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George Hadjipanayis, {2 Aphrodite Tomou, {2 ° Alexandros Bouras,®
Constantinos Hadjipanayis (2 * and Vasileios Tzitzios (2 *°¢

Magnetic FesO,4 nanoparticles “decorated” by LAPONITE® nanodisks have been materialized utilizing the
Schikorr reaction following a facile approach and tested as mediators of heat for localized magnetic
hyperthermia (MH) and as magnetic resonance imaging (MRI) agents. The synthetic protocol involves the
interaction between two layered inorganic compounds, ferrous hydroxide, Fe(OH),, and the synthetic
smectite  LAPONITE®  clay  Nag;'[(SigMgssLio s0-0(0H)4lo;~,  towards the formation  of
superparamagnetic FezO4 nanoparticles, which are well decorated by the diamagnetic clay nanodisks.
The latter imparts high negative {-potential values (up to —34.1 mV) to the particles, which provide
stability against flocculation and precipitation, resulting in stable water dispersions. The obtained
LAPONITE®-"decorated” FesO4 nanohybrids were characterized by powder X-ray diffraction (XRD),
transmission electron microscopy (TEM), Moéssbauer spectroscopy, dynamic light scattering (DLS) and
vibrating sample magnetometry (VSM) at room temperature, revealing superior magnetic hyperthermia
performance with specific absorption rate (SAR) values reaching 540 W gre ™t (28 kA m™%, 150 kHz) for
the hybrid material with a magnetic loading of 50 wt% FesO4/LAPONITE®. Toxicity studies were also

Received 17th January 2022, performed with human glioblastoma (GBM) cells and human foreskin fibroblasts (HFF), which show

Accepted 25th April 2022 negligible to no toxicity. Furthermore, T,-weighted MR imaging of rodent brain shows that the

DOI: 10.1039/d2tb00139j LAPONITE®-"decorated” Fez04 nanohybrids predominantly affected the transverse T relaxation time of
tissue water, which resulted in a signal drop on the MRI T,-weighted imaging, allowing for imaging of

rsc.li/materials-b the magnetic nanoparticles.

Introduction exhibiting a single magnetic domain, where the magnetic

moments of free electrons are parallelly aligned. There is an
In 1930, J. Frenkel and ]J. Doefman’ envisioned spontaneous ever-increasing interest in the scientific community for the
and induced magnetism in ferromagnetic bodies with the development and study of magnetic materials in the small
existence of critical domain size, with smaller particles nanoscale regime.>™ This interest is mainly due to the growing
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LAPONITE"-“‘decorated” Fe;O, nanoparticle hybrids with 25 to 95 wt% magnetic content. Summarized hydrodynamic diameter and (-potential distribution
histograms are also provided for the physicochemical characterization analysis of the prepared Fe;O,/LAPONITE™ hybrids. AFM images of the selected 50 wt%
Fe;0,/LAPONITE®™ are presented. Finally, the temperature profile as a function of the field exposure time from various concentrations (5.5-22 mg mL ") of colloidal
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exploration of new magnetic properties for their use in applied
magnetism and related device technologies as well as their
utilization in commercially available future emerging
technologies.””

Amongst the various magnetic materials, the ferrimagnetic
magnetite (Fe;0,) is the most extensively studied material in the
field of biomedicine,>*"* involving magnetic resonance imaging
(MRI),"*™® magnetic hyperthermia,'®>* drug delivery>>>® and bio-
molecular separation.”*® Magnetite has been involved in clinical use
for many decades, demonstrating its safety, utility and versatility
and is among the few, if not the only, nanomaterials that are FDA
approved for in vivo applications.*® It also continues to emerge as
one of the most powerful nanomaterials for other technological'’
and environmental applications,*" including arsenic removal from
drinking water in both arsenate and arsenite forms®>** or other
magnetic separation technologies**?” and catalysis.**™*°

