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We synthesized spinel ferrite nanoensembles (MnFe2O4, CoFe2O4, and Fe3O4) using the chemical co-precipitation method and characterized their physical, chemical, and magnetic properties by X-ray diffraction (XRD), transmission electron microscopy (TEM), physical properties measurement system (PPMS), Mössbauer spectroscopy, Fourier transform infrared spectroscopy (FTIR), dynamic light scattering (DLS) and Raman spectroscopy. Their relaxation properties and potential for hyperthermia therapy were determined using nuclear magnetic resonance (NMR) and cell viability assay, respectively. XRD and TEM data confirmed that the particle core sizes were 6–9 nm before coating while their sizes increased to 10–14 nm and 14–20 nm after coating with chitosan and polyethylene glycol (PEG), respectively. Mössbauer spectroscopy showed superparamagnetic behavior for MnFe2O4 nanoparticles and ferrimagnetic behavior for the CoFe2O4 and Fe3O4 nanoparticles. A detailed studies of MH loops of all three ferrites before and after coating showed surface functionalization by a large reduction of coercivity and anisotropy. The successful coating was further confirmed by the peak shifts in the FTIR spectra of the particles whereas Raman spectra of coated ferrites also displayed the characteristic absorption patterns and suppression of the ferrite peaks suggesting successful coating. The induced heating profile of the nanoparticles in stable suspension was tested with a radio frequency magnetic field of 76 mT and a frequency of 400 kHz. High mortality (>98%) of 9 L gliosarcoma cancer cells by hyperthermia suggested that these nanoparticles could be used for cancer therapy. Transverse relaxivities (r2) determined by NMR for chitosan-coated MnFe2O4, CoFe2O4, and Fe3O4 nanoparticles were 297 (±22), 353 (±26), and 345 (±13), mM−1S−1, while for PEG-coated nanoparticles are 165 (±22), 146 (±14), and 159 (±07) mM−1S−1, respectively. Overall these spinel ferrite nanoensembles show great promise for cancer theranostics research applications.
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INTRODUCTION
For the last decade, the nano ferrite-based contrast agents for biomedicine applications were extensively studied and these can transform both cancer diagnostics and therapeutics (Jordan et al., 1997; Fortin et al., 2007; Prasad et al., 2007; Zhou et al., 2007; Dobson 2008; Gazeau et al., 2008; McCArthy and Weissleder 2008; Lu et al., 2009; Tong et al., 2010; Tsai et al., 2010; Lee et al., 2011; Rümenapp et al., 2012; Pinter et al., 2016; Nguyen et al., 2018). For magnetic resonance imaging (MRI) contrast, the magnetic relaxation that consists of Néel and Brownian relaxation, and/or hysteresis effects, is directly related to their magnetic moments, their anisotropy, and particle size (Na et al., 2009). Therefore transverse relaxation time (T2) of these particles decreases with their increasing magnetic moment. A higher magnetic moment of nano-ensembles shortens relaxation time, which reduces the number of particles needed for an efficient contrast enhancement. Additionally, when exposed to an alternating magnetic field local temperature can be increased (i.e., hyperthermia) because higher magnetic moments coupled with controlled anisotropy of nano ferrites give rise to enhanced specific loss power (SLP) for induced heating. To enhance the potential of these ferrites in MRI contrast and thermal therapeutic applications, these nano ferrite-based contrast agents have to overcome the toxicity issues by applying surface coating (polymer, polysaccharide) and/or encapsulation (e.g., in lipids). The coating also improves the injectability, biocompatibility, and may also be exploited to achieve tissue-targeting (Sharifi et al., 2012; Issa et al., 2013).
The biocompatibility of any reagent is of utmost importance for biomedical applications. We would recall the limitations of gadolinium (Gd)-chelates as contrast agents which cannot be used for patients with kidney issues. However, the MRI relaxation times in muscle, fat, and tumor are sometimes very similar making tumor identification very difficult without any contrast agents. Ferrite nano-ensembles (MnFe2O4, CoFe2O4, and Fe3O4) show promising properties as Gd-based contrast agents. However, the toxicity of cobalt ferrite is higher than that of manganese ferrite and magnetite nanoparticles, but their higher magnetization and magnetocrystalline anisotropy provide enhanced induction heating efficacy and T2 relaxivity, and thus the required dose might be reduced considerably. An agent with higher efficacy at a low administered dose reduces the risk of agent-based toxicity issues further.
