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thermal properties of cobalt-
doped magnetite–carboxymethylcellulose
ferrofluids: smart nanoplatforms for potential
magnetic hyperthermia applications in cancer
therapy†

Alice G. Leonel,a Alexandra A. P. Mansur,a Sandhra M. Carvalho,a

Luis Eugenio F. Outon,b José Domingos Ardisson,c Klaus Krambrockb

and Herman S. Mansur *a

Magnetite nanoparticles are one of the most promising ferrofluids for hyperthermia applications due to the

combination of unique physicochemical and magnetic properties. In this study, we designed and produced

superparamagnetic ferrofluids composed of magnetite (Fe3O4, MION) and cobalt-doped magnetite (Cox-

MION, x ¼ 3, 5, and 10% mol of cobalt) nanoconjugates through an eco-friendly aqueous method using

carboxymethylcellulose (CMC) as the biocompatible macromolecular ligand. The effect of the gradual

increase of cobalt content in Fe3O4 nanocolloids was investigated in-depth using XRD, XRF, XPS, FTIR,

DLS, zeta potential, EMR, and VSM analyses. Additionally, the cytotoxicity of these nanoconjugates and

their ability to cause cancer cell death through heat induction were evaluated by MTT assays in vitro. The

results demonstrated that the progressive substitution of Co in the magnetite host material significantly

affected the magnetic anisotropy properties of the ferrofluids. Therefore, Co-doped ferrite (CoxFe(3�x)O4)

nanoconjugates enhanced the cell-killing activities in magnetic hyperthermia experiments under

alternating magnetic field performed with human brain cancer cells (U87). On the other hand, the Co-

doping process retained the pristine inverse spinel crystalline structure of MIONs, and it has not

significantly altered the average nanoparticle size (ca.�7.1 � 1.6 nm). Thus, the incorporation of cobalt

into magnetite-polymer nanostructures may constitute a smart strategy for tuning their magnetothermal

capability towards cancer therapy by heat generation.
1. Introduction

Magnetic hyperthermia has currently received notable attention
as a promising therapeutic approach to ght against cancer. It
consists of using magnetic nanoparticles subjected to an alter-
nating magnetic eld (AMF) to induce heat release. The increase
in the temperature of cells in the range of 41 �C to 45 �C, mainly
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co 2 – Sala 2233, Belo Horizonte/MG,

demet.ufmg.br; outon@sica.ufmg.br;

1-34091843; Tel: +55-31-34091843

uclear – CDTN, Av. Antônio Carlos, 6627
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in cancer cells that are more sensitive than healthy cells, leads to
thermal stress either at the cellular or molecular level, which
results in apoptosis and necrosis.1–3

To date, chemotherapy, radiotherapy, and surgery are the
standard procedures used for the treatment of malignant
tumors. In particular, conventional chemotherapy makes use of
drugs focused on killing cells without attaining specicity,
which typically results in systemic toxicity and severe side-
effects. Because hyperthermia is a non-invasive method, with
localized nature, and consequently reduced adverse secondary
effects, it can considerably improve the effectiveness of
conventional treatments. Especially in cases of deep-seated
cancers with restricted accessibility through traditional
surgery, such as glioblastoma – the most lethal human brain
tumor, magnetic hyperthermia has shown good prospects for
treatment.2,4

Among a variety of magnetic nanomaterials that can be used
in hyperthermia, iron oxide nanoparticles, particularly magne-
tite (Fe3O4), are the most attractive due to the combination of
high saturation magnetization and reasonable magnetic
Nanoscale Adv., 2021, 3, 1029–1046 | 1029
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anisotropy. These are some of the relevant variables that govern
the heating capacity and the release of heat by the combination
of Brownian and Néel relaxation processes of the nano-
crystals.4–6 Besides favorable magnetic performance, the nano-
particles must be biocompatible for biomedical applications. In
this regard, the surface coating is essential not only to provide
a high level of biocompatibility but also to regulate the colloidal
stability of the nanoparticles, in reliance on surface charge and
interfacial interactions, preventing agglomeration in physio-
logical pH. Usually, surface coatings are achieved by chemical
functionalization with shells of inorganic or organic ligands.
Because the nature of these shells can inuence the magnetic
properties of nanomaterials, its choice should be carefully
evaluated.6,7

Recently, natural polymers have gained much interest as
stabilizing agents in colloidal chemistry towards biomedical
applications owing to their biocompatibility, degradability, and
non-toxicity. Carboxymethylcellulose (CMC), for example, is
considered a cellulose derivative with enticing features for this
purpose, such as natural abundance, low-cost, good chemical
stability and versatility due to the presence of diverse functional
groups accessible for chemical modication, and noteworthy
water solubility in a wide range of pH.8–11

The magnetic properties of iron oxide nanoparticles can be
remarkably changed by altering synthesis procedures, which
affect their physicochemical characteristics, including size and
its distribution, shape, composition, and structure. In partic-
ular, compositional tuning has attracted special attention as an
efficient strategy to tailor the magnetic properties of spinel
ferrite nanomaterials, which in specic cases can enhance
hyperthermia ability.5,12 For instance, the synthesis of cobalt
doped magnetite nanoparticles by the partial replacement of
Fe2+ with Co2+ species is a valuable approach to improve
hyperthermia properties due to the increase in magneto-
crystalline anisotropy of the system.12 More interestingly, this
effect can even be reached in nanoparticles with very small size,
a condition that has good implications for biological applica-
tion (e.g., prolongated circulation time of nanoparticles in the
blood), but on the other hand, not satisfactory for the heat
generation.13,14 In this regard, the thorough understanding of
the variation in structure and magnetic properties of magnetite
nanoparticles conjugated with polymer ligands as a function of
progressive Co-doping is of great interest for scientic and
technological perspectives, which has not been comprehen-
sively explored yet.

