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Abstract 

The design of magnetic nanostructures whose magnetic heating efficiency remains unaffected at the tumor 

site is a fundamental requirement to further advance magnetic hyperthermia in clinic. This work 

demonstrates that the confinement of magnetic nanoparticles (NPs) into a submicrometric cavity is a key 

strategy to enable a certain degree of nanoparticle motion and minimize aggregation effects, consequently 

preserving the magnetic heat loss of iron oxide nanocubes (IONCs) under different conditions, including 

intracellular environments. We fabricated magnetic Layer-by-Layer (LbL) self-assembled polyelectrolyte 

submicrometric capsules using three different approaches, and we studied their heating efficiency as 

obtained in aqueous dispersions and once internalized by tumor cells. First, IONCs were added to the hollow 

cavities of LbL submicrocapsules, allowing the IONCs to move to a certain extent in the capsule cavities. 

Second, IONCs were co-encapsulated into solid calcium carbonate cores coated with LbL polymer shells. 

Third, IONCs were incorporated within the polymer layers of the LbL capsule walls. In aqueous solution, the 

higher specific absorption rate (SAR) values were related to the ones of free IONCs, while lower SAR values 

were recorded for capsule/core assemblies. However, after uptake by cancer cell lines (SKOV-3 cells), the 

SAR values of the free IONCs were significantly lower than those observed for capsule/core assemblies, 

especially after prolonged incubation periods (24 and 48 hours). These results show that IONCs packed into 

submicrocavities preserve the magnetic losses, as SAR values remained almost invariable. Conversely, free 

IONCs without the protective capsule shell agglomerated and their magnetic losses are strongly reduced. 

Indeed, IONC loaded capsules and free IONCs reside inside endosomal and lysosomal compartments after 

cellular uptake, show magnetic losses strongly reduced due to the immobilization and aggregation in 

centrosymmetrical structures in the intracellular vesicles.  The confinement of IONCs into submicrometric 

cavities is a key strategy to provide a sustained and predictable heating dose inside biological matrices. 

 

Introduction 

The therapeutic benefits of heat have been well known for centuries. In oncothermia, it has been shown that 

raising the temperature (i.e. inducing hyperthermia)  can be a successful coadjuvant therapeutic approach 

for treating solid tumors in combination with radio- or chemotherapy.1,2 Today, nanotechnology provides 

novel and minimally invasive ways to locally release heat inside a body by means of distinct remote activation 

modalities.3–5 Recent studies underline the large benefits and efficiency of spatially controlled heat 

deposition by magnetic nanoparticles to remove localized tumors.5–8 Among the suitable nanomaterials used 

in hyperthermia studies, iron oxide nanoparticles (IONPs) are widely employed since their magnetic 

properties can be precisely controlled.9–11 They benefit to have negligible toxicity drawbacks, and high 

biodegradation and clearance capabilities after treatment.12,13The exposure of iron oxide nanoparticles to 



alternating magnetic fields and/or infrared radiation leads to heat generation, which has been successfully 

employed to remove cancer cells.14For this reason, enormous efforts have been devoted to the development 

of nanostructures based on iron oxide nanoparticles with outstanding magnetic losses.15,16 Alongside, the 

emerging technique of magnetic particle imaging (MPI)17,18 benefits from iron oxide nanoparticle tracers 

whose magnetic characteristics are similar to the ones valid for magnetic hyperthermia.19 

Subsequent to the first evidence of hyperthermia that was mediated by microparticles in the fifties,20many 

preclinical studies6,21–24 and clinical trials20,25 over the last 15 years have shown promising results with regard 

to hyperthermia that is mediated by iron oxide nanoparticles for cancer treatment. Reports on the first 

clinical trials using iron oxide nanoparticles for treating recurrent glioblastoma multiforme (DRKS00005476 

clinical trial) and prostate carcinoma (clinical trial NCT02033447) in magnetic hyperthermia have provided 

the first proof of concept on a human scale, rendering the introduction of magnetic hyperthermia to clinics 

as the main research task today.25 For this purpose, it is necessary to control the heat dose inside tumors, a 

highly relevant clinical requirement. Some efforts have been spent to produce magnetic nanoparticles that 

possess outstanding heat efficiency in highly viscous environment.26,27 Despite this, recent studies have 

evidenced that the magnetic properties of nanoparticles are dramatically altered in different biological 

environments.9,18,28,29 In particular, the magnetic heat losses from iron oxide nanoparticles in cellular 

environments suffer significant reductions ranging from 70% to 90% depending on nanoparticle size, 

chemical composition, and/or aggregation degree.9 Recent results show that the enhancement of 

nanoparticle immobilization in an intracellular environment and, in particular,  the nanoparticle clustering 

during the intracellular transit alter the magnetic behavior under alternating magnetic fields immediately 

after cell uptake.30 These results demonstrate that hyperthermia mediated by IONPs behaves differently 

under in vitro and in vivo conditions than in colloidal dispersion. For this reason, not only the synthesis 

protocols of iron oxide nanoparticles need to be improved, but new approaches to preserve the magnetic 

losses and/or MPI performance of magnetic nanostructures into biological environments (i.e. cells and 

tissues) are also required.31 Recent works have shown that the random confinement of IONP into capsules at 

fixed inter-particle distances freezes the magnetic dipolar interactions in such a way that the agglomeration 

effects have no effect on the magnetic losses.32,33 Multilayer polyelectrolyte (PE) encapsulation is a cheap 

and robust Layer-by-Layer (LbL) based approach which consists of the subsequent assembly of oppositely 

charged polymers that form the capsule’s wall when they are deposited onto a sacrificial template.34–37 The 

size of the capsules can be precisely tuned from tens of nanometers to several microns according to the core 

template and, after the LbL procedure, the sacrificial template can be dissolved so that hollow polyelectrolyte 

capsules can be obtained.34 The capsules can be loaded with different compounds, like proteins, mRNA, 

biomolecules, or nanoparticles whose distribution can be located at different places on the capsules (cavity 

or shells), thus  enabling them to protect the cargo from enzymatic degradation.38,39 



Here, we report on how the magnetic heat losses of highly performing iron oxide nanocubes (IONCs) with 

different edge lengths (8, 14, 16, 18 and 21 nm) vary when they are distinctly embedded into the capsules. 

The magnetic capsules developed here encapsulated IONCs in three different spatial arrangements: i) in the 

hollow cavity; ii) in a solid CaCO3 core; iii) in-between the polymer layers of the capsule walls. The magnetic 

heat losses observed for the different IONCs/capsule arrangements were compared to those of free IONCs 

under different conditions: in water, in viscous media (water or glycerol dispersions), or upon cellular 

internalization after different incubation times. Overall, our data suggest that, among the different 

configurations studied, the spatial confinement of IONCs in the hollow submicrometric cavity is optimal to 

preserve the magnetic heat losses of IONCs inside cells. Thus, the hollow capsules have sustained and 

predictable heating efficiency for hyperthermia performances into biological environments. 

