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designed and produced via green colloidal aqueous process. The effect of the degree of substitution (DS = 0.7
and 1.2) and molecular mass (M,,) of CMC and cobalt doping concentration on the physicochemical and mag-
netic properties of these nanoconjugates were comprehensively investigated using Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction, transmission electron microscopy (TEM) with selected area electron dif-
fraction, X-ray fluorescence, dynamic light scattering (DLS), zeta potential (ZP) analysis, vibrating sample mag-
netometry (VSM) and electron paramagnetic resonance spectroscopy (EPR). The results demonstrated the
effect of concentration of carboxylate groups and M,, of CMC on the hydrodynamic dimension, zeta potential,
and generated heat by magnetic hyperthermia of MION nanoconjugates. Co-doping of MION showed significant
alteration of the electrostatic balance of charges of the nanoconjugates interpreted as effect of surface interac-
tions. Moreover, the VSM and EPR results proved the superparamagnetic properties of these nanocolloids,
which were affected by the presence of CMC and Co-doping of iron oxide nanoparticles. These magnetic
nanohybrids behaved as nanoheaters for killing brain cancer cells in vitro with prospective future applications
in oncology and nanomedicine.
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1. Introduction nanoprobes associated with tumor targeting therapies using
nanocarriers for smart delivery of drugs [2-6]. Hence, multifunctional
nanomaterials have drawn significant attention as promising candi-

dates for tumor-targeting applications [7-9]. In particular, magnetic

Despite the unquestionable scientific and technological develop-
ments in recent decades, cancer remains one of the deadliest diseases

worldwide. Unfortunately, conventional cancer therapies such as che-
motherapy and radiotherapy predominantly focused on cell killing
treatments without achieving high specificity, which often resulted in
systemic toxicity and harsh side-effects. Therefore, innovative alterna-
tives of novel tumor-targeted therapies are urgently required, which
can effectively and specifically reach cancer cells while minimizing the
toxicity towards healthy cells and tissues [1-6]. Emerging nanotechnol-
ogies offer promising opportunities for drastically altering this scenario
based on a large arsenal of novel nanomaterials, which have been devel-
oped in the past decades. They can contribute with diversified options
for fighting cancer, from the early diagnosis through functional
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iron oxide nanoparticles have been intensively investigated because of
the unique property to respond well to magnetic control. Their proper-
ties can be tuned by morphological features (e.g., size, shape, structure)
and chemical composition (e.g., ion doping, Co, Ni, etc.) directing for sev-
eral advanced applications, including information storage, protein puri-
fication, biological separation, drug delivery and environmental
remediation using iron oxide nanoparticles as sorbents and
photocatalysts [7-13]. In addition, magnetic iron oxide nanoparticles
possess a significant set of features, including biocompatibility, physico-
chemical stability and relative low toxicity. Therefore, they have been
researched for a broad range of biomedical applications such as in cellu-
lar labeling, drug nanocarrier, gene delivery, MRI biomedicine, magnetic
hyperthermia, etc. [7-9]. However, in order to further achieve the
highest possible selectivity at targeting the tumor site, a new class of hy-
brid nanomaterials composed of inorganic-organic architectures has
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awakened widespread interest as smart multifunctional nanoplatforms.
They are capable of simultaneously performing diagnosis, targeting and
therapy of cancer, which is commonly referred to as nanotheranostics.

In this sense, to develop magnetic nanoconjugates for applications in
cancer nanomedicine, the selection of the appropriate biological mole-
cule as the active organic coating on the surface of the inorganic nano-
particle is of pivotal importance to effectively perform the designed
functions [7-8]. These hybrid nanoparticulate systems have to combine
the magnetic properties of the inorganic nanoparticles, with the mor-
phological features (size, size distribution, shape, etc.), the physico-
chemical characteristics of surface (e.g., surface charges, chemical
groups, chemical stability in aqueous medium, etc.), and the biological
compatibility, which will determine their outcome towards biomedical
applications [14-16].

Among the several alternatives of molecules for biological and bio-
medical applications, natural polymers such as polysaccharides (e.g.,
cellulose and derivatives) have been widely used mainly owing to
their inherent nontoxicity and abundance. Carboxymethyl cellulose
(CMC) is a very important cellulose derivative with carboxylate and hy-
droxyl functional groups, with a unique set of characteristics such as
natural, green, hydrophilic, nontoxic, biocompatible and biodegradable,
inexpensive, and chemically stable. Moreover, CMC is FDA approved for
a broad range of purposes, including nutrition (e.g., thickening and
emulsifying agent in foods), biomedical and pharmaceutical applica-
tions (e.g., controlled drug delivery systems, gene delivery nanocarriers)
[4,7,17,18].

The concept of multifunctional nanomaterials was investigated in an
elegant paper reported by S. Balasubramanian and co-workers [7]
where they reported a two-step process for the synthesis of magnetic
iron oxide nanoparticles in water medium with subsequent dispersion
in CMC polymer solution. It was demonstrated the feasibility of these
nanoconjugates to be guided through magnetic fields for biomedical ap-
plications such as drug delivery systems and oncological therapy by
magnetic hyperthermia of cancer cells. Essentially, the cancer therapy
based on magnetic hyperthermia increases locally the temperature of
tumors by 5-6 °C (typically reaching 41-46 °C) using magnetic
nanocolloids dispersed in aqueous media when they are subjected to
an external alternating magnetic field (AMF). This approach selectively
heats up the cancer cells which internalized the target magnetic nano-
particles, to prevent damage to adjacent healthy tissues of the body by
acting as localized “nanoheaters” [8,9,16,19,20].

