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ABSTRACT 

Hypothesis 

Superparamagnetic MnxFe3-xO4 nanoparticles are promising materials for applications in 

biomedicine and other fields. Small variations in the Mn/Fe ratio have a strong impact on the 

properties of the nanoparticles. Those variations may be caused by the synthesis itself and by 

common post-synthesis manipulations like surface modification.  

Experiments 

Mn-ferrite nanoparticles have been prepared changing systematically the Mn/Fe ratio of the 

metal precursors and repeating each reaction three times. Nanoparticles were subjected to surface 

modification with two different and typical molecules to stabilize them in aqueous media. The 

discrepancy in the Mn/Fe ratios of the precursors with the ones measured after the synthesis and 

the surface modification have been studied, as well as its impact on the saturation magnetization, 

blocking temperature, contrast enhancement for magnetic resonance imaging, magnetic heating, 

and on the cytotoxicity. 

Findings 

Mn is incorporated in the nanoparticles in a relatively lower amount than Fe and, as this report 

shows for the first time, both Mn and Fe ions leach out from the nanoparticles during the surface 

modification step. The blocking temperature decreases exponentially as the Mn/Fe ratio 

increases. The transverse and longitudinal relaxation times and the magnetic heating ability 

change appreciably even with small variations in the composition. 
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ABBREVIATIONS 
AC: alternating current 

AMF: alternating magnetic field 

DLS: dynamic light scattering 

DMSA: meso-2,3-dimercaptosuccinic acid 

DOPA: dopamine 

EDX: energy dispersive X-ray microanalysis 
H: external (applied) magnetic field (also its amplitude in AMF) 

HRTEM: high resolution TEM 

ICP-OES: inductively coupled plasma optical emission spectroscopy 

IONPs: iron oxide magnetic nanoparticles 

M: sample magnetization 

MAR: molar absorption rate 

MRI: magnetic resonance imaging 

MS: saturation magnetization 

TB: blocking temperature 

TEM: transmission electron microscopy 
TGA: thermogravimetric analysis 

SAR: specific absorption rate 

STEM-HAADF: scanning-transmission electron microscopy-high angle annular dark field 

SQUID: superconducting quantum interference device 

VSM: vibrating sample magnetometry 

XPS: X-ray photoelectron spectroscopy 

XRD: X-ray diffraction 
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INTRODUCTION 

Magnetic nanoparticles are the subject of research of many groups across many disciplines 

because their current and potential applications fields as diverse as energy storage and 

conversion, environmental remediation, the oil & gas industry, inkjet printing, microrobotics, 

rheology and biomedicine.[1–9] Among other materials, iron oxide superparamagnetic 

nanoparticles (IONPs), mainly maghemite (-Fe2O3) and magnetite (Fe3O4) nanoparticles and 

related ferrites, are especially well suited for biomedical applications due to their low biotoxicity 

and the emergence of superparamagnetism at the nanoscale.[10] In biomedicine, they are mostly 

used as contrast agents in magnetic resonance imaging (MRI), for medical imaging and diagnosis 

purposes, and as localized heat nanosources when an alternating magnetic field (HAC) is applied, 

a feature that can be exploited to heat up tumor cells and eventually kill them (magnetic 

hyperthermia).[9] A common way to engineer IONPs is to dope them with divalent metal cations 

other than iron to prepare ferrites of the type MxFe3-xO4 (being M typically Mn2+, Co2+, Zn2+). In 

this regard, it has been shown that the inclusion of these secondary cations can have a strong 

influence on their magnetic properties. Thus, the incorporation of Zn2+ cations in the 

nanostructure has been shown to increase the saturation magnetization (MS) values of the 

nanoparticles, up to a value of x = 0.5 in ZnxFe3-xO4,[11,12] while the incorporation of Co2+ 

cations enhances the magnetocrystalline anisotropy which may result in an increase of the 

blocking temperature (TB, the temperature below which the material changes from a 

superparamagnetic state to a thermally stable or blocked one)[13] and a higher coercivity.[11,14] 

On the other hand, when Mn2+ is the doping cation, its weak spin-orbit coupling causes a 

decrease in the magnetocrystalline anisotropy as the Mn2+ ratio in the ferrite increases.[14,15] As 

a consequence, the ferrimagnetic IONPs doped with Mn2+ present a smaller anisotropy energy 
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barrier and change from a superparamagnetic state to a blocked one at lower temperatures. Non-

stoichiometric manganese ferrite nanoparticles of the type MnxFe3-xO4 have been reported to 

enhance T2 contrast in MRI, compared to non-doped magnetite or maghemite, due to an increase 

of the MS values that takes place up to certain doping level.[16] It has been also shown that the 

heating ability of Mn ferrite exposed to HAC has a strong dependence on the doping level.[17] 

Therefore a precise control of the composition is crucial to tune the properties of the 

nanoparticles. 

Among the different synthetic routes that can be used to prepare nanoferrites, the thermal 

decomposition of metal precursors (most often acetylacetonate coordination complexes) in 

organic solvents with high boiling points is the method that provides the best results in terms of 

size control and magnetic properties.[9,18] Non-stoichiometric MxFe3-xO4 can be prepared 

through this route by adjusting the ratio of the metal precursors, although it is important to 

realize that differences in the thermodynamics and kinetics of the metal precursors’ 

decomposition may lead to M/Fe ratios different than the expected ones and, therefore, to 

different properties.[14,17,19–21] Nanoparticles obtained through the thermal decomposition 

route are hydrophobic and, for biomedical applications, it is most often necessary to transfer 

them to aqueous dispersion. This step is usually accomplished through surface modification via 

ligand substitution. An important and hardly investigated issue that should be considered is 

cation leaching from the nanostructure to the surrounding medium. It can take place during or 

after the surface modification step, modifying the composition and the magnetic properties of the 

nanoparticles. Thus, cobalt leaching during dialysis has been reported with Co ferrite 

nanoparticles coated with silica or with organic ligands, affecting their performance as MRI 

contrast agents.[22,23] Other works have shown how the release of metal cations can cause 
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cytotoxicity due, for example, to the generation of radical oxygen species.[24,25] In this work, 

we have synthesized MnxFe3-xO4 nanoparticles by thermal decomposition of the corresponding 

Mn and Fe acetylacetonates. The Mn/Fe ratio has been systematically varied and each synthesis 

has been repeated three times to study the reproducibility. The obtained nanoparticles have very 

similar core sizes, independently of the actual Mn/Fe ratio and without applying any size-sorting 

procedure. Transfer to water has been performed through ligand substitution with meso-2,3-

dimercaptosuccinic acid (DMSA) and dopamine (DOPA), two organic molecules extensively 

studied with nanoparticles for biomedical applications.[26–32][33–36] The variation of the 

Mn/Fe ratios after surface modification, during dialysis and at different pHs has been studied, as 

well as its impact on the magnetic properties of the nanoparticles. AC susceptibility 

measurements show that the blocking temperatures decrease with increasing amounts of Mn2+ in 

the nanostructure, and allow determining the change in the anisotropy energy barrier induced by 

the Mn/Fe variation. The influence of the composition on the contrast enhancement for MRI and 

the heating abilities under AC magnetic fields have been also studied, as well as the cell 

viabilities with breast cancer (MCF-7) and pancreatic cancer (PANC-1) cell lines. 

 

MATERIALS AND METHODS 

Materials. Commercial products iron(III) acetylacetonate ([Fe(acac)3], 97 %), manganese(II) 

acetylacetonate ([Mn(acac)2], 98 %), oleic acid (90 %), 1,2-dodecanediol (97 %), oleylamine (70 

%), 1-octadecene (90 %), toluene (99.8 %), dimethyl sulfoxide (> 99.5 %), dopamine 

hydrochloride (DOPA, 98 %) and meso-2,3-dimercaptosuccinic acid (DMSA, 98 %) were 

purchased from Aldrich and used without further purification. Tetrahydrofuran (THF, 99.8 %) n-
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hexane (99 %) and ethanol (EtOH, 96 %) were purchased from Scharlab. Dialysis tubing 

cellulose membranes (molecular weight cut-off = 14,000 Dalton) were purchased from Sigma 

and washed prior to use. 

Characterization. Metal concentrations (Mn, Fe) were determined by inductively coupled 

plasma-optical emission spectrometry (ICP-OES, Perkin-Elmer Optima 2100 DV ICP) after 

dissolving the samples in HCl:HNO3 3:1 mixtures and diluting them with distilled water. 