Experimental section 

Materials 

Dopamine hydrochloride, sodium nitrite, sulphuric acid, α-ω-hydroxypoly(ethylene glycol) (PEG, Mw= 1400 

g/mol), anhydrous dichloromethane (CH2Cl2), trimethylamine (TEA), 4-dimethylaminopyridine (DMAP), 

succinic anhydride, N-hydroxysuccinimide (NHS),N,N'-dicyclohexylcarbodiimide (DCC), dimethylformamide 

(DMF), toluene sodium carbonate (Na2CO3), calcium chloride dihydrate (CaCl2 x 2H2O), ethylene glycol 

(EG),poly(sodium 4-styrenesulfonate) (PSS, Mw = 70000 g/mol), poly(allylaminehydrochloride) (PAH, Mw = 

15000 g/mol), sodium chloride (NaCl), ethylenediaminetetraacetic acid (EDTA), glycerol, and McCoy’s 5A 

medium were purchased from Aldrich and used as received. Ultrapure water or Milli-Q water with a 

resistance greater than 18.2 MΩ cm−1 was used for all experiments. Dulbecco phosphate buffered saline 

(DPBS), phosphate buffered saline (PBS), fetal bovine serum (FBS), trypsin-EDTA 1x in PBS, penicillin and 

streptomycin (P/S), gluteraldehyde buffer, cacodylate buffer, osmium tetroxide, uranyl acetate, ethanol, and 

epoxy Epon™ (TAAB) resin were purchased from Euro Clone and used as received. 

 

Synthesis of Iron Oxide Nanocubes 

IONCs with a cubic shape and  different edge length sizes (8, 14, 16, 18, 21 nm) were synthesized according 

to an already published protocol.40 Briefly, iron (III) acetylacetonate (1 mmol) was mixed in a three-neck flask 

with decanoic acid (the added amount in mmol depends on the expected size) in a solution of dibenzyl ether 

and squalane. The solution was then degassed at 65 °C for 2 hours and was later heated up to 200 °C under 

nitrogen flow. After 2 hours at 200°C, the solution was heated up by refluxing until it reached a temperature 

of 305 °C. It was kept at this temperature for 1 hour. The resulting dispersions containing the formed IONCs 

were cooled down to room temperature (RT), centrifuged so as to remove the supernatants (8500 rpm for 



10 min) and washed twice with acetone (i.e. acetone was added, and the supernatants were removed after 

centrifugation). The IONCs were finally dispersed in chloroform (Figure S1). 

 Synthesis of α-nitrodopamine-ω-carboxypoly(ethylene glycol) (ND-PEG-COOH) as a water transfer ligand 

α-nitrodopamine-ω-carboxy-poly(ethylene glycol) (ND-PEG-COOH) was chosen as a water transfer ligand for 

the nanocubes. We adapted already existing procedures for the synthesis of the nitrodopamine modified 

carboxyl terminated poly(ethylene glycol) (Figure 1 and Figures S2-S5 and Scheme S1 of the electronic 

supporting information, ESI).40,41 The synthesis was carried out in four steps. First, nitrodopamine was 

obtained by nitrating the aromatic ring of the dopamine molecule, asdescribed in literature but with minor 

modifications.40In parallel, a α-ω-hydroxy-poly(ethylene glycol) was reacted with succinic anhydride (1:2 

ratio) in order to transform the hydroxyl into carboxy functions. Subsequently, one terminal carboxy group 

of the PEG was activated using DCC/NHS chemistry, then nitrodopamine was coupled to the polymer 

following a reported protocol.41 A detailed synthesis of the polymeric ligand and the characterization is 

shown in the ESI. 

 

Ligand exchange and water transfer of cubic iron oxide nanoparticles (IONCs) 

A well-established protocol for the water transfer of IONCs was used with minor modifications. The 

procedure is described for 18 nm edge size IONCs and is representative for all other samples in terms of the 

stoichiometry.41,42 In detail, 1.88 mL of chloroform was added to 2.12 mL of the IONC dispersion in 

chloroform, which contained 4 mg of Fe, yielding a final concentration of 1 g/L Fe. ND-PEG-COOH was used 

as a hydrophilic ligand for the water transfer. For this, a ratio of 150 ligands/nm2 per IONC’s surface was 

applied.  121 mg of the polymeric ligand (0.086 mmol) were dissolved in 1.61 mL of chloroform, yielding in a 

polymer solution with a final concentration of 0.05 M. Both mixtures (the polymeric ligand and the 

suspension containing the IONCs) were mixed in a glass vial, and 0.79 mL of TEA (70 eq. with regard to mmol 

of ligands) was added. The mixture was vigorously shaken overnight at room temperature (RT) to allow the 

initial hydrophobic ligands to be replaced with the hydrophilic ND-PEG-COOH, causing the nitrodopamine to 

act as an anchor. Subsequently, 40 mL of toluene was added and the mixture was transferred into a 

separatory funnel. 100 mL of MilliQ water was added, and the mixture was shaken to form an emulsion and 

to induce the water transfer of the nanoparticles. The aqueous phase containing the first fraction of 

nanoparticles was collected, 50 mL of water was added to the organic phase, and the procedure was repeated 

so as to extract the remaining nanoparticles. Afterwards, both aqueous phases were combined, and possible 

traces of remaining toluene were removed using a nitrogen flow. The sample was concentrated to a final 

volume of approximately 10 mL by centrifugation using an amicon centrifuge filter (50000 g/mol cut-off, 1500 

rpm). This dispersion was sonicated for 30 min at 65 °C with the purpose of redispersing the cubic IONCs. The 

sample was transferred into a spectrum labs dialysis membrane bag (cut-off 100000 g/mol, 1700 rpm), and 



the mixture was dialyzed against water for 2 days for purification. The purified sample was concentrated two 

times using an amicon centrifuge filter until a final volume of approximately 2 mL was obtained. The sample 

was then sonicated again for 30 min at 65 °C. The final product was analyzed by dynamic light scattering (DLS) 

measurements (Figures S6-S9, Table S1). 

Nanoparticle characterization 

The colloidal stability of PEG-coated IONCs was studied by monitoring the hydrodynamic diameter in 

different media with DLS. The nanoparticles were dispersed in MilliQ water, a 0.33 M calcium chloride 

solution, a 0.33 M sodium carbonate solution, a 0.2 M ethylenediaminetetraacetic acid solution, and in full 

cell growth medium.  Both, the hydrodynamic diameter (Dh, which is given as the mean value of the number, 

intensity and volume distribution) and the zeta potential (ζ) of the IONCs were measured using a Zetasizer 

Nano ZS90 (Malvern, US) equipped with a 4.0 mW He−Ne laser operating at 633 nm and with an avalanche 

photodiode detector, in the 173° backscattered mode. Before the measurements, the samples were highly 

diluted in an aqueous solution. The measurements were performed at 25 °C. Measurements for each sample 

were repeated three times, and each measurement included 10 runs for 10 s. Significant increase in the 

hydrodynamic diameter was an indicator of nanoparticle aggregation.43 

The effect of the possible aggregation of the nanoparticles on their magnetic properties was studied for both, 

free and encapsulated IONCs. The different encapsulated IONCs were mixed at a ratio of 1:1 with 5x PBS until 

a final concentration of 0.75 g(Fe)/L was reached. Magnetization curves were then measured at a frequency 

(f) of 100 kHz and a magnetic field (H) of 24 kA/m (B = 30 mT) in water and 5x PBS, 0.05 M. 

