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Supplementary

1. Treatment groups used in the study

	Supplementary Table 1: Treatment groups studied for a therapeutic effect on a cellular and molecular level.

	Treatment Name
	NPs-mediated hyperthermia
	Drug
	Therapeutic agent used

	1. Control
	-
	-
	-

	2. Doxorubicin
	-
	√
	Doxorubicin (85 µg/mL)

	3. DoxFol-LSMO NP 
	-
	√
	DoxFol-LSMO (200 µg/mL)

	4. Hyperthermia@43
	43°C
	-
	Fol-LSMO (200 µg/mL)

	5. Combination (Hyperthermia@43+DoxFol-LSMO NP)
	43°C
	√
	DoxFol-LSMO (200 µg/mL)

	6. Hyperthermia@45
	45°C
	-
	Fol-LSMO (200 µg/mL)


In control, no treatment of nanoparticles, RF exposure, and drug doxorubicin were given to cells. Cells treated with chemotherapy were named ‘Doxorubicin’ with 85 µg/mL drug concentration to cells. Treatment denoted as ‘DoxFol-LSMO NP’ includes treatment of cells with doxorubicin-loaded folic acid conjugated (DoxFol-LSMO) nanoparticles (200 µg/mL concentration) without RF exposure. In hyperthermia therapies, RF exposure was utilized to achieve higher temperatures (43°C and 45°C). ‘Hyperthermia@43’ treatment referred to cell treatment by folic acid conjugated LSMO (Fol-LSMO) nanoparticles (200 µg/mL concentration) with RF exposure to achieve a temperature of 43°C. Whereas ‘combination’ treatment denotes treating cells with DoxFol-LSMO nanoparticles with RF exposure raising the temperature to 43°C. Therefore, combination treatments include treatment with chemotherapy (Doxorubicin) and hyperthermia. Similar to ‘Hyperthermia@43,’ ‘Hyperthermia@45’ include cell treatment with folic acid conjugated LSMO (Fol-LSMO) nanoparticles with RF exposure to achieve a temperature of 45°C.

2. Heating equipment
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	Supplementary Figure 1: RF generator equipped with custom-made Pancake coil and water cooling alignment


3. List of primers

	Supplementary Table 2: Primers used for qPCR

	Sr. No.
	Gene name
	Forward primer (5’—3’) 
	Reverse primer (5’—3’)
	

	1
	GAPDH
	ACAGTTGCCATGTAGACC
	TTTTTGGTTGAGCACAGG
	[1]

	2
	G6PC
	ACTGTGCATACATGTTCATC
	TGAATGTTTTGACCTAGTGC
	[1]

	3
	JNK
	TTTGAGAAACTCTTCCCTGATG
	ATTGATGTACGGGTGTTGGA
	[2]

	4
	Bcl2
	GGCCAGGGTCAGAGTTAAATAG
	GGAGAGAATGTTGGCGTCTT
	Designed

	5
	Bcl-xl 
	GGAAAGCGTAGACAAGGAGATG
	CTGGTCATTTCCGACTGAAGAG
	Designed

	6
	Survivin
	CAGATTTGAATCGCGGGACCC
	CCAAGTCTGGCTCGTTCTCAG
	[3]

	7
	p53
	GTTCCGAGAGCTGAATGAGG
	TTATGGCGGGAGGTAGACTG
	[4]