X-ray diffraction (XRD) patterns of the samples were acquired on a Bruker SOL-X D8 Advance 

system (with Cu Kα radiation, scan angle 2θ = 20°-80° at a 0.04 scan step, using a D5000 

diffractometer equipped with a secondary monochromator). 

Particle size and shape were examined by transmission electron microscopy (TEM; 100 kV, 

JEOL JEM 1010 microscope). Samples were prepared by placing one drop of a dilute suspension 

onto a carbon-coated copper grid and leaving it to dry at room temperature. Organic and aqueous 

samples were diluted in n-hexane and distilled water, respectively. The size distributions were 

determined through manual analysis of ensembles of over 300 particles for each sample using 

ImageJ software. 

STEM-HAADF (scanning-transmission imaging with a high angle annular dark field detector) 

results were obtained by a Tecnai F30 (FEI) electron microscope operated at 300 kV. Chemical 

analysis of the nanoparticles was performed by Energy Dispersive X-Ray microanalysis (EDX). 

High resolution TEM (HRTEM) was performed using a FEI-Titan High-Base operated at 300 

kV. 

The hydrodynamic sizes (DH) of aqueous samples were measured by dynamic light scattering 

(DLS; Malvern Zetasizer Nano ZS Instrument, using a red laser at 633 nm and an angle of 173° 

between the sample and the detector) of dilute suspensions at pH = 7.4. 
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Simultaneous thermogravimetric/differential thermal analyses (TGA/DTA) were made in a TA 

Instruments TGA 500, with a heating rate of 10 °C·min-1, under air flow of 90 mL·min-1, from 

room temperature to 1000 °C. For these measurements, samples in hexane dispersion were 

precipitated adding ethanol, and with the help of ultrasounds and a magnet. The final black waxy 

residues containing the nanoparticles were dried at air. Samples in aqueous dispersion were dried 

by lyophilization. The weight losses measured correspond to the organic matter present in the 

sample. 

X ray Photoelectron Spectroscopy (XPS) measurements were carried out under Ultra-High 

Vacuum (UHV) conditions (with a base pressure of 5 x 10-10 mbar) using a monochromatic Al 

Kα line as the exciting photon source (hν = 1486.7 eV). The ejected electrons were collected in a 

hemispherical energy analyzer (SPHERA-U7, analyzer pass energy was set to 20 eV for the XPS 

measurements to have a resolution of 0.6 eV) and due to the insulating character of the samples, 

it was used a Flood Gun (FG-500, Specs) with low energy electrons of 3 eV and 40 µA to avoid 

charging effects. The C 1s centered at 284.6 eV was used as binding energy reference. 

DC-magnetic characterization was carried out in a vibrating sample magnetometer (VSM; 

MLVSM9 Mag Lab 2 T, Oxford Instrument). Samples were precipitated, dried and weighed 

before placing them in a gelatin capsule for the measurement. Hydrophobic samples were 

precipitated adding ethanol and then allowed to dry to air. Aqueous samples were dried 

removing water at low pressure and temperature in order to avoid high temperatures that may 

alter the samples. Sample magnetization (M) vs. applied magnetic field (H) curves were acquired 

at room temperature by first saturating the sample in a field of 2 T. Saturation magnetization 

(MS) values are expressed in emu per gram of the inorganic residue as obtained by TGA analysis. 
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Alternating current (AC) magnetic susceptibility measurements were performed in a Quantum 

Design MPMS-XL superconducting quantum interference device (SQUID) magnetometer. 

Liquid samples were deposited on a piece of cotton wool and after drying they were placed into 

commercial gelatin capsules. Measurements were performed in the temperature range between 5 

and 250 K using a magnetic field amplitude of 0.41 mT and a frequency of 11 Hz. 

Relaxometric properties of the samples were assessed measuring longitudinal and transverse 

relaxation times. Four concentrations of each nanoparticle sample were selected and longitudinal 

(T1) and transversal (T2) relaxation times of each one measured in a Bruker Minispec mq60 

contrast agent analyzer at 1.5 T and 37 °C. R1 (1/T1) and R2 (1/T2) values were plotted against 

the [Fe+Mn] molar concentration (0, 0.1, 0.2, 0.3, and 0.4 mM) to obtain the relaxivity values r1 

and r2. 

The heating abilities of the nanoparticles under alternating magnetic fields (AMF) were 

measured in samples dispersed in water (2 mL) at an iron concentration of 1 mg/mL, using a 

commercial AMF generator (DM3, nB nanoscaleBiomagnetics, Zaragoza, Spain), applying a 

field with amplitude H = 25.2 mT and frequency f = 829 kHz during 150 seconds. Measurements 

started at 25 ºC. Specific absorption rates (SAR) and molar absorption rates (MAR) were 

obtained from the initial slopes (time range 30-60 s) of the temperature versus time curves.[37] 

Synthesis of manganese ferrites nanoparticles (MnxFe3-xO4).  Manganese ferrite nanoparticles 

were synthesized in a similar manner to the method reported by Sun et al.,[38,39] using 

[Fe(acac)3] and [Mn(acac)2] as metal precursors. Different Mn/Fe ratios have been used in order 

to obtain Mn ferrites with the general formula MnxFe3-xO4. In a typical example, [Fe(acac)3] 

(1.177 g, 3.33 mmol), [Mn(acac)2] (0.423g, 1.67 mmol), oleic acid (4.237 g, 15 mmol.), 

oleylamine (4.012 g, 15 mmol) and 1,2-dodecanediol (5.058 g, 25 mmol) and 1-octadecene (50 
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mL) were mixed in a three-neck round-bottomed flask with mechanical stirring under nitrogen 

flow at atmospheric pressure. It was heated at a constant rate of 2 ºC·min-1 until 100 ºC. The dark 

dispersion was kept at that temperature for 1 hour, without connecting the reflux condenser to 

allow purging of the system. Then, the reflux condenser was connected and the reaction heated 

until 200 ºC, at the same rate of 2 ºC·min-1, and kept at that temperature for 30 minutes. Finally, 

the reaction was heated to reflux (315-320 ºC), with a constant rate of 3 ºC·min-1, and kept for 1 

hour at that temperature before stopping the heating and allowing the mixture to cool down to 

ambient temperature. The dispersion was washed by centrifugation with ethanol several times 

and stored in hexane. Each synthesis with different Mn/Fe ratio was done keeping constant the 

total number of moles of [Fe(acac)3] + [Mn(acac)2] (5.0 moles) and was repeated three times to 

check reproducibility. 

Surface modifications with DMSA and DOPA and dispersion in water. DMSA coated 

nanoparticles were obtained following a previously described method.[40] A volume of the 

ferrite nanoparticles dispersed in hexane containing 150 mg of MnxFe3-xO4 was precipitated and 

washed through the addition of ethanol, ultrasonication and the aid of a magnet. Nanoparticles 

were washed repeatedly following the same procedure until a colorless suspension was obtained. 

The black and waxy magnetic residue was dispersed in toluene (60 mL) and added to a solution 

of DMSA (270 mg) in dimethyl sulfoxide (15 mL). The resulting black suspension was then 

shaken in a laboratory tube rotator. After 2 days, the DMSA-coated nanoparticles precipitated in 

the glass tube and the supernatant liquid was removed. The precipitate was then washed with 

ethanol and centrifugation. The final black solid was dispersed in the minimum amount of 

distilled water. An aqueous solution of KOH was added to increase the pH to ~ 10 and the black 
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dispersion was then placed in a cellulose membrane and dialyzed during 3 days in distilled water. 

Finally, the pH of the dispersion was adjusted to 7.4. 

Dopamine-coated nanoparticles were obtained as follows. A volume of the ferrite nanoparticles 

dispersed in hexane containing 150 mg of MnxFe3-xO4 was precipitated and washed with ethanol, 

ultrasonication and the aid of a magnet. The black precipitate was dispersed in THF (7 mL) and 

added to a solution of DOPA (500 mg) in THF (10 mL). The mixture was sonicated and shaken 

in a laboratory tube rotator overnight. Finally, the particles were precipitated with a magnet and 

the colorless supernatant removed. Then, nanoparticles were washed through sonication and 

precipitation with the aid of a magnet, to remove supernatants, using consecutively the following 

solvents: THF/EtOH 1/1 mixture, (to remove the ligand excess), EtOH (to remove the remaining 

THF), EtOH/H2O 1/1 and purified H2O. Nanoparticles were redispersed in the minimum 

necessary volume of purified water and the pH increased to 11 with aqueous KOH. The 

dispersion was dialyzed in a cellulose membrane for 2 days in purified water. Finally, the pH of 

the nanoparticles’ dispersion was adjusted to 7.4. 

