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ABSTRACT  

This study provides a guide to maximizing hysteretic loss by matching the design and synthesis of 

superparamagnetic nanoparticles to the desired hyperthermia application. The maximal heat release from 

magnetic nanoparticles to the environment depends on intrinsic properties of magnetic nanoparticles (e.g. 

size, magnetization, and magnetic anisotropy), and extrinsic properties of the applied fields (e.g. 

frequency, field strength). Often, the biomedical hyperthermia application limits flexibility in setting of 

many parameters (e.g. nanoparticle size and mobility, field strength and frequency). We show that core-

shell nanoparticles combining a soft (Mn ferrite) and a hard (Co ferrite) magnetic material form a system 

in which the effective magnetic anisotropy can be easily tuned independently of the nanoparticle size. A 

theoretical framework to include the crystal anisotropy contribution of the Co ferrite phase to the 

nanoparticles total anisotropy is developed. The experimental results confirm that this framework predicts 

the hysteretic heating loss correctly when including non-linear effects in an effective susceptibility. 

Hence, we provide a guide on how to characterize the magnetic anisotropy of core-shell magnetic 

nanoparticles, model the expected heat loss and therefore, synthesize tuned nanoparticles for a particular 

biomedical application. 

TEXT. 

Current research on magnetic nanoparticles (MNP) is motivated by biomedical applications utilizing their 

heat generation capacity in alternating magnetic fields to induce tumor necrosis, remotely release drugs, 

or stimulate cellular signaling or gene transcription
1–3

. These applications require the design and synthesis 

of MNPs with maximal heat loss, while limiting some experimental parameters. In an attempt to 
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minimize damage to tissue without MNP (i.e., by eddy current), the magnetic field frequency is typically 

kept below 1 MHz, and the field strength below 20 kA/m
4
. To allow the MNPs to diffuse freely between 

cells, their hydrodynamic diameter after biocompatible coating should be below 30 nm, limiting their 

magnetic core to less than 20 nm. This leaves the MNP’s saturation magnetization (Ms) and the effective 

magnetic anisotropy to maximize the specific loss power (SLP), also known as specific absorption rate 

(SAR)
5
.  

Core-shell MNPs designed to merge the advantageous magnetic properties of soft and hard magnetic 

materials
6
 have shown excellent SLP values and promise tunability of the magnetic anisotropy. Among 

them, manganese and cobalt substituted ferrites meet the physical requirements to build up exchange-

coupled magnetic single domains where the magnetic properties must be averaged over the entire particle 

volume 
7,8

. Customizing this anisotropy to maximize the SLP requires a reliable and predictive theoretical 

framework. Hence, we develop a theory on how to integrate the magnetic properties of the bulk Mn- and 

Co-ferrites in one core-shell MNP, and demonstrate its validity on a set of MNPs with diameters around 

14 nm. This set includes pure Mn- and Co-ferrite MNPs and three core-shell assemblies: one with Co-

ferrite core and Mn-ferrite shell (denoted as Co@Mn) and two with Mn-ferrite and Co-ferrite shell of 

varying thicknesses (Mn@Co and Mn@Co-TL /Thin Layer). 

Core-shell ferrites were synthesized by adapting seed-growth methods based on thermal decomposition of 

metal precursors (Fe, Co and/or Mn)
9
, similarly to Lee et al. 

2
 (details in SI-1). The MNPs were 

transferred to the aqueous phase by coating with an amphiphilic polymer (dodecyl-grafted-poly-

(isobutylene-alt-maleic-anhydride /PMA), which confers colloidal stability in high ionic strength media 
10

, and provides carboxylic groups for further functionalization with other macromolecules. The diameter 

of the resulting inorganic MNPs (   ) shows good monodispersity (~10%) (Table 1, Figure S1). Their 

hydrodynamic diameter (dh) measured by dynamic light scattering increased due to the polymer coating 

by 2.7 ± 0.7 nm (Table S2), consistent with the shell thickness (  ) observed by negative staining (Figure 

1f). 

The magnetization versus field measurements of the MNPs rich in Co ferrite (pure Co, Mn@Co and 

Mn@Co-TL) show significant hysteresis at room temperature (RT) in fixed, dried samples (Figures2b, S3 

and S4). However, the same measurements obtained directly in colloidal suspensionshow no hysteresis 

(inset Figure 2a) asthenthe Co ferrite rich NPs are free to orient themselvestoa slowly varying external 

magnetic field.Thus, the magnetic response is almost perfectly superparamagnetic behavior, becauseonly 

the magnetostaticterm (         , where     is the total magnetic moment)contributesto the total energy at 

thermal equilibrium. This means thatthese M(H) curves in colloidal suspension are also described by a 

Langevin function and provide an easy way to estimate aneffective magnetic size(see S.I.), which is also 

obviously true for the other intrinsically superparamagnetic samples (Mn and Co@Mn). The average 

magnetic diameter obtained this way are between 13 and 15 nm (      in Table 2, see S.I.)). The good 

agreement with the physical size of the inorganic part (   ) proves that core and shell act as an exchange 

couple MNP.Moreover, the saturation magnetization (  ) values obtained in powder samples are 

consistent with the average volume fraction of both pure ferrites, and therefore with the formation of 

core-shell particles (Table 1, see S.I.).  

