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Abstract 

Background: Magnetic fluid hyperthermia (MFH) is a successful nanotechnology 
application in recent decade where a biocompatible magnetic fluid is used to kill 
cancer cells in a controlled heating using AC magnetic field. In the present study, two 
ferrite-based magnetic fluids, with and without surfactant coating, were synthesized 
to study the effect of the outer layer of magnetic nanoparticles on cervical cancer cells. 
The magnetic fluid without surfactant coating (MFWI) was made stable by providing 
negative charge on the surface of each particle. On the other hand, lauric acid was 
used as a surfactant to have a stable dispersion of particles in aqueous media (MFWL).

Methods: The structural, magnetic properties and induction heating response of 
both the fluids were investigated using XRD, VSM, DLS, TGA, FTIR, and a high-frequency 
induction heater. The in vitro cytotoxicity of the synthesized fluids was observed on 
HeLa cells by performing MTT assay, and the effect of magnetic fluid hyperthermia was 
examined using Trypan blue assay.

Results: The crystallite size of surfactant stabilized particles was higher (11.0 ± 0.5 nm) 
compared to the charge stabilized particles (8.3 ± 0.5 nm). Induction heating experi-
ments showed that the specific absorption rate of the surfactant-coated particles 
was almost double compared to ionic particle fluid. Magnetic fluid hyperthermia up 
to 1 hour at a concentration of 0.25 mg/mL of surfactant-coated magnetic fluid and 
0.2 mg/mL concentration of charged fluid resulted in approximately 66 and 80% cell 
death, respectively, compared to untreated control cells.

Conclusion: The preliminary analysis of this study shows significant cell death due 
to hyperthermia, wherein MFWI revealed higher cytotoxicity compared to MFWL. 
Additional analysis into the role of the outer stabilizing layer on nanoparticle’s surface, 
concentration of nanoparticles, and hyperthermic duration is desirable to utilize MFH 
as a futuristic anti-cancer therapeutic tool.
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Background
Magnetic fluids are stable colloidal dispersion of magnetic nanoparticles (MNPs) in a 
suitable carrier liquid having wide applications including spacecraft propulsion, heat 
transfer, magnetic damping, targeted drug delivery, diagnosis and therapeutic, etc. 
(Su et  al. 2016) For stable dispersion, these fluids generally include surfactant coating 
on MNPs. Magnetic fluid hyperthermia (MFH) has been proposed as a potent medical 
application of magnetic fluid for the treatment of different cancers (Das et al. 2019). In 
this type of cancer treatment strategy, the temperature of cancer cells is increased up 
to 43–45  °C, the hyperthermia (HT) temperature window, using induction heating of 
magnetic fluid under high-frequency alternating magnetic field that leads to the killing 
of cancerous cells (Chang et al. 2018). This generated heat is quantified by a parameter, 
called Specific Absorption Rate (SAR) (Rosensweig 2002). The iron oxide nanoparticles, 
especially magnetite and maghemite, are mostly used for this biomedical application due 
to biocompatibility and the greater hyperthermic heating response (Patil et al. 2015; Laf-
fon et al. 2018).

For therapeutic applications, stable magnetic fluids are needed; however, the stability 
of the colloidal magnetic fluid in water as well as in cell culture medium is challenged 
due to the presence of proteins, especially when the concentration of magnetic particles 
is very low (Soares et al. 2014; Hondow et al. 2012). Various methods have been reported 
to achieve the stable magnetic fluid, such as coating with a long chain organic/carbon 
surfactant or by providing the electric charge on the surface of MNPs, to make them 
electrostatic repulsive (Giri et al. 2008; Filippousi et al. 2014; Wu et al. 2008; Tourinho 
et al. 1990). Although these surfactant or charge coatings provide stability to the colloi-
dal system, sometimes this produces additional cytotoxicity to the cells and hence cre-
ates issues regarding the biocompatibility of fluid (Zavisova et al. 2019). Therefore, there 
is a need to study the effect of these coatings on MNPs for their effective use in medical 
therapeutic approaches such as MFH.