Surprisingly, despite the increasing interest on this fascinating field
of research with some studies published on polysaccharide-magnetic
nanoparticles [7-9,17,21,22], no report was found in the consulted liter-
ature investigating the direct synthesis of magnetic iron oxide nanopar-
ticles using CMC polymers with distinct degree of substitution (i.e., DS,
concentration of carboxylic groups) and molecule mass (M,y) as bio-
compatible ligands for tuning the physicochemical and magnetic prop-
erties of colloidal nanohybrids. In addition, it was observed the lack of
reports exploring the comprehensive characterization of the
nanoconjugates and the correlation of properties with the magnetic hy-
perthermia behavior under AMF for killing brain cancer cells in vitro.

Thus, in this study, we demonstrated for the first time that magnetic
iron oxide nanoparticles (MIONs) can be synthesized by a single-step
one-pot green process in aqueous medium using natural cellulose de-
rivative, CMC, simultaneously acting as stabilizing ligand and functional
biocompatible organic coating. Moreover, the molecular mass and the
degree of substitution of CMC affected the surface properties and bal-
ance of charges during the formation of iron oxide nanocolloidal disper-
sions. In addition, the effects on the properties by doping the iron oxide
nanoparticles with cobalt ions during the synthesis were investigated
and compared to undoped nanofluids. In summary, these systems
were designed, produced and behaved actively as superparamagnetic
nanocolloids under alternating magnetic field causing an increase of
temperature by thermal heating (i.e., referred to as nanoheaters). The
magnetic behavior was affected by the processing parameters, including

cobalt-doping the iron oxide nanoparticles, altering the concentration
of carboxylic groups (DS) and M,, of the CMC ligand layer.

2. Materials and methods
2.1. Materials and cell cultures

Sodium carboxymethyl cellulose (CMC) with two degree of substitu-
tion, DS = 0.7 (CMC_07_90, Product Number: 419273, average molar
mass M,, = 90 kDa, viscosity 180 cps, 4% in H,O at 25 °C; and
CMC_07_250, Product Number: 419311, M,, = 250 kDa and, viscosity
735 cps, 2% in H,0 at 25 °C) and DS = 1.2 (CMC_12_250, Product Num-
ber: 41281, M,, = 250 kDa and, viscosity 660 cps, 2% in H,0 at 25 °C),
ferric chloride hexahydrate (FeCl;*6H,0, 97%), ferrous sulfate
heptahydrate (FeS0,4.7H,0, 99%), cobalt (II) acetate tetrahydrate (Co
(C3H305),°4H,0, 98%) and ammonium hydroxide (NH4OH, 28-30%
NH3 in H,0) were supplied by Sigma-Aldrich (USA). The aforemen-
tioned chemicals were used without further purification. Deionized
water (DI water, Millipore Simplicity™) with resistivity of 18 M{.cm
was used to prepare all the solutions, and the procedures were per-
formed at room temperature (RT, 25 + 2 °C), unless specified
otherwise.

Human embryonic kidney (HEK 293 T, American Type Culture Col-
lection - ATCC® CRL 1573™) cells were provided by Federal University
of Minas Gerais/UFMG. Human glioma (U87, ATCC® HTB-14) cells were
purchased from Brazilian Cell Repository (Banco de Células do Rio de
Janeiro: BCRJ, Brazil; cell line authentication molecular technique,
Short Tandem Repeat (STR) DNA; quality assurance based on the interna-
tional standard NBR ISO/IEC 17025:2005).

2.2. Synthesis of magnetic iron oxide nanoconjugates (MION-CMC)

Magnetic iron oxide nanoparticles (MIONs) were prepared similar
to the method previously reported [7], which was based on the co-
precipitation of Fe(Il) and Fe(IIl) oxide nanoparticles in water medium
in the presence of NH4OH at 80 4 2 °C under nitrogen atmosphere.
However, in this study, the innovation relied on the synthesis per-
formed using a single-step one-pot process, where the iron oxide nano-
particles were formed and stabilized directly by CMC as colloidal
aqueous solution without requiring the subsequent dispersion of the
nanoparticles in polymer medium. The process of synthesis of MIONs
is schematically illustrated in Fig. 1. In brief, 0.02 M of FeSO, and
0.04 M of FeCl; were dissolved in the CMC solution (1.0% w/v,
200 mL) and heated to 40 4 2 °C under vigorous stirring. Then, the mix-
ture was heated up to 80 4 2 °C under nitrogen atmosphere and 12 mL
of NH40H solution (25.0% v/v) was added to the reaction flask and ho-
mogenized under moderate stirring for 20 min. Then the solution was
cooled down to room temperature and dialyzed for 24 h using cellulose
membrane (M,, cut-off of 12 kDa) under moderate stirring at room RT.
After purification, the colloidal solution was stored at 6 4 2 °C for fur-
ther use. For the synthesis of cobalt-doped nanoparticles (Co-MIONs)
a similar procedure was performed except for the amount of Fe?>* pre-
cursor used. In that case, Fe?™ species were partially replaced by 3.0%
or 5.0% (mol/mol) of Co®™ species. Table 1 summarizes the identifica-
tion and composition of the nanoconjugates (nanoparticles with CMC li-
gand). As the reference, uncoated magnetite nanoparticles were also
prepared using a similar protocol without the addition of CMC in the
medium (i.e., without capping ligand).

2.3. Physicochemical, morphological and magnetic characterization of CMC
and iron oxide nanoconjugates

Physicochemical characterization of CMC was performed as previ-
ously reported by our group [23] using Fourier-transform infrared spec-
troscopy (FTIR) and 'H nuclear resonance spectroscopy (H NMR)
analyses (detailed protocol in Supplementary Material). Considering
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Fig. 1. Schematic representation of the synthesis of iron oxide nanoparticles (MIONs) and Co-doped MION (Co-MIONs) stabilized by CMC.

that the results of NMR and FTIR are complemented by the M,, and DS
analyses provided by the supplier, a more in-depth analysis was not re-
quired and it is beyond the scope of this study.

