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Abstract: Nanomaterials such as pH-responsive polymers are promising for targeted drug delivery
systems, due to the difference in pH between tumor and healthy regions. However, there is a
significant concern about the application of these materials in this field due to their low mechanical
resistance, which can be mitigated by combining these polymers with mechanically resistant
inorganic materials such as mesoporous silica nanoparticles (MSN) and hydroxyapatite (HA).
Mesoporous silica has interesting properties such as high surface area and hydroxyapatite has been
widely studied to aid in bone regeneration, providing special properties adding multifunctionality
to the system. Furthermore, fields of medicine involving luminescent elements such as rare earth
are an interesting option in cancer treatment. The present work aims to obtain a pH-sensitive hybrid
system based on silica and hydroxyapatite with photoluminescent and magnetic properties. The
nanocomposites were characterized by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), nitrogen adsorption methods, CHN elemental analysis, Zeta Potential,
scanning electron microscopy (SEM), and transmission electron microscopy (TEM), vibrational
sample magnetometry (VSM), and photoluminescence analysis. Incorporation and release studies
of the antitumor drug doxorubicin were performed to evaluate the potential use of these systems in
targeted drug delivery. The results showed the luminescent and magnetic properties of the
materials and showed suitable characteristics for application in the release of pH-sensitive drugs.

Keywords: smart drug delivery system; nanomaterials; poly(methacrylic acid); photoluminescence

1. Introduction

Cancer is the leading cause of death in both developed and developing countries. Although
medical advances have improved patient survival, the side effects caused by chemotherapy
treatments, such as pain, fatigue, nausea, and vomiting, can negatively affect people's quality of life
[1]. Doxorubicin (DOX) is a well-known example of a drug used in the treatment of this pathology
[2] and some studies show several limitations of this drug that include uncontrolled release rate,
cardiotoxicity, toxicity to normal cells, among others. The toxicity of normal cells, caused by the lack
of distinction between normal and tumor cells, demonstrates the emerging need to develop targeted
delivery systems for the tumor region [3].

The tumor microenvironment has several characteristics that distinguish it from normal tissue.
Studies show that tumor cells produce higher levels of lactic acid, which can lead to a more acidic
environment, a phenomenon known as "tumor acidosis" [4]. Therefore, the pH of tumor tissues
presents values that can vary from 6.5-7.2, or even reach a lower value, while the pH of healthy tissues
presents a slightly alkaline range of 7.35-7.45. Despite this, it is important to highlight that the pH of
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tumor tissues can vary depending on several factors, including the type and stage of cancer, the
location of the tumor, and the metabolic activity of tumor cells [5].

The existing pH difference between healthy and tumor cells has encouraged the scientific
community to develop drug delivery systems that are stable at physiological pH and selectively
release the antitumor drug into the cancerous region. Studies of versatile drug nanocarriers,
including liposomes, dendrimers, polymeric nanoparticles, and inorganic nanoparticles have shown
potential, in this type of application [6].

Among these, pH-responsive polymeric nanomaterials have been explored in some studies of
targeted antitumor drug delivery systems [7,8]. Under physiological pH, these polymers are typically
deprotonated; however, under acidic conditions, they become protonated, causing structural
deterioration of the material. This modification affects the hydrophobicity and facilitates drug release
at acidic pH through the protonation of polymeric carboxylate groups [5]. Several pH-responsive
polymers have been studied for drug delivery, such as poly(acrylic acid), poly(ethylene oxide), and
poly(lactic-co-glycolic acid). The poly(methacrylic acid), or P(MAA), stands out, which is a typical
example of a pH-sensitive polymer with weak acidic structural groups that protonate or deprotonate
in response to environmental pH changes [9].

Although polymeric nanoparticles have been adopted as a method for delivering drugs in some
studies, utilizing this material as a single phase for drug delivery systems remains a significant
challenge. These materials are not mechanically resistant, especially to shear, the main type of
mechanical stress to which materials suspended in the bloodstream [10]. As an alternative, the
association of inorganic materials such as mesoporous silica appears as an alternative when
combining the mechanical strength of the inorganic phase with the responsiveness of the organic one,
thus giving rise to composites with broader applicability.

Mesoporous silica nanoparticles (MSN) have unique structural properties, such as
biocompatibility, high specific surface area, adjustable pore size and well-defined surface properties
[11]. Several studies of mesoporous silica combined with stimulus-responsive polymers have been
described in the literature [12]. In addition to silica, reports on biomedical research also reveal
hydroxyapatite (HA) as one of the most investigated treatments for bone-related cancers such as
osteosarcoma [13,14], due to its biocompatibility and similarity with the bone mineral phase.
Furthermore, these materials have osteoconductive and osteoinductive properties, which are
desirable for bone regeneration therapies [15]. With the technological advances of the last decades,
the need arises to develop sophisticated drug delivery systems that are more specific to the tumor
microenvironment and that help in the diagnosis of cancer. Diagnosis is an essential procedure to
understand the extent of tumor progression and may mean a relatively more effective way to treat
early-stage disease [16]. Therefore, another interesting strategy involves the combination of therapy
associated with luminescent elements for application in diagnostic imaging. Multifunctional systems
with an emphasis on therapy and diagnosis simultaneously, known as theranostic systems, have
shown promise in several studies [17]. Several luminescent agents such as rare earth elements have
been explored for this application, due to the outstanding optical, magnetic and X-ray attenuation
properties, as well as the radioactivity of its isotopes [18].

In a previous work developed by our research group, a pH-sensitive hybrid system composed
of silica, hydroxyapatite and europium (MSN/HA-Eu), followed by polymerization of
poly(methacrylic acid) hydrogel on the surface of nanoparticles. The experimental data showed a
drug release profile of methotrexate dependent on the pH and luminescent potential of the obtained
systems, encouraging the development of a new material [19]. Despite these findings, improvements
in the luminescent signal are still needed for application in medical diagnostic imaging. Some studies
show that increasing the intensity of luminescence based on energy transfer and electron transfer
process between rare earth elements is an effective way. For example, XIE et al. (2016) used the
transfer of energy from Gd3 to Eu® as a strategy to improve the luminescence of HA nanoparticles
doped with rare earths [20].

Given the above considerations, this work aimed to synthesize and characterize
silica/hydroxyapatite hybrids nanocomposites co-doped with Eu and Gd functionalized with pH-
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sensitive polymers to compose a multifunctional system MSN/HA-Eu(2%)-Gd(1%)/P(MAA) with
multiple techniques. We also investigated the photoluminescent properties of this system, as well as
its incorporation and release profiles of the antitumor drug doxorubicin (DOX) under different pH
conditions.

2. Materials and Methods

2.1. Materials

Methotrexate, methacrylic acid (MAA) monomer, N,N,N’,N’-tetramethylenediamine (TEMED)
monomer, tetraethyl orthosilicate (TEOS), hexadecyltrimethylammonium bromide (CTAB), calcium
chloride (CaCls), dipotassium hydrogen phosphate trihydrate (K2HPO4-3H20), and gadolinium
chloride hexahydrate (III) (GdCls.6H20) were purchased from Sigma-Aldrich. Triethylene glycol
dimethacrylate (TEGDMA) monomer, ammonium persulfate (APS), ethanol, and europium oxide
were purchased respectively from Fluka Chemie GmbH, VETEC Quimica Fina, Merck, and Specsol.
Ammonium hydroxide and nitric acid were purchased from Synth.