Bare MNPs having a very small size possess large surface energy; as a result, they are 
very unstable and reactive. In order to minimize their surface energy, these uncoated 
particles tend to aggregate. Some kind of repulsive energy needs to be created to prevent 
their aggregation so that when these particles come closer, the repulsive energy keeps 
them apart. One way to create the repulsion among the particles during its close approx-
imation is to coat the surface using various surface-active agents (also known as sur-
factant). For example, short-chain hydrocarbon such as oleic acid, polymeric molecules 
like polyethylene glycol (PEG), polyvinyl alcohol (PVA), and inorganic materials like 
silica have been suggested to prevent or to decrease the aggregation of MNPs, thereby 
increasing the stability and biocompatibility (Wu et al. 2008). Various other polymeric 
molecules such as polyvinyl pyrrolidine (PVP), polyacrylic acid, polystyrene, polymethyl 
methacrylate, polydipyrrole/dicarbazole, etc. and natural dispersants like ethyl cellu-
lose, dextran, citric acid, casein, chitosan, starch, gelatin, etc. have also been utilized for 
coating the MNPs to increase their stability (Xu et al. 2014). These coatings can also be 
conjugated with various ligands, proteins, drugs, enzymes, antibodies, fluorophores or 
nucleotides, etc., for subsequent applications for imaging technique, therapeutic tech-
nique, or targeted drug delivery (Maxwell et al. 2008). The coating should, however, not 
affect the superparamagnetic behavior of the MNPs.
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The present study aimed to investigate the cytotoxicity of magnetic fluid, stabilized 
using two different approaches: (i) sterically stabilized fluid and (ii) ionic stabilized fluid, 
on HeLa cells. The first one uses the surfactant, which overcomes the short-range van 
der Waals and long-range magnetic dipolar attractive forces by steric repulsion due to 
the hydrophobic chain length of the surfactant. In contrast, the latter approach uses 
Coulomb repulsion force to overcome these attractive forces which is created by graft-
ing anions/cations on the surface of each nanoparticle. In order to ensure the stabil-
ity of both types of fluids in the aqueous environment, even at extensive dilution, we 
used two standard methods of synthesis for making dilution-insensitive water-based 
magnetic fluid. In the first case, lauric acid was used to get the stable magnetic fluid 
(Khalafalla et al. 1980), whereas in the later case, Massart’s method of preparing ionic 
magnetic fluid using Fe(NO3)3 treatment was adopted (Massart 1981). These magnetic 
fluids (MFs) have been prepared and used extensively by many researchers for various 
purposes, yet the detailed influence of the effect of the outer layer on in vitro MFH has 
not been reported (Giri et al. 2008; Filippousi et al. 2014; Wu et al. 2008; Tourinho et al. 
1990).

The fluid prepared by the first method was labeled as MFWL, which was coated with 
organic surfactant lauric acid, and the second one was made colloidally stable by provid-
ing the charge on the surface of MNPs by NO−

3  and was labeled as MFWI. These fluids 
were studied for their structural, magnetic, and induction heating properties. Also, the 
cytotoxicity and hyperthermic effect of these MFs were analyzed on the cervical cancer 
cell line HeLa using MTT and TPB assays. The hyperthermia study on HeLa cells was 
performed at a magnetic field of 15.3  kA/m and frequency 330  kHz within the upper 
safety limit of this product (H × f ) as 5 × 109 A/m (Obaidat et al. 2015). Both the fluids 
exhibited colloidal stability and cytotoxicity with and without hyperthermia.

The novelty of this work was to prepare the dilution-insensitive magnetic fluid using 
surfactant-stabilized and charge-stabilized magnetic particles and study its in  vitro 
effect on HeLa cells. To the best of our knowledge, with the charge stabilized fluid, such 
a study has not been reported in the literature on HeLa cells or any other cell types. 
Moreover, the effect of induction heating time using such fluid on the survival of HeLa 
cells is an important experiment to decide the suitability of this strategy for the treat-
ment of cervical cancer using magnetic fluid hyperthermia. In our earlier study (Bhard-
waj et al. 2020), the fluid used was sensitive to the temperature that would automatically 
fix the temperature rise, whereas in this case, particles are not sensitive to temperature, 
so the combination of particle concentration, its stability against dilution, and magnetic 
field were the deciding factors to stabilize the 45 °C temperature. In this particular case, 
if the fluid shows concentration-dependent SAR then it cannot be considered for the 
treatment. The key idea was to maintain the hyperthermia temperature of 43–45 °C for 
a longer duration using these fluids within the safety limit of field and frequency. These 
results will be helpful in planning in vivo animal experiments strategies.

Materials and methods
Synthesis of magnetic fluid

Two different magnetic fluids were synthesized using the chemical co-precipita-
tion route. 1  M  FeCl2•4H2O and 1  M  FeCl3•6H2O were taken in the stoichiometry of 
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 Fe2+:Fe3+ as 1:2, mixed together in a beaker, and designated as salt solution. The salt 
solution was added to 8 M  NH4OH under vigorous stirring. The pH of the solution was 
maintained at 9.5 for 10 min to form the black precipitates of  Fe3O4 nanoparticles. These 
particles were then washed with de-mineralized water to remove the impurity. After-
ward, lauric acid was added, and the mixture was heated to 90 °C for 5 min (Parekh and 
Upadhyay 2017). The fluid was labeled as MFWL. To prepare ionic magnetic fluid, the 
freshly prepared  Fe3O4 nanoparticles using the above-mentioned procedure after wash-
ing were peptized using an appropriate particle surface treatment, which brings electric 
charges onto the surface. These electric charges provided by adsorbed  H3O+ ions intro-
duce repulsive force between the particles (Massart 1981). The fluid thus prepared was 
labeled as MFWI.

Characterization of magnetic fluids

X-ray diffraction pattern of the samples was obtained using powder X-ray diffractometer 
model D2 phaser (Bruker, Germany) having Copper Kα source producing a wavelength 
of 0.154056 nm and heating filament operating at 30 kV and 10 mA. Dried particles were 
ground and passed through a 400 mesh before placing them on the sample holder. The 
angular range 2θ was varied from 25° to 70° in step size of 0.05°. The magnetic proper-
ties of the fluid samples were measured using a vibrating sample magnetometer (VSM) 
model 7404 from Lakeshore, USA, at 25  °C temperature by varying the magnetic field 
from 0 to 1 T. JEOL, JEM 2100 operated at  200 kV was used to capture Transmission 
Electron Miscroscoy (TEM) images. The sample for TEM image was prepared by dilut-
ing the fluid in an aqueous medium followed by ultra-sonication, and a drop of fluid was 
placed on a carbon-coated copper grid. The grid with the sample was dried overnight 
under vacuum.

