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ABSTRACT 

Despite the potential of magnetic nanoparticles to mediate intracellular hyperthermia when 
exposed to an alternating magnetic field, several studies indicate that the intracellular heating 
capacity of magnetic nanoparticles depends on factors such as the cytoplasm viscosity, 
nanoparticle aggregation within subcellular compartments, and dipolar interactions. In this 
work, we report the design and synthesis of monodispersed flower-like superparamagnetic 
manganese iron oxide NPs with maximized SAR and evaluate their efficacy as intracellular 
heaters in the human tumor-derived glioblastoma cell line U87MG. Three main strategies to 
tune the particle anisotropy of the core and the surface to reach the maximum heating 
efficiency were adopted: 1) Varying the crystalline anisotropy by inserting low amount of 
Mn2+ in the inverse spinel structure and 2) Varying NPs shape to add an additional anisotropy 
source, while keeping the superparamagnetic behavior, and 3) Maximizing NPs-cell affinity, 
through conjugation with a biological targeting molecule to reach the NPs concentration 
required to raise the temperature within cell. We investigate possible effects produced by 
these improved NPs under the AMF (f = 96 kHz, H = 47 kA/m) exposure in the glioblastoma 
cell line U87MG by monitoring the expression of hsp70 gene and ROS production, as both 
effects have been described to be induced by increasing intracellular temperature. The 
induced cell responses include cellular membrane permeabilization and rupture with 
concomitant high ROS appearance and hsp70 expression, followed by cell death. The 
responses were largely limited to cells that contained the nanoparticles and that were exposed 
to the AMF. Our results indicate that the developed strategies to optimize particle anisotropy 
in this work are a promise guidance to improve the heating efficiency of magnetic NPs in 
human glioma cell line. 

KEYWORDS: manganese iron oxide nanoparticles, optimized uptake, intracellular 
hyperthermia, oxidative stress, cell death, biological responses to heat. 
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INTRODUCTION 

Magnetic Hyperthermia Treatment (MHT), has emerged as a valuable treatment modality 

for certain types of cancers, in particular for those difficult to remove surgically such as brain 

tumors1-2. In this treatment, intracellular internalized nanoparticles (NPs) are exposed to an 

alternating magnetic field (AMF) that could trigger different effects such as intracellular 

heating, increasing the expression of the heat shock protein (HSP) family and induction of 

reactive oxygen species (ROS) through Fenton reactions. ROS can severely damage cellular 

structures like DNA, proteins, lipids, and cofactors of enzymes due to oxidation and, 

therefore, induce apoptosis3,4. Interestingly, concomitant with ROS production, an increase in 

fluidity and a loss of integrity of the cytoplasmic membrane that leads to the activation of 

cell death mechanisms that result in either necrosis or apoptosis has also been reported5,6. In 

addition, others effects such as the activation of dendritic and natural killer cells7, and the 

increase of the lysosomal membrane permeability have also been associated with MHT8. 

Although the mechanisms, that lead to cell death are still not clear, the truth is that the 

complete regression of tumors in in vivo experiments with mice has been already achieved9,10,11.  

In MHT, magnetic nanoparticles (MNPs), considered as individual magnetic dipoles, 

orient their magnetic moments after exposure to an alternating magnetic field. The magnetic 

energy is dissipated through the relaxation of the nanoparticles moment to equilibrium, either 

through the rotation of the nanoparticle as a whole (Brownian relaxation) or through the 

rotation of the magnetic moment within the nanoparticle core (Néel relaxation)12-13. 

Remarkably, very high heating capacity has been obtained for flower-shape maghemite14 or 

cube like shape NPs15 or by varying the core-shell components of the nanoparticles 
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(CoFe2O4@MnFe2O4, SAR=2280 W/g)9. However, it has been reported that NPs, once 

internalized in cells, show lower SAR values (ranging from 90 % down to 50% of the SAR 

measured in liquid), depending on the particle size, shape and composition12,16. This effect has 

been attributed to Brownian mobility restriction16,17, or particle aggregation18, including also 

the detrimental effect of viscosity on the obtained SAR19. In previous studies conducted in 

our laboratory it has been observed that the inefficiency of the NPs to respond to AMF is due 

to the compaction of NPs as large aggregates with random NPs orientation in the lysosomes 

of Pan 02 tumor cells20. In contrast, several groups have recently reported cell death after 

MHT treatment but with disagreements about perceptible changes or not in temperature 

during the treatment21-23. Besides the non-thermal damaging of tumour cells, there exist 

observations of thermal damaging effects. Zhang et al6. have found cell damaging effects 

using Herceptin-guided magnetic nanoparticles to malignant human mammary epithelial 

cells without observing significant temperature increase. According to Clerc et al8, when 

using MHT with Gastrin-grafted NPs an increase of ROS is observed on the lysosomal 

surface which provokes lipid peroxidation, lysosomal membrane permeabilization and 

leakage of the lysosomal enzymes, including Cathepsin-B which activates caspase-1 but not 

apoptotic caspase-3. Also, other authors have described the generation of ROS on the cellular 

membrane, because of the exposure to AMF, which increases permeabilization and finally 

rupture, provoking death by necrosis in cells24. However, mechanical damage in the cell 

interior cannot be discarded if the nanoparticles are able to oscillate under the influence of 

the external alternating magnetic field25. Besides the promising prospective of hyperthermia, 

in clinical studies, the therapeutic outcome has resulted to be rather heterogeneous.  
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In order to shed some light on the effect of the MHT on cell viability, it is necessary to 

rationalize the design of NPs for MHT and to consider the different parameters governing 

their relaxation mechanism that can be divided between extrinsic (magnetic field amplitude 

and frequency) and intrinsic parameters (NPs size, structure and magnetic anisotropy)1 26. In 

concordance to this, two main strategies can be adopted to tune the effective particle 

anisotropy and therefore the heating efficiency: 1) Varying the crystalline anisotropy by 

inserting low number of Mn2+ cations in the inverse spinel structure and 2) Varying NPs shape 

to add an additional anisotropy source. Introducing Mn ions leads to the formation of 

manganese doped ferrite nanoparticles with high magnetization, which increases SAR 

values27. In addition, shape anisotropy can also be used to obtain higher SAR values, as it has 

been previously demonstrated for iron oxide nanocubes12, 15 and flower-like particles14,28-29. In 

fact, these last ones show some of the highest SAR values in the bibliography, over 3000 

W/g due to collective magnetic behavior between the cores fused to form the particle14. 

Additionally, it is strongly desirable to reach the highest number of nanoparticles inside the 

cell, whereby a suitable coating and functionalization of the nanoparticles is necessary29. The 

cyclo(-RGDfK) cRGD peptide has been chosen because it is an effective ligand for targeting 

tumor microvasculature and cancer cells such as glioblastomas through the specific binding 

to the αvβ3 integrin, which is overexpressed on the cell surface in many tumors and tumoral 

cell lines30,31-32,17. It has been previously showed that cells expressing αvβ3 integrin, such as 

U87MG cells, are able to internalize higher amounts of iron oxide NPs functionalized with 

cRGD peptides when compared with cells that lack the expression of αvβ3 integrin such as 

L929 cells33 or MCF-7 cell line17,34 which is in concordance with the fact that the RGD peptide 

specifically interacts with αvβ3 integrin. This peptide has also been used combined with gold 
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NPs in U87MG showing fast endo and exocytosis processes of the NPs, dependent on the 

recycling of the with αvβ3 integrin, suggesting the importance of controlling the cell uptake 

profile with time35. 

In this work we investigate the effect of tuning particle anisotropy (magnetocrystalline and 

shape) to improve the heating efficiency of cRGD peptide functionalized monodisperse 

manganese-doped iron oxide NPs in a glioblastoma cell line. The NPs were designed for 

optimal SAR performance by optimizing the size and shape to obtain desirable high 

saturation magnetization, controlled collective magnetic interactions and, superparamagnteic 

behavior at room temperature, because this translates to higher heating rate per unit mass. 

Then, maximizing the cell-NPs affinity through biological targeting (cRGD peptide) we 

expect to have an adequate amount of cell-internalized SPIONs to induce intracellular 

heating in U87MG.  We have analyzed biological effects of cRGD peptide functionalized 

manganese iron oxide NPs-loaded U87MG cells under an alternating magnetic field, 

assessing the expression of hsp70 gene and ROS generation, the correlation between ROS 

production and membrane stress and rupture, as well as the possible activation of cell death 

pathways.  

