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Enhanced magnetic properties and MRI
performance of bi-magnetic core—shell
nanoparticles
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Silvia Hidalgo Tobdn, Umapada Pal,” Patricia Horta Fraijo,® Miguel José Yacaman,?
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and Miguel Angel Méndez-Rojas*®

Two sets of bi-magnetic ZngsMng sFe,O4@FezO,4 core—shell nanoparticles were prepared by a seed-
mediated modified co-precipitation method. While the first set was obtained by fast addition of the
alkaline solution to grow FezO4 shells over the ferrite seeds, a slow drop-wise addition of stoichiometric
Fe?*/Fe®* ion solution to the alkaline ferrite seeds solution was adopted to synthesize the second set.
Samples were characterized by electron microscopy (STEM, TEM, UHRTEM) and magnetometry
measurements. Viability MTT assay of the nanoparticles on L929 murine fibroblasts were performed,
indicating that they are biocompatible. The coating of the ZngsMngsFeO4 nanoparticle by a magnetite
or maghemite shell minimizes the effect of the magnetic dead layer at the core surface, improving the
magnetic properties and offering thus outstanding values for biological application. Relaxometry values
r> higher than 300 mM~! s7! at H 1.5 T, and cell viability at concentrations as high as 0.5 mg mL™!
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Introduction

MRI is one of the best non-invasive analytical tools available for
clinical diagnosis of several health conditions, as it can produce
2D or 3D images of soft tissues without the use of ionizing
radiation, enabling widespread applications." MRI contrast
agents (CAs) improve sensitivity and diagnosis accuracy. CA
materials enhance the detected MR signal by affecting the
proton relaxation times of water molecules in their vicinity.?
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means these bi-magnetic nanoparticles have a vast potential as MRI contrast agents.

Biocompatible, nanostructured magnetic CAs, with excellent
stability, improved relaxometry properties, and controlled
properties are attractive for their potential uses in treatment
and diagnosis.>®> Some nano-CAs have received approval for
clinical use, such as Feridex®, Resovist®, Sinerem®, Clariscan®
and Lumirem®, with a particle size of 60 to 180 nm range, good
biodistribution, and biocompatibility. However, due to different
reasons (symptoms such as hypotension, lumber and leg pain,
vasodilatation, paresthesia reported with less than 3% of inci-
dence; false positives and safety concerns for some of them) all
of them have been withdrawn from markets except Lumirem.®

Due to their magnetic properties, iron oxide nanoparticles
are potentially useful for therapy, diagnosis, or theranostic
applications.” Recently, the physics of magnetic heat generation
for use in magnetic hyperthermia has been recently discussed
in detail.*® Use of iron oxide nanoparticles as drug delivery
agents has also been explored." For this purpose, frequently an
engineered magnetic nanoparticle (EMN) is loaded with a drug
and directed to the target tissue by applying external magnetic
field or by fine-tuning the molecular recognition specificity,
attaching appropriate molecules on their surfaces.

The MRI contrast (positive, T;-weighted, or negative, T)-
weighted) depends on the magnetic properties of the CAs.
Materials that produce darker contrast are preferred, as they
will require small quantities of the CAs to produce a better
image. Although most of the positive T;-weighted CAs are
paramagnetic (e.g. gadolinium(m) chelates), superparamagnetic
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iron oxide nanoparticles are negative T,-weighted CAs and are
an attractive option, as they possess large magnetic moments,
dipolar interactions between the magnetic cores and
surroundings may result in increased longitudinal and trans-
verse relaxation rates, thus enhancing sensitivity."* Further-
more, reduced size, biocompatibility, stability and solubility in
physiological conditions make them appropriate for intrave-
nous injection. Bioconjugation of different molecules such as
proteins, antibodies, peptides or sugars on their surface by
simple chemistry, makes them interesting for fine-tuning their
selectivity.’> While the physical properties of magnetic nano-
particles depend on their preparation conditions, their stability
depends on their size and crystallinity. Magnetic response of
such particles can be controlled by substitution in the crystal
lattice.