In this study, we synthesized MnFe2O4, CoFe2O4, and Fe3O4 nano-ensembles using the chemical co-precipitation method and coated them with chitosan and polyethylene glycol (PEG) to improve their solution stability and biocompatibility. Chitosan is biocompatible and biodegradable and has been utilized in many biomedical applications, while PEG coating has shown prolonged circulation of the nanoparticles (Abdelbary, 2011; Batra et al., 2012; Rosière et al., 2018; Vieira et al., 2018; Wang et al., 2018). The nanoparticles were subjected to structural characterization, their contrast-enhancing properties were demonstrated by measurement of T2 relaxivity, their induction heating efficacy by measuring specific loss power (SLP), and mortality effect on the 9 L gliosarcoma cancer cells.
MATERIALS AND METHODS
Ferrite nanoensembles (MnFe2O4, CoFe2O4, and Fe3O4) were synthesized by chemical co-precipitation method using a molar ratio in the stoichiometric range of (M])/(Fe) = 1:2 of manganese, cobalt, and iron salts (Hoque, et al., 2016a; Hoque et al., 2016b). The salts used in this study for the preparation of different ferrites are Mn(NO3)2.6H2O, CoCl2.4H2O, FeSO4.6H2O, and FeCl3. Sodium hydroxide (NaOH) and ammonium hydroxide (NH4OH) were used as the co-precipitating agent.
Sample Preparation
Manganese nitrate, cobalt chloride, and iron chloride salts were dissolved homogeneously in distilled water. 8 M of NaOH solution was then added dropwise into the salt solutions while continuously stirring at 500 rpm. An extra 6 M of NaOH for CoFe2O4 and NH4OH for MnFe2O4 was added to maintain the pH of the solution at pH 11 and allowed to react for 30–40 min. The manganese ferrite nanoparticles were heated at 60°C for 60 min, while cobalt ferrite nanoparticles were heated at 90°C for 60 min to complete their ferritization reaction. Fe3O4 was synthesized in a nitrogen environment at ambient temperature (i.e. without heating) to avoid oxidation of Fe3O4. In this case, FeSO4.6H2O and FeCl3 were mixed homogeneously in the required cation ratio, followed by the addition of 8 M of NH4OH dropwise to maintain a pH of 11. The ferritization reaction for the formation of Fe3O4 took place spontaneously at ambient temperature. The precipitate was collected through centrifugation at 8000 rpm for 15 min followed by rigorous washing through filtration. Complete extraction of solvent was confirmed by the AgNO3 test. An aqueous solution of chitosan (ALDRICH) with low molecular weight and Brookfield viscosity 20 cps was prepared by adding 0.4 gm of chitosan into a mixture of 40 ml water and the required amount of acetic acid solution. The aqueous solution of PEG 8000 was prepared by adding the required amount of PEG into the water. The dissolved chitosan and PEG were added to the solution containing the ferrite nanoparticles under bath sonication for homogeneous mixing. The pH was also maintained in the range of 9–11, with slow addition of NH4OH to conglomerate the chitosan dissolved in the solution Hong (Hong et al., 2010). An immediate change was observed after the addition of chitosan and PEG, which transformed detached particles into colloidal suspensions.
Measurements
X-ray diffraction (XRD) was carried out using a Rigaku Mo Kα radiation source, which determined grain size and lattice parameters of as-dried samples. XRD patterns of as-dried powder yielded broad diffused patterns near the maximum intensity peak of 311 of these ferrite nanoensembles. The XRD scan was carried out for a 2-theta angle range of 12.5–40° with a scan step size of 0.0167°. Transmission electron microscopy (TEM) was carried out using the TEM Model: Tecnai F-12, (Field Electron and Ion Company; FEI), the United States with an operating voltage of 120 kV. The samples for TEM analysis were prepared by drop drying a dilute dispersion of these nanoparticles on an electron transparent carbon-coated Cu grid. The field dependence magnetic properties of these samples were also performed using physical properties measurement system (PPMS) Model: D235; Dynacool by Quantum Design; United States. The Mӧssbauer spectra were recorded using the Mӧssbauer spectrometer of See Co. The spectra were recorded for 24 h using the samples in the powder form in the transmission geometry. A constant acceleration spectrometer operated in connection with a multi-channel analyzer in the time scale mode. The source was kept at room temperature and consists of approximately 20 mCi of Co57 diffused into rhodium or palladium foil. The spectrometer was calibrated against a metallic iron foil and zero velocity was taken as the centroid of its room temperature Mössbauer spectrum. After the characterizations of bare nanoparticles, the surface was modified by coating with chitosan and PEG. Various concentrations of the nanoparticles were prepared by serial dilution of a 20 mg/ml stock solution.