	8
	Caspase-9
	ACTTTCCCAGGTTTTGTTTCCT
	GAAATTAAAGCAACCAGGCATC
	[5]

	9
	Caspase-3
	CATACTCCACAGCACCTGGTTA
	ACTCAAATTCTGTTGCCACCTT
	[5]

	10
	Bax
	GGACGAACTGGACAGTAACATGG
	GCAAAGTAGAAAAGGGCGACAAC
	[6]

	11
	Bak
	CTCAGAGTTCCAGACCATGTTG
	CATGCTGGTAGACGTGTAGGG
	[5]

	12
	HIF-1α
	CTCAAAGTCGGACAGCCTCA
	CCCTGCAGTAGGTTTCTGCT
	[7]

	13
	LC3
	GAGAAGCAGCTTCCTGTTCTGG
	GTGTCCGTTCACCAACAGGAAG
	[8]

	14
	Beclin1
	CAAGATCCTGGACCGTGTCA
	TGGCACTTTCTGTGGACATCA
	[8]

	15
	ULK1
	ACAAGAAGAACCTCGCCAAG
	TTCCTTCAGGATTTTGATTTCC
	[9]

	16
	ULK2
	CTGACTTGTGGAGCATAGG
	AATAAGGTGATGTTTCTCTGGG
	[9]

	17
	NBR1
	GGTATCCATCAACAGTCAAGG
	CGTTTTGCTCCTACAACTGG
	[9]

	18
	ATG14
	CAATCGAGGAAGTAAAGACGG
	TCGTCCTGAGAGGTAAGTTG
	[9]

	19
	ATG7
	TGAGTTGACCCAGAAGAAGCT
	CCCAGCAGAGTCACCATTGT
	[9]


4. Surface functionalization synthesis and characterization
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	Supplementary Figure 2: Representative image of suspension stability of LSMO, OA-LSMO, and PEG-OA-LSMO nanoparticles suspended in hexane (organic solvent) and water (aqueous solvent); After 90 seconds, a red dotted encircled area indicates settled nanoparticles. 


Adsorption of oleic acid upon LSMO nanoparticles imparts hydrophobicity due to the presence of fatty acid at the surface. Therefore, oleic acid-coaled LSMO nanoparticles would be suspended in an organic layer (hexane). Whereas PEGylation of OA-LSMO nanoparticles transit nanoparticle suspension in an aqueous layer, imparting hydrophilicity. Two solvents (water and hexane) were used as a confirmatory test of oleic acid adsorption followed by successful PEGylation [10]. Furthermore, two solvents were used to evaluate the suspension stability of PEGylated LSMO NPs. After 90 s, the bare LSMO NPs settled at the bottom.

5. Characterization of LSMO nanoparticles
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	Supplementary Figure 3: Synthesis and characterization of LSMO nanoparticles. a. Representative images of products formed during the synthesis of LSMO nanoparticles; b. XRD analysis of LSMO nanoparticles; c. FTIR analysis of LSMO nanoparticles shows a characteristic peak of metal-oxide bond about 600 cm-1; d. Representative Scanning electron microscopy image of LSMO NPs; e. Graph representing magnetization in terms of magnetic moment (emu/gm) vs magnetic field (Oe); Inset: Ferromagnetic nature of LSMO NPs


Powder X-ray crystallographic analysis of bare LSMO showed well-resolved peaks (Supplementary Figure 2b), suggesting perovskite phase formation and purity of LSMO. The crystallite size of the bare LSMO NPs (calculated using the Scherrer formula) was ~12.5 nm. The FTIR spectrum of the LSMO NPs (Supplementary Figure 2c) showed a native metal oxide Mn-O stretching peak at 600 cm-1. Multiple peaks were observed between 1700 cm-1 and 1100 cm-1, attributed to MnO6 the stretching and bending vibrations. SEM analysis revealed 30–80 nm particles (Supplementary Figure 2d). EDS analysis (Supplementary Figure 2d inset) of LSMO nanoparticles showed the presence of lanthanum (La), strontium (Sr), manganese (Mn), and oxygen (O) elements. No other elements were present in the preparation, indicating the purity of the LSMO NPs. The atomic percentage ratio of La to Sr: Mn was ~ 1:1, suggesting the desired stoichiometry of the LSMO nanoparticles (La0.7Sr0.3MnO3, where La + Sr = Mn = 1). LSMO NPs were digested and diluted, assuming La0.7Sr0.3MnO3 stoichiometry. The digested NPs were analyzed using atomic absorption spectroscopy. Theoretically, the LSMO NPs corresponding to Sr concentrations of 1, 2, and 5 ppm are 1.127, 2.313, and 5.126 ppm Sr, respectively. The concurrence of the theoretical and observed values confirms the stoichiometry and purity of the LSMO NPs. The magnetization in terms of magnetic moment (emu/gm) vs. magnetic field (Oe) was analyzed by VSM at RT (300 K) with an applied field (H) ranging from 0 to ± 10000 Oe. The graph shows the ferromagnetic nature of LSMO nanoparticles.

a. FTIR analyses
	ai.
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	Supplementary Figure 4: Graphical representation of FTIR spectrum of bare LSMO and products obtained during polymer optimization. a) Different ratio was tried for polymer optimization, ai) LSMO, LSMO-OA, LSMO-OA-PEG (1:100), and LSMO-OA-PEG (1:200) nanoparticles, spectrum recorded with Spectrum one, Perkin Elmer Inc., USA, aii) LSMO, LSMO-OA-PEG (1:200), and LSMO-OA-PEG (1:300) nanoparticles, spectrum recorded with IRAffinity-1S Inc., Shimadzu, Japan; b) Different molecular weights of PEG.