In this work, we report that simple changes in the prepara-
tion conditions of bi-magnetic core-shell nanoparticles (fast
addition of an alkaline solution or slow addition of Fe**/Fe**
ions) affect their magnetic properties as well as their perfor-
mance as MRI CAs. The bi-magnetic system, formed by growing
a superparamagnetic disordered Fe;O, shell on a ferromagnetic
ZnMn ferrite crystalline core, will present exchange coupling
among the magnetic layers, affecting their magnetic properties.
Saturation magnetization and relaxometry values of the core-
shell nanoparticles were higher than the values of the core
alone, suggesting that engineering the architecture and
composition of magnetic core-shell structures may become
a simple strategy to enhance and tailor the magnetic properties
and the performance of these materials for biomedical
applications.*>*

Methods

All the chemicals were purchased from Sigma-Aldrich (Toluca,
Mexico). Manganese(u) chloride tetrahydrate (MnCl,-4H,0,
>98%), zinc chloride (ZnCl,, >98%), sodium hydroxide (NaOH,
>97%), iron(n) chloride tetrahydrate (FeCly-4H,O, >98%),
iron(m) chloride hexahydrate (FeCl;-6H,0, >97%), iron(ur)
nitrate nonahydrate (Fe(NOs);-9H,0, >98%), hydrochloric acid
(HCl, 37%) and nitric acid (HNO3, 70%) were reagent grade and
used as delivered without further purification, unless stated
otherwise. Magnetic nanoparticles (MNPs) were obtained by co-
precipitation, a well-known preparation method." Stabilization
of the fabricated nanoparticles was achieved by acid peptization
in aqueous media to reduce the potential aggregation/
disaggregation.*®"’

Highly stable, water soluble, non-aggregating core-shell
MNPs (10-16 nm) were obtained in aqueous solution by a two-
step process. Aqueous synthesis procedures are preferable for
the preparation of materials to be used in biomedical applica-
tions, as they minimize contamination with toxic reagents and
bulk production can be easily achieved by scaling the prepara-
tion method. Briefly, Zn,sMn, sFe,0, ferrite (ZnMn) nano-
particles were prepared following previously reported
procedures.’®?* In a second step, ZnMn nanoparticles were used
as nucleation seeds to obtain core-shell bi-magnetic nano-
particles. Two variants of this step allowed the preparation of
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two different sets of products. The first one was achieved by the
fast addition of alkaline NaOH solution to the 1 : 2 Fe*/Fe**
mixture, in the presence of the seeding ZnMn nanoparticles.
The second variation consisted of the slow drop-wise addition
of a1 :2 Fe*"/Fe*" mixture into the alkaline dispersion of ZnMn
ferrite seeds. After the completion of addition solution process,
the shell forming reaction was continued for 30 minutes or two
hours before it was quenched for both systems. Table 1
summarizes the preparation conditions used for each set of
products. It must be emphasized that the intent of this work is
to obtain and characterize core-shell nanoparticles by aqueous
solution-based methods in order to ascertain their potential
utility for biomedical applications.

Synthesis of Fe;0, (Fe30,)

Magnetite nanoparticles were prepared as follows: 2.5 mmol of
FeCl,-4H,0 was dissolved in 1 mL of distilled water with 250 pL
of HCI (37%). Iron(m) chloride hexahydrate (5 mmol) was dis-
solved in 5 mL of distilled water, and added to the Fe*" solution;
then the solution containing both Fe** and Fe®* was rapidly
added to a NaOH 1 M solution (50 mL). The mixture was stirred
for 30 minutes to form magnetite (Fe;0,), a black precipitate
that was magnetically decanted and washed three times with
distilled water.

Synthesis of Zn, sMn, sFe,0, (ZnMn)

To synthesize the manganese—zinc ferrite 1.2 mmol of ZnCl,
and 1.2 mmol of MnCl,-4H,O0 were dissolved in 1 mL of
distilled water and 250 uL of HCIl (37%). Iron(u) chloride
hexahydrate (5 mmol) was dissolved in 5 mL of distilled water,
and added to the mixture of manganese and zinc ions, then the
solution containing the salts was rapidly poured into a 1 M
NaOH solution (50 mL) at 100 °C. The mixture was stirred for 30
minutes, and the product was separated by magnetic decanta-
tion, washing several times with distilled water.

Synthesis of Zn, ;Mn, sFe,0,@Fe;0, by fast addition of Fe>*/
Fe** salts (Ft, ¢ = 30 m or 2 h)

Previously prepared ferrite ZnMn (0.5 g, 2.12 mmol) was
dispersed in 10 mL of water and then a 2 : 1 mixture of dissolved
Fe**/Fe** ions was added (for ¢ = 30 m, this mixture was
prepared as described for the synthesis of Fe;O, nanoparticles;
for t = 2 h, the concentration of Fe*'/Fe*" ions was doubled).
After the addition had been completed, 40 mL of an aqueous
1.25 M NaOH solution was rapidly added to the reaction
mixture. Finally, the black precipitate was magnetically dec-
anted and washed several times with distilled water.