The crystalline nature and coating status were examined by Fourier transform infrared spectroscopy (FTIR) Model: L1600300 Spectrum TWO UTA, ETHERNET, 1 PerkinElmer; United Kingdom. 2 mg/ml concentration of nanoensembles in the cuboids was used for the measurement of hydrodynamic diameter and polydispersity index (PDI) using dynamic light scattering (DLS) Model: Nanoplus-1, Zeta/nano Particle Analyzer, United States. Raman spectroscopy was acquired using pellets with a Raman Spectrometer of Model: Monovista CRS+, S and I; Germany. For hyperthermia studies concentrations of 4, 2, and 1 mg/ml in three different Eppendorf tubes were used and the rise of temperature vs. time was measured using hyperthermia set-up Model: EASY Heat 5060LI, Ambrell Company, United States. The hyperthermia set-up consisted of an RF coil with 8 turns with diameter that produced an RF magnetic field of amplitude 76 mT and frequency of 400 kHz. To perform a necrosis study on 9 L cancer cells by magnetic particle hyperthermia, we first carried out cytotoxicity studies of the chitosan and PEG-coated nanoparticles on 9 L rat gliosarcoma cells by viability assay. 2×106 cells per condition were transferred in an Eppendorf tube by adding 2 mg/ml of chitosan and PEG-coated ferrite nanoensembles suspended in the PBS and incubated for 24 h at 37°C in a 5% CO2 incubator (Mode: NU-400-E; Nuaire; United States). The 9 L rat gliosarcoma cells were grown in DMEM supplemented with 10% FBS, 200 μg/ml penicillin, and 200 μg/ml streptomycin at 37°C in Petri dishes (Corning, NY, United States). The Petri dishes containing the cells with nanoparticles were kept in a 5% CO2 incubator to investigate the effect of magnetic particle hyperthermia on the cancer cells. After 80% confluence, cells were harvested and counted. 2×106 cells per condition were transferred in an Eppendorf tube and incubated with 2 mg/ml of ferrite nanoparticles (chitosan and PEG-coated) for twice the exposure time in the radiofrequency field. Then the cells were subjected to an AC magnetic field at 76 mT and frequency of 400 kHz for 30 min and the effects of hyperthermia on the cell viability were determined by inverted light microscope with camera hemocytometer of (Optika, Italy). The viability assay was carried out by the trypan blue exclusion test counting the number of trypan blue-positive (dead) and negative (alive). The first control C1 consisted of cells incubated in the DMEM media followed by the exposure to RF induction heating for 30 min in the absence of the nanoparticles, whereas the second control C2 consisted of cells treated with ferrite nanoparticles coated with chitosan and PEG at the concentration of 2 mg/ml under induction heating for the same period.
The solution of the ferrite nanoensembles coated with chitosan and PEG were prepared at five different concentrations for relaxivity studies. The transverse relaxation times T2 of water protons in the presence of biocompatible chitosan and PEG-coated ferrite nanoparticles at different concentrations were measured using nuclear magnetic resonance (NMR) (Bruker Avance Digital, 400 MHz, the field at 9.4 T). The Carr–Purcell–Meiboon–Gill pulse sequence was used for the measurement of T2. MRI images of the five phantoms at different concentrations were also acquired at 11.7 T using a Bruker Avance spectrometer and analyzed by MATLAB simulation software.
RESULTS AND DISCUSSION
X-Ray Diffraction
MnFe2O4, CoFe2O4, and Fe3O4 nano ferrites were successfully synthesized using the chemical co-precipitation method and characterized for their physical, chemical, and magnetic properties. XRD was used to provide structural information on the phases, grain size, and lattice parameters of the nanoparticles as shown in Figure 1. All Bragg reflections for MnFe2O4, CoFe2O4, and Fe3O4 indexed in the figures confirmed the formation of single-phase spinel ferrites. XRD patterns of all three ferrites yielded broad peaks suggesting that particles have nanometric dimensions. The average particle sizes were 10, 8, and 5 nm for MnFe2O4, CoFe2O4, and Fe3O4, respectively, estimated from the full-width-half-maxima (FWHM) of the maximum intensity peak (311) using Scherrer’s formula. The lattice parameters determined from the x-ray diffraction data using the Nelson-Riley method were 8.49, 8.33, and 8.20 Å for MnFe2O4, CoFe2O4, and Fe3O4 nanoparticles, respectively. Table 1 shows particle size (d), lattice parameter (a), X-ray density (ρx), specific surface area (S), hopping lengths for the tetrahedral (LA) and octahedral sites (LB) of MnFe2O4, CoFe2O4, and Fe3O4 spinel ferrites nanoparticles in as dried condition at room temperature determined using the formula reported earlier (Satalkar and Kane 2016). The hopping length or the distance between the magnetic ions of B-site is less than A-site because of the more magnetic ions in B-sites. The specific surface area (S) of Fe3O4 is the lowest of all three ferrites in the as-synthesized condition, which is extremely important for the catalytic activity.
