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Abstract

Magnetic hyperthermia has been studied for the past two decades in cancer treat-

ments as the local heat generated by magnetic nanoparticles under applied alternating

magnetic fields is sufficient to kill cancer cells. More recently, it has been explored for

controlling biological signaling through heat-sensitive transmembrane channels. It is of

great interest to produce magnetic nanoparticles with high heat transducing efficiency

to minimize potential off-target heating effects. Here, we describe shape anisotropy

and particle hybridization as possible routes to augment magnetic hyperthermia in fer-

rite nanoparticles. Zinc substituted magnetite core and core-shell cubic nanoparticles

with different sizes were synthetized. It was found that nanoparticles shape and com-

position are altered from cubic to flower-like, and to a more franklinite rich phase as

size increased. Hybridization with a cobalt shell allowed to enhance nanoparticle mag-

netic coercivity and specific power loss. The optimized core-shell nanoparticles were

tested to induce cellular activity in hippocampal neurons.

TOPICAL HEADING: Inorganic Materials: Synthesis and Processing.
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1 | INTRODUCTION

Magnetic nanoparticles (MNPs) are one of the most promising mate-

rials in nanotechnology due to their unique physical properties that

lead to a wide variety of applications ranging from data storage1,2 to

MRI contrast enhancement agents,3–5 nanosensors,6–8 and drug

delivery carriers9,10 among others. MNPs size, shape, and composi-

tion can be tailored through well-established, economic, and sustain-

able synthetic protocols.11–15 Frequently MNPs are composed of

iron oxides because of their superparamagnetic behavior, low toxic-

ity, inexpensive price, and synthesis versatility.16,17 Iron oxide exists

in three different magnetic phases: fully oxidized—maghemite

(γ-Fe2O3), mixed valance Fe2+,3+ magnetite, and reduced metastable

wüsite (FexO). All magnetic iron oxide nanoparticles have a face-

centered cubic oxygen sublattice but with different coordination

state.3,18,19 The magnetic properties of MNPs composed of iron

oxides can be tailored during synthesis by controlling reaction

parameters such as temperature, time, and the nature and ratio of

the surfactant, solvent, or precursors.11,13,20 Control over MNPs'

synthesis diminishes the probability of forming undesirable non-

magnetic iron oxide phases.21,22

Moreover, magnetic materials can be classified as diamagnetic,

paramagnetic, or ferromagnetic. Ferromagnetic materials are sub-

classified as soft and hard ferromagnetic depending on their magnetic

coercivity. MNPs with a coercivity <100 Oe are classified as soft fer-

romagnetic nanomaterials, while MNPs with coercivity >125 Oe are

classified as hard nanomaterials.23,24 One of the most interesting

properties of ferromagnetic materials is their ability to transduce alter-

nating magnetic fields (AMF) into heat. This physical phenomenon is

known as magnetic hyperthermia (MH), and it is associated with the

re-orientation of the nanomaterial's magnetic moment under an

applied AMF. The magnetic moment is re-oriented following mecha-

nisms of Brownian rotation, Néel rotation, hysteretic loss, or the com-

bination between them.25–28
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MH is one of the most exploited properties of MNPs in the bio-

medical field. The local heat generated by MNPs has been investi-

gated in cancer therapies to damage and kill cancer cells due to the

local high temperatures generated,5,29,30 and in neural engineering for

the remote control of biological signaling.31,32 In these therapies,

high-efficient heat nanotransducers are desired to minimize the

potential of off-target heating effects. Although MH and MNPs have

been extensively studied in the past decades, obtaining high-efficient

materials for heat conversion is the golden standard in colloidal chem-

istry. Considering magnetic dipoles at the mesoscale it is possible to

infer that MNPs' internal structure directly impacts their magnetic

heating properties, being defect-free single-crystalline MNPs the

“ideal.” Due to their large surface to volume ratio, MNPs are very sus-

ceptible to structural and compositional defects, making this “ideal”
highly challenging.33 Recently it has been demonstrated that nano and