2.2. Synthesis and Characterization

The experimental steps used in the development of the luminescent nanocomposite (MSN/HA -
Eu(2%)-Gd(1%)) and the hybrid luminescent system (MSN/HA-Eu(2%)-Gd(1%)/P( MAA)) are
summarized in the flowchart of Figure 1.

HA

Eu, Gd
v

HA-Eu(2%)-Gd(1%)

MSN

P(MMA)
MSN/HA-Eu(2%)-Gd(1%) »  MSN/HA/Eu(2%)-Gd(1%)-P(MAA)

DOX Incorporation
v

MSN/HA/Eu(2%)-Gd(1%)-P(MAA)/DOX

DOX Release (pH 5, pH7)

v

MSN/HA/Eu(2%)-Gd(1%)-P(MAA)

Apn)s ATaA79p 2AanIsuas Hd

Figure 1. Flowchart with summary of all stages of synthesis and characterization of MSN/HA-Eu(2%)-
Gd(1%) and MSN/HA-Eu(2%)-Gd(1%)/P( MAA) materials.

2.2.1. Synthesis of Eu®/Gd* Co-doped Hydroxyapatite (HA-Eu(2%)-Gd(1%))

The synthesis of the europium/gadolinium co-doped hydroxyapatite followed the described
procedure in the literature [21] with modifications. The synthesis involves the preparation of two
precursor solutions. Solution (I) was prepared by the complete dissolution of CTAB (2.8 g) in Milli-
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Q® water under moderate stirring, followed by the addition of dipotassium hydrogen phosphate
trihydrate (0.1 M) at pH 12. Solution (II) was prepared with 0.44 g of europium oxide (Eu20s) in an
aqueous solution of nitric acid (HNOs) (1:5), kept at 78 °C giving rise to europium nitrate [Eus(NOs)s].
After this step, a calcium chloride solution (0.167 M) was added to the solution (II). The concentration
of the precursors was kept at a ratio of 2% of Eu-doping and 1% of gadolinium (HA-Eu(2%)-Gd(1%))
relative to the amount of Ca?" Solution (II) was dropwise added to solution (I) and kept stirring for
24 h. After this, the resulting suspension underwent hydrothermal treatment at 100 °C for 24 h. The
material was then filtered, washed, and dried at 60 °C. The remaining surfactant (CTAB) was
removed by calcination at 575 °C, resulting in a fine whitish powder. For comparison, the HA
nanoparticles were obtained through this same chemical route, but without the addition of europium
nitrate and gadolinium chloride hexahydrate (III) (GdCls.6H:0).

2.2.2. Synthesis of MSN/HA-Eu(2%)-Gd(1%) system

The MSN/HA-Eu(2%)-Gd(1%) ]system was synthesized following the methodology applied in
the HA-Eu(2%)-Gd(1%) sample synthesis, adding one more step after the end of solution (II)
addition, when 14 mL of TEOS was added to the system [22]. After 14 h, the resulted suspension was
thermal treatment at 100 °C for 24 h. The subsequent steps were the same as in the previous sample.
For comparison, the MSN/HA nanocomposite was obtained through this same chemical route, but
without the addition of europium and gadolinium salts. The Figure 2 shows a schematic
representation of the of synthesis of MSN/HA-Eu(2%)-Gd(1%) system.

(CTAB)

Tetraethyl
orthosilicate
TEOS (TEOS) was added

to the system

HyG CHy
00
9Ty
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[KzHPO,)

(H;0)

=
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. Hydrothermal treatment at
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Figure 2. Schematic representation of the synthesis of Eu-doped silica/hydroxyapatite
nanocomposites (MSN/HA-Eu(2%)-Gd(1%)).

2.2.3. Synthesis of the Hybrid System: MSN/HA/Eu(2%)-Gd(1%)-/P(MAA)

The poly(methacrylic acid) polymerization process in the nanocomposite structures was carried
out to obtain a hybrid material with pH-sensitive characteristics for drug delivery systems. For this
purpose, the TEGDMA crosslinking agent was diluted in a 40% ethanol solution and used during the
polymerization reaction of the MAA monomer to form three-dimensional crosslinks in the polymeric
chains around the nanoparticles. The MAA monomer (492.6 L) was diluted in a NaOH solution (2.0
M), followed by the addition of the Eu-Gd-doped nanocomposite (0.2 g) and the TEGDMA /ethanol
solution. The system was cooled to 10 °C. Subsequently, the TEMED activator (16 uL) and ammonium
persulfate initiator (0.0125 mg) were added under constant nitrogen flow. The system was kept under
agitation in a bath at 10 °C for 72 h and the material obtained was centrifuged, washed, and dried.
For comparison, the MSN/HA nanocomposite, without doping (Eu,Gd), was also obtained with
P(MAA) following the same methodology.
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2.2.4. Characterization of Materials

The structural analysis of the synthesized materials was performed by X-ray diffraction (DRX -
Ultima 1V, Rigaku Inc., Japan) with Cu Ka radiation (A = 0.154 nm). The 2-theta varies from 10° to 80°
with a step size of 0.02° and a scanning rate of 2° min"'. Possible alterations in the HA crystal lattice
caused by the presence of Eu and Gd were investigated through the Rietveld refinement [23]. In this
study, the network parameters and dimensions of the unit cell were determined, with the help of the
FullProf software [24]. Chemical bonds and functional groups of the materials obtained were
analyzed using a Fourier transform infrared spectroscopy (FT-IR, Thermo Nicolet 6700). The
absorbance was in the range of 4000 and 400 cm'. The textural characterization was achieved by Nz
adsorption in an Autosorb iQ gas sorption analyzer (Quantachrome Instruments, USA); data
acquisition, calculation, and reporting were processed by the Quantachrome ASiQwin™ software.
The specific surface area was calculated though Brunauer- Emmett-Teller method, from 0.05 to 0.35
P/Po, while pore volume and pore sizes were calculated using the Barret-Joyner-Halenda (BJH) theory
applied on N2 desorption data from the obtained isotherms; all the samples analyzed were outgassed
for 48 h at 40 °C. The morphology of the materials was analyzed by scanning electron microscopy
(SEM - Xigma VD series, ZEISS, Germany) and transmission (TEM - Tecnai G2-12 SpiritBiotwin, FEI
Company, USA). The photoluminescence (PL) spectra were obtained with a UV-VIS USB 2000 (Ocean
Optics) spectrometer; samples were excited at room temperature with a 457 nm wavelength laser,
MODU-LASER Stellar Pro Multi-Line 150 mW. Magnetic characteristics of the samples were
performed by vibrational sample magnetometry (VSM e 7400 series, LakeShore Cryotronics, USA).
The Zeta potential of the samples was investigated using the Nanozetasizer Zs equipment (Malvern
Instruments, United Kingdom). The measurements were carried out at a temperature of 25°C. For
analysis, samples were dispersed in Milli-Q® water at a concentration of 0.1 mg.mL"! in a tip
ultrasound with an energy of 15 kJ. The measurements were carried out in a nitrogen atmosphere
with a flow rate of 50 mL min-'. Elemental analysis was used to quantify the carbon, hydrogen and
nitrogen contents in the samples and was conducted in the EA 2400 Series II CHNS/O equipment
from PerkinElmer, using 2-3 mg of material.

