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Abstract

:

Magnetic resonance imaging is one of the most widely used diagnostic techniques, since it is non-invasive and provides high spatial resolution. Contrast agents (CAs) are usually required to improve the contrast capability. CAs can be classified as T1 (or positive) or T2 (or negative) contrast agents. Nowadays, gadolinium chelates (which generate T1 contrast) are the most used in clinical settings. However, the use of these chelates presents some drawbacks associated with their toxicity. Iron oxide magnetic nanoparticles (MNPs) have been extensively investigated as CA for MRI, especially for their capacity to generate negative contrast. The need for more efficient and safer contrast agents has focused investigations on the development of dual CAs, i.e., CAs that can generate both positive and negative contrast with a single administration. In this sense, nanotechnology appears as an attractive tool to achieve this goal. Nanoparticles can be modified not only to improve the contrast ability of the current CAs but also to enhance their biocompatibility, resolving toxicity issues. With the aim of contributing to the field of development of dual T1/T2 contrast agents for MRI, here, we present the obtained results of the synthesis of hybrid nanoparticles composed of magnetite/maghemite and gadolinium hydroxide. Exhaustive characterization work was conducted in order to understand how the hybrid nanoparticles were formed. The nanoparticles were extensively characterized through FTIR and UV–Vis spectroscopy, TEM and SEM microscopy, X-ray diffraction (XRD) analysis, dynamic light scattering, zeta potential, thermogravimetric analysis, energy-dispersive X-ray and vibrating-sample magnetometry. Stabilization studies were carried out to get an idea of the behavior of nanohybrids in physiological media. Special interest was given to the evaluation of Gd3+ leaching. It was found that carbohydrate coating as well as the adsorption of proteins on the surface may improve the stabilization of hybrid nanoparticles.
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1. Introduction


Magnetic resonance imaging (MRI) is a powerful diagnostic technique, which is characterized by being non-invasive, radiation-free, with a high penetration depth and spatial resolution [1]. Usually, contrast agents (CA) are required to improve the efficiency of the technique. CAs are classified into T1, or positive, and T2, or negative, contrast agents. The former provide brilliant images from the region they are delivered to, while T2 agents provide dark images from the accumulation region [2].



Currently, T1 agents based on gadolinium chelates are the most widely used. However, their use presents some drawbacks associated with their toxicity. For example, they cannot be administrated to patients with chronic renal disease because of the risk of nephrogenic systemic fibrosis [3]. The deposition of gadolinium in the brain and bones even in patients with normal renal function has been reported. There are concerns about the potential harms of this long-term accumulation [4]. Moreover, gadolinium chelates have low relaxivity (just a few percent of the theoretical potential), so relatively high doses are required to achieve satisfactory contrast [5]. In recent years, the development of gadolinium nanoparticles, especially gadolinium oxide, as CA for MRI has attracted great attention. Nanotechnology emerged as an important tool to improve the stability and biocompatibility of Gd-based CAs. Moreover, higher image contrast can be obtained, since Gd nanoparticles can accumulate in the target tissue, unlike the chelates [6]. Dai MD and co-workers evaluated the in vivo performance of pegylated Gd2O3 nanoparticles and the commercial Gd chelate Magnevist. The authors reported that the nanoparticles showed better contrast enhancement in tumors as well as less effect on hepatic and renal function when comparing their performance with Magnevist [7].



On the other hand, magnetic iron oxide nanoparticles (MNPs) have been extensively studied as contrast agents for MRI [8,9,10]. MNPs can provide negative contrast, and some formulations have been used in clinical settings, although most of them have been withdrawn from the market [11]. However, their non-toxic and biodegradable nature makes them attractive alternatives to the currently available CAs. Both gadolinium-based CAs and magnetic iron oxide are mostly used in only one diagnosis mode (T1 or T2) [12]. The need for more efficient and safer contrast agents has focused investigations on the development of dual CAs. By combining both modalities in a single contrast agent, highly accurate diagnostic information could be obtained. The brilliant or dark images that T1 and T2 CAs provide can also stem from endogenous factors, such as fat or blood clots, making the identification of the signal coming from the contrast agents difficult. Dual T1–T2 CAs could overcome this limitation by providing complementary information in both imaging modalities, allowing a self-confirmation of the signals from the CA [13]. In this context, several dual nanoparticles have been synthesized. For example, Duan et al. prepared a carbon-encapsulated magnetite, which was posteriorly modified with MnO2. Manganese can provide T1 contrast. In this way, the authors obtained a pH-activable T1–T2* dual CA. A simultaneous enhancement in both T1 and T2* contrast in vivo was detected, improving the differentiation between normal and tumoral tissues [14]. More recently, Bao and co-workers prepared nanorings of magnetite coated with PEI and modified them with gadolinium oxide. This nanosystem not only showed the capacity to act as a dual CA but also demonstrated antitumor effects through hyperthermia treatment [15].