The magnetic anisotropy in nanoscale materials composed of single magnetic domains is typically 

determined from the thermal dependence of the magnetization
11,12

. In the simplest approximation, the 
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activation temperature (   , blocking temperature) of the superparamagnetic state (SPM) becomes 

proportional to the energy barrier    between equivalent easy directions: 

                              

where   is the Boltzmann constant and   is the inverse of the so-called frequency of jump attempts, 

usually between 10
-9

 and 10
-11

 s, assuming an Arrhenius-type time relaxation where    represents the 

time window of the experiment. The effective magnetic anisotropy,     , is defined by         , with 

  being the particle volume. Equation (1) allows estimating the effective anisotropy by measuring the 

magnetization versus temperature after cooling the sample in zero field (zero field cooling (ZFC)). At 

temperatures close to the maximum of the ZFC, the term           is typically approximated to 25 

(assuming          and          ). However, at any other temperature some extrapolation and 

additional modeling concerning the thermal dependence of the anisotropy are needed
13,14

. The effective 

magnetic anisotropy of MNPs,     , is affected by the shape of the MNP and by the magneto-crystalline 

anisotropy (  ) of its material, including surface effects. 

Often, there exists only one easy direction, either because the crystal has one axis with high symmetry, or 

because the shape anisotropy (proportional to     
 ) dominates the system as MNP are rarely perfectly 

spherical and the magneto-crystalline anisotropy (  ) is small 
1516

. In those cases the anisotropy is called 

uniaxial (       ). Examples are magnetite and soft magnetic materials, such as pure Mn-ferrite. 

However, in Co-ferrite the magneto-crystalline anisotropy (  ) is expected to be cubic and very large, 

and      becomes     17
. As observed in the Figure 3c, hysteresis loops at 5K of Co rich core-shell 

MNPs show indeed quite large coercive fields (>1.5 T) and remnant magnetizations above       (see 

Table 1), pointing to a predominantly magneto-crystalline cubic character in the Co richest MNPs
18

 

The challenge in modeling the magnetic properties and the SLP of Co-/Mn-ferrite is how to account for 

the Co’s phase contribution to the total anisotropy. We show here that in a core-shell geometry, contrary 

to mixed Co-/Mn-ferrite MNPs 
19

, the contribution of both phases can be weighted by volume to combine 

an effective anisotropy with minor corrections for interface effects between the two phases, and how a 

temperature description of      allows prediction of SLP data. 

In inverse spinel ferrites, Co
2+

cations at octahedral sites contribute strongly to the cubic magneto-

crystalline anisotropy because their ground state retains some orbital degeneracy and is embedded in a 

crystal field of reduced symmetry
20

. The theoretical basis of the anisotropy in Co containing ferrites dates 

back to the 1950s explaining many bulk material observations 
21,22

. In short, the expression for       

calculated by Tachiki 
23

 depends on three free parameters that measure the strength of the exchange field 

(molecular field)          , the L-S coupling      and a crystal field perturbation    , which accounts 

for the reduced symmetry originated by the presence of different cations in the octahedral sites. This 

perturbation    , that reduces the anisotropy according to the ratio:     , is stronger when Co
2+

 is 

immersed in chemically mixed ferrites 
24

. Ultimately the model for the cubic anisotropy constant in pure 

Co-ferrite is a thermally activated process of the form: 
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where  and   are explicit functions of the L-S coupling, crystal field splitting and temperature (details 

in S.I) and    goes to zero in the limit    . For Co ferrite rich samples we propose to weight 

contributions proportional to the phases’ volume:                   , where    is given by 

equation 2 with, for simplicity, only one type of neighbor configuration, due to Co
2+

 and Fe
3+

, included. 

Under this approach, all the effects of the crystal field, including surfaces/boundaries effects, are 

implicitly included in an effective crystal field parameter,  . Other contributions to the anisotropy due to 

Mn
+2

, Fe
+3

 and shape are neglected. 

Testing the quantitative validity of this approach in MNPs is greatly facilitated if the theoretical         

can be implemented in a simple framework as the non-interacting single domain theory
25

. Then, the 

magnetization versus temperature (ZFC) can be fitted to an explicit function of temperature composed of 

two terms, corresponding to the thermally activated (first) and blocked MNPs (second) as follows: 

              
   

   
 

          

 

          

  

     

 

          

                       

where,      is the Langevin function, and   and    represent respectively the domain and the 

saturation magnetizations and         is the size distribution of the MNPs. Possible interparticle 

interactions are not taken into account because the average interparticle distance is large in the dilute 

aqueous colloidal suspensions used for the measurements (>50 nm). This assumption is supported by the 

insensitivity of ZFC/FC to the strength of the applied field (1 or 10 mT) (Figure S5) 
26,27

. 

The peak ZFC magnetization of the core-shell and pure Mn and Co ferrite MNPs (Figure 3a) shift to 

higher temperatures and sharpen with increasing Co-ferrite content. The superimposed black lines in 

Figure 3a represent fits using equation (3), whose outputs are the function        , mean diameter (dZFC) 

and standard deviation (σZFC).; the latter are found to be consistent with TEM analysis in all cases 

(Table2). For Co ferrite-rich MNPs (Mn@Co-TL, Mn@Co and pure Co) with     
       , the fits 

use the Tachiki model (equation 2), extracting direct physical conclusions. The L-S coupling is similar in 

the three samples (         ), which is expected as it is affected by the local symmetry around the 

Co
+2

cations. The strengths of interactions described in equation (2), (            are found to be similar 

in the two core-shell Co richest samples Mn@Co-TL and Mn@Co, being that the resulting         is 

fully consistent with the known core/shell volume fraction (60 and 85 % respectively). This discards the 

existence of significant mixing of Mn and Co phases
19

 and fits perfectly in the core-shell model, where 

the magnetic anisotropies are additive effect, mostly proportional to the Co ferrite volume fraction. 

        in pure Co ferrite MNPs is measured as 1360      , 30% lower than that of bulk material 

(1960      , 
21

), while the resulting exchange or molecular field (          ) is comparable to that 

reported for bulk Co ferrite. In Mn@Co-TL and Mn@Co, this is significantly smaller (        , 

reflecting a weaker the exchange interaction, which is a expected in Mn ferrite containing MNPs, due to 

the low Curie temperature of this material 
28

. 