2.2.5. Doxorubicin Incorporation and Releasing Assays

The DOX incorporation was carried out by incubating the hybrid MSN/HA-Eu(2%)-
Gd(1%)/P(MAA) nanocomposite (25 mg) in a doxorubicin solution (0.75 mg mL-1) for 72 h under
vigorous and constant stirring at room temperature. The suspension was filtered, and the sample
washed and dried for 24 h. The drug concentration in the passing liquid was measured in a UV-2550
UV-Vis spectrometer (Shimadzu, Japan), making it possible to calculate the drug encapsulation. The
same drug loading process was applied to the MSN/HA-Eu(2%)-Gd(1%) nanocomposite for
comparison.

The in vitro (DOX) release behavior was investigated as a function of time. The drug release tests
were conducted to study the release kinetics of DOX from hybrid system and nanocomposite matrices
in acetate buffer solution (pH 5) and PBS (pH 7). The DOX-loaded samples (6,5 mg) were put into a
dialysis membrane (D9277 - Sigma-Aldrich) and incubated in buffer solutions at 37 °C under
continuous stirring at a rate of 50 rpm. The released DOX levels were measured in the buffer
solutions by UV-Vis spectrometry at 233 nm.

3. Results and Discussion

3.1. X-ray Diffraction (XRD)

The synthesized materials were investigated using the X-ray diffraction technique. In order to
evaluate possible impacts on the formation of hydroxyapatite, caused by co-doping with europium
and gadolinium, results of materials synthesized only with europium (HA-Eu(2%) and MSN/HA-
Eu(2%)) will also be presented, for purposes of comparison.
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The results evidenced reflection peaks in all the diffractograms that can be assigned to the
hexagonal hydroxyapatite crystalline phase with spatial group P63/m, according to the card number
9-432 from Powder Diffraction File database (PDF2, International Centre of Diffraction Data—ICDD)
as shown in Figure 3. The characteristic peaks at 32°, 33°, and 34° Bragg angles (20) can be respectively
attributed to the (211), (300), and (202) crystallographic planes, in agreement with the literature [25].
Similar work described in the literature also showed the formation of HA phase, confirmed due to
the appearance of characteristic patterns in the Bragg angles [21,26].

(211
2 )

ICDD: 9-432 Hydroxyapatite,syn

(zc%o
(310)
(213)

ﬁ —— HA- Eu(2%)

ﬁ — HA-Eu(2%)-Gd(1%)

22° —— MSN/HA-Eu(2%)-Gd(1%

Ny -Eu(2%)-Gd(1%)
Prunumanriivn .y

—— MSN/HA-Eu(2%)
it WWM o ___}\.,‘_
H A — MSN/HA-Eu(2%)-P(MAA)
0 - o

—— MSN/HA-Eu(2%)-Gd(1%)-P(MAA)

Normalized intensity

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Angle ()

Figure 3. X-ray diffractograms for ICDD:9-432 hydroxyapatite and HA, HA-Eu(2%), HA-Eu(2%)-
Gd(1%), MSN/HA-Eu(2%), MSN/HA-Eu(2%)-Gd(1%), MSN/HA-Eu(2%)/P(MAA) and MSN/HA-
Eu(2%)-Gd(1%)/P(MAA).

The MSN/HA-Eu(2%), MSN/HA-Eu(2%)-Gd(1%), MSN/HA-Eu(2%)/P(MAA) and MSN/HA-
Eu(2%)-Gd(1%)/P(MAA) samples revealed a diffuse halo in the 15° to 35° 20 range (Figure 3, the
broad peak centered around 22°), which can be assigned to the characteristic short-range periodicity
of the (5i0O4)*, a tetrahedral unit of amorphous silica nanoparticles suggesting that the synthesis of
the nanocomposites was successfully achieved. This finding is in agreement with previous works in
the literature [19].

Figure 4 compares XRD results of the HA, HA-Eu(2%) and HA-Eu(2%)-Gd(1%) samples. The
results show that the HA-Eu(2%) and HA-Eu(2%)-Gd(1%) samples showed a small peak at the Bragg
angle 20 of approximately 29° (Figure 4a). This peak can be attributed to the presence of a second
phase after the doping processes, confirmed by the Rietveld refinement, as shown in Figure 4b—d and
Table 1. For HA-Eu(2%) and HA-Eu(2%)-Gd(1%) samples, it is observed that there was the
formation of a secondary phase of Ca2P>07, which corresponds, respectively, to 8.3% and 25.5% of
the synthesized material. Despite this, these materials are mainly composed of the hydroxyapatite
phase, as shown in Table 1. Therefore, the XRD result indicates the synthesis of crystalline materials
with HA as the primary phase in the dopant materials.


https://doi.org/10.20944/preprints202305.1385.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 May 2023

do0i:10.20944/preprints202305.1385.v1

7
1200 4
HA © Yubs
—Y
—HA calc
= —HA- EU(Z%) a ) b) cbs_YcaIc
= = HAEIERECI(1%) Brag position
S 800
] X’ 1.51
>
% 600
c
g
=
/
200 4
] L | T I ¥V 1 R TN
04
2 % % 8 30 2 M B/} 07 0 5 4 50 e 70 80
20
20
HA-Eu(2%) o Yo HA-Eu(2%)-Gd(1%) O Yo
c) Yca\c 1 d ) — Ycalc
Yobs_Ycalc - chs-Ycalc
Brag position Brag position
X*1.35 X*1.92
S ] L T I 1 OO O R T
[N AR I Il
] Il L | T I O O (R AT
[T | (R (R AY T (T
* (TR " N MWM.WW
Sasssrsiisady Ve
T T T T T T T T T T T T
10 20 30 40 50 60 70 800 20 30 40 50 60 70 80
20 20

Figure 4. (a) XRD results of the HA, HA-Eu(2%) and HA-Eu(2%)-Gd(1%) samples. Diffraction
patterns with Rietveld refinement of the: (b) HA (c) HA-Eu(2%) and (d) HA-Eu(2%)-Gd(1%) samples.
The observed and calculated data are represented by the stars and solid lines, respectively.

The results show good agreement with the reference values (ICSD16742). A decrease in the unit
cell volume is observed in all synthesized materials in relation to the reference value (530.139 A3).
Different values of this parameter are found in the literature ranging from 525.580 A3 to 532.48 A?
[27,28]. Aldén and collaborators suggest that these variations can be attributed mainly to the presence
of contaminants, such as carbonates and fluorides, which can occupy the positions of Ca and the
phosphate group in the unitary cell of hydroxyapatite [27]. Furthermore, the addition of rare earths
into the hydroxyapatite structure resulted in reduced mean grain size (Table 1). This may occur due
to the decreasing of Ca-O distances and smaller ionic radius for rare earths resulting in a reduction

of cell parameters as shown in Table 1 [29-31].