 

 

 

 

 

 

 



 8 

 

  



 9 

 

RESULTS AND DISCUSSION 

Mn-doped iron oxide nanoparticles were initially synthesized by the thermal 

decomposition of iron and manganese acetylacetonate in 1-octadecene and in presence of 

oleic acid (OAc) and oleylamine (OAm). Then, the resultant hydrophobic nanoparticles (NF-

OA) are transferred to aqueous medium by a ligand exchange reaction with DMSA ligand 

(NF-DMSA). Finally, cyclo(-RGDfK) peptide is conjugated to the system (NF-DMSA-

PEP) in order to improve the cellular internalization of the nanoparticles. These 

functionalization steps are represented in Figure 1a. ICP-OES has been used to measure the 

metal content of the inorganic phases in order to determine the manganese doping level of 

the ferrites in accordance with the formula MnxFe3-xO4. Results yielded that hydrophobic and 

hydrophilic nanoparticles occur as Mn1.1Fe1.9O4 and Mn0.8Fe2.2O4, respectively. In the first 

case, the final Fe/Mn molar ratio is near to the initial molar ratio of the metal precursors. The 

decrease of the Mn doping level after the ligand exchange reaction has been reported 

previously36. On the contrary, after peptide conjugation the metal composition of the 

inorganic core does not present a significant variation, but a slight decrease in Mn content 

resulting in the formula Mn0.7Fe2.3O4. 

Figure 1b shows the FT-IR spectra of the three nanostructured systems. In the case of NF-

OA, the dominant signals appear in the range of 2800-3000 cm-1 and at 1463 cm-1, which 

correspond to the ν(C-H) and δ(CH2) modes, respectively, of the abundant alkyl groups of 

OAc and OAm molecules at the surface of the ferrites. OAc is expected to be predominantly 

anchored to the surface cations, which is confirmed by the presence of a broad peak at 1560 

cm-1 accounting for the νas(COO) mode of the metal carboxylates; also free OAc molecules 
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forming a second surfactant layer are observed due to the occurrence of the ν(C=O) mode at 

1740 cm-1. The band centered at 568 cm-1, characteristic of lattice Fe-O vibrations in spinel 

ferrites, denotes the formation of the inorganic phase. After the surface modification from 

NF-OA to NF-DMSA, it is noted a dramatic reduction of the alkyl signals and the merging 

of two intense and broad bands centered at 1590 and 1400 cm-1, which correspond to the 

νas(COO) and νs(COO) modes of metal carboxylates, respectively. Such signals arise due to 

either the anchoring of the DMSA carboxylic groups to the ferrite surface or the free 

carboxylates pointing toward the aqueous medium, and together indicate the successful 

ligand exchange reaction which makes possible the aqueous dispersion of the nanoparticles. 

It is worth to note the absence of the ν(S-H) mode, which suggests the formation of 

intermolecular disulfide bridges during the exchange reaction. The inorganic phase is 

retained, as can be noted from the band at 584 cm-1; in this sense, the powder XRD (see 

Figure 1c) displays the characteristic pattern of the inverse spinel structure, as compared with 

the MnFe2O4 phase (COD 96-230-0619). Finally, cyclo(-RGDfK) peptide was incorporated 

into the nanoplatform by the conjugation of the lysine amino end group with the free carboxyl 

moieties of the NF-DMSA sample by using EDC/SulfoNHS as coupling protocol. The FT-

IR spectrum of the resulting NF-DMSA-PEP sample shows new distinct features 

superimposed to the signals from the NF-DMSA sample that belong to the peptide (see 

Figure S1): the broad band centered at 1640 cm-1 with a shoulder around 1580 cm-1 

correspond to the ν(C=O) and δ(N-H) modes, respectively, of the amide functions; moreover, 

the intense signals near 1200 and 1100 cm-1 account for ν(C-N) vibrations due to the abundant 

C-N bonds. 

Further hints about peptide conjugation to the nanomaterial can be drawn from 

hydrodynamic size and zeta-potential measurements. The average hydrodynamic size grows 
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from 57 to 184 nm (see Figure 1d), while the zeta-potential (measured under physiological 

conditions) becomes less negative (from -46 to -34 mV). Such marked differences between 

NF-DMSA and NF-DMSA-PEP samples suggest that peptide inclusion was successful. 

Moreover, from the combination of both results it is apparent that peptide assembly not only 

contributes to an increase in the nanosystem size, but also decreases the nanoparticle surface 

charge, which in turn could favor the formation of some aggregates; however, the value of -

34 mV still provides good colloidal stability. The peptide conjugation efficiency was 49% 

under our experiment conditions, as calculated using the Equation 1 in Experimental Section. 

We estimated that the amount of conjugated cyclo(-RGDfK) peptide was 37 molecules for 

each NP (see section S2 in SI). 

Since NF-DMSA and NF-DMSA-PEP samples are proved for in vitro hyperthermia 

treatment, we first register the field-dependent magnetization curves (M-H) at room 

temperature (290 K), as shown in Figure 1e. Given the similar superparamagnetic behavior 

of both samples, it is apparent that peptide conjugation does not affect the magnetic properties 

of the nanoflowers. The high Ms values (around 98 Am2/kg(Fe+Mn)), which are higher than 

those reported for other nano-magnetic platforms based on MnFe2O4 nanoparticles, are 

expected to favour a high heating efficiency under an AMF14, 28. Besides, both exhibit values 

of coercitivity and remanence close to zero (see Table 1 in SI), thus confirming the onset of 

the superparamagnetic regime at this temperature. In contrast, the samples display a clear 

ferrimagnetic behavior at 5 K (see Figure S3 in SI).  
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Figure 1. Design and characterization of the synthesized nanosystems (a) Scheme of DMSA 
functionalization and peptide conjugation of the NF. (b) FTIR spectra of NF-OA, NF-DMSA and NF-DMSA-
PEP samples. (c) Powder XRD of NF-DMSA sample (the reference diffractogram corresponds to the MnFe2O4 
phase [COD 96-230-0619]) and (d) Hydrodynamic size distribution for NF-DMSA and NF-DMSA-PEP 
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samples. (e) Hysteresis loops recorded at 290 K for NF-DMSA and NF-DMSA-PEP samples. Inset: low field 
hysteresis loops.  

Figure 2 focuses on the size and morphology of the synthesized nanosystems. TEM images 

(Figure 2a) reveal that the initial NF-OA sample consists of irregular flower-like particles 

with an average diameter of (18.3±1.9 nm); the size distribution is narrow and follows a log 

normal behavior. HRTEM image in the left panel of Figure 2b evidences that the 

nanoparticles present good crystallinity and do not entail single cores, but they are likely 

formed by the fusion of a small number of grains. This finding is supported by the fact that 

the crystallite size determined with the Scherrer formula from the XRD pattern is 9 nm, which 

is almost half of the average nanoparticle diameter. However, the resulting Fourier 

Transformation of the HRTEM image (right panel of Figure 2b) gives a pattern typical for 

single crystals in which it is possible to identify several planes like the (111), (220) and two 

of the {311} family. Such diffraction coherence suggests that the grains forming the 

nanoflowers are coupled by strong superexchange magnetic interactions; these interactions 

arise due to the experimental conditions employed for the synthesis of the ferrite 

nanoparticles, which influence the growth of the crystals. Thus, a relatively small molar ratio 

between the metal precursors and the surfactants, combined with an equimolar mixture of 

OAc and OAm, could promote a preferential growth of the initial seeds along certain crystal 

directions normal to the facets poorly stabilized by the surfactants (mainly those stabilized 

by OAm molecules). Such grains bearing highly magnetic “active” facets are then prone to 

couple in a ferromagnetic fashion with other similar grains, giving rise to the observed 

irregular flower-like shape of the final nanoparticles.  

Figures 2c and 2d shows the STEM and HRTEM images of the NF-DMSA sample; the size 

distribution, morphology and crystallinity of the nanoparticles are barely unaltered after the 
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ligand exchange reaction; however, it provokes an apparent decrease in the interparticle 

distance due to a smaller effective steric hindrance after substitution of OAc by DMSA 

molecules. The relation between the average particle diameter calculated by microscopy 

(17.0 ±1.6 nm) and the average crystallite size computed by XRD (12 nm) supports the same 

internal particle structure outlined for the NF-OA sample. It is interesting to note that in both 

systems the individual nanoparticles are not spatially random distributed, but they tend to 

exhibit a certain self-organization level that produces an anisotropic spatial distribution, 

which can be explained due to the occurrence of strong interparticle dipolar interactions; 

indeed, ZFC/FC curves (see Figure S4) fully support this idea26, 37.  

 
Figure 2. Microscopy study of NF-OA and NF_DMSA samples. (a) TEM micrographs (low and high 
magnification) and size distribution of NF-OA sample. (b) HRTEM (left) and Fourier Transformation showing 
the crystal planes (right) of a NF-OA particle. (c) STEM micrographs (low and high magnification) and size 
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distribution of NF-DMSA sample. (d) HRTEM (left) and Fourier Transformation showing the crystal planes 
(right) of a NF-DMSA particle.  

 

By comparing the interplanar distances of the (220) plane for both nanosystems, it is 

apparent that the lattice spacing decreases from 0.295 to 0.285 nm after ligand exchange. 

