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Abstract: 1 

Diseased cell treatment by heating with magnetic nanoparticles is hindered by their required high 2 

concentrations. A clear relationship between heating efficiency and magnetic properties of nanoparticles has 3 

not been attained experimentally yet due to limited availability of magnetic nanoparticles with varying size 4 

and composition. Here we use versatile flame aerosol technology for synthesis of 21 types of ferro-5 

/ferrimagnetic nanocrystals with varying composition, size and morphology for hyperthermia and 6 

thermoablation therapy. Heating efficiency, magnetic hysteresis and first order reversal curves of these 7 

materials are compared. The maximum heating performance occurs near the transition from 8 

superparamagnetic to single domain state, regardless of particle composition. Most importantly, the ratio 9 

between saturation magnetization and coercivity can be linked to the heating properties of magnetic 10 

nanoparticles. Magnetic interaction is controlled by changes in the architecture of the nanoparticles and 11 

closely analyzed by first order reversal curves. Silica-coated non-stoichiometric Gd-Zn ferrite exhibits the 12 

most promising therapeutic capability at relatively low particle concentrations, as shown in vitro with 13 

cancerous prostate cells. 14 

Keywords: magnetic particle heating, hyperthermia, coercivity, iron oxide 15 
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Introduction 1 

Magnetic nanoparticle heating refers to the temperature increase in ferro-/ferrimagnetic nanostructures 2 

(typically iron oxides) and their surrounding medium (e.g. cancer cells) by an oscillating external magnetic 3 

field.[1] The inherent therapeutic applications are promising as biocompatible nanostructures can be locally 4 

activated during treatment to thermally destroy diseased tissue and remain otherwise inactive. Therefore, the 5 

therapeutic effect can be externally triggered and precisely controlled. This characteristic makes magnetic 6 

nanoparticle heating superior over conventional chemotherapy where the injected drugs not only attack 7 

cancerous sites but also healthy organs leading to severe side-effects.[2] This advantage has attracted strong 8 

interest and led to successful treatments of several malignant tissues, such as prostate cancer[3] and 9 

glioblastoma[4]. Recent progress in the field with respect to material optimization and in vitro/in vivo studies 10 

has been summarized extensively.[5,6]  11 

Despite these promising results, wide-spread clinical application is hindered, predominantly, by the required 12 

large doses of magnetic nanostructures currently clinically used (112 mg mL-1, 0.1-0.7 mL per mL tumor)[7] 13 

for effective thermal damage at the diseased site. This tremendous concentration of un-physiological material 14 

might also bear some to date unknown risks of adverse effects and hence should be drastically lowered. For 15 

example, nanoparticles were still detectable in the prostate even 17.5 months after administration.[8] 16 

Additionally, the required strong magnetic fields for a sufficient temperature increase leads to undesired 17 

heating outside the target region.[9] Reduced particle concentrations might also allow also allow monitoring 18 

via magnetic resonance imaging.[6] Furthermore, especially diffuse carcinomas are not suitable for direct 19 

nanoparticle injection and therefore pose problems in a clinical routine. Under such circumstances, the 20 

magnetic particles would have to be administered intravenously to target the diseased site via blood flow 21 

which restricts their applied amounts even more (e.g. ~0.7 % of injected nanoparticles reach a cancerous 22 

site).[10] A deeper understanding of the relationship between particle characteristics (composition, size, 23 

morphology) and their magnetically-driven heating of diseased cells would allow optimization of 24 

nanostructured magnetic systems with respect to their heating efficiency for minimization of the required 25 

nanoparticle dose. 26 

Three mechanisms lead to the temperature increase of ferro-/ferrimagnetic nanostructures in an oscillating 27 

magnetic field (Neel- and Brownian-relaxation, and hysteresis).[11] For nanoparticles smaller than the 28 
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superparamagnetic limit (e.g. ~25 nm for Fe3O4), heat dissipates by either magnetic dipoles (Neel-relaxation) 1 

or entire nanostructures (Brownian-relaxation) seeking to align with the oscillating magnetic field. Larger 2 

nanoparticles (> 80 nm for Fe3O4) can be multi-domain systems, in which hysteresis effects in the form of 3 

shifting domain walls dictate the thermal effects.[11] Intermediately sized systems (~25 – 80 nm for Fe3O4) 4 

heat through a combination of all three effects while a clear separation is not possible. It is frequently 5 

assumed that hysteresis heating is negligible for biomedical applications as comparably strong applied 6 

magnetic fields[12] and therefore large single domain magnetic particles are required.[13] The underlying 7 

dominant heating mechanism, however, strongly depends generally on the strength and frequency of the 8 

applied magnetic field.[14] Besides particle size, material composition[15] or agglomeration[16], and therefore 9 

the applied synthesis method, also strongly influence heating efficiency. For example, iron oxides[17], metal 10 

iron[18], iron cobalt[19], cobalt ferrite[20], manganese ferrite[21], mesoporous silica nanoparticles[22] or even 11 

bacterial magnetosomes[23] and magnetically complex core/shell systems[24] have been reported as excellent 12 

candidates for efficient magnetic particle heating. 13 

The preceding simplified summary shows that theoretical predictions of magnetic particle heating effects are 14 

a challenging task. An in-depth understanding of the interplay between mechanisms and effects dictating 15 

magnetic particle heating is hindered by a missing wide-range experimental verification of the predominant 16 

theoretical concepts. This might be due to limited ranges of nanoparticle sizes, compositions or 17 

morphologies available by a single synthesis method.  18 

Specific loss power (SLP) is frequently used[11] to compare the magnetic heating efficiencies of nanoparticles 19 

from different studies. However, it was recently shown, that the assumptions of linear dependence on 20 

concentration and applied field amplitude are not valid.[25] Furthermore, the initial temperature increase used 21 

for calculating SLPs is not clearly defined. This makes a comparison of nanomaterials prepared by different 22 

methods not straightforward, as surface properties, size-distribution or morphology can vary distinctively 23 

between them. 24 

Flame-spray synthesis might overcome that dilemma as it stands out for its product versatility.[26] For 25 

example, 18 different flame-made nanomaterials were compared with respect to their fluorescence 26 

efficiency.[27] Additionally, this dry process (no solvent-residues due to high-temperature combustion) is 27 

scalable (> 1 kg h-1),[28] both representing key requirements for a successful product translation into clinical 28 
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application,[29] being frequently overlooked. Moreover, with this technology several magnetic nanoparticles 1 

of various sizes and compositions, such as Co,[30] FeC,[31] FexOy,[32] or SiO2-coated Fe2O3
[33] and 2 