Table 1. Table. Parameters obtained from the Rietveld refinement of XRD: The mean grain size (<D>),
lattice parameters (a, b, c and V) and S=Rwp/Rexp, parameter that quantifies the quality of the

refinement.
Cell parameters
Phase
S 1 o o o .
ample ad)  bA)  c@) vy P D> ent S
group (nm) o
(%)
Standard
(ICSD) HA  9.43200 9.43200 6.88100 530.1 Pé6s/m  ----

16742
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9.4222
HA HA  9.4222 (1) O 6.8854 (1) 529.3 (1) P6s/m 28.4 (8.4) 100 (0) 1.23
9.4125
HA 9.4125 (1) O 6. 8820 (1)528.0 (1) P6s/m 22.6 (0.2) 91.7 (0.5) 1.16
HA-Eu(Z%)
CaxP>07 11.(311 7‘317)63 10.8376 (1)893.2 (1) P 2i/c 8.3(0.2)
9.4169
HA- HA 9.4169 (1) ) 6.8866 (1) 528.9 (1) P6s/m 22.2 (6.1) 76.0 (0.5) 1.38
Eu(2%)-
11.7914 7.6631
Gd(1%) Ca:P207 ( 1? ?16)3’ 10.9040 (1)887.2 (1) P 2i/c 24.0 (0.3)

3.2. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 5 shows the FTIR spectra for HA, HA-Eu(2%)-Gd(1%), MSN/HA-Eu(2%)-Gd(1%) and
MSN/HA-Eu(2%)-Gd(1%)/P(MAA). The spectra evidence the presence of hydroxyapatite in all the
samples, due to the characteristic transmittance of the phosphate (1098-1037, 960, 603, 560, and 470
cm) and hydroxyl stretching (3571 and 638 cm™) [19,26,32]. The bands observed around 1454— 1412
cm™ in the HA and HA-Eu(2%)-Gd(1%) spectra can be attributed to the carbonate (COs?") vibrational
modes. These ions may have originated due to the exposure of these samples to atmospheric CO:
before the hydrothermal treatment or due to the decomposition of the CTAB during the calcination
process [21,26].
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Figure 5. (a) FTIR spectra of HA, HA-Eu(2%), HA-Eu(2%)-Gd(1%), MSN/HA-Eu(2%), MSN/HA-
Eu(2%)-Gd(1%), MSN/HA-Eu(2%)/P(MAA) and MSN/HA-Eu(2%)-Gd(1%)/P(MAA) samples (b)
deconvolution of normalized FTIR spectra of MSN/HA-Eu(2%)-Gd(1%)/P(MAA).

FTIR spectra of MSN/HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-Gd(1%)P(MAA) samples
present the typical MSN vibrational modes. The characteristic transmittance bands from the angular
deformation mode of Si-O-Si bonds can be found around 464 cm™ [33,34], the Si-O symmetrical
stretching mode is located at 810 cm™ [34], the Si-OH stretching mode at 961 cm™ [35], and the a
symmetric stretching of 5i-O-Si bonds around 1075 a 1224 cm [36]. The presence of the characteristic
bands of MSN and HA in the FTIR spectra of the nanocomposites suggests that mesoporous silica
can be formed in the hydroxyapatite nanoparticles, in agreement with the XRD results.

The presence of functional groups related to the polymeric phase is noted. The peaks around
3020 and 2450 cm™ (Figure 4a) are attributed to the symmetrical and asymmetrical stretching modes
of the -CHz and CHs groups, which arose due to the incorporation of the polymer phases [10,37]. In
the deconvolution of region of 1750-1400 cm (Figure 4b), it becomes evident a band around 1650 cm-
! that can be attributed to the stretching modes of the carbonyl groups (C=O) present in the monomer
[38,39]. The band between 1700 and 1715 cm™ can be related to the characteristic stretching modes of
the carboxylate group, which is part of the MAA monomer used during polymerization, reinforcing
the evidence of the presence of the polymeric phase in the hybrid [19,40]. These bands have already
been observed by other works in studies involving nanoparticles to which polymeric phases have
been incorporated [10,19].

Figure 6 shows the FTIR spectra obtained for the samples MSN/HA-Eu(2%)-Gd(1%) and
MSN/HA-Eu(2%)-Gd(1%)/P(MAA) to which the antitumor drug DOX were incorporated. The bands
already observed for these materials prior to the incorporation of the drugs continued to be observed,
indicating the maintenance of the phases of the materials even after the entire incorporation process.
Furthermore, typical doxorubicin bands were identified in the sample spectra indicating that drug
incorporation process was achieved. The bands at 3340 cm* N-H (3525 cm), O-H (2987 cm™), C-H
(2897 cm1), C=0 (1720 cm), C=C ring (1690, 11581 and 1540 cm), C-O-C (1071 cm), C=H bend,
C=C ring bend (800 cm™) can be interpreted as indicative of the presence of the drug in these samples
[41,42].

do0i:10.20944/preprints202305.1385.v1


https://doi.org/10.20944/preprints202305.1385.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 May 2023 do0i:10.20944/preprints202305.1385.v1

10

 ——
N-H
DOX (0] OH
O-H S
= CH O O OH
3 ’ of
~ CH3
3 HO
g NH;
§ | —— MSN/HA-EU(2%)-Gd(1%)
[\
|_
C'H C=C
MG OH
CH; MAA
C-0-C
——— MSN/HA-Eu(2%)-Gd(1%)-P(MAA)/DOX
4000 35I00 30I00 25IOO 2OI00 1 5I00 1 OIOO 5(I)0

Wavenumber (cm™)

Figure 6. FTIR the samples MSN/HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-Gd(1%)/P(MAA) to
which the antitumor drug DOX were incorporated.

3.3. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)

The morphological and structural characterization of the nanoparticles was performed by SEM
and TEM techniques. The images of HA (Figure 7a), and HA-Eu(2%)-Gd(1%) (Figure 7b) showed a
trend towards the formation of nanorods as a contribution of the presence of HA in a well-
agglomerated form [19]. The rod-like shape of the hydroxyapatite nanoparticles can be understood
as a result of the anisotropic growth of the HA nanocrystals along the c-axis direction [43]. This result
indicates that the presence of dopants does not promote significant changes in the morphology of the
material. The nanorods morphology was also observed in the TEM images of the samples containing
dopants (Figure 7 e,f).
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Figure 7. MEV of (a) HA (b) HA-Eu(2%)-Gd(1%) (c) MSN/HA-Eu(2%)-Gd(1%) (d) MSN/HA-Eu(2%)-
Gd(1%)/P(MAA). TEM of (e) HA and (f) HA-Eu(2%)-Gd(1%).

In addition, it is noticed that the silica altered the aspect of the nanoparticles when compared to
the samples of HA and HA-Eu(2%)-Gd(1%). The results show a more rounded morphology with
some heterogeneity between them as shown in Figure 7c,d [19,44]. It is known that pure silica
nanoparticles tend to form nanospheres when synthesized in a basic medium and in the presence of
CTAB [11]. These results show that particles present an average diameter of less than 200 nm. This
size range is desirable in candidate nanomaterials to act in cancer treatment by the enhanced
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permeability and retention effect (EPR) because the accumulation of nanoparticles on tumor sites
may be favored by the nanoscale of the porosity of blood vessels common in tumors [45].

3.4. Potential Zeta (C)

The zeta potential is used to characterize the surface charges of the particles and the values
obtained are presented in Table 2. The results obtained indicate a value around -17 mV for HA, which
is attributed to the ionization of the hydroxyl groups (OH) present in the surface of the material, a
result that agrees with the load presented by most of the hydroxyapatite ceramics in the literature
[46,47]. After the doping process with Eu and Gd, there is no significant difference in the Zeta
potential. This fact can be explained by the HA unit cell that has calcium in two positions, a more
internal and another more external atom in relation to their structure. Therefore, the doping process
may have occurred in the most internal positions of the unit cell, not being detected by this technique.
The presence of silica in the system caused a decrease in the Zeta potential (-23.2 + 0.23). Probably,
this result may be related to the presence of negative charge on the surface of this material due to the
presence of silanol groups characteristic of this material [48]. After polymerization with methacrylic
acid, an increase in the negative value of zeta potential is observed, probably due to the presence of
carboxyl groups [37]. Furthermore, the Zeta potential of the hybrid sample changed from -27.2 mV
to -21.0 mV after the drug incorporation process. Possibly, the amino group present in doxorubicin
may have contributed to the decrease in the negative charge of the MSN/HA-Eu(2%)-
Gd(1%)/P(MAA)-DOX system, allowing us to suggest that DOXO was incorporated into the material.
This result is in line with what was observed in the FTIR.