To study the binding of surfactant on the particle surface, thermo-gravimetric analyzer 
(TGA) model TGA–DSC-1 from METTLER, Switzerland, was used. Under an inert 
gas environment, the temperature was varied in steps of 10 °C per minute between 25 
and 500  °C. To confirm the binding of surfactant with particle surface, Fourier trans-
form infrared spectrometer (FTIR) model Nicolet from Thermo Scientific, USA, was 
used. The pellet made from the dried coated particles mixed with KBr was placed in the 
instrument while varying the wave number from 400 to 4000 cm−1. DLS measurement 
was performed using particle size analyzer model S90 from Malvern Instruments Ltd., 
UK, for identifying the hydrodynamic size. For this purpose, the dilutions were made 
in Milli-Q water, and the measurement was performed at 298 K while considering the 
refractive index of MNPs as 1.52 and dispersant as 1.33.

Hyperthermia measurements were recorded using the induction heating system, Easy 
Heat 8310 (Ambrell, USA). For this, 1 mL of magnetic fluid (with respective dilution in 
water) was filled in a 2-mL capacity plastic vial enclosed in a thermally insulated rubber-
ized cork. The vial was placed at the radial as well as vertical center of 2 × 2 turns Helm-
holtz coil having an inner diameter of 60 mm. The hollow copper coil was connected to 
the heat station and power supply. To prevent heating of the coil, water was circulated 
through the coil via a water circulating chiller so as to keep the coil temperature below 
30  °C. The change in temperature of the sample due to the applied AC magnetic field 
was measured using an optical fiber thermocouple whose tip was inserted in the vial 
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such that the tip always remained at the center of the coil as well as in the middle of the 
volume occupied by the magnetic fluid. The optical fiber thermocouple was connected 
to the computer, and the temperature was measured with an accuracy of ± 0.01 °C. The 
magnetic fluid with respective dilution in water was ultrasonicated for 30 s before start-
ing the experiment so as to ensure the uniform distribution of particles. The hyperther-
mia experiments were repeated three times for every sample to ensure the accuracy of 
the results.

The magnetic field was varied from 1.7 to 10 kA/m by changing the current through 
the controls given on power supply, and concentration (10–1  mg/mL) was varied by 
making respective dilutions in deionized water. The same 2 × 2 turns Helmholtz coil 
was used for in vitro cell culture experiments with induction heating. The frequency was 
kept fixed at 330 kHz during all MFH experiments.

Cell line culture

For in  vitro experiments, cervical cancer cell line HeLa was procured from National 
Centre for Cell Science, Pune, India, and cultured in our biosafety level II laboratory. 
For the culture purpose, T25 vented culture flasks (Corning, USA) were used. The com-
plete media was prepared by supplementing Eagle’s minimal essential medium (EMEM, 
Gibco-Thermofisher, USA), with 10% heat-inactivated fetal bovine serum (Gibco-Ther-
mofisher, USA), 100 U/mL Penicillin, 100 µg/mL Streptomycin, and 0.25 µg/mL Ampho-
tericin B (Gibco-Thermofisher, USA). The cells were grown in a 37 °C incubator with 5% 
 CO2 and 95% relative humidity.

Cell viability assays

MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] cell viability 
assay (Mosmann 1983) was performed on HeLa cells to determine 50% inhibitory con-
centration,  IC50. Briefly, in a 96-well tissue culture plate,  104 cells/well were seeded in 
triplicates and grown for 24 h, followed by treatment with magnetic fluid diluted in cell 
culture media with concentration range varying from 0.3 to 0.03 mg/mL. A set of three 
wells without MNPs served as untreated controls.

After incubating with magnetic fluid for 24 h, media containing MF was removed, and 
the cells were washed with phosphate-buffered saline (PBS) to remove the suspended/
free MNPs from the wells. Thereafter, 300 μl of media and 25 μl of MTT solution (5 mg/
mL in PBS) was added to each well, followed by 3 h of incubation. Afterward, media from 
each cell was removed, and 100 µL dimethyl sulfoxide per well was added to dissolve the 
formed crystal formazan. The absorbance was measured at 570 nm on an ELISA plate 
reader (Molecular Devices, USA). The cell viability was calculated using Eq. 1:

For trypan blue (TPB) assay (Strober 2001), HeLa cells were cultured on 35  mm2 cul-
ture dishes (CDs) (Corning, USA) with a seeding density of 2.5 × 105 cells/CD and kept 
in incubator till 70–80% confluency. Subsequently, magnetic fluid was added, and mag-
netic fluid hyperthermia was performed. Afterward, the cells were PBS washed, followed 

(1)Cellviability% =

averageabsorbancefromtreatedcells
afterMFtreatmentintriplicates

averageabsorbancefromcontrolcellsintriplicates
x100
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by trypsinization using 0.25% Trypsin–EDTA (Gibco-Thermofisher, USA). The detached 
cells were stained with trypan blue solution, and viability was counted using a hemocy-
tometer. The viability of cells was estimated using the Eq. 2:

Hyperthermia experiments on cancer cells

HeLa cells grown on CDs were treated with the near  IC50 values of 0.25 and 0.2 mg/mL 
of MFWL and MFWI, respectively, for 24 h. Thereafter, the CDs were placed within the 
2 × 2 turns heating coil in a wooden Class II/ A2 biosafety cabinet to avoid contamina-
tion during the experiments. All experiments were performed under constant tempera-
ture and pressure maintained in the biosafety level II laboratory of our institute. Briefly, 
the method involved seeding 0.25 million cells in six culture dishes numbered as (1) con-
trol cells without MF and without hyperthermia, HT; (2) cells without MF, with 30 min 
HT; (3) cells without MF, with 60 min HT; (4) cells with MF, without HT (5) cells with 
MF, with 30 min HT; and (6) cells MF, with 60 min HT. Once the desired confluency of 
70–80% was reached, MF was added to respective CDs, and cells were further allowed 
to grow for the next 24 h. CDs 2, 3, 5, and 6 underwent induction heating. The mag-
netic field of 15.3 kA/m was set to achieve the hyperthermic window of 43–45 °C, which 
was maintained throughout the treatment period. The tip of the fiber optic sensor was 
every time wiped with 70% ethanol before dipping in the CDs. After hyperthermia, the 
CDs underwent TPB assay to assess their viability. Figure 1 represents a flowchart of the 
steps involved in the hyperthermia experiment. The results of each set were normalized 
against the untreated cells of CD1.

Statistical analysis

All the in  vitro experiments were performed in triplicate. The data are presented as 
mean values ± standard error after obtaining mean and standard deviations. Students’t-
test was performed to calculate the levels of significance, and the results were considered 
significant if the p-value was less than 0.05.

Result and discussion
Figure 2a shows the X-ray diffraction pattern of dried MNPs used for MFWL and MFWI 
fluid preparation. The similarity between patterns indicates that stability procedures did 
not change the crystal structure of MNPs. The crystal structure obtained from the pat-
tern analysis indicates impurity-free single-phase cubic spinel ferrite with no extra peaks 
other than the ferrite phase. For calculating the crystallite size (DXRD), the most intense 
peak (311) and Scherrer formula (Eq. 3) was used (Patterson 1939):

(2)Cellviability% =
averagecountoflivecellsintriplicates

averagecountoflive+ deadcellsintriplicates
x100

(3)DXRD =
0.9�

Bcosθ
,
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where B denotes full-width half maxima of diffraction peak, λ is X-ray wavelength, 
and θ is the Bragg’s angle. The crystallite size of surfactant-stabilized particles (MFWL) 
was found to be higher (11.0 ± 0.5  nm) as compared to charge stabilized particles 
(8.3 ± 0.5  nm). The procedure of charge grafting might have removed some of the Fe 
ions from its surface, but that affects physical size only. The slight variation in observed 
particle size may be due to the probability of size variation from batch to batch, which 
is common for chemical process, especially when  NH4OH is used as a base ion for the 
precipitation. This was also confirmed by calculating the lattice parameter ‘a’ using the 
analytical method (Suryanarayana and Norton 1998). The lattice parameter was found 
to be 0.8436 ± 0.0005 nm for MFWL particles and 0.8360 ± 0.0005 nm for MFWI parti-
cles. X-ray diffraction peak positions for both MNPs were indexed as (220), (311), (400), 
(422), (511), and (440).

Magnetic response as a function of magnetic field for both fluids is shown in Fig. 2b. 
The magnetic characterization experiments were performed at room temperature 
(25  °C). The obtained data were fitted with Langevin function (Parekh et al. 2008) for 
superparamagnetic non-interacting particles to obtain the magnetic parameters like 
the magnetic size of particles (Dm), size distribution (σ), domain magnetization (Md), 
and saturation magnetization (Ms). Domain magnetization of both fluids was kept the 
same as 450 kA/m. Dm was found to be 10.3 nm for MFWL and 8.2 nm for MFWI. The 

Fig. 1 Flowchart of hyperthermia experiments performed on HeLa cells

a b

Fig. 2 a X-ray diffraction pattern of dry particles and b magnetic measurement curves of fluid for both the 
samples. Inset b shows the size distribution curve for both the fluids
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magnetic size is important to know because the reduced magnetic size can lower the 
heating response during the induction heating. The magnetic size distribution σ was 
found as 0.53 and 0.50, respectively, for MFWL and MFWI fluid. The obtained satura-
tion magnetization was much lower for MFWI (15 Gauss) as compared to 145 Gauss for 
MFWL. This difference in magnetization can be attributed to a lower concentration of 
MFWI (11.6 mg/mL) as compared to MFWL (217 mg/mL). The inset Fig. 2b shows the 
size distribution curve for both the fluids. The dotted line shows the critical diameter of 
9.2 nm above which the particles are dominated by the Brownian mechanism (Rosens-
weig 2002). It is seen that almost 60% particles in MFWL sample is above this critical 
diameter, whereas for MFWI sample it is 42%.

Figure 3a and c shows the TEM image of the sample MFWL and MFWI, respectively. 
The particle morphology, as seen from both the images, is spherical in shape. In addi-
tion, these particles are well separated from each other. The size of these particles was 
estimated using ImageJ software. Nearly 300 particles from various TEM images were 
considered for plotting the histogram which is shown in Fig. 3b and d, respectively, for 
MFWL and MFWI samples. The histogram is fitted with the log-normal distribution 
curve (red line) that fits with the mean size of 10.2 ± 0.24 nm with a size distribution 
of 0.18 for the MFWL sample and 7.6 ± 0.04 nm with a size distribution of 0.14 for the 
MFWI sample. The size distribution in MFWI is narrow as compared to that of MFWL. 
Also, the TEM size is observed less for MFWI as compared to MFWL, which matches 
with the results obtained from the XRD measurement.

