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Nanoscaled spinel-structured ferrites bear promise as next-generation contrast agents for magnetic
resonance imaging. However, the small size of the particles commonly leads to colloidal instability under
physiological conditions. To circumvent this problem, supports onto which the dispersed nanoparticles
can be anchored have been proposed. Amongst these, flakes of graphene have shown interesting
performance but it remains unknown if and how their surface texture and chemistry affect the magnetic
properties and relaxation time (T,) of the ferrite nanoparticles. Here, it is shown that the type of
graphene oxide (GO) precursor, used to make composites of cobalt ferrite (CoFe,O,4) and reduced GO,
influences greatly not just the T, but also the average size, dispersion and magnetic behaviour of the
grafted nanoparticles. Accordingly, and without compromising biocompatibility, a judicious choice of the
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1. Introduction

In recent years, various types of nanoparticles (NPs) have been
investigated as potential magnetic resonance imaging (MRI)
contrast agents. At the nanoscale, there is a higher probability
to observe particles that constitute a single magnetic domain,
this resulting in superparamagnetic behaviour. In fact, super-
paramagnetism is assumed to be the most favourable condition
for solid-state contrast agents, as the uniform directionality of
the field will maximize the magnetization strength. To achieve
this maximal magnetic moment, the particle must remain
below a certain size threshold (upwards from which a multi-
domain regime occurs).! Superparamagnetism is marked by
the absence of remnant magnetization after removal of external
fields. When applied to NPs, this property promotes colloidal
stability and, most importantly, avoids aggregation (which is
key for NPs used in biomedical applications).> However, with
size reduction (and the associated increase in surface-to-volume
ratio), some unintended phenomena become more
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initial GO precursor can result in the doubling of the proton relaxivity rate in this system.

pronounced. These can deleteriously affect the super-
paramagnetic response of a nanoparticle and include agglom-
eration, spin-glass-like behaviour, non-collinear spins and spin
canting.”?

Spinel ferrite compounds MFe,O, (M = Mn, Co, Ni, Fe, etc.)
are a class of metal oxide materials that offer a broad spectrum
of applications.*® In particular, cobalt ferrite (CoFe,O,) NPs
have been studied as signal enhancement agents in MRI
because of their large Curie temperature, moderate saturation
magnetization and notable magneto-crystalline anisotropy.®’
Recently, nanocomposites that consist of GO mixed with
CoFe, 0O, NPs were reported.*®* The GO substrate not only
anchors the NPs (avoiding aggregation and/or sedimentation)
but also has a fairly biocompatible surface.®

Although GO is a valid supporting matrix, it is chemically
reactive (because of the profusion of grafted functional
groups). Under physiological conditions, this could repre-
sent a liability (e.g. risk of early deactivation). On the other
hand, its counterpart, the reduced graphene oxide (rGO),
retains the flaky layered structure of GO and is more inert. To
the best of our knowledge, there are no reports regarding the
proton relaxivity value obtained in CoFe,0,-rGO composites.
Herein, it is described how the MRI contrast is changed when
the oxide loading and the type of graphene are varied in
composites of cobalt ferrite nanoparticles grafted to rGO. To
do this, the morphology, structure, chemistry, magnetic
properties and cytotoxicity of two sets of rGO composites with
CoFe,0, loadings comprised between 5-30 wt% were
considered.
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2. Experimental
2.1 Synthesis of the GO precursor

The GO was prepared from graphite powder (Alfa Aesar, <50 pm)
through one of two commonly used chemical processes: the
Hummers' (HGO)" or the so-called improved Hummers' (IGO)"
method. The hydrothermally reduced GOs were prepared as
follows: 100 mg of HGO (or IGO) powder was dispersed in 40 mL
of deionized water and stirred for 24 h to form an aqueous
dispersion. The mixture was then transferred to a 50 mL Teflon-
lined stainless steel autoclave, which was placed in an oven at
180 °C for 24 h. The product was collected, centrifuged and
washed several times with deionized water and freeze-dried
under reduced pressure (0.133 mbar) for 24 h in a Labconco
Free Zone system. The rGO prepared by the Hummers' method
is hereafter designated as rHGO, and that prepared by the
improved Hummers' method is designated as rIGO.