This small but noticeable variation could be related to the decrease in the manganese doping 

level of the ferrite structure that was discussed above; this behavior agrees with other reported 

data27. 

In order to evaluate and compare the hyperthermia performance of the aqueous suspension 

of the obtained NF-DMSA nanosystem, two additional platforms were selected as 

references. Reference samples consist of 12 nm spherical magnetite nanoparticles coated 

with DMSA (NP-REF) obtained by coprecipitation38,39 and 20 nm flower-like maghemite 

nanoparticles coated with citric acid obtained by the polyol method40(NF-REF) (Figure S5 in 

SI). The change in temperature as a function of time was recorded using the equipment 

described in the experimental section, maintaining the nanoparticle concentration at 1 mg 

NP/mL and the applied field with f = 96 kHz and H0 = 47 kA/m; with this values, the product 

H0f lies below the biological discomfort level41. Figure 3a shows the resulting heating curves. 

First, it is worth to note the atypical heating curve of NF-DMSA ferrofluid at longer times 

with a non-monotonic increase, probably due to the formation of ordered chain-like 

structures42-44, as it was observed in Figure 2c. More important, the three platforms produce a 

similar net increase in temperature, 11.4, 12 and 10.2 °C for NF-DMSA, NF-REF, and NP-

REF, respectively; however, the initial slope is distinctly higher for the NF-DMSA sample. 

Consequently, this sample displays a superior heating capacity compared to the reference 

samples, which is reflected in the differences between the respective SAR values (689 vs 424 
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and 94 W/g(Fe+Mn)), as it is shown in Figure 3b (calculated using the Equation 2 in Experimental 

Section). This great heating performance of NF-DMSA sample results from the combined 

increase in the magnetocrystalline and shape anisotropies of the nanomaterial due to the Mn-

doping in the ferrite structure and the flower-like morphology, respectively. Besides, when 

the SAR value is converted to intrinsic loss power (ILP) in order to stablish proper 

comparisons45, it shows up that the NF-DMSA value (3.2 nH) is superior to the values 

reported for 15 nm MnFe2O4 nanoparticles (0.6 nH) and comparable to core-shell 

CoFe2O4@MnFe2O4 nanostructure (3.3 nH), which has been successfully applied in the 

complete regression of glioma cell tumor in mice9. Moreover, SAR is only slightly reduced 

when particles are in a more viscous media such as 50 % water/glycerol mixture (Figure S6 

in SI). 

Wrapping up, the prepared NF-DMSA sample displays a high SAR value and 

superparamagnetic properties at room temperature, therefore being a promising candidate for 

hyperthermia therapy. However, apart of the heating efficiency of the NPs, there is another 

important requisite to make the magnetic hyperthermia treatment effective to induce the 

death of cancer cells, that is an elevated uptake of NPs by the cells that we expect to reach 

with the peptide-carrying sample (NF-DMSA-PEP), as it has been previously observed for 

others group32-33, 35. 
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Figure 3. Heating efficiency of aqueous suspensions (a) Heating curves of aqueous solution of NF-DMSA 
and reference samples (NP-REF and NF-REF), all of them at concentration of (1 mgNP/ml) under the same 
experimental condition (f = 96 kHz, H = 47 kA/m). The content of the magnetic ions for each sample were ([Fe] 
= 2.70 mg/m L for NP-REF), ([Fe] = 0.72 mg/mL for NF-REF) and ([Fe + Mn] = 0.76 mg/mL). Inset: Zoom of 
the initial linear slope. (b) SAR values of colloidal samples (with standard deviation). 
 

Mn-doped NF are safe. To examine nanoparticle toxicity, different assays have been used 

to evaluate cell survival after incubation with increasing concentrations of NF-DMSA or NF-

DMSA-PEP from 0 to 100 μg/mL in αvβ3 integrin-overexpressing U87MG cells (Figure 4). 

PrestoBlue analysis has shown that U87MG cells viability is higher than 90% after incubation 

with NF-DMSA or NF-DMSA-PEP at any tested iron concentration (Figure. 4a). Since 

Presto Blue indirectly measures mitochondrial metabolism, these results suggest that 

nanoparticles do not induce any relevant alteration in the cellular metabolism. 
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Alternatively, apoptosis induction in U87MG cells after incubation with increasing 

concentrations of NF-DMSA or NF-DMSA-PEP have also been evaluated by TUNEL assay 

(Figure 4b, c).  

Quantification of TUNEL positive cells showed no statistically significant differences for 

any tested concentrations (Figure 4c). Annexin V-FITC/PI staining to differentiate between 

cell death induced by apoptotic or necrotic processes has also been performed (Figure S7). 

Even at the highest iron concentrations (100 μg/ml) no significant differences among the 

amount of viable, apoptotic and necrotic cells between the two groups of cells and the 

controls have been observed. 
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Figure 4. NPs toxicity in U87MG cells. Cell viability percentages of U87MG cells after incubation with 
different NPs concentrations as determined by PrestoBlue assay (a) or by TUNEL staining (b, c). Quantification 
of apoptotic cells (green staining) and live cells (red-staining) in TUNEL images (b) was used to calculate cell 
viability shown in panel (c). Data were normalized to untreated cells and are shown as mean ± SD (3 
independent experiments by triplicate) in both analyses. Two-way ANOVA showed no statistically significant 
differences. 
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All these results have shown that the incubation of U87MG cells with NF-DMSA or NF-

DMSA-PEP does not affect their viability at any of the tested concentrations as determined 

by different assays. In addition, the functionalization of the nanoparticles with the peptide 

cRGD does not increase cell death neither. 

cRGD peptide increases the nanoparticles uptake in U87MG human glioblastoma 

cancer cells, and the internalization follows cycles of endocytosis and exocytosis. As 

previously mentioned, two of the main requirements for magnetic hyperthermia induction of 

death in cancer cells are the use of NPs with high heating efficiency and the need to reach a 

high number of internalized NPs inside the cell29. For this reason, to reach the NPs 

concentration required to raise the temperature within the cell, the cRGD peptide has been 

chosen as targeting ligand.  

To test whether the functionalization of NF-DMSA with the cRGD peptide improved the 

nanoparticles internalization, first U87MG cells have been incubated with NF-DMSA or NF-

DMSA-PEP for different periods of time (0, 2, 4, 8 and 24 h) with different concentrations 

of each NPs type. The amount of particles uptaken has been followed by the determination 

of the iron content measured by ICP-OES (Figure S8).  

Both systems, with and without the peptide exhibit very different loading kinetics. In 

U87MG cells incubated with 60 μg/mL of NF-DMSA, the maximum Fe uptake have been 

observed at 2h (41.67 pg Fe/cell) and 4h (42.36 pg Fe/cell); but decrease at 8 h (30.66 pg 

Fe/mL) and more accentuated at 24 h (16.88 pg Fe/mL). For NF-DMSA-PEP, a maximum 

Fe uptake has been observed at 2 h (260 pg Fe/cell), being reduced at 4 h (143.64 pg Fe/cell), 

re-increased at 8 h (176.13 pg Fe/cell) and re-decreased again at 24 h (49.82 pg Fe/cell). This 

profile resembles what has already been described for cRGD-functionalized gold NPs in 
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U87MG cells35, where continuous cycles of endocytosis/exocytosis occur due to αvβ3 integrin 

recycling, increasing and decreasing alternatively NPs uptake along incubation time. Based 

on the results from this kinetic study we have selected the first cycle of the loading kinetics 

(2 and 4 h) for further analysis because it was the one exhibiting the highest Fe cellular 

uptake. Then, we have analyzed the NPs internalization, with and without the peptide, at 

three different concentrations (40, 60 and 100 µg/ml) (see Figure 5a). This analysis showed 

that cells incubated with the highest concentration (100 µg/ml) of cRGD-modified 

nanoparticles (NF-DMSA-PEP) internalized more particles, reaching the highest iron 

content, that is 764.6 pg Fe/cell and 271.33 pg Fe/cell at 2 and 4 h, respectively. The efficacy 

of cRGD peptide functionalization in NPs uptake is clear when comparing its uptake with 

that for non-functionalized NPs, where a 6-fold difference in NPs internalization at 2 h for 

60 µg/ml has been observed. The ratio of internalization is reduced to half at 4 h for the same 

concentration. Similar high uptake values (a 4-fold increase) were observed in U87MG 

treated with cRGD-fused magnetosomes when compared with non-modified 

magnetosomes17. These results together with the kinetics profile described above strongly 

suggest cycles of endocytosis/exocytosis of the cRGD-modified NPs.  

To study NPs cellular localization in U87MG cells we have used different approaches. 

