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ARTICLE INFO ABSTRACT

Keywords: In this study, ce/Tb3t co-doped, Eu* doped GdB30g phosphor particles were synthesized by sol-gel method,
Borates coated with hydroxyapatite (HAP) and loaded with doxorubicin. Different chelating agents and surfactants
Core/shell

(Cetyltrimethylammonium bromide (CTAB), citric acid, glycine, ethylenediaminetetraacetic acid (EDTA) and
tartaric acid) were used in the synthesis in order to see their effect on the structure. While single phase Gado-
linium triborate, GdB30¢ was obtained by using CTAB in precursor solution in the synthesis and Gadolinium
orthoborate, GdBO3 produced when EDTA was used in precursor solution. Other organic molecules added to
precursor solution produced mixtures of both phases. The highest photoluminescence intensity was obtained in
the Gdo 95Ce0.025Tbo.025B306 and Gdp.gasEug.175B3O0e. In order to increase the drug loading efficiency, The
Gdo.g25EU0.175B306 core was coated with Calcium hydroxyapatite, HAP. The core had an average size of 458.65
nm which increased to 616.85 nm after coating as seen with dynamic light scattering (DLS). Gdg gasEug.17s.
B30c@HAP particles were loaded with 7.82 % + 0.80 wt doxorubicin and the release was studied at 37 °C in pH
7.4 phosphate-buffered saline (PBS) and pH 5.5 acetate buffer solutions. The total number of moles of drug
released versus luminescence intensity was measured during the release studies and real-time imaging studies
were carried out. Finally, cytotoxicity experiments were performed on HCT-116 colon cancer cells.

Drug delivery
Real-time monitoring
Hydroxyapatite

mechanisms or receive the desired emission [4]. There are a few
applicable Gadolinium borates available for host material, such as

1. Introduction

The most used boron products in the industry are borates. Borates are
an important part of solid-state chemistry due to their functionality and
have attracted the attention of researchers due to their complex struc-
ture. Since there are many modes of B-O bonding and their association
with metals, borates have a wide range of applications as optical ma-
terials [1]. Gadolinium can be used in magnetic and optical imaging
strategies. Due to the paramagnetic properties of the Gd>* ion, it can be
used as a magnetic resonance imaging agent, while its optical properties
allow it to be used in optical imaging [2]. Gadolinium contrast agents
decrease the longitudinal relaxation time and can provide brighter and
better-focused magnetic resonance imaging images due to their high
magnetic moment and long electron spin relaxation time [3]. Because of
its high first excitation transition, rare earth elements can be doped into
the Gadolinium compounds as host, allowing them to energy transfer
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Gadolinium orthoborate, GdBO3 [5], Gadolinium triborate or metabo-
rate GdB3Og¢ [6], and Gadolinium oxo-borate Gd;B40g [7].

The sol-gel process is one of the most important methods developed
for nano-sized borates. This process consists of hydrolysis and conden-
sation steps. Briefly, an alkoxide stable solution is formed, called sol and
a gel network is formed by polycondensation. The process is completed
by dehydration and decomposition of the gel. Pechini has reported a
modified sol-gel method for metal elements that are difficult to hydro-
lyze [8]. Complex structures formed when chelating agents bind with
polyalcohols, initiating the esterification reaction. This esterification
causes the solution to form a gel over time. After burning the organic
molecules in the gel by calcination to produce powder product,
agglomerated nano- or micron-sized particles are usually obtained [9].

Hydroxyapatite is an inorganic compound with the formula of
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Ca19(PO4)(OH); and is the most abundant mineral in bones and teeth.
For this reason, it is used in osteoinductive and regeneration studies. In
addition to these properties, hydroxyapatite is also widely used in drug-
delivery systems. Being a biocompatible material allows it to overcome
biological barriers. This drug delivery system can transport vitamins,
hormones, antibiotics and anticancer drugs [10]. In drug delivery sys-
tems, different mechanisms can be used to load drugs into the carrier.
These include sorption, chemical bonding or mechanical aspects. In the
strategies developed in recent years, intermolecular forces can be used
as a strategy between the drug and the carrier. With a basic strategy, the
carrier and the drug can be attached by this method and the sorption
mechanism is activated. Hydroxyapatite interacts with the drug as an
active site with the -OH groups in its structure and the drug is loaded
onto the hydroxyapatite [11].

Recently, inorganic nanocarriers with fluorescent properties have
been investigated by researchers to monitor drug loading and release
properties. Drug monitoring is important to arrange dosage to reduce of
side effects of drug such as toxicity, and damage to the immune system.
Moreover, fluorescent imaging is a low-cost, highly selective, sensitive,
and non-destructive method, which makes it easier to use. For these
reasons, fluorescent trackers have attracted the attention of researchers
for theranostics and have become a good candidate for real-time
monitoring in drug delivery systems [12-15].

This study aimed to develop luminescent nanoparticles that can
perform real-time monitoring as well as deliver drugs. Ce>*/Tb®* co-
doped GdB3Oe with different chelating agents and surfactant were
synthesized and characterized to see the effect on the crystal structure
and photoluminescence intensity in Gdg.g5Ceg.025Tbo.025B306 particles.
Eudt doped GdB3O¢ and GdBOs were synthesized and characterized
with different dopant ratios to see concentration quenching and how
dopant ratio affects the crystal structure. Gdo gasEug 175B30¢ particles
were coated with hydroxyapatite to increase the drug loading capacity
and real-time monitoring studies were performed using the optical
properties of the particles.