2.2 Synthesis of the CoFe,0,-rGO composites

CoFe,0,-rGO composites with metal oxide loadings of 0, 5, 10,
16 and 30 wt% were prepared by a hydrothermal method using
water as a solvent. In a typical synthesis procedure, 100 g of
HGO (or IGO) was dispersed in 30 mL of water with sonication
for 12 h. Stoichiometric amounts of Co(NO;),-6H,0O (Sigma-
Aldrich) and Fe(NO3);-9H,0 (Sigma-Aldrich) were added to
the GO aqueous dispersion, followed by stirring at room
temperature. The pH of the reaction mixture was adjusted to 10
by adding the needed volume of a NH;-H,O solution. The
mixture was then transferred to a 50 mL Teflon-lined stainless
steel autoclave and kept in an oven at 180 °C for 24 h. The
product was collected, centrifuged, washed several times with
deionized water and freeze-dried under reduced pressure (0.133
mbar) for 24 h. For reference, pure CoFe,O, NPs were synthe-
sized as follows: 0.5 g of Co(NO;),-6H,O and 1.37 g of
Fe(NO;);-9H,0 were dissolved in 30 mL of water. The pH of the
reaction mixture was subsequently adjusted to 10 by adding the
needed volume of a NH;-H,O solution. The mixture was then
transferred to a 50 mL Teflon-lined stainless steel autoclave and
kept in an oven at 180 °C for 24 h. The product was collected,
centrifuged, washed several times with deionized water and
freeze-dried under reduced pressure (0.133 mbar) for 24 h.

3. Measurements
3.1 Characterization techniques

All composite materials were characterized by X-ray powder
diffraction (XRD; Bruker, D8 Advance) with Cu Ko radiation (A,
= 1.5418 A). The morphology and size of the carbonaceous
flakes and metal oxide NPs were examined by transmission
electron microscopy (TEM; Thermo Fisher Scientific Tecnai
BioTwin, 120 keV). SEM micrographs of the powder samples
were acquired with a Quanta FEG scanning electron microscope
(Thermo Fisher Scientific) operated at 5 kV. Energy-dispersive X-
ray spectroscopy (EDS) was performed using an EDS Genesis
detector (EDAX Inc.). The Fourier transform infrared (FTIR)
spectral analyses were carried out with a Thermo Scientific
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spectrometer (Nicolet iS10). Raman studies were performed
using a WITec Alpha 300 RA spectrometer employing an exci-
tation wavelength of 488 nm. X-ray photoelectron spectroscopy
(XPS) studies were carried out in a Kratos Axis Ultra DLD
spectrometer equipped with a monochromatic Al Ka X-ray
source (hv = 1486.6 eV) operating at 150 W, a multi-channel
plate and delay line detector under a vacuum of ~10~° mbar.
The survey and high-resolution XPS spectra were collected at
fixed analyzer pass energies of 160 eV and 20 eV, respectively.
Samples were mounted in floating mode in order to avoid
differential charging. Zeta ({)-potential analyses were per-
formed using a Malvern Zetasizer Nano ZS instrument. The
magnetic properties of the composites were characterized using
a superconducting quantum interference device (SQUID)-
vibrating sample magnetometer (VSM) system (Quantum
Design USA) equipped with a highly sensitive (10°° emu)
sensor. The magnetization measurements were carried out on
powder samples using straw holders by varying the magnetic
field from —3 T to +3 T. For the magnetic resonance imaging
(MRI) studies, different concentrations of the composites were
dispersed in 2% agarose (w/v) gels, whereas a blank gel was used
as a reference. The T, relaxivity of water protons in the presence
of the as-synthesized composites was measured using a Bruker
500SWB spectrometer integrating a superwide-bore 11.7 T
magnet resonating at 500 MHz. The relaxivity r, is the slope of
the line fitted to the 1/T, concentrations (C) plot, which is
related to T, through eqn (1):

Tiz - Ti +rC (1)
where C is the contrast agent concentration, T, is the observed
relaxation time in the presence of the CoFe,04 nanostructures,
and T, is the relaxation time in the absence of the contrast
agent. From eqn (1), 7, is revealed as a concentration-
dependent term. However, r, is a concentration-independent
term. In fact, a contrast agent with a large r, value can
shorten the 7, substantially with a smaller concentration
increment. The relaxivity values (r,) of the water protons were
calculated using eqn (1). The Fe concentrations were obtained
from inductively coupled plasma optical emission spectrometry
(ICP-OES) using a Varian 720-ES spectrometer. Typically, 10 mg
of sample powder was mixed in 4 mL of concentrated HNO3 and
1 mL of H,0, (30%). Subsequently, this mixture was placed in
closed Teflon vessels and digested for 40 min with the assis-
tance of microwaves (1000 W, 200 °C).