Cell culture and viability studies (alamar Blue viability assay). Cellular assays[41] were 

studied using two different cancer cell lines: PANC-1 (ATCC® CRL-1469™) and MCF-7 

(ATCC® HTB-22™). Cells were cultured in DMEM medium with 10 % FBS, 1 % 

streptomycin–penicillin and 1 % L-glutamine at 37 ºC in a Binder CB210 incubator (5 % CO2). 

Cells were grown in 96-well plates (5000 cells/well). The experiments were done when cells 

reached 60 % confluency. All the procedures were performed inside a laminar flow hood Telstar 

CV-30/70 (Telstar, Terrassa, Spain). The toxicity of ferrites at different molar concentrations in 

DMEM medium was studied using the alamar Blue assay. Assays were carried out by adding the 

ferrites, with different Mn/Fe ratios, varying the concentration in a total volume of 200 µL per 
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well. After 24 hours of incubation each well was washed twice and complete DMEM medium 

added. Viability studies were performed after 24 and 48 hours. For that, a stock solution of 

resazurin sodium salt (Sigma-Aldrich, St. Louis, MO, USA) (1 mg/mL) in PBS was diluted 1 % 

(v/v) in complete DMEM medium and added to the cells. After 3 hours in the incubator (37 ºC), 

the fluorescence was measured at 25 ºC in a plate reader Synergy H4 Hybrid reader (BioTEK), 

λex= 550 nm, λem =590 nm. The fluorescent intensity measurements were processed using the 

following equation: 

% Cell viability = [(sample data – negative control)/(positive control – negative control)]x100 

The positive control corresponds with untreated cells. A resazurin solution without cells was 

used as negative control. The statistical analysis was performed in R Project for Statistical 

Computing (R-3.2.5) software. One-way analysis of variance (ANOVA) was used to compare 

the mean value of each condition vs. the control. Significant differences between the means were 

accepted when the p-value was lower than 0.001 (***). 

 

RESULTS AND DISCUSSION 

Synthesis of Mn ferrite nanoparticles. A series of ferrite nanoparticles of the type MnxFe3-xO4 

(0 ≤ x ≤ 1) has been prepared by thermal decomposition of the corresponding acetylacetonate 

(acac) complexes, [Fe(acac)3] and [Mn(acac)2], with 1-octadecene as solvent and in the presence 

of oleic acid, oleylamine and 1,2-dodecanediol. Molar ratios [Mn(acac)2]/[Fe(acac)3] = 0, 0.09, 

0.20, 0.33 and 0.50 (for MnxFe3-xO4 with x = 0, 0.25, 0.5, 0.75, 1) have been employed in the 

synthesis to study the degree of incorporation of the cation Mn2+ and its influence on the 
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properties of the resulting non-stoichiometric ferrite nanoparticles. Each experiment has been 

repeated three times to study the reproducibility and no size-selection procedure has been used. 

As observed in the TEM micrographs from the hexane dispersions (Figure 1 and Figure S2), 

nanoparticles are well dispersed, without aggregation, with mean core sizes ranging from 6 to 10 

nm and narrow size distributions (standard deviations accounting for 10 % to 25 % of the mean, 

Table S1). No clear dependence of the TEM size with the ratio of precursors has been observed. 

 

Figure 1. (a-e) Selected TEM micrographs of nanoparticles obtained from organic dispersions 

corresponding to metal precursors’ ratios [Mn(acac)2]/[Fe(acac)3] = a) 0, b) 0.09, c) 0.20, d) 0.33 and e) 

0.50 (scale bars = 100 nm); (f) comparison of Mn/Fe molar ratios (mean value of three independent 
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synthesis) measured by ICP-OES and the Mn/Fe molar ratios of the acetylacetonate precursors. The gray 

dash line is a guide to the eye representing a hypothetical perfect match between both ratios. 

XRD diffractograms show typical diffraction peaks of spinel ferrites for all samples and a 

gradual increase of the lattice parameter as the Mn/Fe ratio increases (Figure S3), as 

expected.[16] The trend in the hydrophilic samples is slightly different compared to the 

hydrophobic ones (Figure S3c), which could be a consequence of the cation leaching during the 

transfer to water process. The fact that all the samples are ferrites, and considering the Fe and 

Mn content experimentally determined by ICP-OES, allows deducing the formal formulae 

MnxFe3-xO4, as shown in Table S1. The Fe and Mn content were determined by ICP-OES. The 

Mn/Fe ratios measured in the hydrophobic nanoparticles obtained from the thermal 

decomposition are different from the initial Mn/Fe ratios of the precursors used in each synthesis 

and, on average, lower than them. In addition, in this work, the variability of Mn/Fe ratios in 

repetitions of the same reaction has been measured by ICP-OES analyses. We have found that 

the expected or nominal Mn/Fe molar ratios and formal formulae MnxFe3-xO4 were significantly 

different to the measured ones (Figure 1(f) and Table S1). This implies that the incorporation of 

Mn2+ in the nanostructure is slightly more difficult than that of the Fe cations. It can be observed 

also that there is a small, but not negligible, variability in the Mn/Fe molar ratio for the same 

syntheses. This variability is most probably influenced by the experimental conditions (nature 

and concentration of reactants, solvent and temperature ramp) and, to better understand it, more 

systematic studies would be needed. 

Few previous works show this discrepancy and, when it is measured, there is a disparity of 

results. Some reports with Mn, Co and Zn-doped ferrite nanoparticles find a similar behavior 

(lower incorporation of the secondary cation of the ferrite than of iron).[14,20,21,42] For 
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example, Murray et al. synthesized Mn and Co ferrite nanoparticles by thermal decomposition of 

the corresponding acetylacetonate precursors in different ratios followed by a size-sorting 

procedure that allowed studying their properties discarding core size effects.[14] The so-obtained 

hydrophobic nanoparticles had lower Mn/Fe and Co/Fe ratios than the ratios of the precursors. 

Recently, Lasheras et al. have also found a similar result with the same precursors and also 

without any surface modification.[17] A comparison with these works is shown in Figure S1. 

Other works find a perfect fit between the precursors’ ratio and the cation incorporation. For 

example, Gao et al. synthesized Mn ferrite nanoparticles by thermal decomposition finding the 

same ratio in the Mn- and Fe oleate precursors and in the resulting nanoparticles. Although it is 

not discussed, this could be due to the use of different precursors (oleates instead of 

acetylacetonates). The discrepancy between the Mn/Fe ratio in the precursors and in the 

nanoparticles can be attributed to different factors, such as the ionic radii (61 pm and 83 pm, in 

octahedral coordination, or 63 pm and 66 pm, in tetrahedral coordination, for Fe2+ and Mn2+, 

respectively),[43] the kinetics of the process and the differences in the decomposition 

temperature of the precursors’ or of intermediate complexes that are formed in situ.  
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Figure 2. HRTEM micrograph showing the apparent high crystallinity of the nanoparticles in DMSA-

coated nanoparticles with Mn/Fe = 0.107. Inset: detail showing the interplanar distance. 

Surface modification of the nanoparticles. Nanoparticles obtained through the thermal 

decomposition method are hydrophobic. For some applications, like in biomedicine, hydrophilic 

nanoparticles are preferred. For that reason, surface modifications with two molecules, DMSA 

and DOPA, have been carried out in this work. Both molecules have been extensively 

investigated as coatings that provide hydrophilicity and biocompatibility. Stable DMSA- and 

DOPA-coated nanoparticles in water were obtained in all cases, except with DOPA in the sample 

composed only by iron oxide without manganese, which was not stable and precipitated. After 

surface modification, XRD analyses confirmed that all samples kept the spinel ferrite structure. 

HRTEM micrographs show highly crystalline nanoparticles, apparently consisting of single 

crystallographic domains (Figure 2). The distance between contiguous planes is 0.253 nm and 

the angle between intersecting planes [311] is 35.5 º. These values are slightly different from the 

described ones for pure magnetite of 0.25085 nm and 35.763º (JCPDS card no. 75-0449) and is 
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related with the Mn-doping, as is evident from the enlargement of the lattice parameters when 

the Mn/Fe ratio increases.[16] EDX-STEM and STEM-HAADF analyses show that Mn and Fe 

ions appear homogeneously distributed within the nanoparticles (Figure 2 and Figure S4). 

However, the relatively flat signal of the Mn along the particle analysis by EDX (Figure S4), in 

comparison with those signals from Fe and O, points to a possible preference of manganese for 

the outer regions. 

