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ABSTRACT

Synthetic hydroxyapatite (HA) due to its high biocompatibility, anti-inflammatory properties, high stability, and a
flexible structure in combination with magnetic nanoparticles has the strong potential to be used in modern
medicine including tissue engineering, imaging, and drug delivery. Herein, a hydrothermal process was used to
prepare magnetite nanoparticles dispersed on the hydroxyapatite nanorods with cetyltrimethylammonium bro-
mide (CTAB) as a surfactant. Characterization study of the synthesized iron oxide-hydroxyapatite (I0-HA)
nanocomposite was performed by FT-IR spectroscopy, X-ray powder diffraction, energy dispersive X-Ray analysis
(EDX) for elemental mapping, transmission electron microscopy, and vibrating sample magnetometer. Then, the
biocompatibility of the synthesized nanocomposite studied by 3-(4,5-dimethylthiazol-2-yl) -2,5-diphenylte-
trazolium bromide (MTT) assay and hemocompatibility assay. Focus on this point, curcumin loaded I0-HA
(Cur@IO-HA) was developed for exploring the pH-sensitivity of the drug carrier and then evaluating its
cellular uptake. The in vitro efficacy of the synthesized nanocomposites as a magnetic resonance imaging (MRI)
contrast agent was also investigated. Our results showed that IO-HA nanocomposite is non-cytotoxic and
hemocompatible as well as a good pH-sensitive drug carrier and a favorable MRI T2 contrast agent. Comparing to
the free curcumin, Cur@IO-HA displayed a good cellular uptake. Taking into account the above issues, I0-HA

nanocomposite has the most potential for application as a theranostic MRI contrast agent.

1. Introduction

Magnetic nanoparticles (MNP) have been extensively regarded and
studied due to their various applications in medical fields such as gene/
drug delivery system [1], cancer hyperthermia therapy [2], imaging tu-
mors [3], normal and damaged tissues with MRI technique [4] and
intracellular imaging [5] (see Scheme 1).

Magnetic resonance imaging (MRI) is a non-invasive clinical imaging
technique. Studies have shown that the use of magnetic nanoparticles in
MRI provides better contrast of images and allows for imaging at the
cellular and molecular levels. MRI contrast in tissues is caused by dif-
ferences in proton density, spin-lattice relaxation time (T1), and spin-spin
relaxation time (T2). In most tissues, the intrinsic changes of T1 and T2
are small and are often used in clinical applications to enhance the
contrast between the target and surrounding tissues. Depending on
whether the contrast agent-induced shortening of relaxation time is
greater for T1 (longitudinal) or T2 (transverse) relaxation, MRI contrast
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agents are described as either “T1 agents” or “T2 agents” [6]. T1 contrast
agents were based on gadolinium and manganese, which increased the
signal in the nanoparticle aggregation regions, and these areas were seen
brighter than adjacent tissues in the image [7]. Whereas T2 contrast
agents are based on iron oxide nanoparticles and attenuate signal in-
tensity results in darker T2 weight images [8].

Although gadolinium chelates are widely used in their short circula-
tion time, poor tracking sensitivity and their toxicity have led to the
continuous development of iron oxide nanoparticles as contrast agents
[°1.

In recent years, the magnetite nanoparticles (Fe304) with a cubic
inverse spinel structure have been considered as a contrast agent for the
diagnosis and treatment of cancer disease. Until now, finding suitable
synthetic strategies with high reproducibility to have Fe3O4 nano-
particles with desirable size and tunable magnetic properties is a great
challenge [2]. On the other hand, to diminish the biofouling and intrinsic
aggregation of iron oxide nanoparticles due to the ubiquitous Van der
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Scheme 1. Synthetic Procedure of I0-HA nanocomposite.

Waals forces, it is necessary to modify the nanoparticle surface in bio-
logical conditions [10]. There are various methods to modify the surface
of Fe3O4 nanoparticles, including the use of ceramics, polymers, com-
posites, etc.