Table 2. Zeta Potential of HA, HA/Eu(2%)-Gd(1%), MSN/HA/Eu(2%)-Gd(1%) and MSN/HA/Eu (2%)-

Gd(1%)/P(MAA).
Samples Zeta Potencial £ SD
(mV)
HA -16.8 +0.23
HA/Eu (2%)-Gd(1%) -15.0 £ 0.55
MSN/HA/Eu(2%)-Gd(1%) -23.2+0.23
MSN/HA/Eu (2%)-Gd(1%)/P(MAA) -27.2+0.80
MSN/HA/Eu(2%)-Gd(1%)-DOX -17.8 £ 0.56
MSN/HA/Eu (2%)-Gd(1%)/P(MAA)/DOX -21.0+0.23

The zeta potential helps evaluate the stability of colloidal dispersions. In drug delivery systems,
the zeta potential measurements help optimize the stability and performance of drug delivery
systems. It assists in determining the surface charge and stability of these systems, which can affect
their circulation time, interaction with cells, and drug release behavior. The ideal zeta potential value
for a controlled drug delivery system can vary depending on various factors, including the specific
formulation, the intended mode of action, and the target site within the body [6]. However, in general,
a moderately high zeta potential (either positive or negative) is often preferred for controlled drug
delivery systems. In general, the margin that defines the stability of colloidal suspensions is -30 mV
and +30 mV, where the higher the zeta potential values, in modulus, the more stable the suspensions.
It is observed that HA and HA/Eu (2%)-Gd(1%) materials present values a little different from these
in modulus, suggesting that these materials do not present high stability in colloidal suspensions. It
is observed that the addition of silica increased the value in modulus of the zeta potential in the
MSN/HA-Eu(2%)-Gd(1%) sample. Nevertheless, the value presented by this material is still a little
far from the ideal value. After the polymerization process with P(MAA), the zeta potential value
obtained was -27.2. This appears as a promising result and shows that the presence of the polymer in
the system can minimize the tendency to agglomeration and, consequently, improve the stability of
the material. In this sense, to determine the stability of nanoparticles in aqueous dispersion,
measurements of zeta potential were carried out over 15 days. Figure 8 presents the results of this
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study through the distribution curves of zeta potential measurements for the different synthesized

systems.
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Figure 8. Distribution curves of zeta potential obtained for the samples HA, HA-Eu(2%)-Gd(1%),
MSN/HA-Eu(2%)-Gd(1%) e MSN/HA-Eu(2%)-Gd(1%)/P(MAA) in different times.

Hydroxyapatite, when in aqueous dispersion, showed an altered surface charge throughout the
studied period, indicating that the dispersion presents high instability over time, as expected for this
system. In the results obtained for the HA-Eu(2%)-Gd(1%) system, it is observed that the
nanoparticles doped with europium and gadolinium presented greater stability over 15 days in
aqueous dispersion. The material remained stable with the same zeta potential distribution indicating
that there was no significant change in the surface charge of the material during the analyzed period.
In contrast, the MSN/HA-Eu(2%)-Gd(1%) nanocomposite showed some instability in the zeta
potential value. Despite this, it is observed that after the polymerization process on the surface of this
material, there was an improvement in the stability of these particles over 15 days. The hybrid system
MSN/HA-Eu(2%)-Gd(1%)/P(MAA) maintained the zeta potential distribution over the 15 days. These
data reinforce the need for a polymerization process to obtain a more stable material. The stability of
this material is essential for a better application performance in biological systems.

3.5. CHN Elemental Analyses

Elemental analysis was used to quantify the presence of the elements carbon (C), hydrogen (H)
and nitrogen (N) after the polymerization process and incorporation of the drug doxorubicin. This
technique allows quantifying these processes through the percentage increase of these elements,
compared to the inorganic matrix. The results obtained for the samples MSN/HA-Eu(2%)-Gd(1%),
MSN/HA-Eu(2%)-Gd(1%)/P(MAA), MSN/HA-Eu(2 %)-Gd(1%)/DOX and MSN/HA-Eu(2%)-
Gd(1%)/P(MAA)/DOX are shown in Table 3.

Table 3. Elemental analysis results.

Sample C (%) H (%) N (%)
MSN/HA-Eu(2%)-Gd(1%) 0.33 0.59 0.33
MSN/HA-Eu(2%)-Gd(1%)/P(MAA) 24.10 4.05 1.05
MSN/HA-Eu(2%)-Gd(1%)/DOX 17.20 2.13 1.15
MSN/HA-Eu(2%)-Gd(1%)/P(MAA)/DOX 31.93 4.19 1.53

The MSN/HA-Eu(2%)-Gd(1%) sample showed low carbon contents (0.3%), possibly due to
residual CTAB surfactant. The carbon content of the MSN/HA-Eu(2%)-Gd(1%)/P(MAA) (24.10%)
sample increased in relation to the inorganic sample, indicating that the hybrid system was formed
successfully, according to the FTIR results. In addition, samples loaded with the drug doxorubicin
MSN/HA-Eu(2%)-Gd(1%)/DOX and MSN/HA-Eu(2%)-Gd(1%)/P(MAA)/DOX show a significant
increase in carbon levels, confirming drug incorporation, according to FTIR results. There was no
significant change in the percentage of nitrogen considering the measurement error.
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3.6. N2 Adsorption

Nitrogen adsorption and desorption isotherms of the HA-Eu(2%)-Gd(1%), MSN/HA-Eu(2%)-
Gd(1%) and MSN/HA-Eu(2%)-Gd(1%)/P(MAA) samples are shown in Figure 9. This technique was
used to evaluate the pore structure of samples, since the performance of the nanomaterial in
controlled drug delivery is largely influenced by its pore structure.
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Figure 9. N2 adsorption of HA-Eu(2%)-Gd(1%), MSN/HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-
Gd(1%)/P(MAA) samples.

It is possible to observe that sample MSN/HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-
Gd(1%)/P(MAA) samples exhibited type IV isotherms typical for mesoporous structures with
constant cross-section porosity (cylindrical or hexagonal) and three-dimensionally ordered pores
with lower or no blockage [19,46]. Four well-defined regions can be seen in these isotherms. Initially,
in region I, a linear increase of the adsorbed volume happened due to the monolayer and multilayer
adsorption on the surface of the material, including the surface of the mesoporous. In region II, the
increase of the adsorbed volume at intermediate relative pressures was attributed to the capillary
condensation phenomenon in the mesopores. In this point, the amount of adsorbed gas increased
sharply with a small change in pressure due to the condensation of the adsorbate molecules below
their vapor pressure. The adsorbate in the liquid state filled up the primary mesopores until the point
in which the slope of the curve change, almost forming plateau. In region III, the increase in the
adsorbed volume under high relative pressures was associated with the multilayer adsorption and/or
to the condensation of the liquid in the secondary mesopores. Finally, in IV, the increase of the
adsorbed volume corresponded to the filling of the voids between the particles that can be considered
as porosity.