3.2 Invitro cytotoxicity

Hela cells were seeded in 96-well plates (6 x 10° cells per well)
in 100 pL of a Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% foetal bovine serum (FBS) and 1%
penicillin-streptomycin at 37 °C in a 5% CO, humidified
atmosphere for 24 h. After cell attachment, the cells were
washed with Dulbecco’s phosphate buffer solution (PBS) and
incubated at different concentrations (5, 10, 20, 25 and 50 pg
mL ") of rIGO, rHGO, 30 wt% CoFe,0,~THGO and 30 wt%
CoFe,0,-rIGO in the DMEM for 24 h at 37 °C. The culture

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09476d

Open Access Atrticle. Published on 21 February 2019. Downloaded on 1/7/2026 1:43:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

medium was then discarded, the Cell Counting Kit-8 (CCK)-8
solution was added into the wells, and the plate was incu-
bated for an additional 4 h in darkness. The absorbance values
were measured at 450 nm using a microplate spectrophotom-
eter (xMark™ Microplate Absorbance Spectrophotometer).

4. Results and discussion
4.1 Structural and chemical characterization

First, the shape, size, composition and structure of the spinel-
structured ferrite NPs and their respective composites were
analysed. A tableau of representative TEM micrographs for the
entire set of synthesized materials is shown in Fig. 1. The
micrographs of the CoFe,0,-rGO composites (Fig. 1a-h) show
5-13 nm NPs distributed randomly on the surface and at the
edges of the rGO sheets. In all cases, the presence of C, O, Fe
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and Co was confirmed by EDS analysis (Fig. SI11). Additionally,
the bulk Fe content of each sample was measured with ICP-OES.
As expected, the concentration of iron increased as a function of
particle loading in the composites, attaining a maximum for the
30 wt% CoFe,0,-rIGO (Table SI1f). Throughout the set of
composites, the morphologies of the substrate sheets (rGO) are
similar but the size of the NPs (CoFe,0,) differs. The bar charts
showing the size distribution were constructed from the
statistical analysis of TEM images, with the number of NPs
counted exceeding 100. The average particle size (D,,) and cor-
responding standard deviation (¢) are also presented in Fig. 1
and Table SI2.f Generally, the CoFe,O, particles grafted onto
the flakes grew as the loading concentration increased (from 5
to 30 wt%); this growth occurred irrespective of the type of GO
precursor employed. However, for equivalent loadings, the
average particle size was smaller in the rHGO composites than

.. rHGO- 16 wt%

2 q
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rIGO- 5 wt%

06 B 10 12 14716 18 20
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12 NA6 18 20
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(a—d) TEM images (inset: NPs size distribution histogram and average size) of the CoFe,O4—-rHGO composites with 5, 10, 16 and 30 wt%

CoFe,Q,, respectively; (e—h) TEM images (inset: NPs size distribution histogram and average size) of the CoFe,O4-rIGO composites with 5, 10,
16 and 30 wt% CoFe,O4, respectively; (i) TEM image (inset: NPs size distribution histogram and average size) of the pure CoFe,O4 NPs.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XRD patterns for: (a) CoFe,O4, rHGO and CoFe,O4-rHGO composites with 5, 10, 16 and 30 wt% CoFe,Oy4; (b) CoFe,Oy4, rIGO and

CoFe,O4—-rIGO composites with 5, 10, 16 and 30 wt% CoFe,Oy,.

in the rIGO ones. Following the analysis of oxygen content by
XPS (Fig. SI21), a possible explanation is that the sheets of the
IGO precursor contain a greater number of oxygenated
groups™™® that, upon the reduction reaction, produce a larger
amount of gaseous species (more on this later in the text).
Higher pressures in the autoclave favour both an increase in the
nucleation rate and faster growth kinetics of the CoFe,O4 NPs.'*
Altogether, as the optimal loading and resulting particle size are
concerned, it can be stated that it is not just the metal oxide
precursor concentration that matters but also the type of GO
precursor that is used.