atomistic engineering of MNPs' defects and spin disorders can also

maximize MH properties.34 Approaches to systematically engineer

defects in single-domain MNPs include the introduction of grain

boundaries, the assembly of MNPs' organic frameworks or inducing

defects through doping. Hybrid iron oxide MNPs with different mor-

phologies and sizes have been investigated for high energy conversion

as doping with other metals can modify the atomic arrangement of

the ferrite crystalline structure leading to drastic changes in the mag-

netic properties of the nanoparticles such as increasing in the coercive

field, saturation magnetization, and improving the efficiency to dissi-

pate heat.11,12,20,29,30,35

Here, we investigate the enhancement of MH by shape and

exchange anisotropy in cubic magnetic nanoparticles (CNPs) for core

(cCNPs) and core-shell (csCNPs) nanostructures. Our synthesized

29-nm csCNPs composed of a 28-nm ZnFe2O4 core and a �0.5-nm

thick CoFe2O4 shell displayed a specific loss power of 1139 W/g, one

of the highest reported for synthetic ferrite MNPs. These particles

were investigated as nanotransducers of AMF to enhance heat-

sensitive ion channels located in the cell membrane of primary hippo-

campal neurons. The heat dissipated by csCNPs allowed to evoke

neural activity in hippocampal cultures utilizing up to 100� less quan-

tity of particles than what it was used in previously reported investi-

gations that utilize ferrite single domain spherical nanoparticles.31,36

Finally, it was observed that these csCNPs and the applied AMF cause

no cytotoxic effects.

2 | EXPERIMENTAL

2.1 | Materials

Iron (III) acetylacetonate (Fe(acac)3 - 97%), and dibenzyl ether (DBE -

98%), sodium chloride (NaCl), deoxyribonuclease I (DNAse I), and

papainase were purchased from Sigma-Aldrich. Zinc (II) acetylacetonate

(Zn(acac)2 95%), cobalt (II) acetylacetonate (Co(acac)2 - 99%), poly (acrylic

acid) (PAA - 63%) with a molecular weight of 2000 Dalton, ethyl alcohol

(99.5), hexane (95%), and acetone (99.6) were supplied by Acros

Organics. Oleic acid (OA - 90%), potassium chloride (KCl) and magnesium

sulfate (MgSO4) were obtained from Alfa Aesar. Diethylene glycol (DEG),

HPLC grade water, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES) were purchased from Fisher Scientific. Calcium chloride

(CaCl2) and sodium hydroxide (NaOH) were purchased from Merk.

Neurobasal A medium, B-27 supplement, glutamax-I supplement,

and trypan blue were acquired from Gibco. Fetal bovine serum, and

MITO+ serum extender were bought from Corning. Fluo-4 Direct™

Calcium Assay Kit was purchased from Thermo Fisher Scientific. Glu-

cose was obtained from Macron fine chemicals, L-Cysteine from MP

Biomedicals, EDTA from IBI Scientific, and trypsin inhibitor from

Roche.

2.2 | Nanoparticles' synthesis and functionalization

cCNPs were synthesized using a protocol adapted from Noh et al.12

Briefly, Fe(acac)3 and Zn(acac)2 at different molar concentrations

were place in a 50 ml three-neck round-bottom flask in the presence

of OA (4 mmol) and DBE (53 mmol). The mixture was refluxed at

290�C for 30 min under N2 gas. The metal precursors molar concen-

trations tested were 0.7, 0.8, 0.9, and 2.0 mmol of Fe(acac)3 with

1.05, 1.2, 1.35, and 3 mmol of Zn(acac)2, respectively. Particles with

sizes varying from 28 to 100 nm were obtained. These particles are

identified in this paper by their size in nanometers, that is, XX nm

cCNPs.

csCNPs were synthesized using seed grown technique. Briefly,

30 mg of cCNPs (28 or 35 nm) were dispersed in 4 ml of hexane and

sonicated for 30 min. Separately, a mixture of 0.36 mmol Fe(acac)3

and Co(acac)2 at different concentrations (0.1, 0.53, 1.42, and

0.36 mmol) was prepared in 1.1 ml of OA and 17.5 ml of DBE. cCNPs

were injected into the mixture and the reaction was heated to 290�C

under inert atmosphere and refluxed for 30 min. These particles are

identified in this paper by their overall size in nanometers as well as

the size of their core-only, being 1 a core of 28 nm and 2 a core of

35 nm, that is, XX nm csCNPs—1 or XX nm csCNPs—2.

Both, cCNPs and csCNPs, were transferred into aqueous solution

using a protocol adapted from Zhang et al.37 Per each 30 mg of

nanoparticles, 30 ml of DEG and 6 ml of PAA were used. First, DEG

and PAA were mixed under magnetic stirring and inert atmosphere at

150�C for 30 min. Then core or core-shell nanoparticles dispersed in

toluene were injected in the DEG/PAA solution. The mixture was

refluxed at 240�C for 3 h under N2 gas.