In sample HA-Eu(2%)-Gd(1%) it was possible to observe a sudden increase in the curves for high
relative pressures. The abrupt increase in the adsorbed volume in regions of elevated relative
pressure is characteristic of pores formed between the particle agglomerates (macroporosity).

The HA-Eu(2%)-Gd(1%) presented type-H3 hysteresis loop which is often observed with
aggregates of plate-like particles that give rise to slit-shape pores [32]. The MSN/HA-Eu(2%)-Gd(1%)
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and MSN/HA-Eu(2%)-Gd(1%)/P(MAA) samples exhibited H4 hysteresis loops, typical for
mesoporous structures with constant cross-section porosity (cylindrical or hexagonal) and three-
dimensionally ordered pores with lower or no blockage [19,49].

Furthermore, it is possible to observe that MSN/ HA/Eu(2%)-Gd(1%)/P(MAA) sample exhibited
significant reductions in the adsorbed N2 volume at all relative pressures; this result indicates that
the polymerization processes led to significant changes in the pore structure, indicating the presence
of polymeric phase in the system, as evidenced by the previous characterization results.

The calculated texture and porosity parameters are presented in Table 4. It is possible to observe
a significant increase in surface area after the addition of silica to the system, which can be attributed
to the intrinsic characteristics of this material, such as high surface area and pore volume. This feature
is essential for nanosystems with an emphasis on drug delivery applications. The surface area
obtained for the nanocomposite MSN/HA-Eu(2%)-Gd(1%) of 289.13 m2.g™! is in agreement with a
similar nanocomposite described in the literature, with application in drug delivery [19,22,50].

Table 4. Textural and porosity parameters obtained through BET and BJH methods applied on the
N2 adsorption-desorption isotherms data.

Sample Sser (m2.g1) Vp (ccd.g)) Dp (nm)
HA-Eu(2%)-Gd(1%) 43 0.106 3.7
MSN/HA-Eu(2%)-Gd(1%) 289 0.167 3.1
MSN/HA-Eu(2%)-Gd(1%)/P(MAA) 120 0.060 3.1

It is observed that after polymerization with P(MAA), there was a reduction in the surface area
and the pore volume of the MSN/HA-Eu(2%)-Gd(1%)/P(MAA). This can be ascribed to the hydrogel
polymerization occurring both on the surface and inside the pore structure of the MSN/HA-Eu(2%)-
Gd(1%) phase [19,51]. The pore size diameters remained unchanged after the hydrogel
polymerization, since the BJH method calculates the average value of the nanoparticle diameter
without distinguishing the amount of large or small pores present in the sample [19,37].

3.7. Photoluminescence Analysis

The room temperature PL spectra of the samples were measured in a wide wavelength range
(300-850 nm) by employing an excitation laser line at A,,. = 457 nm, where no emissions were
observed between 457 and 600 nm for all samples. Furthermore, as expected, the HA sample does
not display significant luminescence in its whole spectrum. Thus, to present more detailed spectra,
they were separated into the following two regions: (i) high-energy emissions (300-470 nm) with a
total integrated PL intensity named Ii, and (ii) low-energy emissions (550-870 nm) with a total
integrated PL intensity named I..

Figure 10 presents the PL spectra of all samples measured in the high-energy region (300-470
nm), where, except for the HA sample, the several observed peak emissions could be ascribed
according to the indicated radiative transitions between the energy levels of Eu® ions. No emissions
from the levels of the Gd3* ions were identified. Since the laser line (Aex= 457 nm) has no enough
energy to excite the high energy levels of the Eu® ions, the PL emissions involving these states can
only be explained by a complex phonon assisted and cooperative upconversion mechanism of
nonradiative energy transfer involving dipole-dipole and dipole-quadrupole interactions between
rare earth ions in the nearest neighbor positions, which can be enhanced by exchange coupling
between these ions [52-55].
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Figure 10. PL spectra of all samples measured in the high-energy region (300-470 nm).

Specifically for the samples with two unlike trivalent rare earth ions, Eu* and Gd¥, (HA-Eu(2%)-
Gd(1%), MSN/HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-Gd(1%)/P(MAA) samples), this energy
transfer mechanism can predominantly be governed by the dipole-quadrupole interaction [53],
mainly for the states of the larger rare earth ions that lie high in energy [52].

Figure 11 presents the PL spectra of all samples measured in the low-energy region (550-850
nm), showing several peak emissions excluding the spectrum of the HA sample. As specified in this
figure, these emissions were attributed according to the radiative transitions involving the levels of
the Eu’* ions: °D1—7Fj (J = 4, 5, 6) and *Do—7F (J = 2, 3, 4, 5, 6). It is interesting to note that the
characteristic emissions 5Do—7Fo (~570-585 nm) and 5Do—7F1 (~585-600 nm) of Eu3* ions [56] were not
observed. This effect can be attributed to the relatively high wavelength of the excitation laser line
(Aexc = 457 nm) which is activating the transitions indicated in the Figure 11 and deactivating the

transitions 5Do—7Fy (J =0, 2).
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Figure 11. PL spectra of all samples measured in the low-energy region (550-850 nm).

It is also possible to notice in Figure 11 that the addition of gadolinium in the HA-Eu(2%)-Gd(1%)
and MSN/HA-Eu(2%)-Gd(1%) samples has caused an enhancement in their PL intensities in
comparison to the HA-Eu(2%) and MSN/HA-Eu(2%) samples, respectively. Xie and collaborators
obtained a similar result, where the increase in Eu®* luminescence intensity could be observed by co-
doping with Gd?¥. These authors obtained an increase of 60% to 120% in the emission intensity
depending on the molar ratio of the europium and gadolinium content R(Eu/Gd), by explaining this
luminescent enhancement phenomenon based on the already mentioned cooperative upconversion
mechanism [55] involving the adjacent Eu* and Gd?** ions.
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Figure 12A presents an illustration of this cooperative upconversion mechanism in a Dieke's
energy level scheme, where initially the laser line A,, =457 nm (= 2.71eV = 21,881 cm™) can
excite by photon absorption, involving phonons due to the nonresonance between the energies,
the D2 level of the Eu®* ions.
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Figure 12. (A) Dieke's energy level scheme illustrating the cooperative upconversion mechanism
between adjacent trivalent rare earth ions (Eu®* and Gd*) causing the subsequent enhancement of the
enhancement in PL intensities ascribed to the transitions 5D1—7F] (J =4, 5, 6) and 5D0—7F] (J =2, 3,
4, 5, 6) of Eu3+ ions, and (B) Comparison of the percentage total integrated PL intensities, E1 and E2
(a), and comparison of the ratio I»/I1, normalized for HA-Eu(2%) sample (b).

Then, a nonradiative thermalization assisted by phonons occurs from the 5D2 to both the °D1 and
5Do levels of Eu®* ions, as indicated by the doted wave lines. In sequency, the cooperative
upconversion mechanism of nonradiative energy transfer involving dipole-dipole and dipole-
quadrupole interactions of the adjacent rare earth ions (Eu* and Gd*) takes place promoting
excitation of the upper energy levels of the Eu® ions with consequent nonradiative energy transfer to
the 5Pj levels of the Gd3* ions. Since no emissions from the gadolinium’s levels were identified in the
high-energy region (300-470 nm) of PL spectra of samples (Figure 10), it is concluded that a back
nonradiative energy transfer occurs from the Gd3* to the Eu® ions. The nonradiative excitation of the
upper levels of Gd3* ions and the subsequent back energy transfer to the upper levels of the Eu’* ions
are indicated in the Figure 12A by the curved arrows. From the upper energy levels of the Eu®* ions,
several radiative emissions were identified in the PL spectra shown in the Figure 10. Finally, a part
of energy from the upper energy levels of the Eu’* ions is also returned by nonradiative transitions to
their lower energy levels (°Dz, D1 and °Du), causing the enhancement in PL intensities observed in
Figure 11 ascribed to the transitions °D1—7F; (J =4, 5, 6) and *Do—7F; (J =2, 3, 4, 5, 6).