After a survey of the literature, a few contributions were detected concerning the design of nanosystems composed of a magnetic iron oxide and a gadolinium compound. Hence, a lack of rigorous knowledge was detected regarding the synthetic pathways and properties of these kinds of nanosystems. This article is devoted to contributing to this field by proposing the synthesis of a couple of bi-component nanosystems composed of a magnetic iron oxide and gadolinium hydroxide. To this end, a hydrothermal method was used for the synthesis of the iron oxide–PEG formulation (MNPs-PEG) and also to induce Gd coupling. In this way, a nanosystem of MNPs-Gd(OH)3 was formed. Moreover, Gd(OH)3 nanoparticles were synthesized for comparative ends, following the same procedure. Previous articles demonstrated that gadolinium hydroxide nanorods have excellent paramagnetic properties and generate better T1 contrast than the Gd–DTPA complex [16]. The administration of Gd(OH)3 nanorods to mice did not show overt toxicity, validating the use of them in long-term in vivo imaging [17].



Since the leaching of Gd3+ could be responsible for the toxicity ascribed to actual Gd-based CA, a strategy to minimize the risk of gadolinium release was devised. Mannose coating was implemented, and stability assays in terms of Gd3+ release in simulating physiological media were carried out. The results reported here correspond to the first steps related to the design of dual CAs for MRI, where a rigorous study and understanding of the synthetic pathways, mechanisms and properties of hybrid nanosystems are required for the later validation of their ability as CA in MRI assays, as performed in our previous works [18].




2. Materials and Methods


2.1. Materials


All reagents were of analytical grade and used without further purification. Ferric chloride hexahydrate was purchased from Tetrahedron (Argentina). Ferrous sulphate heptahydrate was provided by Mallinckradt Chemical Works (USA). Polyethylene glycol (PEG 6000) was acquired from Biopack (Argentina). Gadolinium nitrate hexahydrate and mannose were purchased from Sigma Aldrich (USA). Sodium hydroxide was provided by Cicarelli (Argentina). Fetal bovine serum was acquired from Internegocios S.A (Argentina). A standard solution of gadolinium 1000 ppm was provided by Carlo Erba.




2.2. Methods


2.2.1. Synthesis of Mag@PEG


Magnetic nanoparticles were synthesized by the hydrothermal method. PEG 6000 (0.5965 g) was dissolved in 30 mL of distilled water. Afterward, iron salts were added to the solution (0.6687 g of Fe3+ salt and 0.3607 g of Fe2+). After 10 min of stirring at room temperature, a solution of NaOH 5M was added until the pH reached a value higher than 10. The reaction mixture was placed into a Teflon-lined autoclave and kept in an oven at 160 °C for 9 h. Then, it was allowed to cool to room temperature. The nanoparticles were decanted over a neodymium magnet, and the supernatant was removed. Nanoparticles were washed with distilled water until the pH and conductivity reached values close to those of distilled water.




2.2.2. Synthesis of Gd(OH)3 Nps


Gadolinium nitrate hexahydrate (0.1180 g) was dissolved in 50 mL of distilled water. The solution was stirred for 1 h at 25 °C, and then, a solution of NaOH 5M was added. The reaction mixture was stirred for another hour and then placed into a Teflon-lined autoclave. The mixture was kept in the oven at 160 °C for 20 h and then cooled to room temperature. Nanoparticles were centrifuged and washed with distilled water until the pH and conductivity reached levels roughly comparable with those corresponding to distilled water.




2.2.3. Synthesis of Mag@Gd(OH)3


An amount of Mag@PEG (83 mg) was dispersed in 50 mL of distilled water under sonication. Then, the dispersion was magnetically stirred, and 117 mg of Gd(OH)3 was added in one portion. The reaction mixture was stirred at 25 °C for 1 h. Afterward, a solution of NaOH 5M was added until the resulting pH was higher than 10. Subsequently, the mixture was placed in a Teflon-lined autoclave and heated at 160 °C for 20 h. The purification process was performed exactly as for Mag@PEG.




2.2.4. Influence of the Biological Media: Interaction with Proteins


Mag@Gd(OH)3 was dispersed in 5 mL of buffer phosphate (PBS) under sonication. Then, 40 mL of fetal bovine serum (FBS) was added, and the mixture was kept at 37 °C for 1 h. It has been reported that this time is enough to form a stable protein corona around nanoparticles [19]. The nanoparticles were magnetically decanted and washed, as explained before in Section 2.2.1.




