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Smart Design of ZnFe and ZnFe@ Fe Nanoparticles for
MRI-Tracked Magnetic Hyperthermia Therapy: Challenging
Classical Theories of Nanoparticles Growth and

Nanomagnetism

Carlos Caro,* Cinzia Guzzi, Irene Moral-Sdnchez, Jesis David Urbano-Gdmez,

Ana M. Beltrdn, and Maria Luisa Garcia-Martin*

Iron Oxide Nanoparticles (IONPs) hold the potential to exert significant
influence on fighting cancer through their theranostics capabilities as contrast
agents (CAs) for magnetic resonance imaging (MRI) and as mediators for
magnetic hyperthermia (MH). In addition, these capabilities can be improved
by doping IONPs with other elements. In this work, the synthesis and
characterization of single-core and alloy ZnFe novel magnetic nanoparticles
(MNPs), with improved magnetic properties and more efficient
magnetic-to-heat conversion, are reported. Remarkably, the results challenge
classical nucleation and growth theories, which cannot fully predict the final
size/shape of these nanoparticles and, consequently, their magnetic
properties, implying the need for further studies to better understand the
nanomagnetism phenomenon. On the other hand, leveraging the enhanced
properties of these new NPs, successful tumor therapy by MH is achieved
following their intravenous administration and tumor accumulation via the
enhanced permeability and retention (EPR) effect. Notably, these results are
obtained using a single low dose of MNPs and a single exposure to clinically
suitable alternating magnetic fields (AMF). Therefore, as far as the authors are
aware, for the first time, the successful application of intravenously
administered MNPs for MRI-tracked MH tumor therapy in passively targeted
tumor xenografts using clinically suitable conditions is demonstrated.

1. Introduction

Magnetic nanoparticles (MNPs) have long
been applied in various biomedical ap-
plications, including bioimaging, drug
delivery, and magnetic hyperthermia.l'-!
In particular, iron oxide (magnetite (Fe;0,)
and maghemite (y-Fe,0,)) NPs (IONPs)
have attracted a great deal of attention
among researchers due to, and not only,
their exquisite magnetic properties and
low toxicity.[*°] Magnetization (magnetic
moment per unit volume) can be defined
as the measurement of the density of a
permanent or an induced dipole moment
in any magnetic field.l”) IONPs with large
crystallite sizes have dipoles arranged in
multiple domains in order to maintain
the lowest energy state, whereas below
a critical size (usually below 100 nm),
the energetically unfavorable state results
in single-domain IONPs. Single-domain
IONPs no longer exhibit hysteresis behav-
ior under an external magnetic field, which
is known as superparamagnetism./®°]
Moreover, doped-IONPs can improve
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the magnetic properties of the single-component counterpart
due to increments in the magnetic permeability or electri-
cal resistivity.1*12 Furthermore, the magnetic properties of
single-core IONPs can be improved through the production
of bi-magnetic core—shell-like structures because of exchange
anisotropy at the interface between their magnetic phases
(exchange-coupling phenomenon).['*3] Thus, due to their re-
markable properties, IONPs have the potential to drastically im-
pact a wide variety of biomedical applications. In particular,
IONPs can be used as contrast agents (CAs) for magnetic reso-
nance imagining (MRI),[1*% ag drug delivery nanocarriers, 22!
or as magnetic hyperthermia (MH) mediators for cancer
therapy.[22-241