First, confocal microscopy, has shown that regardless their coupling with the peptide, 

particles were mainly accumulated in the cytoplasm at 2 and 4 h (Figure 5b). In addition, at 

4 h more NPs were also detected outside the cells in the culture media compared to the same 

observations at 2 h, which is in concordance with the peptide-mediated NP recycling process 

mentioned along this section.  
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Figure 5. Iron cellular uptake and subcellular distribution of NPs on U87MG cells. (a) Quantification of 
iron concentration by ICP-OES. The total amount of iron was divided by the number of cultured cells for each 
sample. Data are shown as mean ± SD (n = 3). (b) Images of U87MG cells loaded NPs (60 and 100 µg/ml) 
acquired by confocal microscopy (cell membrane (red), nuclei (blue) and NPs (gray)) (scale bar =10 µm). 

 

Next, subcellular localization of the particles in U87MG cells after incubation with NF-

DMSA and NF-DMSA-PEP for 0, 2 and 4 h was analyzed by TEM (Figure 6). TEM images 

showed the presence of intracytoplasmic NPs aggregates when U87MG cells were incubated 

for 2 h with NF-DMSA (Figure 6b). TEM images obtained after 4 h incubation showed 

almost similar number of intracytoplasmic aggregates (Figure 6c). TEM images of the 

U87MG cells after incubation with NF-DMSA-PEP showed more NPs aggregates at 2 h than 
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cells incubated with NF-DMSA, which agrees with our previous data, and with the cRGD 

peptide functionalization (Figure 6e). TEM images obtained after 4 h incubation showed 

almost no intracellular aggregates but many smaller NPs aggregates near the cell membrane 

or outside the cell suggesting that the NPs uptaked at 2 h were exocytosed at 4 h (Figure 6f)35. 

 
Figure 6. NP subcellular localization in U87MG cells. Representative TEM image of U87MG cells before 
NPs incubation (a, d). TEM images of U87MG cells incubated with NF-DMSA for 2 h or 4 h (b, c), and with 
NF-DMSA-PEP for 2 h or 4 h (e, f). Magnification of features to illustrate the endocytosis and exocytosis 
dynamics observed in cells loaded-NF-DMSA-PEP (g, h, i).  

 
In previous studies NPs are frequently found in compact aggregates inside lysosomes as 

consequence of their endocytic process, where they stay till they are degraded by the 
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lysosomal machinery20. In the case of U87MG cells TEM images showed that NPs aggregates 

were observed in multivesicular bodies, early endosomes or macropinosomes and then, most 

of them were exocytosed by the cells. 

 A schematic representation of the mechanism is illustrated in Figure 7. Generally, tumor 

cells and macrophages internalized nanoparticles by different routes of endocytosis: 

macropinocytosis, clathrin-dependent endocytosis, among others46-49. Then the magnetic 

nanoparticles are accumulated in endosomes and lysosomes, and finally they are degraded 

by the cells (Pathway 1). However, there is another cellular path for NPs targeting avb3 

integrins receptor that involves recycling of integrins and consequent exocytosis process50. 

Here, for glioblastoma cells, the NPs could be endocytosed by a predominant 

macropinocytosis route (Figure 6e, g). The surrounding fluid and particles can be internalized 

into the macropinosomes. In macrophages, after separating from the membrane, 

macropinosomes move into the cytosol and fuse with lysosomes46. In contrast, in human 

U87MG cells, the macropinosomes travel back to the cell surface of the membrane and 

release the contents inside of vacuoles or vesicles with sizes in the range between 800 nm 

and 2 µm to the extracellular space (Figure 6h and i, and Pathway 2 in Figure 7). 

Internalization pathways are important to consider in order to choose a favorable protocol for 

the application of NPs in biomedicine, specifically in hyperthermia treatment because the 

cell NPs uptake is one of the key factors for the therapy success. 
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Figure 7. Scheme comparing the NPs intracellular trafficking network in for two pathways depending from 
cellular type. 

 

The exposition of NPs-loaded U87MG cells to an AMF causes several biological effects. 

It has been described that when cells with internalized NPs are exposed to an AMF, the NPs 

can generate heat, which dissipates to the cytoplasm resulting in an induction of the 

transcription of heat shock proteins 70 (hsp70)51,52. Moreover, it has also been reported that 

under exposition to an AMF cell-internalized NPs can directly induce ROS generation 

through Fenton reactions on the NP surface8,53. In this regard, ferrite NPs have been exploited 

as an efficient catalyst for decomposition of H2O2
54. Increased levels of ferrous ions might 

form and react with H2O2 which causes various kinds of oxidative damage to DNA3. 

Alternatively, intracellular ROS induction may be attributed to NPs-cell interactions. In our 

system we have observed that NPs (NF-DMSA-PEP) are in close interaction with the cell 

membrane, probably due to their functionalization with the cRGD peptide, so the most 

probable effects could be the membrane permeabilization and the cellular integrity loss, 

triggering cell death by necrosis or/and apoptosis processes. To evaluate whether the 
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exposition of the U87MG-internalized NPs to an AMF induces any of the mentioned effects, 

we have carried out specific analysis to measure the degree of induction of each of them. 

As already mentioned, thermal stress induced the transcription of hsp70, what allows us to 

use the analysis of hsp70 transcriptional activation as molecular thermometer in cells51. First, 

we have tested if U87MG cells transcribed hsp70 in response to a general thermal stress. For 

this analysis, cells have been incubated in a water bath at 42 ºC for 30 minutes, then cells 

have been kept 30 minutes in an incubator at 37 ºC under culture conditions, and finally total 

RNA has been extracted to generate cDNA that has been used as template for quantitative 

PCR analysis using specific primers (Figure 8a). This experiment has shown clear induction 

of mRNA hsp70 transcription demonstrating the sensitivity of hsp70 to heat in U87MG cells.  

Because in previous studies we have seen that spherical iron oxide NPs coated with DMSA 

(NP-REF) were unable to induce hsp70 transcription when internalized in Pan02 cells and 

exposed to an AMF (25 kA/m, 250 kHz)20, we have included this NP-REF in the analysis for 

comparison. We have also included magnetite flower-like NPs coated with citrate (NF-REF) 

to compare with our flower-like manganese iron oxide cRGD-functionalized NPs (NF-

DMSA-PEP). For the hsp70 mRNA transcription analysis in all the experimental conditions, 

U87MG cells have been first incubated for 2 and 4 h with 60 μg/mL of either NP-REF, NF-

REF, NF-DMSA, or NF-DMSA-PEP. After this incubation period, cells have been washed 

3-times to remove not internalized NPs from the culture medium. Then, NPs-loaded cells 

have been exposed to the AMF (47 kA/m, 96 kHz) for 1 h. After AMF exposition, cells have 

been kept 1 h in standard culture conditions to allow hsp70 transcription. In addition, to 

evaluate any possible effect on hsp70 mRNA transcription due to the exposition of U87MG 

cells to the AMF, these cells (without internalized NPs) have been used as controls, exposed 
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to the AMF and processed under the same experimental conditions (Figure 8a). In U87MG 

cells exposed to the AMF without internalized NPs no hsp70 mRNA transcription has been 

observed. Similarly, in U87MG cells incubated for 24 hours with either NP-REF, NF-REF, 

NF-DMSA or NF-DMSA-PEP, but not exposed to the AMF, no hsp70 mRNA transcription 

has been observed neither. 

The analysis of the expression level of hsp70 in U87MG cells incubated for 2 h with the 

different NPs exposed to the AMF for 1 h, and left in the incubator for 1 h at 37ºC, has shown 

that NP-REF (spherical-like shape) do not induce mRNA hsp70 transcription (2-ΔΔCt value of 

0.78), that NF-REF (flower-like shape) induce a moderate expression of hsp70 mRNA (2-ΔΔCt 

value of 12.63), that NF-DMSA (flower-like shape without the cRGD peptide) induce some 

hsp70 mRNA expression (2-ΔΔCt value of 2.5), and that NF-DMSA-PEP (flower-like shape with 

the cRGD peptide) induce a strong hsp70 mRNA expression (2-ΔΔCt value of 41.19), which is 

similar to the induction observed to the U87MG cells when they have been incubated in a 

water bath at 42 ºC for 30 minutes (2-ΔΔCt value of 51.11). In conclusion, when NF-DMSA-PEP 

have been exposed to the AMF, a similar hsp70 transcriptional response to the one observed 

when external heat is applied to the cells has been observed, suggesting that this type of NPs 

could induce intracellular temperature increase.  