A volume of 6 ml of PAA was used as it was found the optimal to

maintain colloidal stability. Colloidal stability was evaluated also for

nanoparticles stabilized with 2, 4, 6, 8, and 10 ml of PAA at fixed DEG

volume.

2.3 | Nanoparticles' morphology

Transmission electron microscopy (TEM) and scanning transmission

electron microscopy (STEM) techniques were used to evaluate the

morphology and size of cCNPS and csCNPs. A JEOL 1230 TEM and a
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Hitachi STEM–5500 instruments were used at 80 and 30 kV, respec-

tively. The specimens were dispersed in hexane and mounted on

carbon-coated TEM grids.

2.4 | Nanoparticles' composition

The chemical composition of CNPs was determined by inductively

coupled plasma-optical emission spectrometry (ICP-OES) using a

PerkinElmer Optima 2100 spectrometer. Chemical composition of

CNPs was also characterized by elemental dispersive spectroscopy

(EDS) using a Bruker edax unit at a frequency of 40 Hz, and a temper-

ature of 300�K.

Powder x-ray diffraction (XRD) patterns of cCNPS and csCNPs

were collected using a Malvern Panalytical difractometer equipped

with PIXcele3 detector using CuKα radiation (λ = 1.5418 Å). Phase

identification and crystalline parameters were obtained by Rietveld

refinement using Topas academic V 3.0 and LaB6 as internal reference

(Figure S3).

2.5 | Nanoparticles' magnetic properties

Hysteresis curves were obtained using a Vibrating Sample Magnetom-

eter (VSM) from VersaLab Quantum Design. The samples were mea-

sured using a powder container and at room temperature with a

frequency of 40 Hz.

Magnetic heating efficiency of cCNPs and csCNPs was evaluated

by means of specific loss power (SLP). SLP was measured using a MH

system (MSI Automation) with a 5 cm cooper coil to deliver an AMF

of 27.3 mT with a frequency of 250 KHz. A microcentrifuge tube con-

taining the tested sample (magnetic fluid at concentration of 1 mg/ml)

was placed into the coil and the AMF was applied for 60 s. A Qualitrol

Neoptix temperature probe was used to monitor the temperature

changes. All the samples were measured three times. SLP was calcu-

lated using Equation 1:

SLP¼Cpsms

mNPs

ΔT
Δt

� �
, ð1Þ

where Cps is the specific heat capacitance of the suspension, ms is the

mass of the solvent, mNPs is the total mass of magnetic materials

(Fe, Zn, and Co), and ΔT/Δt is the initial slope of the heating curve.

2.6 | Primary rat hippocampal culture

Hippocampal neurons were extracted from new-born Sprague Dawley

rat brains following Beaudoin et al. protocol.38 After isolation, hippo-

campal neurons were dissociated, and plated on 35-mm collagen-

coated glass bottom tissue culture dishes. Neurons were cultured in

neurobasal media supplemented with B-27 at 37�C and 5% CO2.

Stimulation and control experiments were performed on healthy cul-

tures 10–15 days post isolation.

Prior stimulation hippocampal cultures were stained with Fluo-4

following manufacturer protocols. Then, csCNPs solutions in Tyrode

were added to the cultures and exposed to AMF for 60 s. Neural

activity was recorded using a fluorescence stereomicroscope (Leica

M205 FCA) equipped with 2� and 5� Plan Apo objectives, and a

sCMOS camera (Leica DFC9000). The microscope was coupled to the

MH system to monitor neural activity in real-time through calcium

imaging recording.

2.7 | Analysis of videos

Analysis of the videos recorded was performed using Image J to sub-

tract background and extract the intensity profile of each neuron

recorded. A MATLAB code was used to threshold neural activity and

extract the activity of 100 random neurons in each group.9 Five

videos (> 500 neurons) were analyzed per condition tested.

2.8 | Cytotoxicity

Cell viability was determined by standard colorimetric MTT

(3-(4,5-dimethylthiazol—2-yl)-2,5-diphenyltetrazolium bromide) assay.