The FTIR spectra (Figure 3ai, 3aii, and 3b) of bare LSMO and polymer-coated LSMO nanoparticles showed a metal oxide peak at 600 cm-1. LSMO-OA nanoparticles (Figure 3ai) exhibited slight variation from bare LSMO nanoparticles at approximately 1400 cm-1, with symmetric and asymmetric stretching of the carboxylic (COO-) group. In addition, the characteristic peaks at ~2900 cm-1 indicated the presence of asymmetric stretching of the methylene group (-CH2). 
A nonrecoverable product was produced at an LSMO-OA: PEG ratio of 1:50. Compared to bare LSMO nanoparticles, no variations were observed in the FTIR spectrum of LSMO-OA-PEG (1:100) nanoparticles (Figure 3ai). In the case of LSMO-OA-PEG (1:200) nanoparticles (Figure 3ai), the fingerprint region of the FTIR spectrum exhibited characteristic peaks in the range 1400 cm-1 700 cm-1, specifically at 1350 cm-1, 1290 to cm-1-1220 cm-1, 1180 cm-1-1100 cm-1-1020 cm-1, 960 cm-1 and 820 cm-1. These characteristic peaks can be attributed to C-C vibrations and C-O-C stretching, along with redundant peaks in the fingerprint area of the FTIR spectrum. Similar characteristic peaks were obtained for LSMO-OA-PEG (1:300) nanoparticles, similar to those of LSMO-OA-PEG (1:200) nanoparticles (Figure 3aii).
With various PEG molecules (viz., 1000, 2000, 3500, and 8000 kDa), except for LSMO-OA-PEG1000 nanoparticles, the ratio of LSMO-OA to polymer (1:200) showed successful PEG coating with characteristic polymer peaks (Figure 3b), as mentioned above. Because LSMO-OA-PEG8000 with LSMO-OA-to-polymer ratios of 1:200 and 1:300 showed successful polymer coating, these nanoparticles were used for further comparison. These nanoparticles were labelled as LSMO-OA-PEGA= 1:200 and LSMO-OA-PEGB= 1:300.

b. Electron microscopy analyses
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	Supplementary Figure 5: Transmission electron microscopy analysis of a) LSMO, b) PEG-LSMO, c) PEGA-OA-LSMO, and d) PEGB-OA-LSMO NPs. In each panel of b, c, and d (with a scale bar – of 50 nm), a zoomed image has shown on the right-hand side with a scale bar (20 nm). Inset represented the respective nanoparticle suspension (aqueous), the upper-right corner of the zoomed image.


Transmission electron microscopy (TEM) analysis (Supplementary Figure 4a) showed bare LSMO NPs in the 13–25 nm size range. A noteworthy difference was observed between PEG-LSMO and PEGA-OA-LSMO and PEGB-OA-LSMO NPs. No uniform polymer coating was observed in the PEG-LSMO NPs. Compared with PEGA-OA-LSMO NPs, PEGB-OA-LSMO contained more polymers. Very few NPs were visible in the PEGB-OA-LSMO NPs sample. PEGA-OA-LSMO NPs were used in further studies and were recognized as PEGylated-LSMO nanoparticles in other studies. 

6. Folic acid conjugation
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	Supplementary Figure 6: Analysis of UV-Visible spectroscopy for estimation of folic acid loading on PEGylated LSMO nanoparticles. The folic acid standard curve was plotted with GraphPad prism software with the absorption of different concentrations of folic acid (2.5, 5, 10, 20, 40, and 80 µg/mL) at 280 nm.