2.2.5. Mannose Coating Procedure: Mag@Gd(OH)3@Man


An amount of Mag@Gd(OH)3 (52.7 mg) was dissolved in 40 mL of distilled water under sonication for 30 min. Then, 0.66 mL of a 20% mannose solution was added. The reaction mixture was stirred at room temperature for 19 h. Afterward, the nanoparticles were washed with distilled water, as indicated in Section 2.2.1.




2.2.6. Stability Assays


The stability assay was carried out with Mag@Gd(OH)3 and Mag@Gd(OH)3@Man. Amounts of these nanosystems were dispersed in 50 mL of PBS. The reaction mixture was magnetically stirred for 24 h at 37 °C. At certain times, the mixture was placed on a neodymium magnet, and aliquots were taken and analyzed under UV–Vis spectroscopy. Finally, the nanoparticles were washed and dried.





2.3. Characterization Methods


Fourier transform spectroscopy (FTIR) spectra were recorded in a Thermos Scientific Nicolet iS50 in the frequency range of 400–4000 cm−1 using the KBr pellet method. Transmission electron microscopy (TEM, JEOL 100 CX II, Tokyo, Japan) operating at 100 KeV and a resolution of 2 nm was used to determine the size and morphology of the particles. Samples were dissolved in water, placed on 200 mesh Cu grids and dried to room temperature. Morphology was also studied by scanning electron microscopy (SEM) using a LEO EVO 40 XVP scanning electron microscope, with a secondary electron detector. The observation was made at 10 KV. With an Oxford X-max 50 energy-dispersive X-ray microanalysis system (EDS) attached to the microscope, a microanalysis of elemental chemical composition of a defined area of the sample was performed. The energy-dispersive microanalysis system allows the identification of elements from Lithium (Z = 3). Its detection limit is 0.1% by weight for elements with an atomic number greater than aluminum and 0.5% by weight for light elements. An Argon plasma metallizer Sputter coater 91000, PELCO brand, Model 3. Ted Pella Inc. was used to metallize the samples with Au.



UV–Vis spectroscopic measurements were carried out using a spectrophotometer (Shimadzu 160 Japan).



The X-ray diffraction (XRD) pattern of the nanoparticles was recorded in a PANalytical Empyrean 3 diffractometer with a Ni filtered CuKα radiation, a graphite monochromator (in the case of samples containing iron) and a PIXcel3D detector. It was operated at a voltage of 45 kV and a current of 40 mA, in the 2ϴ range from 10° to 80°, using a continuous scanning mode with an angular scanning speed of 0.016° min−1.



Thermogravimetric analysis (TG) was performed using TA Q600 equipment. Samples were weighted (between 20 and 30 mg) and heated at room temperature up to 800 °C at a rate of about 10 °C/min under an air atmosphere.



The iron content was measured by atomic absorption spectroscopy using GBC Avanta 932 equipment. Gadolinium content was determined by inductively coupled plasma atomic emission spectrometer (ICP) Shimadzu Sequential 1000 S (λ 342.24 nm), according to the EPA standard 200.7. An external calibration methodology was performed with a standard solution of gadolinium 1000 pm (Carlo Erba) and ultra-purified nitric acid.



Data on the hydrodynamic diameter and Z potential (ζ) were acquired using a Malvern Zetasizer (Nano-Zs90). Samples were dispersed in distilled water and sonicated between 30 to 60 min before performing the acquisition.



The magnetization cycles of the samples were measured at room temperature with a Lakeshore 7404 VSM at an oscillation frequency of 82 Hz and amplitude of 5 mm. The airgap was set at 20 mm, and the applied field was varied at ±1.9 T.





3. Results


3.1. Synthesis of Hybrid Nanosystems


In order to obtain a hybrid iron-oxide–gadolinium nanosystem, the iron oxide core was first prepared using PEG as a stabilizer. Black iron oxide nanoparticles were obtained after hydrothermal treatment. The yield obtained was almost 53.9% of the expected mass. These nanoparticles were used as a nanoplatform base for the subsequent treatment with gadolinium nitrate. A further hydrothermal treatment was performed, yielding a brown precipitate identified as Mag@Gd(OH)3. The yield of the hybrid nanoparticles was almost 36.5% of the theoretical mass. The same experiment was carried out without the addition of Mag@PEG, as described in the Materials and Methods section. In this case, Gd(OH)3 Nps were obtained after heating in an oven. The percentage of nanoparticles obtained was 65.8% with respect to the theoretical mass.




3.2. Characterization of Raw and Hybrid Nanosystems Mag@Gd(OH)3


The three synthesized nanosystems were fully characterized in order to elucidate the kinds of interactions between the magnetic phase and Gd in the hybrid nanosystem Mag@Gd(OH)3.