The XRD patterns of the NPs, pure rGOs and their respective
composites are presented in Fig. 2. The diffractogram of the
CoFe,0, NPs confirms the expected cubic spinel phase (space
group 227 or Fd3m, ICDD card 03-0864). The patterns of the
rHGO (Fig. 2a) and rIGO (Fig. 2b) also follow the general profile
for these materials.'>*® Interestingly, in the case of the
composites, the diffractograms of the rHGOs are dominated by
the peaks of the carbonaceous matrix, whereas the rIGOs go
through an inversion from sheets to particles, upwards from
16 wt% loadings. In fact, for the maximum loading tested
(30 wt%), the rIGO peak at 26 = 25° becomes overshadowed by
those of the grafted NPs (which are similar, in shape and
intensity ratios, to the peaks of the standalone NPs). This result
concurs with the more localized TEM observations and extends
them to the bulk powder. Effectively, the 30 wt% CoFe,0,-rIGO
composite is the one with the highest loading efficiency and
contains NPs whose crystallinity and size match those of the
standalone NPs.

To confirm the successful synthesis of the CoFe,0, NPs and
the structural constancy of the rGOs in the composites, Raman
spectra were acquired for all of the samples (Fig. 3). In the
spectrum of the standalone particles, a set of bands between
100 cm™* and 750 cm ™! were observed, identified as the char-
acteristic peaks of the CoFe,0, spinel structure; specifically, the
A,y + Eg + 3T, resonant modes.'” The spectra of the rGOs had
similar profiles, showing the expected D and G bands of

6302 | RSC Adv., 2019, 9, 6299-6309

disordered carbon. The intensity ratio between these bands
differed slightly, with the rIGO showing a more preponderant D
band. Likewise, in the spectra of all of the CoFe,O,~rGO
composites, the D and G bands of the support dominated, with
the peaks of the NPs noticeable only in the samples with 30 wt%
loading. Interestingly, the frequencies of the D (1328 cm™ ') and
G (1598 cm™ ') bands do not change with loading or type of rGO.
However, when inspecting the set of spectra for rHGO, we
observed that their intensity ratio changed from the parent
flakes to the composites. This change could be due to the
hydrothermal synthesis conditions, which may induce addi-
tional exfoliation and expose more defects in the graphene
lattice.™™* Altogether, no visible differences were observed in
the Raman spectra of the composites derived from HGO or IGO.

Infrared spectroscopy was used to verify the integrity of the
NPs and to identify major variations in the chemical moieties
attached to the carbonaceous sheets. As shown in Fig. 4, all of
the FTIR spectra (CoFe,O4 NPs included) exhibited a broad peak
at approximately 3435 cm™ . This peak corresponds to the -OH
stretching vibration, a fingerprint for surface-adsorbed water.*®
In the spectrum of the standalone CoFe,O, NPs, the peak at
583 cm ™' is a spectral fingerprint derived from the Fe(Co)-O
stretching vibration (it is also observed, at the same frequency,
in the spectrum of bulk CoFe,0,).”* The spectra of the two
rGOs are similar. The peak located at ~1711 cm ™ is attributed
to the C=0 stretching vibration,*® whereas the broad peak at
~1564 cm ' likely originates from the bending vibrations of
adsorbed water molecules and the skeletal C=C vibrations of
non-oxidized graphitic domains.>*” The peaks at 1222 cm ™ *
and 1037 cm ' could belong to the asymmetrical and
symmetrical C-O aromatic stretching vibrations of epoxy
groups, respectively (the latter could also be derived from a C-N
stretch).’>?® A comparison of the two sets of composites reveals
that the IR spectral signature is mostly independent of the rGO
used. Nonetheless, these results, whilst indicating a bulk-level
similarity in the main types of organic moieties grafted onto
the carbonaceous sheets, do not preclude variations in surface

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Raman spectra for: (a) rHGO, CoFe,O,4 and CoFe,O4—rHGO composites with 5, 10, 16 and 30 wt% CoFe,Oy,, respectively; (b) rIGO,
CoFe,O4 and CoFe,O4-rIGO composites with 5, 10, 16 and 30 wt% CoFe,Oy,, respectively.