In the thermogravimetric experiment, the particles showed a total weight loss of 32.8% 
for surfactant-coated particles (MFWL) and 16% for charge grafted particles (MFWI) as 
shown in Fig. 4a and b. The first weight loss of approximately 2% occurring below 100 °C 
in both particles is due to the evaporation of physi-adsorbed water molecules attached 
to the particle surface. The major weight loss in the case of MFWL happening at a high 
temperature indicates the chemical attachment of surfactant on the particle surface, and 
the two-step loss indicates the bilayer arrangement of surfactant (Pradhan et al. 2007a; 
Mahdavi et al. 2013). The particles of MFWL showed major weight loss occurring in two 
steps, at 248 °C and 344 °C, while, for MFWI major weight loss occured in three steps at 
209 °C, 287 °C, and 357 °C. In the case of MFWL sample, The first weight loss of 20.2% 
was due to the removal of secondary layer or extra surfactant, whereas the second loss of 
28.7% was due to the removal of the chemically adsorbed primary layer of surfactant. In 
the case of MFWI, the removal of adsorbed double diffuse layers (Cao and Wang 2011) 
of ions from the particle surface resulted in the multiple transitions between 209 and 
357  °C. After 400  °C the transition becomes stable, indicating no phase change above 
this temperature.

Figure  4c shows the FTIR spectra of surfactant lauric acid, the lauric acid-coated 
MNPs, and charge grafted MNPs. The peak observed at 1698 cm−1 in the case of lauric 
acid spectrum shifted to 1704 cm−1 for MFWL, indicating the C=O stretch of the car-
boxylic head of the surfactant molecule and its covalent bonding to the particle surface. 
The characteristic iron oxide Fe–O stretching vibration occurs at 567 cm−1 for MFWL 
and at 563 cm−1 for MFWI (Pradhan et al. 2007a). The band at 940 cm−1 corresponding 
to O–H bending vibration in the spectra of lauric acid vanished in the spectra of MFWL, 
and the presence of a weak band at 1704  cm−1 indicated strong adsorption and close 
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packing of surfactant layers on particles (Lenin and Joy 2016). The band at 1422 cm−1 
confirmed the presence of nitro group in the spectra of MFWI.

Figure  5a and b shows the log-normal distribution fit to the number distribution of 
both aqueous magnetic fluids. The hydrodynamic size measured was 29.3 ± 0.3 and 
24.6 ± 0.3  nm for MFWL and MFWI, respectively. The standard deviation of the dis-
tribution curve (σ) was found to be 0.24 and 0.18, respectively, for MFWL and MFWI. 
Hydrodynamic size is not the actual particle size as it contains the thickness of multiple 
layers of surfactant as well as diffuse layer of solution (water in our case) around the 
particle. Basically, DLS derives the hydrodynamic size of the particles using the concept 
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of diffusion of the particles in the medium. The results show a higher value of hydrody-
namic diameter (Dh) in both fluids as compared to the crystallite size obtained from the 
X-ray diffraction pattern indicating the possibility of multiple layers of surfactant coat-
ing. This larger size can also be due to the formation of small aggregates stable in solu-
tion even after dilution (Odenbach 2002).

Hyperthermia without cells

The heat released due to magnetic fluids placed under the AC magnetic field is given by 
Eq. 4 defined as

where μ0 is the permeability of free space, χ″ is the imaginary component of suscep-
tibility, f is a frequency, and H is the applied field strength (Rosensweig 2002). This 
heat dissipation is caused mainly by the relaxation of magnetic moments termed as 
Neel relaxation and Brownian relaxation. In Neel relaxation, there are rapid changes 
in the particle’s magnetic moment due to opposition by the particle’s crystalline struc-
ture, resulting in heat generation when exposed to the AC magnetic field. In Brown-
ian relaxation, the heat is generated from the physical rotation of particles within the 
medium when particles attempt to realign themselves with the changing magnetic 
field. These relaxations also depend upon the size of magnetic particles (Odenbach 
2002). The heating efficiency is quantified by the parameter SAR, which is equal to the 
dissipated power divided by the magnetic material density, showing that the SAR var-
ies linearly with the product of frequency, f, and the square of the magnetic field (H2). 
From the induction heating data of the rise in temperature with respect to time, the 
SAR value was calculated using Eq. 5:

where Cp denotes the specific heat capacity of the magnetic fluids given by

(4)Padsorbed = µ0π · χ ′′
· f ·H2,

(5)SAR = Cp ·
�T

�t
·
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where �T
�t  denotes the slope of the graph between temperature rise and induction 

heating time. φmagnetic is the weight fraction of the magnetic content of particles. Cp 
for carrier and particles was taken as 4.187 and 0.67 J/g-K, respectively. For compen-
sating the errors in measurement of SAR for non-adiabatic system, hyperthermia data 
were fitted with Box-Lucas Eq. 7 Kallumadil et al. 2009) given as follows:

where the rise in temperature, T with respect to time, t is given as a function of 
saturation temperature, A, and curvature of the heating curve, B. The product A × B 
is equivalent to the initial heat rise rate, �T