Synthesis of Zn, sMn, sFe,0,@Fe;0, by slow addition of Fe**/
Fe*" salts (Dt, ¢t = 30 m or 2 h)

Previously prepared ferrite ZnMn (0.5 g, 2.12 mmol) was
dispersed in 50 mL of a 1 M NaOH solution. Then, a 2:1
mixture of Fe>"/Fe®" ions was slowly added drop-wise at a rate of
100 pL min~*. The concentration of the mixture of iron ions was
as previously described for ¢ = 30 m or ¢ = 2 h. Finally, the black
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Tablel Summary of the synthesis procedure. Core reaction time is 30
min for all the samples

Sample Chemical Shell Mode of addition
name composition reaction time of Fe ions for shell formation

Fe;O0, Fez04 — _

ZnMn ZngsMng sFe,O, — —

F30m  Zngys;Mng 5 30 minutes  Fast
Fe,0,-Fe;0,

F2h Zny sMng 5 2 hours Fast
Fe,0,-Fe;0,

D30m  ZngysMng 5 30 minutes  Drop-wise
Fe,0,-Fe;0,

D2h Zny sMng 5 2 hours Drop-wise

Fe,0,-Fe;0,

powder was separated by magnetic decantation and washed
several times with distilled water.

Aqueous stabilization by acid peptization

Briefly, 25 mL of 2 M HNO; was added to the washed MNPs and
stirred for 15 minutes. Then, the aqueous acidic supernatant
was magnetically decanted, and 5 mL of iron(u) nitrate non-
ahydrate (1 M) solution and 20 mL of water were added and
boiled for 25 minutes. After that time, the supernatant was
magnetically decanted. Finally, 25 mL of 2 M HNO; was added
to the sample and left stirring for 15 minutes, then the product
was separated by magnetic decantation and washed with
acetone. Finally, samples were re-dispersed in water.

Characterization
Particle and aggregate size

Particle size and shape of the synthesized nanostructures were
analyzed using a JEOL JEM1010, a JEOL 1230 and an aberration-
corrected JEOL ARM 200F ultra-high resolution transmission
electron microscope, UHRTEM (JEOL USA, Inc., Peabody, MA)
located at the ICMM-CSIC and the Kleberg Advanced Micros-
copy Center-UTSA, respectively. Scanning transmission electron
microscope (STEM) images were acquired using a Hitachi STEM
S5500 (Hitachi High-Technologies Co., Tokyo, JP) equipped
with an energy-dispersive spectroscopy (EDS) detector. The
average particle size was measured by counting more than 200
particles of each sample individually and fitted with
a lognormal distribution to calculate the mean size and the
standard deviation. Size dispersion and the hydrodynamic
diameter of the samples were measured at room temperature
using dynamic light scattering (DLS) instrument NanoFlex
(Microtrac Inc., Montgomeryville, PA, USA), with a 780 nm
wavelength red laser of 3 mw.

XRD analysis

X-ray diffraction (XRD) patterns were measured by Powder Dif-
fractometre Bruker D8 Advance with Cu Ko radiation with
energy-discriminator (solx). The X-ray patterns were collected
between 15° and 80° of 26.
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Chemical composition

Determination of ratio of Mn(u), Zn(u) and total Fe ions was
carried out using an inducing coupling plasma optical emission
spectrometer (ICP-OES), OPTIME 2100DV from Perkin Elmer.
The wavelengths used to determine the transition metal ions
were 257.61, 206.2 and 238.20 nm. Since some elements can
interfere with the iron measurements, another wavelength was
used (239.56 nm) to have a higher precision for the evaluation of
iron contain. For this purpose, 50 pL of the samples were
digested by using a solution of HNO;:HCl (3:1). The
concentration was adjusted to be 10 ppm, and the values of
intensity were compared to a previously made calibration curve
to obtain the mass of each ion. The results were adjusted to the
Mn mass, considering the stoichiometry for the ZnMn ferrite
(Zny sMny sFe,0,). Table 2 shows the adjusted number of moles
according to the ICP-OES analysis for samples F30m and F2h; it
can be noted that the iron concentration increases when the
Fe;0, shell formation reaction passes from 30 min to 2 h. This
increase can be attributed to a thicker magnetite shell growing
over the ZnMn nanoparticle core.

Magnetic characterization

Hysteresis curves (room temperature and 10 K) of the samples
were recorded in a magnetic field up to 5 T for hysteresis curves.
Zero field cooled-field cooled (ZFC-FC) measurements were
done with a magnetic field of 200 Oe. A vibrating sample
magnetometer (VSM) attached to a Physical Property Measure-
ments System (PPMS, Quantum Design, Dyna-cool 9, USA) was
used for all the magnetic measurements by placing the sample
into tubular plastic sample holders. The approximate magnetic
diameters of the samples at 300 K were calculated using
Chanterell's equation (eqn (1)):*?