In the last few decades, a plethora of works have been published
on the development of protocols, following both physical and
chemical approaches for the synthesis of magnetite (Fe;O,)
nanoparticles.”" The most popular are those involving chemical
synthesis in solutions due to their ability to precisely control the size
and the shape of the particles at the nanometer scale. These include
the traditional co-precipitation, polyol, thermal decomposition and
organometallic approaches,'®'%1317:26:41-44

The application of heat as a theranostic methodology has a
long history. It firstly appeared in ancient Greeks’, Romans’,
and Egyptians’ findings who utilized heat to treat breast
masses.*> Afterwards, magnetic hyperthermia, again, was at
the forefront of the research in the 1950’s when it was applied
for the selective inductive heating of the lymph nodes,"® never-
theless it was only approved for phase II clinical trials in the
treatment of human cancer patients in 2011.>* Magnetic
hyperthermia studies the rate at which the energy is absorbed
per unit mass by a human body when it is exposed to a radio
frequency (RF) electromagnetic field. This is achieved by the
specific absorption rate (SAR); a quantity that is highly depen-
dent on the applied magnetic field frequency and strength, as
well as the type and the concentration of magnetic nano-
particles (MNPs). The use of MNPs has been proven to be
extremely efficient in achieving high SAR values. In the case
of magnetite, the vast majority of the literature reports that
there is an optimal size in the range of 15 to 20 nm for
individual Fe;O, nanoparticles in order to achieve the max-
imum SAR value.®>*"*” Recently, it has been shown that the
formation of nano-assemblies using individual superparamag-
netic Fe;O, nanoparticles as building blocks significantly
increases the heating performance.’****** It is also worth
mentioning that the morphology in terms of particle shape is
very influential and can significantly affect hyperthermia
efficacy.”>**™! Fe;0, nanocubes and nanorods are among the
most efficient morphologies for magnetic hyperthermia, reveal-
ing SAR values up to 1045 W g, *.>" In addition, the heating
efficacy depends to a large extent on the frequency and ampli-
tude of the magnetic field. The frequency dependence on the
produced power is almost linear in a wide frequency range.>>
However, there are limits of human exposure for both, with the
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recommended frequency proposed to be about 200 kHz or
lower.>® Selected data associated with the morphology and size
effects combined with hyperthermia conditions (magnetic field
and frequency) in relation to the SAR values, and therefore
magnetic hyperthermia performance, are summarized in
Table S1 in the ESL.{

Fe;0, hybrid platforms, in terms of surface functionaliza-
tion and fabrication of composite materials, have been exten-
sively studied for both imaging and therapy biomedical
applications."” Lately, two-dimensional materials and their
corresponding magnetic composites have attracted enormous
interest due to their unique morphological, electronic, and
physicochemical properties.>*>> Fe;0, graphene oxide hybrids
are among the most studied for magnetic hyperthermia, with a
high SAR value of 543 W g~ ' at 325 kHz and an amplified
magnitude field (AMF) value of 16.72 kA m™*,%® as well as drug
delivery and imaging.>” Furthermore, layered double hydro-
xide, (LDH), Fe;0, nanohybrids were also reported due to their
negligible toxicity as excellent candidates for biomedical appli-
cations, including drug delivery and therapy.’®*° The LAPO-
NITE®/iron oxide nanocomposites have been studied for
bioseparation,’® pH, and thermosensitive drug release,®'™®®
and T,-weighted MR contrast agents.®*®

In this study, we report a large scale (up to 1 L, 10 mg mL ™)
ferrofluid synthesis based on LAPONITE®-“decorated” Fe;O,4
hybrid nanomaterials, which demonstrate outstanding stability
in water, and superparamagnetic behavior, together with excel-
lent cytotoxicity behavior and magnetic hyperthermia perfor-
mance at a very low frequency (150 kHz). MR imaging of the
LAPONITE®-“decorated” Fe;O, nanoparticles was performed
after convection-enhanced delivery (CED) of the nanoparticles
into the rodent brain.