2. Experimental procedure
2.1. Synthesis

2.1.1. Synthesis of GdB3Og particles

The oxides were converted into nitrate salts with nitric acid (65 %,
Merck) to increase their solubility’s in water. A stoichiometric amount of
nitric acid was added to the rare earth oxides and stirred at 80 °C. The
nitrate salts were added to 0.80 g H3BO3 (99.5 %, Merck), cationic
surfactant CTAB (or chelating agents (EDTA, citric acid, glycine and
tartaric acid) and water prepared in a stoichiometric ratio. 200 mL of
solution was stirred at 80 °C until the dark resin was obtained. Ce3*/
Tb3* codoped GdB30g synthesis was calcinated at 900 °C for all different
chelating agents and surfactant. For instance, synthesis of
Gdo.95Ce0.025Tbo 025 Was started with 0.59 g Gdz03 (99.9 %, Acros Or-
ganics), 0.022 g Ce3(CO3)3 (99.9 %, Aldrich), and 0.036 g Tb407 (%99.9,
Aldrich). Rare earth oxides were nitrated with 10 mL of nitric acid. 0.80
g H3BOs3, 0.51 g CTAB (>98 %, Sigma) stirred with 200 mL water. When
the solution was heated to 80 °C. Rare earth nitrates were added to the
solution. After the dark resin was obtained while stirring at 80 °C. The
resin was calcined at 900 °C for 6 h.

2.1.2. Calcium hydroxyapatite coating

Calcium Hydroxyphosphate was synthesized on the core as a shell to
improve drug loading capacity. The wet precipitation method was used
to synthesize hydroxyapatite. Ca(NO3)2-4H20 (Sigma) and (NH4)o;HPO4
(Merck) and NH4OH (Merck) were used as precursors.

First, 0.5 gs of synthesized particles were dispersed into 0.06 M Ca
(NO3)2-4H50 solution and stirred for 1 hour. Then 0.07 M (NH4)2HPO4
solution was slowly added into the solution and pH was kept constant
with NH4OH at pH 9. After the particles were mixed for 2 h, then the
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coating process was removed by centrifuge, washed by de-ionized water
and calcined at 600° for 2 h.

2.1.3. Doxorubicin loading and release

Doxorubicin hydrochloride was used as a model drug. In order to
investigate drug storage and release, the prepared 1000 ppm (1 mg/mL)
doxorubicin hydrochloride solution was diluted in phosphate pH 7.4,
acetate at pH 5.5 and water at certain concentrations and calibration
curves were prepared according to the highest absorbance value of
doxorubicin hydrochloride solution at 480 nm.

For drug loading, 10 mg of the particles was added into 2 mL of 1000
ppm doxorubicin hydrochloride solution. The prepared suspension was
first stirred in a sonicator for 30 min and then stirred in the dark and
inert atmosphere for 24 h. The suspension was then separated by
centrifugation at 6000 rpm for 10 min. For release of the drug, drug-
loaded particles were taken into 1 mL acetate (pH 5.5) or phosphate
(pH 7.4) buffer solutions, mixed at 150 rpm in a 37 °C incubator to
simulate physiological temperature. 300 pL of the suspension was
sampled at 30 min 1, 2, 3, 4, 5, 6 and 24 h, divided into three and the
absorbance of each 100 uL sample was measured after the addition of
300 uL of fresh buffer solution onto it. The average of three measure-
ments taken based on the maximum absorbance values at 480 nm. The
release processes were determined over total moles of drug. Since the
number of moles of drug loaded was known from the previous process,
the total moles was calculated at each step. Firstly, the absorbance
values obtained were substituted into the relevant calibration curves
and the concentration of the released drug was calculated.

2.1.4. Cell culture

The colorectal cancer cell line HCT-116 was purchased from ATCC
(American Type Culture Collection). HCT-116 cells were cultured in
RPMI (Roswell Park Memorial Institute Medium, Biological Industries)
medium supplemented with l-glutamine (2 mmol/L), 1 % pen/strep
solution and 10 % FBS (fetal bovine serum). For subculturing, the old
medium was first removed, then the cells were washed with 1X PBS
(phosphate buffered salt) and incubated with 0.25 % Trypsin-EDTA at
37 °C until the cells are detached from the growth surface (5-10 min). A
complete medium with three times the amount of trypsin was used for
trypsin inhibition. Cells were centrifuged at 2000 x g for 2 min and the
supernatant was removed and the cells were suspended with appropriate
amount of fresh medium and transferred to new growth flasks or plates.
HCT116 cell line was grown in a humidified and sterile environment at
37 °C with 5 % COa. The cell lines were regularly tested for mycoplasma
contamination by PCR and Plasmocin (Invivogen, USA) was added to the
media to prevent mycoplasma contamination.