Zn0.4Fe2.6O4
[34] have been prepared.  3 

Basic magnetic properties of such ferro-/ferrimagnetic nanoparticles can be analyzed with hysteresis curves 4 

providing their saturation magnetization (Ms) and coercivity (Bc). The Bc in particular strongly depends on 5 

the size of the ferro-/ferrimagnetic system.[35] It remains close to zero for small superparamagnetic (SP) 6 

structures and then increases suddenly in the simple single-domain (SD) regime. The Bc is therefore an 7 

excellent parameter to evaluate the SP-SD transition size for various material compositions and 8 

morphologies. More detailed information about the magnetic properties of nanomaterials can be obtained 9 

from first order reversal curve (FORC) measurements.[36] They provide information on the Bc distribution, 10 

revealing deeper insight into morphology as well as crystal structure[37], instead of (merely) averaged 11 

coercivity as given by hysteresis curves,  12 

This study aims to systematically elucidate, for the first time to our knowledge, the correlation of magnetic 13 

and material properties with magnetic particle heating efficiencies experimentally, for a wide-range of 14 

material compositions and sizes in defined experimental conditions. To this end, 21 magnetic nanoparticles 15 

of various sizes, compositions and morphologies were prepared by aerosol technology. Their magnetic 16 

properties were closely analyzed and compared to their heating efficiency. For an in-depth understanding, 17 

FORCs of representative systems were investigated providing information on the distribution of magnetic 18 

properties. Capitalizing on this knowledge, the ferro-/ferrimagnetic nanoparticles were carefully engineered 19 

to increase the magnetic particle heating effect. The most promising nanoparticle system, silica-coated 20 

Gd0.225Zn0.4Fe2.375O4, was further evaluated with in vitro studies on human PC3 prostate cancer cells. 21 

 22 

Experimental 23 

Particle synthesis 24 

Various ferro-/ferrimagnetic bare and SiO2-coated iron oxide based nanoparticles (NP), containing Zn and/or 25 

Gd were prepared by flame-spray pyrolysis (FSP).[33] Table S1 summarizes the process conditions for their 26 

synthesis. In brief, a liquid precursor solution was fed at 5-8 mL min-1 through a capillary and was thereafter 27 
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dispersed with 3-5 L min-1 O2 (all gases PanGas AG, purity > 99%) into fine droplets. The pressure drop 1 

over the capillary was constant at 1.6 bar. The resulting spray was ignited and stabilized by a premixed 2 

CH4/O2 (1.5 / 3.2 L min-1) support flame. The spray flame was enclosed by a quartz glass tube (ID = 45 mm) 3 

of various lengths (Table S1) and sheathed with 40 L min-1 O2. The liquid precursors were prepared by 4 

dissolving the required amounts of iron(III) nitrate nonahydrate (Sigma-Aldrich, purity 98%), zinc-nitrate 5 

hexahydrate (Sigma-Aldrich, purity 98%) and gadolinium(III) nitrate hexahydrate (Sigma-Aldrich, purity 6 

99.99%) in a 1:1 volume mixture of 2-ethylhexanoic acid (2-EHA, Sigma-Aldrich, 99%) and ethanol. Prior 7 

to production all liquid precursors were magnetically stirred for at least 1 h at room temperature. 8 

The SiO2-coating was applied by swirl-injection of Hexamethyldisiloxane (HMDSO, Sigma-Aldrich, purity 9 

≥ 99%) vapor through a torus ring with 16 equally spaced openings, facing 20° upstream.[33] The HMDSO 10 

vapor was obtained by feeding N2 through a bubbler filled with HMDSO placed in a water bath at 20°C and 11 

thereafter diluting it with 15 L min-1 of additional N2. The nominal SiO2 content in the product was varied by 12 

adapting the N2 flow through the bubbler, according to calculations at saturation conditions. Downstream the 13 

HMDSO injection, the particle stream was enclosed also by another quartz glass tube (ID = 45 mm, length = 14 

30 cm), which allowed extensive mixing of HMDSO vapor and FSP-made nanoparticles facilitating their 15 

SiO2-coating. All nanomaterials were collected further downstream on a glass-fiber filter (Whatman GF6, 16 

257 mm diameter) with the aid of a vacuum pump (Busch, Seco SV 1040C). No further treatment of the 17 

powder was conducted. The quartz tubes were pre-heated for 2 min by combusting particle-free solvent. 18 

SiO2-coated (35 wt%) Gd0.225Zn0.4Fe2.375O4 (7.5 at% Gd) nanoparticles were surface functionalized with 19 

polyethylene glycol (PEG) via melt grafting, as described elsewhere in detail.[38] In brief, 300 mg 20 

nanoparticles were grand with 9 g Poly(ethylene glycol) monomethyl ether (MW 5000 g mol-1, Sigma-21 

Aldrich) in a mortar and transferred to a double-neck round-bottom flask. Then they were flushed for 30 min 22 

under argon atmosphere at room temperature. Thereafter, they were heated to 200 °C under argon 23 

atmosphere for 4 h. After cooling down, the mixture was washed three times with each dichloromethane, 24 

ethanol and water via sonication (Branson, 40 kHz) and centrifugation (7800 rpm). Finally the pellet was 25 

dried in air. 26 

 27 



- 7 - 
 

Characterization 1 

Crystal sizes were determined by X-ray diffraction (XRD, Bruker AXS D8 Advanced diffractometer, Cu Kα, 2 