Cancer continues to be one of the main causes of death world-
wide, with almost 10.0 million cancer deaths in 2020.1%) In this
scenario, medical imaging is undoubtedly the most valuable tool
for fighting cancer through early diagnosis,[?) with MRI play-
ing a prominent role in monitoring structural, functional, and
molecular changes in cancer tissue.l?’! Additionally, the diagnos-
tic accuracy of MRI can be improved by using CAs.[?8] However,
gadolinium-based CAs, which are by far the most widely used
in clinical diagnosis, present some limitations related to toxic
effects,!?”! which has led to extensive research on the develop-
ment of new CAs, IONPs being one of the most promising alter-
natives. Regarding the therapeutic approach of cancer, the stan-
dard strategy for malignant tumors usually involves resection
of the tumor tissue, followed by localized radiotherapy and/or
systemic chemotherapy,*”) with the consequent limitations re-
lated to the numerous and undesirable side effects.l*!l Thus,
new nanotechnology-based therapeutic approaches are emerg-
ing as promising options to tackle cancer. An example of these
new strategies is the one developed by NanoTherm (MagForce
AG, Berlin, Germany), which constitutes the only nanoformu-
lation approved by the European Medicines Agency (EMA) and
by the Food and Drug Administration (FDA) for the stereotac-
tic intratumoral treatment of some particular tumors by mag-
netic hyperthermia using alternative magnetic fields (AMF) with
a frequency of 100 kHz and a magnetic field amplitude in the
range 12-18 kA m™! (x16-23 mT).?*3*] However, NanoTherm
tends to aggregate, hampering its intravenous administration, ]
which is typically the preferred administration route to achieve
a more homogeneous tumor targeting and specifically to tar-
get the well-vascularized and, therefore, more active regions
of the tumor, thus enhancing treatment effectiveness. In fact,
the development of NPs for tumor theranostic has relied on
the well-known Enhanced Permeability and Retention (EPR) ef-
fect, which has been considered the most efficient mechanism
for accumulating NPs with hydrodynamic diameters (HD) be-
tween 20 and 100 nm.3%-8] However, there is currently a great
deal of controversy questioning the suitability of the EPR ef-
fect as an efficient mechanism for the delivery of NPs to tu-
mors at intratumoral therapeutic doses.[**#] In the case of MH,
the therapeutic dose not only depends on the amount of NPs
but also on their capacity as MH mediators, that is, their Spe-
cific Absorption Rate (SAR). Therefore, combining optimized
stealth properties and prolonged circulation times to improve the
EPR effect, together with a higher SAR, may allow for efficient
MH tumor therapy following the intravenous administration of
MNPs.
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To this end, we synthesized single-core and alloy ZnFe NPs by
thermal decomposition and performed a comprehensive charac-
terization aiming to shed some light on classical growth theories
and thus aid their smart design. Moreover, classical nanomag-
netism theories were investigated in depth to assess their capacity
to explain the performance of our NPs as CAs and their magnetic-
to-heat conversion features. Then, after cytotoxicity evaluation of
all NPs, ZnFe NP was selected as the most suitable one for in vivo
studies. After intravenous injection of these NPs in breast tumor-
bearing mice, ZnFe NPs were tracked in vivo by MRI, showing
an appreciable tumor accumulation through the EPR effect after
24 h, which was sufficient for a successful MH therapeutic re-
sponse with a single dose and a single exposure to 121.85 kHz
AMF.

2. Experimental Section

2.1. Materials

Iron (III) chloride, zinc (II) chloride, sodium oleate, oleic
acid 99%, gallic acid, polyethylene glycol (PEG) 3000 Da,
l-octadecene, triethylamine, 4-Dimethylaminopyridine, di-
cyclohexyl carbodiimide (DCC), 3-[4,5-dimethylthiazol-2yl]-
2,5-diphenyl tetrazolium bromide (MTT), 4’,6-diamidino-
2-phenylindole (DAPI), phosphate-buffered saline (PBS)
and ethanol 99% were obtained from Sigma Aldrich. TO-
PRO-3 Iodide was purchased from Thermofisher. Dimethyl
sulfoxide (DMSO), toluene, acetone, hexane, chloroform,
dichloromethane, and tetrahydrofuran were supplied by Acros
Organics. Dulbecco’s Modified Eagle Medium (DMEM), Roswell
Park Memorial Institute (RPMI), Fetal Bovine Serum (FBS),
L-glutamine, and penicillin/streptomycin solution were obtained
from Gibco. All reagents were used as received without further
purification. Milli-Q water (18.2 MQ, filtered with filter pore size
0.22 um) from Millipore.