So far, extensive studies have been undertaken to fabricate nano-
scaled MRI contrast agents to be effective and efficient in clinical ther-
apies, especially hybrid magnetic nanocomposites [11,12].

Although many inorganic materials have been studied for this pur-
pose, hydroxyapatite (Cajg (PO4) ¢ (OH)2 or HA) is the most suitable
inorganic coating material [13]. Hydroxyapatite is a natural mineral
form of calcium apatite. The well-known characteristics of HA include
biocompatibility, = unique mechanical properties, bioactivity,
non-inflammatory properties, and excellent ability to form chemical
bonds with living bone tissue [14]. Since hydroxyapatite is a major
component of hard tissues such as teeth and bones, concerning its specific
features mentioned above, the applications of its different functioned
derivatives with various morphologies for use in various fields such as
medical diagnosis [15] and tissue engineering [16] are highly regarded
[17]. Hydroxyapatite, however, can be a favorable material as a drug
carrier for drug delivery purposes [18], since its excellent biocompati-
bility and pH-sensitive characteristics which can be degraded into cal-
cium and phosphorous elements under weakly acidic conditions [18,19].

Considering the above issues, the main objective of this study was to
prepare and characterize the nanocomposite of hydroxyapatite and iron
oxide by hydrothermal method and evaluate its potential as an MRI
contrast agent concerning its cytotoxic and hemolytic properties. Also,
the potential of this nanocomposite as a pH-sensitive drug carrier was
studied in vitro for curcumin delivery as a model drug. Curcumin as a
major component of the turmeric (Curcuma longa) plant that has anti-
cancer properties and some limitations such as low bioavailability,
poor solubility, rapid metabolism, rapid systemic elimination in the free
form [20]. In this study, the synthesized nanocomposite, [0-HA, was used
for curcumin delivery to overcome these limitations.

2. Experimental
2.1. Materials

Ferric chloride hexahydrate (FeCls-6H20), ferrous chloride tetrahy-
drate (FeCly-4H50), Calcium chloride dihydrate (CaCl,.2H,0), dia-
mmonium hydrogen phosphate ((NH4)2(HPOG)), Cetyl
trimethylammonium bromide (CTAB), ammonium hydroxide (NH4OH)
and the other regents all were purchased locally from Sigma-Aldrich
Chemicals and used as received.

2.2. Synthesis of magnetic hydroxyapatite (I0-HA)

The hydrothermal process was used for the synthesis of the magnetic
nanocomposite according to the previous report [20,21]. Typically, 0.01
M of (NH4)2, HPO4 and 0.1 M of CTAB was dissolved in distilled water at
room temperature with continuous stirring. Then, a solution of
CaClp.2H,0 (0.03 M) in distilled water was prepared. Further, the
CTAB-phosphate solution was added dropwise to the calcium chloride
solution and adjusts the pH to 10.5 by adding the ammonium hydroxide
(30%) with vigorous stirring for 60 min. Simultaneously, an aqueous
solution FeCly-4H50 and FeCl3-6H;0 with the molar ratio of 1:1.5 for

Fe" and Fe*' was prepared and the pH was adjusted 12 by ammonium
hydroxide (30%). Then the two prepared solutions were mixed and
stirred for 20 min. The final mixture further transferred to the
Teflon-lined stainless-steel autoclave and kept in an oven at 180 °C for 12
h. After cooling down to room temperature, the supernatant was
removed by centrifugation at 19000 rpm for 20 min followed by washing
the precipitate by ethanol and water several times. The final brown color
precipitate was dried at 70 °C under vacuum to obtain the IO-HA
nanocomposite.