The Mn@Co and Mn@Co-TL core-shell MNPs show changes of the effective crystal field perturbation 

( ) relative to pure Co MNPs, which are likely caused by boundary/surface effects considering that both 

shell interfaces are contributing. As a consequence the anisotropy at 0 K increases (              in 

Mn@Co) and drops faster with temperature than in pure Co ferrite (Figure 3b). 
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In pure Mn-ferrite MNPs the shape anisotropy is expected to dominate over        ,     
        

    (               taking from 
29

). For Co@Mn uniaxial and cubic anisotropies have to be 

considered because     
             if       is estimated from the average over relative volumes of 

Mn and Co. The Tachiki model (equation (2)) cannot be applied to these two systems and a more 

phenomenological approach has been used instead, similar to that proposed in bulk magnetite
30

. In this, 

the effective anisotropy decreases with temperature following a pure activation process in the 

form:              
      , where Q represents the activation energy. Best fits yield         

              in the Mn sample and                           in Co@Mn. It means that in 

the latter the reduction of the anisotropy between 0 and 300 K is less than in the other core-shell ferrites 

(     versus 75%) and         tends also to zero at high T, as in equation (2). 

We also validated the modeling of the anisotropy by comparing the size distribution deduced from TEM 

        with that contained in the ZFC/FC (blocking temperature distribution,       ). As explained by 

Yoon and Krishnan
31

, the percentage of thermal activated MNPs at a certain temperature, obtained from 

      , must equal the percentage to those whose size is below a certain critical volume,   , calculated 

from      . This determines numerically a critical volume function          that when inserted in 

equation (1), allows for the calculation of the effective anisotropy, say     
    . This approach is 

especially useful if the anisotropy reduction effect is strong, as in the three core-shell systems. As 

observed in Figure 3b, this estimation leads to     
  values (shown as squared markers), almost 

overlapping with the functions         obtained from the fits of the ZFC branch (see S.I.) 

The analysis of the coercive field is a useful opportunity to examine the validity of the magnetic 

anisotropy modelling. In the non-interacting Stoner-Wohlfarth theories, both properties are directly 

related:                         , where    is the saturation magnetization and the pre-factor   

depends on the type of anisotropy: it is equal to 0.48 for uniaxial and 1.3 for cubic anisotropy (or      

                
32–34

. When the thermal energy comes into play, determination of the coercive field 

for     in a real poly-dispersed assembly of MNPs is challenging because it cannot be calculated as a 

simple superposition of the individual contributions. Following the approach of Nunes et al. 
35

, the 

problem can be addressed in a simplified form as a two phase system, where the relative fractions of SPM 

and blocked MNPs change with temperature. If the demagnetization curve is approximated by a straight 

line 
36

, the resultant coercive field is: 

                                                             

which is mainly determined by the coercive field of the blocked phase        , being        the SPM 

susceptibility that vanishes at low temperatures and       the remnant magnetization. The difficulty is 

further reduced by assuming that the thermal relaxation of magnetization causes the coercive field to 

decrease as              
  . The exponent   is widely fixed to 0.5 in the literature but several 

calculations suggest instead that it tends to 0.75-0.8 in monodisperse uniaxial randomly distributed MNPs 
18,37

. In this way,      can be written as: 
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The thermal dependence of the coercive field is presented in Figure 3c (circular markers) where solid 

lines correspond to the calculation by equations (4) and (5) by using the functions         of Figure 3b 

and leaving   and   as free parameters. The whole picture shows a good agreement to the experiment with 

      and        for the Co ferrite rich samples (Co, Mn@Co-TL and Mn@Co), with       and 

       for Co@Mn and        and        for Mn ferrite. The value of   in the first group 

matches very well to the theoretical value of 1.32 for randomly oriented single domains with cubic 

anisotropy, while it is equal to the uniaxial case (0.48) in Mn ferrite. The coercive field of Co@Mn lies 

between pure uniaxial and cubic behaviors, as happens with the remnant magnetization. 

The previous analysis was motivated by the need for a theoretical framework to predict the performance 

of these core-shell MNPs as heat generators. The experimental determination of the SLP has been carried 

out in colloidal samples (PMA-coated MNPs) in aqueous suspension (see S.I), where the power 

dissipation arises from the interaction of magnetization with both the lattice (internal) and the surrounding 

liquid molecules (external). The prevalent dissipation mechanism can be determined by estimating the 

characteristic relaxation times of pure internal processes (referred as Neel relaxation, given by    

   
         ) and external (Brown relaxation, given by        

      ; where  is the viscosity). The 

available set of values                in the five samples indicates that in the hard Co-ferrite MNPs 

(samples Mn@Co-TL, Mn@Co and Co) the Brown mechanism dominates:          . It is just the 

opposite in the Mn sample (            ), while Co@Mn is between both limits          .The 

contribution of the Brownian dissipation was tested experimentally by attaching proteins to the surface of 

Mn and Mn@Co samples to increase the hydrodynamic diameter   . After the addition of albumin, the 

SLP of the Mn sample remains almost unchanged (from 184 W/g to 196 W/g); on the contrary, the SLP 

of the Mn@Co sample is reduced from 302 W/g to 78 W/g. 