	
Crystalline Pattern by XRD






Figure 1 shows the diffractogram of the three nanosystems. For Mag@PEG, the characteristic diffraction peaks of magnetite/maghemite iron oxides were observed. The typical crystalline pattern is compatible with the presence of signals at 2θ = 30.1°, 35.4° and 62.6°, which are associated with the planes (220), (311) and (440), respectively. On the other hand, it was found that for gadolinium nanoparticles, the diffractions peaks matched with those corresponding to Gd(OH)3. The most important peaks are found at 2θ = 16.2°, 28.2° and 29.5°, which correspond to the (100), (110) and (101) planes of the hexagonal phase, respectively [20]. Finally, the diffractogram of Mag@Gd(OH)3 shows peaks related to the above-mentioned crystalline pattern, i.e., magnetite/maghemite and Gd(OH)3. It is worth mentioning that in the case of Mag@PEG and Mag@Gd(OH)3, the XRD data are not sufficient to discern whether the magnetic phase is maghemite or magnetite. Hence, it is correct to refer to it as the magnetic iron oxide phase.



The Scherrer equation allows the calculation of the crystal size, taking into account the width of the dominant peak. In the case of Mag@PEG, the crystal core is 20 nm. For Mag@Gd(OH)3, the main peak seems to be 2θ = 35.5°, corresponding to the magnetic iron oxide, so the size of the crystal core can be estimated as 23 nm.



	
FTIR and UV–Vis Spectroscopy






Figure 2a shows the FTIR spectra of the synthesized hybrid nanoparticles as well as the raw nanoparticles. For Mag@PEG, the characteristic peaks associated with the stretching vibration of the Fe–O bond at 582 cm−1 can be seen. On the other hand, the bands associated with the polymer assigned to methyl and methylene groups are barely distinguished at 2919 and 2852 cm−1.



In the FTIR spectrum of Gd(OH)3 NPs, the stretching and bending bands associated with the Gd–OH bond at 3612 and 714 cm−1 (a sharp band), respectively, are clearly distinguished [20]. The small adsorption band at 1635 cm−1 could be attributable to the molecules of H2O physically adsorbed on the surface [21]. The FTIR spectrum of Mag@Gd(OH)3 shows the bands of Gd-OH at 3612 and 706 cm−1 as well as the band of the Fe-O vibration at 564 cm−1. Moreover, a new band at 636 cm−1 appears. This band reveals the presence of maghemite [22], which is possible as a consequence of the oxidation of magnetite during the second hydrothermal treatment. Based on these data, it can be said that the presence of maghemite is more important in Mag@Gd(OH)3 than in Mag@PEG.



UV–Vis spectroscopy also allows the identification of the gadolinium phase in Mag@Gd(OH)3 by comparison with the UV characterization of Gd(OH)3 (Figure 2b). A small sharp peak at 213 and 206 nm for Gd(OH)3 NPs and Mag@Gd(OH)3, respectively, reveals the presence of gadolinium hydroxide [23].



	
Transmission Electron Microscopy (TEM) and Scanning Electron Microscope (SEM)






TEM micrographs show the morphology and size of the nanoparticles (Figure 3). In the case of Mag@PEG, the observed morphology is predominantly cubic, with a size of about 23.5 nm. This size is correlated with the one calculated from the Scherrer equation. For Gd(OH)3 NPs, the transmission electron microscopy reveals that they are actually nanorods in shape. In this case, the length and the width of the nanorods were determined, with an average value of 54 nm for the width and an average of 310 nm for the length. The micrograph of Mag@Gd(OH)3 shows a heterogeneous morphology combining cubic and rod particles.



The first impression could be that the nanohybrid system was a mixture of Mag@PEG and Gd(OH)3 Nps instead of hybrid nanoparticles. To determine whether Mag@Gd(OH)3 was formed by hybrid nanoparticles or not, a physical mixture of Mag@PEG and Gd(OH)3 was prepared by mixing them in a mortar. Then, both, Mag@Gd(OH)3 and the physical mixture were analyzed by SEM microscopy. Figure 4 shows that the morphological differences between the two samples are considerable. As the differences in SEM images are remarkable, it could be concluded that Mag@Gd(OH)3 is a hybrid system, where the gadolinium phase is interacting with the magnetic iron oxide.



	
Hydrodynamic Diameter






The chemical and physical properties of the nanoparticles are strongly linked to their size and size distribution. The smaller they are, the more exposed their surface is [24]. This means that the size of nanoparticles restricts their applications, especially in the field of nanomedicine. Nanoparticles intended for biomedical purposes should have a hydrodynamic diameter between 10 and 300 nm, and they have to be monodisperse [25]. The size distribution population of a given sample is represented by the polydispersity index (PDI). For monodisperse nanoparticles, the PDI values are found between 0.01 and up to 0.7. Higher values indicate a broad size distribution [26]. Table 1 shows the size and size distributions for the three nanosystems measured in water at a nanoparticle concentration of 0.1 mg/mL.



