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Abstract: High relaxivity of MRI contrast agents leads to considerable contrast enhancement in the
images and provides diagnostic accuracy. The purpose of the current study was to design a potential
MRI contrast agent with a high relaxivity and investigate its curcumin loading/release property. To
achieve this purpose, we synthesized the porous calcium phosphate coated iron oxide nanoparticles
using a facile method and determined the physicochemical characteristics, cell compatibility effect,
transverse relaxivity, and curcumin loading/release properties of the nanoparticles. The results indicated
the spherical nanoparticles with a size of 10-20 nm. The nanoparticles demonstrated a
superparamagnetic property and a high transverse relaxivity of 845.71 mM -1S-1. Although the porous
calcium phosphate coated iron oxide nanoparticles were highly cytocompatible, the curcumin loaded
nanoparticles showed a considerable effect on the bone marrow stem cells viability. In conclusion, the
porous calcium phosphate coated iron oxide nanoparticles have the potential to introduce as a negative
contrast agent of MRI with the ability of slow release of curcumin.
Keywords: transverse relaxivity; nanoparticles; iron oxide; porous calcium phosphate; anticancer
agent.
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1. Introduction
The Iron oxide nanoparticles have a wide range of biomedical applications, including
contrast-enhanced magnetic resonance imaging (MRI) [1], cancer treatment hyperthermia [2],
perfusion imaging [3], and anticancer drug delivery [4]. The nanoparticles have a
superparamagnetic property and enhance the contrast of MR images because of their capacity
to change relaxation times of water protons under high magnetic fields. Although iron oxide
nanoparticles affect both spin-lattice (T1) and spin-spin (T2) relaxation times, they appear as
low signal intensity dark regions on the images due to their higher effect on shortening of T2
relaxation time and producing susceptibility artifact [5,6]. Therefore, the nanoparticles are
considered as T2 or negative contrast agents of MRI. The capability of an MRI contrast material
to enhance the contrast of MR images is specified by the term “relaxivity” (r). Relaxivity
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demonstrates changes in 1/T1 or 1/T2 relaxation rates as a function of magnetic ion
concentration [7]. A higher relaxivity, a higher MRI contrast improvement. For iron oxide
nanoparticles, transverse relaxivity (r2) is higher than that of longitudinal relaxivity (r1),
indicating the property of a T2 contrast material of MRI. Iron oxide nanoparticles should be
surface modified by using biocompatible coatings to prevent their toxic effect, agglomeration,
and oxidation. Providing chemical stability and the possibility of binding anticancer drugs to
nanoparticles are other roles of coating materials [8-12].
Hydroxyapatite with calcium phosphate porous structure is an inorganic bioactive and
biocompatible material naturally found in bones and teeth [13,14]. Thanks to the biological,
chemical and physical properties, hydroxyapatite, its composites, and nanosized forms are
good candidates for various applications such as adsorbents for removal of water fluoride
[15,16], bone regeneration and bone tissue engineering [17-19], coating for dental implants
[20,21], and orbital implants [22].
Hydroxyapatite nanoparticles have been synthesized using various methods [23-26].
Each synthesis method has its own processing properties and can lead to a different
morphology [13]. Hydroxyapatite can be synthesized from natural [27-29] or chemical
[23,24,26] sources. Synthetic nano-hydroxyapatites are suitable for the coating of magnetic
ions due to their biocompatibility, stability, and non-inflammatory properties [30]. Magnetic
hydroxyapatite nanostructures have been used for different biomedical applications such as
magnetic hyperthermia, drug, gene, and protein delivery [31,32], and MR imaging [26, 33-35].
The potential application of magnetized hydroxyapatite nanocrystallites synthesized by
the wet-chemical precipitation method as a biodegradable MRI contrast material was
investigated by Wu et al. [33]. Other researchers synthesized Fe-modified calcium deficient
hydroxyapatite nanoparticles by ultrasonic-assisted precipitation method at low temperature.
They showed the magnetic property of the nanoparticles using vibrating sample magnetometry
and concluded that the nanoparticles could be used for MRI [34]. In another study,
Fe3O4@HAp core-shell nanoparticles were synthesized by a combination of the coprecipitation method with hydrothermal treatment at different temperatures. The researchers
investigated the magnetic properties of the nanoparticles for different amounts of HAp and
evaluated the dependence of the blocking temperature on the shell thickness by computer
simulation. In addition, they studied the MRI properties of the nanoparticles and showed their
capability as MRI contrast agents [26]. However, the r2 relaxivity of the nanostructures did not
investigate in any of these studies. In another study, magnetic hydroxyapatite nanocomposite
was synthesized using the hydrothermal method. They reported the r2 relaxivity of the
nanocomposite and investigated the MCF-7 cells uptake of the curcumin loaded composite
[35]. However, their nanocomposite was nanorod in shape, and the magnetite and
hydroxyapatite formed two separate phases. Since for in vivo applications, the spherical shape
of the nanostructures is an important factor for easy transfer of them in blood vessels; in the
present study, we aimed to synthesize the spherical shape porous hydroxyapatite-coated iron
oxide nanoparticles with a high r2 relaxivity for MRI and slow release of curcumin.
2. Materials and Methods
2.1. Nanoparticles synthesis.

