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Bio-inactivation of human malignant cells through highly
responsive diluted colloidal suspension of functionalized
magnetic iron oxide nanoparticles
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Abstract Magnetic fluids, more specifically aque-

ous colloidal suspensions containing certain magnetic

nanoparticles (MNPs), have recently been gaining

special interest due to their potential use in clinical

treatments of cancerous formations in mammalians.

The technological application arises mainly from their

hyperthermic behavior, which means that the nanopar-

ticles dissipate heat upon being exposed to an alter-

nating magnetic field (AMF). If the temperature is

raised to slightly above 43 �C, cancer cells are

functionally inactivated or killed; however, normal

cells tend to survive under those same conditions,

entirely maintaining their bioactivity. Recent in vitro

studies have revealed that under simultaneous expo-

sure to an AMF and magnetic nanoparticles, certain

lines of cancer cells are bio-inactivated even without

experiencing a significant temperature increase. This

non-thermal effect is cell specific, indicating that

MNPs, under alternating magnetic fields, may effec-

tively kill cancer cells under conditions that were

previously thought to be implausible, considering that

the temperature does not increase more than 5 �C,
which is also true in cases for which the concentration

of MNPs is too low. To experimentally test for this

effect, this study focused on the feasibility of inducing

K562 cell death using an AMF and aqueous suspen-

sions containing very low concentrations of MNPs.

The assay was designed for a ferrofluid containing

magnetite nanoparticles, which were obtained through

the co-precipitation method and were functionalized

with citric acid; the particles had an average diameter

of 10 ± 2 nm and a mean hydrodynamic diameter of
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approximately 40 nm. Experiments were first per-

formed to test for the ability of the ferrofluid to release

heat under an AMF. The results show that for

concentrations ranging from 2.5 to 1.0 9 103

mg L-1, the maximum temperature increase was

actually less than 2 �C. However, the in vitro test

results from K562 cells and suspensions containing

these MNPs at concentrations varying within a

narrower range from 2.5 to 10 mg L-1, typically

under an AMF of 15 kA m-1 at 356 kHz, indicate

efficient cytotoxic activity against malignant cells and

inhibition of cell growth, even at very low hyperther-

mally induced temperature increases. The IC50 value

varied with time, reaching 3.5 mg L-1 after 10 min

under the AMF. Our results effectively demonstrate

new prospective uses for such nanoparticles in

advanced medical practices in oncology.

Keywords Magnetite nanoparticles �
Nanotechnology � Chemical functionalization �
Magnetic hyperthermia � Cancer therapy �
Nanomedicine

Introduction

Magnetic hyperthermia is a cancer therapy based on

alternating magnetic fields (AMFs) and magnetic

nanoparticles acting as heat-dissipating agents. In this

therapy practice, magnetic nanoparticles resonantly

respond to an alternating magnetic field by converting

the magnetic energy into heat; this capability is due to

superparamagnetism. This hyperthermic effect can be

used in the treatment of cancer by exposing tumorous

organs or tissues to locally controlled higher temper-

atures (42–46 �C), which tend to damage and kill

malignant cells (Ito et al. 2005; Mahmoudi et al. 2011;

Laurent et al. 2011; Salunkhe et al. 2014). In 2010, the

treatment of tumors using magnetite nanoparticles as

agents to generate intra-tissue heat received the

approval of the European Regulatory Agency as a

new clinical therapy (MagForce 2010).

Most significantly, these studies have demonstrated

cancer cell death only if the temperature is raised

above 43 �C by the heat dissipation of magnetic

nanoparticles following AMF exposure (4.5). How-

ever, it has been recently reported that magnetic

nanoparticles in AMFs were able to induce dramatic

cell death without increasing the temperature of the

bulk solution (Creixell et al. 2011; Villanueva et al.

2010; Ası́n et al. 2012). The non-thermal effect is cell

type specific, indicating that in alternating magnetic

fields, MNPs may effectively kill cancer cells under

conditions previously considered implausible, i.e.,

temperature increases less than 5 �C, low concentra-

tions of MNPs, and low magnetic field amplitudes and

frequencies. Recent studies have reported that only

WEHI-164 (Jadhav et al. 2013), MDA-MB-468 and

MCF-7 (Creixell et al. 2011), He-La (Villanueva et al.

2010), MDA-MB (Thomas et al. 2011), and dendritic

cells (Marcos-Campos et al. 2011; Ası́n et al. 2013)

showed significant cell death after AMF and magnetic

nanoparticle exposure without a temperature increase

(Goya et al. 2013).

Nanoparticles of magnetic iron oxides, such as

magnetite and maghemite, are particularly attractive

for biomedical and biotechnological applications as

they exhibit superparamagnetic behavior with suit-

able saturation magnetization, as well as relatively high

magnetic susceptibilities and biocompatibility (Ga-

marra et al. 2010; Hergt and Andra 2007; Ho et al.

2011; Jordan et al. 1999; Kulshrestha et al. 2012;

Laurent et al. 2008; Neuberger et al. 2005; Sharifi et al.