2.3. Preparation of curcumin loaded I0-HA (Cur@IO-HA)

Curcumin was loaded on the I0-HA nanocomposite via a previously
reported method [22]. In detail, 20 mg of the nanoparticles were
dispersed in 10 ml of distilled water under stirring at 400 rpm. 4.0 mg of
curcumin was dissolved in 100 pL of acetone and added dropwise to the
suspension. The mixture was kept stirring (200 rpm) for 24 h at room
temperature. The resulting curcumin-loaded nanoparticles were
collected with an external magnet and washed with distilled water. To
determine the loading efficiency, 5.0 mg of curcumin-loaded particles
were suspended in 10 mL of ethanol. The samples were left shaking at
room temperature for 24 h and then placed on an external magnet to let
the nanoparticles to settle. Afterward, the upper liquid was separated by
using a pipette and its absorbance intensity was measured at a wave-
length of 427 nm by a UV-visible spectrometer.

2.4. Solid-state characterization

The samples were characterized by different analytical techniques.
Fourier transforms infrared (FT-IR) spectra were collected on an FT-IR
spectrometer (Bruker, Tensor 27, Biotage, Germany). The spectra were
recorded from 4000 to 400 cm™!. The crystalline structures were
analyzed by an X-ray powder diffractometer (Bruker, D8 ADVANCE,
Germany) using Cu Ka radiation (A = 1.54178 10\). The pattern was
recorded over 26 range from 10° to 70° with a step size of 0.0100°/s.
Vibrating sample magnetometer (VSM) was used to study the magnetic
properties of the synthesized nanocomposite at room temperature. The
size and morphology of the nanoparticles were investigated by trans-
mission—electron microscope (TEM, FEI Tecnai G20). The elemental
composition of the nanocomposite was analyzed by EDS spectroscopy
(TESCAN, MIRA III, Czechia). Quantitative results of cellular uptake of
the nanoparticles were obtained by a microplate reader (ELISA, Infinite
M200). The amount of drug-loaded on and released from the nano-
particles were determined spectrophotometrically at the wavelength of
420 nm (GENESYS™ 10S, Thermo Fisher Scientific, USA).

2.5. Curcumin release study

The release of curcumin from I0-HA nanocomposite was performed
in phosphate buffer saline (PBS) with different pH of 5.5 and 7.4 con-
taining 1% v/v tween 80. The whole system was shaken at 100 rpm and
37 °C in a shaker-incubator (SI-1000, Heidolph, Germany). Then, at a
specified interval (ie. 0.5, 1, 2, 4, 8, 24 h), 1ml of the solution was
removed for spectrophotometric measurement and the same amount of
buffer/tween was replaced. The amount of releasing curcumin was
measured using a UV spectrophotometer at 427 nm [23,24].
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2.6. Cellular uptake

MCF-7 cells were used for this study. First, cells were seeded in a 6-
well plate at a density of 3x 10° cells per each well using RPMI with
10% FBS (fetal bovine serum) as a cell culture medium. The cells were
incubated with 40 pgml ™! of free curcumin, 0.8 mg ml~! of Cur@IO-HA
nanoparticles, and I0-HA at 37 °C and %5 CO,, for 6 h. After incubation,
cells were washed with PBS and centrifuged for three minutes. Then the
supernatants were removed and washing the plates by PBS three times.
Finally, one ml methanol was added to the plates and kept shaking by the
vortex. After five minutes, the suspensions were centrifuged for five
minutes and the fluorescence intensity of the supernatants was read by
ELISA.

2.7. Blood compatibility evaluation

According to the previous report [25], first, the human red blood
cells (RBC) were separated from the serum by centrifuge and washed
three times with sterile PBS (pH 7.4). Then, 0.5 ml IO-HA nanoparticle
suspension in PBS (pH 7.4) with various concentrations of 0.25, 0.5
and 2.5 mg ml~! were added to 0.5 ml of diluted RBC in PBS (pH
7.4). For negative and positive controls, PBS (pH 7.4) and deionized
water were used, respectively. All the samples were shaken gently in a
shaker incubator at 37 °C for 4 h and then centrifuged at 4000 rpm
for 5 min. Finally, the absorbance of the supernatant was determined
at 540 nm. Hemolysis of red blood cells was calculated by the equa-
tion Eq. (1):

A, —A
:S n 1 1
7A><OO @

p n

H(%)

where H is the calculated hemolysis of red blood cells, A; is the absor-
bance of the sample and A, and A, is the absorbance of the positive and
negative control, respectively.