Results and discussion

A facile, versatile, and scalable approach to the development of
ultra-stable magnetic iron-based hydrosols is herein described.
The methodology is based on the interaction between the
positively charged layered ferrous hydroxide, Fe(OH),, with the
negatively charged exfoliated LAPONITE"™ nanodisks followed by
anaerobic oxidation by the water protons, leading to the formation
of the LAPONITE®-“decorated” Fe;0, nanohybrids.

The structural, morphological, and physicochemical char-
acteristics of the obtained nanohybrids with tunable magnetic
loadings that varied from 25 to 95 wt% are given in the (ESIf).
In particular, the overall properties concerning the material
with 50 wt% Fe;O, composition has been selectively shown in
Fig. 1. The crystal structure of the LAPONITE®-“decorated”
Fe;0, nanoparticles was evaluated by combining the powder
X-Ray diffraction pattern (XRD) and Mdssbauer spectroscopy.
The XRD pattern in Fig. 1(a) corresponds well to the FeFe,O,
pattern (JCPDS card no. #19-0629) for bulk magnetite, confirm-
ing the high crystalline nature of the material. The crystallite
size of pure Fe;O, nanoparticles estimated by the Scherrer
equation on the highest intension diffraction peak (311) is

This journal is © The Royal Society of Chemistry 2022
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Fig.1 Powder XRD patterns (a and b), Mossbauer spectra (c), room
temperature magnetic hysteresis loops (d), hydrodynamic diameter dis-
tribution histogram (e), and {-potential distribution histogram (f) of the
LAPONITE®-"decorated” FezO4 nanoparticle hybrids with 50 wt% FezO4
content.

about 19.3 nm. At the low angle area (Fig. 1(b)), the absence of
the diffraction at 20 = 5.73°, which corresponds to (001) crystal
planes with a d spacing of 15.402 A and refers to the layer
spacing between the LAPONITE® platelets, indicates their
successful exfoliation. However, with a magnification of over
a hundred times (Fig. 1(b)/inset), the pattern of the hybrid
nanomaterial shows the existence of very broad diffraction
peaks at 2-theta degrees of about 6°, which corresponds to
the interatomic space of dgpacing = 14.578 A and 12° with
dspacing = 7-295 A, respectively. This periodic pattern, which is
obviously negligible, is probably due to the (001) and (002)
lamellar LAPONITE® structure. Furthermore, XRD patterns of
similar materials with 25, 75, 90, and 95 wt.% Fe;0, nominal
compositions are presented in the ESIT (Fig. S1(I)), which reveal
similar structures regarding the iron oxide phase. The broad
diffraction peaks, which are due to the LAPONITE® presence,
are absent in samples with very high Fe;O, content, as indi-
cated by the low angle XRD patterns in Fig. S1(II), ESIT and are
probably due to the composition effects and/or full exfoliation.

The *’Fe Méssbauer spectrum of the frozen solution (col-
loid) of 50 wt% Fe;0,/LAPONITE® nanohybrid obtained at
130 K is given in Fig. 1(c). The spectrum shows two components
with distinct peaks (sextets) and is very similar to the charac-
teristic Mossbauer spectrum of pure magnetite with an
inversed spinel structure. The outer sextet (pink in color)
corresponds to the A-sites of Fe** ions in tetrahedral sites and