With the aim of making an easy estimation of the power absorption, the non-linear response effects can be 

included in an effective non-linear susceptibility calculated from the Langevin function 
38

, an approach 

widely used 
2
 and proven to give correct estimations 

39
, considering the uncertainty of some variables, 

such as concentration of MNPs, polydispersity, diameter, and calculated effective anisotropies. The 

comparison of experimental and theoretical SLP indicates that this quasi-linear approach predicts 

accurately the heat induction capacity. Figure 4 presents the calculated SLP functions of mean diameter, 

obtained by fixing the effective anisotropies (at RT) to those calculated in the previous section for each 

sample and assuming a constant dispersity (taken from TEM data). The experimental SLP values 

corresponding to each sample are marked with circles (184 W/g for Mn, 553 W/g for Co@Mn, 290 W/g 

for Mn@Co-TL, 302 for Mn@Co and 280 W/g for Co). This representation provides an overview of 

which size approaches the best theoretical SLP, and shows how the magnetic anisotropy can be finely 

tuned to maximize the SLP at room temperature by adjusting the content of Co while keeping the size 

constant. The Co@Mn sample (15% of Co ferrite in the core) approaches the optimal anisotropy and size 

under the excitation used (412.5 kHz and 22.4 kA/m).  

In summary, we present here a model predicting the magnetic anisotropy of core-shell particles composed 

of Co ferrite in a whole range of temperatures quantitatively, which allows to correct prediction of their 

SLP. This model relies on theories well established in bulk materials, and we have experimentally tested 

its power in predicting the thermal dependence of basic magnetic properties, such as the susceptibility and 

coercive field of randomly oriented single domains of small size dispersivity. We conclude that the 
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anisotropy of these exchange-coupled core-shell MNPs is mostly determined by the relative fraction of 

Co ferrite, whose increase determines a gradual transition to systems with cubic magnetic anisotropy. The 

correct prediction of the magnetic properties of these MNPs enables designing core-shell MNPs with 

optimized heat generation for a particular complex biomedical application. 

FIGURES  

 

Figure 1.a-e) TEM micrographs of PMA-coated MNPs, i.e., Mn, Co@Mn, Mn@Co-TL, Mn@Co and Co 

ferrites. f) Negative staining TEM micrograph of Mn@Co-TL, which shows a homogeneous coating 

around the MNPs of ca. 3 nm.  

 

Figure 2. Magnetization versus field measurements at low temperature and RT and for immobilized and 

freely rotating MNPs.a)M(H) curveof Mn@Co at RT and colloidal sample and the corresponding Fit b) 

M(H) curve at RT ofMn@Cocolloidal sample deposited on filter paper (fixed NPs). c) M(H) curves at 5K 

of the 5 samples (fixed NPs) 
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Figure 3. a) Experimental ZFC/FC measurements at 1 mT (circular markers) with the fit of the ZFC 

branch (solid line). b)        obtained from the fit of the ZFC (solid line) and Keff*(T) from the statistical 

approach (square markers); the inset gives a closer look of the Mn curve. c) Experimental thermal 

dependence of coercive field (μ0H) (circular markers) and theoretical H(T) function (solid line) calculated 

by equation (5) and using the obtained       . 

 

Figure 4. Simulation of SLP versus     by the quasi-linear approach (solid lines), using the experimental 

values of Ms,    ,  , dh (din+ds)and previously determined     at RT have been used. The experimental 

SLP values are superimposed for comparison (circular markers, the size of the markers represents the 

estimated errors, magnetic field of 412.5 kHz and 22.4 kA/m). 

 

 

 

 

 



 

[A6] 9 

Table 1.Size, composition, and magnetic properties of the core-shell samples 

 

 

 

 
 

α

Diameter of the inorganic MNP (core + shell) and of the inorganic core (dcore); Co ferrite volume fraction 

in the core-shell structure, saturation magnetization (Ms) at RT, reduced remanence (Mr/Ms) at 5°K and 

coercive field (μ0Hc ) at 5°K. 

 

Table 2. Magnetic variables from the magnetization versus magnetic field curves (MvsH) and ZFC 

branch 

Sample dMvsH±σMvsH
α

 

(nm) 

dZFC±σZFC
α

 

(nm) 

K0
α

 

(kJ/m
3
) 

K1
α

 

(kJ/m
3
) 

Q
α

 

(meV) 

Keff_RT
α

 

(kJ/m
3
) 

SLPcal.
α

 

(W/g) 

SLPexp
α

 

(W/g) 

Mn 13.4±1.7 13.7±2.2 20 6 3.4 15 190±60 184±2 

Co@Mn 12.3±1.5 12.8±1.5 117 117 10.5 39 560±50 553 10 

           

(meV) 

   

(meV) 

  

(meV) 

Keff_RT 

(kJ/m
3
) 

  

Mn@Co-TL 14.4±1.4 14.1±1.6 30 12.8 17.6 53 340±50 291±1 

Mn@Co 13.5±4.3 13.8±1.6 30 13.0 17.1 85 320±40 302±15 

Co 15.6±3.4 15.0±1.9 50 13.1 21.0 95 280±30 316±9 

 

α
dMvsH and σMvsH(in colloidal samples at RT).dZFC, σZFCand Keffat RT for the 5 samples; K0, K1 and 

activation energy (Q) for Mn and Co@Mn samples; and the strength of the exchange field          , 

the L-S coupling      and the crystal field perturbation     for Mn@Co-TL, Mn@Co and Co 

samples;calculated SPL values from Figure 4 for the corresponding din of each sample (uncertanties are 

estimated from the experimental error of din, σ, dh, Ms, and fixed to 3% for Keff); experimental SPL 

together with its experimental error. 