Thus, in this study, we reported a green aqueous process
using CMC as functional macromolecular capping ligand and
extensive characterization of magnetite (MION) and cobalt-
doped magnetite nanoconjugates, aiming at investigating the
effect in the magnetic, physicochemical, and biological prop-
erties of the spinel ferrite ferrouids. Additionally, magnetic
hyperthermia experiments were performed in vitro with live
glioblastoma cells to evaluate the inuence of cobalt-doped
magnetite nanoconjugates on inducing the death of malig-
nant cancer cells through heat dissipation predominantly
associated with relaxation mechanisms.
1030 | Nanoscale Adv., 2021, 3, 1029–1046
2. Experimental
2.1. Materials and cell cultures

Sodium carboxymethyl cellulose (CMC – degree of substitution
DS¼ 0.7, product number: 419273, batch number: MKBR9194 V,
average molecular mass Mw ¼ 90 kDa, viscosity 180 cps, 4% in
H2O at 25 �C), iron(II) sulfate heptahydrate (FeSO4$7H2O, 99%),
iron(III) chloride hexahydrate (FeCl3$6H2O, 97%), cobalt(II)
acetate tetrahydrate (Co(CH3COO)2$4H2O, 98%), ammonium
hydroxide (NH4OH, 28–30%NH3 inH2O), 3-(4,5-dimethylthiazol-
2yl)-2,5-diphenyltetrazolium bromide (MTT, >98%), Triton™ X-
100, hydrochloric acid (HCl, 37%), and sodium dodecyl sulfate
(SDS, $99%) were supplied by Sigma-Aldrich (USA). Dulbecco's
modied Eagle's medium (DMEM), Leibowitz medium (L-15),
fetal bovine serum (FBS), phosphate-buffered saline (PBS),
penicillin G sodium, amphotericin-b, streptomycin sulfate, and
trypsin-DTA (0.5%) were purchased from Gibco BRL (USA). The
previously mentioned chemicals were used without additional
purication. Deionized (DI) water (Millipore Simplicity™) with
a resistivity of 18 MU cm was used to prepare the solutions, and
the procedures were carried out at room temperature unless
specied in another way.

Human embryonic kidney cells (HEK 293T, American Type
Culture Collection – ATCC@CRL 1573™) were provided by the
Federal University of Minas Gerais (UFMG) as a model healthy
cell line. Human glioma cells (U87) were obtained from Bra-
zilian Cell Repository as a model cancer cell line (Banco de
Células do Rio de Janeiro: BCRJ, Brazil; cell line authentication
molecular technique, Short Tandem Repeat (STR) DNA; quality
assurance based on the international standard NBR ISO/IEC
17025:2005).

2.2. Synthesis of MION and Cox-MION nanoparticles

The synthesis of colloidal Fe3O4 nanoparticles (MION@CMC)
and a series of cobalt doped iron oxide nanoparticles (Cox-
MION@CMC x ¼ 3, 5, and 10% mol of cobalt) was performed
according to the coprecipitation method previously reported by
our group15 and described in detail in the ESI.†

2.3. Morphological, physicochemical, and magnetic
characterization of MION and Co-MION nanoconjugates

Morphological characterization of the nanoparticles was
acquired using a transmission electron microscope (TEM, Tec-
nai G2-20, FEI Company) at an accelerating voltage of 200 kV.
Samples for TEM analyses were prepared by placing the
colloidal suspensions onto carbon copper grids aer dilution in
deionized (DI) water (1:5 v/v, colloidal suspension: DI water)
and ethanol (1:3 v/v, diluted colloidal suspension: ethanol). The
average size of magnetic nanoparticles and their size-
distribution were acquired based on the TEM images by
measuring at least 100 nanoparticles selected at random using
the DigitalMicrograph® image-processing program.

The crystal structures of nanoparticles were determined by
X-ray diffraction (XRD) using PANalytical Empyrean diffrac-
tometer (Almelo, Netherlands) equipped with Cu-Ka radiation
(l¼ 1.54056 Å). The XRD patterns were recorded in the 2q range
© 2021 The Author(s). Published by the Royal Society of Chemistry
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from 3.03 to 89.91� with a step scan of 0.06� s�1. Samples for
XRD analyses were prepared by placing 2 mL of colloidal solu-
tions onto plastic molds and drying at 40 � 1 �C for 1 hour for
the formation of the lms.

The quantitative chemical analysis of cobalt content was
performed by wavelength dispersive X-ray uorescence spec-
trometry (WD-XRF) using a Supermini200 spectrometer (Rigaku
Corporation, Tokyo, Japan). The Co ka line intensity was used to
determine cobalt concentrations. The lms were prepared as
described for the XRD analyses.

X-ray photoelectron spectroscopy (XPS) measurements were
performed using an Amicus spectrometer (Shimadzu) with
a monochromatic Mg-Ka X-ray excitation source. Binding
energies were corrected based on carbon 1 s signal (284.8 eV).
The lms were dried in a vacuum desiccator at room tempera-
ture for 1 hour and 30 min.

Fourier-transform infrared (FTIR) spectra were obtained by
transmission technique (Thermo Fischer, Nicolet 670) from
lm samples in the wavenumber range from 400 to 4000 cm�1

using 64 scans and a 2 cm�1 resolution.
Dynamic light scattering (DLS) and zeta potential (ZP)

measurements were performed using a ZetaPlus instrument
(Brookhaven Instruments Corporation) with a laser light wave-
length of 660 nm (35 mW red diode laser). The colloidal
suspensions were diluted in ltered (0.45 mm aqueous syringe
lter – Millex LCR 25 mm, Millipore) DI water (1:5 v/v, colloidal
suspension: ltered DI water). All experiments were conducted
at room temperature (25 � 2 �C), and the light scattering was
detected at 90�. At least ten measurements were obtained for
each system, and the values were averaged.

Electron magnetic resonance (EMR) was carried out using
a commercial X-band electron paramagnetic resonance spec-
trometer (Magnettech – Germany, model Miniscope MS400)
operating at 9.44 GHz with a eld modulation frequency of 100
kHz. A helium ux cryosystem (Oxford – England, model ESR
900) was used to change the temperature of the samples in the
range from 77 to 300 K. The measurements were performed in
colloidal suspensions with different concentrations (C ¼ 0.1,
0.5, 1.0, and 5.0 mg mL�1). Also, all samples were tested in
nanopowder form, which was dried inside borosilicate tubes at
120 �C (Wilmad Labglass – USA).

Magnetic hysteresis curves M(H) were measured in the eld
range from �15 000 Oe to 15 000 Oe at 77 K and 300 K to
determine the coercive eld (HC) and saturation magnetization
(MS). Zero-eld cooling (ZFC) and eld cooling (FC) curves were
obtained using a vibrating sample magnetometer (VSM –model
7404, Lake Shore, USA) at 70 Oe in the temperature range from
77 K to 300 K. The following protocol was used for the
measurements: the dried powder samples were cooled from 300
K to 77 K in zero applied eld. Then, a eld of 70 Oe was
applied, and the magnetic moments were measured as the
temperature was increased up to 300 K (ZFC curve). Subse-
quently, the sample was cooled down again to 77 K in the
presence of the eld (FC curve).