29 nm csCNPs – 1 were suspended in PBS at different concentrations

(0–1 mg/ml). csCNPs were added to HEK-293 cells cultured in a

96-well plate (25,000 cells per well). Cell viability was measured at

24, 48 and 72 h of co-culturing. Cell viability was also tested for cells

co-cultured with csCNPs and exposed to AMF. Viability was mea-

sured 24, 48, and 72 h post AMF stimulation. Briefly, 20 μl of MTT

(5 mg/ml in PBS) were added to each well and allowed to react for

3 h. After, the solution was aspirated and 200 μl of dimethyl sulfoxide

were added. The plate was centrifugated at 5000 rpm per 5 min to

eliminate possible interference of the nanoparticles in the absorbance

reading. A plate reader was used to measure absorbance at 570 nm.

3 | RESULTS AND DISCUSSION

3.1 | Size and composition of cCNPs and csCNPs

cCNPs were synthetized thorough a coprecipitation method using

acetylacetonates of Fe3+ and Zn2+ as organic precursors, oleic acid as

surfactant and dibenzyl ether as dispersant. The reaction was carried

out at 290�C for 30 min. Particle size was controlled by varying the

molar concentration of each precursor and preserving the same reac-

tion conditions. TEM and STEM were used to characterize the mor-

phology, size, and composition of CNPs. TEM and STEM micrographs

of cCNP are shown in Figures 1 and S1, respectively. It was found that

by increasing the size of cCNPs from 28 to 100 nm, the cubic mor-

phology is altered toward flower-like nanoparticles. This observation
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could be a result of an increase in Zn concentration as particle size

increases, leading to modifications in the nanoparticle crystalline

structure.

csCNPs were synthetized using a seed mediated growth

method, where 28 and 35 nm cCNPs were used as a seed to grow a

cobalt ferrite (CoFe2O4) shell. The shell was grown using ace-

tylacetonate of Fe3+ and Co2+ as precursors. The shell was synthe-

sized using different Co(acac)2 concentrations. Regardless the size of

the core used, a cubic morphology was observed for csCNPs when

the Co concentration in the shell was approximately 26% (Figure 2A,

G and S2). When the Co concentration in the shell was lower than

26%, csCNPs exhibited a cubic morphology but with an appreciable

surface roughness (Figure 2A, B, E, F and S2). This could potentially

result in increased heat transduction efficiency due to the apparent

spin disorder.33 High concentrations of Co in the shell lead to dis-

torted particle morphologies (Figure 2D, H). The change in morphol-

ogy at higher Co concentrations in the shell could be the result of

distinct favored phases such as cobalt iron (CoFe) or siderite. As

expected, the Co concentration in the shell was associated with the

thickness of the shell, which varied between 0.8 and 20.4 nm as

shown in Figure 2 and Table S2.

EDS and ICP-OES were used to study the elemental composition

of CNPs. A summary of the composition of cCNPs measured by both

techniques is presented in Figure 3A and in Table S1. Both measure-

ments are consistent within each other having a small deviation of

around 4% (not statistically significant, p > 0.05, one-way analysis of vari-

ance [ANOVA]). It was observed that the Fe concentration decreased,

and the Zn concentration increased as the size of the nanoparticles

increased. This results suggest that Zn could be substituting Fe atoms in

the magnetite structure, leading to a possible enhancement in the mag-

netic properties.13,14 EDS analysis for csCNPs (Table S2) showed a simi-

lar behavior, the particle size increased as the Co concentration in the

shell increased. The increment of Zn and Co concentration in cCNP and

csCNPs, respectively, could result in an enhancement of magnetic prop-

erties as changes in the nanoparticles' crystallinity will modify the cation

distribution of the nanostructures.13–15,20,39

The crystalline structure of CNPs was investigated by XRD. All

compositions found in CNPs were indexed in terms of the single-

F IGURE 1 Representative TEM micrographs of cCNPs with different size (cube length): (A) 28 ± 4.5 nm, (B) 35 ± 5.7 nm, (C) 50 ± 5.7 nm, and
(D) 100 ± 14 nm. Size was measure through TEM image analysis. Statistically significant differences among the particle size distributions of the
groups were found (p < 0.05, one-way ANOVA)

F IGURE 2 Representative TEM micrographs of csCNPs. (A) 29 nm csCNPs – 1, (B) 33 nm csCNPs – 1, (C) 49 nm csCNPs – 1, (D) 29 nm
csCNPs – 1, (E) 35 nm csCNPs – 2, (F) 36 nm csCNPs – 2, (G) 46 nm csCNPs – 2, and (H) 28 nm csCNPs – 2
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phase cubic spinel structure of magnetite (JCPDS 90-900-2316).40

Figure 3B shows the XRD pattern of 28 nm cCNPs. The strongest

peak (311) denotes the spinel phase, while the other peaks, (202),

(400), (511), and (404), corroborate the inverse cubic spinel ferrite

structure.39,40 Moreover, XRD refinement shows that cCNPs are com-

posed not only magnetite (Fe3O4), but franklinite (ZnFe2O4) and

zincite (ZnO) phases are also present. The presence of Zn2+ ions dur-

ing synthesis causes that some Fe3+ ions in tetrahedral side of the

crystal shift toward octahedral sites as Zn2+ has stronger preference.