�t , used in the SAR formula.
Figure 6a and b showd the temperature rise versus time and corresponding SAR val-

ues for MFWL diluted in the water, while Fig. 6c and d shows the same results for the 
MFWI sample. The experiments were repeated three times to check the reproducibil-
ity of results, and the variation in data is shown as error bar in the graphs. These fluids 
were diluted in deionized water to 10 mg/mL concentration, and the magnetic field 
was varied from 1.7 to 10  kA/m. The rise in temperature, as well as corresponding 
SAR, was found to be higher for the larger magnetic field for both the fluids, as evi-
dent from the relation between SAR and magnetic field. This increase was greater for 
MFWL as compared to MFWI, indicating a better hyperthermic response of MFWL. 
This might be due to the slightly larger magnetic size of MNPs of MFWL compared 
to those of MFWI as heating would be more for large particle size due to Brownian 
relaxation. The increasing SAR with increasing particle size has been reported in the 
literature for γ-Fe2O3 nanoparticles (Purushotham et al. 2009) and  Fe3O4 nanoparti-
cles (Parekh et al. 2018). This is due to the fact that larger magnetic size will have a 
better response towards magnetic field direction as compared to the smaller size par-
ticles because the magnetic moment of particle is a function of particle size,

 especially when it is in the nanometer range. Thus, the SAR shows variation with 
particle size.

In addition to this, it has also been reported (Rosensweig 2002) that the SAR should 
be dominated by the Brownian relaxation mechanism as compared to the Neel relaxa-
tion mechanism. The size distribution curve obtained from magnetic measurement 
for MFWL and MFWI samples (Inset Fig. 2b) indicated that almost 60% particles in 
MFWL sample is above the critical size of 9.2 nm, whereas in the case of MFWI, it is 
42%. Larger the number of particles dominated by the Brownian relaxation mecha-
nism more the induction heating response. Hence, the observed higher SAR value for 
MFWL as compared to MFWI is contended.

Figure 7a and b shows the temperature rise versus time and corresponding SAR values 
for MFWL diluted in the water while varying magnetic particle concentration. Figure 7c 
and d shows the same for the MFWI sample. The magnetic field was kept fixed at 10 
kA/m for both the fluids and for all dilutions. From this figure, it is clear that the initial 
rise in temperature is faster as concentration increases, but when we calculated SAR, 
which takes care of particle concentration by normalizing the value of heating rate with 
particle concentration (as mentioned in Eq. 5), the value remained same. This indicates 

(6)Cp = mparticles ∗ Cp−particles +mcarrier ∗ Cp−carrier,

(7)T (t) = A(1− e−Bt)
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that SAR is independent of concentration. Usually, the SAR is a function of magnetic 
field, frequency, particle composition, its size, shape, concentration, etc. When all other 
parameters are fixed except the particle concentration, then there is a possibility that 
with increasing or decreasing concentration, the particle–particle interaction or parti-
cle–carrier interaction play its role in creating the aggregation of the particles. In both 
cases, the SAR will be a function of particle concentration. Under such a situation, the 
system becomes more complex and non-predictable. Moreover, both conditions led to 
aggregation mechanism, which becomes more toxic to the cells. When SAR is independ-
ent of particle concentration, that means that the system is very stable upon dilution, 
and in order to increase the heating temperature, one can increase only the magnetic 
field strength. This is a very important inference; otherwise, it will be difficult to fix the 
concentration and magnetic field for induction heating experiments for in vitro cell line 
experiments. In the case of MFWI, the small variation in SAR with concentration may 
be due to the possibility of the formation of small aggregates. The possible reason for 
this may be the disturbance of charge layers around the particle surface because the dilu-
tion of magnetic fluids was carried out using distilled water having neutral pH. However, 
this increase is within an error bar. Moreover, the induction heating is also performed 
only on the water (without dispersing MNPs) substantiated that heating was due to the 
MNPs and not because of radiative heating via the high current flowing through the coil. 
As reflected in Fig. 7a and c, the temperatures rise in water was less than 1 °C even after 
prolonged heating of the coil.

These experiments, related to hyperthermic response, with the variation of magnetic 
field and concentration, help to decide the concentration of magnetic fluids for in vitro 

Fig. 6 Temperature versus time for different magnetic fields for a MFWL and c MFWI. Variation of SAR with 
magnetic field for b MFWL and d MFWI
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experiments and develop future magnetic fluid hyperthermia based in  vivo therapeu-
tic strategies on cancer patients. Overall, the experiments aimed to synthesize magnetic 
fluids with greater hyperthermic response at the lowest possible magnetic field and con-
centration at a given frequency.