40 kV) and fitting of the main diffraction peak (2θ ≈ 35.6°) via Topas 4 software and the Scherrer equation. 3 

Lattice parameters were obtained by Rietvieldt analysis using ICSD 084611 and an internal NiO standard.[39] 4 

Diffraction patterns were aligned to that standard. 5 

The specific surface area (SSA) was measured by a five-point isotherm and the Brunauer-Emmett-Teller 6 

method (BET, Micromeritics Tristar II PLUS) at 77K. Prior to measurement, all samples were degassed for 1 7 

h at 150 °C. Average primary particle diameters, dBET, were calculated from the SSA, assuming a 8 

composition-dependent density and spherical shape. Magnetic hysteresis curves and FORCs were obtained 9 

by a vibrating sample magnetometer (VSM, Princeton Measurement Corporation), as described elsewhere.[37] 10 

Scanning transmission electron microscopy (TEM) images were acquired on a Hitachi HD-2700VD with 11 

probe corrector (CEOS) at an acceleration potential of 200 kV (electron gun: cold-field emitter) in the ultra-12 

high resolution mode. Dynamic light scattering measurements were performed on a Zetasizer (Malvern 13 

Instruments) right after sonication for 5 min (Branson, 40 kHz). 14 

The performance of all nanoparticles (NP) for magnetic particle heating was evaluated with 2.5 mg of 15 

magnetic material in 8 µL dimethyl sulfoxide (DMSO). Eppendorf tubes of these colloidal solutions were 16 

subjected to an oscillating magnetic field (Magnetherm, NanoTherics Ltd., UK, frequency = 512 kHz, 17 

intensity = 14.08 kA m-1) and the temperature was measured by an infrared camera (Fluke, Ti110). Prior to 18 

measurement, each dispersion was sonicated in a bath for 5 min (Branson, 40 kHz). Magnetic particle 19 

heating efficiency was assessed in triplicates (mean ± SD). 20 

In vitro studies 21 

In vitro biocompatibility was assessed with adherent prostate cancer cells (PC-3, ATCC® CRL-1435, USA) 22 

and non-adherent monocytes (THP-1). The PC-3 cells were cultivated in supplemented growth medium 23 

(GibcoTM RPMI 1640, Thermo Fisher Scientific) with 10% fetal bovine serum (GibcoTM, Thermo Fisher 24 

Scientific) and 1% penicillin/streptomycin (PenStrep, Gibco, Thermo Fisher Scientific) at 37 °C under 25 

humidified atmosphere containing 5% CO2. The PC3 cells were seeded at a density of 10 000 cells/well in a 26 

flat bottom 96-well plate (100 µL per well) and cultured for 24 h.  27 
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For co-incubation of NP with PC-3 cells, sterile nanoparticle suspensions were prepared in unsupplemented 1 

RPMI 1640 (GibcoTM RPMI 1640, Thermo Fisher Scientific) and autoclaved for 20 min at 121°C. Desired 2 

NP concentrations were adjusted with unsupplemented RPMI 1640 and twofold supplemented growth 3 

medium at least 45 min prior co-incubation with PC-3 cells. Growth medium in the flat bottom 96-well plate 4 

was replaced with thoroughly vortexed NP suspensions securing sample homogeneity and subsequently 5 

incubated for further 24 h. For the PC-3 cells, the 96-well plate containing them was centrifuged at 500g for 6 

5 min at room temperature (RT). The supernatant (50 µL/ well) was transferred in a new flat bottom 96-well 7 

plate. The released lactate dehydrogenase activity was determined applying 50 µL of CytoTox 96 reagent 8 

according to manufacturer instructions (CytoTox 96 Non Radioactive Cytotoxicity Assay, Promega, 9 

Madison, WI USA) and incubated in the dark at RT for 15 min. The absorbance was measured at 490 nm 10 

using a plate reader (Epoch 2, BioTek Instruments, VT, USA). 11 

THP-1 cells were cultivated, seeded and incubated with nanoparticles according to previous work.[40] After 12 

incubation, the contents of the wells was extracted and centrifuged at 6000g for 5 min. The supernatant (50 13 

µL) was mixed in a new well with 50 µL of CytoTox 96 reagent and incubated in the dark at RT for 30 min. 14 

Thereafter the absorption was measured at 490 nm by a plate reader (Mithras2 LB 943). 15 

For in vitro magnetic particle heating, the PC-3 cells were seeded in non-pyrogenic cell culture dishes with a 16 

diameter of 35 mm (35 mm x 10 mm, treated polystyrene, # 430165, Corning GmbH, Germany) at a density 17 

of 200 000 cells/dish and cultured in 2 mL growth medium at 37 °C under humidified atmosphere containing 18 

5% CO2. Medium within the dishes was replaced with 1.5 mL fresh growth medium supplemented with the 19 

nanoparticle suspensions at desired concentrations prior to nanoparticle hyperthermia experiments. Samples 20 

were subjected to an oscillating magnetic field (Magnetherm, NanoTherics Ltd., UK, frequency = 512 kHz, 21 

intensity = 18.77 kA m-1) for 15 min. The contents of the dishes were extracted and afterwards centrifuged at 22 

6000g for 5 min. The supernatant (50 µL) was used to determine the released lactate dehydrogenase activity 23 

with 50 µL of CytoTox 96 reagent and incubated in the dark at RT for 30 min. The absorbance was 24 

measured at 490 nm using a plate reader (Epoch 2, BioTek Instruments, VT, USA). In vitro studies were 25 

performed in two separate experiments with quadruplicate measurements (total 8 values, mean ± SD).  26 

 27 
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Results and Discussion 1 

Variation of composition and size 2 

A series of 21 different magnetic GdxZn0.4Fe2.6-xO4 NP with varying Gd content, size and SiO2-coating 3 

thickness were prepared by FSP[34] and investigated as agents for magnetic particle heating. The amount of 4 

Zn was chosen to boost their magnetic properties[41] compared to pure iron oxide. Table 1 summarizes their 5 

nominal compositions and measured size and properties, which are discussed in detail later on. 6 

Table 1: Size and properties of as-prepared flame-made magnetic nanoparticles. 