Importantly, the surface modification has also an impact in the Mn/Fe ratio, reducing it from the 

initial ratios present in the hydrophobic nanoparticles (Table S2), without a clear trend towards a 

larger or lower Mn/Fe ratio with DMSA and DOPA. In spite of this change in composition, 

differences in the size or size distribution of the nanoparticles were not observed by TEM. 

The samples with Mn/Fe molar ratios of 0.107, 0.113, 0.220 and 0.281 (measured by ICP-OES) 

have been also characterized by XPS in order to determine the chemical state of the species 

(Figure 3). In all cases, the well-known features of Fe3+ were observed as the main contribution 

to the Fe 2p core level (with the Fe 2p3/2 centered at 710.2 eV and its satellite in 719.7 eV) but, 

as the inset of Figure 3a shows, the low binding energy region of the Fe 2p peak reveals the 

evidence of Fe2+. Thanks to the peak fitting analysis (not shown), it was possible to estimate the 

relative proportions of Fe2+ and Fe3+, 23 % and 77 % respectively, for the sample with Mn/Fe = 

0.107. This is in good agreement with the proportion of 26 % as Fe2+ and 74 % of Fe3+ that can 

be deduced from the molar ratio measured by ICP-OES and considering its formal formula 

Mn0.29Fe2.71O4 (Table S2). On the other hand, for manganese, the only contribution that can be 

determined beyond any doubt is Mn2+ (see Figure 3b, with Mn 2p3/2 centered at 641.1 eV and its 

satellite in 645.8 eV), with no presence of Mn3+, although it has not been possible to completely 

rule out the presence of Mn4+. Moreover, for samples coated with DMSA (S-containing ligand) it 
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is possible to detect the presence of sulphur atoms and not nitrogen ones, while for nanoparticles 

coated with DOPA (N-containing ligand), nitrogen atoms and not sulphur ones were detected 

(Figure S5). 

 

Figure 3. XPS spectra of the Fe 2p (a) and Mn 2p (b) subregions for the sample with Mn/Fe molar ratio 

measured by ICP-OES of 0.107. Inset shows a comparison of the same sample with the one with molar 

ratio 0.281 (in green). 

Ligands bearing catechol or carboxylic acid moieties, like DOPA and DMSA, can cause etching 

of the cations at the surface of metal oxide nanoparticles.[24,44] Few reports have also shown 

that leaching of Co cations occurs during dialysis in cobalt ferrites, coated with phosphonic and 

hydroxamic organic ligands or with porous silica.[22,23] Meade et al. demonstrated that the 

Co/Fe ratio decreases causing an increase of the saturation magnetization and relaxivity values of 

the nanoparticles, while their size and size distribution remained unaltered.[22] In our case, 

leaching of metal cations appears as the most plausible explanation for the observed variation in 

the Mn/Fe ratio after surface modification. It should be considered that both manganese and iron 

cations can undergo leaching (not only the secondary cation, Mn2+) and that the variation in the 

Mn/Fe ratio is due to the different leaching rates of the cations. Indeed, although those previous 

reports consider only the leaching of the secondary cation of the ferrite, the observed decrease of 
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the Mn/Fe ratio can be also explained considering leaching of all the cations at different rates. To 

shed light on this issue, we quantified the Mn/Fe ratios of DMSA- and DOPA-coated 

nanoparticles, freshly prepared from the same batch of hydrophobic nanoparticles, when 

subjected to dialysis for several days (Figure 4, Table S3). Fe and Mn contents were measured by 

ICP-OES taking aliquots of the nanoparticles and of water employed for the dialysis. With both 

coatings the Mn/Fe ratios in the nanoparticles drops rapidly during the first days until becoming 

stabilized, after roughly 2.5-3 days, at a molar ratio Mn/Fe ~ 0.1 that remains constant after 4 

weeks, coinciding with the moment at which the amount of Fe and Mn in the water of dialysis 

was null or negligible. With both coatings, the decay in the Mn/Fe ratio with time follows an 

exponential trend, with pseudo-first order decay constants of 1.45 days-1 (DOPA) and 0.96 days-1 

(DMSA). The determination of Mn and Fe in water used for the dialysis confirms that iron, and 

not only manganese, is being released too and the amount of manganese ions released during the 

first days is much higher than the iron ions found in the water of dialysis, as expected for the 

decreasing Mn/Fe ratio in the nanoparticles during that period. 

 

Figure 4. Mn/Fe molar ratio variation with time measured in the nanoparticles during dialysis. 
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The reason of the higher losses of manganese compared to iron must be related with the apparent 

higher Mn/Fe ratio at the outer regions of the nanoparticles, as discussed above, together with the 

higher size of Mn2+ ions and, therefore, the lower lattice energy associated with them. In the 

conditions used in this work, the composition became stabilized after three days of dialysis. This 

is a critical issue to be seriously considered since dialysis to purify nanoparticles is commonly 

performed during periods of time ranging from a few days to one week, when these results show 

that the variation in the composition is most pronounced. In addition, leaching of cations from 

nanoparticles has been suggested as responsible for causing cytotoxicity in some works.[24,25] 

Another potential source of Mn/Fe variation is the pH of the dispersion. In this work, the coating 

procedures involve using basic pH at some stages. For that reason, we have measured the Mn/Fe 

ratio for the same particles at pH = 2.0, 5.0, 6.0, 7.0, 8.5 and 10 (Figure S6). Very small 

variations are observed in the range pH = 6-10 with DMSA- and DOPA-coated nanoparticles. At 

more acidic pH values, the Mn/Fe ratio in DOPA-coated nanoparticles remains stable while with 

DMSA-coated nanoparticles at pH = 2 it decreases to less than a third of the Mn/Fe ratio at pH = 

7. 

DC magnetometry Field dependent magnetization measurements performed by VSM at room 

temperature show a superparamagnetic behavior with neither remanence nor coercivity for all the 

samples (Figure S7). The values of saturation magnetization as a function of the Mn/Fe ratio 

(Figure 5, Table S4) do not seem to follow a general trend. In all cases there is an initial decrease 

of MS with increasing ratios of manganese. Within the range of Mn/Fe studied here, samples 

from the organic dispersions and coated with DMSA reach a minimum, although at different 

points. As the MS value is an intrinsic property of the material, the differences observed (where 

the minimum appears and MS values for similar Mn/Fe ratio with different coating) must be 
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related with intrinsic differences in the structure of the nanoparticles and, in our case, should be 

related with changes in the structure during cation leaching such as changes in the relative 

distribution of cations in tetrahedral and octahedral sites and loss of surface atoms taking into 

account that Mn seems to be relatively more abundant at the outer regions of the nanoparticle, as 

discussed above. The MS values of ferrite nanoparticles can be influenced by the occupancy of 

octahedral and tetrahedral sites and by their normal or inverse spinel structures, which can be 

seen as extreme cases.[11] A stoichiometric manganese ferrite with formula MnFe2O4 should 

have the same MS value regardless the degree of inversion but, in non-stoichiometric Mn-ferrites, 

the degree of inversion of the spinel structure will affect their magnetization because of the 

negative exchange coupling of the octahedral and tetrahedral sites.[11] Therefore, if the structure 

is an inverse spinel, the magnetization will increase with increasing Mn/Fe ratios but, if it is a 

normal spinel, the magnetization will decrease. In addition, the cation and vacancy distribution 

of nanoparticles can be affected by the synthetic procedure if they are grown under non-

equilibrium conditions.[45] Our results show that there may be a variation of the proportion of 

“normal” and “inverse” character in the samples. At low Mn-doping levels the “normal” 

character dominates, but at higher Mn-doping levels, the “inverse” character becomes more 

relevant. It must be stressed, however, that this explanation is a hypothesis that would need to be 

confirmed by further studies. 
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Figure 5. Saturation magnetization (emu/g) of samples directly from the organic dispersion () and after 

surface modification with DMSA () and DOPA (). 

Other reported MS values for hydrophobic MnxFe3-xO4 samples prepared from organic 

dispersions show a qualitatively similar behavior (decrease in MS with increasing Mn/Fe) also 

with a minimum when a certain value of Mn/Fe is reached (Figure S8).[14,17] However, Gao et 

al., with IONPs coated with citrate and reaching larger values of Mn/Fe ratios, report an increase 

in the MS value until reaching a maximum, instead of a minimum, for Mn0.43Fe2.57O4 (Mn/Fe = 

0.143).[16] More research will be needed to shed light on the origin of these discrepancies 

between different authors in the literature, including this work. 

AC magnetic susceptibility. The temperature dependence of the in-phase (χ’) and out-of-phase 

(χ’’) magnetic susceptibility of selected samples with different Mn/Fe ratios has been measured. 