1
18kpT [ Xini | % :
M, (3mS Fo) (1)
where kg represents the Boltzmann constant, 7 is the temper-
ature in K, Mg is the bulk saturation magnetization of the
sample (for the core-shell systems the saturation of the
manganese ferrite was used), xin; is the initial susceptibility at

low fields, m is the saturation magnetization of the sample and
1/H, is is the M at 0 field, estimated by extrapolation.

Dmag =

Performance as MRI contrast agents

Relaxometry of the samples was determined in a clinical 1.5 T
MRI scanner (Philips Intera-Achieva (Philips Healthcare, Best,
Netherlands)). Samples were dispersed in a 6.6 mg mL~' agar
solution; the concentration of the samples was adjusted to

Table 2 Stoichiometry analysis of the ion mass, according to the ICP-
OES results

Sample Mn Zn Fe (core) Fe (shell)
F30m 0.50 0.37 2.00 3.90
F2h 0.50 0.52 2.00 8.98

This journal is © The Royal Society of Chemistry 2016
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0.025, 0.050, 0.075, 1.000 and 1.025 mg in 15 mL plastic tubes.
The r, values were calculated using a multi-fast field echo
sequence (mFFE) from 4.6 to 104.6 ms TE; intensity contrast of
the images was obtained using OsiriX software (Pixmeo,
Geneva, Switzerland).” For r, calculation, first the data were
adjusted to an exponential decay equation (eqn (2)), and then
the rate values (R, = 1/T,) were plotted against the total ion
concentration of the samples in mM to obtain the relaxometry
() values from the slope of the graph:

TE

STE = S() C_Tl (2)
where Stg is the intensity at a determined time echo, S, is the
initial intensity.

Cell culture

Cell line L929 (mouse fibroblast derived from adipose tissue)
obtained from the American Type Culture Collection (ATCC,
Rockville, MD) was used in this study. The cells were main-
tained in Dulbecco's modified Eagle's medium (DMEM) sup-
plemented with 5% fetal bovine serum (FBS), 1% penicillin-
streptomycin, and 1% glutamine at 37 °C and 5% CO, atmo-
sphere during 24 h. Cells were seeded in triplicate at a density of
10 000 on 96-well culture plates and incubated for 24 h before
the experiments.>*

In vitro viability assay

The 1929 cells were exposed to different concentrations of
nanoparticles previously suspended in culture media and seri-
ally diluted (0-1000 pg mL~"). For measuring cell viability after
exposition to the prepared nanoparticles, a MTT (3-[4,5-
dimethylthyazol-2-yl]-2,5 diphenyl tetrazolium bromide) colori-
metric assay was utilized at 24 and 48 h. After the incubation
period, sample solutions were removed, rinsed with PBS and
MTT solution (5 mg mL ™" in PBS pH 7.4) was added to all the
wells and incubated for 4 h at 37 °C in the dark. Then, 100 uL of
0.004 N HCl in isopropanol was added to each well to the lysate.
Absorbance was monitored in a microplate reader at a wave-
length of 550 nm. Untreated cells were considered as controls.*
The cell viability was calculated as:

% cell viability = (absorbance of sample well/absorbance of
control well) x 100

Analysis of results was done with the program GraphPad
Prism 5 for the calculation of viability curves. Results were
expressed as mean values + SEM (standard error of the mean)
in triplicate.

Results and discussion

The methods used to prepare core-shell MNPs in this work are
based on colloidal wet chemistry, which has been widely
studied.*?*® Eqn (3)-(5), describe the chemical reactions that
yield the magnetic materials fabricated in this study. Water
soluble, highly stable, non-aggregating MNPs could be obtained
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with an excellent control of size and size dispersity, as shown in
Table 2.

F62+(aq) + 2FC3+(aq) + SOHi(aq) - FC3O4(S) + 4H20(1) [3)

0.5Zn*" () + 0.5Mn** (o) + 2Fe™* (,y) + 8OH (o) —
Zno sMng sFe;Oy) + 4H,0)  (4)

Zng sMng sFe;04(5) + Fe™* (4 + 2Fe** 4,9+ 8OH (oq) —
Zng.sMng sFe;04@Fe;04¢) + 4H20q)  (5)