The iron oxide nanoconjugates (MION-CMC and Co-MION-CMC)
were extensively characterized in order to access their major properties
essential for the designed system. X-ray diffraction (XRD) patterns were
recorded using PANalytical (Almelo, Netherlands) Empyrean diffrac-
tometer (Cu-Ko radiation with N = 1.54056 A). Measurements were
performed in the 2 theta range from 3.03 to 89.97 with steps of 0.06 .
For the sample preparation, the nanoparticle suspensions were placed
onto glass slides and oven-dried at 40 + 1 °Cfor 1 h.

Wavelength dispersive X-ray fluorescence spectrometry (WD-XRF)
measurements were performed on a Supermini200 spectrometer
(Rigaku Corporation, Tokyo, Japan) and cobalt concentration was deter-
mined from the Co ko line intensity. The samples were prepared by
adding 2 mL of the colloidal solutions into plastic dishes (molds) and
drying at 40 + 1 °C for 24 h for the formation of the films.

Transmission electron microscopy (TEM) images, selected-area
electron diffraction (SAED) patterns, and energy-dispersive X-ray
(EDX) spectra were obtained using a Tecnai G2-20 (FEI Company, Inc.,
Hillsboro, USA) microscope at an accelerating voltage of 200 kV. Sam-
ples were prepared by placing droplets of diluted suspensions of iron
oxide nanoconjugates onto the carbon-coated copper grids and
allowing them to dry at room temperature. The average nanoparticle
size and size-distribution data were obtained based on the TEM images

Table 1
Experimental conditions for the synthesis of MION and Co-MION nanoconjugates.

Sample Degree of substitution ~ M,, of CMC  Cobalt content
(DS) of CMC (kDa) (% mol/mol)

MION-CMC_07_90 0.7 90 0

MION-CMC _07_250 0.7 250 0

MION-CMC_12_250 12 250 0

Co3-MION-CMC_07_90 0.7 90 3.0

Co5-MION-CMC_07_90 0.7 90 5.0

by measuring at least 100 randomly selected nanoparticles using image-
processing program (DigitalMicrograph®).

FTIR spectra were obtained by direct transmission method from
films (Thermo Fischer, Nicolet 6700, Massachusetts, USA) over the
range from 400 to 4000 cm™~! using 64 scans and the resolution of
2cm™

Dynamic light scattering (DLS) and zeta potential (ZP) analysis were
performed using a ZetaPlus instrument (Brookhaven Instruments Cor-
poration, New York, USA) with a laser light wavelength of 660 nm
(35-mW red diode laser). For both analyses, the colloidal suspensions
were diluted in previously filtered deionized water (0.45 pm aqueous
syringe filter - Millex LCR 25 mm, Millipore). The measurements were
conducted at 25 + 2 °C and the light scattering was detected at 90°.
At least three measurements were obtained for each nanoconjugate sys-
tem and the average and standard deviation (SD) were calculated.

Electron paramagnetic resonance spectroscopy analysis (EPR) was
carried out on commercial X-band EPR spectrometer (Magnettech -
Germany, model Miniscope MS400) coupled to helium flux cryosystem
(Oxford - England, model ESR 900). The standard parameters applied
for all measurements were: center field 350 mT, sweep range 500 mT,
30 dB microwave power (~100 pW), microwave frequency about
9.44 GHz, 100 kHz field modulation. All samples were measured in
powder form after drying inside borosilicate tubes at 120 °C (Wilmad
Labglass - USA).

Magnetization curves as a function of temperature were measured
with a vibrational sample magnetometer (VSM) from Lake Shore, USA,
model 7404. For the measurements, the following protocol was used:
(i) cooling the samples in zero-field from 300 K to 77 K; (ii) after
reaching 77 K, a field of 70 Oe was applied and the magnetic moment
measured as a function of temperature from 77 K to 300 K (zero-field
cooling, ZFC); and (iii) after reaching 300 K, the magnetic moment of
samples was measured again from 300 K to 77 K with the applied
field (field cooling, FC). Magnetic hysteresis curves M(H) were mea-
sured in the field range — 10.000 Oe < H < 10.000 Oe at 77 K and
300 K from which coercivity field and saturation magnetization were
determined.
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2.4. Biological characterization of MION and Co-MION

24.1. Cell viability in vitro - Mitochondrial activity (MTT) assay

MTT (3-(4,5-dimethylthiazol-2yl-) 2,5-diphenyl tetrazolium bro-
mide) experiments were performed to preliminarily accessing biocom-
patibility of iron oxide nanoparticles in different concentrations after
incubation with HEK 293 T (normal) and U87 (cancer) cells for 24 h
(detailed protocol in Supplementary Material).

2.5. Magnetic hyperthermia of nanocolloids

2.5.1. Magnetic hyperthermia test in vitro acellular

Magnetic hyperthermia analyses were performed using a
Magnetherm™ instrument (Staffordshire, United Kingdom, solenoid di-
ameter D = 50 mm, number of turns N = 17). The samples were ex-
posed to alternating magnetic field (AMF) with amplitude of
19.9 kA/m and frequency of 112.6 kHz for 30 min.

2.5.2. Magnetic hyperthermia in vitro with brain cancer cells

The magnetic hyperthermia (MT) experiments were performed ac-
cording to the protocol detailed in the Supplementary Material. Briefly,
the MION-CMC sample (at concentration = 15 pg/mL) was incubated
with brain cancer cells for 3 h for allowing the cellular uptake of the
nanoconjugates. Next, these incubated cancer cells as well as the refer-
ence samples (i.e., positive and negative controls) were exposed to the
AMF with amplitude of 19.9 kA/m and frequency of 112.6 kHz for
60 min (Magnetherm™, Staffordshire, United Kingdom). After the ex-
posure, the cells were washed, trypsinized, counted (number of dead
and live cells) and the percentage of cell viability was expressed relative
to the live cells. Normal cells were not assayed by MT because it is ide-
ally focused on killing cancer cells by the heat generated by AMF, which
requires specific targeting tumor cells not present in this study.