 

  

Sample 
din ±σ

α
 

(nm) 

dcore±σ
α

(nm) 

Coα 

% vol 

Ms(RT)α 

(Am
2
/kg) 

Mr/Ms
α 

(5K) 

μ0Hc
α

(5K) (T) 

Mn 13.9±1.9 13.9±1.9 0 90.5 0.47 0.026 

Co@Mn 12.9±1.4 6.7±1.0 14 87 0.75 0.505 

Mn@Co-TL 14.3±1.5 10.2±1.1 63 84 0.80 1.268 

Mn@Co 13.8±1.3 7.3±1.0 85 82 0.87 2.20 

Co 15.3±1.6 15.3±1.6 100 80 0.88 1.84 
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Supporting Information   for “Model Driven Optimization of Magnetic Anisotropy of 

Exchange-coupled Core-Shell Ferrite Nanoparticles for Maximal Hysteretic Loss” 

1-Nanoparticle Synthesis, Polymer Coating and Characterization 

1.1 Synthesis of Co@Mn, Mn@Co, and Mn@Co-TL MNPs 

1.2 One-pot synthesis of Co ferrite and Mn ferrite MNPs 

1.3 Coating of MNPs using amphiphilic polymer (PMA) 

1.4 Purification of MNPs with agarose gel electrophoresis 

1.5 Size distribution measurements using TEM 

1.6 Dynamic light scattering (DLS) and zeta potential 

1.7 ICP-MS analysis 

2. Magnetization measurements  

2.1 Instruments  

2.2 Non-Interacting Super-Paramagnetic model: fit of M vs H measurements 

2.3 Determination of Anisotropy Constant 

2.4 M vs H data at 5K  

2.5 M vs H Fit and χ0 calculation 

2.6 ZFC/FC measurements at different magnetic fields (1 mT and 10 mT) 

3. Specific Loss Power (SLP) 

3.1. Experimental equipment and measurement of SLP 

3.2. Theoretical model: Basis of the simulation of SLP by Linear Response Theory (LRT) and 

quasi-Linear Response Theory (q-LRT)  
 

1. Nanoparticles Synthesis and Characterization 

Seeds, core-shell and single-phase magnetic nanoparticles (MNPs) were produced by thermal 

decomposition of metal precursors (i.e., iron(III) acetylacetonate, cobalt(II) acetylacetonate, manganese(II) 

acetylacetonate or manganese(II) chloride) in the presence of 1,2-hexadecanediol, oleic acid and 

oleylamine, in high boiling point organic solvents (benzyl ether or dioctyl ether), following largely 

protocols for single-phase MNPs
12

 or core-shell ferrite MNPs
3
. In order to produce colloids with the 

desired sizes and structure (single-phase or core-shell), we combined and adapted existing methods, 

except for the production of Mn ferrite MNPs with d ~ 14 nm, which followed 
2
. 

1.1. Synthesis of of core-shell MNPs 

Co@Mn MNPs. MonodisperseCo ferrite seeds (din ~ 7 nm)were synthesized combining previously 

addressed concepts and details 
12

.Underan inert atmosphere, iron(III) acetylacetonate (Fe(acac)3, 2 mmol, 

Strem, #262300), cobalt(II) acetylacetonate (Co(acac)2, 1 mmol, Sigma Aldrich, #227129) and 1,2-

hexadecanediol (10 mmol, Sigma Aldrich, #213748) were mixed in a 100 ml flask in the presence of 6 

mmol of oleic acid (OLA, Sigma Aldrich, #O1008), 6 mmol of oleylamine (OLAM, Sigma Aldrich, 

#O7805),and 20 ml of benzyl ether(Sigma Aldrich, #108014). The mixture was degassed for 30 min 

under vacuum at 100 °C. Under nitrogen flow, the temperature was increased up to 200 °C at a heating 

rate of 3.3 K/min, left for 2 h at 200 ºC, and then the temperature was again increased at 3.3 K/min and 

the reaction was heated to reflux (~300 °C) for 1 h. The reaction was stopped by removing the heating 

mantle, and the black-colored mixture was cooled to room temperature (RT). Upon the addition of 40 ml 

of ethanol (96 %, Carl Roth, #64-17-5), a black material was precipitated by centrifugation (2888 rcf, 10 
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min), i.e., the hydrocarbon chain-coated Co ferrite NPs. The supernatant was removed, and the black 

precipitate was dissolved in 20 mltoluene (Carl Roth, #9558.2)with 0.05 ml of OLA and 0.05 ml of 

OLAM. The solution was centrifuged (2888 rcf, 10 min) to remove aggregates (i.e. the precipitate was 

discarded). The sample was washed by adding 40 ml of ethanol, centrifuged (2888 rcf, 10 min) to remove 

the solvent. Lastly, the precipitate was redispersed in 20 ml of chloroform (CHCl3, Carl Roth, #Y015.2), 

and characterized by transmission electron microscopy (TEM, Jeol 1400 plus) (Figure S1). 

Monodisperse Co@Mn MNPs were synthesized by growing a shell of Mn ferrite onto the previously 

described Co ferrite seeds. As for the preparation of the seeds, the synthetic protocol used for the 

preparation of the Co@Mn MNPs was adapted from previous work regarding the seed-growth synthetic 

methods for the preparation of single-phase MFe2O3 (M = Fe, Mn, Co) MNPs 
412

. In detail, Fe(acac)3 (2 

mmol), Mn(acac)2(1 mmol), 1,2-hexadecanediol (10 mmol) and 40 mg of Co ferrite seeds (dispersed in 4 

ml of CHCl3) were mixed in a 100 ml flask in the presence of 2 mmol of OLA, 2 of mmolOLAM and 20 

m of benzyl ether. Under vacuum, the reaction mixture was firstly heated to 100 °C and kept at this 

temperature for 30 min to remove the CHCl3. Under nitrogen, with a heating rate of 3.3 K/min, the 

temperature was increased to 200 °C, kept at this temperature for 1 h, and then heated to reflux (~300 °C) 

for 30 min. The reaction was stopped by removing the heating mantle and the black-colored mixture was 

cooled down to RT. The cleaning step was equivalent to the process described previously. Figure S1-b 

shows TEM of the resultantNPs (ca. 13.1 nm in diameter). 