 

Synthesis of magnetic polyelectrolyte capsules 

Synthesis of CaCO3 cores loaded with IONCs of different sizes 

Iron oxide nanocubes (IONCs) with cube-edges of different lengths were encapsulated in submicrometric 

calcium carbonate cores or embedded into the capsule walls using a modified protocol.44-46 Briefly, 0.33 M 

calcium chloride and sodium carbonate solutions were prepared in an 5:1 in volume ofEG:H2O mixture. 50 

µL of the water suspensions of the 8,14, 16, 18 and 21 nm IONCs (c= 3 g(Fe)/L) was added to 2 mL of the 0.33 

M CaCl2 solution under magnetic stirring. Then, 386 µL of 0.33 M Na2CO3 was added and mixed by stirring 

vigorously at 1100 rpm for 20 min at room temperature. The formed submicrometric calcium carbonate cores 

with encapsulated IONCs (8,14, 16, 18, 21 nm) were then centrifuged (at 9000 rpm for 3 min), and the 

supernatants were discarded. The cores were then washed twice with MilliQ water (i.e. addition of water, 

centrifugation at 9000 rpm for 3 min and then removal of the supernatant). The CaCO3 cores that were loaded 

with the different IONCs were then coated with non-biodegradable polyelectrolytes, namely poly(styrene 

sulfonate) (PSS) and poly(allylamine hydrochloride) (PAH). Polyelectrolytes solutions with a concentration of 

10 mg/mL were prepared in 0.05 M sodium chloride, adjusting the pH of the solution to 6.5. CaCO3 cores 



were first dispersed in 1 mL of a 10 mg/mL PSS solution, then sonicated for 5 min, and shaken for 10 min. 

The cores were then washed twice with MilliQ water at 9000 rmp for 3 min to remove any excess 

polyelectrolytes. Then, 1 mL of a 10 mg/mL polycationic PAH solution was added to the cores. The dispersion 

was sonicated again for 5 min, and shaken for 10 min. This procedure was repeated 8 times in order to obtain 

8 monolayers (4 bilayers) of shell around the CaCO3 cores. Finally, the cores with immobilized IONCs in the 

CaCO3 matrix coated with 4 bilayers of polyelectrolytes (CORES) were obtained. The sample was kept at an 

iron concentration of 2 mg(Fe)/mL. 

 

Synthesis of capsules loaded with different sized IONCs 

Empty multilayer polyelectrolyte submicrometric capsules were obtained by treating the previously prepared 

iron oxide CaCO3 cores with 1 mL of EDTA (0.2 M, pH 6). For this, as obtained cores were spun down at 9000 

rpm for 3 min. Supernatants were then removed and EDTA was added and dispersions were kept overnight 

in a shaker at room temperature. The polyelectrolyte capsules were then washed two times with MilliQ water 

at 1500 rpm for 30 min. At the end of the procedure, capsules with IONCs in the cavity (CAPS) were obtained.  

 

Synthesis of capsules with IONCs embedded in their walls 

In order to obtain polyelectrolyte capsules with IONCs (8,14, 16, 18, 21 nm) embedded in the capsule wall, 

bare calcium carbonate cores (with no IONCs) were prepared by directly mixing 2 mL of a 0.33 M calcium 

chloride solution with 386 µL of a 0.33 M sodium carbonate solution, both of which were prepared in a 5:1 

parts invol. EG:H2O mixture, in a similar way to the aforementioned procedure,38,39 but without the IONCs. 

Two bilayers of polyelectrolytes were deposited onto the cores in the same way described above, and the 

IONCs were incorporated after the second PAH layer by adding 50 µL of IONCs (3 g(Fe)/L) to the CaCO3 

assemblies, then sonicating them (for 5 min), shaking them (for 10 min at room temperature) and washing 

them. Afterwards, three extra monolayers of polyelectrolytes (PAH/PSS/PAH) were deposited by following 

the same strategy that was mentioned above. After the deposition of the last polyelectrolyte layer (PAH, 1 

mL, 10 mg/mL in 0.05 M NaCl) and the dissolution of the CaCO3 template (EDTA, 1 mL, 0.2 M, pH 6), capsules 

with IONCs embedded in the walls (WALL) were obtained.  

Structural characterization  

Transmission electron microscopy (TEM) images were collected with a Jeol JEM 1011 (Jeol, Japan) electron 

microscope (Electron Microscopy Facility – Fondazione Istituto Italiano di Tecnologia) operating at an 

acceleration voltage of 100 kV, and recorded with a 11 Mp fiber optical charge-coupled device (CCD) camera 

(GatanOrius SC-1000). For the sample preparation, 3 µL of the diluted sample was dropped onto a carbon-

coated copper grid, and the solvent was removed by evaporation at room temperature.  



In order to perform a TEM analysis on SKOV-3 cells with internalized magnetic materials, previously seeded 

cells in 18 mm diameter cell culture chambers (105 per well) were incubated with 14 nm free IONCs, capsules 

that had IONCs in the cavity (CAPS), or capsules with IONCs embedded in the wall (WALL) for 24 hours. 

Afterwards, the cells were fixed for 2 hours in a fixative solution (2% Glutaraldehyde in buffer Na-Cacodylate 

0.1M) and were further post-fixed (2 h) in a solution of 1% OsO4 in a 0.1 M Na-cacodylate buffer. 

Subsequently, samples were stained overnight in a 1% Uranyl acetate aqueous solution at 4 °C to better 

highlight the polymer and cellular sub-compartments. After several washes in water, the samples were 

completely dehydrated with Ethanol and then infiltrated with epoxy Epon™ (TAAB) resin. Once the resin was 

hardened for 48 h in an oven at 65 °C, 70 nm thick sections were cut with a Leica EMU C6 ultra-microtome.  

High-resolution scanning electron microscopy (SEM) imaging was carried out using a JEOL JSM 7500FA (Jeol, 

Tokyo, Japan) equipped with a cold Field Emission Gun, operating at an acceleration voltage of 10 kV. When 

necessary, the samples were carbon coated with a 10 nm thick film using an Emitech K950X high vacuum 

turbo system (Quorum Technologies Ltd, East Sussex - UK). The samples were observed using both a 

secondary electron detector, in order to enhance the topography, and a backscattered electron detector 

(which is sensitive to differences in molecular weight) in order to detect and show the presence of the IONCs 

within the capsules. 

Representative bright field images were taken with a Nikon A1, CFI Plan Apo VC 60x Oil objective confocal 

microscope. 