This susceptibility changes the cation distribution in the crystallite and

could lead to an increase in the magnetic moment of the

nanoparticles.15,19,39–43 cCNPs composition characterized by XRD is

summarized in the inset of Figure 3B and Table S3 as a function of

nanoparticle size. For cCNPs, Fe3O4 is the dominant phase up to a

saturation point achieved at the 50 nm size. Then, the formation of

franklinite (ZnFe2O4) is favored. Diffractograms and structure refine-

ments are shown in Figure S4 and Table S3, where it is possible to

observe that the intensity of the main spinel phase attributed to mag-

netite varies as function of cCNPs size and ZnFe2O4 composition. This

behavior corroborates the changes in cCNPs crystallinity associated

with crystallographic defects induced by Zn substitution as

nanoparticle's size increases.13,14,19

Table 1 summarizes the crystallite size obtained by Rietveld

refinement and Match program. The lattice parameters and ionic

ratios of oxygen with tetrahedral (A) and octahedral (B) sites of Fe

change with cCNPs size due to the different degree of Zn2+ substitu-

tion. The estimated crystallite sizes from 28 to 50 nm cCNPs are in

agreement with the sizes measured by TEM. However, for 100 nm

cCNPs there is a significant difference (p < 0.05, Tukey's test)

between the size calculated by XDR and the size measured by TEM.

This discrepancy can be attributed to the fact that cubic shape is no

longer predominant, instead the formation of particles with distorted

morphology is favored (Figure 1D,H). Excess of Zn2+ ions favor ZnO

phase changing the crystallinity of the nanoparticle as it can be

observed in Figure S4, where the intensity of the main peak ascribed

to magnetite decreases drastically as cCNPs size increases.39,44

XRD diffraction pattern of 29 nm csCNPs – 1, and the phase

composition of csCNPs with different thickness of CoFe2O4 in the

shell obtained using Rietveld refinement are shown in Figure 4. XDR

refinement (Figure S5) corroborates the hybridization of csCNPs. The

phases identified in csCNPs are Fe3O4, ZnFe2O4, ZnO, CoFe2O4 (JCPDS

95-153-5820), cobalt-zinc ferrite (CoZnFeO) (JCPDS 04-017-8598),

CoFe (JCPDS 95-152-4320), and FeCO3 (96-901-4729). The hybridiza-

tion of csCNPs is confirmed by the presence of ZnFeCoO, CoFe, and

F IGURE 3 Elemental composition of cCNPs as function of their size: (A) measured by ICP-OES and EDS, and (B) XRD pattern of 28 nm
cCNPs with Miller indices (hkl) values of magnetite based on 96-900-2316 card. The inset summarizes the phase quantification as a function of
nanoparticle size

TABLE 1 Summary of the cCNPs
crystallite size parameters obtained from
XRD measurements. Lattice constant (A),
average crystallite size and ionic radio (r)
of tetrahedral (A) and octahedral (B) sites
of cCNPs.

cCNPs (nm) a (Å) of Fe3O4 Crystallite size (nm) rA (Å) rB (Å)

28 8.4073(40) 28.4 0.4702 0.7518

35 8.4145 (40) 36.6 0.4718 0.7536

50 8.4086 (33) 55.3 0.4705 0.7522

100 8.4247 (72) 32.1 0.4740 0.7562
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FeCO3 phases, and by the increase of the lattice constant as Co concen-

tration increases. The latter caused by the substitution of Fe2+ ions in

the crystalline structure. Figure S5 shows that at higher Co concentra-

tions (>45%), the csCNP's crystallinity diminishes, and new peaks appear

at 31.8� and 36�, ascribed to FeCO3.

Lattice parameters for csCNPs are summarized in Table 2. It is

possible to corroborate the same core composition as for cCNPs.