This journal is © The Royal Society of Chemistry 2022
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the inner sextet (violet in color) correlates with the B-sites
containing both Fe*" and Fe®" ions in octahedral sites. In the
>’Fe Mossbauer spectrum of Fig. 1(c), the fitted isomer shift for
the A-sites was found to be equal to 0.33 mm s~ ', while that of
the octahedral B-sites was 0.75 mm s~ ', the latter being an
intermediate value resulting in electron hopping between the
ferrous and ferric cations. The corresponding average hyperfine
field, Bys, was 495 KG for the A-sites and 482 KG for the B-sites.
The latter value, combined with the characteristic isomer shift
associated with the presence of divalent iron (Fe**) in the B-
sites, matches the expected values for magnetite. In the case of
pure magnetite, a relative A:B sextet area ratio of 1:2 is
expected, reflecting the A:B site occupancy. For the *’Fe
Mossbauer spectrum, the fitted A:B area ratio obtained is
43:57. Assuming that the B component (57% of Fe) derives
only from the B site, it indicates that an upper limit of 28% of
the Fe of the A component can be attributed to magnetite.
Thus, we calculate that 15% of the total Fe may be attributed to
non-magnetite trivalent Fe oxides. This gives us an estimation
of at least 85% of iron to be present in the form of magnetite.
The higher A:B ratio value of 0.75 (= 43:57) compared to
0.50 (= 1/2) for the bulk inversed spinel ferrite, Fe;0, structure
is probably due to the superstoichiometry in oxygen or cationic
vacancies.®®

The magnetic properties of various Fe;O0,/LAPONITE
hybrids were studied by a Vibrating Sample Magnetometer
(VSM) at room temperature. The 50 wt% Fe;0,/LAPONITE®
hybrid shows superparamagnetic behavior'® with 45.4 emu g~*
magnetization at 2 Tesla, as evidenced from the room tempera-
ture magnetic hysteresis loop in Fig. 1(d). Similar magnetic
behavior, with the saturation magnetization values ranging
from 18 emu g~ ' to 62 emu g~ for various magnetic contents
of 25 to 95 wt% Fe;0,/LAPONITE ; appeared in the whole
studied Fe;O,/LAPONITE™ powders regardless of the hybrid
material composition. In particular, the saturation magnetiza-
tion values of 25, 75, 90, and 95 wt% Fe;0, contents are 18,
59.1, 61.1, and 62.2 emu g ', respectively, as indicated by the
relative magnetization curve in Fig. S2 (ESIt). Considering the
weight percentages of the diamagnetic clay matrix of LAPO-
NITE® RD in each composite hybrid material, the saturation
magnetization values, in particular, correspond to 72 emu g~ *
(25 wt% Fe;0,), 90.8 emu g~ ' (50 wt% Fe;0,), 78.8 emu g~ *
(75 wt% Fe;0,), 67.9 emu g~ ' (90 wt% Fe;0,4), and 65.5 emu g~ *
(95 wt% Fe30,), respectively. The results show that the magne-
tization maximized in the sample with 50 wt% Fe;O, content
and reached a very high value, which is approaching the
saturation magnetization of bulk magnetite (92 emu g~ *).6”%8

The determination of the physicochemical properties of
such materials is presented in Fig. 1(e) and (f) and in the ESI}
(Fig. S3 and S4). The hydrodynamic diameter distribution given
in Fig. 1(e) reveals a polydispersity with a mean diameter of
202.6 nm for the Fe;O,/LAPONITE®™ hybrids with 50 wt%
content. This value is quite higher than the one corresponding
to the pure LAPONITE® (80 nm in distilled water),*® which is
probably attributed to the formation of bridges between
the LAPONITE®™ platelets. Furthermore, the electrokinetic

®
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{-potential at the slipping plane of 50 wt% Fe;0,/LAPONITE®,
shown in Fig. 1(f), indicates a high negative {-potential value of
—31.6 mV, confirming the stability of the hybrids. Generally,
{-potential values >|30] mV denote adequate electrostatic
repulsion to provide colloidal stability.”® By varying the Fe;O,
content, the hydrodynamic mean diameter ranges from 136,
202.6, and 174 nm for the 25, 50, and 75 wt%, respectively,
while the hybrid materials with higher Fe;O, content (90 and
95 wt%) reveal multimodal size distribution as presented in Fig.
S3 (ESIT). On the other hand, the (-potential values decrease as the
Fe;0, content increases. The corresponding values are —34.1 mV
and —31.6 mV for compositions with 25 wt% and 50 wt% Fe;O, and
—22.3, —17.6, and —11.4 mV for those with 75, 90, and 95 wt%
Fe;0,/LAPONITE", as given in Fig. S4 (ESIf). This behavior is
expected since the negative surface charge is originating from the
nature of the LAPONITE™ platelets, which shows that the hybrid
materials with even a high magnetic loading up to 75% Fe;0,
content are stable and with excellent stability for the hybrids of
25 and 50 wt.% Fe;0, composition.