Composition   Properties  

Formula Gd SiO2   dBET dXRD 
ΔT after 

10 min 
Ms BCH 

  at% wt%   nm nm °C emu g-1 mT 

Zn0.4Fe2.6O4 0     35.3 35.1 0.83 73.42 9.48 

Gd0.075Zn0.4Fe2.525O4 2.5     36.6 33.3 3.37 67.42 8.48 

Gd0.15Zn0.4Fe2.45O4 5     33.6 25.5 6.97 53.06 5.99 

Gd0.225Zn0.4Fe2.375O4 7.5     34.8 26.1 15.77 38.38 3.99 

Gd0.3Zn0.4Fe2.3O4 10     36.4 23.4 19.1 25.72 1.99 

Gd0.9Zn0.4Fe1.7O4 30     40.6 18.3 -0.17 1.37 1.48 

Gd0.225Zn0.4Fe2.375O4 7.5     15.8 14.6 3.53 20.11 0.98 

Gd0.225Zn0.4Fe2.375O4 7.5     21.9 22.5 29.87 35.24 0.98 

Gd0.225Zn0.4Fe2.375O4 7.5     24.4 21.4 32 39.49 1.99 

Gd0.225Zn0.4Fe2.375O4 7.5     28.5 22.6 24.1 35.85 2.49 

Fe2O3 0     25 23 1.17 39.98 15.04 

Zn0.4Fe2.6O4 0     25.3 25.7 9.47 68.38 5.99 

Gd0.225Fe2.775O4 7.5     27 25.2 -0.67 3.88 6.49 

Gd0.15Zn0.4Fe2.45O4 5     25.1 20.3 22.87 49.27 2.98 

Gd0.3Zn0.4Fe2.3O4 10     27.8 21.1 25.97 28.09 0.98 

Gd0.225Zn0.4Fe2.375O4 7.5 
 

  23.7 20.4 40.9 37.3 0.98 

Gd0.225Zn0.4Fe2.375O4 7.5 5     23.8 13.7 45.99 2.49 

Gd0.225Zn0.4Fe2.375O4 7.5 15     18.3 9.6 51.51 3.49 

Gd0.225Zn0.4Fe2.375O4 7.5 25     14.3 23.5 50.64 2.98 

Gd0.225Zn0.4Fe2.375O4 7.5 35     18.3 42.3 53.55 2.06 

Gd0.225Zn0.4Fe2.375O4 7.5 50     17.5 34 44.85 2.06 

 7 

Figure 1 shows the XRD patterns of GdxZn0.4Fe2.6-xO4 with varying Gd content and approximate dBET = 35 8 

nm representative of all materials produced here (Figures S1-S4 show XRD patterns of remaining particles). 9 

The XRD pattern of pure Zn0.4Fe2.6O4 is in excellent agreement to prior flame-made Zn-ferrites.[34,42] Peaks 10 

corresponding to spinel ferrite (dashed line), which are identical[43] to Fe3O4, can clearly be observed for up 11 
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to 12.5 at% Gd. Note that the addition of Zn and/or Gd to the iron precursor prevents the formation of lesser 1 

magnetic Fe2O3, which is typically obtained from oxygen-rich flames.[32] For Gd contents above 5 at% there 2 

is a peak at approximately 32° that could not be assigned to a common phase. Also the spinel-ferrite peak-3 

shift to lower angles due to a lattice expansion is in agreement with literature.[41] This is verified by the inset 4 

depicting the fitted lattice constant as a function of Gd content. The data follows a linear trend indicating the 5 

successful incorporation of Gd atoms into the ZnFe matrix.[44] Excessive Gd doping (30 at%) leads to the 6 

predominant formation of a non-spinel structure (25-35°) that could not be assigned to a previously reported 7 

phase. 8 

FIGURE 1 9 

Commonly, saturation magnetization, Ms, and coercivity, BCH, which are easily determined from magnetic 10 

hysteresis curves, are used to characterize the NP magnetic properties. Coercivity, however, has been largely 11 

overlooked in connection with magnetic particle heating, but will be analyzed closely here. Also, the heating 12 

efficiency is defined as the temperature increase from room-temperature ΔT of a particle dispersion after 10 13 

min of exposure to an oscillating magnetic field.[34] 14 

Figure 2a shows the heating efficiency (left axis) and coercivity (right axis) of GdxZn0.4Fe2.6-xO4 with dBET ≈ 15 

25 (filled symbols) and 35 nm (open symbols) as a function of Gd content. The heating efficiency increases 16 

similarly for both sizes due to Gd-addition into the ZnFe matrix until reaching a maximum at 7.5 at% Gd for 17 

dBET ≈ 25 nm and 10 at% Gd for of dBET ≈ 35 nm. Increased Gd doping drastically reduces the performance. 18 

This can be explained by the formation of a different crystal structure with strongly reduced Ms compared to 19 

the non-stoichiometric ferrite phase formed at lower Gd contents (Figure 1a). The coercivity decreases with 20 

increasing Gd content for both dBET. Interestingly, for the investigated larger NP, although dBET remains 21 

constant at 35 nm, similar to coercivity, also the crystal size continuously decreases with increasing Gd 22 

doping content, down to 27 nm (Figure S5). This suggests that crystal size rather than primary particle size 23 

has a major influence on coercivity and thus on heating efficiency. At the same time, Ms decreases from 73 24 