2.8. In vitro cytotoxicity assay

Methyl thiazolyl tetrazolium (MTT) assay was carried out to investi-
gate the Cytotoxicity of IO-HA, Cur@IO-HA, and free curcumin. A breast
cancer cell line (MCF-7) was used. Typically, cells were cultured in 96-
well plates at a density of 2.0x 10* cells per each well. The culture
media was RPMI with 10% FBS. After 24 h of incubation (T = 37 °C, CO,
%05), cells were treated with various concentrations of free curcumin,
Cur@IO-HA, and IO-HA and placed in the incubator for 48 and 72 h.
Afterward, the medium was removed and 20 pL MTT reagent (Smgml’l)
was added to each well. After 4 h of incubation, 100 pL. DMSO was added
to the wells to dissolve the produced formazan. The absorbance was read
by a microplate reader at 570 nm.

2.9. MRI relaxation properties measurements

MR relaxation properties were carried out using a 1.5 T clinical MRI
scanner (Siemens Medical Solutions, Erlangen, Germany). For in vitro
MRI measurement, suspensions of synthesized nanoparticles with con-
centrations ranged from 0.05 to 0.25 mM were prepared and placed in a
phantom for imaging. A spin-echo sequence was utilized for the mea-
surement of the T2 relaxation time of the samples. The T2 measurement
parameters were as follows: repetition time TR = 3000 ms, echo time TE
= 13.8-220.8 ms, and flip angle = 180°.

2.10. Image analysis

The data were processed and analyzed using software MIPAV from
the National Institutes of Health (NIH). T2 was calculated by fitting the
raw data with the equation Eq. (2):
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Figure 1. FT-IR spectrum of I0-HA nanocomposite.

TE
I =M, exp <—T> 2
2

where M is the extrapolated signal at TE = 0 and the I is signal measured
at each TE.

3. Result and discussion
3.1. Characterization

Figure 1 shows the FT-IR spectrum of the IO-HA nanocomposite. The
observed peaks at 440, 565, and 604 relate to the bending vibration of
phosphate groups (PO3") while the absorption bands at 961, 1043, and
1090 ecm™! correspond to the stretching vibrations of PO3". The bands at
3559 and 635 cm™! are assigned to the vibrations of OH groups at the
hydroxyapatite site. The peaks correspond to the HyO present in the
synthesized nanocomposite were appearing around 3397 and 1622
cm ™. These data demonstrate incorporation of Fe304 did not affect the
structure of hydroxyapatite during the synthesis process and is in good
accordance with the previous report [20,26].

X-ray diffraction (XRD) spectroscopy is helpful to determine the
phases and crystal structure of the IO-HA nanocomposite. As shown in
Figure 2. The characteristic peaks appeared in 31.94, 32.11, 32.94,
39.98, 46.68, 49.54 and 53.11 are assigned to (002), (211), (112), (300),
(202), (310), (222), (213) and (004) crystal planes of HA (JCPDS card:
No. 09-0432). Also, the crystal planes of Fe3O4 revealed at 30.23, 35,7,
43.43, 57.40, and 62.95 which correspond to (220), (311), (400), (511),
and (440) planes [27], respectively (JCPDS card: No. 89-0688). The re-
sults confirm that the crystalline structures of HA and Fe3O4 are

*311

——I0-HA
© HA
* Fe;0,4

Intensity (a.u)

26 (Degree)

Figure 2. XRD pattern of IO-HA nanocomposite.
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Figure 3. (A, B) TEM images of IO-HA nanocomposite and size distribution (C).