chemistry such as concentration and dispersion of the moieties,
as previously shown." Interestingly, for the two 30 wt% rGO
composites, the C=O0 stretching vibration is suppressed,
whereas the NPs signature peak becomes quite prominent.
Taken together, the TEM and XRD analyses show clear
trends in the composite samples as the density and size of NPs
differed with the type of rGO. However, the vibrational spec-
troscopy studies (Raman and FTIR) did not identify variations
as a function of the rGO used. In these circumstances, the
concentration, dispersion and sterical availability of grafted
functional groups such as hydroxyl, epoxy, and carboxylic acid
groups (which are commonly found on the surface and edges of
GO sheets)?”?>*® are the main reason for the observed varia-
tions. This explanation concurs with our previous observation
of a greater degree of surface oxidation and specific surface area
for the rIGO powder."”” With respect to the suppression of the
C=0 mode in the composites with the highest CoFe,0, loading
(¢f FTIR spectra), these organic moieties can plausibly act as
preferential anchor sites to nucleate the NPs. One possible
mechanism is the formation of carboxylate anions (due to the
addition of aqueous NH; to adjust the pH to 10) which localizes
the negative charge needed to trap the divalent transition metal
ion, Co®".'** With prolonged exposure to heat, the greater
concentration of organic moieties at the rIGO surface results in
more ammonium that boils and contributes to pressure build-
up in the autoclave. This increase in pressure favours the
kinetics of spinel formation explaining the faster growth rates
and larger average size of the NPs in the rIGO composites.

This journal is © The Royal Society of Chemistry 2019

4.2 Magnetic properties

Surface and finite-size effects play a key role in the magnetic
properties of NPs.*** Given that a direct correlation of
magnetization and particle size has been reported in several
ferrite systems,*** establishing this effect for the present
composites is important. The magnetic properties of the
standalone CoFe,O, NPs, the rGOs and the CoFe,0,-rGO
composites were studied at room temperature using magnetic
field strengths in the range from —30 000 Oe to 30 000 Oe (Fig. 5
and SI37). The field-dependent magnetization hysteresis (M vs.
H) measurements show that the standalone NPs are ferromag-
netic (Fig. 5a). The saturation magnetization (M) is approxi-
mately 56 emu g~ ', which agrees well with the value reported in
the literature.*® By contrast, the blank rGOs are diamagnetic
(Fig. SI141). With respect to the various CoFe,0,~1GO compos-
ites, and in addition to the curves in Fig. 5b and c, the
magnetization at 30 000 Oe (Mz—30 000 0e) and coercivity (H,) are
summarized in Table SI3.1 On the whole, the My_3¢ 900 0e and
H, values obtained for the CoFe,0,-rIGO composites were
consistently higher than those for the corresponding rHGOs.
Furthermore, most of the composites showed negligible rema-
nence (M,) and H,, implying a superparamagnetic response. The
exceptions were the CoFe,0,-rIGO powders with the two high-
est ferrite loadings. For these samples, ferromagnetism was
identified, along with relatively large H. values of 87 Oe and 97
Oe for the 16 wt% and 30 wt% loadings, respectively. Finally, the
combined results for the field-dependent magnetization and
the average ferrite particle size in each composite confirm the

RSC Adv., 2019, 9, 6299-6309 | 6303
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aforementioned magnetization-size correlation for the two rGO
sets (Fig. SI51).

To further understand the correlation of magnetization to
particle size/loading and to explain the superparamagnetic-to-
ferromagnetic transition observed in the CoFe,0,-1IGO
composites, temperature-dependent magnetization data were
acquired under zero-field-cooled (ZFC) and field-cooled (FC)
conditions (Fig. 6). Initially, each sample was cooled under
a nominal zero field to 5 K. Then, a 1 kOe field was applied. The
magnetization data (ZFC) were collected as the sample was
warmed to 300 K, and the FC data were collected as the sample
was cooled to 5 K (at 1 kOe). A substantial separation between

the ZFC and FC curves was observed for the composite samples.
The peak in the ZFC curve (Fig. 6a) denotes the average blocking
temperature (7g). In the case of the rHGO composites (Fig. 6a-
d), the Ty value increases linearly with CoFe,0, loading (71 K,
105 K, 133 K and 215 K for the 5 wt%, 10 wt%, 16 wt% and
30 wt%, respectively) but remains well below room temperature.
For the rIGO composites (Fig. 6e-h), the Ty increases from the
sample with 5 wt% (135 K) to the sample with 10 wt% loading
(179 K). However, at higher loadings, the blocking disappears
and the ZFC-FC curves resemble that of the standalone
CoFe,0, NPs (Fig. 6i). Overall, when comparing the Ty obtained
(where applicable) with the loadings and the average size of NPs
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in the two sets of rGO composites, a linear correlation is
inferred between Ty and the size of the CoFe,0, particles.