[image: Figure 1]FIGURE 1 | X-ray diffraction patterns of (A) MnFe2O4(B) CoFe2O4 and (C) Fe3O4 ferrite nanoparticles in the as-dried condition at room temperature.
TABLE 1 | Particle size (d), lattice parameter (a), X-ray density (ρx), specific surface area (S), hopping lengths for the tetrahedral (LA) and octahedral sites (LB) of MnFe2O4, CoFe2O4, and Fe3O4 spinel ferrites nanoparticles in as-dried condition at room temperature.
[image: Table 1]Transmission Electron Microscopy
Figures 2A–C shows TEM micrographs of MnFe2O4, CoFe2O4, and Fe3O4 nanoparticles in the bare, chitosan, and PEG-coated dry state. The particles have a semi-spherical shape in the bare state with particle sizes about 9, 7, and 6 nm for MnFe2O4, CoFe2O4, and Fe3O4, respectively. The particle sizes after coating with chitosan and PEG are bigger, i.e., 14 and 20 nm for MnFe2O4, 12 and 16 nm for CoFe2O4, and 10 and 14 nm for Fe3O4, respectively. The particle sizes in the bare states are in agreement with the sizes determined from the XRD patterns. Figure 2D shows representative STEM EDS mapping images of chitosan-coated CoFe2O4 with HAADF image, which shows a single crystallite of 10 nm sizes. The red and green dots show the distribution of Co. and Fe. The even distribution of red and green dots exhibit compositional homogeneity.
[image: Figure 2]FIGURE 2 | TEM images of MnFe2O4, CoFe2O4, and Fe3O4 with for the (A) bare nanoparticles, (B) chitosan-coated, (C) PEG-coated nanoparticles, and (D) STEM EDS mapping of chitosan-coated CoFe2O4 nanoparticle.
Magnetic Properties
Figure 3A shows the M-H hysteresis loops of MnFe2O4, CoFe2O4, and Fe3O4 nanoparticles in the as-dried condition measure with a maximum applied field of 5 T at 5 and 300 K. Figure 3B shows the M-H hysteresis loops of all three ferrites in the chitosan-coated state and Figure 3C are the low field hysteresis loops of all three ferrites. The results indicate that the magnetization of MnFe2O4 and CoFe2O4 did not attain saturation magnetization with 5 T at 300 K although the magnetization is fairly saturated for Fe3O4. This shows that the non-collinear magnetization due to canted spin, which was recovered at 5 K. It is interesting to note that the spin-canting effect also reduced because of the chitosan-coating presented in Figure 3B and especially notable in Figure 3C of low field hysteresis. In Figure 3C, it is interesting to note that while the coercivity and the area of the loop reduced largely of CoFe2O4 and MnFe2O4, even for Fe3O4 the orientation of the M-H loops demonstrate that the spins become collinear in the coating condition. This is because with coating the agglomerations of the particles are reduced, which reduces magnetic domains and the average anisotropy of the particles is reduced. Table 2 presents the maximum magnetization (Mmax), remnant magnetization (Mr), and coercivity (Hc) extracted from the hysteresis loops at 5 and 300 K and the calculated values magnetic moment (nB) and anisotropy constants (K). Magnetocrystalline anisotropy (K1) of CoFe2O4 is 1.89 × 106 erg cm−3 which is higher than Fe3O4 (1.4 × 105 erg cm−3) and MnFe2O4 (3.3 × 104 erg cm−3). The higher values of K1 of cobalt ferrites generally give rise to the area in the hysteresis loop when the particle size is larger.