2.1.5. MTT analysis

The change in growth and viability of cells after treatment with
nanoparticles was determined using MTT [3-(4,5-Dimethylthiazol-2-
yD)—2,5-Diphenyltetrazolium bromide]. For the assay, cells were seeded
in 96-well plates with 10,000 cells per well as recommended by the MTT
protocol. One day after seeding the cells, nanoparticles were prepared
by serial dilution method from 100 pg/mL to 12.5 pg/mL concentration
of loaded doxorubicin and treated for 24 h. Free doxorubicin of the same
concentration was used as a control. At the end of the treatment period,
the media were replaced with fresh media containing MTT and incu-
bated for 4 h. At the end of the incubation period, 1 % SDS - 0.01 M HCl
solution was added to each well to dissolve the formazan crystals
formed. The plates were incubated for 16 h and the absorbance at 570
nm wavelength was measured with a spectrophotometer (Multiskan GO;
Thermo Fisher Scientific, USA). For the statistical analysis, the absor-
bance of wells containing only medium and MTT (blank) was subtracted
from all other data and the resulting data was normalized to the
absorbance of untreated cells and presented as the growth rate (%).
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2.2. Characterization

The crystal structures of metal ion-doped and undoped borate com-
pounds were monitored by powder X-ray diffraction measurement. The
powder X-ray pattern of each crystal structure of each compound is like
a fingerprint of the crystal structure of the compound. The powder X-ray
information is recorded in libraries and listed on JCPDS (Joint Com-
mittee of Powder Diffraction System) cards. X-ray diffraction patterns
were measured on a Rigaku Miniflex X-Ray Diffractometer. Cu Ka(30
kV, 15 mA, A = 1.54A) was used as the x-ray source. For measurements
taken between 5° and 90°, the goniometer was set to rotate 2° per
minute. Infrared spectroscopy was used to determine the vibrational
modes. The measurements were performed using a Nicolet iS50 FTIR
Spectrometer with an Attenuated total reflection cap and pellet and the
measurements were studied at wavenumber in the range of 540-4000
em’l. A photoluminescence spectrometer was used to determine the
optical properties. The measurements were carried out with Varian Cary
Eclipse Fluorescence Spectrometer and Edinburgh Instruments FS5,
excitation spectra were based on maximum emission and emission
spectra were based on maximum excitation. Decay curve measurements
were taken to calculate the optical extinction. In the handmade device, a
365 nm pulsed laser was used as a source. A photomultiplier tube (Oriel
70-680) was used as a detector. Measurements were taken after the
nanoparticles were pelletized. To examine the morphological properties
of the nanoparticles, images were taken at METU Central Laboratory:
TEM images were taken with JEOL JEM 2100F STEM and a JEOL JEM
2100F Field Emission Gun at 120 kV. .QUANTA 400F Field Emission
SEM device used for SEM images. For the determination of the elements
on the surface of the obtained nanoparticles, JXA- 8230 electron probe
microanalysis device was used in METU Central Laboratory. The size
distribution of the synthesized particles was obtained by dynamic light
scattering spectrophotometry. Zetasizer Nano ZS device was used for
dynamic light scattering analysis. Zeta potential measurements were
also performed on the same device and the phase plot and frequency
values given by the device were followed to obtain accurate measure-
ments, 0.1 M HCI (Sigma-Aldrich) and NaOH (Sigma-Aldrich) solutions
were used to adjust pH. UV-VIS spectrometer was used to monitor drug
loading and release profiles. The experiments were performed using
Agilent Synergy H1 Hybrid Multi-Mode Reader, measurements were
taken using 96 well plates.

3. Results and discussion

3.1. X-Ray diffraction pattern of Ce®>t/Tb%" codoped GdB3Og structure
with different chelating agents and surfactant and hydroxy apatite coated
GdB30¢