Structural characterization

Fig. 1 presents the TEM images and size distribution histo-
grams of the samples. As expected, core-shell MNPs have larger
sizes than the first ZnMn nanoparticles used as seeds, as well as
different polydispersity. Table 3 summarizes the results of
average nanoparticle sizes as determined by several methods
(TEM, DLS, and magnetic measurements), as well as poly-
dispersity index (PI). The sample F30m shows the highest
polydispersity in comparison to the other samples. This
increase in the polydispersity may indicate that the process of
shell formation competes with the nucleation process,
producing a more random and polydisperse shell structure.*
After 2 hours of shell formation, the polydispersity decreases to
0.19 and the nanoparticle size increases to 12.3 nm. In contrast,
slow, drop-wise addition of the Fe*/Fe** mixture leads to
a lower polydispersity and a larger particle size (see Table 3).
The fast addition of the Fe*/Fe*" mixture may create

Fig.1 TEMand STEM images of samples (a) FezO4, (b) ZnMn, (c) F30m,
(d) F2h, (e) D30m and (f) D2h with their size distribution fitted using
a lognormal function.

RSC Adv., 2016, 6, 77558-77568 | 77561
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Table 3 Average size values as determined by TEM (Drgm), DLS (D)
and magnetic characterization (Dinag), and their polydispersity index
(PH?

Sample Drgm (nm) Dy (nm) PI (Dy) Dipnag (nm)
Fe;04 6.4 = 0.2 23.2+79 0.34 5.6
ZnMn 8.0 £ 0.2 203 +£7.7 0.38 6.3
F30m 10.0 = 0.3 27.0 £11.1 0.41 8.8
F2h 12.3 + 0.2 28.6 £9.1 0.32 7.8
D30m 11.5 £ 0.2 29.0 £ 9.8 0.34 10.5
D2h 15.6 = 0.1 25.0 £ 6.5 0.26 8.7

% PI = SD/mean.

a disordered and non-uniform shell, composed of smaller
particles compared to a more controlled and uniform layers due
to the slow drop-by-drop addition of precursors. This observa-
tion is consistent with previously published findings, where the
effect of the fast or slow addition of the alkaline solution on the
formation of magnetite was studied.” In that work, smaller
magnetite nanoparticles were obtained by fast addition of
a NaOH solution, in contrast to those obtained by slow addition
of the base. The degree of polydispersity and crystallinity of
growing crystallites were affected by physical variables such as
temperature, concentration of reagents, quenching reaction
time and reagent addition rate.”® The rate of addition of the
base solution affects the ordering (crystallinity) of the magnetic
shell layer forming on the surface of the ZnMn nanoparticles
used as seeds, which in turns affects the magnetic properties.*
All samples present low polydispersity (Table 3), the highest
polydispersity index (PI) value being 0.24 for sample F30m, well
below 0.3, the limiting PI value recommended for biomedical
applications.”

Fig. 2a, UHRTEM image of sample D2h, clearly shows a close
packed cubic structure. Fe;O, is a ferromagnetic material which
crystallizes within a spinel cubic structure, so these images are
in agreement with the expected for a magnetite shell. The

Fig. 2 UHRTEM image of sample D2h. (a) Bright field image showing
the characteristic cubic close-packed structure; (b) FFT pattern indi-
cating a typical pattern for cubic crystals; (c) filtered image, showing
clearly the cubic array; the (110) zone axis can be appreciated, which
are in agreement with the FFT pattern.
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Fig. 3 UHRTEM (a) bright and (b) dark field images of a selected
particle of sample D2h, showing a core—shell structure; (c) EDS linear
profile of a particle, confirming a Zn—Mn rich core and a Fe rich shell.

corresponding FFT pattern in Fig. 2b arise from the adjacent
region in the shell; the image clearly shows the structure of the
shell, but the core can't be solved due to probable different
crystal orientation.” XRD analyses (Fig. 5) confirmed that the
nanoparticles are in the nanocrystalline cubic spinel phase. The
noisy XRD diffractograms for samples F30m and D30m suggest
that the Fe;O, shell formed on the surface of the ZnMn ferrite
core is disordered or amorphous. These results are similar
to those reported by Song and coworkers for a series of
magnetically active ferrite NPs prepared by growing a Fe;O,
shell on Mn oxide NPs used as seeds.”

Fig. 3 presents TEM images for a selected nanoparticle from
sample D2h, in bright (Fig. 3a) and dark (Fig. 3b) fields. EDS
analysis along a horizontal line crossing through the particle
(Fig. 3c) suggests a composition that resembles the expected
core-shell structure, based on the changes in Fe, Zn, and Mn
concentration along the length of measurement. We note that

ZnMn

% Channel

T T T T T

0 10 20 30 40 50 60
Size (nm)

Fig. 4 Particle size distribution of aqueous suspensions of magnetic
and bi-magnetic core—shell nanoparticles determined by DLS.
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Fig. 5 XRD patterns of the core and shell alone (top), and the bi-
magnetic core-shell structures D30m and F30m (bottom).