3. Results and discussion
3.1. Characterization of CMC polymer

Initial spectroscopic characterization of the different CMC samples
(DS = 0.7 and 1.2; M,, = 90 and 250 kDa) was performed by FTIR
(Fig. 1Ss) and 'H NMR (Fig. 2S) analyses and the results are presented
in Supplementary Material. As expected, the FTIR spectra showed the
presence of the most relevant functional groups of CMC polymer
(hydroxyls, carboxylic and/or carboxylates). In addition, the peaks asso-
ciated with the carboxylates were relatively more pronounced for CMC
with DS = 1.2 compared to DS = 0.7 due to the higher concentration of
these groups. In the '"H NMR spectra, resonance signals associated with
unsubstituted and substituted hydroxyl groups were detected. The inte-
gration of the unsubstituted protons signals for CMC polymers indicated
the decrease in the relative intensity of OH groups for CMC of DS = 1.2
accounted for the higher content of COO™ groups compared to DS = 0.7.

3.2. Physicochemical and morphological characterization of MION and co-
MION

The XRD analysis of the iron oxide nanoconjugates (Fig. 2A (b) and
(c)) confirmed the formation of an inverse spinel structure of magnetite
(JCPDS 89-0691) supported by the peaks observed at 30.1°, 35.5°%,43.1°,
57.0°, and 62.6° corresponding to the orientations along (220), (311),
(400), (511), and (440) planes, respectively. The broad band at 21.8°,
observed in both samples, is characteristic of the CMC (Fig. 2A (a)). Ad-
ditionally, it was not detected the formation of other iron oxides (e.g., y-
Fe,03, JCPDS 25-1402; and o-Fe,03, JCPDS 87-1166) or iron oxide hy-
droxides (JCPDS 81-0463 and JCPDS 76-2301). Thus, the XRD results
(Fig. 2A and Fig. 3S, Supplementary Material) demonstrated that only
Fe30,4 (magnetite) nanoparticles were produced using the one-pot syn-
thesis in aqueous media for all conditions of DS or M,, values of CMC

ligands. Moreover, XRD patterns were also employed for assessing the
effect of doping the iron oxides with cobalt (CoxFe3 404, X = 0, 0.03
and 0.05) based on the nanocrystallite size (T) using the Scherrer's
equation (full width at half maximum, FWHM) [24]. The results in
Fig. 2B indicated the average size of the nanocrystallites of iron oxides
ranging from 6 to 10 nm. The doping of Fe;04 nanoparticles with Co?
* during the synthesis reduced the average size of nanocrystal by ap-
proximately 30% (i.e., from 10 nm to 7 nm), which was assigned to the
partial replacement of Fe>™ (ionic radius = 0.77 A) with Co®™ (ionic
radius = 0.74 A). This difference of ionic radius may have caused the
“shrinkage” of unit cell according to the literature [24,25]. These results
of Scherrer's equation can also be used as a preliminary calculation of
the dimension of the nanoparticles, which indicated the reduction of
the average size by incorporating Co®* in the iron oxide structure (i.e.,
from Fe304 to COxFe3_XO4).

In Fig. 2C is presented the WD-XRF spectra of the Fe;0,4 (a) and Co-
doped Fe;0,4 nanoparticles (b), where the Co5-MION-CMC_07_90 sam-
ple showed two peaks located at 2 theta = 52.8" and 47.5 correspond-
ing to the Co Ko and Co K( transitions, respectively [26]. The
quantitative chemical analysis of Co by WD-XRF revealed the concen-
tration of 1.5% mol (in relation to total iron content, Fe?" and Fe>™).
This result is in good agreement with the estimated theoretical value
of 1.7% (or equivalent to 5% mol in relation of Fe> ) used in the synthe-
sis of the nanocolloids. Therefore, these results evidenced that Co?* spe-
cies were successfully incorporated into the structure of magnetite
nanoparticles by the partial replacement of Fe?' ions in the
nanocrystals.

TEM analysis was performed to access the morphological features of
the iron oxide nanoparticles capped by CMC ligand. It was observed in
TEM images (Fig. 3 and Fig. 45-7S, Supplementary Material) that magne-
tite and Co-doped magnetite nanoparticles were produced with spher-
ical morphology (Fig. 3A) and with average size ranging from 7 to 10 nm
(Fig. 3B). Therefore, no significant trend was observed considering the
DS and M,, parameters of the biopolymer CMC or the cobalt concentra-
tion on modifying the average size of the colloidal iron oxide nanoparti-
cles (within the statistical variation). These results were interpreted as
the combination of several effects, including the concentration of re-
agents and the characteristics of the CMC (carboxylic functional groups,
molar mass) on the overall nucleation and growth processes of iron
oxide nanoparticles, causing the formation of highly stable nanocolloids
in aqueous media minimizing the influence of these parameters on the
final size of the nanoparticles.

The crystallinity of MION and Co-MION nanocolloids was also inves-
tigated by high resolution transmission electron microscopy imaging
(HRTEM) associated with selected area electron diffraction (SAED)
analysis. The presence of interference fringes with average distances
of 2.5 A (Fig. 3C) was associated with the interatomic distances of
(311) plane of spinel ferrite, which confirmed the crystallinity of the
iron oxide nanoparticles. The SAED patterns (Fig. 3D) consisted of con-
centric diffraction rings characteristic of iron oxide nanoparticles. They
were indexed as (220), (311), (400), (511), and (440) planes of cubic
spinel structure of ferrites, as discussed previously with XRD results,
with respective d-spacing (d + 0.05 A) of 3.00, 2.60, 2.20, 1.60, 1.50 A
for Co5-MION-CMC_07_90 sample [25].