To quantify this complex cooperative upconversion mechanism of nonradiative energy transfer
in the all samples with rare earth ions (Eu®* and Gd*), it was carried out an analysis of the total
integrated PL intensities I and I for the two regions: (i) Ii: high-energy emissions (300-470 nm)
(Figure 10), and (ii) I2: low-energy emissions (550-870 nm) (Figure 11).

Figure 12B(a) shows a comparison of the percentage of these total integrated PL intensities, E1
and Ez, for these samples with the following values: (i) Eu20s: Ii= 49.29% and 1:=50.71%; (ii) HA-
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Eu(2%): Ii=71.68% and 1=28.32%; (iii) HA-Eu(2%)-Gd(1%): Ii= 54.96% and 1=45.04%; (iv) MSN/HA-
Eu(2%): Ii= 61.95% and 1=38.05%; (v) MSN/HA-Eu(2%)-Gd(1%): Ii= 45.09% and 1:=54.91%; (vi)
MSN/HA-Eu(2%)-Gd(1%)/P(MAA): Ii= 56.85% and 1>=43.15%. In Figure 14a the HA-Eu(2%) presents
a substantial increase of It and decrease of I in comparison with the Eu20s, evidencing the strong
cooperative upconversion mechanism between the Eu®* ions in the nearest neighbor positions. The
substantial increase of I and decrease of I» the HA-Eu(2%) evidences its strong cooperative
upconversion mechanism in comparison with the Eu20s3 but with a less efficient return of energy, by
nonradiative transitions, from the upper energy levels to the lower energy levels of the Eu® ions. In
contrast with the HA-Eu(2%), the growth of I» and reduction of I for the HA-Eu(2%)-Gd(1%)
confirms that the inclusion of the Gd3* ions has favored the nonradiative back energy transfer to the
lower energy levels of the Eu® ions by enhancing their PL intensities in low-energy emissions (Figure
11). In comparison with the HA-Eu(2%), the MSN/HA-Eu(2%) samples shows increase of 1. and
decrease of I1, evidencing its better efficiency nonradiative back energy transfer to the lower energy
levels of the Eu?* ions. The MSN/HA-Eu(2%)-Gd(1%) sample, in contrast with the MSN/HA-Eu(2%),
displays a strong increase of I» and decrease of I, again evidencing the improvement of the
cooperative upconversion mechanism caused the presence of the Gd3* ions with consequent
intensification of the PL intensities in low-energy emissions. Finally, in comparison with the
MSN/HA-Eu(2%)-Gd(1%), the MSN/HA-Eu(2%)-Gd(1%)/P(MAA) samples has decrease of > and
increase of I, which can be attributed the functionalization of the nanocomposite with the P(MAA).

In agreement with the results of the Figure 12B(a), the Figure 12B(b) presents a comparison of
the ratio /Iy, normalized for HA-Eu(2%) sample, in order to provide a undoubted understanding
about the enhancement of the PL intensities in low-energy emissions (550-870 nm) caused by the
gadolinium. The HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-Gd(1%) shows strong growth of the
ratio Io/I1 , from 1.00 to 2.07 and from 1.55 to 3.08, in comparison with HA-Eu(2%) and MSN/HA-
Eu(2%), respectively. Once more, this result confirms the high efficiency cooperative upconversion
mechanism of nonradiative energy transfer involving multipolar interactions between Gd* and Gd**
ions, with the subsequent partial nonradiative back energy transfer from the upper energy levels of
the Eu® ions to their lower energy levels (°D2, D1 and °Do). Furthermore, the functionalization of the
nanocomposite with the P(MAA) in the MSN/HA-Eu(2%)-Gd(1%)/P(MAA) sample has caused the
weakening of the cooperative upconversion mechanism, reducing the ratio 12/I1 from 3.08 to 1.92
compared to the MSN/HA-Eu(2%)-Gd(1%), which can be attributed to an energy loss involving the
vibrational states of the P(MAA). Nonetheless, this value 1.92 is still very higher (almost double) of
the value 1.00 observed for the HA-Eu(2%) sample, evidencing that the nonradiative multipolar
energy transfer between Eu3+ and Gd3+ ions is maintained very efficient.

3.8. Vibrant Sample Magnetometry (VSM)

The magnetization properties using vibration sample magnetometer (VSM) of the samples HA,
HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-Gd(1%) were evaluated and are shown in Figure 13. The
analysis was measurements were carried out at room temperature. Among the rare earth elements,
gadolinium Gd3* possess high magnetic moment due to isotropic electronic ground state 8572 and
half-filled f-orbital with seven electrons. This leads to large effects on both longitudinal and
transverse proton relaxivities of Gd* even at low applied magnetic fields [57].
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Figure 13. Magnetic properties obtained by magnetometry of vibrating sample, of undoped and Gd-
doped HA, HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-Gd(1%)samples.

The hysteresis loops of the samples, reveal that the presence of gadolinium alters the magnetic
behavior of materials [58]. It is possible to observe the diamagnetic signal (DM) of the pure HA
sample, while the samples with Gd doping, HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-Gd(1%),
showed a paramagnetic signal (PM). These results were also found in similar works [57,58]. For the
MSN/HA-Eu(2%)-Gd(1%) sample, the magnetization level Gd** decreased with the addition of silica
in the system. Considering the results obtained it is reasonable to assume that gadolinium-doped
materials have potential applications as contrast agents for MRI, besides being used simultaneously
as therapy functions [58].

3.9. Drug Loading and Releasing Results

In this study, we evaluated the incorporation and release of the antitumor drug doxorubicin in
the luminescent materials MSN/HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-Gd(1%)/P (MAA), using
UV-VIS spectroscopy. The incorporation efficiency of the antitumor drug doxorubicin in these
materials was esti mated. The results obtained were 71% for the MSN/HA-Eu(2%)-Gd(1%) sample
and 95% for the MSN/HA-Eu(2%)-Gd(1%) / P(MAA) ). It is possible to notice a higher incorporation
efficiency (E.L) of the luminescent hybrid when compared to the MSN/HA-Eu(2%)-Gd(1%) sample.
This behavior may be related to the cationic character presented by the doxorubicin molecule (pKa
8.6) which is different from the anionic character presented by the carboxylic group present in
methacrylic acid (pKa 5.5-6.0). In this sense, in incorporation conditions with pH around 7.0, these
characteristics favor the electrostatic interaction between DOX and the MAA hydrogel, leading to a
greater efficiency of drug incorporation [59].