In all cases, a maximum in the χ’ component appears accompanied by a maximum in the χ’’ 

component located at slightly lower temperatures, typical of a relaxation phenomenon of 

superparamagnetic nanoparticles. The temperature at which the χ’’ maximum appears (Tmax) is 
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related with the energy barrier to magnetization reversal, and is influenced by the particles’ core 

size, the interactions between particles and their composition.[46] In order to exclude the effect 

of the core size, samples with very similar mean core sizes (6-8 nm) were selected for the 

analysis of the AC magnetic susceptibility data. As shown in Figure 6, in general, Tmax decreases 

as the ratio Mn/Fe increases. On the other hand, the influence of interactions would be expected 

to cause an increase in Tmax as the aggregate size increases,[47] but no clear relationship is 

observed in this sense. A plausible explanation is that the decrease in Tmax is due to a decrease in 

anisotropy as the Mn/Fe ratio increases as Tmax is directly related with the anisotropy 

constant.[15] 

 

Figure 6. Left: Temperature variation of out-of-phase susceptibilities (χ’’) of DMSA-coated nanoparticles 

with four different compositions. Right: Temperature variation of χ’’ with three different coatings. DMSA 

(dash black) and DOPA (dash gray) coated nanoparticles were prepared from the same hydrophobic 

nanoparticles (green) with original Mn/Fe ratio of 0.244. 

Another source of variation between samples could be the presence of Mn and Fe ions, from 

unreacted precursors or derivatives of them that are not actually forming part of the 
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nanostructure, as has been reported for cobalt ferrite nanoparticles synthesized by solvothermal 

methods.[48] Those ions would be lost during the coating processes, so the metal contents 

measured by ICP-OES would be different while the nanoparticles remain the same. In that case, 

a similar behavior in the out-of-phase susceptibility should be expected for a hydrophobic 

sample and the coated ones derived from it because paramagnetic materials, as metal ions or the 

molecular precursors of Mn and Fe, have a zero out-of-phase component.[47] Figure 6 (right), 

shows the χ’’ vs T profile of the same initial batch of hydrophobic nanoparticles before and after 

being coated with DMSA and DOPA. The fact that Tmax is different in the three cases rules out 

the possibility of having non-structural Mn and Fe ions in the initial nanoparticles and confirms 

that the variations in Mn/Fe ratios during the coating procedures are due to leaching of the ions 

of the nanostructure. 

If we compare all the temperatures of the χ’’(T) maxima (Tmax) obtained from the measurements 

in this work, regardless of the coating, aggregate size or any other property than the Mn/Fe ratio, 

what we observe is an exponential decay when the manganese fraction increase (Figure 7). The 

variation appears to obey an Arrhenius law of the type Mn/Fe = A·e(-Ea/RTmax) (see Figure S9), 

where A = Arrhenius factor, Ea = activation energy, R = 8.314 J·K-1·mol-1. Plotting ln(Mn/Fe) 

against the inverse of Tmax allows obtaining Ea = -629 J/mol. It must be noted that, for each 

Mn/Fe ratio, the blocking temperature is different, so the activation energy is also different. 

Therefore, the Ea value obtained is not an activation energy itself but the variation in the 

activation energy due to the change in the Mn/Fe ratio. 
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Figure 7. Maximum temperature (Tmax) of the out-of-phase magnetic susceptibility (χ’’) measured by AC 

magnetometry as a function of the measured Mn/Fe ratio, of all the samples analyzed by AC 

magnetometry, regardless of the coating or aggregate size. Samples and coating (in brackets: organic, 

DMSA, DOPA) correspond to the following Mn/Fe ratios: 0 (DMSA), 0.036 (DMSA), 0.083 (DMSA), 

0.107 (DMSA), 0.113 (DOPA), 0.145 (DOPA), 0.244 (organic), 0.330 (DMSA). 

Relaxometry. The ability of the DMSA-coated nanoparticles to act as contrast agents in MRI, 

and the influence of the Mn/Fe ratio, has been evaluated through the relaxivity values measured 

from aqueous dispersions at 37 ºC and 1.5 T. Nanoferrites have been extensively studied and 

used as contrast agents in MRI. They shorten relaxation times in longitudinal relaxation (T1) and 

in transverse relaxation (T2), providing brighter or darker images, respectively, depending on the 

relaxation type. The effectiveness in both types of relaxation of a contrast agent is commonly 

evaluated through the relaxivity values r1 and r2, obtained from the slope of the 1/T1 and 1/T2 

variations with the concentration. A T2 contrast agent is defined by a high r2/r1 ratio and a T1 

contrast agent by a low ratio.[49] Usually, materials with good performance in T1 contrast are 

not good T2 contrast agents and vice versa. Iron oxide-based nanoparticles, including ferrites, 
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shorten T1 but their main effect is to reduce T2, so they are mainly used as T2 contrast agents.[50] 

Recent reports have shown that Mn ferrite nanoparticles could be used for T1 contrast although 

more research about the influence of the Mn/Fe ratio on the relaxivity values is still needed. 

Citrate-coated MnxFe3-xO4 nanoparticles with mean sizes of 18 nm, and 0 ≤ x ≤ 1.06, showed an 

increase in r2 values with the Mn relative content up to x = 0.43 and then a decrease for x > 0.43. 

The opposite trend was observed for r1. In that work, a positive correlation was found between r2 

and MS values. Other authors have described a similar trend for r2 in ferrites doped with Cu ions 

due to their uneven distribution in the nanoparticles.[51] In our case, we have observed a 

qualitatively similar trend of the r2 dependence with the Mn/Fe ratio (Figure 8), although the 

maximum r2 value is reached at Mn/Fe = 0.11, corresponding to x = 0.3 in MnxFe3-xO4. On the 

other hand, within the range of compositions studied, r1 values show a moderate decrease as the 

Mn/Fe ratio increases. However, no apparent relationship with saturation magnetization is 

evident from our data. 

 

Figure 8. Longitudinal (r1, red) and transverse (r2, blue) relaxivity values for nanoparticles with different 

Mn/Fe ratios, obtained from the relaxation times T1 and T2 measured at 37 ºC and at a field of 1.5 T. 
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The obtained r1 and r2 values (Figure 8 and Table S5) are in all cases higher than those described 

with iron oxide-based commercial contrast agents and Gd complexes, at 37 ºC and 1.5 T.[52] 

Nevertheless, as expected for T2 contrast agents, the r2/r1 ratios measured with the Mn-doped 

ferrites of this work are much higher than with Gd complexes commonly used in clinics like 

Gadovist and Dotarem. Compared to iron oxide-based commercial contrast agents, like Resovist 

(Ferucarbotran) and Feridex/Endorem (Ferumoxide), the r2/r1 ratios are clearly higher only if 

there is Mn in the composition, especially for Mn/Fe ~ 0.05-0.20 (r2/r1 = 14.7-18.3), while for 

the sample without Mn, r2/r1 ratio is 8.4, very close to iron oxides Resovist (7.0) and Feridex 

(8.7). Therefore, while Mn-doping appears have a small influence on T1 relaxation, the 

comparatively higher increase in T2 relaxation makes Mn ferrites better T2 contrast agents than 

non-doped ferrites. 

Magnetic heating. The sizes of the nanoparticles synthesized in this work are too small to be 

used as efficient heating agents for magnetic hyperthermia,[53] yet it is still useful to study it in 

order to gain insight into the differences caused by Mn doping. Thus, the heating abilities of the 

nanoparticles dispersed in water have been evaluated applying an AC magnetic field of 25.2 mT 

and 829 kHz for 5 minutes. They are usually evaluated through the specific absorption rates 

(SAR) in watts per gram of iron. However, when there are ions magnetically active other than 

iron, like in this work, it is more appropriate to use the molar absorption rates (MAR). MAR 

values, in watts per mmol of Fe and Mn are provided in Table S6 and Figure 9 (and experimental 

T(t) curves in Figure S10). The sample of iron oxide without manganese exhibit a MAR value of 

13.3 W/mmol (SAR = 238 W/gFe) but it is difficult to ascertain if the absence of Mn plays a role 

because its mean core size of 10 nm is significantly larger than the Mn-doped nanoparticles and 

it is well established that such a difference in size has a big impact in the heating ability.[53] In 
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samples doped with Mn and similar core sizes of 6-7 nm, MAR values increase with the Mn/Fe 

ratio (Figure 9). 