To estimate the amount of iron and calcium in the synthesized samples, inductively coupled plasma optical 

emission spectrometry (ICP-OES) measurements were performed using an iCAP 6000 Series spectrometer 

(Thermo Scientific). Briefly, 10 µL of the stock core/capsule samples with IONCs was dissolved in 1 mL of aqua 

regia overnight. After adding MilliQ water until a volume of 10 mL was reached, the solution was filtered with 

a 0.45 µm PFTE filter and the sample was analyzed. In order to estimate the concentration of iron in the cell-

associated magnetic materials, 10 µL of the sample was dispersed in 375 µL of a HNO3:H2O2 (vol. 2:1) mixture, 

which was then sonicated at 65 °C for 2 h. Subsequently, 750 µL of HCl was added, and the samples were 

digested overnight. The next day, after adding MilliQ water until a volume of 10 mL was reached, the solution 

was filtered with a 0.45 µm PFTE filter and elemental analysis was performed. = 

Magnetic characterization 

The magnetic characterization of the synthesized magnetic materials was performed under an alternating 

magnetic field (AMF) in colloidal dispersions (50 μL at a concentration of 1.5 g(Fe)/L)at different frequencies 

(50, 100, and 200 kHz) and constant magnetic field amplitude (24 kA/m). AC hysteresis loops were traced at 

room temperature with a home-made inductive magnetometer built by the Advanced Instrumentation Unit 

(iMdea Nanociencia, Madrid, Spain) based on the one described by Connord et al.47 . The magnetic field was 

generated by a Litz wire solenoid, inside which two counterwise-wound coils with the same diameter and 



number of turns collected the induction signal of the sample. The AC magnetization signal was calibrated by 

comparing magnetization values at similar field intensities which were obtained under AC and quasi-static 

magnetic field conditions. The AC magnetization signal was normalized to the mass of magnetic material 

employed in each experiment.  

 

SAR measurements in water and in glycerol (36%, 81%) 

The specific adsorption rate (SAR) values of free IONCs, CORES, CAPS, and WALL samples were measured in 

water and in glycerol (36%, 81%) using a commercially available DM 100 Series (nanoscale Biomagnetics 

Corp.) setup. 100 µL of each sample (c ≈ 1.5 g(Fe)/L) was introduced to the instrument holder and exposed 

to frequencies of 185 or 302 kHz under magnetic field amplitudes of 28, 24, or 40 kA/m  (the latter one only 

for the frequency 185 kHz). A magnetic field was applied for approximately 60 seconds, and all measurements 

were repeated 3 times. The specific absorption rate of all the samples was calculated according to the 

equation:  

𝑆𝐴𝑅 [
𝑊

𝑔
] =

𝐶 ∙ 𝑚𝑑

𝑚𝑚𝑎𝑔

𝑑𝑇

𝑑𝑡
 

in which C is the specific heat capacity of solvent (C(water)=4,185 J/(g·K), C(glycerol 36%) = 3,552 J/(g·K),  

C(glycerol 81%) = 2,659 J/(g·K), C(cells) = 4,125 J/(g·K)), md is the mass of the colloidal dispersion, and mmag is 

the mass of the magnetic material (i.e. iron) in g.12 The experimental values of the slope of the temperature 

curve (dT/dt) were measured within the first 10 seconds after the magnetic field was applied to the 

concentrated magnetic material solution to compensate the non-adiabatic conditions of measurements. 

The SAR values for each sample are calculated based on the average of three independent measurements. 

Generally, SAR values are obtained by calorimetric methods allowing the quantification of MNP heat 

dissipation losses. However, calorimetry measurements are inaccurate and difficult to standardize.48,49 At the 

same time, the calorimetry method requires to quantify physical parameters from the study system, such as 

specific heat, which are difficult to be precisely determined in biological matrices (i.e. cells, or tissues) without 

affecting their integrity. In contrast, AC magnetometry affords a direct and accurate method to probe and 

quantify the heat release associated with magnetic losses by measuring hysteresis loops under HAC conditions 

and considering that SAR= Af,50 where A is the area enclosed by the hysteresis loop and f is the field 

frequency. 

 

 

 



 

Cell culture 

Ovarian carcinoma cells (SKOV-3) were obtained from the American Type Culture Collection (ATCC) and 

maintained in a McCoy's 5A Medium, supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S) at 37 °C and 5% CO2. 

Hyperthermia measurements with cells in suspension 

The heating abilities under magnetic stimulation of free IONCs, CORES, CAPS, and WALL samples 

(d(IONCs)=14, 18 nm) once internalized by the SKOV-3 cells were measured. Briefly, 20 million SKOV-3 cells 

grown in a tissue culture T-75 flask were trypsinized, centrifuged (1500 rpm, 5 min) and transferred to a test 

tube with a final volume of 50 µL. The samples were dispersed in cell culture medium (2 g(Fe)/L), and 50 µL 

of this solution was added to the dense cell suspension. The SAR values of the magnetic materials were then 

measured at different time points (0, 15, 45, 90, and 180 min) under hyperthermia conditions at 302 kHz and 

24 kA/m. After the hyperthermia measurements, amounts of iron associated with cells were determined for 

all the samples by performing an ICP analysis.  

Hyperthermia measurements with adherent cells 

20 million SKOV-3 cells were seeded per culture plate. The next day, 100 µL  of free IONCs (d(IONCs)=14, 18 

nm), CAPS, or WALL samples  were added to the cells and incubated for 24 and 48 h at 37 °C and with 5% 

CO2. The iron concentration was 2 g(Fe)/L in all cases. The cells were then washed 2 times with DPBS, and 

they were detached from the cell culture flask using 6 mL trypsin-EDTA for 2 min. After adding 18 mL of cell 

culture medium, the cells were centrifuged at 1500 rpm for 5 min. The supernatant was then removed, and 

the cells were counted using a NucleoCounter® NC-100™ (ChemoMetec). Reagent A100 (which acts as a lysis 

buffer) and Reagent B (which acts as a stabilizing buffer) were added to the test tube for the total cell count 

(cells/mL). The cell pellet with internalized magnetic materials was transferred to a test tube, and the final 

volume was ca. 100 µL. Heating performances of all samples were measured at 302 kHz and 24 kA/m. After 

hyperthermia measurements, the iron content associated to the cells was determined for all the samples by 

performing an ICP analysis.  

Results and discussion  

IONCs of different sizes (8±1, 14±3, 16±2, 18±2 and 21±2nm) were synthesized for the present study (Figure 

1 A, I and F, Figure S10-S11). As the pristine IONCs are covered with a hydrophobic surfactant layer, a ligand 

exchange procedure was first applied in order to transfer the IONCs from chloroform to water (Scheme 1A).15 

α-nitrodopamine-ω-carboxypoly(ethylene glycol) (ND-PEG-COOH, with a molar mass of 1400 g/mol, Figure 1 

and Scheme S1), was synthesized using a multistep reaction by slightly modifying an already existing 



procedure, and it was used as a carboxyl-PEG terminated ligand exchange molecule.40,41 Nuclear magnetic 

resonance measurements (NMR) confirmed the expected polymer structure and indicated that the obtained 

materials had a high purity (Figure S2-S5). The obtained mono-carboxyl functionalization degree (f), which 

was 60%, indicates the presence of a fraction of double functionalized dicarboxylic-PEG chains. The material 

was used as received, without further purification. This ND-PEG-COOH polymer contains a nitrodopamine 

moiety that has a high affinity for metal oxide surfaces, while the PEG segment and the terminal carboxylic 

group ensures water solubility and stability as a result of steric hindrance and charge repulsion respectively. 