2012; Tartaj et al. 2003). Magnetite and maghemite are

materials that are broadly tested as hyperthermia agents

in different sizes and shapes and that can be injected

either intratumorally or intravenously. However, these

materials tend to self-aggregate and form large agglom-

erates due to their anisotropic dipolar attraction. These

agglomerates make nanoparticle suspensions struc-

turally unstable, leading to the loss of critical properties

related to the magnetic monodomain structures, such as

the superparamagnetism. The nanosized dimensions

also increase the chemical reactivity of these particles,

resulting in much faster degradation in biological

environments (Pankhurst et al. 2003; Ito et al. 2005;

Laurent et al. 2011). This lack of stability tends to

restrict the application of magnetite nanoparticles in

clinical practices. Conversely, the colloidal stability can

be significantly improved through surface functional-

ization (Mout et al. 2012; Hosseini et al. 2013; Deng

et al. 2014) with peptides (Cavalli et al. 2012;Wei et al.

2013), nucleic acids (Nyamjav and Ivanisevic 2005)

(DNA, RNA), silica (Ferreira et al. 2010a, b), polymers

(Lee et al. 2004; Gupta and Gupta 2005; Reddy et al.

2007; Hajdú et al. 2012), or small molecules, such as

carboxylates and phosphates (Ferreira et al. 2010a;
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Sousa et al. 2013; Saraswathy et al. 2014). The colloidal

stability of suspensions in biological environments

under a magnetic field is a very important feature for

biomedical and biotechnological applications. Func-

tional agents prevent the formation of large agglomer-

ates in aqueous environments, thereby providing the

technological alternative of obtaining stable colloidal

suspensions (Berry and Curtis 2003; Harris et al. 2003;

Illés and Tombácz 2006; Faraji and Wipf 2009; Ding

et al. 2010; Frimpong et al. 2010; Huang and Juang

2011;Hajdú et al. 2012;Nguyen 2013; Saraswathy et al.

2014).

This report describes a detailed study on the feasi-

bility of inactivating K562 human tumor cells via a

method involving the increase of the local temperature

surrounding the cells by exposing functionalizedMNPs

to an AMF. To so do, magnetite nanoparticles were first

synthesized, and MNP crystallographic and hyperfine

structures, chemical composition, morphology, size,

and thermogravimetric behavior were analyzed. The

magnetite nanoparticles were then functionalized with

citric acid in an attempt to obtain stable suspensions that

could be suitably and safely used as cancer therapy

agents. Temperature dependence on the AMF and

nanoparticle concentration in the aqueous ferrofluidwas

first assessed in an attempt to determine the optimal

conditions for obtaining only slight or moderate local

temperature increases.

Experimental details

Materials

Ferrous chloride (FeCl2�4H2O), ferric chloride (FeCl3-
6H2O), hydrochloric acid (HCl), citric acid, and

ammonium hydroxide (NH4OH) were purchased from

Sigma-Aldrich, USA. All chemicals were analytical

grade with 99.99 % purity and were used without

further purification.

Synthesis of the magnetite nanoparticles

The synthesis of the magnetite nanoparticles was

performed using the co-precipitation method. The

synthesis consisted of mixing FeCl3�6H2O and FeCl2-
4H2O at a stoichiometric ratio of 2:1 (Fe3?/Fe2?) in an

alkaline medium (Ferreira et al. 2010a, b). The material

was lyophilized; this sample was labeled ‘‘Mag.’’

Citric acid magnetite nanoparticle surface

modification

The chemical functionalization was conducted by

adding citric acid to the suspension containing the

magnetite nanoparticles (Mag) in water. The suspen-

sion was stirred for 30 min at 80 �C. The sample was

washed with water to remove the excess citric acid,

and the sample was then lyophilized (Ferreira et al.

2010a); this sample was labeled ‘‘MagCA.’’

Suspensions were prepared with the MagCA mate-

rial at concentrations of 1.0, 2.0, and 10.0 g L-1 in

water at near-neutral pH (7.0–7.4), and the suspen-

sions were sonicated for 6 h.

Physicochemical characterization

The X-ray diffraction patterns were obtained using a

Geigerflex model Rigaku diffractometer, with Co(Ka)
radiation, over a range from 20� to 80� (2h) at a rate of
4� per minute; standard silicon was used as an external

standard. The XRD data were numerically refined

through the least-squares method using the FullProf

fitting program (version January 2011).

Fourier transform infrared (FTIR) spectra were

obtained through transmissionmode in a Perkin-Elmer

Spectrum GX spectrometer. The samples were

ground, dispersed in KBr, and pressed into tablets.

The spectra were obtained over the interval of

4000–400 cm-1 with a resolution of 4 cm-1.

Thermogravimetric analyses were performed in a

Netzsch STA 409EP thermobalance under N2 flux. An

initial mass of*10 mg was heated from 30 to 750 �C
at a rate of 10 �C/min with a gas flow of

100 mL min-1.