[image: Figure 3]FIGURE 3 | (A) M-H hysteresis loops for the compositions of MNFe2O4, COFe2O4, and Fc3O4 nanoparticles in the bare state at 5 and 300K, (B) uncoated and coated condition with chitosan and (C) The low field region of H-M hysteresis loops presented in (B).
TABLE 2 | Maximum magnetization (Mmax), remnant magnetization (Mr), coercivity (Hc), average anisotropy (K), and magnetic moment (nB) of MnFe2O4, CoFe2O4, and Fe3O4 spinel ferrites nanoparticles in the uncoated condition at 5 and 300 K, and in the coated condition at 300 K.
[image: Table 2]Mӧssbauer Spectroscopy
The Mӧssbauer spectra of MnFe2O4, CoFe2O4, and Fe3O4 nanoparticles in the as-dried condition and bare state without the application of magnetic field and temperature are shown in Figure 4. The curve of MnFe2O4 in Figure 4A reveals a mixed contribution of ferrimagnetic and superparamagnetic phases. There is a central doublet subspectrum, which represents the contribution of the superparamagnetic phase. The spectrum also contains a sextet sub-spectrum that represents ferrimagnetic phases. In Figure 4B, the spectrum of CoFe2O4 exhibits a sextet pattern and confirms the ferrimagnetic nature of the sample. Considering the contribution of three sub-species, theoretical and experimental data matched perfectly. Two sub-species exhibit sextet patterns that indicate ferrimagnetic contribution only. There is a small volume fraction of superparamagnetic phase represented by a small doublet pattern. The spectrum of Fe3O4 in Figure 4C represents a sextet pattern, and the subspectra that fitted the experimental data to the theoretical one, are also sextet that demonstrates only ferrimagnetic contributions. Two of the subspecies are sextets representing ferromagnetic contributions due to Fe3+ and the other sextet represents the contribution of Fe2+. The various electronic and magnetic contributions represented by the hyperfine parameters such as chemical shift, quadrupole splitting, internal magnetic field, along with the relative areas are indicated in Table 3. Cation distributions cannot be determined because of the presence of doublets that represent superparamagnetic phases and do not take part in the long range ordering.
[image: Figure 4]FIGURE 4 | Mossbauer spectra at room temperature of (A) MnFe2O4, (B) CoFe2O4 and (C) Fe3O4 nanoparticle in the as-dried condition.
TABLE 3 | Hyperfine parameters, isomer Shift (δ), quadruple splitting (ΔEq), internal hyperfine magnetic field (Hint), and area under the curve of subspecies from the model fitting of experimental data of Mössbauer spectroscopy for MnFe2O4, CoFe2O4 and Fe3O4 ferrite nanoparticles in the as-dried condition at room temperature.
[image: Table 3]Fourier Transform Infra-red Spectroscopy
The FTIR spectra of chitosan and the MnFe2O4, CoFe2O4, and Fe3O4 nanoparticles in their bare state and when coated with chitosan are shown in Figure 5. In the bare states, the bands around 400 and 600 cm−1 are stretching modes with the metal in octahedral and tetrahedral sites which is a common feature of spinel ferrites (Cannas et al., 2008). In the chitosan-coated nanoparticles, the octahedral and tetrahedral absorption peaks around 400 and 600 cm−1 either disappeared or decreased in intensity suggesting successful coating with chitosan. In the chitosan-coated nanoparticles, other peak positions are due to the vibrational mode of C-O-C, CH3, NH2, and CH2 are at 1070, 1450, 1620, and 2930 cm−1, respectively. The absorptions at 1450 and 1620 cm−1 are due to the presence of -CH3 in the amide and NH2 in the amino group of chitosan. The broad peaks in the 3200–3500 cm−1 region are due to the stretching vibration of the O–H group and residual H2O present in chitosan. Similar absorption peaks are present for chitosan-coated samples and suggest sufficient surface coating with chitosan. FTIR spectra of pure chitosan in this study are similar to those obtained by Kolhe and Kannan (Kolhe and Kannan 2003).
[image: Figure 5]FIGURE 5 | FTIR spectra of chitosan, chitosan-coated, and uncoated (A) MnFe2O4, (B) CoFe2O4 and (C) Fe3O4 nanoparticles.