Alternatively, the analysis of the expression level of hsp70 in U87MG cells incubated for 

4 h exposed to the AMF have shown again a larger expression of hsp70 mRNA for NF-

DMSA-PEP (flower-like shape with the cRGD peptide) in comparison to the rest of the 

samples (2-ΔΔCt value of 17.64) but reduced in comparison to the data observed at 2 h of 

incubation with the NPs (Figure 8a). The differences observed in the hsp70 expression levels 

between 2 and 4 h of incubation with NF-DMSA-PEP or NP-REF reflect the differences 
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observed in NPs uptake due to the endocytosis/exocytosis dynamics that each NPs type 

follows (Figure 5 and Figure 6). According to this, the analysis of the iron content of the 

supernatant after incubation of NPs with cells for 2 and 4 h and after the exposition to AMF 

for 1 h quantified by ICP-OES indicated a minor amount of iron at 2 h (2.14 pg Fe/mL) than 

at 4 h (5 pg Fe/mL) supporting the idea that the internalized NPs have been exocytosed to 

the culture media mainly at 4 h, as reported for cRGD-modified gold NPs35 (see, Figure S9.).  

It is clear that only flower-like particles (NF-REF, NF-DMSA or NF-DMSA-P) induce 

hsp70 expression in U87MG cells after exposition to a AMF, while for NP-REF, spherical-

like shape with a size of 12 nm, no expression has been detected16. Although these results 

suggest that NPs shape could dictate the magnetic response to the AMF, it is also important 

to consider that size, size distribution and intracellular aggregation may have an important 

effect on the heating properties. In fact, the heating capacity of the particles measured in 

water (Figure 3b) does not correspond with the observations in cell cultures. These results 

are another indication of the difficulties of correlating the heating properties of particles 

measured in a test tube with their heating performance intracellularly. Heating efficiency is 

clearly associated in this work with the excellent characteristics of the NPs, whose anisotropy 

has been tuned for the field conditions, that is the large NPs size (18 nm), the Mn doping and 

its flower-like shape that provide a high SAR. In addition, the peptide coating prevents from 

further aggregation of the particles inside the cell. Aggregation of the NPs in lysosomes has 

been found to be responsible for the reduction of the heating efficiency of NPs after being 

cell-internalized, independently on the NPs size and shape or their initial SAR in aqueous 

media, as it was showed for magnetite cubes and spheres with high and low SAR values in 

water15,20  
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Figure 8. Analysis of biological effect induced by MHT in U87MG cells. (a) Hsp70 gene expression of 
U87MG cells heat shocked analyzed by qRT-PCR, 1h and after the treatment. Expression levels were compared 
with hsp70 expression relative to cells incubated at 42°C for 30 min. Data were normalized using the 2-∆∆Ct 
method and are shown as mean ± SD (n=3). (b) Trypan Blue staining was used to calculate the percentage of 
dead cells. (See color insert.) Asterisks indicate samples showing statistically significant differences between 
groups (black brackets) and times (green brackets) (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p< 0.0001). 
Two- way ANOVA, Tukey’s multiple comparisons test were made for both analyzes. 

 

The second biological effect we have analyzed is whether AMF induced cell death in 

U87MG cells loaded with either NP-REF, NF-REF, NF-DMSA or NF-DMSA-PEP.  NP-

loaded U87MG cells have been exposed to an AMF for 1 h and stained with Trypan Blue 

immediately after the treatment. To determine the percentage of death cells, blue-stained cells 

(death) and non-stained cells (alive) have been counted (Figure 8b). In the case of the 

U87MG cells loaded with NF-DMSA-PEP, 62% and 40% cell death have been observed at 

2 h and 4 h after incubation, while for NF-DMSA, 20% and 25% cell death has been detected 
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at 2 and 4 h. To evaluate if the applications of AMF affected the viability of U87MG cells, 

cells without NPs have been exposed to an AMF during 1 h. Under these conditions 6.25% 

and 13,95% cell death has been observed at 2 h and 4 h. In the case of NP-REF internalized 

in U87MG cells, no statistically significant difference in cell death has been observed after 

exposition to an AMF (14% at 2 h and 12.5% at 4 h), compared to U87MG cells without NPs 

exposed the AMF. In the cells loaded with NF-REF for 2 and 4 h, we have detected a 45% 

and 14% cell death, respectively. When the results obtained from the Trypan Blue and from 

the hsp70 mRNA expression analysis have been compared, we have observed that in all the 

conditions where AMF induced hsp70 mRNA expression in NPs-loaded cells, cell death 

induction has been observed, suggesting that the heat release by NPs after AMF expositions 

is, in part the cause of the observed cell death. Therefore, flower-like shape NPs induced the 

highest expression levels of hsp70 and the highest cell death percentages, suggesting that 

nanoparticles shape could be a very important parameter to optimize the materials prepared 

as heat mediators for hyperthermia. 

It has been described that cell-internalized iron oxide nanoparticles can generate ROS 

through the production of iron ions due to the Fenton reaction54. NPs-induced ROS generation 

can be further potentiated by increasing the temperature, which could be reached either by 

applying an extracellular or intracellular source of heat51,55. Because our previous results 

suggested that AMF is inducing intracellular hyperthermia in NPs-loaded U87MG cells, and 

AMF could be inducing oxidative stress directly by itself increasing the Fenton reaction on 

the surface of internalized NPs or indirectly by increasing intracellular temperature, we have 

decided, to study whether AMF exposure is inducing ROS in NPs-loaded U87MG cells. For 

this analysis, we have selected NF-DMSA-PEP because these NPs are the ones that induced 
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the highest hsp70 expression levels and the highest cell death percentages after AMF 

exposition (Figure 8).  

First, U87MG cells loaded with NF-DMSA-PEP for 2 or 4 h and exposed to AMF for 1 h 

have been stained immediately after hyperthermia treatment with DHR. Then, these cells 

have been counterstained with DAPI and mounted in Fluoromont-G. Finally, we have 

analyzed the ROS generation measuring the fluorescence intensity of the DHR. As we can 

see in Figure 9a, U87MG cells loaded with NF-DMSA-PEP for 2 or 4 h, and exposed to an 

AMF (named in the Figure 9a and b NF(+)AMF(+)) the fluorescence intensity increased 

dramatically compared to those cells without NF-DMSA-PEP (negative control: NF(-

)AMF(-) and NF(-)AMF(+)) or the cells loaded with NF-DMSA-PEP for 2 and 4 h, but non 

exposed to AMF (named in the Figure 9a and b NF(+)AMF(-)). More insight of these results, 

quantitative image analysis (Figure 9b) has shown strong statistically significant differences 

(p<0.0001) between U87MG cells loaded with NF-DMSA-PEP (after 2 h incubation) and 

exposed to an AMF, and U87MG cells without NPs and exposed to an AMF treatment 

(named in the Figure 9 a and b NF(-)AMF(+)). It should be emphasized that NF-DMSA-PEP 

in U87MG cells does not generate oxidative stress by itself in comparison with the treatment 

condition (named in the Figure 9a and b NF(+)AMF(+)). However, DHR fluorescence 

intensity for U87MG cells incubated with NF-DMSA-PEP exposed to AMF were 

comparable to the one obtained inducing ROS in the same cells when incubated with 1 mM 

H2O2 (named in the Figure 9a and b NF(-)H2O2(+)) or 100 μL of a 0.05% Triton X-100 solution 

(named in the Figure 9a and b NF(-)Tx100(+)), that are the most used positive controls for 

oxidative stress induction. These results suggest that the AMF exposure to the internalized 

NF-DMSA-PEP induces a strong oxidative stress in U87MG cells.  
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Figure 9. ROS induction in NF-DMSA-PEP-loaded U87MG cells after magnetic field application. (a) 
ROS generation observed by DHR fluorescence assay, (b) Quantitative image analysis of DHR fluorescence 
intensity. Besides NF-DMSA-PEP-loaded cells exposed to AMF (NF(+)AMF(+)), H2O2-treated (NF(-
)H2O2(+)) and Triton X100-treated (NF(-)Tx(+)) cells were used as a positive control. As negative controls, 
cells without NPs nor AMF (NF(-)AMF(-)), cells without NPs and exposed to AMF (NF(-)AMF(+)), and cells 
loaded with NF-DMSA-PEP for 2 or 4 h, but non exposed to AMF (NF(+)AMF(-)) were used. Two-way 
ANOVA and Tukey’s multiple comparisons test were made for DHR intensity analysis. (See color insert.). 
Asterisks indicate samples showing statistically significant differences in fluorescence intensity between groups 
(black brackets) and times (green brackets) (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001). 
 