Quantification of the iron oxide in the MagCA

sample was performed by the colorimetric method

with ortho-phenanthroline. The absorbance of the

solutions was obtained at 510 nm in a spectropho-

tometer UV–Visible Shimadzu UV-mini, according to

a method reported by Schwertmann and Cornell

(2003).

The mean hydrodynamic diameter and polydisper-

sity index (PDI) of the iron oxide nanoparticle

suspensions were determined using dynamic light

scattering (Nano Size ZS equipment). Intensity corre-

lation functions were measured at a scattering angle of

h = 90� using a wavelength of 633 nm. All reported

hydrodynamic diameters were calculated using the

J Nanopart Res (2016) 18:92 Page 3 of 16 92

123



Stokes–Einstein equation, rh = kT/(6pgD), where k is
Boltzmann’s constant, T is the temperature, g is the

solvent viscosity, D is the diffusion constant, and rh is

the hydrodynamic radius of the spherical particle. The

zeta potential of the iron oxide nanoparticle suspen-

sions was evaluated by the electrophoretic mobility of

charged particles using phase analysis light scattering

and Nano Size ZS equipment. For the measurements,

the MagCA and Mag samples were dispersed in water

and sonicated for 6 h. The pH of these solutions was

measured and adjusted with either aqueous

KOH 10-3 mol L-1 or HNO3 10
-3 mol L-1; the

particle sizes were measured as a function of pH.

The samples were imaged using transmission

electron microscopy (TEM); a Tecnai G2-20—Su-

perTwin FEI microscope was used with an accelerat-

ing voltage of 200 kV. Several drops of the

nanoparticle suspensions were deposited on micro-

scope grids; the images were captured once the solvent

had evaporated.

The Mössbauer spectra were collected in constant

acceleration transmission mode with a *15 mCi

Co57/Rh gamma-ray source. A spectrometer equipped

with a transducer (CMTE model MA250) controlled

by a linear function driving unit (CMTE model

MR351) was used to obtain the spectra at 298 and

150 K. The Mössbauer isomer shifts shown are

relative to an a-Fe foil at room temperature. The

experimental data were least-squares fitted to Lor-

entzian functions using NORMOSTM_90 software.

Heating ability studies

Heat dissipation measurements were accomplished

using Easy Heat Ambrell equipment. MagCA aqueous

suspension aliquots (2 mL) of different concentrations

(0.0025–10 g L-1) were placed inside plastic tubes

and positioned in the middle of an induction coil

operating at a frequency of 356 kHz. AMF with an

amplitude of 15 kA m-1 was applied initially for 30 s.

The temperature increase was measured after expo-

sure to the AMF with a TEPSE digital thermometer

model WT-1. The procedure was repeated after

increasing the exposure time in the intervals of 30 s.

The SAR values were calculated according to Eq. (1):

SAR ¼
P

i Cimi

m

DT
Dt

; ð1Þ

where Cimi is the heat capacity of the component i, in

which the temperature is to be increased by applying

the AMF, m is the mass of the magnetic iron oxide

component, and DT
Dt is the initial slope of the temper-

ature (T)-time (t) dependence profile, which is

defined as being the first 60 s (t = 0) immediately

after the magnetic field is applied. The calculations

were based on the specific heat capacity of water,

4.18 J g-1 K-1; the product Cimi is insignificant for

magnetite nanoparticles compared with the quantity

Cimi for water.

Cell culture

The K562 cell line originated from the pleural effusion

of a 53-year-old woman who developed chronic

myelogenous leukemia and was in terminal blast

crisis; K562 cells were purchased from the Rio de

Janeiro Cell Bank (index at the RJCB collection #

CR083). The cells were cultured in RPMI 1640

(Sigma) medium supplemented with 10 % fetal calf

serum (Cultlab; São Paulo, Brazil) at 37 �C in a

humidified atmosphere with 5 vol% CO2. The cells

grew exponentially from 1 9 105 to approximately

8 9 105 cells mL-1 over 3 days. Cell viability was

assessed using the trypan blue exclusion protocol. The

number of cells was determined according to Coulter

counter analysis.

Cell growth inhibition

For the cytotoxicity assessment, 1 9 105 cells mL-1

were cultured for 48 h with different concentrations of

MagCA. Control experiments were conducted accord-

ing to the same protocol described but without

nanoparticles. Cell sensitivity to the nanoparticles

was evaluated by the concentration required to inhibit

50 % of cellular growth, otherwise known as the IC50

index. The concentrations used in the cytotoxicity

assays ranged from 0 to 0.01 g L-1. Cell viability was

again assessed using the trypan blue exclusion

protocol.

Cell growth inhibition with magnetic field

exposure

For the cytotoxicity studies under a magnetic field,

approximately 105 cells were suspended in 1 mL of
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the culture medium (RPMI 1640 with 10 % of fetal

serum). With different concentrations of nanoparti-

cles, which ranged from 0 to 0.004 g L-1, the cells

were submitted to a magnetic field of 15 kA m-1 at

356 kHz for 5 or 10 min. The cells were then

incubated for 48 h; the IC50 value was determined as

described above. To determine whether exposure to

the magnetic field affected cell viability, control

experiments were conducted following this same

protocol but without nanoparticles. All of the assays

were conducted in triplicate.