The FTIR spectra of CMC (a), MION-CMC (b) and Co-MION-CMC
(c) are shown in Fig. 4A. It was observed in the CMC spectrum the pres-
ence of a broad band at 3400-3200 cm ™! assigned to vO—H vibrations
and the bands related to asymmetric (1652 and 1590 cm™!) and sym-
metric (1420 and 1320 cm ™) stretches of carboxylate groups of CMC.
Additionally, it was detected the vibrations of C—O associated with sec-
ondary alcohols (vC2-OH; 1113 cm ™! and vC3-OH; 1060 cm™ ') and the
vibrational band at 890 cm ™! associated with the (31-4 glycoside bonds.
Moreover, bands assigned to 60—H vibrations were observed in the
range from 710 to 600 cm™'. However, the fact that these bands are lo-
cated in regions overlapping with other bands limit their application as
an accurate structural identification tool [7,27]. The comparison of FTIR
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Fig. 2. (A) XRD patterns of (a) CMC_07_90, (b) MION-CMC_07_90 and (c) Co5-MION-CMC_07_90 samples (top) compared with the reference pattern of Fes0,4 (Bottom, JCPDS 89-0691).
(B) Effect of the cobalt content in the iron oxides on average size of the nanocrystallite. (C) WD-XRF spectra of (a) MION-CMC_07_90 and (b) Co5-MION-CMC_07_90 nanocolloids.

spectra of CMC (Fig. 4A (a)) with MION-CMC and Co-MION-CMC
nanocolloids (Fig. 4A (b) and (c)) indicated the appearance of bands
centered at 590 cm ™! assigned to vFe-O vibrations. The characteristic
Fe—O vibration of bulk magnetite occurs at 570 cm ™', however, accord-
ing to the literature [7,28], when the particles were reduced to nano-
scale dimensions, the absorption band of Fe—O bond shifts to higher
wavenumbers (at 640 and 589 cm™!). As expected, the same bands
were also observed for the other samples of iron oxide nanoconjugates,
MION-CMC_07_250, MION-CMC_12_250 and Co3-MION-CMC_07_90

(Fig. 8S, Supplementary Material). In order to analyze the doping of
iron oxide nanoparticles with Co, the region of the FTIR spectra from
950 to 550 cm ™! was enlarged and presented in Fig. 4B. However, con-
sidering that the stretching vibration of octahedral group Co—O (region
IT) occurs in the same region of the stretching vibration of Fe—O (region
IlT), it was necessary to perform the deconvolution of the spectra
((b) MION-CMC_07_90 and (c) Co5-MION-CMC_07_90) to verify the
influence of cobalt doping on magnetite nanoparticles. In this sense,
semi-quantitative analysis was performed based on the ratio of the



682

Frequency

A.G. Leonel et al. / International Journal of Biological Macromolecules 132 (2019) 677-691

d=6.9%1.6nm

N

SN

14

hkl  d (A) (£0.05)
(220) 3.00
(311) 2.60
(400) 2.20
(511) 1.60
(440) 1.50

Fig. 3. Characterization of Co5-MION-CMC_07_90 nanoparticles: (A) TEM image; (B) Histogram of size distribution; (C) HRTEM image with interplanar distance between lattice fringes
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areas of Co—O (region II, Fig. 4B) and Fe—O (region III, region II, Fig. 4B)
bands, relative to the 31-4 (region I, Fig. 4B) band, used as reference. It
was verified (Fig. 4C) a relative reduction of the band assigned to Fe—O
vibrations (~590 cm™!) [7,24,28] and an increase in the band assigned
to Co—O vibrations (~600-615 cm™ ') [29,30], as the result of the cobalt
doping of the magnetite nanoparticles.

According to the literature [27,31], the difference of wavenumber
between the asymmetric and symmetric vibrations of the COO™ groups
(Av, Table 1S, Supplementary Material) can be used to indicate the mode
of the carboxylate binding to metal ions on forming coordination com-
plexes. Here, the Av values suggested two different types of coordina-
tion, monodentate and bidentate bridging as it illustrated in Fig. 4D.
Due to the high surface to volume ratio of very small nanoparticles (i.
e., <20 nm), it is expected that the under-coordinated metallic ions at
their surface have played a pivotal role for the formation of complexes
with the CMC ligand via functional groups (e.g., COOH/COO ™). Based
on the results, these interactions at the nanointerfaces (MION-CMC)
were not significantly altered by the characteristics of CMC (DS and
M,,) or cobalt content (Fig. 8S and Table 1S, Supplementary Material).

To further characterize the colloidal behavior of these nanoparticles
in aqueous system, DLS analysis was performed. The hydrodynamic di-
ameter (dy,) of Fe30,4 nanoparticles stabilized by different CMC polymers
ranged from 63 to 125 nm (Fig. 5A). These results evidenced the influ-
ence of DS and M,, on the overall interactions occurring at the
nanoparticle-polymer interfaces and the balance of charges among all
molecules in the medium. The MION-CMC_07_90 sample showed the
lowest average dy,, which was interpreted by considering that dy, in
nanocolloids corresponds to the sum of the inorganic core and the poly-
meric shell [32], the smaller M,, of CMC (90 kDa) should contribute to
decrease the dy. Moreover, comparing MION-CMC_07_250 and MION-
CMC_12_250 samples (M,, = 250 kDa), it was observed that MION-
CMC_12_250 showed higher dy. This behavior was assigned to the fact
that the higher concentration of COO™ groups (DS = 1.2 > 0.7) may
have caused the repulsion between adjacent polymer chains and higher
interaction with water molecules, which increased the total volume of
solvation and the dy, [1]. In Fig. 5B is plotted the percentage of relative
increase of the d;, values of MION-CMC_07_250 and MION-
CMC_12_250 compared with MION-CMC_07_90 sample. These results
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Fig. 4. (A) FTIR spectra of nanoconjugates: (a) CMC_07_90, (b) MION-CMC_07_90 and (c) Co5-MION-CMC_07_90 samples. (B) Detail of the FTIR spectra region associated with the range
of 31-4, Fe—0 and Co—O vibrations. (C) Evolution of Fe—0 and Co—O bands due to cobalt doping. (D) Schematic representation of nanoparticles/CMC interactions (not to scale).

demonstrated that the M,, of cellulose derivative (CMC) and the con-
centration of carboxylate functional groups (DS) were responsible for
increasing dy, by 55% and 98%, respectively. It should be highlighted
that, during the synthesis of nanoparticles via an aqueous colloidal
chemistry, there are several parameters for altering and controlling
their sizes and physicochemical properties, including the selection of
chemical precursors, ligands, concentration, and others [32].

