data obtained is
presented in Table 3.

The main peak observed at 1134.04 eV in Fig. 3(a-h) corresponds to the Eu®* 3ds, photoelectron peak, confirming the presence of
(Eu®") in the sample. This observation is significant in the context of cancer therapeutics, as Eu®>" ions are known for their luminescent
properties, and their presence could offer potential benefits for cancer imaging and tracking of nanocomposites delivery in live cells.
However, the atomic percentages for Europium are not provided, hindering a comprehensive understanding of its concentration.

The XPS analysis revealed the presence of Oxygen (0O), Sodium (Na), Carbon (C), Calcium (Ca), Phosphorus (P), and Chlorine (Cl)
on the surface of the Europium (Eu®") metal sample. The presence of multiple phosphorus (P) peaks in Fig. 3(g) corresponds to the 2p
region with distinct binding energies (131.88 eV and 132.78 eV) suggests the existence of different chemical environments for
phosphorus atoms on the nanocomposites surface. This diversity in phosphorus species could be attributed to different phosphorus-
containing functional groups, which might play a crucial role in the interaction between Han: Eu>* NCs and cancer cells. Addition-
ally, the presence of an extra peak at 135.18 eV (P 2p - 0) may indicate a unique phosphorus species, which warrants further
investigation to understand its potential implications for cancer treatment. The detection of chlorine (Cl) peaks in Fig. 3(f) at specific
binding energies indicates the possible incorporation of chlorine in the Han: Eu®* NCs. Chlorine is not a common component in
hydroxyapatite, and its presence related to the synthesis process or interactions with the surrounding environment. Understanding the
role of chlorine in the context of cancer cells is essential, as it influence the cellular uptake, biodistribution, and toxicity of the
nanocomposites. The observation of multiple carbon (C) peaks in Fig. 3(e) corresponds to the 1s region suggests the presence of diverse
carbon-containing functional groups on the nanocomposites surface. These organic moieties may stem from the capping agents or
stabilizers used during nanocomposite synthesis or from adsorbed biomolecules. The abundant presence of carbon-based functional
groups may have implications for the surface chemistry and biological interactions of Han: Eu®* NCs with cancer cells.

Calcium (Ca) peaks were clearly identified in Fig. 3(d), confirming the presence of calcium in the Han: Eu®* NCs. Calcium is an
integral component of hydroxyapatite, and its presence is crucial for maintaining the nanocomposite’s structural integrity and sta-
bility. Calcium ions have been implicated in cellular signaling and apoptosis pathways in cancer cells, and their presence on the
nanocomposite surface could influence cellular responses and therapeutic outcomes. The observation of multiple oxygen (O) peaks in
Fig. 3(c) corresponds to the 1s region indicates the existence of diverse oxygen-containing functional groups on the nanocomposite
surface. Oxygen plays a vital role in hydroxyapatite’s biocompatibility and bioactivity, and its presence in abundance on the Han: Eu®*
NCs is expected to be advantageous for cellular interactions and potential therapeutic effects in cancer cells. Finally, the detection of
sodium (Na) peaks in Fig. 3(b) suggests the presence of sodium on the nanocomposite surface. Sodium ions have important roles in
cellular homeostasis and transport mechanisms, and their presence in the Han: Eu>* NCs could have implications for cellular uptake
and internalization.

For instance, the higher areas under the Ols and Cls peaks suggest a relatively higher abundance of Oxygen and Carbon on the
sample surface compared to other elements. The XPS survey spectrum analysis of Han: Eu>* NCs provides crucial insights into their
surface chemistry and elemental composition. Understanding the specific functional groups and elements present on the nano-
composite surface is essential for tailoring their properties for cancer therapeutics and diagnostics. The presence of diverse chemical
species, such as phosphorus, chlorine, calcium, oxygen, carbon, and sodium, indicates a complex and heterogeneous surface

Table 1

Comparison of Experimental and Literature frequencies with their Band assignments.
Experimental Frequencies [Wavenumber (cm™1)] Literature Frequencies Band Assignment
1017 cm™! 1400-1000 C - O Stretch
1396 cm ™! 1310-1400 O - H Bending
1594 cm ! 1650-1580 N - H Bending
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Fig. 2. XRD spectrum of Han: Eu®>" NCs.