For the water transfer, the IONCs were first mixed with ND-PEG-COOH in chloroform. Subsequently, TEA base 

was added in order to deprotonate the hydroxyl groups of the nitrodopamine moiety. After shaking 

overnight, toluene was added to decrease the density of the mixture and the solution was transferred to a 

separation funnel. Finally, water was added and the IONCs were phase extracted in water. It should be noted 

that the aqueous samples, once extracted, tended to aggregate during the concentration step. Here, it was 

crucial to sonicate the mixture at 65 °C before dialysis in the presence of TEA to ensure that the IONCs could 

be re-dispersed as single NPs. The IONCs that were dispersed in water had a mean hydrodynamic diameter 

slightly higher than that measured by TEM for all IONCs, and there was no sign of aggregation in water (Table 

S1, Figures S7-S10, S11, S12-S13 S14 ). As is to be expected for these water transferred IONCs, ζ-potential 

measurements revealed a negative surface charge in the range of -21 to -33mV (Figure S14, S15).  To embed 

the IONCs into calcium carbonate cores, we first tested the colloidal stability of the IONCs in a 0.33 M solution 

of calcium chloride and in a solution of 0.33 M sodium carbonate, both of which are used as precursors for 

the CaCO3 core formation. Moreover, the stability of IONCs in a 0.2 M solution of ethylenediaminetetraacetic 

acid (EDTA), which is used for the dissolution of CaCO3 cores, was also tested (TableS2). No significant changes 

in the hydrodynamic diameter were observed when the IONCs were dispersed in the different solutions, 

except for the Na2CO3 solution, in which the nanoparticles had bigger effective hydrodynamic diameters, 

indicating aggregation. For this reason, to form magnetic CaCO3 cores, the negatively charged IONCs were 

dissolved in the CaCl2 solution, and then the Na2CO3 was added to the solution to induce the simultaneous 

co-precipitation of the IONCs and the CaCO3 cores formed by the CaCl2 and Na2CO3 salts (Figure 1).  



 

Figure 1: Sketch of the ligand exchange on the IONCs (A);  The synthesis of calcium carbonate cores coated 

with polyelectrolytes with encapsulated IONCs, and polyelectrolyte capsules with IONCs in the cavity (B); The 

synthesis of polyelectrolyte capsules with embedded IONCs in the capsules' walls (C).  

 

For the first submicrometric capsule arrangement, the magnetic CaCO3 core (Figure 2B, F, J, S13) acted as a 

template for the subsequent decoration with polyelecytrolyte shells using the Layer-by-Layer (LbL) procedure 

(Figure 2 B, F, J). The electrostatic attraction between the polyanionic and polycationic polymers allowed for 

the formation of polyelectrolyte multilayer assemblies, which could be followed by the inversion of the 

charge after addition of each subsequent layer (Figure S16). Since magnetic losses of IONCs are affected by 

a large number of parameters, one of which is the freedom to move under alternating magnetic fields HAC in 

a colloidal dispersion, this first type of capsules was selected to spatially immobilize the IONCs in the CaCO3 

cores (CORE sample). A second type of capsule arrangement was made by selectively removing the CaCO3 

matrix, leaving the IONCs inside the hollow cavity, after having performed the LbL deposition (CAPS sample). 

In this case, given the removal of the CaCO3 template, the IONCs can presumably physically move in the 

submicrocavity confinement.  

Here, it is important to note that the IONCs were still protected within the shell of the capsules (Figure 2 C, 

G, K, Figure 3A, C, E, Fig. S11A). As a third type of capsule, IONCs were incorporated into the capsules' walls 

during the LbL assembly (WALL sample). In this instance, CaCO3 cores were synthesized and the negatively 
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charged IONCs were placed in-between two consecutively positively charged polyelectrolyte layers during 

the LbL formation. At the end of the process, the CaCO3 cores were dissolved. Also in this case, the IONCs 

were immobilized and protected from the external environment in-between the polymer layers (Figure 2 D, 

H, L, Figure 3B, C, E, Figure S11A). Indeed, the CaCO3 is dissolved via calcium chelation with EDTA, forming an 

EDTA-Ca complex. Such a dissolution was confirmed and monitored by conducting an elemental analysis of 

calcium and iron before and after the addition of EDTA. The analysis shows that the Ca content of the CAPS 

sample decreased substantially up to 87 % with respect to the initial calcium amount that was found on the 

CORE sample. The Fe content was the same for the CORES and CAPS before and after the addition of EDTA, 

suggesting that no loss of capsule sample occurred during the EDTA reaction (Figure S17). 

Using the above described approaches, eighteen magnetic nanostructures were prepared: five IONCs of 

different sizes (8 nm, 14 nm, 16 nm, 18 nm, 21 nm IONCs); three CORE capsules made of calcium carbonate 

cores with embedded IONCs of 14 nm, 16 nm, and 18 nm sizes, coated with four bilayers of polyelectrolytes; 

five CAPS capsules consisting of polyelectrolyte capsules with IONCs of different sizes (8 nm, 14 nm, 16 nm, 

18 nm, and 21 nm) loaded in the inner cavity of the capsule; and five WALL polyelectrolyte capsules in which 

the IONCs of different sizes (8 nm, 14 nm, 16 nm, 18 nm, and 21 nm) were embedded into the capsule’s 

layers (Figure 1). All capsules had a similar (dry) diameter of about 700 nm, as was determined by TEM 

measurements (Figure 2, S11A). In the case of CORES and CAPS, a monodisperse distribution of the IONCs 

within the capsules cavity was observed, indicating that the synthesis of the cores/capsules did not affect 

their stability as determined by TEM (Figure 2 inserts, S11A) and SEM analysis (Figure 3). It is also evident 

that the IONCs were successfully incorporated into the capsules' wall, since cubic structures can be seen 

along the whole shells of the capsules in Figure 2D, H, L, S11A. Size monodispersity was confirmed for all the 

magnetic nanostructures by optical bright field microscopy (Figure S12). 

The capsules in aqueous solution have micrometer sized hydrodynamic diameters (see typical DLS spectra in 

Figure S14). Moreover, since the outer polyelectrolyte layer of the capsules is made of positive PAH 

polyelectrolyte, they have a positive ζ -potential, while the IONCs are negatively charged due to the carboxylic 

acid terminated PEG ligands (Figure S14). There are only slight variations in the hydrodynamic diameters of 

the CAPS and WALL loaded with IONCs (14 and18 nm) (Table S1).  



 

Figure 2: Representative TEM images of nitrodopamine-carboxy-PEGylated 14 nm IONCs (A); CORES with 

embedded 14 nm IONCs  (B);  CAPS capsules with embedded 14 nm IONCs  (C); WALL capsules with embedded 

14 nm IONCs (D); nitrodopamine-carboxy-PEGylated 16 nm IONCs  (E); Core capsules with embedded 16 nm 

IONCs(F); CAPS capsules with embedded 16 nm IONCs (G); WALL capsules with embedded 16 nm IONCs (H); 

nitrodopamine-carboxy-PEGylated 18 nm IONCs  (I);  CORES with embedded 18 nm IONCs (J); CAPS capsules 

with embedded 18 nm IONCs (K); WALL capsules with embedded 18 nm IONCs (L). The scale bar of B, C, D, F, 

G, H, J, K, and L corresponds to 200 nm, while the scale bar of A, E, and I corresponds to 50 nm. . Insets are 

higher magnification images taken at the edge of the capsules. Scale bars of the insets correspond to 50 nm 

for all panels. 