All samples are monodisperse, according to the PDI values, which are lower than 0.7 for the three. A slight increase in HD was seen in Mag@Gd(OH)3 compared with Mag@PEG. Moreover, the nanohybrid system shows a high negative zeta potential. The numerous OH− groups around Mag@Gd(OH)3 could be responsible for this value [21].



	
Energy-Dispersive X-ray (SEM-EDS)






The energy-dispersive X-ray (EDX) enables the chemical characterization of a sample. The elemental mapping (which shows the chemical distribution) and line scanning (a chemical analysis along a horizontal line) of Mag@Gd(OH)3 reveal that the sample is composed of iron, gadolinium and oxygen. Figure 5 shows the spectra of Mag@Gd(OH)3. Gold is present because it is used as a metallizer to make the sample conductive. Similarly, the detection of significant amounts of carbon could arise from the glue of the aluminum single-side tape, which is used in the sample holder. Figure 5 shows a general spectrum of hybrid nanoparticles.



Iron is found in a higher proportion than gadolinium, which means that iron oxide is the predominant phase in hybrid nanoparticles. Figure 6a shows the elemental mapping, where the distribution of the different elements, i.e., Fe, Gd and O, can be seen. It is observed that Fe and Gd are homogeneously distributed all along the analyzed clusters. It is worth mentioning that segregated fractions of pure gadolinium hydroxide or iron oxide are not observed in the analized region. To further support these data, the same sample was evaluated with a line scan (Figure 6b). The intensity of the signal can be directly related to the amount of each element in the analyzed region. It is observed that the intensity of iron and oxygen increased on the center of the NPs cluster. On the other hand, gadolinium seems not to follow the same tendency, and its intensity appears to be slightly more pronounced on the edge of the cluster.



	
Thermogravimetric Analysis






The sample’s composition was also evaluated through thermogravimetric analysis. Figure 7 shows the TG and DSC curves of the raw and hybrid materials. The TG curve of Mag@PEG shows an initial weight loss between room temperature and 175 °C, which is related to surface water desorption. It has been reported that magnetite experiences an exothermic process with mass gain between 100 and 190 °C due to the oxidation of Fe3O4 to γ-Fe2O3. However, the endothermic process due to water desorption, which occurs before this transformation, may overlap it [22]. The weight loss that takes place between 180 and 470 °C may be related to the decomposition of PEG [27]. This fraction corresponds to 2.88% of the total weight. Finally, the DSC curve shows an exothermic process at 602 °C. This process takes place without mass change and can be associated with the oxidation of γ-Fe2O3 to σ-Fe2O3 [28].



The DSC/TG curves of Gd(OH)3 Nps show a gradual weight loss between room temperature and 230 °C, which corresponds to surface water desorption. Gadolinium hydroxide dehydrates to gadolinium oxide. This transformation is observed as a two-step process [29]. First, Gd(OH)3 reacts to GdOOH. This transformation occurs between 300 and 350 °C, with an endothermic peak at 340 °C. The mass loss of this step is 7.85%. In the second step, the intermediate GdOOH dehydrates to Gd2O3. This process occurs between 350 and 430 °C, with an endothermic peak at 469 °C. The mass loss of the last step represents 4.07%.



The TG/DSC curves of Mag@Gd(OH)3 clearly show the endothermic weight changes associated with the oxidation of Gd(OH)3 to Gd2O3 but shifting to lower temperatures (321 and 447 °C). In this case, the exothermic transition from maghemite to hematite is not observed. The reason may be due to a protective effect of the gadolinium phase present and the possible interactions generated between them.



	
Magnetic Measurements






Figure 8 shows the magnetization curves of Mag@PEG and Mag@Gd(OH)3. Both samples present superparamagnetic behavior, and negligible coercivity is observed. Mag@PEG shows a saturation magnetization value of 58.9 emu/g, while Mag@Gd(OH)3 shows a value of 41.1 emu/g. As FTIR clearly detects the presence of maghemite, part of the reduction in the saturation magnetization of Mag@Gd(OH)3 could be attributable to the possibly higher presence of this iron oxide than in Mag@PEG, as well as to the presence of gadolinium hydroxide, since the value is lower than the one reported for bare maghemite (80 emu/g) [30]. Gd(OH)3 shows the expected paramagnetic behavior.



The magnetic size determined for Mag@PEG and Mag@Gd(OH)3 was 10 and 11 nm, respectively. These values were obtained by fitting the magnetization curves with the Langevin model, assuming a lognormal distribution of spherical particles. The sizes are lower than those estimated by TEM and the Scherrer equation, which can be considered the real sizes, since it is assumed that there is a magnetically “dead” layer due to the surface magnetic disorder of the particle. For that reason, the magnetic response depends mainly on the ordered atomic moments of the nanoparticle. This behavior has been studied and reported by Muskas et al. [31].