Finally, we have analyzed if the AMF exposition of NF-DMSA-PEP-loaded U87MG cells 

triggers apoptosis as previously suggested for other magnetic nanoparticles8,3,4. We have used 

two approaches. First, we have used the TUNEL staining (Figure 10a and b) to evaluate the 

existence of possible DNA damage produced by the high oxidative stress induction observed 

in this U87MG cells loaded with NF-DMSA after AMF exposition. Second, we have 

quantified the activity of the caspase-3 protein (Figure 10c and d) as the activation of caspase-

3 is a central event in the apoptosis triggering. Quantification of the number of cells positive 

from TUNEL images showed that a 7% of NF-DMSA-PEP-loaded U87MG cells are positive 

for this staining after exposition to the AMF (in the Figure 10b NF(+)AMF(+))) while 

U87MG cells without NPs exposed and non-exposed to AMF only shows 2% and 1% of 
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apoptotic cells. The differences observed between NF-DMSA-PEP-loaded in cells (for 2 h) 

and exposed to AMF (for 1 h) and the controls (cells with and without AMF) are not 

statistically significant.  
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Figure 10. Determination of cell death induction in NF-DMSA-PEP-loaded U87MG cells after alternating 
magnetic field application. (a) TUNEL staining of U87MG cells and (b) quantification of the percentage of 
apoptotic cells based on TUNEL-positive cells. For TUNEL staining, Besides NF-DMSA-PEP-loaded cells 
exposed to AMF (NF(+)AMF(+)), cells without NPs nor AMF (NF(-)AMF(-)), and cells without NPs and 
exposed to AMF (NF(-)AMF(+)) were used as negative control. (c) Caspase-3 and cleaved caspase-3 expression 
detected by Western blot in U87MG cells exposed to AMF, and (d) Quantification of caspase-3 and cleaved 
caspase-3 levels. Besides NF-DMSA-PEP-loaded cells exposed to AMF (NF(+)AMF(+)), for Western blot 
analysis, cells incubated at 42ºC (30 min) were used as positive control. As negative control cells without NPs 
and exposed to AMF (NF(-)AMF(+)) were used. One-way ANOVA was performed for quantification of 
apoptotic cells. 

 
These results agree with similar findings that describe hyperthermia as having no direct 

damaging effect on DNA56. However, given the complexity of identifying specific DNA 

damage after the treatment of magnetic hyperthermia we cannot discard it without further 

proof. In this sense, we have used the detection of active form of caspase-3 associated with 

MHT because this protease is an important marker of the cell’s entry point into the apoptotic 

signaling pathway. For caspase-3 activity analysis, caspase-3 (35 KDa) and cleaved caspase-

3 (17 kDa) have been analysed by Western blot immediately after AMF application (Figure 

10c and d). As a positive control of caspase-3 activation we have incubated U87MG cells in 

a water bath at 42 ºC for 30 minutes. We have also checked whether incubation of U87MG 

cells with NF-DMSA-PEP (for 2 or 4 h) (named in the figure 10c NF(+)AMF(-)) induced 

any caspase-3 activity before exposition to the AMF. The results show (Figure 10c, d) similar 

caspase-3 activation between NF-DMSA-PEP-loaded U87MG cells exposed to AMF (named 

in the Figure 10c NF(+)AMF(+)) and NF-DMSA-PEP-loaded U87MG cells non-exposed to 

AMF suggesting that the AMF application does not induced apoptosis in NF-DMSA-PEP-

loaded U87MG cells.  

 The hypothesis of the cell death mechanism observed in this work is shown in Figure 11. 

We conclude that the application of AMF to optimized NF-DMSA-PEP specifically 

delivered to endocytic vesicles evenly distributed in the cytoplasm of U87MG cells increases 

the temperature at the nanoparticle periphery which in turn enhances ROS production 
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through the Fenton reaction. Subsequently, several ROS mediated mechanisms induced the 

activation of hsp70 proteins, cell membrane permeabilization and rupture and finally trigged 

cell death	through non activation of caspase -3 apoptotic pathway. 

 

Figure 11. Hypothesis of the effects of MHT using NF-DMSA-PEP nanoparticles on 

U87MG cells.  

 

CONCLUSIONS 

Magnetic behavior of nanoparticles and consequently, the heating efficiency of the NPs 

under the action of an alternating magnetic field, are strongly affected by nanoparticle size, 

shape and aggregation. Particle size has been here chosen around 19 nm avoiding surface 

canting effects and Mn has been used as dopant to increase the saturation magnetization. In 

relation to the aggregation, although it is very often working in detriment of the heating 

efficiency, it is possible to control and even tune it through the right choice of the synthetic 

conditions and the surface modification in order to take advantage of it. This is the case of 

the so-called flower like nanoparticles (NF-DMSA) developed in this work, with important 

exchange interactions between the closely aggregated cores that exhibit continuity of the 

crystal lattice across the core’s boundaries. In this way, we have ¨big¨ particles that exhibit 
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superparamagnetic behavior at room temperature, but they have a large effective anisotropy 

due to collective magnetic behavior. Dipolar interactions are however minimized by the 

presence of the peptide coating (NF-DMSA-PEP) that keeps the particles apart even after 

internalization in cells and increases the cell uptake up to six times respect to particles without 

coating.  

Our results strongly suggest cycles of endocytosis/exocytosis of the cRGD-modified NPs 

that require the optimization of the cell incubation time to obtain the maximum uptake in the 

U87MG cell line. In U87MG cells incubated for 2 h and exposed to the AMF with NF-

DMSA-PEP we have observed active hsp70 transcription and a strong ROS induction, 

biological effects known to be consequence of intracellular heat induction. In addition, we 

have observed a high percentage of cell death induction (over 60%), which is not mediated 

by apoptosis induction, as shown by TUNEL and caspase-3 assays. Therefore, it can be 

concluded that when U87MG cells are loaded with the magnetically-improved NF-DMSA-

PEP NPs and exposed to the right AMF conditions, this treatment induced intracellular 

magnetic hyperthermia under this condition, as it induces hsp70 transcription and strong ROS 

production, that at the end causes cell death by mechanisms other than apoptosis induction. 

These results highlight the need for further research in optimization NPs with improved 

magnetic properties, to find the best time-window for NPs internalization in cells, and to find 

the best AMF application conditions to make the treatment more efficient. 

Apart of that, intratumoral administration seems to be the best way of administration for 

these nanoparticles to guarantee its accumulation in the tumor and they will not end up 

somewhere else such as it was described for intravenous injected DMSA coated particles that 

accumulated in the lungs57. Furthermore, the peptide is expected to recognize specific 
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receptors on tumoral cells, that will favour the internalization of the nanoparticles on tumor 

cells and not in healthy cells. Several authors reported that cRGD has a high affinity with the 

αvβ3 integrin receptors overexpressed on angiogenic endothelial cells, as well as for tumor 

cells such as malignant glioma cells, breast cancer cells, bladder cancer cells and prostate 

cancer cells32,17,58. 

 

 

EXPERIMENTAL SECTION 

Materials. Iron(III) acetylacetonate (Fe(acac)3, 97%), manganese(II) acetylacetonate 

(Mn(acac)2), oleic acid (≥99.0%, GC) and oleylamine (70.0%, technical grade) was obtained 

from Sigma-aldrich (México). Dimercaptosuccinic acid (DMSA) was purchased from Sigma 

Aldrich (Spain). Cyclo(-RGDfK) peptide (Purity: ≥ 98%) was obtained from MCE (New 

Jersey, USA). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC·HCl) 

and N-hydroxysulfosuccinimide (sulfoNHS) (≥ 98%, HPLC grade) was purchased from 

Sigma- Aldrich (Spain). All organic solvents were of analytical grade or LC/MS grade. 

Cells, Culture Medium and Biological Reagents. U87MG cells were obtained from the 

American Type Culture Collection (ATCC). Dulbecco’s Modified Eagle Medium (DMEM, 

basic (1x), fetal bovine serum (FBS), L-glutamine, penicillin streptomycin and sodium 

pyruvate were supplied by Biowest. Micro BCA Protein Assay Kit, PrestoBlue Cell Viability 

Reagent (Invitrogen), Alexa Fluor 647-wheat germ agglutinin (Life Technologies) and 

Dihydrorhodamine 123 (DHR) were purchased by Thermo Fisher Scientific. TUNEL Assay 

Kit – FITC (ab66108) was obtained from abcam (Sapin). FITC-annexin V/propidium iodide 

(PI) and diamidino-2-phenylindole (DAPI) were purchased from SouthernBiotech. RNA 
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isolation kit, MultiScribe reverse transcription-based reaction kit and RNAse inhibitors 

(N8080119) were purchased from Thermo Fisher (Applied Biosystems). For the RT-qPCR, 

specific human hsp70 and β-actin primers were supplied by Sigma-Aldrich. Primary 

antibodies for caspase-3 were obtained from Cell Signalling. RPN2106, Amersham ECL 

Western Blotting Detection Reagent was purchased by GE HealthCare.  