The critical size for the single-to-multidomain magnetic
transition of a nanoparticle (r,) can be calculated by ry = (6kgTs/

This journal is © The Royal Society of Chemistry 2019

K)', where kg is the Boltzmann constant, Ty is the maximum
blocking temperature, and K is the anisotropy constant. For
CoFe,0,, the reported critical size is ~10 nm.*” The ZFC-FC
curves in Fig. 6 show that the critical size was not attained for
the rHGO composites because a Ty is still observed for the
highest loading (30 wt%). This behaviour contrasts to that of the
rIGO composites, where a critical size of 9.4 nm was identified
for the 16 wt% loading (cf. absence of a Tg). Conceivably, the
true r, may be smaller because no loadings in the interval 10-
16 wt% (7.5-9.4 nm) were tested. Irrespective of the exact value
for the critical particle size, the threshold for the transition from
a single-domain to a multi-domain structure is a function of the
CoFe,0, loading and the type of rGO used, being surpassed only
for two of the CoFe,0,-rIGO powders (Fig. 7). These results
explain the superparamagnetic-to-ferromagnetic transition
observed in the set of rIGO composites.

4.3 Magnetic resonance imaging

Superparamagnetic and ferromagnetic particles have been re-
ported to similarly influence MRI contrast enhancement.’®
Given the aforementioned observations (where both responses
were observed), the T,-weighted magnetic resonance (MR)
signal intensity of the standalone NPs and the two sets of
composites were analysed. Different concentrations (0.0 to 0.2
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mM) of these samples in agarose gel were studied at room
temperature. The T,-weighted images in Fig. 8 clearly show that
the MRI signal intensity is related to the concentration of iron,
irrespective of the type of sample (darker images correspond to
a decrease in the T,-weighted MR signal intensity). However, the
contrast enhancement effect is particularly strong for the
composites. Given the previously established correlation
between the loading and average size of NPs, it is clear that the
MR signal is dependent on the size of the NPs in the CoFe,0,-
rGO composites.

Proton relaxivity (r,) values were obtained from the slope of
the line fitted to the 1/T, versus Fe concentration plot (Fig. 9).
The r, value of the standalone CoFe,O, NPs was 112.4 mM
S™*. For the CoFe,0,~THGO composites, the r, values were 8.8
mM~' S7" (5 wt% CoFe,0, loading), 16.7 mM ™" S~ (10 wt%),
33.7mM ' S (16 wt%) and 55.6 mM " S' (30 wt%). The r,

values of the CoFe,0,~rIGO composites were 17.4 mM ' S~!
(5 wt%), 21.4 mM ' ™" (10 wt%), 43.6 mM ' S~ (16 wt%) and
102.1 mM ' S7' (30 wt%). The rIGO composites consistently
showed higher r, values than the corresponding rHGO
composites. These results demonstrate that the r, values
depend not only on the CoFe,0, loading but also on the type of
GO precursor selected. Remarkably, the r, of the 30 wt%
CoFe,0,-rIGO composite is almost that of the standalone NPs.
This result indicates that similar MRI contrast enhancement
can be obtained despite the lower mass of ferrite present in the
composite (1.7 mmole for the standalone CoFe,0, against 0.55
mmole used to make the 30 wt% CoFe,0,-rIGO composite).
Also of note, this r, value is comparable to those of Fe-based
commercial contrast agents such as Feridex® and Resovist®
(see Table SI47 for a literature comparison of proton relaxivity
values and corresponding particle sizes). Finally, to ensure that
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Fig. 9 Plot of the T, relaxation rate r,(1/T>) for: (a) pure CoFe,O4, (b) CoFe,0O4-rHGO composites and (c) CoFe,O4—rIGO composites, sus-

pended in aqueous solution at different Fe concentrations.
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the composites had a negative T,-type of response, the 1/T;
values were plotted as a function of different concentrations of
Fe (Fig. SI6t). Irrespective of considering the standalone or the
composite samples, the r; relaxivity is negligible (and practically
constant) when compared to r,.