	Supplementary Table 3: Loaded folic acid on polymer-coated LSMO nanoparticles by UV-Visible spectroscopy analyzed at 280 nm

	Samples
	Absorbance at 280 nm
	Avg
	S.E.M.
	Folic acid conc.n (µg/mL), on 0.2 mg NP
	Avg. conc.n (µg/mL)
	S.E.M.

	FA-PEG-OA-LSMO
	0.937
	1.246
	1.011
	1.065
	0.09
	16.883
	15.71
	0.59

	
	0.965
	1.166
	0.867
	0.999
	0.09
	15.178
	
	

	
	0.940
	1.345
	0.700
	0.995
	0.19
	15.079
	
	

	FA-PEG-LSMO
	0.694
	1.000
	0.428
	0.707
	0.17
	9.064
	7.97
	0.62

	
	0.635
	0.673
	0.606
	0.638
	0.02
	7.926
	
	

	
	0.454
	0.905
	0.354
	0.571
	0.17
	6.921
	
	


7. EDC analyses

	Supplementary Table 4: EDC analysis of surface-functionalized LSMO NPs

	Element
	Atomic %

	
	LSMO
	PEG-OA-LSMO
	FA-PEG-OA-LSMO

	La
	9.69
	7.02
	6.28

	Sr
	5.5
	4.09
	3.11

	Mn
	15.35
	11.54
	10.32

	O
	69.46
	43.98
	45.1

	C
	-
	33.37
	26.55

	N
	-
	-
	8.63


8. Hydrodynamic size and charge analyses

	Supplementary Table 5: Hydrodynamic size and zeta potential analyses of surface-functionalized LSMO nanoparticles.

	
	Size by NTA
	Size by DLS
	Zeta potential (mV)

	Sample name
	Mode (nm)
	SD (nm)
	Z avg. (nm)
	Peak position (nm) (Intensity)
	SD
	PDI
	

	LSMO
	229
	91
	64.97
	Peak 1: 21.4 (96.5%); 

Peak 2: 4493 (3.5%)
	Peak 1: 127.5;

Peak 2: 888.7
	0.418
	-22.73

	OA-LSMO
	-
	-
	
	
	
	
	5.02

	PEG-OA-LSMO
	34
	94
	57.77
	Peak 1: 76.53 (92.2%);

Peak 2: 2924 (6.1%)
	Peak 1: 46.62;

Peak 2: 1321
	0.347
	-14.5

	FA-PEG-OA-LSMO
	55
	50
	56.41
	Peak 1: 77.77 (97.8%); 

Peak 2: 5011 (2.2%)
	Peak 1: 52.31;

Peak 2: 604.9
	0.351
	-12.57

	Note: Size analysis of LSMO-OA nanoparticles is not included in the table as it requires a non-aqueous solution for dispersion. Non-aqueous suspension of OA-LSMO NPs restricts the comparison with other NPs, with aqueous suspension. NTA: Nano-sight tracking analysis; DLS: Dynamic light scattering; PDI: Polydispersity index.
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	Supplementary Figure 7: Graph represents hydrodynamic size of LSMO, PEG-OA-LSMO, and FA-PEG-OA-LSMO nanoparticles by DLS method with three replicates.


The hydrodynamic size of nanoparticles was estimated by two different techniques viz., nanosight tracking analysis (NTA) and dynamic light scattering (DLS) methods. The hydrodynamic size of the bare LSMO NPs was larger than that of the surface-functionalized LSMO NPs. As expected, the polymer coating reduced the size of NPs. This might be due to the reduced aggregation of the bare LSMO NPs. Reduced PDI index with DLS analyses suggested reduced aggregation of nanoparticles with surface functionalization. Zeta potential analyses (Supplementary Table 2, Figure 6) showed charge variation after each LSMO NP surface modification step. The change in the surface charge with hydrodynamic size variation confirmed the successful conjugation of PEG and folic acid over the NPs.