Magnetite and franklinite have similar lattice parameters confirming

that octahedral sites are partially occupied by Zn2+. The presence of

CoZnFeO confirms a successful hybridization process, where the core

is composed by Fe and Zn and the shell by Fe and Co compounds.

The lattice parameters of CoZnFeO are consistent with that reported

by Varshney et al. (8.3522 Å).42 Crystallite sizes of csCNPs calculated

from XRD are in agreement with TEM measurements (Table S2).

3.2 | Magnetic properties of cCNPs and csCNPs

The magnetic properties of CNPs were characterized using VSM.

Figure 5A shows the hysteresis loops of different size cCNPs. All

cCNPs displayed a characteristic profile of ferromagnetic

nanomaterials. Saturation magnetization (Ms) and magnetic coercivity

(Hc) varied depending on the cCNPs size. Figure 5B summarizes the

magnetic properties of the different sized cCNPs. It is possible to

observe that Ms increases from approximately 60 to 95 emu/g and Hc

from approximately 5 Oe to 40 Oe as the particle size increases up to

maximum values reached in 50 nm cCNPs. The enhancement in the

magnetic properties as a function of nanoparticle size can be

explained by the spin modification ascribed by the substitution of Zn2

+ in the magnetite structure. However, Ms and Hc diminish drastically

for particles larger than 50 nm as expected for larger grains with more

magnetic multidomains. Zn doping in cCNPs was corroborated by the

XRD refinement (Figure 3), where it was observed that magnetite for-

mation is favored for up to 50 nm cCNPs, and for larger nanoparticles

franklinite phase dominated. For cCNPs above 50 nm the excess of

Zn2+ in the crystalline structure promotes antiparallel arrangement

and the growth of an antiferromagnetic phase (zincite), which triggers

a decay in the Ms and Hc values.45,46 These magnetic properties

behavior is coupled with the formation of flower-like nanoparticles

(Figure 1).

To further modify the surface and exchange anisotropy, cCNPs

were coated with a CoFe2O4 shell to form csCNPs. VSM measure-

ments of csCNPs corroborated that magnetic properties can be

F IGURE 4 Elemental composition of csCNPs. (A) XRD pattern of 29 nm csCNPs – 1, and (B) phase quantification of csCNPs as function of
particle size

TABLE 2 Summary of the csCNPs crystallite size parameters
obtained from XRD measurements after Rietveld refinement. Lattice
constant (a) and volume (V).

Sample

Lattice parameters

Crystallite size (nm)a
a (Å) V (Å3)
Fe3O4 Fe3O4

29 nm csCNPs - 1 8.39 590.94 32.3

33 nm csCNPs - 1 8.40 593.05 35.4

49 nm csCNPs - 1 8.41 594.20 52.4

29 nm csCNPs – 1* 10.30 1090.72 28.3

36 nm csCNPs – 2 8.39 589.70 22.7

36 nm csCNPs – 2 8.40 594.13 46.6

46 nm csCNPs – 2 8.41 593.82 39.6

22 nm csCNPs – 2* 8.41 594.40 20.8

Abbreviation: csCNPs, core-shell cubic magnetic nanoparticles.
aCalculated using Match software.
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enhanced when the magnetite structure is dopped with a non-

ferromagnetic material, although this enhancement produce soft mag-

netic nanoparticles.15,16,47 In Figure 6A the hysteresis loops of 28 and

35 nm cCNPs, 29 nm csCNPs – 1, 35 nm csCNPs – 2, and 49 nm

csCNPs – 1 are shown. It is possible to observe that hybridization

enhances 176 X the Hc in comparison with cCNPs. Figure 6B summa-

rize the Hc and Ms values of all csCNPs synthesized. The coercivity

enhancement observed in csCNPs confirms that anisotropy energy

was exchanged, supporting the results obtained by XRD. CoFe2O4 is

classified as a hard-magnetic material; however, its Hc is reported

around 800 Oe.15,42 It is known that when a soft- and a hard-

magnetic materials are coupled, the soft phase becomes rigidly pinned

by the hard phase at the interface, which allows for an effective

exchange coupling.12,48 Here, it was observed that Hc increased as

function of the shell thickness (Co concentration increases) up to a

saturation point reached in 46 nm csCNPs – 2 and 49 nm csCNPs –

1 (29% and 26% of Co in the shell, respectively), however, Ms

decreased.8,12,42,47

To verify the energy conversion efficiency of CNPs, calorimetry

measurements were done in aqueous suspensions of particles at a

concentration of 1 mg/ml. Calorimetry measurements were done by

recording the temperature increment of CNPs suspensions exposed

to an AMF of 250 kHz and 27.3 mT for 1 min. SLP was calculated

from the slope of the temperature increment and by normalizing for

F IGURE 5 Magnetic properties of cCNPs as function of size. (A) Hysteresis loop of different size cCNPs, and (B) Ms and Hc of cCNPs as
function of size

