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1. Effect of Super paramagnetic Properties on Magnetothermal ability of the nanoparticles  

The heating of superparamagnetic MNPs in small amplitude AMF (such as the Zeeman energy, 

which is smaller than the thermal energy) is represented by equation 1. According to Rosensweig's 

model, the magnetization of nanoparticles is proportional to the applied magnetic field, with the 

proportionality element being the complex susceptibility. In an AMF, the rate of volumetric heat 

release is given by the equation (S1) [1]. 𝑃 =  𝜋𝜇 𝜒 𝐻 𝑓                                                                (S1)                    
µ0 ------vacuum magnetic permeability 

 f ------ frequency 

 H------ amplitude of the AMF 

 𝜒 ----- imaginary part of the magnetic susceptibility (𝜒 = 𝜒 − 𝑖𝜒 ).  

In the LRT, it is assumed that χ stays constant as H increases 𝑀 = 𝜒𝐻. In the LRT, the heat 

dissipation of the MNPs has a linear dependence on the AMF frequency and a quadratic 

dependence on AMF amplitude. The imaginary part of the susceptibility, χ'' is given by equation 

(S2) [2]:  

𝜒 = 2𝜋𝑓𝜏1 + (2𝜋𝑓) 𝜒                                                       (S2)     
The static susceptibility 𝜒  is given by  

                          𝜒 = 𝜇 𝑀 𝑉𝑘 𝑇                                                                 (S3)                               
Ms is the saturation magnetization of the material, V its magnetic volume, kB is the Boltzmann 

constant and T is the absolute temperature.  



The effective magnetic relaxation time τ is given by 1𝜏 = 1𝜏 + 1𝜏                                                                                              (S4)                 
The Brownian relaxation time, τ  characterizes particle’s magnetic moment flipping due to the 

rotation of the particle itself, and is given by: 

𝜏 = 3 𝑉  𝜂𝑘  𝑇                                                     (S5)                      
Where VH is the hydrodynamic volume of the particle, and η is the viscosity of the liquid where 

the particle is immersed. Since the Brownian relaxation time as stated in the equation (S5) depends 

on the viscosity of the surrounding medium the effect becomes more pronounced when heating 

ability is obtained for ferrogel. 

 The Neel relaxation time, 𝜏  is due to the rotation of the magnetic moment of the MNP, and is 

given by [3]:  

𝜏 = 𝜏2 𝜋𝑘 𝑇𝐾𝑉 𝑒𝑥𝑝 𝐾𝑉𝑘 𝑇                             (S6)            
Where K is the magnetic anisotropy of the MNPs and 𝜏  is a constant ≈ 10 − 10 𝑠. V is the 
volume of the magnetic core of the particle. 

 

2. Average crystalline size calculations using Scherrer method 

The average sizes of the nanoparticles presented in this study are determined using Scherrer 

method. The FWHM of the highest intensity peak (311) is determined using the gaussian fitting in 

origin software. The average sizes of the nanoparticles are calculated using Scherrer equation 

(S7)[4]: 

                                             𝐷 =                                           (S7) 



where D is the crystalline size of the particle, K is the Scherer's constant (K=0.94), λ is the X-ray 

wavelength (1.5417Å), β is full width at half maximum (FWHM) of the (311) diffraction peak.  

3. The MH plots of the nanoparticles under field cooling 0,1,2, and 3 T 

  



  

Figure S1. Magnetic hysteresis loops obtained at room temperature in the field range of -5000 Oe 
to +5000 Oe obtained under the cooling of 0,1,2 and 3 T magnetic field for (a-d) S1 and (e-h) S2. 
 

4. Calculation of HEB, HC, and MY 

The low temperature MH plots obtained in the temperature range of 5-300 K under 0,1,2, and 3 T 

field cooling are shown in Figure 1(a-h). The exchange bias values of the core-shell nanoparticles 

were obtained from these hysteresis loops. The horizontal shift in the hysteresis loops was defined 

as the exchange bias field, HEB. The exchange bias field, HEB was calculated using the equation 

(S8):  

𝐻 = 𝐻 + 𝐻2                               (S8)  
Here the coercive field at the descending branch of the hysteresis loop is H , and the ascending 

branch is H .  

The vertical shift in the hysteresis loops was calculated using the following formula:  

𝑀 = 𝑀 + 𝑀2                                  (S9)   
Here the remnant magnetization value at the descending branch of the hysteresis loop is 𝑀  and 

the ascending branch is 𝑀 .  



  

 Figure S2. The temperature dependence of HEB in the temperature range of 5–300 K for (a) S1 
(b) S2. 
 

5. Treatment of MDA-MB-231 cells with AMF 

The cytotoxicity of 1 mg/ml chitosan-coated nanoparticles treated with AMF (384.5 kHz and 350 

G) field strength for 30 minutes lowered the viability of MDA-MB-231 cells by approximately 

30%. The results of the cell proliferation experiment for cells treated with AMF differed 

significantly from those of the control group. The viability of cancer cells treated with field alone 

was comparable to that of the control, demonstrating any toxicity from field alone. It has been 

demonstrated in vitro that the temperature and duration of AMF therapy have a significant effect 

on cell survival. 



 

 

Figure S3. (a) MTT assay of MDA-MB-231, (b) Apoptosis assay of MDA-MB-231 treated with 
AMF 384.5 kHz and 350 G field strength for 30 minutes.  
 



MDA-MB-231 cells were also treated with AMF 167.40 kHz and 780 G field strength for 45 

minutes to study the effect of lower frequency and high AC field. 30% cells were dead after AMF 

exposure, no apoptosis was noted with groups treated with the field (F) and particle (P) alone. The 

cell death is lower (167.40 kHz and 780 G) compared to the 384.5 kHz and 350 G AMF.  

 

 

 



 

Figure S4.  (a) MTT assay of MDA-MB-231, (b) Apoptosis assay of MDA-MB-231 treated with 
AMF 167.40 kHz and 780 G field strength for 45 minutes.  
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