Table 2
The X-ray Diffraction peak positions, its corresponding full width half Maxima and crystalline size of
Han: Eu®>* NGs.
Peak Position (2 Theta) FWHM Crystalline Size (nm)
27.29 0.286 26.993
31.66 0.2433 31.413
45.4 0.278 26.362
56.45 0.304 23.025
66.17 0.257 25.899
75.25 0.33 19.066

Average: 25.460

composition that can be explored for targeted drug delivery, imaging, and theranostic applications. The results presented here lay the
foundation for further investigations into the structural and luminescence properties of Han: Eu®>* NCs, ultimately paving the way for
their potential use in the treatment of breast cancer cell lines MCF7 and 4T1, and other biomedical applications in cancer research.

3.4. Scanning electron microscopy (SEM-EDAX)

The crystalline nature of the particles present in the complexes has been verified through SEM analysis, which confirms their
surface morphology. The morphology of particles in all complexes was examined through SEM micrograph analysis of Han: Eu>* NCs,
as depicted in Fig. 4, displays four distinct images (a-d) with varying magnifications, where (a) has a size of 10 pm, (b) 5 pm, (c) 2 pm,
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Table 3
The table presents XPS data obtained from various scans, including the binding energies, full width at half maximum, areas under the peaks and
atomic percentages of Han: Eu®* NGs.

Name of the Element Peak BE (eV) FWHM eV Area (P) CPS. eV Atomic Percentage
Eu 3ds/» 1134.04 3.73 53597.85 0

P 2p3/» 131.88 1.32 2461.29 3.79
P 2pq 2 132.78 1.32 1257.85 0
P2p, ., 135.18 3.07 1094.72 1.12
Cl 2p3/> 197.96 1.74 2177.57 1.75
Cl 2py,2 199.53 1.74 1118.66 0

C 1s Peak 1 283.92 1.31 16162.5 24.44
C 1s Peak 2 287.55 1.27 6827.13 10.35
C 1s Peak 3 285.53 1.59 4301.53 6.51
Ca 2p3/» 346.16 1.41 15631.77 6.24
Ca 2p; 2 349.72 1.41 8050.45 0

O 1s Peak 1 530.17 1.55 43426.03 27.15
O 1s Peak 2 531.32 1.92 19109.26 11.96
O 1s Peak 3 534.94 1.57 1630.93 1.02
Na 1s Peak 1 1070.7 1.79 18255.79 5.66

BE: Binding Energy.
FWHM: Full Width at Half Maximum.
Area (P) CPS.eV: Area under the peak.
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Fig. 3. XPS spectrum (a) and (b-h) XPS core-level spectrum of individual elements of Han: Eu®" NCs.

and (d) 1 pm, providing a comprehensive view of the specimens at different scales. The results indicate that the particles exhibit a
crystalline structure, with some particles appearing aggregated. The elemental compositions of carbon, oxygen, chlorine, calcium, and
europium present in the sample have been verified using EDAX analysis. The EDAX spectrum of Han: Eu" NCs (Fig. 5) demonstrates
the congruity between the CHN and complexometric titration outcomes, as presented in Table 4, and provides compelling evidence
that the molecular compositions of Han: Eu>t NCs align with those of the synthesized sample.

3.5. Differential Scanning Calorimetry

The thermal gradient disparity between the specimen and the control may exhibit a positive or negative value. Heat is emitted
during an exothermic process such as crystallization, resulting in a lower heat flow to the sample compared to the reference. In
endothermic processes, such as melting, the heat flow is negative, indicating thermal energy transfer from the surrounding envi-
ronment to the system. The DSC curve shows a shift of baseline at 60.81 °C indicating transition. Also, an endothermic peak is observed
at 108.76 °C indicating an endothermic reaction caused by crystallization as depicted in Fig. 6.
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Fig. 5. Energy dispersive X-ray spectrum of Han: Eu®>" NCs.
3.6. Excitation Spectrum
Fig. 7 shows the excitation spectrum of Han: Eu®>* NCs (monitoring emission at 612 nm). It shows multiple excitation peaks, the

peak position and corresponding transition were shown in Table 5. Among all the peaks the peak at 394 nm has maximum intensity so,
authors considered this 394 nm as an excitation wavelength for the Han: Eu®* NCs.

3.7. Emission Spectrum

Fig. 8 shows the emission spectra of the Han: Eu>" NCs under the excitation of 394 nm. It clearly shows emission peaks at 580 nm,
(589 nm, 593 nm), 612 nm, 650 nm and 699 nm corresponding to the Eu®* ions emission transitions such as 5Do—> 7Fo, 5D0—>7F1,
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Table 4

Percentage analytical data of synthesized Han: Eu®>" NCs.