Table 4 Magnetic properties of the samples, the % increase values
were calculated using the core (ZnMn) as a reference

Mo (emug™") Mg, % increase

H. (Oe)
Samples 300K 10K 300 K 10K Tg (K) at10K
Fe;04 37.72 47.21 — — 112 271
ZnMn 42.37 77.22 — — 123 150
F30m 49.21 71.38 16.14% —7.56% 219 164
F2h 53.13 71.04 25.39% —8.00% 168 184
D30m 43.65 68.05 3.02% —11.87% 176 260
D2h 50.69 66.29 19.63% —14.15% 217 250
60
= Fe304 300 K
——2ZaMn 300K
404 =——D2n300 K
== D30m 300 K
*F30m 300 K
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UHRTEM images do not enable us to distinguish clearly the
core from the shell in the Fe;0,/ZnMn system, as the magnetite
shell grows over the ZnMn ferrite core, and both have similar
crystal structures. On the other hand, EDS data (Fig. 3c) and
information obtained from ICP (Table 2) and XRD (Fig. 5)
suggest that a disordered core-shell structure was achieved by
this modified co-precipitation method. The synthetic method-
ology to get these nanostructured systems through the modified
co-precipitation of a magnetite shell on the ZnMn seed/core
under different conditions especially the rate of precursor
addition seems to play a major role in achieving these highly
disordered core-shell structures. The shell may be composed by
nanocrystallites growing on the core surface, as Fig. 3a and
b seem to indicate.

As can be seen from Fig. 4, the hydrodynamic size particles
are smaller than 35 nm, suggesting well-dispersed nano-
particles as expected for non-aggregated samples stabilized by
acid peptization. It has been reported that the MRI performance
may be affected by the use of polymeric coatings as surfac-
tants,* due to a variety of inter-particle weak interactions that
may induce aggregation and dipolar interactions between
particles.**

XRD diffraction patterns do not show any significant differ-
ence between samples ZnMn and Fe;O, with respect to the
core-shell samples, as both the core and the shell have the same
crystal structure. Although both crystal structures are the same
(mixed spinel) and have different interplanar distances because
of their different composition, the resulting diffraction peaks
become broader compared to the pure Fe;O, or ZnMn samples
(Fig. 5). This effect is probably due to the loss of long range
ordering at the particle surface.

Magnetic characterization

As expected for a core-shell structure, the calculated magnetic
size of the samples, shown in Table 4, are smaller than the
particle size determined by TEM. This decrease in size is
a consequence of interfacial defects such as a magnetic dead
layer (MDL) (originated by vacancies, dangling bonds, and

804 ==Fe304 10K
w—711Mn 10 K
60 ====D2h10K

e D30mM 10 K
404 ===F30m 10K

=F2h 10K
20

0

-204

40

-60

-804 300200100 0100 200 300

-60.0k -40I‘0k -20’,0k 0.0 2070k 40T0k 60.0k
Magnetic Field (Oe)

Fig. 6 Hysteresis loops for all samples at T = 300 K (left) and 10 K (right) showing clearly an enhanced magnetization saturation compared to
sample ZnMn (core), also a decrease in Mg at 10 K with respect to the core. Insets show negligible coercivity at 300 K (superparamagnetic state)

and wider loops at 10 K (blocked state).
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Fig. 7 ZFC-FC graphs of the samples at 200 Oe.

disorder on the layer) which diminishes the effective volume
of the MNPs contributing to the magnetism.?”»*> Moreover,
that calculated magnetic size is just a theoretical approxi-
mation to the real size of the magnetic contribution of the
nanoparticles.?**

One of the most surprising results of this work is the increase
by 25% of saturation magnetization of the core-shell structure
in F2h regarding the corresponding individual values of the

Temperature (K)

Temperature (K)

ZnMn (core) or Fe;O, (shell) (Table 4). This improvement is
observed especially at room temperature, which is the temper-
ature range of interest for any biological application.

On the other hand, the systems obtained by slow, dropwise
addition of the Fe**/Fe*" mixture have small increments of M,
just about 3% and 19% after 30 minutes and 2 hours of
synthesis, respectively. In comparison, core-shell MNPs ob-
tained by the fast addition of alkaline solution method
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Fig. 8 Signal intensity exponential decay curves measured at different TE from 4.6 to 104.6 ms.
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presented increments of 18% and 25%, after 30 minutes and 2
hours, respectively.