In vitro experiments

To study the cytotoxic effect of the magnetic fluids, MTT assay was performed, and 
 IC50 value was obtained. This assay provides a half-maximal inhibitory concentration, 
i.e., the  IC50 value of the test compound required for 50% inhibition of viable cell num-
bers in vitro. The effect of different concentrations of MFWL and MFWI on cell viability 
via MTT assay is shown in Fig. 8a and b, respectively. Further, fitting Hill’s equation to 
the dose–response curve (Hill 1910; Sebaugh 2011), the assay revealed  IC50 values of 
0.271 mg/mL and 0.206 mg/mL for MFWL and MFWI, respectively. A similar cytotox-
icity study of lauric acid-coated magnetite particles on murine microglial BV2 cells was 
performed by Calatayud et  al. (2017), who reported approximate 30% cell death after 
24 h incubation with MNPs at a concentration of 0.1 mg/mL by performing TPB assay. 
However, using polyacrylic acid-coated MNPs under a similar experimental scenario, 
the same group observed almost 100% viability of BV2 cells. Intriguingly, using the lau-
ric acid-coated particles, Pradhan et al. (2007b) did not find any detrimental effect on 
human cervical cancer cells HeLa and mouse fibroblasts L929 at 0.1  mg/mL concen-
tration; however, they observed approximate 8% cell death at 0.2  mg/mL concentra-
tion using sulforhodamine B assay. The  IC50 of MFWL in the present study is in good 
agreement with the results of Freitas et al. (Freitas et al. 2008), who reported 50% cell 
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inhibition at 0.254 mg/mL using lauric acid-coated γ-Fe2O3 on human melanoma cells 
via MTT assay. The variation in the cell death percentage may be attributed to the dif-
ference in methods of MNPs synthesis, lauric acid coating, cells’ physiologic features, 
types of cell lines used, as well as cell viability assay utilised. With regard to MFWI fluid, 
till date no report is available on its in vitro cytotoxic effect. However, a single in vivo 
study revealed toxic effect of ionic  MnFe2O4 MF causing macrophage apoptosis, lym-
phocytes’ DNA damage, and severe inflammatory response in the peritoneal cavity of 
mice (Lacava et al. 1999).

Our experiments related to induction heating on the water revealed that the heat 
generated was due to MNPs, and it was not radiative heating (Fig. 7a and c). Therefore, 
we proceeded to evaluate the effect of induction heating hyperthermia on HeLa cells 
at 15.3 kA/m and 330 kHz after choosing the near  IC50 values of 0.25 and 0.2 mg/mL 
for MFWL and MFWI, respectively. Looking at the concentration-dependent heating 
response from Fig. 7a and c, it is seen that more than 1 mg/mL concentration is required 
in both the samples to achieve the hyperthermia temperature of 45  °C. However, the 
 IC50 value is very less than this concentration. The magnetic field used for this experi-
ment was 10 kA/m. Since the cell line experiments were carried out with the cell culture 
media, the  IC50 dilution was also prepared in cell culture media for induction heating 
experiment. Additionally, as it is inferred from the above measurements that magnetic 
field strength can be used to increase the temperature, the heating response at  IC50 con-
centration was investigated at 15.3 kA/m field.

Figure 9 shows the heating response for both the fluids as a function of time for  IC50 
concentration, 0.25 and 0.2 mg/mL for MFWL and MFWI, respectively, prepared in 
cell culture media and investigated at 15.3  kA/m field and 330  kHz frequency. It is 
seen that  IC50 dilution in cell culture media is able to achieve the heating tempera-
ture of 45 °C. The possible reason to achieve the required temperature even with the 
lower MNPs concentration can be due to the presence of ions and proteins in the cell 
culture media, which also takes part in the heating mechanism and contribute to the 
induction heating. Such type of study is also reported by Chanteau et al. (2009).

Although MTT assay is based on the metabolic response of cells and being less 
laborious and quick to perform to study cell death, TPB assay was performed for 
hyperthermic study to have an absolute visualization of the cell death under a micro-
scope. Live and dead cells were observed under the microscope, and the viability of 

Fig. 8 Effect of different concentrations of a MFWL and b MFWI on cell viability using MTT assay
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cells was calculated using the ratio of live cells to the total (live + dead) cells which 
was normalized against the control cells.

Figure  10a and b shows the cell viabilities obtained after MFH utilizing MFWL 
and MFWI, respectively. Reduction in cell count, as well as morphologic alteration 
observed after MFH by MFWL and MFWI, are represented in Fig. 10c1 to c4 and d1 
to d4, respectively. Due to hyperthermia alone, i.e., without MF, after 30- and 60-min’ 
sessions, cell death was approximately 7 and 15%, respectively. Cells under magnetic 
filed usually show cell death up to 5% that may be due to mechanical stress faced by 
cells as a part of experimental procedures. However, under alternating magnetic field, 
approximately 85% of cells showed viability even when the induction heating time was 
increased to 60 min. This suggests that the cells well endured the magnetic field and 
heat-shock without major population loss. It would also be interesting to analyze the 
expression of heat-shock proteins such as HSP27/HSP70 and HSP90 as these proteins 
are known to overexpress in cancer under the hyperthermic condition and provides 
resistance to damage caused by temperature rise, thereby the therapeutic efficacy of 
chemotherapy (Grimmig et al. 2017). In addition, another reason for cell death under 
the influence of magnetic field could be the generation of reactive oxygen species in 
the cells as reviewed by Wang and Zhang (2017).