(0 at% Gd) down to 26 emu g-1 (10 at% Gd), indicating that the benefit of low BCH on magnetic heating is 25 

stronger than that of high Ms. For the smaller particles (dBET ≈ 25 nm), both dBET and dXRD remain roughly 26 

constant independent of Gd content, while BCH, on the other hand, is decreasing. This suggests that by 27 
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addition of Gd the superparamagnetic limit shifts to larger sizes. Therefore, through the incorporation of Gd 1 

together with Zn into the Fe-oxide matrix the magnetic properties could be optimized with respect to heating 2 

efficiency through alterations in the spin structure.[15,45] 3 

FIGURE 2 4 

The primary particle size of NP was tuned by varying precursor concentration and flame conditions (Table 5 

S1). The TEM images (Figure S6) show that the morphology is not affected by primary particle size. The 6 

primary particle size distribution is narrow (Figure S7) and good agreement between average primary 7 

particle sizes determined from BET and TEM image counting is obtained. Figure 2b shows the heating 8 

efficiency (left axis) and coercivity (right axis) for the most promising composition, Gd0.225Zn0.4Fe2.375O4 9 

(corresponding to 7.5 at% Gd content), as a function of average primary particle diameter, dBET. The heating 10 

efficiency peaks at dBET = 23.7 nm. A similar trend had been reported for flame-made Zn0.4Fe2.6O4 11 

(maximum at 21.4 nm)[34] and other nanoparticles (maximum < 20 nm).[46] Until the point of maximum 12 

heating efficiency, coercivity remains low (at approximately 1 mT). This indicates that the NP are in the 13 

superparamagnetic regime. For larger sizes, they shift into the single domain state with steadily increasing 14 

coercivity and declining heating efficiency. This again emphasizes the necessity of low coercivity for 15 

effective particle heating, which suggests that the maximum heating efficiency occurs at the transition size 16 

from the superparamagnetic to the single-domain regime. Interestingly, the crystal size (Figure S8) commits 17 

concomitantly a transition at the same coercivity limit, as it does not substantially increase for dBET larger 18 

than 23 nm. This might be due to formation of polycrystalline particles that increases coercivity and likewise 19 

reduces heating efficiency. 20 

Variation of morphology through SiO2-coating 21 

The most promising Gd0.225Zn0.4Fe2.375O4 (7.5 at% Gd and dBET ≈ 24 nm) NP with respect to heating 22 

efficiency were in situ coated[47] with SiO2 . This coating impacts the inter-particle distance between the 23 

magnetic crystals within an aggregate.[48] The TEM images (Figure 3) indicate rather uniform core/shell 24 

morphology. The SiO2 (bright fringe) evenly coats the core (dark area) and does not alter the particle 25 

morphology, consistent with literature[33]. Furthermore, increased SiO2-content results in thicker and uniform 26 

shells. The applied SiO2-coating also promotes the surface functionalization of the magnetic nanoparticles.[49]  27 
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FIGURE 3 1 

Figure 4a shows their heating efficiency (left axis, per gram of active material) and coercivity (right axis) as 2 

a function of their SiO2 mass fraction (wt%). At low SiO2 contents (5 wt% SiO2), the heating efficiency is 3 

reduced down to ΔT = 9.6 °C. Thereafter it increases to ΔT = 42.3 °C (35 wt% SiO2), which resembles the 4 

obtained ΔT values of bare particles (ΔT = 40.9 °C). The heating efficiency is slightly reduced by further 5 

addition of SiO2 (50 wt%) that alters the magnetic particle-particle interactions. This trend is also indicated 6 

by the coercivity which first increases at low SiO2 contents and afterwards decreases again for higher ones. 7 

FIGURE 4 8 

The above described and commonly applied analysis of magnetic hysteresis curves, however, does not yield 9 

direct information on magnetic interactions and only provides average bulk magnetic properties of 10 

nanoparticles. First Order Reversal Curves (FORC), on the other hand, give closer insight into this magnetic 11 

coupling and the effective magnetic size via the distribution of magnetic properties that strongly influence 12 

the heating performance. 13 

Therefore, the dependence of SiO2-coating on magnetic interaction is analyzed in Figures 4b-d which show 14 

FORCs of SiO2-coated Gd0.225Zn0.4Fe2.375O4 (7.5 at% Gd, dBET ≈ 24 nm) with (a) 0, (b) 5 and (c) 35 wt% of 15 

SiO2 content. The horizontal BCF (coercivity determined from FORC) spread around the FORC-maximum 16 

describes the coercivity distribution. A broad vertical BUF (interaction force) distribution around the 17 

maximum can be related to a strong magnetic coupling.[37] The FORC-maximum of a single domain 18 

magnetic nanocrystal converges with decreasing size along the BCF-axis towards the origin and marks the 19 

superparamagnetic limit of approximately 20-25 nm (for Fe3O4)[11]. For superparamagnetic crystals, the 20 

FORC maximum continuously shifts upwards from the plot origin with decreasing crystal size.[50] 21 

The FORCs of bare (Figure 4b) and 35 wt% SiO2-coated Gd0.225Zn0.4Fe2.375O4 (Figure 4d) are comparable. 22 

Their maxima are shifted slightly up from the horizontal axis along the vertical axis indicating 23 

superparamagnetism. Their distribution spread in all directions is tight suggesting a narrow size distribution. 24 