Results and discussion

Physicochemical characterization

The powder X-ray diffraction (XRD) patterns for the

Mag sample are presented in Fig. 1. The main

characteristic peaks were obtained with the (h k l)

values of (2 2 0), (3 1 1), (4 0 0), (4 2 2), and (5 1 1).

From the Rietveld refinement (v2 = 2.12), the

observed value, a = 8.396 Å, is the standard value

reported on the JCPDS card # 19-629. This strongly

indicates that magnetite was the only or the major

crystalline phase in this Mag sample (Roca et al.

2007). The mean coherent length, which reflects the

mean particle size of the Mag sample, was found to be

9 nm, as calculated using the Scherrer formula.

The FTIR spectrum collected over the range from

450 to 4000 cm-1 for the MagCA sample (Fig. 2a)

shows a band at 590 cm-1 corresponding to the

symmetric stretch of the Fe–O bond. The intense band

at 3414 cm-1 can be assigned to the stretching of

hydroxyl groups that include contributions from the

–OH group of water molecules, which are thought to

adsorb onto the surface of the iron oxide particles;

carboxylic acid group stretching also contributes to

this band. The band at 2924 cm-1 is related to the

stretching of the –CH2 group. The citric acid bound

onto the surface of the magnetite nanoparticles may be

responsible for the shifted bands at 1617 and

1387 cm-1. These shifts are related to the symmetric

and asymmetric stretches of the C–O group of the

citric acid molecules, which are characteristically

centered at 1633 and 1376 cm-1, respectively (Harris

et al. 2003; Zhang et al. 2006; Roca et al. 2007).

The thermal weight loss curve (TG; Fig. 2b) shows

three stages, and the differential thermal analysis curve

(DTA) consistently shows three exothermal events.

The first mass loss (4 %), which occurs in the range of

31–108 �C, is related to the loss of water adsorbed on

the surface of the magnetite nanoparticles. The second

(19 %) and third (6 %) stages can be interpreted as

being due to the decomposition of citric acid adsorbed

on the surface of the magnetite nanoparticles, which

are shown as exothermal peaks at 207 and 398 �C.
These latter events corresponded to 25 % of the mass

reduction, which indicated that the chemical function-

alization yielded magnetite nanoparticles that were

25 % w/w citric acid. The chemical quantification of

the iron oxide component of the sample, conducted

using the ortho-phenanthroline method (Stucki 1981),

indicated that the citric acid content corresponded to

approximately 20 mass%, which was very similar to

the value obtained by TGA.

The TEM images (Fig. 3) allowed inferences about

the shape, size, and uniformity of the particles before

and after being chemically functionalized. In effect,

the magnetite nanoparticles were found to be almost

spherical and highly agglomerated, with a narrow size

distribution and a mean diameter of 10 ± 2 nm, as

shown in Fig. 3a, b. This result is very close to 9 nm,

which was the mean coherent length value obtained

from the XRD data using the Scherrer formula.

Functionalizing the magnetite nanoparticles with

citrate groups lowered the mean particle size to a mean

diameter of d = 7 ± 2 nm and narrowed the size

distribution (insets of Fig. 3a, b).

The TEM images (Fig. 3a, b) show that the Mag

sample was composed of agglomerates with a meanFig. 1 Rietveld refinement pattern for the Mag sample
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diameter of approximately 50 nm, which decreased

upon coating the nanoparticles. The MagCA sample

exhibited a lower degree of agglomeration than that of

the Mag sample. This is likely because of the presence

of the citric acid layer on the magnetite surface (Sousa

et al. 2013; Saraswathy et al. 2014). The average

hydrodynamic diameter (Dh = 238 nm) and the poly-

dispersity index PDI (0.419) obtained for the Mag

sample through dynamic light scattering (DLS) mea-

surements also suggest that this suspension sample

was composed of agglomerated particles. The PDI

indicates a heterogeneous population in relation to

size. The zeta potential of the Mag suspension sample

at a pH of 7 was low (-9.8 mV), which is character-

istic of an unstable suspension with agglomerated

particles.

DLS analysis of the MagCA suspension showed

that the average hydrodynamic diameter was 85 nm,

and the polydispersity index was 0.17. In comparison

with the DLS results of the non-functionalized sample,

these results indicate that the size distribution became

more homogeneous after the nanoparticles were coated

with citric acid. The zeta potential was also a much

higher value (-39.7 mV) that was typical for a

stable suspension (ZetaSizer Nano Series User Manual

2004).

Stability

To evaluate the stability of the magnetite nanoparticles

as a function of time, 57Fe Mössbauer measurements

were performed using samples that had been aged for

approximately 1 month (Fig. 4).

The experimental Mössbauer spectrum for the Mag

sample was least-squares fitted with two blocks of

model-independent hyperfine field distribution

(Fig. 5); one block was for the A sites (Fe3?–O in

tetrahedral coordination sites), and the other block was

for the B sites (electronically coupled Fe3?–O and

Fe2?–O in octahedral sites) of the magnetite structure.