Considering MFWL, 24  h treatment without hyperthermia resulted in an approxi-
mate 38% cell death, whereas MFWI caused around 55% cell death. Further, MFWL, 
after 24 h of MF treatment and subsequent 30 min HT led to about 45% cell death that 
was augmented to around 68% after 24 h MF treatment and 60 min HT session. On the 
other hand, MFWI was comparatively toxic than MFWL that resulted in an approxi-
mate 68% and 80% cell death under the same hyperthermic experimental conditions. 
All the groups in both fluids showed significant cell death compared to control groups 
(p < 0.05; p < 0.01). This high rate of cell death due to MNPs without induction heating 
might have occurred due to MNPs aggregation in the media (Eberbeck et al. 2010), lead-
ing to a change in MNP concentration. Another reason could be the toxicity exhibited by 
the surfactant (Pradhan et al. 2007b). Furthermore, a higher rate of cell death observed 

Fig. 9 Temperature versus time for 0.25 mg/mL concentration of MFWL and 0.2 mg/mL concentration of 
MFWI sample in cell culture media at 15.3 kA/m and 330 kHz
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due to charged MF as compared to lauric acid-coated MF can be attributed to a change 
in membrane potential due to the presence of charge on the MNPs leading to disrup-
tion of cells’ plasma membrane, thereby inducing cell death. Membrane potential studies 
are warranted to understand the mechanism of cell death caused by charged magnetic 
fluids.

With regard to the effect of surfactant on MFH, our results corroborate with the 
findings of Calatayud et al. (2017) who observed an approximate 44% cell death using 
polyacrylic acid-coated iron oxide MNPs on microglial BV2 cells after 30 min of hyper-
thermia, however, at a higher frequency 560 kHz and field 23.9 kA/m. Similarly, Heday-
atnasab et  al. (2020), reported 40 and 60% cell death at 31.47 kA/m and 47.24 kA/m 
fields, respectively, using polycaprolactone (PCL) coated cetyl trimethyl ammonium 
bromide (CTAB)-modified iron oxide particles on human liver carcinoma cells HepG2 
at a concentration of 0.1 mg/mL, while maintaining the hyperthermic window of 43 to 
46  °C. Interestingly, they incubated the cells with MNPs only for 4 hours before MFH 
compared to 24 h incubation of ours. Previously we reported the effect of MFH on HeLa 
cells using lauric acid-coated Mn–Zn ferrite fluid under the same frequency and field 
that resulted in 55 and 60% cell death after 30 and 60  min treatment, respectively, at 
0.35 mg/mL concentration (Bhardwaj et  al. 2020). Enhanced cell death of 70 and 76% 
after 30 and 60  min of treatment, respectively, was observed when hyperthermia was 
performed using MF of 0.75 mg/mL concentration (Parekh et al. 2020). Comparing the 
hyperthermic effect of different MF types on cell viability in the present study and our 

Fig. 10 Hyperthermic effect of a MFWL and b (MFWI) on HeLa cells’ viability using TPB assay. Microscopic 
images of the control cells without MF and without HT (c1 and d1); after 60 min hyperthermia without MFWL 
(c2) and without MFWI (d2); after 24 h interaction with MFWL (c3), and MFWI (d3); and after 24 h interaction 
and 60 min hyperthermia with MFWL (c4) and MFWI (d4)
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previous reports, the MFWI was found to be more toxic at a lower concentration, fol-
lowed by MFWL. One of the limitations of our study was the observed cytotoxicity due 
to MF alone without induction heating. MFs leading to effective killing of cancer cells 
after induction heating are desirable. Overall, our study results suggest that the outer 
stabilizing layer, MF concentration, and hyperthermia duration are essential parameters 
for designing and planning future MFH based therapy against cancer.

Conclusions
The present study reports cytotoxicity of magnetic fluids on HeLa cells stabilized using 
two different approaches: (i) sterically stabilized fluid and (ii) ionic stabilized fluid. The 
crystallite size of surfactant-stabilized particles (MFWL) was higher (11.0 ± 0.5  nm) 
compared to the charge stabilized particles (8.3 ± 0.5 nm). The magnetic size was meas-
ured to be 10.3  nm and 8.2  nm, respectively, for surfacted and ionic magnetic fluid. 
The hydrodynamic size obtained was 29.3 ± 0.3 nm and 24.6 ± 0.3 nm, respectively, for 
MFWL and MFWI. The observed hydrodynamic size was higher as compared to the 
crystallite size due to the consideration of the layer of surfactant as well as dispersion 
medium around the particles. Both TGA and FTIR results revealed chemically bound 
layer of surfactant or charge around the particle surface. Induction heating experiments 
showed that the SAR of the surfactant-coated particles was almost double compared 
to ionic particles, possibly due to the reduced size of MFWI compared to MFWL. SAR 
of MF was analyzed at different magnetic field strengths and varying concentration of 
magnetic particles using induction heating applicator at 330 kHz frequency. The cyto-
toxicity of the optimized concentration of magnetic fluids was examined on HeLa cells 
by performing MTT and TPB assays. A maximum 1-hour induction heating using the 
surfactant-coated magnetic fluid led to an approximately 66% cell death at the concen-
tration of 0.25 mg/mL, whereas charged magnetic fluid caused a cell death up to 80% at 
0.2 mg/mL concentration. The preliminary analysis of this study shows significant cell 
death due to hyperthermia, wherein MFWI revealed higher cytotoxicity compared to 
MFWL. Further investigations into the role of MNPs’outer stabilizing layer, MF amount, 
and hyperthermic duration are desirable to utilized MFH as a futuristic anti-cancer ther-
apeutic approach.
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