 

 

To gain more topographical and morphological information, and to elucidate the differences of IONC  spatial 

distribution in the CAPS and WALL capsules, we have conducted a SEM analysis. The closer proximity of the 

IONCs (16±2 nm) to the surface in the WALL samples confers a peculiar surface roughness for WALL sample 

with respect to CAPS (Figure 3C,D). Moreover, the bright signal, which is due to the backscattered electron 

signal of the IONCs, confirms that the IONCs were homogeneously distributed throughout the whole capsule 

in the CAPS sample (Figure 3A,C,E), whereas the bright spots of the IONCs are irregularly distributed in the 

capsules walls in the case of WALL sample (Figure 3B,D,F).  
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Figure 3: SEM images of the capsules prepared using a LbL procedure. A,B) Backscattered electron signal (BES) 

of the CAPS (left column) and the WALL (right column), showing the distribution of the IONCs (16±2 nm) inside 

the capsules (COMPO mode). C,D) Secondary electron imaging (SEI) of the capsules, highlighting the different 

surface roughness of the CAPS and WALLS (middle row). E,F) Magnifications of the capsules’ edges show an 

irregular surface roughness for WALL capsules (white arrows, F) in comparison to CAPS, where the bright 

spots of the IONCs are more distributed within the polymer (E). Scale bars correspond to 100 nm. 

 

Hyperthermia measurements 

The specific absorption rate (SAR) values of the IONCs and of all the synthesized capsules were measured by 

calorimetry at different frequencies (185 kHz and 302 kHz) and field intensities (28 and 24 kA/m), 

corresponding to field conditions close to and far from the biological limit (𝐻 ∙ 𝑓= 5x109 Am-1s-1, in which H is 

the amplitude of the magnetic field and f is the field frequency51). Figure 3 shows the SAR values that were 

obtained at 302 kHz and 24 kA/m for the free IONCs of different sizes (from 14 to 18nm) and the related 

capsules dispersed in water.  
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Figure 4: SAR values measured with the calorimetric method as obtained from free and encapsulated IONCs 

(CORES CAPS and WALL) dispersed in water for different IONC sizes.  

As is shown in Figure 4, the highest SAR values in aqueous media were obtained for free IONCs, increasing 

with size. The related SAR values are comparable to those reported.9,15 However,  SAR values obtained in the 

capsules (i.e., CORES, CAPS and WALL) resulted non-significant differences (given the large error bars of the 

calorimetric measurements) . Thus, SAR values were reduced between 30% and 70%, inside capsules and 

depending on IONC size and encapsulation procedure albeit a little bit less for the CAPS. The reduction in 

magnetic losses for IONCs of different sizes in the different capsulation modalities showed similar SAR 

behavior, which became more pronounced when the IONC size is  increased7,52 (Figure 4, S11, S18-S20). 

However, immobilization was not the only effect reducing the heating mechanism for the 14 nm IONCs, which 

were spatially confined into the CAPS, as also this sample showed a reduction in the SAR value (30%) with 

respect to free IONCs. This reduction in the SAR value was lower than in the capsules with randomly 

distributed IONPs, in which a drop of 50% was observed,32 underlining the relevance of the spatial control of 

the IONCs in the employed encapsulation approach. This SAR reduction increased with an increase in the 

IONCs' size, probably due to the prevalence of the Brownian relaxation that is significantly evident in the case 

of the CORES and WALLS samples. It is well known that aggregation may also strongly shrink magnetic heat 

losses when IONCs are embedded into capsules.32 Indeed, the interparticle distance and random spatial 

distribution of IONCs in the distinct capsule arrangements (CORES, CAPS and WALL) cause different magnetic 

dipolar interactions, which, may result in a reduction or increase of magnetic heat losses.53,54 Moreover, such 

magnetic dipolar interactions increase when the IONC size is increased, which is in agreement with our 

previous observations.16 
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In order to enlarge the range of sizes of IONCs, we tested the formation of capsules (CAPS and WALL types) 

using also 8±1 nm and 21±2 nm IONCs (Figure S11). We observe the same trend in terms of structural 

properties, i.e. morphology and colloidal parameters. Regarding the heating efficiency, indeed the 8 nm IONC 

sample was too small to provide measurable SAR under the same measuring conditions used for the other 

IONC and capsules samples (300 kHz and 24 kA/m and 1 g(Fe)/L), nor any of the systems of CAPS and WALL 

made with IONCs of 8 nm. With regard to the systems containing 21 nm IONCs, SAR values of IONCs in water 

are excellent (810±7 W/g) and higher than any other system of CAPS or WALL samples presented in this work. 

Even after the encapsulation, associated to a certain decrease in SAR again probably due to the prevalence 

of the Brownian relaxation, the samples preserve high SAR values (CAPS: 380±25 W/g, WALL: 490±14 W/g). 

However, it is also worth to mention that for 21 nm IONCs, the yield of capsules is lower than that for the 

other capsule preparation (usually the yield is up to 30 % less than for the capsules samples made of IONCs 

with D < 21 nm). This may be due to magnetic interaction during the preparations that promotes fast 

precipitations of nanoparticles and less control on the protocol. 

The common trend for encapsulated 14, 16 and 18 nm IONCs is clearly reflected in the dynamical hysteresis 

loops that were obtained under similar HAC conditions (Figure 5, S25-S27).  

 

Figure 5: AC hysteresis loops of the different capsules and free IONCs dispersed in waterat given iron content 

(1.5 g(Fe)/L), and field conditions (200 kHz and 24 kA/m) : (A) d(IONCs) = 14 nm; (B) d(IONCs) = 18 nm . 

AC hysteresis loops are a direct and accurate method to probe and quantify the parameters that influence 

the magnetic losses.26,30,55In agreement with calorimetry results, free 18 nm IONCs have the largest AC 

hysteresis loop opening, followed by CAPS (blue curve), CORES (red curve), and WALL (pink curve) samples, 

respectively. Confining the IONC within the capsules causes always a reduction on the related AC hysteresis 

loop opening. This confirms the same behavior as the SAR calorimetric values, independent of the IONC size 

(see, for instance, Figure 5A for 14 nm nanocubes). Moreover, as is indicated in Table S7, the area under the 

hysteresis loops always increased when the edge length (14, 16, 18 nm) of the IONCs was increased.  
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It is also worth to mention that hysteresis Area and SAR values measured at clinical conditions used for the 

treatment of glioblastoma multiforme (100 kHz and 24kA/m), are significant  not only for the free nanocubes 

but also for all the capsule’s samples (Table 1, in this latter cases the values are certainly reduced). 

 A(mJ/kg)/SAR(W/g) at 

100 kHz and 24 kA/m 

IONCs, 14 nm 2329/233 

CORES, 14 nm 1183/118 

CAPS, 14 nm 1637/164 

WALL, 14 nm 975/93 

IONCs, 18 nm 3018/302 

CORES, 18 nm 1249/125 

CAPS, 18 nm 2004/200 

WALL, 18 nm 1842/184 

 

Table 1: Areas and SAR values obtained by AC magnetometry56 from the distinct magnetic nanomaterials at 

clinical conditions (100 kHz and 24 kA/m). 