F IGURE 6 Magnetic properties of csCNPs as function of particle size. (A) Hysteresis loops of 28 nm cCNPs, 35 nm cCNPs, 29 nm csCNPs –
1, 36 nm csCNPs – 2 and 49 nm csCNPs - 1. (B) Summary of Hc and Ms for csCNPs
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the heat capacitance of the solvent and the metal content in each

sample (Equation (1)). Figure 7 shows the calculated SLP values for

cCNPs and csCNPs. It was observed that higher Hc does not neces-

sary translate to higher SLP. The highest SLP value were measured in

csCNPs with the thinnest shells (�0.75 nm), being 830 W/g for

36 nm csCNPs – 2 and 1139 W/g for 29 nm csCNPs – 1. The calcu-

lated intrinsic loss power (ILP) for these particles are 4.5 nHm2/kg for

36 nm csCNPs – 2, and 6.1 nHm2/kg for 29 nm csCNPs – 1. The dis-

crepancy in the tendency of Hc and SLP could be associated to a

lower random spin disorder in the thinnest shells.25,26,28,49–51 The

increase in the SLP values by the introduction of a CoFe2O4 shell

corroborates the successful hybridization and exchange anisotropic

effect of the csCNPs. Our results also support the recently proposed

hypothesis of systematic nano and atomistic engineering of MNPs'

defects and spin disorders to maximize MH34 as the presence of more

crystalline defects in the csCNPs with highest SLP was confirmed by

XRD diffraction. Table 3 summarizes the calculated SLP and ILP values

for the synthesized CNPs and the best values found reported in the

literature for ferrite magnetic nanoparticles. The csCNPs synthesized

here, displayed some of the highest SLP reported values for synthetic

ferrite magnetic nanomaterials. It is important to mention that SLP

values are dependent on AMF conditions and that enhanced magnetic

heating properties will be found at AMF amplitudes above the coer-

cive field.

3.3 | Magneto-thermal stimulation of neural
activity

Calorimetry results show that csCNPs are efficient transducers of

AFM into heat. MH has been used for the past few decades in cancer

research,34,35,54 and more recently for the remote control of biological

signaling.31 29 nm csCNPs – 1 were tested for the control of heat

sensitive ion channels expressed on the cell membrane of primary hip-

pocampal neurons. Hippocampal neurons were co-cultured with

0.1 mg/ml of these csCNPs. Induction of cell activity was studied by

applying an AMF of 250 kHz and 27.3 mT to hippocampal neurons

co-cultured with csCNPs. The fluorescent calcium indicator Fluo-4

was used to label hippocampal cultures and track neural activity by

intracellular calcium influx. When csCNPs are exposed to AMF, they

undergo hysteresis power loss dissipating heat. The local heat dissi-

pated by csCNPs should enhance the endogenous temperature

F IGURE 7 SLP of csCNPs as function of Co concentration in the
shell

TABLE 3 Summary of magnetic heating properties for different ferrite synthetic nanoparticles

Composition Size (nm) Hc (Oe) f (kHz) H (kA/m) SLP (W/g) ILP (nHm2/kg) References

28 nm cCNPs 28 6 250 27.3 567 3.1 This work

35 nm cCNPs 35 5 676 3.6

29 nm csCNPs – 1 29.4 82 1139 6.1

33 nm csCNPs – 1 32.5 374 631 3.4

36 nm csCNPs – 2 35.5 108 830 4.5

36 nm csCNPs – 2 36.2 210 587 3.1

46 nm csCNPs – 2 45.7 433 179 1.0

49 nm csCNPs – 1 49 1139 201 1.1

CuFe2O4 19.9 nm 120 19 44.9 1.0 52

Fe3O4 18.5 nm 120 19 18.5 0.4 52

Commercial MIONs 0.15 25

Fe3O4 30 33.7 300 15.9 220 2.9 53

ZnFe2O4 18 62 500 37.4 1860 2.6

ZnFe2O4 30 75 2500 3.5

ZnFe2O4 / CoFe2O4 60 1900 500 37.4 10,600 15.1 12

Abbreviations: cCNPs, core cubic magnetic nanoparticles; csCNPs, core-shell cubic magnetic nanoparticles; SLP, specific loss power.
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responsive ion channels expressed on the cell membrane of hippo-