Drug release assays were performed as a function of time for 168 h at two different pH's, 5 and
7 (Figure 14). This test is essential to evaluate the potential of this material for application in controlled
drug release, based on the difference in pH that exists between normal and tumor cells. The
MSN/HA-Eu(2%)-Gd(1%) sample showed a total release percentage of 22% at pH 5 and 16% at pH 7,
indicating that the difference in the medium does not affect significatively the release profile. In the
other hand, for the luminescent hybrid system MSN/HA-Eu(2% )- Gd(1%)/P(MAA), it is possible to
notice significant changes in the total DOX release values, 27% at pH 5 and 1.5% at pH 7. These results
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indicate that the release of DOX from MSN/HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-
Gd(1%)/P(MAA) materials is pH dependent. of the medium, being favored at pH 5. Despite this, a
greater responsiveness to the pH of the hybrid system is evident, as expected.
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Figure 14. Doxorubicin delivery from a MSN/HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-
Gd(1%)/P(MAA).sample at different pH’s.

Possibly, the greater amount of DOX released in the tests performed at pH 5 occurs due to the
protonation of the carboxyl groups present in the hydrogel, which results in lower electrostatic
interactions between it and the drug. At pH 7, smaller amounts of the drug were released and could
probably be related to the strong electrostatic interaction between the DOX molecules and the MAA
segments present in the hybrid materials [60]. On the other hand, it is observed that not all
incorporated material was released for the two studied samples. Possibly there may be the
intermolecular interactions between the materials and the drug occurs through.

The study of dynamic swelling and ionic gel equilibrium in fluids used in controlled drug
delivery studies are important to understand the diffusion process [61]. To perform the kinetic
studies, the data obtained were adjusted to the Korsmeyer-Peppas equation, represented by the
following expression [62-64].

Mt e

Mo ‘
where Mt corresponds to drug release at time t, Mo represents the amount of drug initially
incorporated into the material, and n is the release index, indicative of the mechanism of drug release,
and k is a kinetic constant characteristic of the drug-carrier system.

Peppas (1985) used the value of n to characterize the different release mechanisms, having
reached values of n = 0.5 for Fickian diffusion and values of n between 0.5 and 1.0, for mass transfer
according to a non-Fickian model. This model is generally used to analyze the release of polymeric
dosage forms, when the release mechanism is not well known or when more than one type of release
may be involved [65]. Table 5 presents the results of the release kinetics of the drug doxorubicin
obtained for the samples MSN/HA-Eu(2%)-Gd(1%) and MSN/HA-Eu(2%)-Gd(1%)/ P (MAA), as well
as the correlation coefficients (R?), used to assess the accuracy of the fit.

do0i:10.20944/preprints202305.1385.v1
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Table 5. Kinetic parameters calculated using the Ritger & Peppas model from data on the amount of
mass released in the tests performed.

. 2 release
Samples Region n k R mechanism
D 2.41 2.96 1 Super-Case II

MSN/HA-Eu(2%)-

Gd(1%)/DOX 1D 1.71 0.91 0.996 Super-Case II

(11) 0.46 3.50 0.984 Fickian diffusion
pH5 non-fickian
I 0.72 6.93 0.995
MSN/HA-Eu(2%) @ diffusion
Gd(1%)/P(MAA)/DOX I 0.47 9.02 0.991 Fickian diffusion
(11T) 0.22 13.2 0.999 Fickian diffusion
non-fickian

I 079 036 1

MSN/HA-Eu(2%)- diffusion
Gd(1%)/DOX non-fickian
pH7 (1) 0.96 0.37 0.972 diffusion
MSN/HA-Eu(2%) D 0.04 1.24 1 Fickian diffusion
Gd(1%)/P(MAA)/DOX (I 0.28 0.41 1 Fickian diffusion

The regressions that originated the release kinetics data are illustrated in Figure 15. Analyzing
the presented curves, it is possible to perceive different inclinations for all samples. Therefore, the
graphs were separated by regions and the values (R?) obtained for all samples were greater than 0.97,
indicating that the linear correlation coefficient was ideal.
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Figure 15. DOX release against time to the power 0.5 for MSN/HA-Eu(2%)-Gd(1%) and MSN/HA-
Eu(2%)-Gd(1%)/P(MAA) samples at different pH’'s.
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It can be inferred, for the hybrid system MSN/HA-Eu(2%)-Gd(1%)-P(MAA), that the release
model predominantly follows the Fickian diffusion, with n < 0.5 [66]. Note, for this system, that the
test conducted at pH 5 (region I), initially presented a release model that does not follow the Fickian
diffusion. This behavior may be related to the burst release, attributed to the desorption of
doxorubicin molecules located on the surface of the synthesized materials [32]. Sousa et al. observed
that the MCM-41-HA system showed a fast delivery rate during the first 2 hours of the test, releasing
about 18% of the incorporated model drug. After that, the system showed a slower rate, with a
cumulative release of approximately 45% after 160 h of testing [22].

Furthermore, when analyzing the drug release kinetics for the MSN/HA-Eu(2%)-Gd(1%)
nanocomposite, it is observed that for most of the test time, this system does not follow Fickian
diffusion. This result demonstrates a more uncontrolled release of the system that does not contain
the polymeric phase and reinforces the previously discussed theory that the hybrid system presents
a more controlled release of the drug. In addition, it is noted that the MSN/HA-Eu(2%)-
Gd(1%)/P(MAA) hybrid system has a higher rate of doxorubicin drug release than MSN/HA-Eu(2%)
- Gd(1 %) in pH 5, associated to the visibly greater kinetic constant K, that is related with the drug
release rate. In other words, this result shows that the presence of the polymer in the system affects
the release kinetics. The influence of the pH of the medium on the release kinetics is also observed,
corroborating what was previously discussed.

This result is in line with what was expected in this work, whose objective was to develop a
system capable of delivering antitumor drugs at a more acidic pH (tumor region), and not reaching
healthy cells, which have a more alkaline pH. This fact demonstrates that the system developed in
this work is promising for targeted delivery of antitumoral drug in a targeted and controlled manner
from responsive polymers.

The greater control of drug release by the MSN/HA-Eu(2%)-Gd(1%)/P(MAA) luminescent
hybrid system, when subjected to pH changes, may indicate that the material developed in this work
has the potential to targeted and controlled drug delivery. This release behavior is desirable for cancer
treatment, as most of the drug remains encapsulated in the nanocarrier during circulation and when
it reaches the acidic tumor tissue, the low pH triggers drug release.

4.Conclusions

In this study, it was demonstrated that a hybrid system composed of silica/hydroxyapatite
containing europium and gadolinium was synthesized and the polymerization process with
P(MAA), a pH sensitive polymer, was effective. The adequate combination of different
characterization techniques allowed us to show the main characteristics of the studied samples. The
evidence of the formation of an organic phase of the material was confirmed by the CHN and FTIR
techniques. The synthesis of the MSN/HA-Eu(2%)-Gd(1%) nanocomposite was also satisfactory since
the results obtained by XRD, FTIR, SEM and TEM characterized the obtained material. The
photoluminescence results demonstrated the luminescent potential of europium-doped systems.
Furthermore, an improvement in the luminescence of nanoparticles co-doped with europium and
gadolinium was observed, which can be explained by the transfer of energy from Gd3+ to Eu3+. The
potential of the synthesized materials for pH-responsive controlled drug release applications was
also confirmed by the doxorubicin drug incorporation and release assay. This test demonstrated that
the synthesized system presents a controlled release at pH 5, not releasing significantly at pH 7. This
result is satisfactory for drug delivery systems with emphasis on cancer treatment. In addition,
promising results for diagnostic imaging applications were observed using photoluminescence and
VSM techniques. These techniques confirmed the presence of the rare earth elements europium and
gadolinium and demonstrated that the synthesized materials have luminescent and magnetic
properties.
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