Magnetic hyperthermia experiments were performed using
a Magnetherm™ instrument (Staffordshire, United Kingdom)
with a solenoid diameter D¼ 50 mm and a number of turns N¼
© 2021 The Author(s). Published by the Royal Society of Chemistry
17. The magnetite suspensions with different concentrations
(MION@CMC, C ¼ 2.5, 5.0, and 20.0 mg mL�1) and Co-doped
magnetite suspensions (Cox-MION@CMC, C ¼ 2.5 mg mL�1)
were exposed to an alternating magnetic eld (AMF) with an
amplitude of 19.9 kA m�1 (250 Oe) and a frequency of 112.6 kHz
for 30 min. The relative temperature increase values of the
MION nanoconjugates and of the control samples (i.e., water
reference) were obtained by subtracting the initial temperature
from the temperature measured at each time. In the sequence,
the temperature increase of the water control was subtracted
from that of the MION nanoconjugates, resulting in the “net”
temperature (DT). The specic absorption rate (SAR, W gmetal

�1)
was estimated from the initial slope of the “net” temperature
curve to consider the criterion of (quasi-)adiabatic conditions
(linear tting, R2 $ 0.9999), using eqn (1).16

SAR ¼ Cr

f

dT

dt
(1)

where C is the specic heat of the colloid, r is the density of the
colloid, 4 is the concentration of metal per mL of solution, and
dT/dt represents the initial slope of the time-dependent
temperature curve.

In the sequence, SAR values were normalized by the
frequency (f) and eld amplitude (H), obtaining intrinsic loss
power (ILP, nH m2 kg�1) according to eqn (2).16

ILP ¼ SAR

H2f
(2)
2.4. Biological characterization of MION and Co-MION
nanoconjugates

The evaluation of cytotoxicity was performed using MTT (3-(4,5-
dimethylthiazol-2yl-)2,5-diphenyl tetrazolium bromide) experi-
ments aer the incubation of the nanoconjugates at different
concentrations with human embryonic kidney cells (HEK 293T)
and malignant glioma cells (U87) for 24 hours. The detailed
protocol is described in the ESI.†
2.5. Magnetic hyperthermia in vitro with glioma cancer cells

The magnetic hyperthermia experiments with human glioma
cells (U87) were conducted according to the protocol specied
in the ESI.† In brief, the cancer cells incubated with the
magnetic nanoparticles samples (concentration ¼ 15 mg mL�1)
were exposed to the AMF (H ¼ 19.9 kA m�1 and frequency of
112.6 kHz) for 60 min (Magnetherm™, Staffordshire, United
Kingdom). Next, the cells were washed, trypsinized, counted,
and the percentage of cell viability was expressed concerning
the live cells.
3. Results and discussion
3.1. Morphological, physicochemical, and magnetic
characterization of MION and Co-MION nanoconjugates

TEM analysis was carried out to investigate the morphological
features and sizes of the nanoconjugates, which are well-
Nanoscale Adv., 2021, 3, 1029–1046 | 1031
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recognized of pivotal relevance on their physicochemical and
magnetic properties. TEM images indicated that magnetite and
cobalt-doped magnetite nanoparticles were produced with
predominant spherical morphology and an average size of 7.1�
1.6 nm. As expected, due to the relatively moderate doping ratio
(i.e., <10 mol% of Fe2+), the incorporation of cobalt into Fe3O4

nanoparticles did not alter their morphology and average size,
as the nucleation and growth processes maintained similar
kinetics during the synthesis. TEM images and histograms of
the size distribution of MION@CMC and Co-doped MION
nanoconjugates (Co3-MION@CMC and Co5-MION@CMC) are
presented in Fig. 1.

The XRD patterns (Fig. 2A) conrmed the formation of
a single-phase inverse spinel structure of magnetite (JCPDS –

89-0691) for all samples, despite de Co-doping content. The
peaks observed at 30.1�, 43.1�, 35.5�, 57.0�, and 62.6� (2q)
correspond to the orientations along (220), (311), (400), (511)e
(440) planes, respectively. There was no evidence of the forma-
tion of any other iron oxide phases. These XRD results
demonstrated that the cobalt content had not changed the
inverse spinel structure of Fe3O4 (magnetite) nanoparticles. In
addition, similarly, the increase in the cobalt doping concen-
tration has not signicantly altered the average nanocrystallite
size of 7.7 � 0.8 nm estimated based on Scherrer's equation for
all samples (CoxFe3�xO4, x ¼ 0, 0.03, 0.05 and 0.10). These
results are consistent with the average size measured by TEM
for all nanoparticles (previous section) and are summarized in
Table 1. Compared to the literature, upon Co-doping of iron
oxide nanoparticles, some authors did not observe changes in
crystallite size, independent of doping content, while others
have detected signicant changes. However, the observed
changes in crystallite sizes were also followed by the variation in
the diameter of nanoparticles resulting in monodomain nano-
structures.13–18 This trend was expected even considering
potential residual stress in the nanomaterials caused by gradual
partial substitution of Fe2+ species in the octahedral B sites of
magnetite that possess an ionic radius (0.77 Å) by Co2+ species
with a smaller ionic radius (0.74 Å) as the lattice parameters
were quite similar for magnetite (8.3963 Å) and cobalt ferrite
(8.3919 Å).13 It should be noted that, according to the litera-
ture,17–19 several aspects (e.g., amorphous phases and nano-
particle size) can interfere in the resolution of XRD patterns
and, therefore, on the precision of Scherrer's equation for
directly measuring the average crystalline size of nano-
particles.20 Nonetheless, the obtained nanoparticles represent
a monodomain magnetic structure suitable for hyperthermia
applications.

Further evidence of the incorporation of Co2+ species into
magnetite nanoparticle structure by the partial replacement of
Fe2+ ions in the nanocrystals was conrmed by WD-XRF. In
Fig. 2B is presented the WD-XRF spectra of the Co-doped
magnetite nanoparticles, where the Co10-MION@CMC sample
showed the peak located at 2q ¼ 52.8� corresponding to the Co-
Ka transition. Aiming at analyzing the doping of iron oxide
nanoparticles with different Co content, the region of the
spectra from 45 to 55� was enlarged and presented in Fig. 2C. As
expected, a relative increase in the peak associated with Co-Ka
1032 | Nanoscale Adv., 2021, 3, 1029–1046
transition was observed for higher cobalt content in the
magnetite nanoparticles. It was also conrmed the appearance
of the peak related to Co-Kb transition, located at 2q ¼ 47.5� in
the high cobalt content sample (Co10-MION@CMC). The
quantitative chemical analysis of Co by WD-XRF revealed
concentrations of 0.8, 1.5, and 3.1% mol (related to total iron
content) in the samples Co3-MION@CMC, Co5-MION@CMC,
and Co10-MION@CMC, respectively. These results are in good
consistency with the estimated theoretical percentages of 1.0,
1.7, and 3.3% (or equivalent to 3, 5, and 10% mol in relation to
Fe2+) used in the synthesis of the nanocolloids.