Because loading and particle size are related in the CoFe, 04—
rGO composites, a plot was constructed to show how the r,
values differ with size of the NPs (Fig. 10a). For both sets,
a direct correlation is observed (i.e., r, increases with increasing
particle size), which corroborates previous claims.***° This size
dependence is speculated to originate from surface spin
anisotropy, a phenomenon that is more pronounced for smaller
particles (due to the larger surface-area-to-volume ratios).”*
Comparing the saturation magnetization (M;) results obtained
from the field-dependent magnetization measurements with
the r, values of the composites is also informative. Similar to
previously reported behaviours,** higher M, values lead to more
pronounced proton relaxivity (Fig. 10b). Taken together, the r, is
related to the Mg which, in turn, is affected by the size of the
CoFe,0, particles (that grow larger in the rIGO). The optimi-
zation of proton relaxivity (r,) is therefore also a function of the
GO precursor.
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(a) Plot of the relaxivity coefficient r» vs. Mg, i.e., magnetic saturation. (b) Plot of the relaxivity coefficient vs. magnetic nanostructure size.

4.4 In vitro cytotoxicity

It is known that surface charge and the aggregation state of
nanomaterials critically influence their in vitro cytotoxicity.
Prior to the cell viability studies, the integrity of the composite
materials in solution was tested. As shown in Table SI5,1 the
zeta ({)-potentials of the 30 wt% CoFe,O,~-THGO and 30 wt%
CoFe,0,-rIGO composites were negative, with absolute values
ranging from 30-40 mV. These figures imply a moderate to good
stability of the dispersions, the rIGO composites having
a slightly better dispersion degree. As per the high-resolution
O1s XPS peak analysis (Fig. SI2t), this may be explained by
the higher content of oxygen in the rIGO sample when
compared to the rHGO one. Also from Table SI5,T note that the
samples maintain similar {-potentials in aqueous phosphate
buffered saline (PBS) for 24 h. To further estimate the aging
behavior of these two composites in a PBS solution, visual
inspection of settling over 24 h, and at room temperature, was
carried out. At a concentration of 70 pg mL ™", the two samples
showed excellent colloidal dispersity and stability (Fig. SI7T).
We attribute this to their highly negative surface charge (elec-
trostatic stabilization), which is consistent with the {-potentials
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Fig. 11 Viability of Hela cells in different concentrations of: (a) rHGO/rIGO and (b) CoFe,04-rHGO/CoFe,O4-rIGO.
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measurements (Table SI51). Adding to this, the microscopical
inspection of the composites, after 24 h in the physiologic
solution, did not reveal noticeable changes to the materials
from their initial state (Fig. SI8T).

Safety and toxicity are major concerns when considering the
deployment of new MRI contrast agents. To evaluate the in vitro
cytotoxicity of the rGOs and their composites with the highest
CoFe,0, loading (30 wt%), the viability of cells exposed to these
materials was investigated using CCK-8 assays on HeLa cell
lines. As shown in Fig. 11a, increasing the rGO concentration
resulted in an overall decrease of cell viability. However, no
statistically meaningful difference was observed between the
two types of rGO used. Similar observations were made for the
composite samples (Fig. 11b). It is noteworthy that the
CoFe,0,-rGO composites showed 80% cell viability at
a concentration of 50 pg mL™'. This corroborates the low
cytotoxicity expected for these hybrid systems.

5. Conclusions

CoFe,0,-rGO composites were prepared to enhance the
contrast and proton relaxivity coefficient for MRI. The effect of
using different GO precursors bearing various concentrations of
CoFe,0,4 was studied. The type of GO and the loading of ferrite
NPs play significant roles in tailoring the average particle size
and magnetic properties of the composites. The 30 wt%
CoFe,0,-rIGO sample showed the highest proton relaxivity
value (102.1 mM ' S™') amongst all of the investigated
composites. In fact, some of the properties measured were
similar in magnitude and manner to those of the standalone
NPs despite the smaller mass of CoFe,O, present in the
composites.
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