Dynamic Light Scattering
The hydrodynamic diameter of the nanoparticle is a critical parameter in biomedical applications as it determines the injectability, biodistribution, and clearance of hyperthermia or MRI agents (Yamauchi et al., 2007; Driscoll, 2007). Figures 6A–C show the hydrodynamic diameter and polydispersity index (PDI) of chitosan and PEG-coated MnFe2O4, CoFe2O4, and Fe3O4 nanoparticles at the concentration of 2 mg/ml and room temperatures. The hydrodynamic diameter and polydispersity index of chitosan and PEG-coated samples are presented in Table 4. These results reveal information about the diameter of the inorganic core along with the attached dragging fluid while the coated nanoparticle is in the Brownian motion (Maaz et al., 2009). Only inorganic core information can be obtained during the estimation of grain size using XRD and TEM in the absence of the hydration layer. For optimization of in-vivo transportation of nanoparticles and their performance for biological applications, the measurement of hydrodynamic diameter is crucial, and this value should be below 250 nm (Hoque et al., 2016c). The polydispersity index (PDI) is another important parameter for drug delivery applications using lipid-based carriers, where a PDI range below 0.300 is acceptable (Danaei et al., 2018). The average hydrodynamic diameter of the chitosan and PEG-coated MnFe2O4 ferrite nanoparticles are 130 and 172 nm, and their PDIs are 0.303 and 0.207, respectively, whereas the average hydrodynamic diameter of the chitosan and PEG-coated CoFe2O4 ferrite nanoparticles are 156 and 187 nm, and their PDIs are 0.349 and 0.237, respectively. The average hydrodynamic diameter of the chitosan and PEG-coated Fe3O4 ferrite nanoparticles are 110 and 118 nm, with PDIs of 0.248 and 0.224 respectively. The hydrodynamic diameter and polydispersity index values of all samples presented in Figure 6 and Table 4 suggests that these particles are suitable for biomedical applications. For all the samples, it appears that the PEG-coated nanoparticles have larger diameters, suggesting that the sphere of hydration is larger in PEG coating than in chitosan coating. The sizes of the dry particles (from TEM) are comparable for both the chitosan and PEG-coated nanoparticles. In the dry state, the increases in particle size upon coating ranged from 2 to 5 nm.
[image: Figure 6]FIGURE 6 | Hydrodynamic diameter, polydispersity index, and Zeta potential of chitosan-coated (A) MnFe2O4, (B) CoFe2O4 and (C) Fe3O4 nanoparticles as determined by DLS.
TABLE 4 | Data extracted from DLS, hyperthermia, and NMR studies of MnFe2O4, CoFe2O4, and Fe3O4 ferrite nanoparticles coated with chitosan, PEG are presented.
[image: Table 4]Raman Spectroscopy
Raman spectroscopy of bare and chitosan-coated MnFe2O4 (a), CoFe2O4 (b) Fe3O4 (c) are presented in Figure 7. Raman spectra of the bare and coated MnFe2O4 showed a peak at 625 and 642 cm−1. For the CoFe2O4 nanoparticles, peaks were observed at 457, 628 cm−1 for the bare samples, and 465 cm−1 for the coated sample. The 628 cm−1 peaks were severely suppressed upon coating. The bare Fe3O4 nanoparticles also showed peaks 485 and 662 cm−1 which were suppressed upon coating. All peaks of these samples confirmed their spinel structure. Peaks at 473 and 564 cm−1 represent 3T2g mode. This mode represents the antisymmetric bending of an oxygen atom in metal-oxygen ions at an octahedral sublattice. The peak at 300 cm−1 represents the symmetric bending of oxygen modes Eg in metal-oxygen ions at octahedral sublattice. The peaks at 619 and 689 cm−1 represents A1g modes that are related to the motion of oxygen around metal ions at the tetrahedral sites. Since chitosan is characterized by very high absorption, the intensities of the coated peaks are weaker compared to their bare counterparts.
[image: Figure 7]FIGURE 7 | Raman spectra of bare (black) and chitosan-coated (red) MnFe2O4(A) CoFe2O4(B) and Fe3O4(C) nanoparticles.