A low SiO2 content (Figure 4c, 5 wt%) leads to a similar location of the FORC maximum, however, also to a 25 

broadening of the distribution (in both BCF- and BUF-direction) compared to the bare sample (Figure 4b). This 26 
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shows increased magnetic interactions by the close contact between magnetic particles. For higher SiO2 1 

contents (c, 35 wt%), however, the distributions narrows again similar to the bare sample as that contact is 2 

reduced due to thicker silica film acting as a spacing material.[48] This allows the magnetic nanoparticles to 3 

act independently from each other. These changes in the magnetic particle-particle interactions also affect the 4 

effective magnetic size, in line with Figure 2b. Reduced magnetic coupling leads to a reduced effective 5 

magnetic size and therefore to a lower coercivity leading consequently to increased heating efficiency. This 6 

suggests that solely by a change in particle aggregation, while keeping magnetic primary particle and crystal 7 

sizes constant, the magnetic properties (i.e. coercivity) could be tuned. 8 

The increased magnetic interaction for low SiO2 contents compared to the bare sample is not intuitive and 9 

requires further investigation. While earlier work on in situ SiO2-coated Fe2O3 showed a continuous decrease 10 

of the coercivity and a narrowing of the FORC distribution for increasing SiO2 content,[33,37] an increase in 11 

coercivity similar to this work was recently observed for Zn0.4Fe2.6O4
[34] and therefore potentially reflects a 12 

dopant related effect. The observed changes in FORCs, however, confirm that magnetic interaction can be 13 

controlled by carefully adjusting the SiO2-coating thickness. 14 

Heating efficiency and magnetic properties 15 

Empirical determination of a measurable material property correlating to its magnetic particle heating 16 

performance would be an attractive objective as it could provide quick and reliable means to select material 17 

composition and characteristics. In practice, better efficiency would allow for lower particle dosages in 18 

regard of a successful in vivo thermal therapy. 19 

Figure 5a shows the heating efficiency of all prepared nanoparticles as a function of coercivity, BCH, with 20 

their associated saturation magnetization Ms (emu g-1). The data follows a clear trend with low coercivities 21 

having the highest heating efficiencies for all particles possessing ferro-/ferrimagnetic properties (Ms > 20 22 

emu g-1). This dependency can be described by the relationship ΔT = 40 / BCH indicated with the dashed line. 23 

Nevertheless, some particle compositions that had no coercivity were paramagnetic and have poor heating 24 

efficiency. The variation in heating efficiency for nanoparticles with similar coercivity might be attributed to 25 

their Ms (Figure 5a). Although a higher heating efficiency is loosely related to lower Ms, for comparable BCH, 26 

a high Ms results in better heating efficiency. This is best illustrated by the linear dependency between Ms 27 
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normalized by BCH and efficiency (Figure 5b), which is shown here for the first time to the best of our 1 

knowledge. Most interestingly, this novel relationship between these material characteristics applies over 2 

varying material compositions, morphologies as well as different size regimes which influence the various 3 

heating mechanisms.[51] 4 

FIGURE 5 5 

The frequently studied Rosensweig model[52] does not report a direct dependence on coercivity, although 6 

suggesting an increase in heating effect for high Ms. Dutz and Hergt et al.[14,51,53,54] disputed the assumption 7 

made in that model and indicate improved magnetic heating for large coercivities. Their experimental 8 

verification, however, is restricted to heating effects inferred from hysteresis data. Here, it is shown that 9 

maximum heating occurs for nanoparticles at the transition from superparamagnetic to single domain regime 10 

(Figure 2b). This transition state, fulfills the condition that the applied field frequency equals the inverse of 11 

the relaxation of the magnetic nanoparticles (ωτ=1).[52] It should be noted that initial susceptibility, the ability 12 

for a material to be magnetized, is also highest at the transition from superparamagnetic to single domain. 13 

This transition boundary with respect to size depends on composition, as materials with similar particle sizes 14 

and varying Gd contents (Figure 2a) show distinct differences in coercivity. Through the addition of Gd into 15 

the ZnFe matrix (and also through the addition of Zn into the Fe matrix) the transition size can be altered, 16 

allowing for larger Ms at the same BCH and therefore increased heating efficiency. The transition size 17 

theoretically depends on the applied field frequency.[55] Here, coercivity was determined at 10 Hz whereas 18 

heating measurements were conducted at 512 kHz. Despite this difference, both Ms/BCH ratio and heating 19 

efficiency follow the same trend. This suggests that the frequency dependency is only of minor concern, 20 

especially in in light of expected measurement uncertainties regarding heating efficiency and material 21 

properties. This is in line with similar heating efficiency trends despite differences in applied frequencies.[46] 22 

Biomedical application 23 

The Gd0.225Zn0.4Fe2.375O4 (7.5 at% Gd) with 35 wt% SiO2 was the most promising composition here, due to 24 

its highest heating efficiency. Note that the incorporation of Gd alone, omitting Zn doping, into the iron 25 

oxide matrix (Gd0.225Fe2.775O4) makes it inapplicable for any thermal treatment by eliminating all 26 

superparamagnetic properties. At lower contents (Gd0.02Fe2.98O4), however, Gd was shown to increase 27 
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heating efficiency.[56] Here, only the presence of both Gd and Zn results in the strong increase in magnetic 1 

heating efficiency due to reduced coercivity (Figures 2b, 4c). Sotiriou et al. [57] reported an ILP value of 0.74 2 

nH m2 kg-1 for flame-made Fe2O3 of similar properties to those here (Figure 5a). The currently best 3 

performing sample (SiO2-coated Gd0.225Zn0.4Fe2.375O4) outperforms this material by a factor of 25. Therefore 4 

it is a serious competition even to the best performing commercial and in literature reported systems, with 5 

values between 0.15 and 3.1 nH m2 kg-1.[58] 6 

FIGURE 6 7 

Finally, the biocompatibility of SiO2-coated Gd0.225Zn0.4Fe2.375O4 for thermal therapy was analyzed in vitro. 8 

To this end, the system was firstly investigated with respect to its cytotoxicity (Figure S9). Biocompatibility 9 

up to 500 mg L-1 with cancerous prostate PC3 cells and equally low cytotoxicity to leukemic THP1 cells as 10 

commercially available SiO2 (Aerosil 200, from MSDS: LD50 > 3160 mg kg-1) is shown. Thereafter, the 11 

particles were added to PC3 cells at various concentrations and magnetically heated for 15 min, as well as 12 

not heated as a control. Figure 6 shows the resulting cell death measured via Lactate dehydrogenase (LDH) 13 

assay relative to full lysis. Cells with magnetic nanoparticles but no thermal treatment showed no toxicity. 14 