Besides the bulk chemical composition, it is important to
point out that surface features play a pivotal role in the prop-
erties of nanosized particles associated with their high surface
to volume ratio as well as their stability as ferrouids in aqueous
media. Thus, XPS analyses were performed as an analytical
technique for quantifying the chemical states of surface atoms.
Fig. 3 shows the XPS spectra of MION@CMC (a) and Co10-
MION@CMC (d) obtained for Fe 2p (Fig. 3A) and Co 2p
(Fig. 3B) regions. The XPS spectrum of MION@CMC (Fig. 3A)
shows two sharp peaks at 710.4 eV (Fe 2p3/2) and 723.8 eV (Fe
2p1/2), which are associated with the Fe 2p transitions in
magnetite. Moreover, the nonexistence of a satellite peak nearby
719 eV conrms the presence of both Fe(II) and Fe(III) species in
the lattice.21–23 The spin-orbit components (Fe 2p3/2 and Fe 2p1/
2) are separated by a binding energy interval of approximately
13.4 eV. The XPS spectrum of Co10-MION@CMC for the Fe 2p-
region is similar to the same region of the MION@CMC
sample. However, a slight decrease in the intensities of the
peaks is observed, indicating a relative reduction in Fe content
in the sample ascribed to the Co substitution.22 The XPS spec-
trum of Co10-MION@CMC (Fig. 3B(d)) shows two peaks at
781.1 eV (Co 2p3/2) and 797.1 eV (Co 2p1/2) associated with the
Co 2p transitions in cobalt doped magnetite nanoparticles.
Satellite peaks for Co 2p3/2 and Co 2p1/2 are also observed at
786.1 eV and 803.1 eV, respectively, where the rst one is
frequently used to conrm the presence of divalent cobalt.22

Fig. 3C shows the comparative Co 2p3/2 XPS spectra of
MION@CMC (a), Co3-MION@CMC (b), Co5-MION@CMC (c),
and Co10-MION@CMC (d). As the cobalt content increases, Co
2p3/2 peak becomes stronger and sharper,22 which was well-
correlated by linear regression (Fig. 3C, inset).

Moreover, bearing in mind the formation of colloidal ferro-
uids composed of the MION core capped by the CMC ligand
shell, it is appropriate to investigate the evolution of XPS spectra
of C 1s and O 1s regions. For this analysis, in addition to
MION@CMC and Co10-MION@CMC samples, the CMC ligand
was also evaluated. The XPS results are depicted in Fig. 4, and
the peaks were identied via deconvolution of spectra tted
using the Gaussian function. The different chemical states of
carbon (C–C/C–H, C–OH, O–C–O, and O]C–O) and oxygen (C–
O/C–OH and C]O) assigned to the CMC polymer24 were
observed, and the binding energies (BE) associated with each
bond are depicted in Table 2. The changes in the peak area
distributions (Table 2) evidenced the occurrence of interactions
between the functional groups of the polymer and metallic ions
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TEM images and histogram of the size distribution of (A) MION@CMC, (B) Co3-MION@CMC, and (C) Co5-MION@CMC.
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at the nanointerfaces,24 which is also supported by the shi in
BE (D � 0.5) of the band associated with C]O in O 1s.

The evaluation of the interactions developed at the interface
between the functional groups of CMC ligand and the surfaces
of the nanoparticles was carried out by FTIR spectroscopy. In
Fig. 5A, it was observed in all spectra a broad band in the range
from 3400 to 3200 cm�1 assigned to nO–H vibrations, typically
present in cellulose and derivatives such as CMC-based mate-
rials. Additionally, it was observed bands associated with
asymmetric (1652 and 1590 cm�1) and symmetric (1420 and
© 2021 The Author(s). Published by the Royal Society of Chemistry
1320 cm�1) stretches of COO� groups as well as the band
assigned to nC ¼ O (1730 cm�1), which are related to the
carboxylic functionalities of CMC. The existence of two bands of
symmetric and asymmetric carboxylates indicates two different
types of coordination in polymer–metal complexes, according to
the literature.15 Thus, no noticeable changes were observed in
the interactions at the interface of CoxFe3�xO4 nanoparticle and
CMC polymer by increasing the cobalt content. Moreover,
vibrations from secondary alcohols (nC2–OH; 1113 cm�1; nC3–
OH; 1060 cm�1) and the vibrational band related to the b1-4
Nanoscale Adv., 2021, 3, 1029–1046 | 1033
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Fig. 2 (A) XRD patterns of (a) MION@CMC, (b) Co3-MION@CMC, (c) Co5-MION@CMC, and (d) Co10-MION@CMC samples compared with the
reference pattern of Fe3O4 (JCPDS – 89-0691). (B) WD-XRF spectra of Co10-MION@CMC. (C) Detail of the WD-XRF spectra region associated
with the range of Co peaks for (a) MION@CMC, (b) Co3-MION@CMC, (c) Co5-MION@CMC, and (d) Co10-MION@CMC.
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glycoside bonds at 890 cm�1 were detected.8,25 Furthermore,
bands centered at 590 cm�1 were assigned to stretching vibra-
tions of tetrahedral group Fe–O and bands centered at 615–
600 cm�1 to nCo–O of the octahedral group (Fig. 5B).26–28 In
order to assess the effect of cobalt doping on Fe3O4 nano-
particles, a semi-quantitative FTIR analysis was performed by
considering the relative ratio of the areas of Co–O and Fe–O
bands and the reference band (b1-4 glycoside bonds). The
1034 | Nanoscale Adv., 2021, 3, 1029–1046
results showed, as expected, a relative reduction of the Fe–O
band and the increase in the Co–O band as the cobalt content
increased (Fig. 5C).

A more detailed understanding of the physicochemical
properties of the Cox-MION@CMC nanocolloids in the water
medium was assessed by ZP and DLS analyses (Fig. 6).
Regarding zeta potential (ZP), the results (��60 mV) indicated
that all nanoparticles were effectively stabilized by COO�
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural features of MION@CMC and Co-MION@CMC nanoparticles

Sample

Co content % mol (related
to total iron content) Crystallite size (nm)

Nanoparticle diameter
– TEM (nm)Theoretical XRF (311) (220)