 

Figure 9. Molar absorption rates (MAR), in W/mmol(Fe+Mn), for samples with different Mn/Fe ratios, 

obtained at HAC = 25.2 mT and f = 829 kHz in samples dispersed in 1 mL of water. 

The trend observed in this work is qualitatively similar to that reported with other Mn-ferrite 

nanoparticles synthesized with acetylacetonates.[17] Comparison with SAR values of the 

literature is, however, complicated, even more with doped ferrites. Many factors have a strong 

impact on the SAR values, some of them depend on the particle (anisotropy, magnetization) and 

some on the experimental conditions (concentration and magnetic field).[54]  

In vitro cytotoxicity. Finally, the cytotoxicity of the dopamine-coated nanoparticles was 

assessed through alamarBlue assays with two cancer cell lines: MCF-7 (breast cancer) and 

PANC-1 (pancreatic cancer). The biocompatibility of DMSA-coated nanoparticles is well 

documented and DMSA alone is a prescription medicine used to treat poisoning by lead, 

mercury, and arsenic.[55] But there are concerns about the biocompatibility of dopamine and 
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various reports have described it as cytotoxic.[56,57] Indeed, MCF-7 and PANC-1 cells 

incubated with dopamine alone (0.05 mg/mL) show null or almost null cell viability 24 and 48 

hours after incubation (Figure 10). However, when the dopamine is attached to the nanoparticles, 

a very different situation is observed. In this case, when MCF-7 cells were incubated with 

nanoparticles at a concentration of metal oxide of 0.05 mg/mL of metal oxide, a significant 

toxicity was not observed after 24 or 48 hours. In the case of PANC-1 cells, no toxicity was 

detected except with nanoparticles without Mn doping. This effect could be attributed to a 

defective coating and the lack of stability of those nanoparticles with DOPA, as commented 

above. 

 

Figure 10. Cell viability assay in MCF-7 cells (upper row) and PANC-1 (lower row) treated with a 

concentration of metal oxide of 0.05 mg/mL for 24h (left column) and 48h (right column). 
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CONCLUSIONS 

Non-stoichiometric manganese-doped ferrites have been synthesized by thermal decomposition 

changing systematically the ratio of manganese and iron precursors. The incorporation of the 

secondary cation Mn2+ and the reproducibility of the synthesis have been studied finding that 

similar core sizes are obtained in all cases and that there is a small, but not negligible, variability 

in the Mn/Fe molar ratio for the same syntheses. In addition, the Mn/Fe ratio in the synthesized 

nanoparticles is lower than the Mn/Fe ratio of the precursors employed in each synthesis. For the 

first time, it has been found that both iron and manganese leach out from the nanostructure, 

changing the initial Mn/Fe ratio, during the surface modification with DMSA and DOPA for 

transferring the nanoparticles to aqueous dispersions. This phenomenon has a strong influence on 

the properties of the nanoparticles, including those relevant for biomedical applications. AC 

magnetometry measurements show an exponential decrease of the blocking temperature with the 

increase in Mn/Fe ratio, independently of the coating. It obeys an Arrhenius’ law that has 

allowed determining the variation in the activation energy due to the change in the composition. 

This approach could be easily applied to other ferrites with any cation. The relaxivity values r1 

and r2 vary with the Mn/Fe ratio in different ways: r2 values increase up to a maximum before 

reaching the maximum Mn/Fe ratio studied, while r1 values decrease moderately with the 

increasing Mn/Fe ratio. On the other hand, the heating abilities of the nanoparticles improve with 

increasing Mn-doping under the conditions studied in this work. Finally, in spite of the 

cytotoxicity of dopamine alone with the cell lines MCF- and PANC-1, the DOPA-coated 

manganese nanoferrites show no toxicity. 
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More research, and more systematic studies, will be needed in the future about the variation of 

magnetic properties as a function of changing the M/Fe ratio (being M any possible doping 

cation), in order to better understand the phenomena and to allow accurate predictions of the 

magnetic properties. Future research studying the variability of the synthesis, and how it is 

influenced by different experimental conditions, would bring a better understanding of the 

chemical synthesis of nanoparticles and would facilitate, or be useful for, their industrial 

production. As an advice for researchers and industry professionals working with colloidal 

ferrites in general, changes in composition due to common processing steps of the nanoparticles 

should be always considered because of the severe impact that they have on the properties of the 

nanoparticles. 

 

SUPPLEMENTARY MATERIAL 

Supplementary material is provided with additional data on the synthesis repetitions, TEM, 

XRD, XPS results and the specific samples that were studied by DC and AC magnetometry, 

relaxometry and magnetic heating measurements together with their corresponding MS, Tmax, 

relaxivities, MAR and SAR values. 

 

ACKNOWLEDGEMENTS 

This work was supported by the Spanish Ministry of Economy and Competitiveness (project 

MAT2015-71806-R, SAF2017-87305-R, PGC2018-096016-B-I00), Comunidad de Madrid 

(projects P2018/NMT-4321, NANOMAGCOST-CM, and B2017/BMD-3867, RENIM-CM), and 



 32

European Commission H2020 programme (project NOCANTHER, grant agreement no. 

685795). IMDEA Nanociencia acknowledges support from the 'Severo Ochoa' Programme for 

Centres of Excellence in R&D (grant SEV-2016-0686). DG-S gratefully acknowledges 

Consejería de Educación, Juventud y Deporte de la Comunidad de Madrid y del Fondo Social 

Europeo (PEJD-2016/IND-2293 fellowship), PMR acknowledges support from the ‘Severo 

Ochoa’ Programme for Centres of Excellence in R&D (MINECO, Grant SEV-2016-0686), NLG 

thanks the Spanish Education Ministry for the funding (FPU18/02323) and Ayuntamiento de 

Madrid for the grant to live at Residencia de Estudiantes del CSIC. L.G. acknowledges financial 

support from the Ramón y Cajal program (RYC-2014-15512). Authors would like to 

acknowledge the use the Advanced Microscopy Laboratory (INA-Universidad de Zaragoza). The 

authors acknowledge M. Puerto Morales (ICMM-CSIC) for her support with the XRD analyses. 

 

REFERENCES 

[1] K. Zhu, Y. Ju, J. Xu, Z. Yang, S. Gao, Y. Hou, Magnetic Nanomaterials : Chemical 

Design, Synthesis, and Potential Applications, Acc. Chem. Res. 51 (2018) 404–413. 

https://doi.org/10.1021/acs.accounts.7b00407. 

[2] D. Wang, D. Astruc, Fast-Growing Field of Magnetically Recyclable Nanocatalysts, 

Chem. Rev. 114 (2014) 6949−6985. 

[3] J.M. Asensio, A.B. Miguel, P. Fazzini, P.W.N.M. Van Leeuwen, B. Chaudret, 

Hydrodeoxygenation Using Magnetic Induction : High-Temperature Heterogeneous 

Catalysis in Solution, Angew. Chemie Int. Ed. 58 (2019) 11306–11310. 



 33

https://doi.org/10.1002/anie.201904366. 

[4] K.K. Kefeni, B.B. Mamba, T.A.M. Msagati, Application of spinel ferrite nanoparticles in 

water and wastewater treatment: A review, Sep. Purif. Technol. 188 (2017) 399–422. 

https://doi.org/10.1016/j.seppur.2017.07.015. 

[5] G. Simonsen, M. Strand, G. Øye, Potential applications of magnetic nanoparticles within 

separation in the petroleum industry, J. Pet. Sci. Eng. 165 (2018) 488–495. 

https://doi.org/10.1016/j.petrol.2018.02.048. 

[6] D.S. Kolchanov, V. Slabov, K. Keller, E. Sergeeva, M. V Zhukov, A.S. Drozdov, A. V 

Vinogradov, Sol-gel magnetite inks for inkjet printing, J. Mater. Chem. C. 7 (2019) 6426–

6432. https://doi.org/10.1039/C9TC00311H. 

[7] F.K. Leung, T. Kajitani, M.C.A. Stuart, T. Fukushima, B.L. Feringa, Dual-Controlled 

Macroscopic Motions in a Supramolecular Hierarchical Assembly of Motor Amphiphiles, 

Angew. Chemie Int. Ed. 58 (2019) 10985–10989. https://doi.org/10.1002/anie.201905445. 

[8] K. Shahrivar, J.R. Morillas, Y. Luengo, H. Gavilan, M.P. Morales, C. Bierwisch, J. de 

Vicente, Rheological behavior of magnetic colloids in the borderline between ferrofluids 

and magnetorheological fluids, J. Rheol. (N. Y. N. Y). 63 (2019) 547–558. 

https://doi.org/10.1122/1.5093628. 