To improve the optical properties of phosphors, the advantageous
features of the sol-gel process were utilized such as production of phase
pure, smaller and monodispersed particle size and homogeneous dis-
tribution of dopant ions in the host. Sol-gel chemistry is the preparation
of inorganic ceramics from solution through a transformation from
liquid precursors to a sol and finally to a network structure called a ‘gel’
[16]. The formation of a sol occurs through hydrolysis and condensation
of metal alkoxide precursors and a sol can be more generally defined as a
colloidal suspension. In order to control structure and particle dimen-
sion of product templates or chelating agents can be used in sol forma-
tion: Cetyltrimethyl ammonium bromide (CTAB) is most commonly
used amphiphilic copolymer in sol-gel synthesis: Inorganic material
accumulates around this template in solution, which results in
well-ordered structuring in the produced metal oxide. The other mole-
cules used in sol-gel formation, EDTA, citric acid, tartaric acid and
glycine are ‘chelating agents’. Chelating agents change the hydrolysis
equilibria of dissolved metals. By making hydrolysis considerably less
favorable, the removal of solvent from many metal-chelate solutions
results in homogeneous glassy solids or resins rather than precipitates.
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These can be heat treated to form powders or nanostructures of wide
range of binary or ternary metal oxides. In our experiments, phase pure
GdB30g was produced by using CTAB in precursor solution while EDTA
usage produced GdBOs. The other molecules produced mixtures of both
compounds. In comparison between CTAB and EDTA, CTAB is better to
change surface tension to prevent agglomeration of particles. In between
EDTA, citric acid, tartaric acid and glycine the chelating capacity of
EDTA is highest [17,18].Citric acid is a weak triprotic acid with three
carboxylic acid groups that able to dissociate. In typical synthesis,
aqueous metal nitrates are mixed with citric acid and resulting solution
heated to form a viscous solution or gel. The homogeneity and stability
of metal citrate solutions can depend strongly on pH [19].Tartaric acid is
diprotic acid and glycine is monoprotic aminoacid. Glycine is a common
chelator and ‘fuel’ and has a lower ignition temperature of combustion
than citrate. Glycine-nitrate mixtures burn quickly, releasing gases and
forming ‘fluffy’ powders [20]. As a result, the production of phase pure
GdBOj3 depends on high chelating capacity of EDTA in sol-gel process.
X-Ray diffraction analysis was carried out to analyze the crystal struc-
ture of Ce>t/Tb3* doped CTAB and EDTA synthesized GdB3Og and
GdBOj3 nanoparticles (Fig. 1). The GdB3Og structure obtained with tar-
taric acid, glycine and citric acid and matched with the corresponding
card data belonging to GdBO3 were signed. The recorded diffraction
peaks of Ce>*/Tb®" doped GdB3Og with synthesized CTAB, nano-
particles were in agreement with JCPDS card number 70-2239. It was
determined that gadolinium triborate had a monoclinic crystal system
and a C2/c space group. The lattice parameters were a = 9.83 Ab=8.15
A ¢=6.31 A and a=90° p=126.83° and y=90°. Ce>* ion, Tb>* ion, and
Gd>* ion radii are 102pm, 92.3pm, and 93.8pm in 6 coordinates
respectively. Due to the contraction of radii provided by lanthanides,
ions that doped the structure could substitute the crystal structure with
Gd>* ions. CTAB is cationic surfactant that can increase the number of
ions in solution. In the experiments with CTAB, a pH of 6.0 was deter-
mined. Thus, pH is an important factor in boric acid hydrolysis in the
triborate structure obtained in sol-gel media. The GdB3O¢ particle was
successfully synthesized with CTAB in a single phase without formation
of other borate compounds. Moreover, when the intensity values and full
width at half maximum values of crystal structures with different
chelating agents were compared, the highest intensity values and lowest
full width at half maximum values were obtained with CTAB. Therefore,
the highest crystalline and single-phase product was acquired with

10 15 20 25 30 35 40 45 50 55

Intensity (a.u)
o
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25 30 3 40 45 50 55

2theta (degree)

Fig. 1. X-Ray diffraction pattern of different chelating agents and surfactant
synthesized borate structures a) GdBO3 (JCPDS 13 — 0483), b) EDTA, c) tartaric
acid, d) glycine, e) citric acid, f) CTAB, g) GdB3O¢ (JCPDS 70 — 2239).
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CTAB.

3.2. X-Ray diffraction patterns of Eu®>* doped GdB30¢ and GdBO3

In order to compare structural and optical performance differences of
both borate compounds Europium doped Gadolinium triborate and
orthoborate were synthesized with changing concentrations of Eu con-
tent: X-Ray diffraction pattern of Eu>* doped GdB3Og up to 17.5 % mole
concentrations of Eu®" in GdB3Og are shown in Fig. 2a. All data were
compared with the JCPDS 70-2239 card and found to be compatible. In
X-Ray analysis, the 20 position can vary slightly with size, but it is
difficult to distinguish these difference since ion sizes are very close to
each other due to lanthanide contraction.

XRD analysis was also carried out to analyze the crystal structure of
Eu®" doped GdBO; particles synthesized with EDTA. The effect of
Europium doping on the structure was examined. Eu®" doping up to 20
% are shown in Fig. 2b. Eu®" doped GdBOj3 nanoparticles were
compared with the JCPDS 13-0483 card and found to be compatible.
GdBO3 was determined to have a hexagonal crystal system and a P63/
mmc space group. Lattice parameters were a = b = 3.829 A and c = 8.89
A and a=p=90° y=120°. Our analysis indicated that the structure was
safe up to 17 % Eu>* doping and 20 % Eu>* doping formed EuBO3 which
were marked. EuBO3 has lattice parameters a = b = 3.845 A and ¢ = 8.94
A and a=p=90° y=120° with hexagonal crystal system which are very
close to parameters of GdBO3. The increase in the amount of Europium
could change the crystal structure. Schott et al evaluated EuBO3 com-
plexes in aqueous solutions and observed the formation of borates in
aqueous solutions with Europium, which can be attributed to the
appearance of the Europium phase at increasing concentrations [21]. In
addition, under high temperature, excess Eu>* ion can form complexes
with borate, which explains the emergence of these phases.