These results are very relevant bearing in mind the potential bio-
medical applications of the nanoconjugates, as the hydrodynamic size
is one of the key aspects on the interactions of nanomaterials with living
cells and biological systems.

The ZP values of approximately ~ —70 mV were similar for the iron
oxide nanoparticles (MIONs) indicating they were effectively stabilized
by COO™ functional groups of CMC mostly by electrostatic repulsion
mechanism (i.e., ZP <« —30 mV), although steric hindrance cannot be
ruled out [27]. For comparison, without the presence of the CMC macro-
molecule as ligand, the uncoated Fe;04 nanoparticles presented ZP and
dp values of —16 + 7 mV and 31 4 2 nm, respectively. It was clearly ob-
served the reduction of ZP without the negative carboxylate groups and
the decrease of d}, value due to the absence of the CMC polymer, i.e., the
organic shell surrounding the iron oxide nanoparticles.

The comparison of DLS analysis of MION_07_90 and Co-MION sam-
ples (Fig. 6A) evidenced a significant difference due to the cobalt-doped
iron oxide nanoparticles despite they were capped with the same CMC
polymer. The higher d, value of Co-MION (Fig. 6B) was suggested to be
caused by the formation of more stable and larger Co(Il) carboxylate
complexes at the nanointerface (nanoparticle-polymer) as depicted in

Fig. 6C. This event improved the degree of freedom of Co®* species at
the coordination structure permitting higher interactions with water
molecules, which increased the volume of solvation and consequently,
the value of dy,, as supported by the literature [33,34].

Similarly to MION nanoconjugates, the ZP values of Co-MION-CMC
systems indicated that they were also chemically stabilized as
nanocolloids by COO™ groups of CMC mostly due to electrostatic repul-
sion [27]. However, the Co5-MION-CMC_07_90 nanoparticles presented
a relative decrease of ~20% in the negative surface charges (~—58 mV)
compared to analogous Fe;04 nanoparticles (~—69 mV). This trend
was attributed to the relative higher value of d; of Co-doped
nanocolloids, which facilitated the conformation of carboxylate groups
and the polymer chain of CMC in water medium for minimizing the
electrostatic repulsions (i.e., free energy), affecting the overall balance
charges.

3.3. Magnetic characterization of MION and Co-MION

The EPR spectra as a function of temperature (T) of (A) MION-
CMC_07_90, (B) Co5-MION-CMC_07_90 and (C) uncoated magnetite
nanoparticles, are presented in Fig. 7. These EPR spectra are characteris-
tic for superparamagnetic nanoparticles in highly concentrated systems.
The resonance lines are shifted to lower fields, losing intensity, line
shapes are broadened and becoming more isotropic for decreasing tem-
peratures [35-37]. While the resonance lines of coated MION-
CMC_07_90 showed similar behavior as a function of temperature com-
pared with the uncoated magnetite nanoparticles, the resonance lines of
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the Co5-MION-CMC_07_90 showed much stronger anisotropic temper-
ature dependence. In general, nanoparticles consisting of Co-spinels
present higher magnetocrystalline anisotropy due to the spin-orbit con-
tributions resulting in magnetically harder materials when compared
with Fe-spinels, which are magnetically softer [38]. However, it is still
unexpected that the relative low Co-doping of 5% in Fe-spinels resulted
in such significant change in the resonance lines.

Thus, in order to confirm the superparamagnetic behavior and the
important difference observed in the resonance spectra between
MION-CMC and Co-MION-CMC conjugates, magnetization curves of all
samples were measured and are shown in Fig. 8 for both zero-field
cooling (ZFC) and field cooling (FC) in a field of 70 Oe. In addition,
Fig. 9 shows the hysteresis curves for the samples under evaluation
measured at 77 K and 300 K as a function of the magnetic field
(—10,000 Oe < H < 10,000 Oe).

In accordance with the EPR measurements, the magnetization mea-
surements show clearly that all three samples are superparamagnetic at
room temperature, i.e., no sample shows hysteresis at 300 K (Fig. 9).
Superparamagnetic nanoparticles are considered single ferromagnetic
domains, in which all spins are strongly coupled. Due to the small size

of the particles, the magnetic energy of the particles is of the order of
the thermal energy, therefore, the direction of the total magnetic mo-
ment of the single magnetic particles fluctuates significantly from equi-
librium positions resulting in superparamagnetic behavior [39]. At
lower temperatures, however, some superparamagnetic particles are
blocked revealing ferrimagnetic behavior as expected for magnetite
nanoparticles. The highest blocking temperature (Tg = 290 K) was
found for the uncoated magnetite nanoparticles (Fig. 8C), while it was
190 K and 105 K for the coated samples Co-MION-CMC (Fig. 8B) and
MION-CMC (Fig. 8A), respectively. For sample MION-CMC_07_90
(Fig. 9A), the magnetic hysteresis was still small at 77 K, indicating
nanoparticles which are magnetically soft. Conversely, the Co-doping
of MION sample caused magnetically harder nanoparticles when com-
pared to MION-CMC, which is revealed by the stronger hysteresis and
higher coercivity field at 77 K (Fig. 9B), in agreement with the results
obtained by magnetic resonance.