[9] J. Mosayebi, M. Kiyasatfar, S. Laurent, Synthesis, Functionalization, and Design of 

Magnetic Nanoparticles for Theranostic Applications, Adv. Healthc. Mater. 6 (2017) 

1700306. https://doi.org/10.1002/adhm.201700306. 



 34

[10] P. Tartaj, M.P. Morales, T. Gonzalez-Carreño, S. Veintemillas-Verdaguer, C.J. Serna, The 

Iron Oxides Strike Back: From Biomedical Applications to Energy Storage Devices and 

Photoelectrochemical Water Splitting, Adv. Mater. 23 (2011) 5243–5249. 

https://doi.org/10.1002/adma.201101368. 

[11] B.D. Cullity, C.D. Graham, Introduction to Magnetic Materials, Dalt. Trans. (2009). 

[12] J.T. Jang, H. Nah, J.H. Lee, S.H. Moon, M.G. Kim, J. Cheon, Critical enhancements of 

MRI contrast and hyperthermic effects by dopant-controlled magnetic nanoparticles, 

Angew. Chemie - Int. Ed. 48 (2009) 1234–1238. https://doi.org/10.1002/anie.200805149. 

[13] K.L. Livesey, S. Ruta, N.R. Anderson, D. Baldomir, R.W. Chantrell, D. Serantes, Beyond 

the blocking model to fit nanoparticle ZFC/FC magnetisation curves, Sci. Rep. 8 (2018) 

11166. https://doi.org/10.1038/s41598-018-29501-8. 

[14] C.B. Murray, V.V.T. Doan-Nguyen, B.T. Diroll, J.M. Kikkawa, D. Li, H. Yun, Synthesis 

and Size-Selective Precipitation of Monodisperse Nonstoichiometric MxFe3– xO4 (M = 

Mn, Co) Nanocrystals and Their DC and AC Magnetic Properties, Chem. Mater. 28 

(2016) 480–489. https://doi.org/10.1021/acs.chemmater.5b03280. 

[15] A.J. Rondinone, C. Liu, Z. John Zhang, Determination of magnetic anisotropy distribution 

and anisotropy constant of manganese spinel ferrite nanoparticles, J. Phys. Chem. B. 105 

(2001) 7967–7971. https://doi.org/10.1021/jp011183u. 

[16] L. Yang, L. Ma, J. Xin, A. Li, C. Sun, R. Wei, B.W. Ren, Z. Chen, H. Lin, J. Gao, 

Composition Tunable Manganese Ferrite Nanoparticles for Optimized T2 Contrast 

Ability, Chem. Mater. 29 (2017) 3038–3047. 



 35

https://doi.org/10.1021/acs.chemmater.7b00035. 

[17] X. Lasheras, M. Insausti, J.M. De La Fuente, I. Gil De Muro, I. Castellanos-Rubio, L. 

Marcano, M.L. Fernández-Gubieda, A. Serrano, R. Martín-Rodríguez, E. Garaio, J.A. 

García, L. Lezama, Mn-Doping level dependence on the magnetic response of MnxFe3- 

xO4 ferrite nanoparticles, Dalt. Trans. 48 (2019) 11480–11491. 

https://doi.org/10.1039/c9dt01620a. 

[18] G. Salas, R. Costo, M. del P. Morales, Chapter 2 - Synthesis of Inorganic Nanoparticles, 

in: J.M. de la Fuente, V. Grazu (Eds.), Nanobiotechnology Inorg. Nanoparticles vs Org. 

Nanoparticles, Elsevier, 2012: pp. 35–79. 

http://www.sciencedirect.com/science/article/pii/B9780124157699000029. 

[19] V.L. Calero-DdelC, A.M. Gonzalez, C. Rinaldi, A statistical analysis to control the growth 

of cobalt ferrite nanoparticles synthesized by the thermodecomposition method, J. Manuf. 

Sci. Eng. Trans. ASME. 132 (2010) 0309141–0309147. 

https://doi.org/10.1115/1.4001717. 

[20] Y. Yang, X. Liu, Y. Yang, W. Xiao, Z. Li, D. Xue, F. Li, J. Ding, Synthesis of 

nonstoichiometric zinc ferrite nanoparticles with extraordinary room temperature 

magnetism and their diverse applications, J. Mater. Chem. C. 1 (2013) 2875–2885. 

https://doi.org/10.1039/c3tc00790a. 

[21] C. Sangregorio, E. Lottini, C. Innocenti, E. Fantechi, M. Albino, Influence of cobalt 

doping on the hyperthermic efficiency of magnetite nanoparticles, J. Magn. Magn. Mater. 

380 (2014) 365–371. https://doi.org/10.1016/j.jmmm.2014.10.082. 



 36

[22] E.A. Schultz-Sikma, H.M. Joshi, Q. Ma, K.W. MacRenaris, A.L. Eckermann, V.P. 

Dravid, T.J. Meade, Probing the chemical stability of mixed ferrites: Implications for 

magnetic resonance contrast agent design, Chem. Mater. 23 (2011) 2657–2664. 

https://doi.org/10.1021/cm200509g. 

[23] G. Baldi, D. Bonacchi, M.C. Franchini, D. Gentili, G. Lorenzi, A. Ricci, C. Ravagli, 

Synthesis and Coating of Cobalt Ferrite Nanoparticles : A First Step toward the 

Obtainment of New Magnetic Nanocarriers Synthesis and Coating of Cobalt Ferrite 

Nanoparticles : A First Step toward the Obtainment of New Magnetic Nanocarriers, 

Langmuir. 23 (2007) 4026–4028. https://doi.org/10.1021/la063255k. 

[24] A.K.L. Yuen, G.A. Hutton, A.F. Masters, T. Maschmeyer, The interplay of catechol 

ligands with nanoparticulate iron oxides, Dalt. Trans. 41 (2012) 2545–2559. 

https://doi.org/10.1039/c2dt11864e. 

[25] N. Singh, G.J.S. Jenkins, R. Asadi, S.H. Doak, Potential toxicity of superparamagnetic 

iron oxide nanoparticles (SPION), Nano Rev. 1 (2010) 5358. 

https://doi.org/10.3402/nano.v1i0.5358. 

[26] Y.-M. Huh, Y. Jun, H.-T. Song, S. Kim, J. Choi, J.-H. Lee, S. Yoon, K. Kim, J.-S. Shin, 

J.-S. Suh, J. Cheon, In vivo magnetic resonance detection of cancer by using 

multifunctional magnetic nanocrystals., J. Am. Chem. Soc. 127 (2005) 12387–12391. 

https://doi.org/10.1021/ja052337c. 

[27] J.H. Lee, Y.M. Huh, Y. Jun, J. Seo, J. Jang, H.T. Song, S. Kim, E.J. Cho, H.G. Yoon, J.S. 

Suh, J. Cheon, Artificially engineered magnetic nanoparticles for ultra-sensitive molecular 



 37

imaging, Nat. Med. 13 (2007) 95–99. 

[28] F. Dilnawaz, A. Singh, C. Mohanty, S.K. Sahoo, Biomaterials Dual drug loaded 

superparamagnetic iron oxide nanoparticles for targeted cancer therapy, Biomaterials. 31 

(2010) 3694–3706. https://doi.org/10.1016/j.biomaterials.2010.01.057. 

[29] M.H. Cho, E.J. Lee, M. Son, J. Lee, D. Yoo, J. Kim, S.W. Park, J. Shin, J. Cheon, A 

magnetic switch for the control of cell death signalling in in vitro and in vivo systems, 

Nat. Mater. 11 (2012) 1038–1043. https://doi.org/10.1038/nmat3430. 

[30] N.G. Durmus, E.N. Taylor, K.M. Kummer, T.J. Webster, Enhanced Efficacy of 

Superparamagnetic Iron Oxide Nanoparticles Against Antibiotic-Resistant Biofilms in the 

Presence of Metabolites, Adv. Mater. 25 (2013) 5706–5713. 

https://doi.org/10.1002/adma.201302627. 

[31] S. Kossatz, R. Ludwig, H. Dähring, V. Ettelt, G. Rimkus, M. Marciello, G. Salas, V. Patel, 

F.J. Teran, I. Hilger, High Therapeutic Efficiency of Magnetic Hyperthermia in Xenograft 

Models Achieved with Moderate Temperature Dosages in the Tumor Area., Pharm. Res. 

31 (2014) 3274–3288. https://doi.org/10.1007/s11095-014-1417-0. 

[32] K.L. Ribeiro, I.A.M. Frías, O.L. Franco, S.C. Dias, A.A. Sousa-Junior, O.N. Silva, A.F. 