2.2. Synthesis of the Single-Core and Core-Shell/Alloy
Nanoparticles

2.2.1. Synthesis of Metal Oleates

Metal precursors were synthesized following a previously men-
tioned protocol with modifications.*!l Further details are de-
scribed in the Supporting Information.

2.2.2. Synthesis of ZnFe1

Briefly, 2 g of Iron-Zinc Oleate (ratio 4:1) and 0.3 g of oleic acid
were solved under vigorous stirring in 15 mL of 1-octadecene.
Then, the temperature was increased till 30 °C, followed by 3 cy-
cles of vacuum/N, (10 min). At this point, the reaction was heated
to 320 °C by applying a constant heating rate of 3 °C min~!, un-
der nitrogen. These conditions were maintained for 1 h, followed
by the cooling down to room temperature. Finally, the NPs were
washed 3 times with ethanol/acetone (ratio 1/1) and resuspended
in toluene.
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2.2.3. Synthesis of ZnFe2

1.6 g of Iron oleate, 0.4 g of Zinc oleate, and 0.3 g of oleic acid were
solved under vigorous stirring in 15 mL of 1-octadecene. From
this point, the protocol was the same as described for ZnFel.

2.2.4. Synthesis of ZnFe3

These nanoparticles were synthesized similarly as described for
ZnFel, but the metal precursor was changed to Iron-Zinc Oleate
(ratio 2:1).

2.2.5. Synthesis of ZnFeX@ Fe

Either ZnFel or ZnFe2 NPs were mixed with iron oleate (iron ra-
tio 1:1 molar) and 0.28 g of oleic acid. Then, these chemicals were
dissolved in 15 mL of 1-octadecene under stirring. At this point,
3 cycles of 20 min (vacuum/N,) were applied to the mixture. The
reaction was heated for 1 h at 320 °C, under nitrogen and apply-
ing a constant heating rate of 3 °C min~"!, followed by a cooling
down step till room temperature. Finally, NPs were washed as
previously described for ZnFeX NPs.

2.3. Functionalization of Magnetic Nanoparticles

The synthesis of the PEGylated ligand and the subsequent lig-
and exchange process were conducted as described previously by
some of the authors.[*>*3] Detailed protocols are described in the
Supporting Information.

2.4. Characterization Methods

Nanoparticles were thoroughly characterized by Transmission
Electron Microscopy (TEM), High Angle Annular Dark Field
Scanning-Transmission Electron Microscopy (HAADF -STEM),
X-ray diffraction (XRD), Inductively Coupled Plasma High-
Resolution Mass Spectroscopy (ICP-HRMS), Fourier Transform
Infra-Red Spectroscopy (FTIR), Dynamic Light Scattering (DLS),
Vibrating-sample magnetometer (VSM), Specific Absorption
Rate (SAR) measurement and relaxivity measurements. The
complete protocols are described in detail in the Supporting In-
formation.

2.5. Cell Toxicity Assessment
2.5.1. Cell Culture

Two different cells were selected as working models. HFF-1 hu-
man fibroblast cells were selected as control cells to evaluate
the potential side effects, using DMEM as the growth medium
(supplemented with L-glutamine (2 mm), FBS (10%), and peni-
cillin/streptomycin (1%)), whereas 4T1 mice stage IV breast can-
cer cells were selected for cell uptake and in vivo model of cancer,
using RPMI as growth medium (supplemented with L-glutamine
(2 mwm), FBS (10%) and penicillin/streptomycin (1%)). Both cell
lines were cultured at 37 °C in an incubator (5% CO,).
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2.5.2. Cytotoxicity Assays

Cytotoxicity of nanoparticles was evaluated in HFF-1 cells by opti-
cal microscopy, life-dead assay, and MTT assay. Different aspects
related to cell viability (cell morphology, total number of cells,
number of necrotic/late apoptotic cells, intracellular esterase ac-
tivity, and mitochondrial activity) were evaluated.