For the core-shell systems, the M, at 10 K are lower than
the corresponding value for the ZnMn ferrite core. The satu-
ration magnetization decreases up to 14% in the core-shell
systems with respect to ZnMn; however, their M at 300 K are
nearly 25% higher. The existence of a shell with antiparallel
spins (with respect to the core spins) dispersed in the system
might be responsible for this behavior at low temperature.
Although thermal fluctuations may be sufficient to allow
these antiparallel spins to shift and reverse partially to each
other at 300 K, at 10 K the heat energy is insufficient to induce
these thermal fluctuations, and the shell spins align anti-
parallel to the core spins diminishing the values of M in the
core-shell systems. The later may explain the differences
observed in the hysteresis curves at 300 K and 5 K (insets,
Fig. 6). It has been previously reported that competing
interactions among magnetic layers or uncompensated spins
at the interface in core-shell systems may induce the spins to
be antiferromagnetically aligned, resulting on net magneti-
zation and affecting the M; values.?*?¢

Exchange coupling interactions between magnetic layers may
explain the enhancement in M; at 300 K. Increments and varia-
tions of the magnetic properties of bi-magnetic structures has
been reported previously for ferromagnetic/antiferromagnetic
(FM/AFM) and antiferromagnetic/ferromagnetic (AFM/FM) core-
shell systems.*”*

The differences in magnetic behavior among the core-shell
samples obtained by both methods may be explained by the
exchange coupling between the magnetic core and the magnetic
shell. The spin coupling arises from the effect of dipolar inter-
actions between the magnetic core and the shell.* It is well
known that the dipolar effect has a significant influence on the
magnetic properties of materials. For bi-magnetic core-shell
systems, the whole core is in full contact with the shell, while
the surrounding MNPs may also contribute to these magnetic
interactions. Eqn (6) clearly state that the energy of the dipole
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Fig. 9 Linear relationship of R, values plotted against the concen-
tration of total ions used to calculate the relaxometry (r,) values for all
the samples.
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Table 5 r;, values of the samples, and their % increase with respect to
the core (ZnMn)

Sample r,(mM s % increase
ZnMn 262.62 —

F30m 323.05 23.01

F2h 386.61 47.21
D30m 194.91 —25.78
D2h 242.55 —7.64

changes by increasing the magnetic moment and decreasing
the interparticle distance.*
2
Eg = :TOT % (6)
where Eq is the energy of the dipole, u, is the permeability of
free space, u is the average magnetic moment and d is the
distance between dipoles.

The changes observed in magnetic properties for the two
different sets of magnetic core-shell nanoparticles suggest
that the slow addition of the iron salts may produce a thick
MDL, which decreases the exchange coupling between the
core and the shell. On the other hand, the fast addition of
alkaline solution seems to favor the rapid nucleation of
magnetite on the seed surface, creating a thin MDL,
decreasing the distance between the magnetic layers, and
increasing the MNP polydispersity. After 30 min or 2 h of
reaction, homogenization of the shell thickness occurs in
both cases, with no significant change in their magnetic
properties (Table 4). As the shell becomes thinner, the
effective core-shell interface becomes larger and the
exchange coupling increases.*

Blocking temperature (Tg) was approximated from the ZFC-
FC curves (Fig. 7), and values are shown in Table 4. The Ty
values remain significantly low suggesting that the MNPs may
flip their spins, reversing their net magnetization at room
temperature and above. The reversal of magnetization might be
of fundamental importance as heat generation in magnetic
hyperthermia occurs by Néel relaxation.

Fig. 10 L929 cells morphology. The cells were exposed at 0-1000 pg
mL™! of nanoparticles F30m for 24 and 48 h. The pictures were taken
at the highest dose (1000 pg mL™Y) after 48 h. L929 cells treated with
F30m during 48 h showed the altered morphology of damaged cells
just in 1000 pg mL~. The control was untreated cells. All treatments
were dispersed in culture media. Inverted microscope with 20x
magnification.

RSC Adv., 2016, 6, 77558-77568 | 77565


http://dx.doi.org/10.1039/c6ra14265f

Published on 10 August 2016. Downloaded on 10/6/2018 12:22:05 AM.

RSC Advances

Sample F30m, 24 h exposure

Viability (%)

)

A

Concentration pg/mL

°© 4% .o
& AN gV

View Article Online

Paper

Sample F30m, 48 h exposure

Viability (%)

A

Concentration pg/mL

) © ‘)
& ,b\'P v

Fig. 11 Cell viability evaluated by MTT assays. Left: sample F30m at 24 h of exposure. Right: sample F30m at 48 h of exposure. The viability was

affected only by the highest doses of F30m.