The precise morphology of the nanomaterials was identified
using the TEM studies. Representative TEM images at varied
magnifications received from the 50 wt% Fe;O, content hybrid
material are selectively presented in Fig. 2, while the TEM
images of the remaining compositions (25, 75, 90, and
95 wt.% Fe;0,) are shown in the ESI} (Fig. S5). At the lower
Fe;0, content (25 and 50 wt%), the nanoparticles possess a
cuboidal shape, while by increasing the Fe;O, content, the
shape of the particles turns to multicore like (75 and 90 wt%,
Fig. S5(d)-(f) and (g)-(i), ESIt respectively) and mostly irregular
for the sample with the higher Fe;0, content (95 wt%, Fig. S5(j)
and (K)ESIt). Concerning the size of the cuboidal particles in
the lowest Fe;O, content sample (25 wt% Fe;0,4) varying
between 10-20 nm, the latter of which is slightly increased
for the 50 wt% Fe;0O, content. Further increase in the Fe;O,
content seems to affect the size significantly and for the sample
with higher than 75% Fe;0, content in which the particles size
is in the 60-80 nm range. Additional morphological character-
ization is also supported by atomic force microscopy images,
presented in Fig. S6 (ESIf). The images originate from the
50 wt% Fe;0, hybrid, and as it turns out, the material main-
tains the ability to create uniform films due to the layered nano-
clay counterpart presence.

The temperature profiles plotted as a function of time are
presented in Fig. 3(a) and Fig. S7 in the ESL{ The best
performance appeared for the case of 50 wt% Fe;O, content
(Fig. 3(b)). The colloidal solution temperature increased from
297.4 to 350.4 K (AT = 53 K) after 45 s of field exposure,
displaying a rate of 1.18 °C s~ ', which is similar to the work
of Lartigue et al.”" in which the heating rate was 1.04 °C s,
under 29 kA m~" and 520 kHz. To the best of our knowledge,
these heating rates are the highest reported in the literature.
Furthermore, we have to notice that in the present work, the
heating rate is achieved by the use of an almost similar field
(28 kA m™") but at a much lower frequency (150 kHz). As
mentioned above, the most efficient sample is the 50 wt%
Fe;0, as shown in Fig. 3(b). Its SAR values under different
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d111)=0.463 nm

Fig. 2 Transmission electron microscopy (a)—-(f) and high-resolution TEM
(g) and (h) images with the corresponding selected area electron diffrac-
tion pattern (bl) from the LAPONITE®-"decorated” magnetite nano-
particles with 50 wt% FesO,4 content.

concentrations ranging from 503 W g ' (55. mg mL ") to
520 W g ' (11.5. mg mL ') maximize and reach 540 W g~ ' under
concentrated conditions (22 mg mL "), while the magnetic content
affects significantly the SAR values, which are in the range of 100~
250 W g~ ' from the lower to the higher magnetic content (Fig. 3(b))
and slightly varied with the colloid concentration. The maximization
of the SAR values in the 50 wt% regime is connected with stability
issues as well as size, morphology, and magnetic property issues.”>
In particular, the cuboidal nature of the Fe;O, particles, which is
obvious in the high resolution TEM images (Fig. 2(h) and (1)),
together with the high net magnetization value (90.8 emu g~ " at
2 T), which is close to the bulk magnetite properties, and the
successful decoration with the diamagnetic clay, which favors the
suppression of the interparticle magnetic interactions is well known
to enhance the T,-weighted MRI contrast ability®*”* and is probably
responsible for the superior magnetic hyperthermia performance.”