 

Probing the magnetic heating efficiency of magnetic materials inside cells  

As previously mentioned, nanoparticle aggregation,30,57 immobilization30 and degradation28 occur when 

magnetic nanostructures interact with cells, resulting in significant variations in the heating efficiency with 

respect to the values that are obtained in colloidal dispersions. Their effects on the dynamical magnetic 

response should be avoided in order to control the physicochemical properties of the synthesized 

nanoparticles so that the heat dose supplied by the IONCs inside the cells or tissues can be preserved. To 

investigate how the encapsulation of IONCs in polymeric capsules may preserve the magnetic losses once 

associated to the cells, SAR values were measured during their interaction with the cells. For these 

experiments, we used both, CAPS capsules with IONCs inside the hollow cavity and WALL capsules in which 

the IONCs were randomly immobilized. In the latter case, since IONCs are immobilized at fixed at average 

interparticle distances inside the CORES capsules, no significant differences were expected in terms of heat 

efficacy. With regard to the capsules containing IONCs, we selected only the 14 and 18 nm IONCs. The SAR 

values were monitored after different incubation times (0, 15, 45, 90, 180 min). In the case of free IONCs 

(black curves), the SAR values drastically decreased to different extents depending on the nanoparticle size 

when the incubation time was increased (about 54% for 14 nm IONCs and 60% for 18 nm IONCs) (Figure 6A 



and 6B). Only slight reductions in the SAR values (ca. 20 %) were observed for CAPS (blue curves) and WALL 

(pink curves) capsules, independent of the IONC size.  Figure 6A and B show the variation in the SAR values 

for different magnetic nanostructures over time (< 3 h) . 

Interestingly, after 180 min of incubation, the cells that have received IONCs were attracted to the magnet 

within 10 s, whereas pristine free IONCs (i.e. IONCs that were not incubated with cells) did not show any 

visible response to the magnetic field (Figure S28). This suggests that, after 3 h of incubation, the IONCs were 

associated with the tumour cells, which might be also promoted by electrostatic interactions and protein 

serum absorption on capsules and IONCs.58,59 A significant and progressive reduction of more than 50% was 

observed for free IONCs after just a few hours. During this period, the SAR values of capsules varied by less 

than 30%. It is important to highlight that no variations in the SAR values were obtained for CAPS and WALL 

capsules within the time frame of the study. However, for free IONCs, changes in the SAR were time 

dependent (see Table S8 for summary of SAR values from calorimetric measurements in cells). This is in 

agreement with the observations made by Di Corato et al.,9 who state that the SAR dynamics during the 

incubation of nanocubes and other types of iron oxide nanoparticles show a significant reduction in SAR 

values. Indeed, under this condition a fraction of the IONCs was associated with cell plasma membrane or 

internalized while a fraction of IONCs was still not yet internalized by the cells contributing more to the 

heating. The drop of SAR values over time is caused by the decrease of the fraction of free IONCs/capsules in 

the media and the increase of fraction of IONCs/capsules that were internalized/associated particles able to 

contribute to the heating efficiency. 60 



 

Figure 6: Time-dependent SAR values of free and encapsulated IONCs during incubation with cells at different 

time points at 302 kHz and 24 kA/m. A. d(IONCs) = 14 nm, B. d(IONCs) = 18 nm. Time-dependent iron 

concentration of IONCs associated with cells. C. d(IONCs) = 14 nm, D. d(IONCs) = 18 nm. Time-dependent SAR 

values of magnetic nanostructures during incubation with cells after 24 and 48 hours for E. d(IONCs) = 14 nm 

and F. d(IONCs) = 18 nm. Time-dependent iron concentration of IONCs internalized by the cells G. d(IONCs) = 

14 nm, H. d(IONCs) = 18 nm. 
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At longer incubation times, the magnetic heat losses of the different magnetic nanostructures studied here 

have similar trends: CAPS have higher SAR values, closely followed by WALL samples. For free 14 and 18 nm 

IONCs incubated for 24 or 48 hours, there was a strong decrease in the SAR values as compared to the SAR 

value of the capsule systems in water (about 68% for 14 nm IONCs and 76% for 18 nm IONCs). This effect was 

independent of the IONC size. For the CAPS and WALL capsules, the SAR values at 24 and 48 hours were 

similar and much larger than the free IONC values (Fig.6E and 6F). Nevertheless, a reduction in SAR values 

over time, ranging from 10% up to 30%, was observed depending on the IONC size. These data show that the 

magnetic losses of the CAPS and WALL capsules reduce more slowly inside cells and have higher values than 

free IONCs. The preservation of magnetic losses by the polyelectrolyte encapsulation fails with time. After 48 

h, SAR values were lower than they were after 24 h, suggesting that an internalization of IONCs/capsules 

occurs, gradually causing sample aggregation. In the case of the capsules, which have a certain stiffness, their 

deformation with time after internalization likely favors an enhancement of intracellular IONC clustering, 

leading to a decrease in the SAR value.61 

It is also worth noting that there is a difference in the SAR values for the free IONCs when the experiment 

was performed with the cells in suspension (short incubation time, Fig. 6A and 6B) and with adherent cells 

(long incubation, Figure 6E and 6F). Indeed, the SAR values for cells in suspensions were always higher than 

those for adherent cells.  It could be that, at a short incubation time, a fraction of the IONCs were associated 

with cell plasma membrane while a large fraction of IONCs were still not yet internalized by the cells thus 

having the free IONCs contributing more to the heating. In the case of adherent cells, considering the longer 

incubation times, a larger fraction of IONCs is associated or internalized by the cells. This can explain why the 

SAR values that were measured for the free IONCs in suspension are higher than those for adherent cells. 

However, SAR values obtained for CAPS and WALL capsules on adherent cells or on suspended cells are more 

directly comparable. A possible explanation is that the polymer layers of the capsules act as a sort of barrier 

to soften any changes in the environment, therefore the SAR is less dependent on the cellular association or 

internalization. 

 

It is worth mentioning that IONCs and polyelectrolyte capsules were internalized by cells with a different 

rate. Given that the same amount of material was administered in terms of the amount of iron, it can be seen 

that, in terms of iron uptake, free IONCs were always taken up to a lesser extent than when they were packed 

in the capsules at 24 hours. This is reasonably due to the different charge of the free IONCs with respect to 

the CAPS and WALLS. Indeed, free IONCs are negatively charged while CAPS and WALL are positively charged 

(Figure S16).Previous works report that the positively charged nanoparticles are internalized by the cells at 

higher extent compared to the positively charged ones,62-64 due to the higher interactions with the negatively 

charged cell membrane. Moreover, the PEG coating of IONCs may seriously decrease protein corona 



formation and, thus, the reduce the interaction with cell plasma membrane.65,66 However, the amount of iron 

in the cells reaches the same amount for the 18 nm samples at 48 hours, while the amount of iron tends to 

decrease progressively with time for the free 14 nm nanocubes. Indeed, the amount of iron was significantly 

lower at 48 hours than that found in the same IONCs once they were incorporated into the cells (Figure 6C, 

6D, 6G and 6H). 