NH4OH (25%) was added dropwise over 60 mins into the 30 ml aqueous solution of
FeCl2.4H2O and FeCl3.6H2O with a molar ratio of 2:1 using a pipe under constant mechanical
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stirrer (300 rpm) at 80°C and the final pH was 10. The solution was heated up to 90°C, and 0.1
M citric acid was added to it under N2 atmosphere; at last, the nanoparticles were washed with
deionized water. In order to synthesis hydroxyapatite-coated Fe3O4 nanoparticles, an aqueous
solution of Ca(NO3)2.4H2O and (NH4)2HPO4 at pH of 11 was prepared and gradually added to
50 ml suspension of as-synthesized iron oxide nanoparticles. After the appearance of milky
suspension, it was heated up to 90°C for 2 h under ultrasound and stayed overnight. The dark
brown particles were washed several times up to reach a pH of 7, then dried in a vacuum and
calcinated at 400°C for 3 h. The as-prepared hydroxyapatite-coated iron oxide nanoparticles
were named MHAp.
2.2. Physicochemical analysis tests.

X-ray diffraction (XRD) pattern was obtained by the usage of a Philips diffractometer.
Transmission electron microscopy (TEM) was carried out using a Zeiss LEO 912 Omega
device. Vibrating sample magnetometry (VSM) was conducted by a magnetometer model 7400
under -20000 ≤ H ≤ +20000 G field intensity at room temperature. The curve of the
magnetization versus applied magnetic field was plotted to investigate the magnetic property
of the nanoparticles.
2.3. MTT assay.

The cytotoxicity effect of the nanoparticles on bone marrow stem cells in passage 4 was
investigated by MTT cell proliferation test according to the following steps:
1)
Culturing the bone marrow stem cells in the plates with 96 wells (13×103 cells
for each well) with 200 μL of the culture media in each well at 37°C for 24 h;
2)
Division of the cells into four groups in triplicate: the control, MHAp
nanoparticles, curcumin and curcumin loaded nanoparticles;
3)
Elimination of the media and washing with a phosphate-buffered solution
(PBS);
4)
Measurement of the cellular proliferation by adding 50 μL of MTT (3-(4, 5dimetylthiazol- 2-yl)-2, 5-diphenyl- trazolium bromide) and 150 μL culture
medium to each well;
5)
Incubation of the cells at 37°C and 5% CO2 for 24 h;
6)
Elimination of the media;
7)
Adding 200 μL dimethyl sulfoxide and 25μL Sorenson buffer;
8)
Reading the absorbance using an ELISA plate reader at 570 nm wavelength;
2.4. MRI study.