9. Biocompatibility study of surface-functionalized LSMO NPs

a. Hemolysis assay

It is essential to consider the biocompatibility of surface-functionalized LSMO NPs in terms of their blood toxicity. RBCs were collected from fresh sheep blood by centrifugation at 1000 g for 5 min. The blood cells were washed at least three times with phosphate-buffered saline (PBS, pH 7.4), and RBC suspension (4%) was prepared in a glucose solution (5% w/v). NPs (LSMO, PEGylated LSMO, and Fol-LSMO) were resuspended in PBS (pH 7.4) at 100 to 1000 µg/mL. RBC (750 μL) and NP (750 μL) suspensions were mixed and incubated at 37°C for 2 h for the hemolysis assay. After incubation, samples were centrifuged at 2000 rpm for 10 min at room temperature. The supernatant was analyzed for hemolysis and the absorbance was measured at 540 nm. Triton X (0.1%) was used as a positive control for hemolysis, whereas PBS alone served as a negative control. The percentage of hemolysis was calculated as follows: 

Hemolysis (%) = [(Absorbance of Test - Absorbance of Negative control)/(Absorbance of Positive control-Absorbance of Negative control)] X 100

b. WST assay

Cell culture 

MDA-MB231 (human mammary gland cell cancer), MCF7 (human breast cancer), and NIH3T3 (mouse fibroblast) were obtained from NCCS (Pune, India) and 4T1 (mouse mammary carcinoma) from Addex bios systems (San Diego, USA) cell repository. Roswell Park Memorial Institute- series 1640 (RPMI 1640) medium, rhodamine-phalloidin, and Hoechst 33342 were procured from Thermo Fisher Scientific (USA). Dulbecco’s minimum essential medium (MEM), antibiotic antimycotic solution, trypsin phosphate versene glucose (TPVG), and fetal bovine serum were procured from HiMedia (India). The cell proliferation reagent WST1 was procured from Sigma-Aldrich (USA). Regular cell maintenance was performed in the respective cell culture media, viz., DMEM, and RPMI 1640, supplemented with fetal bovine serum (FBS, 10%) and antibiotic antimycotic solution (1%). Cells were maintained in 25 cm2 and 75 cm2 tissue culture flasks incubated at 37°C in a 5% CO2 atmosphere.

WST cell proliferation assay was performed to study the cytotoxicity of bare and surface-functionalized LSMO NPs in NIH3T3, MCF7, 4T1, and MDA-MB231 cells. Cell suspension (200 µL, 1 х 10⁵ cells/mL) was seeded in a 96 well plate. The plates were incubated at 37°C in a 5% CO₂ atmosphere for 48 h. After 48 h, the medium was discarded. Cells were treated with LSMO, PEGylated-LSMO, Fol-LSMO, DoxFol-LSMO NPs (100, 200, 300, and 400 µg/mL), and doxorubicin (10, 20, 40, 60, 80, and 100 µg/mL) for 24 h. WST1 reagent (#05015944001, Sigma-Aldrich) working solution (100 µL, 0.2 mL WST1 stock in 10 mL incomplete medium) was added to each well, and the plate was incubated at 37°C, 5% CO₂ for 3 h. Absorbance was recorded at 440 nm using a plate reader (Synergy HT, BioTek Instruments Inc., USA). Cell viability was estimated using the following formula:

Cell viability (%) = (O.D. of test/O.D. of control) X 100

where the OD test is the absorbance of NP-treated cells, and OD is the absorbance of untreated cells.
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	Supplementary Figure 8: In vitro toxicity analysis of surface-functionalized LSMO nanoparticles. a. pictorial representation of Hemolysis assay, b. Graphical representation of Hemolysis; Hemocompatibility study of bare LSMO, PEGylated (PEGylated-LSMO), and folic acid conjugated (Fol-LSMO) nanoparticles (NPs); with the; c. Graphical representation of cell viability with WST assay of bare and surface functionalized LSMO, treated for 24 h, on various cell lines viz., NIH3T3 (mouse fibroblast) cells, MCF7 (human breast cancer) cells, 4T1 (mouse mammary carcinoma) cells, and MDA-MB231 (metastatic human breast cancer) cells. Data represented as mean ± S.E.M (n=3 independent experiments). Statistical analysis: Two-way ANOVA with Bonferroni's Multiple Comparison Test statistical tests (*p < 0.05; ** p < 0.01; *** p < 0.001 and ns: non-significant).


Fol-LSMO and PEGylated LSMO NPs showed no hemolysis (Figure 2a). The cytotoxicity assay demonstrated more than 80% viable cells up to 200 µg/mL for the bare LSMO NPs (Figure 2b). It has been observed that NIH3T3 and MDA-MB231 cells exhibited toxicity at 300 µg/mL while other cell lines did not. In contrast to bare LSMO NPs, increased cell viability was observed with PEGylated LSMO and Fol-LSMO NPs. 