3.3. Influence of the Biological Media: Study on Protein Corona Formation


It is well known that once the nanoparticles ingress into the in vivo environment, they make contact with biological fluids, proteins (and other biomolecules), which rapidly cover the nanoparticles’ surface, modifying their physicochemical properties (i.e., size, surface charge, size distribution, etc.) [32].



The influence of these media on surface functionality was mainly analyzed. Therefore, FTIR spectroscopy was assayed and demonstrated the incorporation of proteins on the surface of Mag@Gd(OH)3. The presence of the amide group is noticeable (Figure 9a). An increase in the intensity and shift of the signal at 1646 cm−1 of amide band I is observed, associated with the carbonyl function. Amide band II, related mostly to plane bending of N-H, appears around 1540 cm−1. After the treatment with FBS, a band at 1072 assigned to the vibrations of C-COO is detected [33]. Moreover, the region corresponding with the stretching vibrations of O-H is much wider and slightly shifted with respect to the one found in the spectra of the raw hybrid nanoparticles. The bands around 3600 and 700 cm−1, corresponding to the vibration of Gd bonded with O-H, are lower in intensity. This may be a consequence of the presence of proteins interacting with the surface of the nanoparticles, masking the signal of gadolinium hydroxide.



The hydrodynamic diameter was also evaluated after the hybrid nanosystems’ incubation in FBS. Protein-modified nanoparticles were dispersed in water under the same conditions as the unmodified ones. It was observed that the particle size increased for Mag@Gd(OH)3 from 264 to 400 nm, which can be considered an indicator of the formation of a protein corona around the nanoparticle. The HD of protein-modified Mag@Gd(OH)3 was measured four months later, and it was found that its value remained almost unaltered, which indicated the high stabilization achieved after protein absorption.




3.4. Surface Modification of Hybrid Mag@Gd(OH)3: Mannose Coating


To increase the hybrid nanosystem’s stability in terms of Gd leaching, a further treatment was implemented using mannose as coating. This monosaccharide was chosen, since it was extensively reported that the mannose receptor is overexpressed in different kinds of tumors and in activated macrophages, being involved in the inflammatory process [34].



The incorporation of mannose was achieved following a simple methodology described in the Materials and Methods section. FTIR confirmed the presence of sugar on the surface of the nanoparticles (Figure 9b). The characteristic peaks of C-H at 2900, C-O at 1384–1200 and C-O-C at 1040 are detectable [35].



The HD of the mannose-coated nanoparticles was 386 nm, slightly higher than the uncoated nanoparticles. The increase could be associated with the formation of a mannose coating. A dramatic change in the zeta potential was registered, since it turned positive (+14.5 mV). This may be explained in terms of the pka of mannose, which is 12.1 [36]. Since a determination of the zeta potential was made at pH 6.25, mannose remained protonated. The positive zeta potential in sugar-modified nanoparticles was previously reported [37]. On the basis of the characterization results, a successful mannose surface incorporation can be demonstrated.



Figure S1 (Supplementary Material) shows a TEM image of Mag@Gd@Man. In this micrograph, the presence of iron oxide magnetic nanoparticles attached to the surface of gadolinium hydroxide rods is clearly visible. This image reinforces the idea of the formation of a nanohybrid system composed of iron and gadolinium. The presence of some agglomerates of iron oxide nanoparticles is likewise detectable.



Stability Assays


Stability assays were performed for Mag@Gd(OH)3 and Mag@Gd(OH)3@Man with the aim of determining whether the hybrid nanoparticles could be stable in a medium simulating the physiological environment. Stability was evaluated in terms of the possible leaching of Gd species. Moreover, the intention was to define the role of mannose in such a stabilization process. UV–Vis spectroscopy data demonstrated that Gd3+ was released from Mag@Gd(OH)3. Moreover, the concentration of Gd3+ increased in a time-dependent manner. Figure S2 (Supplementary Material) shows the UV spectra from aliquots taken at 1, 3, 5 and 24 h.



A different behavior was observed when Mag@Gd(OH)3@Man was studied, since the leaching of the gadolinium ion seemed to be insignificant. Figure S2 shows the UV spectra obtained from aliquots taken at 1, 6 and 24 h. As expected, the presence of mannose seemed to confer more stability to the nanohybrid particulates, since the concentration of leached Gd remained almost constant over the assay period.



To corroborate the stabilizing effect of mannose, the concentration of Gd in the solid remanent nanohybrids was measured by ICP before and after the stability assay. The recorded data are listed in Table 2 and correlate well with the data arising from supernatants measured by UV–visible spectroscopy. These data reinforce the function of mannose as a barrier to prevent Gd3+ release. The analysis was complemented by the FTIR analysis of solid nanohybrids, which was consistent with the UV–visible and ICP data (data not shown are included in Supplementary Material, Figure S3).