Hyperthermia Measurements
Figure 8 shows the induction heating properties of chitosan-coated MnFe2O4, CoFe2O4, and Fe3O4 nano ferrite solutions. Sample temperatures increased with exposure time and concentration of the nanoparticles. The maximum temperature and the specific loss power (SLP) determined from Figure 8 are listed in Table 4. We observe that the maximum temperature attained by the chitosan-coated MnFe2O4 nanoparticles of concentrations 4, 2, and 1 mg/ml are 48, 43, and 39°C, respectively, whereas the maximum temperatures attained by the CoFe2O4 solutions of concentrations 4, 2, and 1 mg/ml are 71, 53 and 48°C, respectively. The chitosan-coated Fe3O4 solutions at those same concentrations rose to 54, 49, and 40°C, respectively. The temperature range of 42–46°C is mostly suitable for hyperthermia applications. The linear fitting graph of chitosan-coated MnFe2O4, CoFe2O4, and Fe3O4 at different concentrations with temperatures is presented in Figure 8D. The results show a relationship between the maximum temperatures and the nanoparticle concentrations, suggesting that the desired heating profile may be tuned by adjusting the concentration of the nanoparticles.
[image: Figure 8]FIGURE 8 | Time dependence of temperature rise of particles at a concentration of 1, 2, and 4 mg/ml in water for different compositions coated with chitosan (A) MnFe2O4(B) CoFe2O4(C) Fe3O4(D) linear fitting graphs of concentration dependence of temperature rise of particles for different compositions coated with chitosan by using the radio frequency field of 400 kHz and 76 mT for 60 min.
The time dependence of temperature graphs of PEG-coated MnFe2O4, CoFe2O4, and Fe3O4 nano ferrites with different concentrations are shown in Figures 9A–C, respectively. The results indicate that CoFe2O4 samples at 4, 2, and 1 mg/ml concentrations attained the maximum temperatures of 60, 52, 43°C, respectively. MnFe2O4 and Fe3O4 attained the maximum temperatures of 74, 54, and 39°C and 51, 42, and 38°C, respectively, at the same concentrations. The linear dependence of the maximum temperature with the concentrations of PEG-coated MnFe2O4, CoFe2O4, and Fe3O4 is shown in Figure 9D and demonstrates that the heat can be tuned by adjusting the concentration of the nano ferrites.
[image: Figure 9]FIGURE 9 | Time dependence of temperature rise of particles at a concentration of 1, 2, and 4 mg/ml in water for different compositions coated with PEG (A) MnFe2O4(B) CoFe2O4(C) Fe3O4(D) linear fitting graphs of concentration dependence of temperature rise of particles for different compositions coated with PEG by using a radio frequency (RF) field of 400 kHz and 76 mT for 60 min.
SLP decreased with increasing the temperature and concentration of the nanoparticle suspensions. The SLP refers to the amount of heat generated by the particles per unit volume of suspension per unit time and is an important factor affecting the hyperthermia effects. The results are shown in Table 4 and Figure 10 suggest that the samples in the present study are suitable for hyperthermia applications in cancer therapy.
[image: Figure 10]FIGURE 10 | Necrosis of 9 L tumor cells induced by 30 min of rf induction heating for chitosan (gray bars) and PEG-coated (blue bars) Fe3O4, MnFe2O4, and CoFe2O4 nanoparticles. The concentration for all samples was 2 mg/ml in PBS (H = 76 mT and f = 400 kHz). Control cells were exposed to rf heating without particles (just PBS).
Figure 10 shows the mortality of 9 L gliosarcoma cells caused by induction heating in the presence of chitosan and PEG-coated nanoensembles as evaluated by the cell viability assay along with the control cells dispersed in the media. In this study, the concentration of the nanoparticles was 2 mg/ml in PBS while the field amplitude (H) was 76 mT and the frequency (f) was 400 kHz. The temperature of the pure water or PBS rose by only 2°C (i.e. from 24 to 26°C). It was found that after 24 h of incubation with the nanoparticle concentration of 2 mg/ml, cells were viable at both chitosan and PEG-coated compositions of MnFe2O4; CoFe2O4, and Fe3O4 with membrane and shape integrity similar to the cells in the control group. The cells remained unaffected during induction heating at this RF field without nanoparticles (control). The mortality of the cancer cells are presented in Table 4. The high mortality of cancer cells nearly (98, 99, and 97%) showed by chitosan-coated MnFe2O4, CoFe2O4, and Fe3O4 ferrite nanoparticles, respectively were higher than those of the PEG-coated MnFe2O4, CoFe2O4 and Fe3O4 ferrite nanoparticles (60, 93, and 04%). The cells were polarized at the center of the Eppendorf tubes where the intensity of the RF magnetic field generated by the induction coil was maximum. When the tubes were withdrawn from the magnetic field, the cells redispersed in the media. This suggests that the nanoparticles were attached to or taken up by the cells. A detailed study on the cellular uptake of the nanoparticles by the cancer cells will be carried out in the future.