preserved in the final structure of the synthesized I0-HA nanocomposite
without any impurity phases. The average crystal size was 10.5 nm.
TEM images of the synthesized nanocomposite showed in Figure 3 (A,
B) that demonstrates the size of particles is in the range of 5-50 nm with
rod-like in shape for HA. The rod-like morphology of the IO-HA, which is
due to the hydroxyapatite part of the nanocomposite, as well as being
iron oxide nanoparticles as black dots on the surfaces of the hydroxy-
apatite nanorods are quite clear [28,29]. The sample preparation for TEM
observation may induce some aggregation of the magnetic particles
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Figure 7. Cell viability assay of MCF-7 cells incubated with different concen-
trations of Curcumin, I0-HA, and Cur@IO-HA nanocomposite after (A) 48 h and
(B) 72 h incubation.
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Figure 8. In vitro hemolysis assay of IO-HA nanocomposite with different
concentrations, using deionized water as positive control and PBS (pH 7.4) as
the negative control (n = 3).

during deposition on a grid, which is not unexpected due to the magnetic
nature of the nanoparticles [30].

Further, the EDS analysis of IO-HA in Figure 4 provides the elemental
composition of the synthesized nanocomposite consisting of iron (Fe),
oxygen (O), calcium (Ca) and phosphorus (P). The data again confirm the
presence of iron oxide and hydroxyapatite nanoparticles in the last IO-HA
nanocomposite [2].

The magnetic behavior of IO-HA nanocomposite was investigated by
the vibrating-sample magnetometer (VSM) with an applied magnetic
field of -10 to +10 KOe. As can be seen in Figure 5, IO-HA nanocomposite
has a saturation magnetization (Ms) of 22.2 emu/g with zero coercivity
(Hc) which shown superparamagnetic behavior. The result indicates that
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Figure 9. Cellular uptake of MCF-7 cells after 6 h incubation with free curcumin
and Cur@IO-HA.

despite the hydroxyapatite coating of Fe304 nanoparticles, the magnetic
properties of the synthesized nanocomposite is favorable [31]. The VSM
result shows that nanoparticles have adequate magnetic properties to
display a high enough magnetic response to direct the particles to a
specific location in the body.

3.2. Release study

The release of curcumin from the synthesized nanocomposite was
performed in phosphate buffer saline (PBS) with different pH values (pH
7.4 and 5.5) at 37 °C. The cumulative release (%) is given by the amount
of curcumin released in PBS solution as a function of time. Figure 6 shows
the controlled release profile of curcumin loaded I0-HA nanocomposite
(Cur@IO-HA). At pH = 7.4, drug release is slower than in acidic condi-
tions (Figure 6 A). The maximum release of curcumin occurred at pH 5.5
and after 72 h, the loaded drug was completely released, while in pH 7.4,
after 72 h about 42% of load curcumin was released and after 120 h, the
amount of cumulative release is about 55% (Figure 6 B). The reason for
the further release of the loaded curcumin at pH 5.5 is the degradation of
hydroxyapatite in this medium. In an acidic medium, hydroxyapatite
decomposes to its constituent ions, calcium, and phosphate, enhances the
release of the loaded drug at lower pH value. According to these data and
by considering the decomposition of the synthesized nanocomposite
structure to the acidic pH, it can be concluded that IO-HA has a potential
efficiency to be a pH-sensitive drug carrier.

3.3. Cytotoxicity assay with MTT

To investigate the usability of the prepared nanocomposite in the field
of medicine, the evaluation of toxicity and harmful effects on biological
systems is essential. For this purpose, MTT assay was performed to
evaluate the cytotoxicity of I0-HA and drug-carrier nanocomposite
(Cur@-I0-HA) comparing with the free curcumin on MCF7 breast can-
cer cell line in time intervals of 48 and 72 h with different concentrations.
As can be seen from Figure 7, even after 72 h of incubation, IO-HA
nanocomposite displayed about 70% cell viability even in the highest
concentration so it can be concluded that the observed toxicity of cur-
cumin loaded nanocomposite, Cur@IO-HA, caused by the released drug
from the nanoparticles.