A clinical MRI scanner (Siemens, AVANTO, Germany) with a magnetic field intensity
of 1.5 Tesla was used to prepare the T2-weighted images. The samples of the nanoparticles
with various concentrations of Fe ion in the agar matrix were put in the glass tubes and arranged
in a water-filled glass phantom. In addition, one glass tube was filled with agar as zero
concentration. A multi spin-echo sequence with 16 echo, TR: 3500 ms, and TE: 15-240 ms was
carried out to acquire the T2 images. The signal intensity of the samples was measured by a
DicomWorks (1.3.5) software, and the T2 graphs were plotted using MATLAB software
(R2016b version). The T2 relaxation times were extracted from the T2 curves and used for
plotting the r2 relaxivity graph.
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2.5. Curcumin loading and release.

Curcumin was loaded on the MHAp by a soaking procedure. Briefly, 200 mg of desired
nanoparticles were mixed with curcumin solution in ethanol (4 mg/mL) and stirred for at least
48 h at room temperature. Then, the solution was centrifuged and dried at 60 °C overnight. The
amount of curcumin on the nanoparticles was calculated considering the absorption of the
supernatant at λ = 418 nm by UV–visible spectrophotometer (Jenway 6305) using the following
formula:
Loading efficiency (%) = ((Total drug − Unloaded drug)/ Total drug) *100
For release investigation, 50 mg of the as-prepared curcumin loaded MHAp
nanoparticles were placed into a dialysis bag (cutoff 12 kDa) and put into 100 mL of phosphatebuffered saline (PBS) with pH of 7.4 under stirring at 37 °C. At the determined time intervals,
the drug concentration in the dialysate was investigated by UV–Vis spectroscopy at λ = 418
nm.
3. Results and Discussion
3.1. Physicochemical analysis tests.

Figure 1 shows the XRD pattern of MHAp nanoparticles with the peaks related to the
Fe3O4 and hydroxyapatite. The XRD analysis indicates the well-crystallized nanostructures.
The findings are in agreement with Yusoff et al. study [36].

Figure 1. XRD pattern of MHAp nanoparticles.

TEM image demonstrates the spherical shape and 10-20 nm size of the nanoparticles
(figure 2). The shape and size of the nanoparticles can provide easy transfer and long half-life
of them in the blood circulation.

Figure 2. TEM image of MHAp nanoparticles.
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Figure 3 illustrates the VSM results of the nanoparticles. According to the figure, there
is no remanent magnetization, coercivity, and hysteresis loop, indicating the
superparamagnetic behavior of the nanoparticles.

Figure 3. Magnetization curve of MHAp nanoparticles at room temperature.

3.2. MTT assay.

The results of the MTT assay for the control group, MHAp nanoparticles, curcumin,
and curcumin loaded MHAp are seen in figure 4. MHAp nanoparticles showed high cell
compatibility even more than the control group due to the biocompatibility of the
hydroxyapatite coating. The cytocompatibility of the MHAp nanoparticles was increased, with
the nanoparticles concentration increasing. The highest cell compatibility was obtained at the
highest concentration (0.4 mg/ml) of MHAp nanoparticles. Curcumin was cytocompatible at
the lowest concentration (0.05 mg/ml), and its compatibility was decreased with the
concentration increasing.

Figure 4. Bone marrow stem cells viability after 24 h incubation with various concentrations of MHAp
nanoparticles, curcumin, and curcumin loaded MHAp.
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This finding indicates that at a concentration lower than 0.05 mg/ml, the curcumin
amount is not adequate to show effective cell killing. The lowest cytocompatibility was seen
for curcumin loaded MHAp nanoparticles. For all concentrations, the cell compatibility of the
curcumin loaded MHAp nanoparticles was less than 80%. The cell-killing effect of curcumin
loaded MHAp was increased in a concentration-dependent manner. Although curcumin is an
anticancer agent, its effect on cell killing was less than curcumin loaded MHAp nanoparticles
because of its hydrophobic property. On the other hand, the loading of curcumin to MHAp
nanoparticles facilitates the access of the curcumin to the cells and enhances its cell-killing
effect. Comparing the cell viability of MHAp nanoparticles with curcumin loaded MHAp
shows considerable changes in the cytocompatibility of the nanoparticles, which converts
highly cytocompatible MHAp nanoparticles to an effective cell killer, curcumin loaded MHAp
nanoparticles. These findings also confirm the successful loading of the curcumin to MHAp
nanoparticles.
3.3. MRI.