The resonance lines in all cases were asymmetrically

broadened in comparison with the typical symmetrical

Lorentzian shape, as would be expected for pure bulk

magnetite. Following this fitting model, the isomer

shift values were made to linearly vary with the

hyperfine field values. The probability profiles of the

hyperfine field distribution for the month-old Mag

samples were nearly similar to those measured at the

time of synthesis. The same was true for the hyperfine

field and isomer shift values. Regarding the values of

the Mössbauer parameters for all measurements

(Table 1), the hyperfine fields at maximum probabil-

ity, Bmax
hf , were found at 45(1) and 46(1) T, with the

corresponding averaged isomer shifts relative to aFe,
�d=aFe = 0.27(4) and 0.27(3) mm s-1, respectively,

for the tetrahedral sites; Bmax
hf = 41.7(4) and 43.7(8) T

and �d=aFe = 0.73(1) and 0.58(2) mm s-1, respec-

tively, were found for the octahedral sites. These data,

together with those from XRD and FTIR, confirm the

occurrence of magnetite in the Mag sample.

Fig. 2 FTIR spectra of a MagCA, Mag, and citric acid and

b TG–DTA curves for MagCA
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The differences between the spectra obtained for

this magnetite sample and the typical spectra expected

for bulk magnetite can be due to several reasons.

According to data reported in the literature (Morup

et al. 1976; Roca et al. 2007), the small particle size

distribution may lead to an inhomogeneous hyperfine

coupling and asymmetric line broadening. Magnetic

relaxation effects in a suspension of small particles

with a given size distribution may cause line broaden-

ing and asymmetry of the resonance lines, relative to

the theoretical Lorentzian shape (Morup et al. 1976).

No substantial difference was observed in the

Mössbauer spectra and their corresponding set of

hyperfine parameters between the measurements

obtained from Mag samples at the time of synthesis

and those obtained a month after synthesis, which

indicates that this synthetic iron oxide is chemically

stable on a reasonable time scale.

Mag and MagCA samples were independently

synthesized and prepared the same way as the previous

preparations were with the specific purpose of assess-

ing any eventual chemical effects of the citric acid

layer on the hyperfine structure of the iron oxide. Any

such effect would sensitively be reflected by differ-

ences in chemical, crystallographic, or magnetic

structure. The Mössbauer spectra taken from samples

at 150 K, well above the Verwey transition temper-

ature of TV * 120 K, are presented in Fig. 6. The

numerical analysis performed by fitting these exper-

imental spectra with an independent hyperfine field

distribution led to the probability profiles shown in

Fig. 7. From these results, the two expected sites

(Table 2) for magnetite were still identified through

the mixed valence Fe3?/2? in octahedral sites, for

which the averaged isomer shift (�d=aFe) value relative
to the aFe was relatively higher than that of Fe3?

Fig. 3 TEM images of the aMag and bMagCA samples. Inset shows particle size and size distribution for Mag and MagCA samples
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(relatively lower �d=aFe values) in tetrahedral Fe–O

polyhedra. These data show that the partial sum of the

subspectral areas due to the assigned mixed valence

octahedral Fe3?/2? of theMag sample (RA = 54.6 %)

corresponds well to that of the MagCA sample

(RA = 58.6 %). The sum of the corresponding sub-

spectral areas of Fe3? in tetrahedral sites

(RA = 45.4 % for Mag and RA = 41.4 % for

MagCA) must complement the whole individual

spectrum of magnetite, as no other iron-bearing

species was assigned for either of these two samples.

The hyperfine field values (Table 2) were also com-

parable for the corresponding octahedral sites [Mag

sample, Bmax
hf = 37(2), 43(2), 47(1), and 50.2(8) T;

MagCA sample, Bmax
hf = 37(4), 44(4), 47(1), and

50.0(8) T] and tetrahedral sites [Mag sample, Bmax
hf

= 35.5(5), 43(2), 48(1), and 50.6(9) T; MagCA

sample, Bmax
hf = 36.6(3), 44(4), 48(2), and 50.

2(6) T] for the two samples. Each of these maximum

hyperfine field values at 150 K most likely corre-

sponds to a hyperfine interaction of a given fraction of

the particle size distribution in the sample. If that is

true, further cooling the samples might block any

remaining magnetic relaxation to yield spectra with

narrower resonance lines.

The differences in the relative individual areas

(Table 2), in which the partial area due to each fraction

of iron sites was numerically decomposed in Gaussian

profiles, are due to numerical uncertainties in fitting

the probability curves. Therefore, the hypothesis of the

influence of the citric acid layer on the hyperfine

structure of the as-prepared iron oxide is negligible; no

effect of the citric acid layer on the iron oxide structure

could be clearly observed.

Figure 8a presents zeta potential as a function of pH

for these magnetite nanoparticles, before and after

citric acid functionalization. The isoelectronic points

of the functionalized and non-functionalized samples

were found to be pH = 3.0 and 6.9, respectively. This

shift corroborates the surface modification of the

particles in the sample after being coated with citric

acid.