XRD analysis carried out after hydroxyapatite coating of Eu>" doped
GdB30g indicated that most of the diffraction peaks came from GdB3Og
particles. The generated diffraction pattern was compared with the
GdB30g JCPDS card (Fig. 3). Since Gadolinium is a heavier element than
calcium and GdB3Og has a higher crystallinity when compared with
hydroxyapatite, most of the diffractions are thought to come from the
core which contained Gdg gasEug 175B306.
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Fig. 2a. X-Ray diffraction pattern of Eu®* doped GdBsOg structure a)
Gdos25Eu0.175B306, D) GdogsEuo.15B30s,  €)  Gdo.gzsEuo125B30s, )
Gdo9oEu.10B30s,  €)  Gdoo3Eugo7B30s, ) GdoosEup.osB3Os, &)
Gdo.97Eu0.03B306, h) Gdo.g9EUg 01B306, i) undoped GdB3O¢ and j) GdB3Og
(JCPDS 70-2239).
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Fig. 2b. X-Ray diffraction patterns of Eu®" doped GdBO; structure a)
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Gdo 875Eu0.125B03, €) Gdo.90Eu0.10BO3, f) Gdo.93Eu0.07BO3, §) Gdo.96EU0.04BO3,
h) Gdg g9Eug,01BO3, i) undoped GdBO3; and j) GdBO3 (JCPDS 13-0483).
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Fig. 3. X-Ray diffraction patterns a) Gdgg2sEug 175B30¢@HAP, b)
Gdg gosEug.175B306 and ¢) HAP (JCPDS 70-2239).

3.3. Photoluminescence measurements of Ce>*/Tb>* doped gdbsos and
gdbos

The emission and excitation graph of Ce>*/Tb%" doped GdB3O4
particles synthesized with different chelating agents and surfactants is
shown in Fig. 4. In addition to 5d — 4f transition of Ce>" ions at 437 nm,
the emission of Tb®* ion was observed as °D4 — ’Fg transition at 480 nm,
D4 — "Fs at 543 nm, Dy — "F4 at 590 nm and °D4 — “F3 at 620 nm.
Seraiche et al suggested that the highest luminescence intensity is ach-
ieved when the doped ion is uniformly distributed in the crystal cell
[22]. A comparison of the different chelating agents and surfactant used
in synthesis indicated that the highest luminescence intensity was ob-
tained with CTAB. CTAB forms micelles in the solution in the synthesis
and has a long carbon chain in its structure. These characteristics may
enable CTAB to have the most uniform distribution that causes the
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Fig. 4. Photoluminescence spectrum of Gdg g95Ceg.025Tbo.025B30¢ With different
chelating agents and surfactant

highest luminescence intensity. Another reason could be that the highest
crystallinity in structure was obtained with CTAB since the highest in-
tensity and lowest FWHM in the XRD pattern were acquired in the
presence of CTAB. In addition, photoluminescence measurements were
carried out with different amounts of CTAB used in the synthesis to
observe effect of surfactant amount on luminescence intensity. Wang et
al studied the effect of surfactants on the photoluminescence properties
of ZnO films. These authors synthesized the films with different sur-
factants ratios and observed that the highest luminescence intensity was
obtained with highest concentration of surfactant usage in synthesis
because the crystallinity of product was increased by [23]. Same trend
was observed in photoluminescence intensities of Ce3*/Tb®>" doped
GdB30g produced by using CTAB in sol-gel synthesis with increase in
amount of CTAB in precursor solution.

3.4. Photoluminescence measurements of Eu®* doped GdB30¢ and
GdBO3

After obtaining the highest luminescence intensity with CTAB in
Ce*/Tb>" doped GdB30g, the same host was doped with Eu®* ions. The
excitation spectra for Eu>t doped GdB3Og particles were collected and
the highest excitation values were determined. Thus, emission spectra
were collected with excitation at 272 nm, 296 and 393 nm for transfer.
Meng et al carried out optical studies on Eu>* doped Gd(BOy)s com-
pound and reported an energy transfer from the Gd host to Eu at 272 nm.
The ®S;,5 — ©I,, transition was attributed to this transfer. The optical
properties were observed by exciting Eu at 393 nm due to the transition
of "Fy — °Lg. These authors observed that Eu®* doping did not cause
concentration quenching, while the intensity increased as the amount of
Eu®*was increased [24]. The emission data collected by excitation at
393 nm were measured between 550 and 700 nm for both excitation and
emission are given in (Fig. 5). The transition at 585 nm is referred to as
the °Dy —’F; transition. Emission at 610 nm refers to emission Dy —>7in
emission at 650 nm to 5D0 — 7F5 and emission at 700 nm to transition
5Dy — 7F4. The reason why the emission to 5Dy —7F; was higher than Do
—7F, could be due to the magnetic dipole transition of °Dy —’F; emis-
sion and the electric dipole transition of 5D0 —>7F2 emission [25]. Con-
centration quenching was not observed at increasing concentrations of
the doped Eu>" ion most likely because this phenomenon is usually seen
with energy transfer [26]. Europium underwent a transition of 7F0 - 5L6
at 394 nm; additionally, increasing the Europium concentration
increased the intensity.
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Fig. 5. Excitation and emission spectrum of Gdg gasEug.175B306.