 

Mn@Co MNPs.   Mn ferrite seeds (6.9 nm) were synthesized as Co ferrite seeds above, but replacing 

the 1 mmol of Co(acac)2 by1 mmol of Mn(acac)2 (Figure S1-c). To grow the Mn@Co MNPs, 40 mg Mn 

ferrite seeds dispersed in 4 ml of CHCl3 were mixed with 2mmol of Fe(acac)3, 1 mmol of Co(acac)2,10 

mmol of 1,2-hexadecanediol, 2 mmol of OLA, 2 mmol of OLAM, and 20 ml of benzyl ether. The further 

reaction protocol was the same as for Co@Mn (Figure S1-d).  

Mn@Co-TL /Thin Layer MNPs.  In this case, the size of the Mn ferrite core was increased from 7 

to 10 nm, and the thickness of the Co ferrite shell was decreased to reach the same MNP size (ca. 14 nm) 

as the previous core shell systems. 10 nm Mn ferrite seeds were synthesized by adding Fe(acac)3(2mmol), 

Mn(acac)2(1 mmol), 1,2-hexadecanediol(10 mmol), OLA(6 mmol), OLAM (6 mmol) and 10 ml benzyl 

ether. The further reaction protocol was the same as above (resulting MNP Figure S1-e). 

The shell growth was initiated by the addition of 40 mg of 10 nm Mn ferrite seeds (dispersed in 4 ml 

CHCl3) to the mixture of Fe(acac)3(2mmol), Co(acac)2(1 mmol), 1,2-hexadecanediol(10 mmol), OLA(2 

mmol), OLAM (2 mmol), and 20 ml of benzyl ether. The further reaction protocol was the same as for 

Co@Mn (Figure S1-f). 

1.2. One-pot synthesis of 14nm Co ferrite MNPs and 14nm Mn ferrite MNPs  

The one-pot synthesis of Co ferrite MNPs was accomplished using the following procedure: 2 mmol of 

Fe(acac)3, 1 mmolof Co(acac)2, 6 mmol of oleic acid, and 6 mmol of oleylamine were added into a 100 

ml three-necked flask, as well as 10 mmol of 1,2-hexadecanediol and 17 ml of benzyl ether. After 

degassing at 100 °C for 30 min, the mixture was slowly heated up to 200 °C for 2 h under aN2flow.Then, 

the temperature was increased to 300 °C for 1 h. The reaction was stopped by removing the heating 

mantel, and the black solution was precipitated with ethanol and dissolved in chloroform (Figure S1-g). 

Mn ferrite MNPs were synthesized as previously described
2
. Specifically, 2 mmol Fe(acac)3, 1 mmol 

MnCl2 were mixed with 6.31 mmol OLA, 12.16 mmol of OLAM and 2 ml of dioctyl ether. The mixture 
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was firstly heated to 100 °C for 30 min under vacuum, using a flow of N2 as protection, then heated to 

200 °C at a heating rate of 3.3 K/min and kept at this temperature for 2 h. With the same heating speed, 

the temperature of the solution was increased to reflux (330°C) and kept there for 1 h (Figure S1-h). 

 

As a summary of the synthetic section, we like to point out that there are several synthetic parameters 

such as the molar ratio of the reactants, the boiling point of the solvents, the heating rate, reaction times, 

etc., which can be tuned to achieve the desired size of the MNPs (obviously within some limits) produced 

by thermal decomposition of metal (Fe, Mn, Co) precursors (Table S1). For instance, the use of solvents 

with higher boiling points(e.g., dioctyl ether)can be use to produce bigger MNPs than the ones produced 

in a lower boiling point solvent (e.g., benzyl ether)
5
. Longer reaction times generate in general bigger 

MNPs. 

 

Table S1.Summary of the synthetic parameters used to produce different ferrite MNPs. 

Sample 

Reactants 
Mn ferrite Co@Mn Mn@Co-TL Mn@Co Co ferrite 

Seeds no seeds 
Co ferrite 

(7 nm) 

Mn ferrite 

(10 nm) 

Mn ferrite 

(7 nm) 
no seeds 

Precursor MnCl2 Mn(acac)2 Co(acac)2 Co(acac)2 Co(acac)2 

OLA/OLAM 
6.31 mmol / 

12.16 mmol 

2 mmol /  

2 mmol 

2 mmol /  

2 mmol 

2 mmol /  

2 mmol 

6 mmol /  

6 mmol 

Solvent 
Dioctyl ether 

(2 ml) 

Benzyl ether 

(20 ml) 

Benzyl ether 

(20 ml) 

Benzyl ether 

(20 ml) 

Benzyl ether 

(17 ml) 

Temperature 330 °C (1 h) 300 °C (0.5 h) 300 °C (0.5 h) 300 °C(0.5 h) 300 °C (1 h) 

1.3. Coating of nanoparticles using amphiphilic polymer PMA  

The amphiphilic polymer was synthesized from poly (isobutylene-alt-maleic anhydride) (PMA, Mw 