 Synthesis of NPs and Conjugation  

Synthesis of flower-like MnFe2O4 nanoparticles (NF-OA): Flower-like MnFe2O4 

nanoparticles were synthesized by thermal decompositon process according to a procedure 

previously described by Sun59 with some modifications. Fe(acac)3 (2 mmol), Mn(acac)2 (1 

mmol), oleic acid (4 mmol), oleylamine (4 mmol), without 1,2-hexadecanediol and 1-

octadecene (15 mL) were mixed and magnetically stirred under a smooth nitrogen flow. The 

mixture was heated to 110 °C for 1 hour, then to 210 °C for two hours and finally, without 

stirred heated to reflux (280 °C) for another 1 hour. The black-brown mixture was cooled to 

room temperature by removing the heat source. Under ambient conditions, an ethanol excess 

was added to the mixture, and a black material was precipitated and separated via 

centrifugation (12000 rpm, 10min). The black product was dissolved in hexane, then 

precipitated with ethanol and centrifuged (12000 rpm, 10 min) to remove the solvent. This 

cycle was repeated 3 times giving a dark-brown powder, which was dispersed in hexane and 

kept at 4 °C.  

For the sake of comparison, magnetite nanoparticles made by coprecipitation 12 nm in 

diameter (NP-REF) and nanoflowers made by hydrothermal synthesis in polyol media, 20 

nm in diameter (NF-REF) were synthesized following previous reported processes38,40.  
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Phase transfer of nanoparticles to the aqueous media (NF-DMSA). Following, the 

procedure reported in ref39, 50 mg of nanoparticles were dispersed in toluene (20 mL) and the 

resulting black suspension was added to a solution of DMSA (90 mg) in dimethyl sulfoxide 

(5 mL). Then, the mixture was shaken in a laboratory tube rotator for 2 days. The resulting 

precipitate was washed with ethanol, sonicated, centrifuged (9000 rpm, 20 min) 3 times and 

then, redispersed in distilled water. The pH was adjusted with KOH from ca. 5 to 10. The 

dispersion was then placed in a cellulose membrane and dialyzed for 2 days in distilled water, 

to remove any excess of unreacted DMSA and any other small impurities that may be present 

in the dispersion unbound to the nanoparticles. Finally, the pH of the dispersion (ca. 5) was 

adjusted to 7 and the dispersion filtered through a filter with a pore size of 0.22 µm.  

Conjugation of the cyclo(-RGDfK) peptide to the NPs (NF-DMSA-PEP). The peptide 

was covalently attached to the carboxyl groups present in the DMSA coating of the NPs by 

EDC/sulfoNHS chemistry following the procedure reported by Herranz60. In brief, 12 mg of 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 15 mg of N-

hydroxysulfosuccinimide (sulfoNHS) were added to 5 mL of aqueous suspension of 

nanoparticles at concentration of [Fe =1mg/mL]. The mixture was stirred at room 

temperature for 30 min and posteriorly purified by ultrafiltration using 30 kDa cut-off filters. 

Filtered nanoparticles were diluted in buffer HEPES pH 8 to 1.8 mL, 1 mg of peptide was 

then added, and the mixture was stirred at room temperature for 60 min. Once this step was 

completed, the sample was purified by ultrafiltration and suspended in deionized water. 

Determination of peptide conjugation efficiency. We used a colorimetric method based 

on Micro BCA Protein Assay Kit. In brief, 1 µL aliquots of NF-DMSA-PEP and NF-DMSA 

in 9 µL of MilliQ water were added in triplicate wells (96-well plate), followed by the 
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addition of 100 µL BCA Protein Assay Reagent, respectively. After 1 h incubation at 37 ºC, 

the absorption was measured using a microplate reader (Bio Rad, model 680) at 562 nm. The 

cRGD conjugation efficiency defined as the percentage in weight of peptide conjugated 

respect to the total added (CE%) was calculated as follows:  

𝐶𝐸(%) = '()
*'

× 100     (1) 

Where 𝐴𝑁𝑃 is the amount of peptide conjugated on the NPs surface in grams and 𝑇𝐴 es 

the total amount of peptide added. 

Characterization of powders and suspensions. Particle size, shape and distribution were 

evaluated in a conventional Transmission electron microscopy (TEM) images were obtained 

using JEOL JEM 1011 electron microscope, working at an acceleration voltage of 60 kV. 

High-resolution Transmission electron microscopy images (HRTEM), STEM (Scanning-

Transmission) mode and energy-dispersive X-ray (EDX) were obtained by a Tecnai F30 

microscope with an accelerating voltage of 300 keV, revealing the flower-like character of 

the particles. TEM and HRTEM samples were prepared by depositing 5 μL of dilute solution 

on a copper grid (200-mesh) and then drying at ambient temperature prior to analysis. The 

crystal structure of the sample was identified by X-Ray powder diffraction (XRD) performed 

in a Bruker D8 Advance diffractometer (with Cu Kα radiation, scan angle (10°−70°). The 

patterns were collected within 10º and 90º in 2θ. The concentration of Mn and Fe in aqueous 

dispersions and in cells were measured by elemental analysis with Inductively Coupled 

Plasma Atomic Emission Spectroscopy (ICP-OES) (Plasma Emission Spectrometer ICP 

PERKIN ELMER mod. OPTIMA 2100 DV, Perkin Elmer, Waltham, MA, USA). The 

samples (25 μL) were digested in aqua regia at 60 ºC overnight and diluted up a volume of 

25 mL with deionized water. The surface chemistry and conjugation of different functional 
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moieties were elucidated from FTIR spectra using a Nicolet FT-IR 20SXC spectrometer 

recorded in the range of 400–4000 cm-1. Samples were lyophilized for 24 h and thoroughly 

mixed and crushed with KBr to fabricate KBr pellets. The hydrodynamic diameters of 

nanoparticles and Zeta potential were measured with the dynamic light scattering (DLS) 

measurements (Nanosizer® ZS, Malvern, UK) at 25 °C. The Zeta potential was measured 

for aqueous samples using KOH and HNO3 to vary the pH and KNO3 (10-3 M) as the 

electrolyte. The suspensions (50 µl) were dried in a cotton piece and the magnetic behavior 

as a function of the magnetic field (5000 kA/m) and temperature was measured using a 

vibrating sample magnetometer (MagLab® VSM Oxford Instruments, UK).  Zero field cool 

(ZFC)/field cool (FC) curves at 100 Oe were recorded.  

 Heating efficiency of the NPs in water under an AMF were analyzed in Eppendorf tubes 

containing 1mL of sample at 1 mgNPs/mL concentration.  

The equipment is a Five Celes MP 6kW device consisting of a generator with a frequency 

range between 100 and 400 kHz, connected to a cooling water circuit, a magnetic coil 

(magnetic field range: 0-600 Oe) molded solenoid with an internal diameter of 71 mm, a 

capacitor box Type ALU CU and an optic fiber sensor (measurement range -40 to 200ºC). 

The Eppendorf tube is located inside a polystyrene cylinder cavity, which guarantees a fixed 

position at the centre of the magnetic coil and thermal isolation. The temperature change was 

measured as a function of time (dT/dt) and the initial linear slope (t = 30 s) was used to 

evaluate the heating efficiency in terms of SAR, power dissipation per unit mass of element, 

i.e. iron plus manganese (W g-1) using the following formula: 

𝑆𝐴𝑅 = ∆*
∆5

6
789:;<

      (2) 
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where the C is the specific heat capacity of the liquid solvent, the solvent in our experiment 

is water which can be recognized of C water 4185 J L-1 K-1, and m is the iron and manganese 

content per unit mass of the material solutions. 

Cell culture. Human glioblastoma cancer cells were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), L-glutamine 

(2mM), penicillin streptomycin (10U/mL) and sodium pyruvate (1mM) and maintained at 37 

°C with 5% CO2 and 90% relative humidity. 

Viability assay/ Cell death analysis before MHT. Cell viability was evaluated by three 

methods: PrestoBlue assays, Tunel and FITC-annexin V/propidium iodide staining. In the 

PrestoBlue assay, U87MG cells were cultured (1x104 cells/well) in a 96-well plate with 6 

different concentrations of NF-DMSA and NF-DMSA-PEP nanoparticles (0, 20, 40, 60, 80, 

100 µg/mL) for 24 h and PrestoBlue was added to each well, incubated for 4h and the 

fluorescence (Ex/Em = 530/590 nm) was measured on a TECAN Infinite 200 Pro 

Fluorometer. Cell survival was expressed as the percentage of fluorescence of MNP-treated 

cells compared to untreated cells. For Tunel staining, U87MG cells were seeded at a 

concentration of 1×105 cells/ml in 24-well plates and incubated with two different 

concentrations of NF-DMSA and NF-DMSA-PEP nanoparticles (60 and 100 µg/mL) for 2 

and 4 h. The number of total and Tunel positive cells were analysed using Image J (NIH, 

USA) Software. Finally, cell survival was analyzed for FITC-annexin V/propidium iodide 

staining (Ex/Em = 495/519nm). 

Cellular Uptake, cellular and subcellular localization. Iron Quantification by ICP-OES. 

The cells were seeded into a 6-well plate with a density of 2x104 cells per well (24 h, 37 ºC). 