Heliyon 10 (2024) e25064

Element Weight (% found) Weight (% Sigma) Atomic weight (% found)
C 30.68 1.13 44.70

(o] 36.12 0.86 39.50

Na 6.86 0.26 5.22

P 5.86 0.20 3.31

Cl 3.72 0.14 1.84

Ca 10.89 0.27 4.76

Eu 5.86 0.36 0.68
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Fig. 6. DSC curve obtained on heating sample of Han: Eu>" NCs (heating rate: 10 "C/min).
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Fig. 7. The excitation spectrum of Han: Eu>" NCs.

Han: Eu®* NCs excitation peak position and corresponding transitions.

S.No Excitation peak Position (nm) Transition
1 362 7Fo — "Dy
2 376 7y = 5Gy,
3 382 7Fo — 5Ly,
4 394 7Fo— SLe,
5 414 7Fo— °Ds,
6 464 7Fo— °Da,
7 524 7Fo—"Dy
8 534 7F1— °Dy
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Fig. 8. Emission Spectrum of Han: Eu®>* NCs.

5D0—>7F2’ 5Do—’F3 and °Dg—"Fs respectively. The peaks corresponding to 5Dy—'F, and °Dy—’Fs are dominant and intensity of these
two peaks is strongly dependent on the environment around the Eu®* ions, both are hypersensitive in nature and the first one is
hypersensitive, the latter is not [53,56]. So, it was clearly seen that the Han: Eu®* NCs excited with 394 nm will emit radiation in the
red region of the visible spectrum, and the same has been confirmed with CIE chromaticity coordinates in the next part. So, it is easy to
idesntify the cancer tumors present in the cell lines of rats and human cell lines under UV light for which we gave treatment with Han:
Eu’" NCs.

3.8. CIE chromaticity coordinates

To determine the exact emission color of investigated Han: Eu>t NCs sample using the emission data the authors adopted the
procedure in the Commission International I’Eclaiage (CIE) france [54,55]. The CIE color coordinate and diagram were used to confirm
the color of visible radiation. The authors were calculated CIE coordinates for Han: Eu®t NCs (X = 0.643, Y = 0.355) and the CIE
diagram which is shown in Fig. 9. From Fig. 9, it was clearly confirmed that the radiation emitted by the Han: Eu>" NCs under 394 nm
excitation were in the red region of the visible spectrum. The same was firmed in the previous section (emission analysis). So, it was
strongly suggested that, Han: Eu>" NCs in the cancer tumor will appear in red color under the UV (394 nm) excitation.

3.9. Lifetime analysis

The fluorescent lifetime decay analysis of Han: Eu>* NCs was done with emission and excitations at 612 nm and 394 nm
respectively, shown in Fig. 10. Decay profile is well fitted for exponential decay 2, authors were calculated lifetime for the excited level
of Eu®* (°Dg) had been calculated (t = 0.713 ms). Eu>* doped phosphors, which incorporate charge compensation, have the potential
to serve as red-emitting phosphors for lamp applications. The material’s luminescence performance is enhanced by charge compen-
sation. Eu>" doping in the Han lattice of Ca%™ is energetically more favorable due to the presence of charge compensator defects. The
local symmetry around the Eu®" ion disruption, resulting in the creation of deep states below the empty upper band, known as the

CIE 1931

Han: Eu** Nanocomposites
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Fig. 9. CIE chromaticity diagram of Han: Eu>" NCs.
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Fig. 10. Lifetime decay analysis of Han: Eu®>" NGs.

conduction band. Another study discusses the use of charge compensator defects in rare-earth-doped phosphors, evaluating three
possible mechanisms and their impact on the electronic band structure to enhance the photoluminescence performance of the material
for lamp applications [59]. These deep states can enhance intra-4f shell transitions, ultimately leading to an improvement in the
emission intensity of Eu>* doped hydroxyapatite nanocomposites.

3.10. Drug concentration details

In this study, the synthesized Han: Eu>* NCs was evaluated to analyse the cytotoxicity effect on MCF7 cells. The concentrations of
the test compounds as depicted in Table 6, were used to treat the cells.