MION@CMC 0.0 0.0 8.1 � 0.7 8.4 � 0.7 7.2 � 1.6
Co0.03Fe2.97O4 (Co3-MION@CMC) 1.0 0.8 6.1 � 0.1 8.4 � 0.4 7.1 � 1.6
Co0.05 Fe2.95O4 (Co5-MION@CMC) 1.7 1.5 7.6 � 0.4 7.3 � 0.5 6.9 � 1.5
Co0.1Fe2.9O4 (Co10-MION@CMC) 3.3 3.1 8.3 � 0.8 7.5 � 0.7 7.1 � 1.6
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groups, independent of the Co concentration investigated,
mostly by electrostatic repulsion (ZP < �30 mV).15,25 Based on
DLS studies, the average relative size of MION and Co-doped
MION inorganic core combined with the CMC coating
uniformly dispersed and stabilized in aqueous solution,
referred to as hydrodynamic diameter (HD). Hydrodynamic
diameter is affected by the overall balance of ionic strength of
the medium and polymer conformation structure due to water
solvation, excluded volume, hydrophobic interactions, and
electrostatic repulsion/attraction between ionic sites.29–31 In this
sense, as CMC is a pH-sensitive polymer, which above its pKa
(�4.3),25 both pH (6.5 � 0.5) and conductivity (420 � 10 mS) of
ferrouids were maintained constant for DLS measurements.
Fig. 3 XPS spectra of (A) Fe 2p and (B) Co 2p regions for (a) MION@C
MION@CMC, (b) Co3-MION@CMC, (c) Co5-MION@CMC, and (d) Co10-M
cobalt content.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Thus, under these conditions, the average HD values varied
between 46 and 74 nm with a reduction of the size observed for
Co-doped ferrouids. This trend was ascribed to the stronger
interactions of Co2+ with CMC functional groups (i.e., –COOH,
–OH) supported by the XPS results in the previous section,
rendering conformational changes of the overall colloidal
nanostructures.

According to the literature,32 the heat dissipation in single-
domain magnetic nanoparticles is caused by the combination
of Néel and Brownian relaxation of the magnetic moments. The
dominant mechanism is governed not only by the nanoparticle
size but also by its composition, shape, and medium viscosity.
Thus, there are several approaches to tune relaxation times and,
MC and (d) Co10-MION@CMC. (C) Spectra of Co 2p3/2 region for (a)
ION@CMC. Inset: evolution of intensity at Co 2p3/2 peak with increasing

Nanoscale Adv., 2021, 3, 1029–1046 | 1035
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Fig. 4 XPS spectra of (A) C 1s and (B) O 1s regions obtained for (a) CMC ligand, (b) MION@CMC, and (c) Co10-MION@CMC.
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therefore, the nanoparticle relaxation behavior.32 Some
comprehensive reviews and elegant studies33,34 have reported
that the Brownian rotation can be the most important
Table 2 Binding energies and relative peak area ratios for C 1s and O 1s

Peak assignment

CMC

BE (eV) � 0.2
Peak area ratio
(%)

C 1s – C–C/C–H 284.6 32
C 1s – C–OH 286.3 49
C 1s – O–C–O 288.1 16
C 1s – O–C]O 290.2 3
O 1s – C–O/C–OH 532.6 77
O 1s – C]O 531.1 23

1036 | Nanoscale Adv., 2021, 3, 1029–1046
mechanism for magnetic relaxation of nanoparticles with large
magnetic anisotropy, such as Co–ferrite nanoparticles. In this
case, the hydrodynamic diameter is a critical parameter to
MION@CMC Co10-MION@CMC

BE (eV)
Peak area ratio
(%) BE (eV)

Peak area ratio
(%)

284.6 36 284.6 45
286.4 49 286.4 42
288.3 14 288.3 12
290.1 1 290.2 1
532.6 85 532.6 85
530.4 15 530.5 15

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) FTIR spectra of (a) MION@CMC, (b) Co3-MION@CMC, (c) Co5-MION@CMC and (d) Co10-MION@CMC. (B) Detail of the FTIR spectra
region associated with the range of b1-4, Fe–O and Co–O vibrations. (C) Evolution of Fe–O and Co–O bands due to cobalt doping.

Fig. 6 DLS and ZP results obtained from MION@CMC and Cox-
MION@CMC at pH¼ 6.5� 0.5 and conductivity¼ 420� 10 mS (n$ 10;
mean � standard deviation, SD).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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determine the power absorption in magnetic hyperthermia.
Thus, the reduction in HD of the Co-MION samples could
minimize the effect of CMC coating in reducing the thermal
responses.35 Consequently, the impact of increasing the
magnetic anisotropy by adding a more anisotropic cation
(cobalt) can be overcome, favoring the heat generation.36

The magnetic properties of nanoconjugates were investi-
gated by electron magnetic resonance (EMR) spectroscopy and
vibrating samplemagnetometry (VSM). Fig. 7A shows the typical
EMR signals measured at room temperature (T ¼ 300 K) for
samples in powder form. These EMR spectra are typical of
superparamagnetic nanoferrites.37 However, a progressive
transition from superparamagnetic to ferrimagnetic behavior
with increasing cobalt content is observed. This trend is
attributed to the increasing magnetocrystalline anisotropy of
magnetite nanoparticles through Co incorporation.38 Fig. 7B
shows EMR spectra also measured at room temperature for
ferrouids (concentration of magnetic nanoparticles ¼ 1.0 mg
mL�1). Similarly, the superparamagnetic behavior was evi-
denced by the resonance lines, which were shied to lower
elds, became broader and more anisotropic as the cobalt
content increased.15 It was veried, therefore, the same trend
Nanoscale Adv., 2021, 3, 1029–1046 | 1037
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Fig. 7 EMR spectra of (a) MION@CMC, (b) Co3-MION@CMC, (c) Co5-MION@CMC, and (d) Co10-MION@CMC for (A) samples in powder form
and (B) ferrofluids. (C) EMR spectra of Co5-MION@CMC ferrofluids with (I) 0.1 mg mL�1, (II) 0.5 mg mL�1, (III) 1.0 mg mL�1 and (IV) 5.0 mg mL�1.
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for both sample nature. However, considering biological
applications, it is highly desirable to use ferrouids due to their
colloidal stability driven by the balance between attractive and
repulsive interactions, which hamper agglomeration and
reduce the risks of embolism.32,39 It is important to highlight
that besides the Van der Waal's attractive forces, another
primary interaction that is attractive in nature and can occur
between magnetic nanoparticles in suspension is the dipolar
interactions. They become important to the magnetic proper-
ties of the nanocolloids, especially when the concentration of
ferrouids increases.32,40 Thus, to evaluate the relevance of
magnetic dipolar forces in our systems, EMR analyses were
performed in Co5-MION@CMC suspensions with concentra-
tions varying in the range from 0.1 mg mL�1 to 5.0 mg mL�1.
These values were chosen based on EMR and hyperthermia
studies reported in the literature.2,41,42 It was observed no
difference in the EMR spectra for all the concentrations evalu-
ated (Fig. 7C), which evidenced the absence of interparticle
interactions even with a 50-fold variation in concentration.
From a colloidal chemistry perspective, this result can be
explained in terms of the presence of long-chained CMC ligand
shell forming the nanoconjugates, contributing to the
1038 | Nanoscale Adv., 2021, 3, 1029–1046
electrostatic/steric repulsion and, therefore, leading to the fer-
rouid stability.15,32 This magnetic behavior corroborated the
DLS and ZP results presented in the previous sections.