Figure 8b shows the zeta potential and hydrody-

namic diameter of this magnetite as functions of pH.

The zeta potential observed at pH values below 3.0

was considered to be rather low, meaning that the

particles surfaces are not electrically charged to a large

extent. The dipolar attraction between the magnetic

dipoles of the nanoparticles causes the particles to

agglomerate. This explains the large average hydro-

dynamic diameters (1770 and 1860 nm) in compar-

ison with the size of the nanoparticles (10 nm). In the

pH range from 4.0 to 6.0, most of the citrate groups are

chemically dissociated, and this creates negative

charges on the surface of the coated magnetite

nanoparticles. Although the suspension is still com-

posed of agglomerated particles between pH 4.0 and

6.0, the zeta potential increases by 18–24 mV, mean-

ing that the hydrodynamic diameter is much smaller,

such as 456, 286, and 204 nm. Above pH 7.0, all the

acid groups are deprotonated, causing the surface

charge to be even more negative. When zeta potential

reached more negative values that are typical of a

stable suspension, specifically, -39 mV, the average

hydrodynamic diameter was reduced to 85 nm. This

value tended to remain the same at pH 8.0 and 9.0,

indicating that in this range, the particle surface was

sufficiently charged, resulting in an electrical repul-

sion among the particles. The observed variation of the

hydrodynamic diameter as a function of pH was thus

consistently in agreement with the zeta potential

values.

To evaluate the stability of the suspensions as a

function of time, the hydrodynamic diameters were
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Fig. 4 Mössbauer spectra at 298 K for the Mag sample.

Stability of the magnetite nanoparticles as a function of time:

a at the time of synthesis and b 11 days, c 17 days, and

d 30 days after synthesis
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continuously measured over a period of 7 days.

Figure 9a shows that the MagCA sample did not

present any significant variation in hydrodynamic

diameter during the 7 days. During the same period,

the Mag sample presented an increase of approxi-

mately 100 % of the initial hydrodynamic diameter

value. Comparing these results with those obtained for

the non-functionalized magnetite nanoparticles, the

pH 7.0 aqueous suspension of functionalized particles

was significantly different.

Suspension stability was also monitored by UV–

Vis absorbance for 7 days (Fig. 9b). In the first 5 h,

measurements were carried out at intervals of 1 h

(inset Fig. 9b). Other measurements were performed

after 24, 48, and 72 h as well as 7 days. In the first 5 h,

the stability of the suspension of the functionalized

magnetite nanoparticles (MagCA) was noticeably

higher than that of the non-functionalized particles

(Mag). After 1 h, the absorbance of the Mag sample

had significantly dropped, whereas the absorbance of
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the MagCA sample remained constant. The MagCA

absorbance behavior indicates that the functionalization

improved the stability of the suspension, at least for the

first 5 h. Even after 7 days, the observed decrease in

absorbance was only marginally significant.

Heating capability studies

To evaluate the heating dissipation profile of the

MagCA suspension, an in vitro study was carried

out using an AMF frequency of 356 kHz and a

field strength of 15 kA m-1. Figure 10 presents the

time dependence of the temperature for the aque-

ous suspensions containing MagCA nanoparticles,

which varied in concentration from 0.0025 to

10 g L-1.

As clearly shown in Fig. 10, the rate of temperature

increase is strongly concentration dependent. The

more concentrated is the suspension, the higher is the

temperature increase. The results also show that for

the magnetic nanoparticle concentrations ranging

from 0.0025 to 1.0 g L-1, the temperature increase

was not enough to reach 43 �C. It was possible to

reach hyperthermic temperatures, i.e., an increase of

Table 1 298 K-Mössbauer

parameters for the Mag

sample deduced from

model-independent

hyperfine field distributions

Stability of the magnetite

nanoparticles as a function

of time. Fe3þ=2þ = mixed

valence iron in octahedral

sites; Fe3þ iron in

tetrahedral sites;
�d=aFe = averaged isomer

shift relative to aFe;
Bmax
hf = maximum-

probability hyperfine field

and RA = relative

subspectral area

Measurement Assignment �d=aFe Bmax
hf RA (%)

Readily after the synthesis Fe3þ=2þ 0.71(1) 13.7(2) 5.79(1)

0.72(1) 28(7) 22.76(8)

0.73(1) 39(2) 20.25(7)

0.73(1) 41.7(4) 6.66(1)

Fe3þ 0.20(2) 28.3(6) 3.96(1)

0.26(2) 38(4) 20.00(1)

0.28(2) 43(3) 14.6(1)

0.31(2) 46(1) 5.98(1)

11 days after the synthesis Fe3þ=2þ 0.60(2) 14.2(2) 8.40(1)

0.59(2) 29(9) 23.1(1)

0.59(2) 39(7) 19.3(2)

0.58(2) 43.7(8) 10.8(1)

Fe3þ 0.12(3) 29(3) 5.15(1)

0.19(3) 38(5) 12.80(7)

0.23(3) 43(2) 11.4(1)