campal neurons, leading to the influx of calcium ions detectable by

Fluo-4 dynamic fluorescence (Figure 8A). Induced neural activity in

hippocampal neurons co-cultured with 0.1 mg/ml of 29 nm csCNPS –

1 and exposed to AMF is shown in Figure 8. Figure 8B shows repre-

sentative fluorescent calcium images of hippocampal neurons prior

(t = 0 s), during (t = 60s), and after (t = 90 s) applying AMF. It is

possible to distinguish an increase in the intracellular calcium concen-

tration during and after applying the AMF. This behavior can be more

clearly observed in the Video S1. Figure 8C shows the activity of

100 random neurons prior (t = 0 s), during (t = 60s), and after

(t = 90 s) applying the AMF. Figure 8D summarizes the percentage of

responsive neurons for the tested groups. The activity of hippocampal

neurons co-cultured with 0.1 mg/ml of 29 nm csCNPs – 1 and

F IGURE 8 Magneto-thermal stimulation of primary hippocampal neurons using 29 nm csCNPs – 1. (A) An overview of the experimental
scheme. Hippocampal neurons labeled with Fluo-4 are exposed to csCNPs. Upon exposure to AMF, the heat dissipated by csCNPs triggers the

response of endogenous heat-sensitive transmembrane ion channels. These channels respond by gating influx of Calcium ions detectable through
Fluo-4. (B) Representative fluorescent calcium images of hippocampal neurons at different times during the stimulation: at t = 0 s (prior to AMF),
at t = 60s (during AMF) and at t = 90 s (after AMF). (C) Heat map summarizing the activity of 100 random neurons. (D) Summary of neural
responsiveness to magneto-thermal stimulation mediated by csCNPs and AMF (n.s. = no significant difference and ***p < 0.05, one-way ANOVA)
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exposed to AFM was significantly higher than for those neurons not

exposed to AFM stimulation and/or csCNPs. The most remarkable

achievement from this preliminary study is that induction of neural

activity was detected using 100� less concentration of nanoparticles in

comparison with previously reported studies utilizing ferrite spherical

nanoparticles.34,55 These results corroborate our hypothesis that mag-

netic anisotropy and surface hybridization can be used for enhancing

hysteretic power losses in magnetic nanomaterials. The heat maps sum-

marizing activity of 100 random neurons for the control groups are

shown in Figure S6.

Finally, we evaluated the cytotoxic effects of 29 nm csCNPs –

1 with and without AMF stimulation in HEK293 cells by a MTT assay.

No cytotoxic effects were found to be associated with csCNPs and or

AMF stimulation at the concentrations tested here for mag-

netothermal neural stimulation (Figure S7).

4 | CONCLUSIONS

The use of magnetic nanoparticles with high efficiency in transducing

AMF into heat allows the noninvasive wireless control of biological sig-

naling that could potentially lead to the discovery of novel therapies for

the treatment of brain malfunctions. To enhance magnetic heating in

ferrite nanomaterials we studied shape and surface anisotropy in CNPs.

The magnetic properties of CNPs were optimized by introducing Zn,

which modifies the Fe3O4 crystal structure increasing their magnetic

susceptibility. However, the major enhancement in CNPs magnetic

properties was obtained when 28 nm cCNPs (soft) were hybridized

with a CoFe2O3 shell (hard) at different concentrations of Co in the

shell. This hybridization allowed to obtain hard magnetic nanoparticles

with 176 X higher Hc compared to core-only same sized CNPs. This

enhancement translated into csCNPs with higher heat dissipation effi-

ciency. csCNPs were then utilized as nanotransducers to trigger the

response of the heat-sensitive ion channels expressed on the cell mem-

brane of hippocampal neurons. Magneto-thermal neural stimulation uti-

lizing the csCNPs synthesized here resulted in the enhancement of

heat sensitive transmembrane channels using 100� less the quantity of

particles in comparison with previously reported investigations that uti-

lized spherical ferrite nanoparticles. The ability to decrease magnetic

nanoparticles concentration for evoking neural activity will allow to

minimize off-target heating effects and increase their potential to be

used in biomedical research.
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