3.10.1. Effect of Han: Eu>* NCs on MCF?7 cell lines

Fig. 11(a—f) and 12 demonstrates a dose-dependent analysis, revealing a discernible decrease in the number of cells as the con-
centration of Han: Eu" NCs increases. The concentrations examined (A: 6.25 pg/ml, B: 12.5 pg/ml, C: 25 pg/ml, D: 50 pg/ml, E: 100
pg/ml, F: 200 pg/ml) exhibit a clear correlation with a reduction in cell count, providing valuable insights into the potential cytotoxic
effects and dose-response relationship of Han: Eu>* NCs on MCF7 breast cancer cell lines. The presented results in Table 7 showed the
effect of various culture conditions on cell viability and the IC50 concentration of Han: Eu>* NGs. The cells were subjected to different
culture conditions, including untreated, doxorubicin-1 pM/ml, and different concentrations of Han: Eu®" NCs. After the incubation
period, the percentage of cell viability was calculated for each condition. The untreated cells showed 100 % cell viability, while
doxorubicin-1 pM/ml resulted in a 51.64 % cell viability, indicating the cytotoxic effects of the drug on the cells. Treatment with Han:
Eu>" NCs at different concentrations resulted in different levels of cell viability, with the lowest concentration tested (6.25 pg/ml)
showing a high percentage of viability (92.83 %). However, as the concentration of Han: Eu>* NCs increased, the percentage of cell
viability decreased, indicating a dose-dependent cytotoxic effect of Han: Eu>* NCs on the cells. The IC50 concentration for Han: Eu>*
NCs was found to be 54.43 pg/ml, indicating that this concentration was required to inhibit cell growth by 50 %. At the highest
concentration of Han: Eu>" NGs tested (200 pg/ml), 12.51 % of cells remained viable, suggesting a strong cytotoxic effect of this
concentration on the cells. Overall, the results suggested that Han: Eu>* NCs had a dose-dependent cytotoxic effect on the cells, with
higher concentrations resulting in lower cell viability, and that the IC50 concentration of Han: Eu®>t NCs was 54.43 pg/ml.

3.10.2. Europium doped hydroxyapatite nanocomposites of 4T1 cell lines

Fig. 13(a—f) and 14 demonstrates a dose-dependent analysis, revealing a discernible decrease in the number of cells as the con-
centration of Han: Eu®" NCs increases. The concentrations examined (A: 6.25 pg/ml, B: 12.5 pg/ml, C: 25 pg/ml, D: 50 pg/ml, E: 100
pg/ml, F: 200 pg/ml) exhibit a clear correlation with a reduction in cell count, providing valuable insights into the potential cytotoxic
effects and dose-response relationship of Han: Eu>* NCs on 4T1 breast cancer cell lines. Table 8 provides information on the effect of
various culture conditions on cell viability and IC50 concentration in 4T1 cell lines treated with Han: Eu®* NGs. Untreated cells show
100 % viability, while treatment with 1 pM Dox (a chemotherapy drug) reduces cell viability to 46.25 %. Treatment with different

Table 6
Details of drug treatment to respective cell lines used for the study.
S.No Culture condition Cell line Concentrations treated to cells
1 Untreated MCF7 No treatment
2 Blank - Only Media without cells
3 Doxorubicin MCF7 1uM/mL
4 Han: Eu®* NCs MCF7 6 (6.25, 12.5, 25, 50, 100, 200 pg/ml)
3 Han: Eu®" NCs 4T1 6 (6.25,12.5, 25, 50, 100, 200 pg/ml)
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Effect of Han: Eu®* Nanocomposites on MCF7 Breast Cancer

.-

Fig. 11. The image depicts a series of drug concentration experiment conducted on MCF7 Breast cancer cell lines. The experiment aims to
investigate the effect of varying concentrations (A:6.25 pg/ml, B:12.5 pg/ml, C:25 pg/ml, D:50 pg/ml, E:100 pg/ml, F:200 pg/ml) of Han: Eu®* NCs,

on the MCF7 Breast Cancer cell lines, which serve as a representative model for studying breast cancer.
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Fig. 12. Percentage of Cell viability values of Han: Eu®>* NCs treated MCF7 cells after the incubation period of 24hrs.

Table 7

Percentage of cell viability values of Han: Eu>" NCs effect on MCF7 cells after the treatment period of 24hrs.

Culture condition
Untreated
Doxorubicin- 1 pM/ml
Han: Eu®* NCs -6.25 pg
Han: Eu®>" NCs -12.5 pg
Han: Eu®* NCs -25 pg
Han: Eu®* NCs -50 pg
Han: Eu®>* NCs -100 pg
Han: Eu®" NCs -200 pg

Percentage of Cell viability
100

51.64

92.83

89.72

65.95

54.08

43.69

12.51

IC50 conc (pg/ml)
IC50 conc=54.43 pg/ml

concentrations of Han: Eu®* NCs results in varying degrees of cell death. As the concentration of Han: Eu>* NCs increases from 6.25 to
200 pg/mlL, the viability of cells decreases from 90.16 % to 34.97 %. The IC50 concentration of Han: Eu®" NCs for the 4T1 cell line
cannot be directly determined from the data presented. However, it is expected to be higher than 50 pg/mL based on the viability data.
A higher viability percentage indicates a higher IC50 concentration, meaning that the substance is less effective at inhibiting cell

growth at a higher concentration.