For the lowest investigated concentration (8.3 mg mL-1), no clear treatment effect could be observed. For 15 

higher nanoparticle doses (> 16.7 mg mL-1), however, a clear therapeutic effect of the magnetic heating can 16 

be observed that increases for rising concentrations. Most importantly, the applied concentrations (< 33 mg 17 

mL-1) are all substantially lower than clinically used[7] dispersions of 112 mg mL-1. Furthermore, SiO2-coated 18 

(35 wt%) Gd0.225Zn0.4Fe2.375O4 (7.5 at% Gd) nanoparticles were surface-functionalized with polyethylene 19 

glycol via scalable melt grafting.[38] A stable hydrodynamic diameter of the PEGylated particles of 20 

approximately 200 nm was measured for one hour, as shown in Figure S10. 21 

 22 

Conclusions 23 

The efficiency of 21 different flame-made ferro-/ferrimagnetic Gd-Zn-ferrite nanoparticles for magnetic 24 

particle heating was compared. Particle morphology, size, composition and magnetic properties were 25 

analyzed closely and contrasted to their heating efficiencies (ΔT after 10 min). This revealed that the best 26 

performance of a ferro-/ferrimagnetic system is at its transition from superparamagnetic to single domain 27 
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state, at which the ratio of saturation magnetization to coercivity is maximized. As such it can serve as a 1 

general criterion to optimize heating efficiency, independent of structural properties. This superparamagnetic 2 

limit, however, is composition-dependent and could be adjusted by Zn-and Gd doping. Furthermore, by 3 

SiO2-coating, the magnetic coupling of the ferrite cores could controlled precisely, as analyzed in detail by 4 

first order reversal curves (FORCs). The Gd0.225Zn0.4Fe2.375O4 with 35 wt% SiO2 coating was identified as the 5 

most promising composition for magnetic particle thermal therapy at much lower concentration than 6 

clinically applied amounts, as shown in vitro with cancerous prostate PC3 cells. However, more detailed 7 

investigations under biological relevant conditions, such as inverted cell configurations[59] or in vivo studies, 8 

are required. The so far shown therapeutic efficiency and its dependence on particle coercivity along with the 9 

employed scalable synthesis method and product biocompatibility renders the developed nanoparticles here 10 

most promising for a fast translation to small-animal or even clinical studies. 11 
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Figure Captions: 1 

Figure 1: (a) X-ray diffraction patterns of GdxZn0.4Fe2.6-xO4 with varying Gd content (0-30 at%) and dBET = 2 

35 nm. Inset shows corresponding spinel-ferrite lattice constant as function of Gd content. Dashed line 3 

indicates peaks for spinel ferrite, Fe3O4. 4 

Figure 2: Heating efficiency and coercivity (obtained from hysteresis curves) for (a) GdxZn0.4Fe2.6-xO4 with 5 

dBET of 25 (filled symbols) and 35 nm (open symbols) as a function of Gd content and for (b) 6 

Gd0.225Zn0.4Fe2.375O4 (7.5 at% Gd) as a function of dBET. 7 

Figure 3: Transmission electron microscopy images of (a) bare Gd0.225Zn0.4Fe2.375O4 nanoparticles and 8 

coated ones with (b) 15 and (c) 35 wt% SiO2. 9 

Figure 4: (a) Heating efficiency and coercivity (obtained from hysteresis curves) for SiO2-coated 10 

Gd0.225Zn0.4Fe2.375O4 (7.5 at% Gd, dBET = 24 nm) as a function of SiO2 content. Corresponding first order 11 

reversal curves for samples with (a) 0, (b) 5 and (c) 35 wt% SiO2 coating. 12 

Figure 5: (a) Heating efficiency as a function of coercivity (obtained from hysteresis curves) for all 21 13 

nanoparticle systems. Saturation magnetization MS per gram of magnetic material is shown for each system. 14 

(b) Heating efficiency as a function of the ratio of saturation magnetization to coercivity (obtained from 15 

hysteresis curves, Ms/BCH). 16 

Figure 6: PC3 cell death relative full lysis (Triton X) under magnetic particle heating treatment of SiO2 17 

coated (35 wt%) Gd0.225Zn0.4Fe2.375O4 (7.5 at% Gd, dBET = 24) at different particle concentrations. 18 
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1 
 Figure S1: X-ray diffraction patterns of GdxZn0.4Fe2.6-xO4 with varying Gd content (0-30 at%) and 2 

dBET = 25 nm. 3 

 4 
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1 
Figure S2: X-ray diffraction patterns of Gd0.225Zn0.4Fe2.375O4 (7.5 at% Gd) with varying dBET.  2 
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1 
Figure S3: X-ray diffraction patterns of SiO2-coated Gd0.225Zn0.4Fe2.375O4 (7.5 at% Gd, dBET = 24 nm) with 2 

varying SiO2 content (0-50 wt%). 3 
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1 
Figure S4: X-ray diffraction patterns of Gd0.225Fe2.775O4 and Fe2O3. 2 
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1 
Figure S5: Primary particle (red triangles, left axis) and crystal (blue circles, right axis) as a function of 2 

at% Gd. 3 

 4 

 5 

 6 

 7 

 8 



- 34 - 
 

 1 

Figure S6: Transmission electron images of bare Gd0.225Zn0.4Fe2.375O4 nanoparticles with (a) dBET = 15.8 nm  2 

and (b) 23.7 nm, as well as of (c) bare Zn0.4Fe2.6O4 nanoparticles with dBET = 35.3 nm. 3 
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 1 