Figure 5 shows a sample of the MR images of the nanoparticles with different
concentrations and related signal intensities. A significant decrease in the signal intensity of
the samples was seen as the concentration of the nanoparticles was increased. Assuming the
signal intensity at zero concentration is 100%, the value of the signal intensity dramatically
dropped to 61.10, 29.89, 20.03, and 8.42 % for the Fe concentrations of 0.014, 0.028, 0.042,
and 0.056 mM, respectively. This finding indicates a significant signal loss in the presence of
the MHAp nanoparticles, which is as high as 91.58 % for the highest concentration.

Figure 5. MR images of MHAp nanoparticles with different concentrations and related signal intensities.

Figure 6 illustrates the 1/T2 relaxation rate versus Fe3+ concentration graph with a high
relaxivity value of 845.71 mM-1S-1. Iron oxide particles as magnetic cores create local
inhomogeneities in the magnetic field. Although complete coverage of the iron oxide
nanoparticles is done by hydroxyapatite coating, the porous structure of hydroxyapatite
provides high access of the nanoparticles to the water protons. Therefore, the spin-spin
interactions are accelerated, leading to a strong shortening in the T2 relaxation time.
Consequently, a high r2 relaxivity has resulted, which indicates a high potential of the MHAp
nanoparticles to use as a negative contrast agent of MRI.
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Figure 6. Relaxivity graph of MHAp nanoparticles.

The r2 relaxivity of MHAp nanoparticles in this study is seven times higher than that
of the commercial T2 contrast agent of MRI, Endorem. In addition, it is much higher than that
of the poly(N-vinyl pyrrolidone) (PVP)-grafted magnetite nanoparticles [37], the Fe3O4
nanoparticles with the coating of dimercaptosuccinic acid (DMSA) [38], and Fe3O4@Au
nanoparticles [39]. Differences in the r2 relaxivity of these studies related to the differences in
the nanoparticles size, coating type, and thickness.
The spherical shape of the nanostructures is an important factor which provides easy
transfer of them in blood circulation. In our study, the MHAp nanoparticles had a spherical
shape, while in the Kermanian et al. study [35], the magnetic hydroxyapatite nanocomposite
showed a nanorod morphology due to using cetyltrimethylammonium bromide (CTAB) as a
surfactant. In addition, in their study, the magnetite and hydroxyapatite formed two separate
phases.
3.4. Curcumin loading and release.

The extent of curcumin loaded on the MHAp nanoparticles was determined to be 89.6%
after 48h. The release profiles of curcumin from curcumin loaded MHAp nanoparticles at pH
of 7.4 demonstrated that the maximum attainable amount of the drug release at pH of 7.4 was
about 68% and 81% of the loaded amount, which was achieved in 120 and 240 h, respectively.
4. Conclusions
In this study, porous calcium phosphate (hydroxyapatite) coated iron oxide
nanoparticles (MHAp) were synthesized successfully using a facile one-pot synthesis method.
The nanoparticles showed a spherical shape, 10-20 nm size, superparamagnetic property, and
high cell compatibility. These properties, along with the high transverse relaxivity of the
nanoparticles, make them an appropriate candidate for MR imaging purposes. The curcumin
loaded nanoparticles showed a considerable effect on the bone marrow stem cells viability in
MTT assay. The findings confirm the successful curcumin loading and potential of the
nanoparticles for the slow release of the anticancer agent. Therefore, the nanoparticles have the
potential to use as a negative contrast agent for MRI with suitable loading/release of curcumin.
Although this study was performed in vitro, according to the shape, size, MRI, and curcumin
loading/release characteristics of the nanoparticles, the nanostructure can be appropriate for
future in vivo studies in an animal model.
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