In addition to the magnetic properties for comparison and reference
purposes, the morphological and physicochemical characterizations of
uncoated Fe;04 nanoparticles (without CMC ligand) were also evalu-
ated and presented in Supplementary Material (Fig. 9S).
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3.4. Biological characterization of MION

3.4.1. Cell viability in vitro — mitochondrial activity (MTT) assay

MTT cell viability test (3-(4,5-dimethylthiazol-2yl-) 2,5-diphenyl
tetrazolium bromide) has been considered the major assay for in vitro
assessment of cytotoxicity of bio(nano)materials for biomedical appli-
cations. Therefore, MTT bioassay was performed to evaluate the poten-
tial in vitro cell viability responses of nanoconjugates towards normal
(HEK 293 T) and human cancer cell lines (U87, glioblastoma). The re-
sults of MTT for normal (HEK 293 T, Fig. 10A) and cancer (U87,
Fig. 10B) cells incubated with Fe304-CMC nanocolloids (CMC, DS =
0.7 and M, = 90 kDa) demonstrated no cytotoxicity at lower concen-
trations of 0.8 and 1.7 pg.mL™!, where the average cell viability

responses were typically over 80% for both cell types. Therefore, accord-
ing to the literature and based on the international standard (ISO
10933-5 - Biological evaluation of medical devices - Part 5: Tests for
in vitro cytotoxicity), (nano)materials with cell viability results higher
than 70% are considered non-cytotoxic (in vitro) and preliminarily ap-
propriate for biomedical applications. However, at higher concentra-
tions of iron oxide nanoparticles (e.g., 4.2, 8.5, and 17.0 ug/mL), it was
observed moderate cytotoxicity by the reduction of cell viability re-
sponses (i.e., cell viability < 70%), which indicated the dependence of cy-
totoxicity effect with the concentration of nanoconjugates. Certainly, at
much higher concentrations, it is conceivable to expect that most
(nano)materials are likely to present unneglectable levels of toxicity
to cells, as they can interfere and cause disruption to the cellular
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Fig. 7. EPR spectra of (A) MION-CMC_07_90, (B) Co5-MION-CMC_07_90 and (C) uncoated magnetite as a function of temperature (T).

metabolism, which has been reported in the literature for iron oxide
nanoparticles [7]. In addition, the cell viability tests indicated similar
trends with slightly different responses for CMC polymers with the
higher degree of carboxymethylation and molar mass (DS = 1.2, M,,
= 250 kDa) used for the synthesis of iron oxide nanoparticles, but the
results (Fig. 10S, Supplementary Material) were statistically equivalent
(Bonferroni Multiple Analysis Test, one-way analysis of variance, o =
0.05). These results suggest that the higher concentration of negative

(R) 5 -

M (emu/g)

(B)

M (emulg)

G

o o
- -
N o
1 1

M (emu/g)

Fig. 8. Magnetization curves of samples (A) MION-CMC_07_90, (B) Co5-MION-
CMC_07_90 and (C) uncoated magnetite in the temperature range from 300 K to 77 K,
for zero-field cooling (ZFC) and after applying a field of 70 Oe for field cooling (FC).

charges (-COO ™) of CMC (DS = 1.2) of the nanoconjugates may have al-
tered the electrostatic interactions at the cell-nanoconjugates interfaces,
but not sufficiently for affecting the cytotoxicity response towards these
nanoconjugates. It is important to mention that these findings can be
significantly modified by using different size/size distribution, shape,
surface coating, chemical composition and others aspects of the nano-
particles, considering that their physicochemical properties are essen-
tial to determine the cytotoxicity [40,41]. For that reason, it is of
paramount importance to comprehensively characterize the morpho-
logical and structural properties of nanoparticulate systems before
performing biological tests related to their cytotoxicity or cell killing ac-
tivity as the results are strongly dependent on the overall contributions
from the core and shell entities.

3.5. Magnetic hyperthermia of nanocolloids

3.5.1. Magnetic hyperthermia test in vitro acellular

The iron oxide nanoconjugates were exposed to an alternating mag-
netic field (AMF) of 19.9 kA/m for 30 min in order to investigate the
thermal effects, referred to as magnetic hyperthermia analysis (MT).
The samples were placed inside a polystyrene tube in order to prevent
the occurrence of non-specific heating. Considering the Fe;04 nanopar-
ticles stabilized by different CMC polymers, it was observed (Fig. 11A)
that the MION-CMC_07_90 sample showed higher heating rate com-
pared to other nanoconjugates when exposed to the magnetic field.
The hyperthermia response was reduced by the presence of the CMC
polymer coating onto the iron nanoparticles needed for the stabilization
as colloids in aqueous medium because of the relative decrease of mass
of magnetic material (i.e., iron oxide component) per volume of nano-
particle (i.e., hydrodynamic volume, dy,) [42]. Considering the results
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of Section 3.2, where the MION-CMC_07_250 and MION-CMC_12_250 parameter based on the ratio [Dcore/dp] for assessing the combined ef-
samples presented the larger dy, values, it was calculated lower values fects of nanocolloidal ferrofluids composed by the inorganic core (iron
for the ratio based on the “mass of magnetic nanomaterial” per volume oxide) and the organic shell (CMC, polymer) under alternating mag-
of nanocolloids, which was accounted for the reduction of magnetic hy- netic field. Thus, the decrease of D./d, ratio as the hydrodynamic vol-
perthermia responses. In this study, it is suggested for the first time the ume increase (Fig. 11A) evidenced the relative reduction of “magnetic
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Fig. 10. MTT in vitro assays for normal (HEK 293 T, (A)) and cancer (U87, (B)) cells incubated with MION-CMC nanocolloids (CMC, DS = 0.7 and M,, = 90 kDa).
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Fig. 11. Heating rate and dy, values and Dco/dy, ratio showing (A) Effect of M, and DS of CMC and (B) Effect of Co-doping.