3.4. Blood compatibility of IO-HA nanocomposite

The blood compatibility of the synthesized nanocomposite is a clear
criterion that could suggest it can be used in biomedical and pharma-
ceutical applications. The results of the hemolysis assay on I0-HA
nanocomposite at concentrations of 0.25, 0.5, and 2.5 mg/ml
compared to the positive and negative control sample are shown in
Figure 8. There is no significant red blood cell lysis after 4 h of incubation
with different concentrations of IO-HA at 37 °C, which can be concluded
that the synthesized magnetic nanocomposite is fully compatible with
red blood cells. By calculating the hemolysis percentage of red blood cells



M. Kermanian et al.

(A)

Fe (mM) 0.0

(B)

Heliyon 6 (2020) e04928

304 Y =90.13*X + 3.467

s
(]

1T

0.0 0.1
Fe (mM)

0.2

Figure 10. (A) T2-weighted MR phantom images of IO-HA nanocomposite. (B) The plot of R, against Fe concentration of I0-HA.

at different concentrations, it was found that the red blood cell lysis rate
was less than 3.0%, even at the highest concentration of the nano-
composite, again emphasizing the lack of red blood cell lysis in the range
of used concentrations.

3.5. Cellular uptake of I0-HA nanocomposite

For a nano-drug system to work, it must penetrate the target cell. It is
also important to increase the uptake of drug nanoparticles by cancerous
cells to treat the disease [3]. For this purpose, the cellular uptake of the
synthesized nanocomposite was studied and curcumin has been used as a
marker because of its fluorescence characteristic. As can be seen in
Figure 9, the cellular uptake of MCF-7 cells after 6 h of exposure to free
curcumin comparing Cur@IO-HA is very low. When MCF-7 cells exposed
to Cur@IO-HA, the fluorescence intensity rose definitely (>10-fold)
which confirms that the nano-drug had an acceptable cell entry
compared to the free.

3.6. In vitro MRI studies

To investigate the MR properties of the synthesized nanocomposite, in
vitro MRI measurements were carried out by a clinical 1.5 T MRI in-
strument with different concentrations ranging from 0.015 to 0. 25 mM
of Fe (determined by ICP-OES) prepared by dispersing I[O-HA samples in
agarose (%1). As shown in Figure 10 (A) increasing the concentration,
the T2-weighted MR images became darker, which indicates that I0-HA
nanocomposite potentially acts as an effective negative contrast agent.
This result can be attributed to increasing the spin-spin relaxation time of
water protons. The finding is confirmed by quantitative analysis of
relaxation rate (Ry) over Fe concentration that is plotted in Figure 10 (B).
The calculated relaxivity, r, is 90.13 + 7.7, which is significantly high
and implies that I0-HA nanocomposite can produce a T2 signal weak-
ening effect.

4. Conclusion

In this study, a magnetic hydroxyapatite nanocomposite, I0-HA, was
successfully prepared by the in-situ hydrothermal process prepared. The

TEM analysis confirms the I0-HA has a nanorod morphology. The sus-
tained release of loaded curcumin from the synthesized nanocomposite
reveals the excellent the maximum release was obtained due to the
degradation of the HA part of the nanocomposite in acidic media.

The more efficient cellular uptake of curcumin occurred when it was
loaded to IO-HA nanocomposite. The results show that I0-HA has a
suitable superparamagnetic property, making it favorable for magnetic
resonance imaging purposes and the results of the in vitro MRI study
confirmed it. Moreover, the synthesized nanocomposite caused no he-
molytic and cytotoxic effects indicating its excellent biocompatibility.
Therefore, I0-HA nanocomposite can be introduced as a theranostic T2-
MRI contrast agent, which of course requires further studies in the in vivo
condition.
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