The emission data of Eu®" doped GdBO3 was measured between 550
and 700 nm after excitation at 393 nm. The transition at 585 nm is
referred to as the °Dg —’F; transition. Emission at 610 nm and 625 nm
refers to emission SDO —>7F2, emission at 650 nm to 5D0 — 7F3 and no
emission at 700 nm to transition °Dy — ’F4 was observed for the BO3
structure. °Dg —’F5 emissions split into two separate emissions lines due
to the splitting of the crystal field. Emissions for Europium ions doped at
different concentrations are presented in Fig. 6a. Concentration
quenching was not observed as in the BOjs structure at increasing
europium concentration with the doped Eu®" ion.

In line with the obtained photoluminescence results,
Gdp g25Eug.175B306 and Gdg goEug 20BO3 nanoparticles were compared
depending on the intensity (Fig. 6b). The luminescence intensity was
found to be higher in the Gadolinium triborate GdB3Og compound than
in the Gadolinium orthoborate GdBOs. In addition, the transition at 700
nm could not be observed in the Gadolinium orthoborate. Using isolated
BO3, BO4 and B3Og groups, Rukang et al examined their electronic
transition energies and UV absorption wavelengths. The results clearly
show that, for isolated boron-oxygen anions, the first absorption corre-
sponds to the electron transition from nonbridging oxygen to boron
atoms. After introducing the alkali cations into boron oxide, the tran-
sition becomes a charge transfer transition from nonbridging oxygen to
these cations. The cations lower the transition energy enormously and

200
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Gdy goEU5,10BO;
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Fig. 6a. Emission spectrum of Eu®" doped GdBOs structure with different
doping concentrations.
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Fig. 6b. Comparison of a) Gdo.g»sEug.175B306 and b) Gdg.goEup 20BO3 emis-
sion spectrum.

change the order of transition energies. Now the order becomes: E: B3Og
> BO3 > BOy. These authors reported that UV absorption was dominated
by the bridging oxygen in the borate [27]. Accordingly, triborates are
formed by combinations of BO3 groups by oxygen sharing. Additionally,
since their UV absorption is different, the triborate particles could
absorb more and emit more making its intensity higher. The emission
graph of the Eu®" doped Gadolinium triborate at 394 nm and after
coating with hydroxyapatite is shown in Fig. 6c. It is thought that the
luminescence intensity decreases as a result of coating due to the dif-
ferences of optical properties of core and shell.

3.5. Decay curve analysis

Decay lifetime measurements were carried out with a 365 nm pulsed
laser excitation source. Since 585 nm had the highest intensity in the
experiments with Gdg g2s5Eug 175B306, the emission at 585 nm was used
and the decay curves obtained were fit to double exponential decay
functions in Fig. 7.

Where y, represents the emission intensity at t = 0, while y signifies
the emission intensity at time x. The formulation involves using t; and t
to denote the fast and slow decay time components, respectively. The
fast and slow decay lifetime components for Gdy gasEug.175B3Og parti-
cles are calculated as 2.01 ms and 0.79 ms each. Similarly, for
Gdg.goEug 20BOj3 particles, the fast and slow decay lifetime components
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Gd0.825Eu0.1758306@HAP
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Fig. 6¢. Comparison of emission spectrum of Gdg gasEug 175B306 (black) and
after HAP coating (red)
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are calculated as 1.5 x10~> ms and 0.35 x10~> ms, respectively. The in-
tensity average lifetime is defined as,

Y=XYo +Ale(x/t1) +Aze(x/t2)tavg = ZAIIIZ/ZAI’:!

Where A; is the fitting parameter and t; is the lifetime component.
The average decay lifetime is determined as 2.01 ms for
Gdg.g2sEug 175B30¢ particles and 1.5 s for GdgggEug.290BOs particles.
Further, the obtained average lifetime value was found comparable with
the available literature [28-30]. The double exponential function sug-
gests that the dopant ions are situated in two distinct environments.

3.6. FTIR spectra

Infrared analyses of GdggasEui7sB3Og, hydroxyapatite and
hydroxyapatite-coated Gdg gasEu;75B30g structure are given in Fig. 8.
The peaks of the coated triborate particles are also marked in the figure.
It is known that the triborate anion group contains trigonal planar BO3
and tetrahedral BO4 groups together in structure. The peaks seen at 1100
and 1500 cm™ are due to the modes of the BO3 group. Peaks between
800 and 1100 cm! come from 4-fold boron bonding. The peaks at 812
and 673 cm™! come from tetrahedral and trigonal planar peaks due to
bending, respectively [28]. According to the analysis and literature re-
view, 567 and 610 cm'! peaks are due to the B-O bending mode, 675 and
812 cm’! come from the trigonal BO3 and tetrahedral BO4 bending
features, respectively, 1364 and 1464 cm™ indicate BO5 stretching.
3500 cm! indicates O—H stretching, while the peak at 1027 cm™ be-
longs to the vibrational mode of the P-O group due to the hydroxyl
apatite coating. Contrary to X-Ray analysis, vibrational patterns of the
core and shell were observed very well in FTIR spectra. Another
important point is that the O—H stretching mode was seen to distinguish
hydroxyapatite from calcium phosphate, confirming the presence of
hydroxyl groups in the structure and the successful coating of the par-
ticles [31-33].

