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[bookmark: _Hlk158034890]Theoretical background to Arrhenius Cell Damage Model and CEM43 
[bookmark: _Hlk158039416][bookmark: _Hlk158039432]The influence of thermotherapeutic conditions can be determined using the Arrhenius law, considering that the rate of cell damage is proportional to the formula: exp(-Ea·(RgT)-1), where Ea represents the activation energy, Rg is the universal gas constant, and T is the absolute temperature. The Arrhenius Cell Damage Model [1] conceptualizes cell demise as a primary chemical reaction, wherein living cells undergo transformation into non-viable entities. The dependence of the reaction rate (i.e. thermal damage in this case) on temperature is determined by the activation energy - the lower it is, the higher the rate of thermal damage growth at the same temperature.
[bookmark: _Hlk158034877]The concept of the tissue damage parameter Ω is introduced, defined as follows:

(1)
where  - time, - time-dependent concentration of living cells,  – initial concentration of living cells. 
Cell survival probability S is given by the formula:

(2)
The probability of cell destruction  is given by the formula: 

(3)
The tissue damage parameter in the Arrhenius model depends on temperature and time according to the equation: 

(4)
where A – frequency factor [s-1], Rg – universal gas constant, equal to 8.32 J·mol-1K-1, T -temperature in absolute scale [K], Ea – activation energy [J·mol-1]. 
In the above equation, the temperature can change over time. The total effect of temperature is the integral of the rate of damage growth over time.
For exposure to a constant temperature over time t, we have: 

(5)
After taking the natural logarithm: 

(6)
Let’s define:

(7)

(8)

(9)

(10)
Then, the equation can be written in the form:

(11)
A straight-line regression can be fitted to measured values at different temperatures. Knowing the values of a and b, we can determine the sought parameters: 

(12)

(13)
In the above formulas, t represents the exposure time to the temperature T. If the temperature changes over time, the average value for N measurements at time points ti, i = 1, …, N, can be determined from the formula: 

(14)
The values of the Ω parameter can be calculated using the formula: 

(15)
Formulas (7)-(15) can be applied when the experiment involves exposure to various temperatures at a constant time.
[bookmark: _Hlk158036264]The CEM43 parameter, initially introduced by Sapareto and Dewey in 1984 [2], quantifies the equivalent time in minutes at 43 degrees Celsius. This temperature is commonly regarded as the threshold for cell viability, beyond which cells no longer maintain their viability. It can be calculated using the formula: 
,
(16)
[bookmark: _Hlk154001619]where ti –exposure time at the temperature Ti, and RCEM is 0.5 for T>43° C and 0.25 for T<43°C. 
The parameter RCEM denotes the rate at which the time required to attain a thermal damage iso-effect decreases with each unit increase in temperature. 
In assessing the impact of temperature on cellular responses, the calculation of the time required to attain a specific damage threshold becomes possible by taking into account the RCEM parameter. Given that temperature T1 exerts its influence over a duration of time t1, the necessary duration t2 to achieve an analogous level of damage under the influence of temperature T2 can be determined using the provided formula [3]:

(17)
Here, it is considered that the parameter R mentioned in the article Dewey et al. is the inverse of the RCEM parameter, hence the reversal of temperature order in the exponent compared to the formula (1) in the article Dewey et al [3].
[bookmark: _Hlk158038207]The value of the RCEM parameter = 0.5 for T>43°C implies that each 1°C increase in temperature reduces the required time to achieve the same level of damage by half. The relationship between the percentage of thermally damage cells and time, assuming constant temperature T=const, can be described by the equation:

(18)
where


(19)
To measure the k parameter, which is described as the cell injury rate, both sides of equation (18) are logarithmized, resulting in: 


(20)
This means that, knowing the duration t of a given temperature and knowing the percentage of damaged cells S, we can calculate the value of the k parameter for that temperature. By logarithming both sides of equation (19), we obtain the relationship:

(21)
Utilizing the designations from equations (8) and (9), we can express the above equation as:

(22)
This is a linear relationship with respect to the parameter x, i.e., the inverse of temperature on the absolute scale. By fitting a straight line to the measured ln(k) values using linear regression, we obtain the slope, which is the parameter a, and from it, we calculate the activation energy. 
The RCEM parameter, present in the equation defining the CEM43 dose, can be determined by knowing the activation energy and the absolute temperature expressed in Kelvins [4]:

(23)
Expressed this way, the RCEM parameter depends on temperature and activation energy. The time t required at a given temperature T to achieve the isoeffect of thermal injury at 43°C can be calculated using the formula:

(24)
where CEM43CS is the cumulative equivalent time in minutes required to decrease cell survival from the initial 100% to a given probability S at 43°C. The parameter CEM43CS can be calculated from the following formula:

(25)
The factor of 60 in the denominator results from the conversion of seconds to minutes. For cell survival of 36.7%, the above formula takes a particularly simple form:

(26)
[bookmark: _Hlk158038094]The above formulas are a link between the Arrhenius and thermal isoeffective dose models.
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Fig. S1 The morphological characteristic of A549 cells after employing a magnetic induction value of 14 mT. On the picture (A), (D), (G) presented control cells, (B), (E), (H) control cells after incubation with Mg0.1-γ-Fe2O3(mPEG-silane)0.5 nanoparticles (0.25 mg·mL-1), (C), (F), (I) cells after hyperthermia with Mg0.1-γ-Fe2O3(mPEG-silane)0.5 nanoparticles (0.25 mg·mL-1) employing a magnetic induction value of 14 mT. Pictures (G), (H), (J) were captured at twice the magnification of the remaining images. A549 were observed using an Olympus CKX53 microscope and images were captured using an Olympus EP50 camera. Bar is 100 µm.
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Fig. S2 The morphological characteristic of A549 cells after employing a magnetic induction value of 16 mT. On the picture (A), (D), (G) presented control cells, (B), (E), (H) control cells after incubation with Mg0.1-γ-Fe2O3(mPEG-silane)0.5 nanoparticles (0.25 mg·mL-1), (C), (F), (I) cells after hyperthermia with Mg0.1-γ-Fe2O3(mPEG-silane)0.5 nanoparticles (0.25 mg·mL-1) employing a magnetic induction value of 16 mT. Pictures (G), (H), (J) were captured at twice the magnification of the remaining images. A549 were observed using an Olympus CKX53 microscope and images were captured using an Olympus EP50 camera. Bar is 100 µm.
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Fig. S3 The morphological characteristic of A549 cells after employing a magnetic induction value of 18 mT. On the picture (A), (D), (G) presented control cells, (B), (E), (H) control cells after incubation with Mg0.1-γ-Fe2O3(mPEG-silane)0.5 nanoparticles (0.25 mg·mL-1), (C), (F), (I) cells after hyperthermia with Mg0.1-γ-Fe2O3(mPEG-silane)0.5 nanoparticles (0.25 mg·mL-1) employing a magnetic induction value of 18 mT. Pictures (G), (H), (J) were captured at twice the magnification of the remaining images. A549 were observed using an Olympus CKX53 microscope and images were captured using an Olympus EP50 camera. Bar is 100 µm.
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Fig. S4 The T1- and T2-weighted images and T1- and T2-relaxation times of the gelatin phantoms composed of iron(III) oxide nanoparticles doped with magnesium. A/ Representative phantom model subjected to MRI. B/ T1-weighted images were acquired using the saturation recovery sequence (please see below). D/ T2-weighted images were acquired using Carr-Purcell-Meiboom-Gill (CPMG) sequence (please see below). T1 (C) and T2 (E) relaxations times were calculated as previously described [5].

Saturation Recovery Sequence (T1)

	Width (no of pixels) 
	128

	Height (no of pixels) 
	128

	Slice Thickness [mm]
	2

	Echo Time [ms] 
	13

	Repetition Time [ms] 
	300; 600; 1000; 2000; 5000; 10000; 18000

	Number of phase encoding steps
	96

	Field of View [cmm] 
	7.55 x 75



Carr-Purcell-Meiboom-Gill (CPMG) sequence (T2)

	Width (no of pixels) 
	128

	Height (no of pixels) 
	128

	Slice Thickness [mm]
	2

	Echo Time [ms] 
	32 points every 15 ms in range of 15 ÷ 480 ms

	Repetition Time [ms] 
	5000

	Number of phase encoding steps
	96

	Field of View [cmm] 
	7.55 x 75
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