Performance as MRI T, contrast

A 1.5 T MRI instrument was used to measure the signal decay.
The samples total mass concentrations were adjusted to be from
0.025 mg to 1.025 mg. Fig. 8 shows the exponential decay of the
signal of water, the higher the concentration, the faster the signal
decay is. Zero concentration in some cases adopts what it may
seem a linear decay. Rate (R, = 1/T,) values were acquired by
fitting decay of the intensity signal to a monoexponential decay
(Ste = Soe ™) % and rate values were plotted against the
concentration values giving a linear response.*® The slopes of the
fitted linear plots (Fig. 9) are the relaxation values (r,). Relaxation
values of the samples are summarized in Table 5.

Although an agglomeration of nanoparticles is known to
increase the r, signal intensity,*® our systems can be considered
monodispersed (as seen from the DLS analysis) and have no
significant agglomeration (Fig. 4).

Sample F2h has the highest r, value among all samples. It is
interesting to note that the sample with the highest M, value
also has the highest r, indicating that the field inhomogeneities
introduced by the MNPs have a higher dependency to the M;
values of the magnetic materials. The increase in the r, value of
sample F2h was almost 50% respect to the core ZnMn sample.
On the other hand, the samples synthesized by slow addition
decreased the r, values 25% in both cases (at 30 minutes and 2
hours), even though the slow addition D30 samples had higher
M, values than ZnMn. This reduction in the r, values was
completely unexpected and other parameters, aside of My and
aggregation, also played a crucial part in making the precession
movement of the water protons slower. The later suggest that
the T, contrast performance of all core-shell samples may be
optimized by controlling aggregation and fine-tuning of their
M values primarily.

Cell culture and in vitro viability assay

Morphology. Effects of exposition of test cells to F30m,
a sample considered to be representative of all the samples
fabricated in this study, were followed using inverted micros-
copy at 24 and 48 h after treatment. Cells exposed to F30m
maintained their normal morphology in all the cases, including

77566 | RSC Adv., 2016, 6, 77558-77568

for the highest evaluated concentration, after 24 h of exposure.
However, treatment with F30m induced some morphological
changes at the highest doses on 48 h of exposure (500-1000 pg
mL~") (Fig. 10). In previous work, we demonstrated that
a nanoparticle concentration less than 500 pg mL™" had no
effect on the cell morphology.” The results obtained from the
evaluation of cell viability indicate that the sample F30m is
biocompatible.

Viability. Results of this study indicate almost 90% of
viability at 24 h of exposure to F30m, even at high concentra-
tions, suggesting biocompatibility during this period of incu-
bation. However, at 48 h of exposure to F30m, the viability was
affected only at the highest doses (500-1000 pg mL ™), where
the cells showed nearly 70% of viability (Fig. 11). These results
suggest that the evaluated nanoparticles present biocompati-
bility in most of the usual concentration ranges used for
biomedical purposes (<500 pug mL ™).

Conclusion

In summary, we demonstrate that different preparation pathways
(fast addition of NaOH or slow, drop-wise addition of iron
precursors) can induce significant differences in the magnetic
properties of core-shell bi-magnetic nanoparticles, affecting
considerably their M; values and relaxitivity, which determine their
MRI performance as contrast agents. Fast addition of alkaline
solution produces bi-magnetic core-shell nanoparticles of supe-
rior magnetic properties with respect to those of magnetite cores.
While the core-shell nanostructures prepared by fast addition of
alkaline solution and 30 min reaction time (sample D30m) have
25% higher M values than the core alone, the sample prepared at
2 h reaction time (sample D2h) has better r, value, indicating an
improved MRI performance than the other systems. Also, all the
nanoparticles presented good responses under using a 1.5 T MRI
scan, which is the most common MRI equipment that hospitals
have. For the samples synthesized by slow addition of iron ions,
the variations in magnetic properties were modest. These differ-
ences can be attributed to a magnetic exchange interaction
between the core and the shell, suggesting that changes in the
structure of the interface between the core and the shell may play

This journal is © The Royal Society of Chemistry 2016
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a significant role in the exchange interactions. The MDL could get
thicker or thinner, depending on the synthetic conditions,
affecting the exchange interaction between the magnetic layers. To
maximize this interaction between the magnetic layers, the prep-
aration methodology for bi-magnetic core-shell nanostructures
must produce a disordered interface as thin as possible, favoring
a more efficient exchange coupling between the spins of the core
and the shell. Performed in vitro cell viability assays indicate that
the core-shell nanoparticles are biocompatible, with no adverse
effect on cells for concentrations up to 500 pg mL™". The useful-
ness of the fabricated bi-magnetic nanostructures as MRI contrast
agent under available clinical conditions (using a 1.5 T scanner)
has been demonstrated. Further work on the development of bi-
magnetic core-shell systems useful as MRI contrast agent, and
for hyperthermal therapy is in progress.
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