Regarding iron oxide nanomaterials, the SAR values pre-
sented here are among the highest compared to the literature

This journal is © The Royal Society of Chemistry 2022
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solution concentration: 22 (blue), 11.5 (orange), and 5.5 (green) mg mL ™%

(Table S1, ESIt) in terms of magnetic field and frequency
conditions and are comparable or even better than the iron
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50,75 20

oxide cubes, rods,”® tubes, rings/hollow,* multicores,”*
assemblies,”®”” branched,”> and cube assemblies,*® which
have been recently reported. Among them, some materials
reveal extremely high SAR values, in the order of a few
thousand W g™, but we have to notice, taking into considera-
tion the linear dependence with the frequency®>’® that this is
mainly due to the very high frequency up to 700 kHz. In
addition, it should be noted that these frequencies are much
higher than the recommended frequency for human exposure
(lower than 200 kHz).>

Cell toxicity studies (no alternating magnetic field (AMF))
revealed no difference in toxicity in human GBM and fibroblast
cell survival and proliferation 48 h after treatment with the
LAPONITE®-“decorated” Fe;O, nanoparticles (Fig. 4) in com-
parison to the control untreated cells. A large drop in GBM cell
survival and proliferation was found in both multiple epider-
mal growth factor receptor (EGFR) - expressing and therapy-
resistant GBM cell lines after application of AMFs and thermo-
therapy for 10 min at a low frequency (Fig. 5).

The LAPONITE®-“decorated” Fe;O, nanoparticles predomi-
nantly affected the transverse T, relaxation time of tissue water
that resulted in a signal drop on MRI T,-weighted imaging,
allowing for imaging of the MNPs (Fig. 6). Deposition of the
nanoparticles was found in the brain after CED on day 0 that
persisted 7 days after CED.

Conclusions

Highly crystalline superparamagnetic Fe;O, nanoparticles
“decorated” by LAPONITE® clay platelets have been success-
fully fabricated following a facile chemical approach, in multi
grams scale, utilizing the Schikorr reaction, which involves the
oxidation of layered Fe(OH),. The hybrid materials show excel-
lent, long-term physicochemical stability in water due to their
electrostatic repulsions and excellent heat induction proper-
ties, exhibiting a large SAR value of 540 W g~ ' at a very low
frequency (150 kHz), which can be attributed to the high
magnetization value, and the suppression of the magnetic

3.5
30|

2.5+
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Il Fe,0,/Laponite
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Fig. 4 Cell toxicity (without AFM field) in GBM cells (U87-EGFRvIII) (a) and human fibroblasts (HFF1) (b). The FesO4/LAPONITE® hybrid concentration is

3mgmLt
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Fig. 5 Hyperthermia generation and GBM antitumor effect of the LAPO-
NITE®-"decorated” FesO4 nanoparticles. The FesO4/LAPONITE® hybrid
concentration is 3 mg mL™Y. U87-MG, U87-EGFRuvIll, and U87wWtEGFR
GBM cells were treated at a low AMF dose (150 kHz) for 10 min.

Fig. 6 T,-weighted MR imaging of the rodent brain after convection-
enhanced delivery (CED) of the LAPONITE®-"decorated” FezO4 nano-
particles. A: MR imaging of the brain (top) on day O with HBSS (a left) and
MNPs (b right). B: MR imaging 7 days (down) after CED of HBSS (c left) and
MNPs (d right).

interactions owing to the capping of Fe;O, nanoparticles by the
diamagnetic LAPONITE®™ nanodisks. Furthermore, the composite
materials reveal excellent biocompatibility with minimal to no
toxicity effect in therapy resistant GBM or HFF cells at 12, 24, and
48 h of treatment with the LAPONITE®-“decorated” Fe;O, in
comparison to the control treatment of cells. The application of a
low dose AMF, however, produced a large antitumor effect in
multiple EGFR-expressing human GBM cell lines due to the gen-
eration of local hyperthermia. In MR imaging, the materials provide
excellent contrast generation in the rodent brain while at the same
time serving as a promising nontoxic biocompatible magnetic
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platform that can be used for effective magnetic hyperthermia
applications.