The lower initial amount of Gd(OH)3 in Mag@Gd(OH)3@Man than in Mag@Gd(OH)3 (17.9 and 40%, respectively) may be explained in terms of the presence of an extra component in the total sample mass (mannose).






4. Discussion


As stated earlier, efficient and safer CAs for MRI are considered a necessity for improving the diagnosis. The design of nanotechnological devices as feasible tools is a challenging field of research. They should meet the physicochemical requirements for in vivo administration, including acceptable stability during the period of time circulating in the bloodstream [38]. A further requirement is added concerning the possibility of combining two moieties (gadolinium and iron oxide) able to confer a dual CA character.



Here, the synthesis of hybrid nanoparticles involved the use of previously formed pegylated iron oxide nanoparticles. Polyethylenglicol was chosen because of its hydrophilicity and biocompatibility [39]. From the characterization of Mag@PEG, it can be concluded that the percentage of the polymer present is quite low (around 3%), which is in agreement with previous reports [40].



According to the characterization data of Mag@Gd(OH)3, the interactions apparently occurred at the surface level, involving the amphoteric iron oxide surface and Gd hydroxyl moieties. Even when the interactions remained restricted at the surface level, they were well characterized and verified by data arising from SEM-EDS. Moreover, the data from HD and Z potential reinforced the idea of Gd surface interactions because of the changes noticed with respect to the raw nanosystems.



The information regarding these kinds of nanohybrid materials is limited in the available literature, including the patents. A recent article reported the preparation of hybrid nanoparticles obtained after the modification of iron oxide with gadolinium. The authors obtained a nanocomposite composed of magnetic iron oxide agglomerates surrounded by gadolinium oxide in a core–shell structure [41]. Although the method of synthesis proposed in the mentioned work is quite similar to the one employed in this work, a substantial difference is noted in the final step. While Shabanzadeh-Kouyakhi et al. annealed the sample at 300 °C after the addition of gadolinium salt, in the present work, the mixture of Mag@PEG with gadolinium was placed in a hydrothermal reactor. Thus, gadolinium hydroxide was obtained instead of gadolinium oxide. Moreover, in the present work, a core–shell structure was not achieved. The hydrothermal treatment mentioned modified the composition of the iron oxide phase, since magnetite was partially oxidized to maghemite. This transformation was clearly detected through FTIR spectroscopy, as mentioned in the Results section. The TG/DSC curves for Mag@Gd(OH)3 did not exhibit the final transformation of maghemite into hematite. It is believed that Gd(OH)3 protects iron oxide from further oxidations. Similar observations were raised by Fajaroh et al. when studying the nanosystem of silica-coated magnetite. The authors observed that after an annealing process, the silica-coated magnetite converted into maghemite, but the transition to hematite did not occur. On the contrary, uncoated magnetite oxidized to hematite. The results may indicate a protective effect of the coating [42]. Although the structure of Mag@Gd(OH)3 probably involves magnetic iron oxide attached to gadolinium hydroxide nanorods, the interaction between the two phases could protect iron oxide from further oxidation processes. In other words, the thermogravimetric analysis gives more evidence on the interaction between the Fe and Gd phases.



XRD shows both the magnetite/maghemite and gadolinium hydroxide phases, revealing the presence of the gadolinium compound and magnetite/maghemite. It is worth mentioning that in the hybrid material, the main peak belongs to the magnetite/maghemite phase. Moreover, if the Scherrer equation is calculated with this peak, the size of the crystal of the magnetic phase does not change Mag@Gd(OH)3. The hybrid nanoparticles preserved the superparamagnetic behavior of the iron oxide core, which was consistent with previous results. The modification of magnetite with paramagnetic manganese dioxide yielded superparamagnetic compounds with lower magnetization to saturation curves due to the presence of paramagnetic material [43].



Considering nanoplatforms for biomedical applications, it is not possible to disregard their behavior in physiological media. Properties such as size, size distribution, surface charge and shape are critical when interactions with the components of the plasma, cell or other biological entities are considered. The formation of a protein layer is the first requirement to minimize the risks to the nanosystems being cleared by the RES, regardless of their size. Therefore, the assays performed tended to demonstrate the ability of hybrid nanosystems to efficiently interact with representative proteins. Moreover, it was seen that proteins stabilized the hybrid nanoparticles, since no change in HD was observed after four months of storage. The improvement in the colloidal stability of magnetic nanoparticles after protein corona formation has been reported earlier [44,45].



