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Supplementary Method S1 
Details on development of mathematical model describing the diffusion of MNPs 

before administration of AMF. The effect of MNP’s diffusion on the treatment outcomes 
of MHT in combination with TSL-Dox delivery is investigated. 

S1. Model extension to predict the diffusion of MNPs 
The diffusion of the MNPs in the tumor is neglected in the main text. Because AMF 

is done immediately after the injection of MNPs to prevent their diffusion inside the tu-
mor. As a result, as expected, the temperature increase remains very local. However, pre-
vious studies evidence particle diffusion after injection which can change temperature 
profile and therefore cell death rate as well as release rate [1, 2]. In this regard, we consider 
an additional step between intratumoral injection of MNPs and performing MHT. The 
concentration profile of MNPs inside the tumor after injection is determined by solving 
the convection-diffusion equation [3]: 𝜕𝐶ெே௉𝜕𝑡 ൌ 𝐷௘௙௙∇ଶ𝐶ெே௉ െ ∇ ∙ ሺ𝑢௜𝐶ெே௉ሻ (S1) 

where 𝐷ெே௉ is the effective diffusion of particles with a diameter of d, in the tissue is 
calculated by the fiber matrix model as follows [4]. 

in which 𝐷஻ denotes Brownian diffusion coefficient [5], 𝑎௙ ൌ 200 𝑛𝑚 is the radius of 
the tumor matrix fibers, and 𝜂 ൌ 0.66 is the volume fraction of tissue fibers [6]. The volume 
fraction of the MNPs ψ, is given by the expression ψ ൌ 𝐶ெே௉/𝜌ெே௉ [7]. The last term on 
the right hand of Equation (1) represents the effect of change in volume fraction. 

Figure S1 represents the dispersion of MNP's impact on both MHT and TSL delivery. 
The maximum temperature at the tumor center reduces from 45 °C to 42 °C, 40 °C, and 39 
°C after 8 h, 24 h, and 48 h diffusion period, respectively. Cancerous cells have shown a 
considerable response to temperature reduction. The fraction of killed cancer cells reduces 
to 0.05 when MNPs disperse 8h before MHT. (Figure S1). As the temperature profile de-
crees below 42 °C because of the higher dispersion of particles, the temperature level is 
not high enough to damage cancer tissue efficiently. Arrhenius model predicts the per-
centage of dead cells nearly zero. The treatment outcomes of TSL-Dox delivery indicate 
that 8 h diffusion duration can have a minor positive effect on drug delivery, and the FKCs 
increase by 2%. Although, a longer diffusion period has shown an adverse effect on the 
release rate process. Because the value of FCKs reduces to 0.41, and 0.23 after 24 h, 48 h 
diffusion duration, respectively. 

A better understanding of different aspects of the novel presented treatment is nec-
essary to evaluate the potential of MHT to act synergistically with TSL delivery. In this 
study, a strong relationship was observed between diffusion of MNPs after injection and 

𝐷௘௙௙𝐷஻ ൌ 𝑒𝑥𝑝 ቈെ ቆ1 ൅ 𝑑2𝑎௙ቇ 𝜂ଵ/ଶ቉ (S2) 



treatment outcomes of both MHT and TSL-Dox delivery. Generally, diffusion of MNPs 
reduces the treatment outcomes of MHT.  Slight correspondences are observed in the 
value of FKCs by chemotherapeutic drug between zero and short diffusion period. Be-
cause the TSLs considered in this study have a fast response to temperature. They release 
their content when the temperature exceeds 42 °C. short diffusion duration (i.e., 8 h) ex-
pands the temperature profile inside the tumor by holding maximum temperature up to 
42 °C which is high enough to stimulus TSLs to release their content. Longer diffusion 
duration has shown a negative effect on treatment outcomes of TSL delivery as the release 
rate reduces significantly. It should be noted that this result depends on the characteristics 
of TSL, MNP, and tumor. 

 
Figure S1. Parameter study of three intervals between particle injection and applying AMF is per-
formed to observe their impacts on treatment outcomes of MHT and TSL-Dox delivery. (a) Temper-
ature profile inside the tumor for three different intervals between particle injection and applying 
AMF. Both temperature level and the area affected by heat reduce due to lower accumulation of 
MNPs at injection site (b) The effect of diffusion duration on FKCs. Diffusion of MNPs more than 8 
h have an adverse effect on both MHT, and TSL delivery. The results also show a minor improve-
ment in TSL-Dox delivery. 



 
Figure S2. Dimensionless concentration of TSL-Dox in blood circulation system. The concentration 
gradually decreases from its initial value due to uptake of intravenously injected TSL-Dox by other 
compartments. 
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