12
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Effect of Han: Eu** Nanocomposites on 4T1 Breast Cancer Cell

Fig. 13. The image depicts a series of drug concentration experiments conducted on 4T1 Breast cancer cell lines. The experiment aim to investigate
the effect of varying concentrations (A:6.25 pg/ml, B:12.5 pg/ml, C:25 pg/ml, D:50 pg/ml, E:100 pg/ml, F:200 pg/ml) of Han: Eu®* NCs, on the 4T1
Breast Cancer cell lines, which serve as a representative model for studying breast cancer.
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Fig. 14. Cell viability (%) values of Han: Eu®* NCs treated 4T1 cells after the incubation period of 24hrs.

Table 8

Percentage of cell viability values of Han: Eu®>" NCs effect on 4T1 cells after the treatment period of 24hrs.
Culture condition Cell viability (%) IC50 conc (pg/ml)
Untreated 100 87.32 pg/ml
Dox-1 uM 46.25
Han: Eu®* NCs -6.25 pg 90.16
Han: Eu®* NCs -12.5 pg 76.23
Han: Eu®* NCs -25 pg 72.18
Han: Eu®* NCs -50 pg 64.57
Han: Eu®* NCs -100 pg 45.69
Han: Eu®* NCs -200 pg 34.97

Furthermore, Han: Eu®" NCs exhibits several key advantages for its application in MCF7 and 4T1 Breast Cancer Cell Lines. It is
biocompatible, making it a safe choice for medical use, and its luminescent properties are excellent for imaging and diagnostics [57].
The material’s multifaceted surface composition enables effective interaction with cancer cells, potentially enabling targeted drug
delivery and reducing off-target effects [58]. Additionally, it demonstrates cytotoxic properties against MCF7 breast cancer cells,
suggesting therapeutic potential. Its use of hydroxyapatite, a well-established material, can streamline regulatory approval and clinical

13
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translation, and its biodegradability minimizes long-term accumulation concerns. These attributes position Han: Eu®* NCs as a
promising candidate for breast cancer diagnosis and treatment in the field of cancer research and therapy.

4. Conclusion

This investigation explores the potential of hydroxyapatite nanocomposite doped with Eu®* ions (Han: Eu>* NCs) for breast cancer
management, specifically targeting MCF7 and 4T1 cell lines. These nanocomposites were successfully synthesized with a focus on
achieving luminescence and biocompatibility. Key findings include their crystalline structure (25 nm) and multifaceted surface
composition. The optical characteristics of Han: Eu®* NCs, particularly their excitation and emission spectra, reveal their potential in
cancer diagnostics and imaging. Notably, they emit red radiation when exposed to UV light, making them promising for identifying
cancerous tumors within the human body. Furthermore, we conducted cytotoxicity assessments, demonstrating the cytotoxic prop-
erties of Han: Eu>™ NCs on MCF7 breast cancer cells, with an established IC50 concentration. This suggests their potential as a
therapeutic alternative for breast cancer. Our study provides an overview of the synthesis, characterization, luminescent properties,
and cytotoxicity of these nanocomposites, supporting their prospective use in focused therapeutic interventions for breast carcinoma.
Nevertheless, further research and in vivo experiments are needed to determine their effectiveness and safety in breast cancer
treatment.
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Eudt Europium

HA Hydroxyapatite

Han Hydroxyapatite nanocomposites

Han Eu®t NCs: Europium doped Hydroxyapatite nanocomposites
EPR Enhanced Permeation and Retention

COX-2  Cyclooxygenase 2

FU Fluorouracil

RAS/ERK Pathway Mitogen activated protein kinase/Extracellular signal regulated Kinase Pathway
NF-kB  Nuclear Factor kappa B Pathway

AMPK  AMP - activated Protein Kinase Pathway

TAM Tamoxifen

ER Estrogen/Oestrogen Receptor

DOX Doxorubicin

ROS Reactive Oxygen Species

PLD PEGylated Liposomal Doxorubicin
Ca Calcium

Cl Chlorine

P Phosphorous

Na Sodium
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XRD X-Ray Diffraction Spectroscopy

XPS X-ray Photoelectron Spectroscopy

DSC Differential Scanning Calorimetry

FTIR Fourier Transform Infrared Spectroscopy
SEM Scanning Electron Microscopy

SEM - EDS Scanning Electron Microscopy - Energy Dispersive X-Ray Spectroscopy

PL

Photoluminescence studies

MTT Assay 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide Assay
IC50 Half — Maximal Inhibitory Concentration
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