0.27(3) 46(1) 9.05(5)

17 days after the synthesis Fe3þ=2þ 0.85(3) 13.39(9) 11.64(1)

0.79(3) 23.7(2) 5.31(1)

0.73(3) 34(1) 22.30(2)

0.69(3) 42.7(6) 13.06(2)

Fe3þ 0.15(4) 25(2) 3.37(1)

0.22(4) 37(7) 18.91(6)

0.25(4) 42(7) 11.7(1)

0.27(4) 45(1) 13.71(6)

30 days after the synthesis Fe3þ=2þ 0.70(1) 13.9(3) 8.16(1)

0.72(1) 25(8) 16.80(7)

0.74(1) 35(4) 13.68(1)

0.75(1) 43(3) 15.45(1)

Fe3þ 0.17(2) 28.5(7) 2.65(1)

0.23(2) 38(4) 18.29(4)

0.25(2) 43(2) 16.94(7)

0.28(2) 46.2(9) 8.03(1)
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the medium temperature of approximately 5 �C, only
with magnetite nanoparticle suspension concentra-

tions up to 2.0 g L-1.

The SAR coefficient revealed that the heat produc-

tion efficiency decreased with the MagCA concentra-

tion. The SAR values obtained from MagCA

suspension concentrations of 1.0, 2.0, and

10.0 g L-1 were 139, 70, and 14 W g-1, respectively.

The highest SAR value (139 W g-1) was obtained

from the suspension with the lowest concentration

(1.0 g L-1); these results show that the SAR value

decreases with increasing concentrations of particles

in suspension. This behavior is related to the relax-

ation mechanism of heat dissipation. Themagnitude of

the heating scale is strongly influenced by interparticle

interactions. If the magnetite nanoparticle concentra-

tion increases in the suspension, the first consequence

is that the mean distance between adjacent magnetic

particles is reduced. If the system is further exposed to

an external AMF, the magnetic dipolar interaction will

become relevant, and the interactions among the

particles will inhibit the relaxation mechanism, result-

ing in lower SAR values.

Effect of MagCA on cellular growth

with or without magnetic field exposure

The viability tests were based on assays involving the

exposure of ferrofluids with very low concentrations

of nanoparticles to the AMF. The results shown above
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demonstrate that exposing MagCA suspensions with

nanoparticle concentrations from 0.0025 to 1.0 g L-1

to the AMF leads to a maximum temperature increase

of approximately 2 �C, which is not sufficient to cause

direct hyperthermic effects. This concentration range

was thus chosen for the K562 cell viability tests.

After choosing the optimal magnetite nanoparticle

concentration range for the suspension, the first cell

viability assay was conducted with the higher con-

centration (1 g L-1) in the absence of an AMF.

Regarding cell viability, this concentration was found

to be too high; it was not possible to observe the cell

growth because the particles tended to cover the cells.

Thus, cell viability was evaluated using diluted

suspensions ranging from 0.0002 to 0.0100 g L-1.

The viability tests were performed both with and

without an alternating magnetic field within this

concentration range.

Figure 11a shows the viability of K562 cells that

were exposed to different suspension concentrations

of the MagCA sample. Predictably, for the tested

concentration range, cell viability was not signifi-

cantly affected by the suspensions without the appli-

cation of an AMF. Even at the highest concentration

tested, 0.0100 g L-1, cell viability was still above

80 % (Fig. 11a). These results were very different

when the cells were exposed to a magnetic field for

5 min (15 kA m-1 and 356 kHz). The cytotoxic effect

of MagCA became greatly enhanced, and this was

reflected by an IC50 = 0.0025 g L-1 (Fig. 11b). A

further increase of the exposure time to 10 min led to

an increase of cytotoxicity and an IC50 = 0.00035 -

g L-1. No effect of the magnetic field application on

Table 2 150 K-Mössbauer parameters for the Mag and

MagCA samples deduced from model-independent hyperfine

field distributions

Sample Assignment �d=aFe Bmax
hf RA (%)

Mag Fe3þ=2þ 0.56(3) 37(2) 5.26(1)

0.54(3) 43(2) 7.03(2)

0.53(3) 47(1) 27.80(3)

0.52(3) 50.2(8) 14.52(4)

Fe3þ 0.07(3) 35.5(5) 0.54(1)

0.21(3) 43(2) 4.18(1)

0.29(3) 48(1) 23.89(5)

0.34(3) 50.6(9) 16.78(4)

MagCA Fe3þ=2þ 0.44(3) 37(4) 3.90(1)

0.47(3) 44(4) 15.20(4)

0.49(3) 47(1) 17.23(4)

0.50(3) 50.0(8) 22.31(2)

Fe3þ 0.08(3) 36.6(3) 2.72(1)

0.22(3) 44(4) 11.02(2)

0.28(3) 48(2) 19.83(4)

0.32(3) 50.2(6) 7.79(3)

Fe3þ=2þ = mixed valence iron in octahedral sites; Fe3þ iron in

tetrahedral sites; �d=aFe = averaged isomer shift relative to

aFe; Bmax
hf = maximum-probability hyperfine field; and

RA = relative subspectral area

Fig. 8 a Zeta potential measurements as a function of pH for the MagCA and Mag samples and b zeta potential and hydrodynamic

diameter measurements for the MagCA sample
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cellular viability (15 kA m-1 and 356 kHz for 5 min)

was observed in the absence of the nanoparticles.