Figure S7: Primary particle size distribution of bare Gd0.225Zn0.4Fe2.375O4 nanoparticles with dBET = 15.8 nm 2 

and 23.7 nm, as well as of bare Zn0.4Fe2.6O4 nanoparticles with dBET = 35.3 nm, as determined by image 3 

analysis of 80, 96 and 130 particles, respectively. Average primary particle size from TEM (green: 12.6 nm, 4 

violet: 24 nm, orange: 35.2 nm) correspond well to size from BET. Geometric standard deviations (green: 5 

1.32, violet: 1.24, orange: 1.33) indicate a narrow primary particle size-distribution. 6 
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1 
Figure S8: Heating efficiency (triangles) and crystal size (circles) as a function of primary particle diameter, 2 

dBET, obtained by N2 adsorption. 3 
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1 
Figure S9: Viability of cancerous cells after incubation for 24 h with SiO2 coated (35 wt%) 2 

Gd0.225Zn0.4Fe2.375O4 (7.5 at% Gd) as well as commercial SiO2 (Aerosil 200) nanoparticles at different 3 

concentrations. The susceptible THP1 cells show minor toxicity up to 100 mg L-1, very comparable for both 4 

investigated nanoparticles. Higher nanoparticle concentrations cause only a small further decrease in 5 

viability. Aerosil 200 is considered biocompatible and is frequently used in biological applications.[60] The 6 

fact that as-prepared SiO2 coated Gd0.225Zn0.4Fe2.375O4 nanoparticles show comparable biocompatibility 7 

suggests that the system can indeed be used for the selective destruction of diseased cells in vivo. 8 

Interestingly using PC3 cells instead, the applied nanoparticles do not show any toxicity up to 500 mg L-1. 9 

 10 
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1 
 Figure S10: Hydrodynamic size distribution of PEGylated SiO2-coated (35 wt%) Gd0.225Zn0.4Fe2.375O4 2 

(7.5 at% Gd) nanoparticles measured by dynamic light scattering. The suspension was prepared at a particle 3 

concentration of 0.1 mg mL-1 of H2O. Inset shows average hydrodynamic diameter over time. 4 
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Table S1: Summary of process parameters and material properties. 1 

Synthesis Parameters 
 

Composition 
 

Particle Properties 

x y Tube Cmetal 
 

Formula Gd SiO2 
 

SSA dBET dXRD 
ΔT after 

Ms BCH 
10 min 

mL L 
cm M 

  
at% wt% 

 
m2 / g nm nm °C emu / g mT 

min-1 min-1 

               
8 3 30 0.6 

 
Zn0.4Fe2.6O4 0 

  
32.89 35.3 35.1 0.83 73.42 9.48 

8 3 30 0.6 
 

Gd0.075Zn0.4Fe2.525O4 2.5 
  

31.08 36.6 33.3 3.37 67.42 8.48 

8 3 30 0.6 
 

Gd0.15Zn0.4Fe2.45O4 5 
  

33.22 33.6 25.5 6.97 53.06 5.99 

8 3 30 0.6 
 

Gd0.225Zn0.4Fe2.375O4 7.5 
  

31.52 34.8 26.1 15.77 38.38 3.99 

8 3 30 0.6 
 

Gd0.3Zn0.4Fe2.3O4 10 
  

29.62 36.4 23.4 19.1 25.72 1.99 

8 3 30 0.6 
 

Gd0.9Zn0.4Fe1.7O4 30 
  

23.91 40.6 18.3 -0.17 1.37 1.48 

8 3 0 0.3 
 

Gd0.225Zn0.4Fe2.375O4 7.5 
  

69.26 15.8 14.6 3.53 20.11 0.98 

5 5 20 0.3 
 

Gd0.225Zn0.4Fe2.375O4 7.5 
  

50.05 21.9 22.5 29.87 35.24 0.98 

7 5 20 0.3 
 

Gd0.225Zn0.4Fe2.375O4 7.5 
  

44.97 24.4 21.4 32 39.49 1.99 

8 3 20 0.3 
 

Gd0.225Zn0.4Fe2.375O4 7.5 
  

38.45 28.5 22.6 24.1 35.85 2.49 

7 5 20 0.3 
 

Fe2O3 0 
  

46.51 25 23 1.17 39.98 15.04 

7 5 20 0.3 
 

Zn0.4Fe2.6O4 0 
  

45.8 25.3 25.7 9.47 68.38 5.99 

7 5 20 0.3 
 

Gd0.225Fe2.775O4 7.5 
  

40.59 27 25.2 -0.67 3.88 6.49 

7 5 20 0.3 
 

Gd0.15Zn0.4Fe2.45O4 5 
  

44.5 25.1 20.3 22.87 49.27 2.98 

7 5 20 0.3 
 

Gd0.3Zn0.4Fe2.3O4 10 
  

38.83 27.8 21.1 25.97 28.09 0.98 

7 5 20/30 0.3 
 

Gd0.225Zn0.4Fe2.375O4 7.5 0 
 

46.23 23.7 20.4 40.9 37.3 0.98 

7 5 20/30 0.3 
 

Gd0.225Zn0.4Fe2.375O4 7.5 5 
 

44.63 
 

23.8 13.7 45.99 2.49 

7 5 20/30 0.3 
 

Gd0.225Zn0.4Fe2.375O4 7.5 15 
 

54.74 
 

18.3 9.6 51.51 3.49 

7 5 20/30 0.3 
 

Gd0.225Zn0.4Fe2.375O4 7.5 25 
 

54.09 
 

14.3 23.5 50.64 2.98 

7 5 20/30 0.3 
 

Gd0.225Zn0.4Fe2.375O4 7.5 35 
 

69.84 
 

18.3 42.3 53.55 2.06 

7 5 20/30 0.3 
 

Gd0.225Zn0.4Fe2.375O4 7.5 50 
 

97.21 
 

17.5 34 44.85 2.06 
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