3.7. Dynamic light scattering and zeta potential measurements

DLS results of GdB3O¢ structures synthesized with CTAB and
hydroxyapatite-coated are given in Fig. 9a. The size distribution by the
number value of the GdB30g structure synthesized with CTAB was found
to be 458.65 nm on average and 616.85 nm after HAP coating. This
increase in particle size after coating suggests that the coating was
successful. The grain size ranges from 400 to 800 nm, indicating their
compatibility in the cell for potential bioimaging application [34]. In
order to find differences of surface properties of core and core/shell
particles the zeta potential measurements were performed at different
pH values of particles dispersed in aqueous solutions. The electrostatic
attraction, and thus flocculation behavior, is largely governed by solu-
tion pH due to its direct impact on surface charge. The pH at which the
surface charge of a particle is zero is referred to as the point of zero
charge (PZC). The core particles, Gdg gasEu175B306 has a PZC near pH
2.30, HAP coated form of particles has a PZC near pH 3.04 and pure HAP
has pH 3.14 value (Fig. 9b) [35].

3.8. Scanning and transmission electron microscopy

SEM images of GdB3O¢ structures synthesized with CTAB and
hydroxyapatite-coated were taken to examine their morphological
properties (Fig. 10). SEM images indicate that the particles are
agglomerated and exhibit irregular morphology prior to coating. While,
after coating particles with hydroxyapatite SEM picture confirms for-
mation of uniform granular and very well dispersed particles less than
700 nm size. It is very clear to understand that, coating with hydroxy-
apatite help to obtain more uniform morphological submicron sized
particles.

To perform elemental analysis of the Gdg g2sEug 175B3O¢ particle
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Fig. 9a. Dynamic Light Scattering before (left) and after (right) hydroxyapa-
tite coating.

before and after hydroxyapatite coating and to characterize the hy-
droxyapatite coating, energy dispersive x-ray analysis was carried out
(Fig. 11). The Ca/P mass ratio obtained after the coating was calculated
as 1.45. Since the mass ratio of Hydroxyapatite itself is 1.67, the coating
was considered to be successful [36].

Surface coating of nanomaterials with hydroxyapatite is common for
biomedical applications of nanoparticles in order to improve adsorption
capacity of drug and biocompatibility. In Fig. 12 TEM images of
Gdo.g25Eup.175B30¢ and its hydroxyapatite coated form confirm that
before coating the particles they had very dark contrast due to high

20 Gd0.825Eu0 1758306
GdO.&ZSEUO 17SBSOB@HAP
—a— HAP
10 1

/
%

Zeta Potential (mV)
3
1

)
S
]

'

-30
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Fig. 9b. Comparison of charge as a function of pH and point of zero charges of
Gdo g25Eu0.175B306 (black square), after hydroxyapatite coating (red circle) and
calcium hydroxyapatite (blue triangle).

atomic number of gadolinium. It is clearly observed that after the
modification procedure with the hydroxyapatite precursor solutions the
surface of particles was covered with smaller, rod like shape and pale
Calcium hydroxyapatite crystals.

3.9. Drug loading and drug release and real time monitoring

A calibration curve was prepared prior to the loading of drugs. The
Gdg g25Eug 175B30¢ nanoparticle with high therapeutic potential was
selected for drug loading. 10 mg of the particles was added into 2 mL of
1000 ppm doxorubicin hydrochloride solution. The prepared suspension
was firstly mixed in a sonicator for 30 min and then stirred in the dark
for 24 h. To prevent any oxidation of doxorubicin, drug loading was
carried out in a nitrogen atmosphere. The suspension was then allowed
to separate by centrifugation at 6000 rpm for 10 min. Intermolecular
forces were considered to be the driving force for drug loading. Loading
was carried out for 6 different samples to compare the release profiles at
pH 7.4 and pH 5.5. Experiments were repeated three times on different
days. Drug loading was determined from the supernatant obtained after
centrifugation by measuring the absorbance value. To determine the
amount of drug loaded, three different samples were taken from the
supernatant and the average of the three was used. The amount loaded
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Fig. 10. SEM images of GdB3O¢ before (left) and after (right) hydroxyapatite coating.
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Fig. 11. EDX analysis before (left) and after (right) hydroxyapatite coating.

was determined from the calibration curve. The % loaded drug was
calculated according to the equation below:

_ Mass of drug loaded (g)

_ 1
Mass of nanoparticles(g) x 100

% Loaded Drug

Accordingly, the absorbance values for samples 1, 2 and 3 were 1.16,
1.17 and 1.21, which corresponded to 0.73 mg, 0.71 mg, and 0.68 mg of
doxorubicin, respectively, in the supernatant. The % loaded drug was
calculated by subtracting the amount of drug in the supernatant from the
initial amount of drug used. According to the results obtained, the
weight percentage of the loaded drug was calculated as 7.82 % =+ 0.80.