response” of the nanocolloids, which is only generated by the core
nanomaterial. These assumptions are endorsed by the results discussed
in Section 3.2 where nanocrystalline structures, core sizes and ZP values
were similar for these samples, but with distinct values of d,. Moreover,
it was observed that the cobalt-doped nanoparticles (Co-MIONs) pre-
sented lower heating rates compared to undoped Fe;04 nanoparticles
(MIONs) submitted to the alternating magnetic field for hyperthermia
test (Fig. 11B). This behavior was also assigned to the relative colloidal
volume (dy) of nanoconjugates because the Co-MION-CMC
nanoconjugates showed higher values, leading to lower thermal re-
sponse under magnetic hyperthermia. Based on the literature [43], the
partial replacement of Fe?* by Co?* species in magnetite nanoparticles
is a useful strategy to improve hyperthermia properties, because Co?™
usually increases the magnetic anisotropy of the system. However,

this trend was not observed in this study probably because the incorpo-
ration of Co®™ in the iron oxides enlarged the hydrodynamic volume
overcoming the effect on the anisotropy of the system. According to
the literature [44], the mechanisms responsible for heat generation of
iron oxide magnetic nanoparticles are very complex and not entirely
understood yet, which are size dependent and influenced by relaxation
processes. It should be highlighted that higher heating rate is not neces-
sarily positive for biomedical applications because elevated tempera-
tures generated by magnetic hyperthermia can kill cancer cells but
also harm adjacent cells and tissues.

3.5.2. Hyperthermia test in vitro with brain cancer cells
In order to preliminary assessing the potential applications of the
nanoconjugates in killing cancer cells, magnetic hyperthermia analyses
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were performed as a proof of concept with human brain cancer cells (gli-
oma cells, U87). The iron oxide nanoconjugates (MION-CMC_07_90)
were selected for this in vitro assay with tumor cells based on the results
of higher MT heating rate in the previous section. In Fig. 12 is presented
the cell viability responses of brain cancer cells after incubation with
MION-CMC_07_90 nanoconjugates for 3 h submitted to the in vitro
magnetotherapy assay (MT). As reference (U87-MION-CMC), it was ob-
served that the cell viability was reduced to approximately 60% after in-
cubation with magnetite nanoparticles without MT, which evidenced
intrinsic cytotoxic effect of these nanoparticles.

More importantly, the cell viability response was remarkably re-
duced to 34% when the glioma cancer cells were incubated with the
Fe30,4-CMC nanocolloids and exposed to the alternating magnetic field
(U87-MION-CMC-MT). This significant reduction of cell viability after
magnetic hyperthermia process proved the hypothesis that these
novel nanocolloids composed of Fe30,4 core and CMC shell behaved as
nanoheaters when submitted to alternating magnetic field (AMF). This
localized heat generated by the nanoconjugates under AMF increases
the temperature by 5-6 °C, which can induce cellular necrosis and/or
apoptosis (cell death showed in Fig. 11S, Supplementary Material) usu-
ally referred to as magnetotherapy of cancer [7]. Finally, it should be
stressed that the magnetic hyperthermia assay for killing brain cancer
cells in vitro using this novel magnetite-CMC nanoconjugates was pre-
sented as a proof of concept for potential applications as an additional
supporting therapy for cancer treatment. To this end, other chemical
compositions for altering the inorganic core of the nanoparticle and
other polymer ligands for changing the organic shell can significantly
modify the killing activity of the iron oxide nanohybrids produced via
aqueous colloidal process. As mentioned before, normal cells (HEK
293T) were not submitted to MT assay because CMC does not provide
the required selectivity and specificity for killing cancer cells while pre-
serving normal ones. That could be achieved by biofunctionalization of
CMC with specific molecules (folic acid, peptides, antibodies, etc.) for
targeting cancer cells, but this approach is beyond the scope of this
study. Therefore, further studies are certainly needed in the future for
investigating other relevant aspects before performing in vivo assays
and clinical trials for treating brain tumors, which is highly challenging
and beyond the scope of the present research. Nonetheless, this study
offers novel nanofluids with promising future perspectives for develop-
ing magnetic guided surgery and magnetic hyperthermia to be applied
in the treatment of cancer tumors.
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4. Conclusions

The results proved that Fe30,4 and CoFe3 ,O4 nanoparticles (MION
and Co-MION, respectively) were produced in a single-step one-pot
process in aqueous media using CMC with different DS and molar
mass. The efficient stabilization of these nanocolloids in aqueous
media was attributed to the interactions of functional groups of CMC
with the surfaces of the nanoparticles leading to the formation of
core-shell nanostructures. The results demonstrated that the MION-
CMC and Co-MION-CMC nanoparticles were produced with fairly
monodispersed (average size = 7 nm) and spherical morphology. The
cobalt-doping decreased the average size of the iron oxide nanocrystals
and affected the dj, of the nanocolloids, which was attributed to the in-
teractions between the Co®™ at the surface of the nanoparticles with
CMC carboxylates functional groups. Moreover, the functionalization
of CMC with higher concentration of carboxylates groups caused a dras-
tic increase of approximately 100% on the dy, (i.e., DS = 0.7 compared to
DS = 1.2), which was attributed to the volume of solvation layer of
water molecules to balance the negatively charged groups of the
nanocolloids. EPR spectroscopy and VSM results endorsed the formation
of magnetic particles with superparamagnetic behavior due to the
nanosize dimensions. Based on the MTT assay considering the interna-
tional standard (ISO 10933-5), the cell viability results were dependent
on the concentration of the magnetite nanoparticles, varying from non-
toxic response at lower concentrations (<[4.2 g mL~']) to moderate cy-
totoxicity at higher concentrations (>[4.2 ¢ mL™"]) for both cell types.
Moreover, the magnetic hyperthermia analyses demonstrated the influ-
ence of the CMC characteristics (DS and M,y) and cobalt-doping of
nanocolloids on the generated heat, which was assigned to changes of
the magnetic relaxation phenomena on the core-shell nanostructures.
Additionally, the hyperthermia results proved the remarkable killing ac-
tivity against brain cancer cells in vitro (U87 cells) after the incubation
with MION-CMC and applying alternating magnetic field. Therefore,
these new iron oxide-CMC magnetic nanocolloids can offer promising
future perspectives as localized nanoheaters for magnetic hyperthermia
therapy associated with other treatments of cancer therapy.
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