This nontoxic and facile magnetic platform can be addition-
ally an excellent candidate for various practical fields, including
ferrofluid technologies and magnetic sorbents.

Experimental
Materials and methods

Reagents and materials. Ferrous acetate and ammonia 25%
solution were purchased from Sigma-Aldrich, while LAPO-
NITE® RD was kindly provided by Rockwood, Clay additives
GmbH, and consists of colloidal disks with a diameter of 30 +
5 nm and a thickness of about 1 nm.

The reaction was carried out under as much anaerobic
conditions as possible, titrating Fe(OH), by exfoliated LAPO-
NITE® platelets followed by oxidation according to Schikorr
reaction (reaction (1))”>*° in contrast to our previous work® in
which exfoliated LAPONITE® platelets were decorated with
Fe(OH), followed by dehydration and condensation reactions.
Briefly, the procedure is based on the oxidation of Fe(OH), by
the water protons under anaerobic conditions according to the
following reaction.

3Fe(OH), — Fe;0, + H, + 2H,0 (1)

During the synthesis process, the formation of Fe(OH), was
achieved by ammonia precipitation of ferrous ions (Ferrous
acetate) in a well degassed (applying a high vacuum) aqueous
solution under continuous nitrogen gas bubbling at 60-80 °C.
Subsequently, the deep olive-green Fe(OH), dispersion was
titrated by the dropwise addition of a well exfoliated, 1 wt%
LAPONITE"™ RD water solution when the anionic LAPONITE™
species were readily adsorbed on the positively charged surface
of Fe(OH),, resulting in the formation of a layered composite.
Finally, the olive-green composite material of layered LAPO-
NITE®/Fe(OH), was turned into a crude black hybrid material
consisting of LAPONITE® platelets “decorated” by Fe;0, nano-
particles. It is worth mentioning that the dark olive color is due
to the partial oxidation of Fe** ions owing to the presence of the
low amount of dissolved oxygen, which still remains even after
extensive degassing with nitrogen bubbling.

Characterization of the Fe;0,/LAPONITE® nanohybrids.
The crystal structure of the materials was determined by
powder X-ray diffraction (Rigaku Ultima IV) with CuKa radia-
tion. Mdssbauer spectra were collected using a conventional
transmission spectrometer with a >’Co(Rh) source moving with
constant acceleration at RT. Isomer shifts are given with respect
to metallic iron at RT. M0ssbauer spectra were least squares
fitted using the IMSG program 85. The size and the morphology
of the particles were analyzed using transmission electron
microscopy (TEM, JEOL JEM-3010), and the magnetic proper-
ties were measured with a 2T vibrating sample magnetometer
(VSM, Quantum Design). Electrophoretic measurements based
on laser Doppler velocimetry and dynamic light scattering
(DLS) were accomplished with a Malvern Instruments Nano
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ZetaSizer at pH = 6.5. Magnetic hyperthermia measurements
were performed on distilled water dispersions in which the
nanomaterial concentrations ranged from 5-22 mg mL ',
exposed to a radio frequency (RF) electromagnetic field of
28 kA m~ " under the frequency of 150 kHz. The SAR values,
in Watts per iron g, were calculated by using the initial slopes
(AT/A¢, ie. heating rates) of the temperature-time curves of
Fig. 3(a). The temperature was recorded with an alcohol ther-
mometer with 0.1 °C precision. Overall, the temperature
measurement error was estimated at 0.3 °C. The error of the
time measurements was at 0.5 s. The resulting SAR values
have been calculated with an error of 5 Watt gg. . The exact
Fe concentration was estimated by atomic absorption
spectroscopy, AAS.