~6,000 g/mol, Sigma Aldrich, #531278, 39 monomers per polymer chain) and dodecylamine (DoCA, 

Sigma Aldrich, #D222208) following published methods
6
. The reaction product was completely dried and 

redissolved in anhydrous chloroform at a concentration of 0.5 M monomers (= 20 mmol / 40 ml).The 

polymer coating was carried out as described elsewhere
6
.The amphiphilic polymer and the “hydrophobic” 

core shell MNPs were mixed in a round bottom flask at a ratio Rp/Area=300, where Rp/Area corresponds to 

the polymer added per nanoparticle surface unit area (nm
2
). After mixing well, the solvent was slowly 

evaporated with a rotavap until the sample was completely dried. The residual solid film in the flask was 

redissolved in SBB12 buffer (sodium borate buffer, 50 mM, pH 12) under vigorous stirring until the 

solution turned clear. The sample was filtrated (0.22 µm, Carl Roth, # P815.1), concentrated by 

centrifugal filtration (Vivaspin20, MWCO 100 kDa, Sartorius, #VS2042), and transferred into MilliQ 

water.  

1.4. Purification of MNPs with agarose gel electrophoresis 

Gel electrophoresis in an agarose gel (2% w/w) electrophoresis (100 V, 200 mA and 60 min) was used to 

inspect the monodispersity of the sample and to separate polymer-coated MNPs from empty polymer 

micelles following published procedures
6
. The black bands in the gels, which contain the purified sample, 

were cut out and placed into Dialysis tubing (50 kDa molecular weight cut-off, MWCO, Sectrum Labs) 



 

[A6] 15 

with 0.5x TBE buffer. Samples were run in the electrophoresis tank (100 V, 200 mA) for 15 min, 

extracted from the dialysis membranes, filtered with syringe filters 0.22 µm, and concentrated with 100 

kDa MWCO filters by centrifugation. 

1.5. Size distribution measurements using transmission electron microscopy (TEM)  

The size of the inorganic part (din) of the MNPs was determined by TEM before and after the PMA 

coating. Figure S1 shows TEM micrographs and size distribution of the MNPs before the PMA coating. 

 

Figure S1. TEM micrographs and corresponding diameter histograms, (from > 300 MNPs, 

analyzed by Image J): a) Co ferrite seeds of dcore = 6.7 ± 1.0 nm; b)Co@Mn NPs of din = 12.9 ± 

1.4 nm; c) Mn ferrite seeds of dcore = 7.3 ± 1.0 nm; d)Mn@CoNPs of din = 13.8 ± 1.3 nm; e) Mn 

ferrite seeds of dcore = 10.2±1.1 nm; f)Mn@Co-TLNPs of din = 14.3±1.5 nm; g) Co ferrite NPs of 

din = 15.3±1.6 nm and h) Mn ferrite NPs of din = 13.9±1.9 nm. 

In order to estimate the thickness of the PMA shell we performed TME with Uranyl acetate negative 

staining on Mn@Co-TL (Figure 1). Samples were prepared on carbon film 400 copper mesh grids 

purchased from Electron Microscopy Sciences (Hatfield, USA), which were treated with glow-discharge 

under air plasma for 20 s (2.0·10-1 atm and 35 mA). Negatively charged carbon grids were used within 5 



 

[A6] 16 

min after treatment to ensure hydrophilicity. The on-grid negative staining was performed using a slightly 

modified single-droplet negative-staining procedure. 1.5 μl sample droplet followed by three 2.5 μl 

droplets of 0.25% weight/volume (w/v) uranyl acetate aqueous solution were place on a clean Parafilm 

piece. The treated grid was incubated on the sample droplet for 1 min and then on the staining droplets for 

3 s, 3 s, and 1 min respectively. After each incubation step the excess fluid was nearly fully removed by 

touching the grid edge with Whatman filter paper and finally fully dried for 20 min at 2.0·10
-1

 atm. 

Sample images were acquired in a JEM-1230 transmission electron microscope equipped with a LaB6 

cathode running at 120kV and an ORIOUS SC1000 4008×2672 pixels CCD camera (Gatan UK, 

Abingdon Oxon, UK). The average thickness of the PMA shell (lS) on the Mn@Co-TL was 2.5 – 3 nm. 

 

1.6. Dynamic light scattering (DLS) and ζ- potential 

DLS and ζ-potential of the as synthesized MNPs (i.e., coated with aliphatic chains) and PMA-coated 

hydrophilic NPs were analyzed using a Zetasizer Nano-ZS, Malvern Instruments. A summary of the 

obtained hydrodynamic diameters and ζ-potentials is shown in Table S2.  

 

Table S2.  Summary of the samples values 

Sample List N(dh) in CHCl3 [nm] N(dh) in H2O [nm] N()[mV] 

Mn 12.8 ± 0.02 16.8 ± 0.9 -32.4± 1.6 

Co@Mn 12.5 ± 0.3 19.5 ± 0.4 -31.9 ± 1.4 

Mn@Co-TL 12.9 ± 0.5 17.8± 0.9 -31.8± 1.3 

Mn@Co 12.7 ± 0.5 17.1 ± 0.58 -30.7 ± 1.5 

Co 13.1 ± 0.8 19.8± 2.1 -30.5 ± 0.6 

1.7. ICP-MS analysis 

The composition of the MNPs was analyzed by induction coupled plasma mass spectrometry (ICP-MS, 

Agilent 7500 Series). Following standard procedures, the contents of Fe, Co and Mn ions were obtained. 