Then, NF-DMSA and NF-DMSA-PEP samples with different concentration (0, 40, 60,100 
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µg/mL) were added into the plate at different time intervals (0, 2, and 4 h). After incubation, 

the cells were washed three times with PBS to remove non-internalized MNP, harvested and 

counted in a Neubauer chamber. The samples were digested in HNO3 (1 mL) and H2O2 (1 mL) 

for 1h at 90°C. The amount of iron per cell was measured by ICP-OES (Perkin Elmer-2400). 

Visualization by Confocal and Transmission Electron Microscopy. Different microscopy 

techniques were used to determine NPs subcellular location. For dark-field confocal 

microscopy, Alexa Fluor 647-wheat germ agglutinin was added during the last 15 min. Cells 

were then washed, fixed with PFA 4% (15 min), counterstained with DAPI and mounted in 

Fluoromont-G. Finally, they were observed in a Confocal Laser Scanning Microscope Leica 

TCS SP5 (Leica Microsystems) using a 63x/1.4 NA oil immersion objective. For TEM 

microscopy, 2x106 cells were seeded on petri dishes for 24 h. After that, 60 µg/mL of each 

NPs in DMEM were added to the cells and left for 0, 2, 4 and 24 h. Non-internalized 

nanoparticles were removed washing with PBS. Cells were subsequently fixed at RT in 2 % 

glutaraldehyde, 1 % tanic acid in 0.4 M HEPES at pH 7.2. The cells were washed and 

suspended in HEPES buffer, post-fixed with 1% osmium tetroxide (1 h) and 2% uranyl 

acetate (30 min; both at 4 °C), dehydrated with a series of acetone solutions and gradually 

infiltrated with Epon resin. The resin was allowed to polymerize (60 °C, 48 h), and ultrathin 

sections (60–70 nm) were obtained with a diamond knife mounted on a Leica EM UC6 

ultramicrotome. Sections were supported on a formvar/carbon-coated gold grid and observed 

using a JEOL-1011. Images were acquired at different magnifications with a JEOL JEM 1011 

transmission electron microscope with Gatan ES1000Ww camera.  

MHT of U87MG cells: For cell treatment under an AMF, 1x106 U87MG cells were seeded 

in petri dishes (Falcon, 35 x 10 mm), incubated for 24 h with NPs (NP+) or without NPs (NP-
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), washed 3-times with culture media to eliminate the non-internalized NPs, and finally 

exposed to AMF for 1 h (H = 47 kA/m, f = 96 kHz). The experiments were carried out in 

duplicate under four different conditions: U87MG cells incubated for 2 and 4 h at 37 ºC (the 

temperature was controlled throughout the treatment by a thermal probe) with 60 µg/ml of 

NPs and exposed to AMF; cells incubated with NPs and non-exposed to AMF; cells exposed 

to AMF without NPs; and control cells (without CO2 at 37 ºC for the same time of the 

treatment). The experiment was carried out for the following samples: NF-DMSA-PEP, NF-

DMSA, NF-REF and NP-REF. 

Cell death analysis after MHT: Trypan blue assay. After MHT, NPs-loaded cells (NF-

DMSA-PEP or NF-DMSA or NF-REF or NP-REF) and cells used as controls, i.e. cells 

incubated without CO2 at 37 ºC for 1 h and cells exposed to AMF for 1 h without NPs, were 

harvested and resuspended in DMEM. 10 μL 0.4% trypan blue solution were added to 10 μL 

of cells suspension. Blue-stained cells (dead) and non-stained cells (live) were counted 

immediately after mixing using a Neubauer chamber, and the percentage of dead blue cells 

determined from at least three independent experiments done in triplicates. 

Hsp70 gene expression. After hyperthermia treatment cells were kept in the incubator for 

1 h in standard culture conditions to let the transcription machinery work. Then RNA was 

extracted from cells using the PureLink RNA Mini Kit following manufacturer's instructions. 

RNA concentration was determined by absorbance measurements at 260 nm in a NanoDrop 

1000 spectrophotometer (Thermo Scientific) and 40 ng RNA/sample were used to generated 

cDNA using a MultiScribe reverse transcription-based reaction kit in the presence of a 

RNAse inhibitors in a MyCycler thermocycler (Bio-Rad; 25 °C-10 min, 37 °C-2 h, 85 °C-5 

min, 4 ºC ). The induction of HSPA1B (Heat shock protein family A (hsp70) member 1B) 
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expression was measured by quantitative RT-PCR. For the RT-qPCR we used specific 

human hsp70 and β-actin primers (F: CCTATGTCATTTCTGGTTCAG and R: 

TTTAAAGGGAACGAAACACC from human HSPA 1B and F: 

GACGACATGGAGAAAATCTG and R: ATGATCTGGGTCATCTTCTC from human β-

actin). Data were acquired using the SDS 2.4 software, and analyzed with the Expression 

Suite 1.1 software (both from Applied Biosystems), according to the 2-∆∆Ct method61.  

Tunel assay. After AMF treatment, apoptosis was analyzed using the Tunel assay, as 

already describe above. 

Western blot. Immediately after the hyperthermia treatment, the U87MG cells were lysed 

with Triton X-100/EDTA solution containing a protease inhibitors cocktail (leupeptin, 1 

µg/mL; NaF, 5 nM; sodium orthovanadate, 1 mM; phenylmethylsulfonyl fluoride (PMSF), 

1 mM; EDTA, 0.5 mM; aprotinin, 1 µg/mL and okadaic acid, 1 µg/mL) (45 min, 4 °C). Total 

protein concentration in the cell extract was quantified using Micro BCA protein assay kit. 

Equal amounts of protein from lysates (40 μg/well) were loaded onto gels and resolved by 

SDS-PAGE (10%). Samples were transferred to 0.2 μm PVDF membranes (BioRad), which 

were blocked with Tris-buffered saline (TBS)/0.05% Tween 20/5% bovine serum albumin 

(BSA) (room temperature, 30 min). For immunoblotting, we used specific primary antibodies 

for caspase-3 and β-actin. After incubation with the appropriate secondary antibodies 

conjugated with horseradish peroxidase-conjugated (Dako), protein bands were visualized 

using ECL Western Blotting Detection Reagent and developed on A-Plus Medical film 

(Konica Minolta). Antibody specific bands corresponding to caspase-3 expected molecular 

weight have been quantified used the ImageJ software. 
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Analysis of ROS generation. Immediately after AMF treatment, ROS generation was 

analyze using Dihydrorhodamine 123 (DHR) assay in AMF expose U87MG cells. First, cells 

were incubated for 20 min with DHR (10 μΜ). Then cells were washed with PBS (1X) at 

RT, fixed with PFA 4 % (15 min), counterstained with DAPI for 10 minutes and mounted in 

Fluoromont-G. Dihydrorhodamine 123 is an uncharged and non-fluorescent ROS indicator 

that can passively diffuse across membranes where it is oxidized to cationic rhodamine 123 

that localizes in the mitochondria and emits red fluorescence (Ex/Em = 500/563nm). As 

positive control of oxidative stress induction in U87MG cells, cells were incubated with 1mM 

H2O2 for 30 minutes. To asses if any of the observed effects was possibly due to membrane 

permeabilization we treat the cells with 100 μL of a 0.05 % Triton X-100 solution for 10 

minutes. As negative control DHR was measured the intensity of fluorescence in cells 

incubated with NF-DMSA-PEP and non-exposed to AMF and cells exposed to AMF without 

NPs. For DHR quantification we used Image J software using the intensity measurement. 

Statistical analysis: All data are presented as mean ± standard deviation (SD). One-way 

and Two-way analysis of variance (ANOVA) and Tukey test were applied to calculate the 

differences between the values. Values of p < 0.05 were considered statistically significant. 

The levels of significance are presented as * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and 

****(p < 0.0001). 

*Supporting Information 

ATR spectra of Cyclo(-RGDfK) peptide; estimation of the number of Cyclo(-RGDfK) 

peptide molecules on NF-DMSA nanoparticles surface; hysteresis loops recorded at 5 K and 

ZFC-FC curves at 290 K for NF-DMSA and NF-DMSA-PEP nanoparticles; table with the 

values of magnetic properties of NF-DMSA and NF-DMSA-PEP nanoparticles at 5 and 290 

K; transmission electron microscope (TEM) images of the reference samples (NF-REF and 
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NP-REF); heating curves of NF-DMSA-PEP in water and NF-DMSA-PEP in a 

water/glycerol mixture (50/50, v/v); FITC-annexin V/propidium iodide analysis after 

incubation with NF-DMSA or NF-DMSA-PEP at 24 h (0 -100 µg Fe/mL concentration of 

NPs) in U87MG cells; Uptake kinetics for NF-DMSA and NF-DMSA-PEP nanoparticles (0, 

2, 4, 8, 24 h) at different concentration of NPs; quantification of iron content in the 

supernatant before (SN1) and after (SN2) MHT with NF-DMSA-PEP loaded U87MG cells 

at 2 an 4 h. 
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