Toxicity and GBM cell studies. Toxicity studies were per-
formed with human glioblastoma (GBM) cells (US87EGFRVIII)
and human foreskin fibroblasts (HFF) after treatment with the
LAPONITE®-“decorated” Fe;0, nanoparticles (12, 24, and 48 h)
or control (medium) and without an alternating magnetic field.
Therapy resistant human GBM cells (US7wtEGFR and
US7EGFRVIII) that overexpress the wildtype-epidermal growth
factor receptor (wt-EGFR) or the deletion mutant EGFRVIII,
were treated with the LAPONITE®-“decorated” Fe;O, nano-
particles (3 mg mL™" in the composite material) or control
(medium). After 24 h of incubation with the LAPONITE®-
“decorated” Fe;O, nanoparticles, GBM cells were treated with
an AMF (150 kHz) for 10 min. Glioblastoma cells (U87MG and
U87AEGFRVIII) and HFF cells were seeded in triplicate in 48-
well flat-bottomed plates (80000 cells per well) and incubated
overnight at 37 °C. Confluent monolayers of cells were washed
with PBS and then incubated with control (PBS) or the LAPO-
NITE®-“decorated” Fe;O, nanoparticles (3 mg mL™" in the
composite material) for 1 h at 37 °C. Cells were then washed
with PBS to remove the nanoparticles and placed back in the
incubator after the addition of medium. The crystal violet assay
was performed at 12, 24, and 48 h to determine cell prolifera-
tion and survival. Absorbance measurements were performed
on a microtiter plate reader at a wavelength of 570 nm. Absor-
bance values are presented as the mean of three wells per
treatment.

In vivo MR imaging Ssudies. Iron oxide nanoparticles
(IONPs) have unique magnetic properties, which generate sig-
nificant transverse T, relaxation time shortening and suscepti-
bility effects resulting in strong T, weighted contrast on
MRL®"%2 A total of 3 athymic nude mice underwent
convection-enhanced delivery (CED) of the LAPONITE"-*“deco-
rated” Fe;O, nanoparticles (3 mg mL ') or Hanks’ Balanced
Salt Solution (HBSS; Gib-co Invitrogen Life Technologies, Inc.,
Grand Island, NY) at a rate of 0.5 uL min~" for 20 min (total of
10 pL). The infusion apparatus consisted of a hydraulic drive
serially connected to a digital syringe pump controller
described previously (UltraMicroPumpll, World Precision
Instruments, Inc., Sarasota, Florida).®>®* The digital controller
was able to precisely dispense microliter volumes at a set rate
(LL min™") from up to three hydraulic drives simultaneously.
Each hydraulic drive depressed the plunger of a gas-tight 50 pL

This journal is © The Royal Society of Chemistry 2022
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Hamilton syringe fitted with 30-gauge removable needle
(Hamilton Co., Reno, Nevada). A mounting bar was then used
to mount the hydraulic drive and Hamilton syringe to up to
three small animal stereotaxic instruments (David Kopf Instru-
ments, Tujunga, CA). After infusion completion, the cannula
needle was left in place for 5 min and then withdrawn at a rate
of 1 mm min~' to minimize any infuscate leakback. Animals
underwent CED of MNPs (N = 3 HBSS and N = 3 LAPONITE ®-
“decorated” Fe;0, nanoparticles) as described above. These
athymic nude mice were scanned on a 4.7 T animal MRI
scanner using a dedicated mouse coil (Varian Unity) on days
0 and 7 after CED using a dedicated rodent coil. Animals were
anesthetized using 2% isofluorene gas and kept warm with a
heated pad during the scan. T, weighted fast spin echo
sequences with TR/TE = 6500/70 ms were typically used for
imaging of the tumor and MNPs in the brain. Axial images were
collected in a field of view of 2 cm, matrix of 256,%> slice
thickness of 1 mm, and a total of 11 slices to cover the entire
brain region.
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