The superparamagnetic behavior of all samples was
conrmed by hysteresis curves measured at 301 K and 77 K as
a function of the magnetic eld. In Fig. 8A, it was observed the
absence of hysteresis loops at room temperature, which means
that magnetization becomes zero when the external eld is
removed. In this case, the nanoparticles are in the super-
paramagnetic regime, characterized by the complete revers-
ibility of the magnetization process. At lower temperatures,
however, some particles are blocked, and their magnetization is
aligned along the eld direction, revealing ferrimagnetic
behavior. If the eld is removed, the material will not reach zero
magnetization unless a coercive eld is applied. Accordingly,
hysteresis loops are observed (Fig. 8B). Considering that the
substitution of Fe2+ with Co2+ species increase the magneto-
crystalline anisotropy of magnetite nanoparticles, it is expected
the higher coercive eld to reverse the magnetization of the Co-
MION nanoconjugates. In this sense, as the cobalt content
increase, stronger hysteresis was observed at 77 K, consistent
with the literature.38,43 Saturation magnetization (Ms) property
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Hysteresis curves measured at (A) 301 K and (B) 77 K for (a) MION@CMC, (b) Co3-MION@CMC, (c) Co5-MION@CMC, and (d) Co10-
MION@CMC. (C) Magnetization curves in the temperature range from 301 K to 77 K for zero-field cooling (ZFC) and after applying a field of 70Oe
for field cooling (FC).
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was similar for all samples (�19–25 emu g�1) at low and room
temperatures based on hysteresis curves. This is in agreement
with the literature whereMs values of doped nanoparticles were
comparable to Fe3O4 with similar size.14 The curves at 77 K also
indicated the expected increase of coercivity (HC) considering
the Co2+ content added to the samples, considering that higher
values of HC were generally associated with highly anisotropic
systems.13

Fig. 8C shows the temperature dependence of the zero-eld
cooling magnetization curve for the nanocolloids. As the
temperature increases, the magnetization shows a maximum
value dened as the blocking temperature (TB). It is determined
by the competition between the aligning eld and the dis-
ordering effects induced by the thermal agitation. Above TB, the
superparamagnetic state is achieved, allowing the spin relaxa-
tion. The main factor that determines the superparamagnetic
properties of monodomain nanocrystals is the magneto-
crystalline anisotropy, which serves as an energy barrier to block
the spin relaxation, and it originates principally from the spin–
orbital coupling of magnetic ions at crystal lattice sites.43,44
© 2021 The Author(s). Published by the Royal Society of Chemistry
According to Fig. 8C, the blocking temperature of the nano-
colloids increases as the cobalt content increases. This can be
explained by the stronger orbital–spin coupling at Co2+ lattice
compared to Fe2+, which results in much higher anisotropy
barriers in Co-doped magnetite nanocrystals and consequently
higher TB.19,45

Bearing in mind the biomedical applications of these ferro-
uids, the heating efficiency of the nanocolloids was investi-
gated by magnetic hyperthermia analyses. Our approach in this
study has been focused on the heating ability related to the
nanoparticle concentration and cobalt content. Thus, rstly we
analyzed the variation in temperature over time of the MION
colloids with different concentrations (C¼ 2.5, 5.0, and 20.0 mg
mL�1) exposed to an alternating magnetic eld (H ¼ 19.9 kA
m�1 and frequency (f) ¼ 112.6 kHz) for 30 min (Fig. S1 – ESI†).
At this point, it is important to highlight that the Hf value ob-
tained at these conditions (2.2 � 109 A m�1 s�1) is lower than
the recommended limit dose of 5 � 109 A m�1 s�1, considering
the safety of the patient under therapy avoiding uncontrolled
Nanoscale Adv., 2021, 3, 1029–1046 | 1039
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heating of tissue caused by the induction of eddy currents and
peripheral muscles stimulation.13,14

As expected, the increase in the concentration of magnetic
nanoparticles evidenced the enhancement of the ferrouid
temperature likely due to the magnetic dipolar interactions,
which became more pronounced as the mean inter-particle
distance was reduced.32 Subsequently, in Fig. 9 is presented
the changes in the net temperature over time (A) and the
specic absorption rate (SAR) values (B, le-axis) of the nano-
colloids (C ¼ 2.5 mg mL�1) when they were exposed to the AMF
for 30 min. As the cobalt content was increased, the SAR values
also improved, with a signicant change was observed upon
small doping concentration (x ¼ 0.03). It is well stated in the
literature the increase of SAR parameter upon Co-doping up to
values of x ¼ 0.6%.13,14 This result was presumed, considering
that the replacement of Fe2+ by Co2+ increases the magneto-
crystalline anisotropy of the system, which is an efficient
strategy to improve hyperthermia properties of the magnetite
nanoparticles.12 The increase in SAR values followed the same
trend observed for the coercive eld at low temperature as both
parameters are associated with magnetic anisotropy of the
systems (Fig. 9B, right-axis).13,14

Since SAR describes the efficiency of heat conversion, it is an
important parameter for cancer nanomedicine from which one
can determine the dosages applied to a tumor to achieve a reli-
able inactivation of target cells. For (nano)materials with high
SAR values, it is possible to reduce the relative dose applied to
the patient to a minimum level.46 Table 3 summarizes the
heating efficiency (SAR) and ILP of some superparamagnetic
ferrite-based nanoparticles reported in the literature in
comparison to the values obtained in this study.

SAR values vary signicantly among the different works, as
previously reported in the literature.47 It is difficult to make
a direct comparison between these results owing to a wide
variety of conditions that can inuence SAR and ILP values.
Considering superparamagnetic particles, the SAR is highly
inuenced by the frequency and strength of the magnetic eld.
It is also dependent on the relaxation time of the nanoparticles
in colloidal suspensions, which in turn is governed by the
Fig. 9 (A) Variation in “net” temperature over time for (a) MION@CMC, (b)
SAR values in comparison to the coercive field of nanoconjugates at low

1040 | Nanoscale Adv., 2021, 3, 1029–1046
intrinsic size and anisotropy of the nanoparticles as well as the
hydrodynamic size and solution viscosity.18 Thus, for the cases
showed here, the combination of different parameters, such as
chemical composition, size, surface coating, concentration
(that may change dipolar interactions), and eld characteristics
affected these values, being responsible for enhancing or
diminishing the heating efficiency of nanoparticles. Although
ILP values are independent of the magnetic eld parameters,
this parameter still relies on the key features of the magnetic
nanoparticles, and therefore they can vary signicantly.
3.2. Biological characterization of MION and Co-MION
nanoconjugates

Mitochondria activity assays (i.e., MTT) were performed to
evaluate the cytotoxicity of MION@CMC and Co-MION@CMC
at different concentrations (1.0, 3.0, and 10.0 mg mL�1) for
24 h on HEK 293T healthy cells (Fig. 10A) and glioblastoma U87
cancer cells (Fig. 10B).