These results are very promising, and particularly a

hyperthermia effect (i.e., no significant temperature

increase) was not directly invoked and cannot explain

the cytotoxic effect. From the data shown in Fig. 11b,

one can see that a 5-min application of the magnetic

field on a stable aqueous suspension of MagCA in the

concentration range from 0.0025 to 0.005 g L-1

increases the medium temperature by only 1 �C.
Therefore, our results indicate that an AMF exposure

induces a significant cytotoxic effect against tumor

Fig. 9 a Hydrodynamic diameter measurements as a function

of time and b UV–Vis absorbance measurements as a function

of time for the Mag and MagCA samples

Fig. 10 a Temperature versus time of exposure to a 15 kA m-1

AMF for MagCA aqueous suspensions of different

concentrations

Fig. 11 a Effect of MagCA

concentration on cell growth

without an AMF. The values

are the mean of triplicate

determinations. b Effect of

MagCA concentration on

cell growth with an AMF.

The cells were exposed to a

magnetic field (15 kA m-1

and 356 kHz) for 5 min

(open circles) and for

10 min (filled circles). The

values are the mean of

triplicate determinations

(Morup et al. 1976)
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cells without requiring a significant increase in

temperature. The mechanism of the induction of the

cytotoxic action by AMF application remains to be

clarified. However, it is clear that under the experi-

mental conditions of these assays, hyperthermia alone

cannot be responsible for the increased cytotoxicity

observed in the K562 cells.

These findings are substantially relevant, as they

indicate that no local high-temperature side effects,

which are often associated with this type of oncolog-

ical therapy, would now harm the treated human

tissue. In addition, hyperthermic heating also would be

a particularly restrictive technique for addressing the

treatment of small tumors or metastatic cancers, which

usually require high concentrations of magnetite

nanoparticles to increase the temperature sufficiently

(Hergt and Dutz 2007). Our results show that

relatively low concentrations of MagCA can inhibit

tumor cell growth with very low temperature changes

relative to that of a normal, living human body. The

considerable inhibitory effect of the MagCA nanopar-

ticles on cell growth under the application of a

magnetic field opens a new window for the techno-

logical development of cancer therapy.

Conclusions

In this work, magnetite nanoparticles were easily

prepared through the co-precipitation method. The

obtained X-ray diffraction results indicated that the

magnetite nanoparticles only exhibited the spinel

phase of Fe3O4. The Mössbauer measurements

revealed that the magnetite nanoparticles appeared to

be chemically stable over time. No substantial differ-

ences in hyperfine parameters were observed for the

synthetic iron oxide. The size of the particles deter-

mined using transmission electronic microscopy and

DLS showed that the sample was composed of isolated

particles 10 nm in diameter that formed large, hetero-

geneous agglomerates. The polydispersity index

showed that in an aqueous suspension, the magnetite

nanoparticles exhibited a large size distribution.

Characterization of the magnetite nanoparticle sus-

pension performed using UV–Visible spectrophotom-

etry, dynamic light scattering, and zeta potential

measurements indicated that at a pH close to 7, the

aqueous magnetite nanoparticle suspension was not

stable, which explains the need for surface

functionalization.

The surface functionalization of the Fe2O3 nanopar-

ticles was successfully achieved using citric acid

molecules. FTIR spectroscopy, thermal analysis, and

zeta potential measurements confirmed this modifica-

tion. The size of the particles after functionalization

was 7 nm, and the large agglomerates were dispersed.

This effect is beneficial and demonstrates the efficacy

of this method. The aqueous MagCA suspension

showed relatively higher stability compared with that

of the non-functionalized sample at a pH close to 7.0.

Even after 7 days, the functionalized formulation

remained stable with no increase in particle size or

agglomerate formation.

The studies on temperature increase in the presence

of an AMF showed that the nanoparticle concentration

had an effect on the efficiency of the dissipation of

heat. The assays examining the relation between

temperature and nanoparticle concentration under an

AMF indicated that the magnetic nanoparticle con-

centrations did not exhibit local macroscopic temper-

ature increases. The functionalized magnetite

nanoparticles alone did not affect the growth of tumor

(i.e., chronic myelogenous leukemia) cells; however,

under the application of a magnetic field, a consider-

able inhibition of growth was observed. The in vitro

tests showed significant cytotoxic effects even at very

low nanoparticle concentrations. The temperature was

found to be nearly constant, suggesting that the K562

cells did not experience any direct thermal effects that

would cause cytotoxicity. The substantial inhibitory

effect on cell growth exerted by very low concentra-

tions of the stable MNP suspensions under the

application of a magnetic field opens a new possibility

for the use of magnetite nanoparticles in cancer

therapy without requiring a significant temperature

increase.
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