 

The intracellular localization of IONCs and capsules was studied using TEM images of the cells that had been 

exposed to the magnetic materials for 24 h of incubation at 37°C.59 Figure 6 shows that the free IONCs 

accumulated inside the intracellular vesicles following a typical endocytic pathway.67–69 Very closed packed 

IONCs within the vesicles can be clearly seen, and these could be responsible for the observed decrease in 

the SAR of free cubic IONCs. Instead, CAPS capsules show a broader spatial distribution of IONCs with higher 

distances between them. In the case of WALL capsules, the darker elongated structures (black arrows) can 

be attributed to the walls of the polyelectrolyte capsules, which are decorated with IONCs in a darker color. 

With respect to the cells treated with the free IONCs, the lower density of the IONCs inside the hollow cavities 

or in the polymeric walls suggests that IONCs have a certain degree of freedom and that aggregation has 

been prevented to a certain extent.  

All this evidence brings us to an important conclusion: the intracellular matrix does not alter the magnetic 

losses of IONCs when they are packed with the right configuration. This proves that a polyelectrolyte capsule 

shell can preserve IONCs from severe aggregation (i.e. the IONCs can still partly move, though there may be 

attractive van der Waals forces between them) and immobilization effects. Consequently, this can 

significantly alter the SAR values for free IONCs, as has often been reported in literature.9 

 



 

Figure 7: Representative TEM micrograph sections of SKOV-3 cells incubated for 24 h with: free 14 nm IONCs 

(Row A); CAPS (Row B); WALL (Row C.). The black arrows highlight the capsules’ wall structures. 

 

Influence of viscosity and aggregation on the magnetic response of free IONCs and capsules 

To better understand the cell internalization effects on the magnetic heat losses of the different magnetic 

nanomaterials described above, we assessed the viscosity and aggregation effects on the SAR values of the 

different magnetic nanostructures studies dispersed in aqueous media.30 The cellular association and further 

internalization of the IONCs/capsules further suppresses Brownian relaxation, since the IONCs/capsules 

cannot physically move. However, the aggregation of nanoparticles, which can take place on the cell plasma 

membrane or inside the endocytic vesicles, may also influence the Néel relaxation. To elucidate the effect of 

IONCs on membrane association, the first experiment that we set aimed to study the SAR behavior of the 

capsules in viscous media, which suppresses Brownian rotation. The SAR values were measured in different 

water-glycerol (W:Gly) mixtures set to 64:36 v% and 19:81 v%, corresponding to a mean η of 3.8 and 97.3 

mPa·s respectively. As is shown in Figure 8and Figures S21-S24, S31A, for the 14 nm IONC sample, the SAR 

values for the IONCs in water or in a glycerol solution are similar, indicating that the IONCs have a viscous 

independent SAR behavior. We would expected that the SAR values for the capsule samples (CORES, CAPS 

and WALL samples) would be similar to the SAR values of the initial IONCs, if no other immobilization effects 

occurs. However, the SAR values of all the capsules prepared with 14 nm IONCs are always lower than the 

SAR values of the 14 nm IONCs. This difference might be due to an additional immobilization or aggregation 

effect, which could occur when the IONCs are associated/incorporated into the capsules. This SAR reduction 

was also recorded for the other IONCs (16, 18 and 21 nm), but the dependency of the SAR on the viscosity in 



these cases makes it more difficult to distinguish the effect due to the viscosity and the 

immobilization/aggregation effects in the capsules. 

Moreover, the SAR value of free 18 nm IONCs decreased when there was an increase in the viscosity of the 

medium, whereas the SAR value remained constant at different viscosities for 14 nm IONCs. These results 

are in agreement with previous studies, which claim that the Brownian relaxation magnetic mechanism starts 

to have a significant contribution when the size of the IONCs is increased.16,26 Interestingly, for capsules with 

IONCs in the cavity, the SAR remained constant in the different viscous media, while it dropped slightly for 

capsules/cores with immobilized nanocubes (WALL and  CORES). This suggests that IONCs in the cavity of the 

capsule had a certain freedom to move, and they remained more isolated by the environment. We might 

speculate that glycerol cannot enter through the capsules walls leaving the capsules mainly filled of water. 

Thus, the heat dissipation processes remained constant, and the heat efficiency of the capsules depended 

less on the viscous environment in which they were dispersed. 

 

Figure 8:SAR values of different magnetic nanostructures dispersed in different viscous media at 320 kHz and 

24 kA/m for (A) 14 nm IONCs and (B) 18 nm IONCs. 

On the other hand, aggregation of the magnetic materials can occur during cell uptake, resulting in a 

reduction in SAR values. In order to study the aggregation effect, we intentionally induced 

nanoparticle/capsule aggregation by dispersing the samples in a concentrated phosphate buffer solution 

(PBS 5, 0.05 M). The ions in the PBS solution contribute to screening the surface charge of colloids, so that 

van der Waals forces start to dominate and IONCs or capsules lose their colloidal stability and tend to 

aggregate.70 The effect of the aggregation of the IONCs/capsules was determined from the SAR values that 

were obtained from the AC hysteresis loops (Figure S29, 30, 31B). As expected, a significant decrease in the 

SAR value of free IONCs was observed, with the aggregation in PBS (Figure 9) being more pronounced for 14 

nm than for 18nm IONCs. In contrast, the SAR values of capsules showed just slight variations when they 

were dispersed in PBS rather than in water (Figure 9). These findings strongly suggest that the capsule provide 
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a protective environment for the IONCs, preventing any increase in magnetic dipolar interactions via a 

reduction in the interparticle distances, therefore resulting in a reduction in magnetic losses.  

 

Figure 9: SAR values (areas under hysteresis loops x frequency) of different magnetic materials dispersed in 

water and PBS 5x measured at 100 kHz, 24 kA/m (30 mT), 0.75 g(Fe)/L  for (A) 14 nm IONCs and (B) 18 nm 

IONCs and their corresponding capsules. 

 

Conclusions 

Here, we report on an alternative procedure based on an encapsulation of IONCs in confined 

submicrocavities for preserving magnetic heat losses of IONCs inside cells. The comparison of SAR values 

between free IONCs and encapsulated IONCs in different spatial arrangements demonstrates that the 

magnetic losses of IONCs are maintained when the nanocubes are confined into the submicrocavities. This is 

the key results of this work and, indeed, as our study suggests, the confinement of nanocubes in 

submicrovolume protects the nanocubes from intra- and extracellular environment, which can negatively 

affect heating abilities of iron oxide nanocube, and, at the same time, prevents the nanocubes from 

endosomal aggregation.. Detailed studies show that, when the distinct capsules are exposed to HAC after cell 

internalization, hollow capsules with IONCs in their cavity release higher amounts of magnetic heat than free 

IONCs and wall capsule configurations. The design of magnetic nanostructures whose dynamical magnetic 

response remains almost unaffected in a biological environment like the tumor cells is necessary for 

supplying a given intracellular heat dose. The employed encapsulation approach simplifies the methodology 

to determine the heat dose release from IONC into cells, since SAR values do not vary from colloid to 

intracellular environment. This study suggests that empty capsules loaded with magnetic nanoparticles into 

their cavities are the right nanoplatforms to preserve magnetic hyperthermia performance of outstanding 

nanocubes into any cellular matrix in a given time window (i.e. 24-48 hours). 
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