In the framework where these nanohybrid systems will be applied, another concern is paramount: the stability in terms of leaching of Gd3+. In this regard, it is important to highlight that, according to the stability assays performed within this work, most gadolinium is lost after 24 h, which is a considerably longer period of time than the time needed for nanoparticles to reach the target tissue. Yang et al. reported that Gd(OH)3 nanorods are no longer detected in the bloodstream at 1 h post-injection in mice [17]. Hemmer et al. observed the low toxicity of Gd(OH)3 nanoparticles and proposed that the attraction between the oxhydriles of the surface and aqueous cell media may contribute to biocompatibility [46].



Moreover, coating can also contribute to the stability and biocompatibility of the nanoparticles. The studies performed with Mag@Gd(OH)3@Man showed that the coating stabilized the hybrid nanoparticle system, since lower leaching of gadolinium ions was observed compared with uncoated samples. This is in agreement with the work of Shabanzadeh-Kouyakhi, who reported that by using dextrose as a capping agent, the toxicity of gadolinium can be suppressed [41]. The stability of the nanohybrid system is important not only for toxicity issues but also for achieving reliable results in MRI. If the gadolinium hydroxide is leached from the nanoparticles, the accumulation could be different to the behavior of magnetic iron oxide, hampering the dual diagnosis by MRI. Mannose seems to help in the stabilization of hybrid nanoparticles, at least in in vitro experiments.




5. Conclusions


A nanohybrid material composed of magnetite and gadolinium hydroxide was synthesized for the first time, to the best of the authors’ knowledge. Although the formation of a core–shell structure with an iron oxide core and a gadolinium hydroxide shell was not achieved, the information provided by the multiple characterization techniques gave sufficient evidence for the formation of a coupled bi-component system. In general terms, the sum of all techniques reveals the hybrid nature of Mag@Gd(OH)3 with suitable properties to be potentially used as a CA. It was observed that the resulting nanosystem preserves its superparamagnetic behavior after modification with the paramagnetic compound.



The further mannose coating was successfully implemented, generating a novel platform that has not been proposed before, to the best of the authors’ knowledge. On the basis of the stability studies, it could be said that uncoated hybrid nanoparticles were less stable than mannose-coated nanohybrids. Therefore, the incorporation of a coating is of vital importance for further biological application. Nonetheless, the treatment with FBS can also stabilize the hybrid nanoparticles, as established in the Discussion section.



The results reported in this work are the first stage required for the validation of nanohybrids as dual CAs for MRI, as explored in our previous works.
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Figure 1. Comparative XRD diffractograms of the raw and hybrid nanoparticles. 
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Figure 2. (a) FTIR spectra of the three nanosystems. The regions that reveal the presence of both Gd(OH)3 and maghemite are marked. (b) UV–Vis spectra of the nanoparticles. 
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Figure 3. TEM micrographs of (a) Mag@PEG, (b) Gd(OH)3 Nps, (c) and (d) Mag@Gd(OH)3. 
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Figure 4. (a) SEM image of Mag@Gd(OH)3. (b) SEM image of a physical mixture of Mag@PEG and Gd(OH)3 Nps. 
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Figure 5. SEM-EDS spectra of Mag@Gd(OH)3. The high C detection did not come from the nanoparticles (see main text). 
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Figure 6. (a) Elemental mapping of the elements found in Mag@Gd(OH)3. (b) Line scan showing the distribution of the elements along a line over a determined region. 
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Figure 7. DSC (top) and TG (bottom) curves of the raw and hybrid nanoparticles. 
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Figure 8. VSM measurements of the raw and hybrid nanomaterials. 
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Figure 9. (a) Comparison between FTIR of (a) Mag@Gd(OH)3 before and after protein adsorption. (b) Mannose-coated and uncoated hybrid nanoparticles. In both cases, the areas of interest are marked. 
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Table 1. Hydrodynamic diameter and zeta potential of Mag@PEG, Gd(OH)3 Nps and Mag@Gd(OH)3.
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	Hydrodynamic Diameter (nm)
	PDI
	Zeta Potential (meV)





	Mag@PEG
	208.8 ± 6.6
	0.473
	−25.6



	Gd(OH)3 Nps
	243
	0.045
	−17.2



	Mag@Gd(OH)3
	264.6 ± 2.8
	0.328
	−33.5
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Table 2. Reduction in gadolinium phase, expressed as mg Gd(OH)3/100 mg of the sample, in Mag@Gd(OH)3 and Mag@Gd(OH)3@Man before and after stability assay in PBS.
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	Amount of Gd(OH)3 before Stability Assay *
	Amount of Gd(OH)3 after Stability Assay *
	% of Gd(OH)3 Reduction





	Mag@Gd(OH)3
	40
	17.9
	55%



	Mag@Gd(OH)3@Man
	26.9
	17.2
	36.1%







* expressed as mg Gd(OH)3/100 mg of the sample.
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