The results evidenced a reduction of cell viability responses
by increasing the concentration of nanocolloids for both cell
types, demonstrating that cell viability is concentration-
dependent. According to the international standard ISO 10933-
5, the cell viability response lower than 70% indicates a cytotoxic
behavior of the material under evaluation. Thus, for concentra-
tions higher than 3.0 mg mL�1, the MION@CMC and Co-doped
nanoconjugates showed crescent cytotoxic by increasing the
concentration. These ndings are very relevant as several reports
inaccurately sustain that iron oxide nanoparticles are non-toxic,
which is not necessarily valid.11,15,49 The cytotoxicity response of
iron oxide nanoparticles (IONs) will depend on the amalgam-
ation of several aspects, including concentration, chemical
composition, size, morphology, surface area, capping ligands, as
well as cell type and biological toxicity protocol.11,15,49 To this end,
the cytotoxicity of IONs should be properly addressed and
cannot be neglected. Although for use as a contrast agent, the
cytotoxicity of MION-based nanoconjugates can be a limitation,
for cancer therapy, it is certainly a major advantage. Therefore,
a compromise of both aspects must be properly well-adjusted for
each specic application.
Co3-MION@CMC, (c) Co5-MION@CMC, and (d) Co10-MION@CMC. (B)
temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Parameters of magnetic nanoparticles and SAR/ILP values from literature compared to the obtained in this work

Magnetic nanomaterial Concentration
Size
(nm) Coating

H
(kA m�1) f (kHz)

SAR
(W gmetal

�1)
ILP
(nH m2 kg�1) Ref.

Fe3O4 1.6% w/w 8 Oleic acid oleylamine 12 183 6.5 � 0.5 0.25a 13
Co0.2Fe2.8O4 1.6% w/w 8 Oleic acid oleylamine 1,2-

hexadecanediol
12 183 11.2 � 1.0 0.43a

CoFe3O4 1.5% w/w 8 Oleylamine 12 183 10.8 � 1.9 0.41a

Co0.2Fe2.8O4 5.0 mg mL�1 30 — 24 419 �15 �0.06a 14
542 �30 �0.10a

nanomag®-D-spio 5.0 mg mL�1 — Dextran 20 150 26 � 1 0.43a 47
Fe3O4 50 mg mL�1 6–12 Sodium oleate 15.9 62 14 0.89 48
Fe3O4 58 mg mL�1 8 — 23.8 100 52.8 0.93

9.5 100 17.2 1.89
Fe3O4 (MION@CMC) 2.5 mg mL�1 7 CMC 19.9 112.6 7.5 � 0.5 0.17 � 0.01 This work
Co0.03Fe2.97O4 (Co3-MION@CMC) 11.8 � 0.8 0.26 � 0.02
Co0.05 Fe2.95O4 (Co5-MION@CMC) 13.3 � 0.9 0.29 � 0.02
Co0.1Fe2.9O4 (Co10-MION@CMC) 13.8 � 0.9 0.31 � 0.02

a Calculated parameters based on the SAR, H, and f values extracted from respective references cited.

Fig. 10 MTT in vitro assays for normal (HEK 293T, (A)) and cancer (U87, (B)) cells incubated with MION@CMC, Co3-MION@CMC, Co5-
MION@CMC, and Co10-MION@CMC nanocolloids for 24 h. (C) Dose–response curves and (D) EC50 analysis (n ¼ 6; mean � SD).
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The evaluation of the relative toxicity of MION@CMC and
Co10-MION@CMC was carried out using dose–response curves
(Fig. 10C) and the EC50 parameter (Fig. 10D). Based on the dose–
© 2021 The Author(s). Published by the Royal Society of Chemistry
response tted curves, the EC50 values for HEK 293T and U87
cells aer incubation with MION were estimated to be 23.8 mg
mL�1 and 16.8 mg mL�1, respectively. These values were,
Nanoscale Adv., 2021, 3, 1029–1046 | 1041
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however, signicantly reduced to 9.4 mg mL�1 and 8.5 mg mL�1

aer HEK 293T and U87 cells incubation with Co10-
MION@CMC, which evidenced the higher cytotoxicity of these
Co-doped nanoconjugates.

Although an in-depth analysis of cytotoxicity mechanisms is
beyond the scope of this study, a brief interpretation of the
observed cell viability responses associated with iron oxide
nanoparticles is presented and supported by the literature. A
crucial mechanism of the toxicity of magnetite nanoparticles is
the generation of reactive oxygen species (ROS). Under acidic
conditions of lysosomal microenvironments, ferrous ions (Fe2+)
released within the cells can react with hydrogen peroxide
(H2O2), leading to the production of hydroxyl radicals via Fen-
ton reactions (eqn (3)). Subsequently, the Fe2+ species can be
regenerated through the reduction of the formed ferric ions
(Fe3+) by the excess of H2O2 via Fenton-like reactions (eqn
(4)).50,51 The imbalance in the rate of ROS generation leads to
oxidative stress affecting the biochemical reactions and
metabolism, ultimately leading to oxidative cell death. Some
studies52–54 have reported that the incorporation of cobalt into
magnetite nanostructure considerably enhances the
peroxidase-like activity of Fe3O4 due to the higher decomposi-
tion of hydrogen peroxide into HOc free radicals. It can be
explained based on the redox potential of Co3+/Co2+ (E0 ¼ 1.81
V), which is higher than those of Fe3+/Fe2+ (E0 ¼ 0.77 V).
Therefore, the reduction of Co3+ species by ferrous ions would
be thermodynamically favorable (eqn (5)), contributing to the
effective regeneration of Co2+ and, consequently, increased
H2O2 decomposition. Thus, the overproduction of ROS induces
oxidative stress that can cause cell damage and even cell
death.55,56 Additionally, other studies57,58 reported that the
toxicity of spinel ferrites changes signicantly with the substi-
tution of a transition metal. Comparing Fe and Co-based
ferrites (MFe2O4, where M ¼ Fe or Co), it is suggested that Co
substitution exhibit higher cytotoxic effects, corroborating our
results. In summary, these cell-death events involving both
MION@CMC and Co-doped MION@CMC were predominantly
ascribed to the inorganic core composed of magnetite nano-
particles due to the generation of ROS.