ForCo@Mn MNPs as example, the Fe content determined was 902 ± 33.1 ppb (parts per billion); the Co 

content was 28 ± 1.1 ppb and the Mn content was 139 ± 6.2 ppb. The oxygen content is not directly 

measured but inferred from the ratio of Fe/O in the Co/Mn-ferrite core shell structure
3
: Co = 

2·CFe·(MO/MFe) = 514 ± 18.9 ppb. So 1 ml of Co@Mn MNP stock solution contained: CFe = 0.9 ± 0.03 

mg, CCo = 0.027 ± 0.001 mg, CMn = 0.14 ± 0.006 mg, and Co = 2·CFe·(MO/MFe) = 0.52 ± 0.02 mg.  

 

Table S3. Composition of 1 mg MNP sample as determined by ICP-MS.  

Name C(Fe) (mg) C(Co) (mg) C(Mn) (mg) C(O) (mg) 

Mn 0.61 0 0.04 0.35 

Co@Mn 0.57 0.02 0.09 0.32 

Mn@Co-TL 0.55 0.11 0.03 0.31 

Mn@Co 0.54 0.14 0.02 0.30 

Co 0.54 0.16 0 0.30 
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1.09.04. Metal and Metal Oxide Core-shell Nanocomposites 

Assembling several inorganic materials into a single nanocomposite, which exhibits the 
physical and chemical properties of their constituents, represents an innovative and 
relatively new way to design multifunctional materials.1-3 Engineered hybrid 
nanocomposites (including core-shell structures) have been proven to offer novel and 
frequently unique properties that originate from collective interactions between the 
constituents. Furthermore, precise hybridization of nanocrystals with on-demand 
optical, electronic and magnetic properties into hybrid nanocomposites might provide a 
route to enhanced metamaterials.4, 5 In literature, a vast variety of nanocomposites 
have been reported to date3 including bimetallic nanoparticles,6, 7 semiconductors 
materials (as previously described), metals oxides,8 and mixtures of them.3, 9 The most 
general and extended strategy to synthesize these hybrid materials consists of two 
steps: (i) synthesis of nanoparticles of one material, and (ii) use of the newly prepared 
NPs as nucleation seeds to deposit the other components (Figure x1) 

 
Figure x1. Schemes of different growth mechanisms during the synthesis of hybrid 
nanoparticles. a) Surface nucleation and growth of a second phase on a seed 
nanoparticle (material-1). Top: growth of islands (material-2) on “seeds” of material 1; 
bottom: growth of material 2 from a material 1 seed. b) Simultaneous nucleation and 
growth of both materials. Adapted from Costi et al.3 
Given the multiple potential applications of superparamagnetic nanoparticles, 
nanocomposites carrying the superparamagnetic properties of a ferrite core and the 
shielding/surface as well as the optical properties of a metallic shell (e.g. gold) add an 
extra value to the suitability of bare ferrite NPs for bioapplications. In literature, there is 
a wide variety of composite nanomaterials composed by iron oxide and another 
inorganic material.10 

One of the most addressed multicomponent nanomaterials based on iron oxide is 
based on the core-shell structure containing a core of iron oxide and a thin shell of 
metallic gold (iron oxide@gold NPs); a myriad of strategies have been described to 
synthesized this structure, i.e. thermal decomposition,11, 12 reverse micelle method 
using cetyltrimethylammonium bromide (CTAB) as surfactant,13, 14 chemical 

!
 !

a)!

b)!
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coprecipitation15 or growing the gold on the iron oxide by an iterative hydroxylamine 
seeding.16 

Even in the absence of external magnetic fields, one of the major challenges in the 
synthesis and stabilization of magnetic nanomaterials is the prevention of anisotropic 
magnetic dipolar attraction.17 Experimentally, providing the magnetic core with an 
external coating is one of the successful approaches. A shell also provides oxidative 
stability to the magnetic core which is crucial for the efficient of magnetic materials in 
applications such as hyperthermia, magnetofection or MRI. Some experimental works 
have also pointed out that core-shell structures can enhance the capability of these 
core-shell NPs to heat under AMF.8, 18 

The use of core-shell structures of magnetic materials have been used to produce 
ferrites which exhibit specific loss values one order of magnitude higher than the 
conventional iron oxide nanoparticles.8 The design of these materials is based on the 
combination of magnetically hard core with a magnetically soft shell, cf. Figure x2.  

 
Figure x2. TEM analyses of core–shell nanoparticles a) TEM image b) and high-
resolution TEM image of 15 nm CoFe2O4@MnFe2O4, c–f) EELS mapped images: c) Co 
mapped image, d) Fe mapped image, e) Mn mapped image, f) and overlay image of c–
e and g) schematic drawing of core–shell nanoparticle with an exchange-coupled 
magnetism. Adapted from Lee et al. 8 

 

The generation of bimetallic nanoparticles has been also widely explored aiming to 
produce materials with new optical properties19 or to generate highly efficient catalysts.6 
For example Liz-Marzán´s group evaluated the silver growing using gold 
nanodummbells as templates, cf. Figure 3.20 They evaluated the changes in the optical 
properties of these nanomaterials. Although many other materials combinations and 
shapes have been explored.  

a)# b)# c)#

d)# e)# f)#

g)#
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20 
Figure 3. a)UV-visible-NIR extinction spectra of gold dumbbells (a) and bimetallic 
nanoparticles grown with increasing [Ag+]/ [Au0] molar ratios (0.3, 0.7, 1, 1.7, 2.3 from b 
to f). Lower panel: Representative TEM images corresponding to samples a, d and f 
(scale bars: 100 nm) b)Upper panel: TEM image showing the core-shell contrast and 
lower panel: STEM-XEDS elemental map of Au dumbbells@Ag nanoparticles. Adapted 
from Cardinal et al.  
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