Drug release studies were performed in PBS buffer at pH 7.4 at a
temperature of 37 °C to simulate physiological temperature. Firstly, the
concentrations were calculated on the basis of absorbance values using
the relevant calibration curve. For this, 300 uL of the sample was taken
and 100 pL from this was placed in wells of a 96 well plate. Next, 300 L

of fresh PBS was added. Thus, the number of moles obtained for each
time point was determined and the amount of drug loaded was calcu-
lated as % release per hour (Fig. 13(a)). The same experiments were
carried out in acetate buffer at pH 5.5 under the same conditions. The
tumor microenvironment is known to be more acidic. Most tumors uti-
lize high levels of glucose through glycolysis (Warburg effect) releasing
lactate and H™ ions, which causes the pH to decrease [37]. We observed
that 28 % of the loaded drug was released at pH 7.4 in 24 h, while about
40 % was released in at pH 5.5. Moreover, most of the release occurs as a
burst in the first 2 h and the subsequent release happened more slowly in
the following hours. The drug release from Gdg.gasEug.175sB30s@HAP
particles was also monitored by photoluminescence measurements at pH
7.4 (Fig. 13(b)). The drug-loaded particles were centrifuged and the
photoluminescence of the supernatant was measured at an excitation
wavelength of 394 and emission at 585 nm. An increase in intensity as
the drug was released is expected and is in line with the literature [38].
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Fig. 13. (a) Percent release at pH 7.4 PBS and 5.5 acetate buffer, (b) Luminescence intensity as a function of total concentration for PBS at pH 7.4 and acetate buffer

at pH 5.5.
Photoluminescence measurements for the release of drug from monitoring can be successfully carried out with particles containing a
Gdo.g25Eu.175B306 @HAP particles were also carried out at pH 5.5 luminescence core.

(Fig. 13(b)). The photoluminescence intensity was higher in acetate
buffer at pH 5.5 because more moles of the drug was released. The
real-time monitoring applications suggested that the intensity of the
solution can reflect the release of the drug suggesting that real-time

3.10. Cellular viability

In order to monitor cell viability in the presence of the doxorubicin
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Fig. 14. MTT assay showing the viability of HCT-116 colon cancer cells incubated with doxorubicin loaded Gdg g25Eu 175B306 @HAP@PEG particles.
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loaded Gd0.825Eu0.175B306 @HAP@PEG particles, an MTT assay was
carried out with HCT-116 cells (Fig. 14). As a positive control, the cells
were also treated with different concentrations of doxorubicin. We
observed that Gdg g25Eug 175B306 @HAP particles had low toxicity with
nearly 80 % of the cells retaining viability after treatment. HCT116 cells
incubated with 12 pg/L GdggasEug.175B306@HAP particles showed
lower viability compared to the same amount of pure doxorubicin with
nearly 50 % of the cells killed. Thus, loading of doxorubicin to the
particles results in high cell death at low concentrations. Increasing the
concentrations of the drug loaded nanoparticle did not lead to any
further increase in cell death while pure doxorubicin showed a dose
dependent decrease in cell viability, as expected. Albanese et al reported
that agglomeration of particles decreased cellular uptake by 25 %
compared to monodisperse ones [39], which could be one reason for no
further decrease in cell viability with increasing concentration of the
particles.

4. Conclusion

Core/shell-type hydroxyapatite particles Gdg.g2sEug.175B306 @HAP
and Ce3*/Tb** doped GdB30g particles were successfully synthesized by
the sol-gel process. The sol-gel process for the Gdg 95Ceg.025Tbo.025B306
particle was carried out with citric acid, glycine, tartaric acid, CTAB and
EDTA in the core synthesis. The best crystallinity phase and highest
luminescence intensity were observed when CTAB was used as a cationic
surfactant during the synthesis. Additional GdBO3 phases were found in
the GdB3Og structure with citric acid, glycine and tartaric acid chelation.
Moreover, the product was found as GABO3 with EDTA chelation. In the
particles doped with different molar ratios of Eu®" ions, an increase in
luminescence intensity was observed as the Eu®' ratio was increased.
The same experiments were carried out with GdBO3 particles. The
highest luminescence intensity was obtained with 17.5 % Eu>" doping
for the GdB30g structure and 20 % Eu®* doping for the GdBOj structure.
According to these results, GdB3Og is a better host than GdBOg in terms
of energy transfer and Eu* ions emissions which was observed as very
high intensity in photoluminescence measurements. Hydroxyapatite
was coated on the Gdg gosEug.175B30¢ particles with the wet precipita-
tion method. A decrease in luminescence intensity was observed after
the coating due to the absorption of hydroxyapatite at 394 nm. More-
over, the spherical morphology of the GdggasEug 175B30¢ particles
became uniform sized, granular and well dispersed after hydroxyapatite
coating. The same particles were then loaded with doxorubicin and the
% drug loading was calculated as 7.82 %. 28 % of the drug was released
in 24 h at 37 °C in PBS at pH 7.4, while 40 % of the drug was released
when the pH was decreased to 5.5 using acetate buffer. These data
suggest that the particles may release the drug more effectively in a
tumor microenvironment which is known to have a lower pH. Further-
more, luminescence intensity as a function of total drug release was
studied for real-time monitoring. As the drug was released, the lumi-
nescence intensity of the particles at 585 nm was increased. Low cell
viability was observed with low concentrations of the particle suggest-
ing that high effective cell killing could be observed even with low
concentrations of the drug. No further decrease in cell viability was
observed with increasing concentration of the particles. Based on the
above results, the prepared GdgasEug 175B3sOg@HAP multifunctional
particles can be used as a promising material in the field of biomedical
applications.
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