10. FITC tagging
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	Supplementary Figure 9: Fluorescence microscopy analysis of FITC tagged NPs at 40X; a. Bright field image of FITC tagged PEGylated-LSMO NPs; b. Darkfield image of FITC tagged PEGylated-LSMO NPs; c. Bright-field image of FITC tagged Fol-LSMO NPs; b. Darkfield image of FITC tagged Fol-LSMO NPs


11. Estimation of doxorubicin loading
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	Supplementary Figure 10: Standard curve of doxorubicin for estimating doxorubicin loading over targeted LSMO NPs.


12. Internalization of DoxFol-LSMO nanoparticles in MDA-MB231 cells

	Hoechst (Blue)
	Doxorubicin (Red)
	Merged
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	Supplementary Figure 11: Representative confocal image of red-stained doxorubicin internalization after 2 h of treatment of Dox-loaded targeted LSMO NPs


13. Surface chemistry
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	Supplementary Figure 12: Proposed schematic of surface functionalization chemistry


The zeta potential study further verified the surface chemistry of Fol-LSMO nanoparticles, showing charge variation after each LSMO nanoparticle surface modification step. Bare LSMO nanoparticles showed a negative charge owing to the oxide group over the surface. Zeta potential and FTIR analyses are found in connotation, further assisting in understanding bonding patterns during surface modification. Oleic acid and polymer PEG interact with hydrophobic interaction, causing a free hydroxyl group of the PEG over the surface. This imparts an overall negative charge on PEGylated-LSMO nanoparticles. However, PEG and folic acid formed the covalent bond between the free hydroxyl group (-OH) group of polymer and carboxylic acid group (-COOH) in folic acid [11,12]. This suggested that the amine group (-NH2) would be freely available for interaction with folic acid receptors overexpressed on cancer cells, further aiding receptor-mediated internalization of nanoparticles within cells.

As reported by Mahdavi and group (2020), Doxorubicin was expected to be adsorbed on the PEG chain, and an increase in the PEG chain would be beneficial in increasing Doxorubicin adsorption [13]. Hydration layer and electrostatic interaction were noted to be key interactions involved. The above-mentioned surface chemistries are based on theoretical knowledge of oleic acid, PEG, folic acid, and Doxorubicin. Affirmative statements could not be done based on current studies. 

14. ROS generation:
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	Supplementary Figure 13: Graphical representation of the percentage of ROS generated per cell upon various treatments. Post-Reactive oxygen species (ROS) staining with Image-IT™ LIVE Green Reactive Oxygen Species Detection Kit. MDA-MB231 cells were treated with multiple treatments, as mentioned in Table 1, and free ROS-stained green-colored cells were observed under a confocal microscope. Manually green dots were counted in 5 representative images, and the graph was plotted in Graph pad Prism. Data represented as mean ± S.E.M (n=3 independent experiments). Statistical analyses: One-way ANOVA with Bonferroni's Multiple Comparison Test statistical tests (* p < 0.05; ** p < 0.01; *** p < 0.001 and ns: non-significant).


ROS staining is live imaging technique. When cells cultured on coverslips exposed with RF for hyperthermia treatment, higher number of cells got detached. Therefore, in stand-alone hyperthermia (43°C and 45°C) cells stained with hoechst nuclear stain are less in number wherein in combination treatment detachment of cells is not noted to that extent. To evaluated ROS generation, supplementary figure 13 demonstrated percentage of ROS generated per cell. The graph demonstrated the highest ROS generation in hyperthermia@45°C, followed by hyperthermia@43°C and combination treatment.
15. AO/EB staining:
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	Supplementary Figure 14: Graphical representation of percent cell number relative to total cells with different populations viz., healthy cells, apoptotic cells, and necrotic cells counted manually post AO/EB staining, recognized as cells stained in green, orange, and red colors respectively. Data represented as mean ± S.E.M (n=3 independent experiments). Statistical analyses: Two-way ANOVA with Bonferroni's Multiple Comparison Test statistical tests (* p < 0.05; ** p < 0.01; *** p < 0.001 and ns: non-significant).
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