Fe(aq)
2+ + H2O2(aq) / Fe(aq)

3+ + HOc+ OH(aq)
� (3)

FeðaqÞ
3þ þ H2O2ðaqÞ/FeðaqÞ

2þ þHO$
2 þHðaqÞ

þ (4)

Fe(aq)
2+ + Co(aq)

3+ / Fe(aq)
3+ + Co(aq)

2+, DE0 ¼ 1.04V (5)

When comparing EC50 values for Co10-MION@CMC nano-
conjugates of both cell lines (U-87 and HEK 293T, in Fig. 10D), it
was observed a relative reduction of cytotoxicity towards healthy
cells (i.e., EC50 �10% higher for HEK 293T). Although statisti-
cally similar, this slight reduction of toxicity observed for
healthy cells is highly desirable bearing cancer therapy appli-
cations, which can be further optimized through bio-
functionalization processes using specic biomolecules (e.g.,
folic acid, RGD-based peptides, antibodies, etc.) for targeting
receptors overexpressed in some cancer cell membranes.49,59
1042 | Nanoscale Adv., 2021, 3, 1029–1046
The relative toxicity (Fig. 11B and C) of Co10-hematite and
Co10-magnetite nanoparticles (Fig. 11A) was also carried out
using dose–response curves (Fig. 11D) and the EC50 parameter
(Fig. 11E). The EC50 values for HEK 293T and U87 cells, aer
incubation with Co10-hematite, were estimated to be 1973 mg
mL�1 and 1485 mg mL�1, respectively. These values were
remarkably reduced to 6.4 mg mL�1 and 9.4 mg mL�1 aer HEK
293T and U87 cells incubation with Co10-magnetite, which
endorse the higher cytotoxicity of Co10-MION nanoparticles. In
addition, comparing EC50 values for Co-doped magnetite
synthesized with CMC (Co10-MION_CMC) and without ligand
(Co10-magnetite), it was observed similar results. So, it proved
that CMC, as a biocompatible polysaccharide, is non-cytotoxic
and also has not signicantly altered the overall cytotoxic
behavior of the nanocolloids, which was ascribed to the activity
of the inorganic iron oxide nanoparticle core.60
3.3. Magnetohyperthermia in vitro with glioma cancer cells

Considering the potential application of magnetic nano-
particles as active ferrouids in inducing the death of cancer
cells referred to as magneto-therapy (MHT) through heat
dissipation, magnetic hyperthermia experiments were per-
formed with glioma cells using MION@CMC and Co10-
MION@CMC colloidal suspensions. The selection of Co10-
MION@CMC was based on the higher SAR values obtained
from acellular magnetic hyperthermia analyses discussed in the
previous section, which is related to the efficacy of hyper-
thermia. On the other hand, the choice of MION@CMC was
based on the absence of cobalt ions, i.e., as reference MION
undoped ferrouid. Fig. 12 presented the cell viability
responses of U87 cancer cells aer incubation with both
nanoparticles (NP) for 3 hours and exposure to the MHT assay.

For comparison, in the samples without MHT assay, it was
noticed that the cell viability was reduced to approximately 70%
aer incubation with magnetite (MION@CMC) and Co-doped
magnetite (Co10-MION@CMC) nanoparticles (concentration ¼
15 mg mL�1), which evidenced the intrinsic cytotoxic effect of
these nanoparticles. As discussed in the previous sections and
supported by the literature, this trend is associated with the
concentration-dependence and time-dependence of cell
viability responses towards the iron oxide-based nanomaterials
assessed through MTT assay. Moreover, the cell viability
response was reduced to approximately 60% and 50% when the
glioma cancer cells incubated with the magnetite and Co-doped
magnetite ferrouids were exposed to the alternate magnetic
eld, respectively. These results demonstrated the ability of the
nanoconjugates for killing cancer cells due to the local heat
generated (DT � +4 �C) by the magnetohyperthermia process.
Moreover, the results demonstrated the higher hyperthermia
efficiency of Co10-MION@CMC owing to the increase of
magnetic anisotropy,13,38 which corroborated the magnetic
ndings discussed in previous sections.

In summary, the nanosystems proposed based on Co-doped
iron oxide nanoparticles stabilized by CMC amalgamated
components and properties that are very promising regarding
cancer therapy. It should be considered as a multimodal smart
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (A) XRD patterns of (a) Co10-magnetite and (b) Co10-hematite powders, compared with reference patterns (Fe3O4 and a-Fe2O3). MTT
assays for (B) HEK 293T and (C) U87 cells incubated with Co10-magnetite and Co10-hematite nanoparticles for 24 h. (D) Dose–response curves
and (E) EC50 analysis (n ¼ 6; mean � SD).
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nanoplatform for application in cancer treatment as it inte-
grates: (a) water solubility; (b) presence of chemical functional
groups in CMC for further functionalization for targeting
specic tumor cells; (c) improved hyperthermia efficiency even
at lower doping content at conditions below the recommended
© 2021 The Author(s). Published by the Royal Society of Chemistry
“Hf” value of 5 � 109 A m�1 s�1, required for safety biomedical
applications; and (d) high cytotoxicity in vitro associated with
ROS formation that could be used in association with magnetic
hyperthermia to trigger cancer cell death.
Nanoscale Adv., 2021, 3, 1029–1046 | 1043
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Fig. 12 Cell viability response of the U87 incubated with MION@CMC
and Co10-MION@CMC systems (C¼ 15 mg mL�1) in the absence (U87-
NP) and the presence of alternate magnetic field (U87-NP-MHT) (n ¼
6; mean� SD; one-way ANOVA followed by Bonferroni's test with * ¼
p < 0.05; **¼ p < 0.01; ***¼ p < 0.001. Only the significant differences
were presented, excluding comparison to/between controls).
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4. Conclusions

An eco-friendly aqueous approach based on the co-precipitation
method was successfully employed for the synthesis of cobalt-
doped magnetite-carboxymethylcellulose nanoconjugates.
They were comprehensively characterized for their physico-
chemical and magnetic properties, which were correlated with
their ability to kill malignant glioblastoma cells by magnetic
hyperthermia. The CMC capping ligand was responsible not
only for the effective stabilization of the nanocolloids but also
for tuning the magnetothermal responses under hyperthermia
tests. EMR and VSM analysis conrmed that the replacement of
Fe2+ with Co2+ (i.e., 3, 5, and 10 mol%) increased the magne-
tocrystalline anisotropy of the systems, which in turn increased
the heating rates in the acellular hyperthermia experiments.
Based on the cell viability assays, the results evidenced
a concentration-dependent behavior of all nanocolloids in the
viability of both HEK293T and U87 cells. Furthermore, it was
observed using the EC50 parameter slightly higher relative
cytotoxicity of Co10-MION@CMC towards cancer cells
compared to healthy cells, which is highly needed for cancer
therapy applications. More importantly, under an AMF, the
Co10-MION@CMC nanocolloids demonstrated the highest
hyperthermia efficiency owing to the increase of magnetic
anisotropy. In view of these examinations, the cobalt doping
may represent a valuable strategy to improve the magnetic
hyperthermia performance of very small (�7–8 nm) iron oxide
nanoparticles for applications in multimodal cancer therapy.
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