Nuclear Magnetic Resonance and Magnetic Resonance Imaging
The relaxation rates of ferrite nanoensembles coated with chitosan and PEG were measured at various nanoparticle concentrations and times. Concentration dependence of T2 relaxation rates of ferrite nanoensembles has been measured by MRI (Figure 11). Each of these figures shows the transverse R2 relaxation rates (R2 = 1/T2) for samples with different biocompatible coating materials using five different concentrations from 0.11 to 0.55 mM. The linear relationship between R2 relaxation rates and concentration suggests that these nano ferrites could be utilized as MRI contrast agents. The transverse relaxivity r2 was determined from the slope of the linear fit. The relaxivities r2 of chitosan-coated MnFe2O4, CoFe2O4, and Fe3O4 ferrite nanoensembles were 297 (±22), 353 (±26), and 345 (±13) mM−1s−1, respectively, while those of the PEG-coated counterparts were 165 (±22), 146 (±14) and 159 (±07) mM−1s−1, respectively (Table 4). While comparing the r2 values of nanoensembles with different coating materials, we observed that the r2 value of CoFe2O4 is higher than Fe3O4 and possesses higher magnetization than that of Fe3O4 (Joshi et al., 2009). For all three ferrite nanoensambles, the r2 of the chitosan-coated nanoparticles was consistently higher than those of the PEG-coated nanoparticles. This could be explained in part by the smaller hydrodynamic diameters of the chitosan-coated nanoparticles relative to their PEG-coated counterparts as r2 depends on the coating element, particle size, and shape (Na et al., 2009). Smaller particles move faster and interact with more water protons leading to higher dephasing of the magnetic field as a result of which relaxivity increases (Hong et al., 2010).
[image: Figure 11]FIGURE 11 | NMR relaxivity profiles and concentration dependence of relaxation rate (1/T2 = R2) of nanoparticles with coating agents chitosan and PEG for (A) MnFe2O4(B) CoFe2O4 and (C) Fe3O4 ferrite nanoparticles.
In vitro MRI imaging was carried out with chitosan-coated nanoensembles with different concentrations in small glass tubes of 5 mm diameter. Figure 12 shows T2 weighted images were acquired using a spin-echo sequence, while T2* images were acquired using a gradient echo sequence and analyzed by MATLAB. The concentrations of the nanoparticles used in this experiment are in the range of 0.01 to 0.05 mg/ml. MRI images indicate a significant difference in R2 relaxation rates in each tube. The phantom images in Figure 12 shows that the relaxation of all three ferrites are quite high, CoFe2O4 being the highest.
[image: Figure 12]FIGURE 12 | In vitro MR images of water phantoms containing chitosan coated (A) CoFe2O4, (B) Fe3O4 and (C) MnFe2O4 spinel ferrites of inside the five tubes at different concentration demonstrating contrast for each composition with respect to water (in each image 1 to 5 represents lowers to higher concentration) with T2 weighted spin-echo image and R2 and R2* mapping are pressented.
CONCLUSION
In summary, spinel ferrite nanoensembles were prepared by the chemical co-precipitation method. We determined that all samples have dimensions in the nanometer range and single-phase cubic spinel structure. We also concluded that MnFe2O4 is superparamagnetic while CoFe2O4 and Fe3O4 nanoparticles are ferromagnetic. Higher relaxivity values r2 were obtained for all compositions, and the induction heating efficacy of these samples indicate possible use for hyperthermia applications. Besides, this work demonstrates that biocompatible chitosan and PEG-coated nanoparticles can be used also as potential MRI contrast agents although the relaxivity values are half for PEG-coated samples than the chitosan-coated samples. We determined also that although chitosan-coated all three ferrites are equally efficient to cause the mortality of the cancer cells, the PEG-coated MnFe2O4 and CoFe2O4 ferrite nanoparticles are more efficient for cell death while Fe3O4 could not play a role to destroy the cancer cells. Finally, spinel ferrite nanoensembles are more promising as both hyperthermia and MRI contrast agents while coating plays an important role in determining the efficiencies of them.
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In the table, hydrodynamic diameter (HyJ), polydispersity index (PDJ) obtained from the DLS measurements are presented, Maximum saturation temperature (T,nq,) attained by the chitosan
and PEG-coated nanoparticies, specific loss power (SLP), and cell deaths of 9 L gliosarcoma cancer cells in hyperthermia studies and the relaxivities (rz) extracted from the NMR studies
are presented.