Bakuzis, M.D.L. Oliveira, C.A.S. Andrade, Clavanin A-bioconjugated Fe3O4/Silane core-

shell nanoparticles for thermal ablation of bacterial biofilms, Colloids Surfaces B 

Biointerfaces. 169 (2018) 72–81. https://doi.org/10.1016/j.colsurfb.2018.04.055. 

[33] C. Xu, K. Xu, H. Gu, R. Zheng, H. Liu, X. Zhang, Z. Guo, B. Xu, Dopamine as a robust 

anchor to immobilize functional molecules on the iron oxide shell of magnetic 



 38

nanoparticles, J. Am. Chem. Soc. 126 (2004) 9938–9939. 

https://doi.org/10.1021/ja0464802. 

[34] E. Amstad, T. Gillich, I. Bilecka, M. Textor, E. Reimhult, Ultrastable iron oxide 

nanoparticle colloidal suspensions using dispersants with catechol-derived anchor groups, 

Nano Lett. 9 (2009) 4042–4048. https://doi.org/10.1021/nl902212q. 

[35] H. Wei, N. Insin, J. Lee, H.S. Han, J.M. Cordero, W. Liu, M.G. Bawendi, Compact 

zwitterion-coated iron oxide nanoparticles for biological applications, Nano Lett. 12 

(2012) 22–25. https://doi.org/10.1021/nl202721q. 

[36] M. Wu, D. Zhang, Y. Zeng, L. Wu, X. Liu, J. Liu, Nanocluster of superparamagnetic iron 

oxide nanoparticles coated with poly (dopamine) for magnetic field-targeting, highly 

sensitive MRI and photothermal cancer therapy, Nanotechnology. 26 (2015) 115102. 

https://doi.org/10.1088/0957-4484/26/11/115102. 

[37] R.R. Wildeboer, P. Southern, Q.A. Pankhurst, On the reliable measurement of specific 

absorption rates and intrinsic loss parameters in magnetic hyperthermia materials, J. Phys. 

D. Appl. Phys. 47 (2014) 495003. https://doi.org/10.1088/0022-3727/47/49/495003. 

[38] S. Sun, H. Zeng, Size-Controlled Synthesis of Magnetite Nanoparticles, J. Am. Chem. 

Soc. 124 (2002) 8204–8205. https://doi.org/10.1021/ja026501x. 

[39] S. Sun, H. Zeng, D.B. Robinson, S. Raoux, P.M. Rice, S.X. Wang, G. Li, Monodisperse 

MFe2O4 (M = Fe, Co, Mn) nanoparticles., J. Am. Chem. Soc. 126 (2004) 273–279. 

https://doi.org/10.1021/ja0380852. 



 39

[40] G. Salas, C. Casado, F.J. Teran, R. Miranda, C.J. Serna, M.P. Morales, Controlled 

synthesis of uniform magnetite nanocrystals with high-quality properties for biomedical 

applications, J. Mater. Chem. 22 (2012) 21065–21075. 

https://doi.org/10.1039/C2JM34402E. 

[41] P. Milán Rois, A. Latorre, C. Rodriguez Diaz, Á. del Moral, Á. Somoza, Reprogramming 

Cells for Synergistic Combination Therapy with Nanotherapeutics against Uveal 

Melanoma, Biomimetics. 3 (2018) 28. https://doi.org/10.3390/biomimetics3040028. 

[42] G. Shemer, E. Tirosh, T. Livneh, G. Markovich, Tuning a colloidal synthesis to control 

Co2+ doping in ferrite nanocrystals, J. Phys. Chem. C. 111 (2007) 14334–14338. 

https://doi.org/10.1021/jp0736793. 

[43] D.R. Lide, ed., Ionic radii in crystals, in: CRC Handb. Chem. Phys., 85th ed., CRC Press, 

Boca Raton, FL, 2005. http://www.hbcpnetbase.com. 

[44] M.D. Shultz, J. Ulises Reveles, S.N. Khanna, E.E. Carpenter, Reactive nature of dopamine 

as a surface functionalization agent in iron oxide nanoparticles, J. Am. Chem. Soc. 129 

(2007) 2482–2487. https://doi.org/10.1021/ja0651963. 

[45] R. Otero-Lorenzo, E. Fantechi, C. Sangregorio, V. Salgueiriño, Solvothermally Driven 

Mn Doping and Clustering of Iron Oxide Nanoparticles for Heat Delivery Applications, 

Chem. - A Eur. J. 22 (2016) 6666–6675. https://doi.org/10.1002/chem.201505049. 

[46] A. López, L. Gutiérrez, F.J. Lázaro, The role of dipolar interaction in the quantitative 

determination of particulate magnetic carriers in biological tissues, Phys. Med. Biol. 52 

(2007) 5043–5056. https://doi.org/10.1088/0031-9155/52/16/022. 



 40

[47] L. Gutiérrez, M.P. Morales, F.J. Lázaro, Prospects for magnetic nanoparticles in systemic 

administration: synthesis and quantitative detection, Phys. Chem. Chem. Phys. 16 (2014) 

4456–4464. https://doi.org/10.1039/c3cp54763a. 

[48] A. Repko, D. Nižňanský, J. Poltierová-Vejpravová, A study of oleic acid-based 

hydrothermal preparation of CoFe2O4 nanoparticles, J. Nanoparticle Res. 13 (2011) 

5021–5031. https://doi.org/10.1007/s11051-011-0483-z. 

[49] J. Estelrich, M.J. Sánchez-Martín, M.A. Busquets, Nanoparticles in magnetic resonance 

imaging : from simple to dual contrast agents, Int. J. Nanomedicine. 10 (2015) 1727–1741. 

[50] S.M. Park, A. Aalipour, O. Vermesh, J.H. Yu, S.S. Gambhir, Towards clinically 

translatable in vivo nanodiagnostics, Nat. Rev. Mater. 2 (2017) 17014. 

https://doi.org/10.1038/natrevmats.2017.14. 

[51] I. Fernández-Barahona, L. Gutiérrez, S. Veintemillas-Verdaguer, J. Pellico, M.D.P. 

Morales, M. Catala, M.A. Del Pozo, J. Ruiz-Cabello, F. Herranz, Cu-Doped Extremely 

Small Iron Oxide Nanoparticles with Large Longitudinal Relaxivity: One-Pot Synthesis 

and in Vivo Targeted Molecular Imaging, ACS Omega. 4 (2019) 2719–2727. 

https://doi.org/10.1021/acsomega.8b03004. 

[52] M. Rohrer, H. Bauer, J. Mintorovitch, Comparison of Magnetic Properties of MRI 

Contrast Media Solutions at Different Magnetic Field Strengths, Invest. Radiol. 40 (2005) 

715–724. 

[53] G. Salas, S. Veintemillas-Verdaguer, M. del P. Morales, Relationship between physico-

chemical properties of magnetic fluids and their heating capacity, Int. J. Hyperth. 29 



 41

(2013) 768–776. https://doi.org/10.3109/02656736.2013.826824. 

[54] I. Conde-Leboran, D. Baldomir, C. Martinez-Boubeta, O. Chubykalo-Fesenko, M. Del 

Puerto Morales, G. Salas, D. Cabrera, J. Camarero, F.J. Teran, D. Serantes, A Single 

Picture Explains Diversity of Hyperthermia Response of Magnetic Nanoparticles, J. Phys. 

Chem. C. 119 (2015) 15698–15706. https://doi.org/10.1021/acs.jpcc.5b02555. 

[55] U.S.D. of H. and H. Services, Prescription Drug Product List, in: Approv. Drug Prod. with 

Ther. Equiv. Eval., 39th ed., 2019: pp. 3-405(of 452). 

https://www.accessdata.fda.gov/scripts/cder/daf/. 

[56] K. Banerjee, S. Munshi, O. Sen, V. Pramanik, T. Roy Mukherjee, S. Chakrabarti, 

Dopamine cytotoxicity involves both oxidative and nonoxidative pathways in SH-SY5Y 

cells: Potential role of alpha-synuclein overexpression and proteasomal inhibition in the 

etiopathogenesis of parkinson’s disease, Parkinsons. Dis. 14 (2014) 878935. 

https://doi.org/10.1155/2014/878935. 

[57] M.V. Clement, L.H. Long, J. Ramalingam, B. Halliwell, The cytotoxicity of dopamine 

may be an artefact of cell culture, J. Neurochem. 81 (2002) 414–421. 

https://doi.org/10.1046/j.1471-4159.2002.00802.x. 

 