2.6. In Vivo Studies
2.6.1. Mice Experiments

Female Balb/c mice (20 g in weight) provided by Charles River
(n = 4 per experimental group) were used for in vivo experi-
ments. In vivo experiments were conducted in accordance with
the Spanish and European Guidelines for Care and Use of Lab-
oratory Animals (R.D. 53/2013 and 2010/62/UE) and approved
by the local ethical committee and the Highest Institutional Eth-
ical Committee (Andalusian Government, accreditation number
14/09/2021/129). ZnFe NPs were intravenously injected in a con-
centration of 10 mg Fe kg~!. This concentration was chosen based
on previous studies conducted by the group that demonstrated
the safety of this dose, without any appreciable toxic effect, while
providing high MRI contrast. Yet, higher doses may be used in
future MH studies if deemed necessary and safe.

2.6.2. In Vivo Magnetic Resonance Imaging (MRI)

MRI experiments were conducted on the 9.4 T Bruker Biospec
system, using protocols described by some of the authors
elsewherel*! and in the Supporting Information.

2.6.3. Tumor Implantation

4T1 orthotopic breast tumors were selected as a murine can-
cer model. Cells were brought to 80-90% confluence in culture.
Then, mice were anesthetized with isoflurane 1%, and cells were
injected orthotopically (1 x 10° cells) in the right mammary fat
pad.

2.6.4. In Vivo Treatment

When tumors reached 0.25 cm?, mice were divided randomly
into 2 groups, named G1 (NaCl intravenously injected + AMF ex-
posure (MH)) and G2 (NPs intravenously injected + MH). NPs
were injected via the tail vein. At 24 h, mice were placed in a DM5
Nanoscale Biomagnetic instrument and exposed to an AMF (Fre-
quency (f) = 121.85 kHz, Magnetic Field Amplitude (H) = 220
Gauss or 17.5 kA m™) for 30 min.

2.6.5. Histology
Animals were sacrificed at the endpoint of the experiments, and

samples from various tissues were collected. Tissue samples
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were then processed and stained with Hematoxylin and Eosin
(H&E), and Prussian Blue prior to histological evaluation by light
microscopy. Hematoxylin and Eosin (H&E) staining was used to
assess tissue architecture, and Prussian blue staining to assess
colloidal iron deposits. Protocols are described in detail in the
Supporting Information.

2.7. Statistical Analysis

The statistical analysis was performed using the Jamovi software
2.3.21. Mann-Whitney U test was selected for cell viability and
in vivo T, analysis, whereas, for the in vivo follow-up of the treat-
ment, Welch’s t-test was selected (p < 0.05). Values are shown as
mean + standard deviation (SD).

3. Results and Discussion

3.1. Nanoparticles Characterization

As mentioned previously, core—shell-like structures can improve
the magnetic properties of the single-core counterpart. Thus,
in this work, three single-core (ZnFel, ZnFe2, and ZnFe3) and
two core—shell/alloy (ZnFel@Fe and ZnFe2 @Fe) magnetic NPs
were synthesized and compared. The process of NPs forma-
tion can be described as the mechanism whereby metallic nuclei
(seeds) act as templates for crystal growth. This mechanism is fre-
quently described using the classical LaMer theory, which can be
considered a seed-mediated growth with three stages: I) supersat-
uration of monomer but without the presence of NPs; II) super-
saturation limit exceeds, and nucleation starts; and III) growth of
NPs without further nucleation, since monomer concentration
is under supersaturation limit.[**~*8] The as-synthesized single-
core magnetic NPs presented different sizes (ZnFel = 32.8 nm,
ZnFe2 »~19.2 nm, and ZnFe3 = Heterogeneous) (Figure 1a,b and
Figure Sla, Supporting Information), evidencing that the metal-
lic precursor strongly determines the final size. These results are
in agreement with previous reports.[*>>% ZnFe3 NPs were dis-
carded for further experiments due to their large heterogeneity.
As mentioned previously, the synthesis of NPs can be considered
a seed-mediated growth process, and therefore, we used single-
core NPs as seed; that is, we introduced externally the metal-
lic nucleus in stage II of LaMer mechanism. ZnFel and ZnFe2
were introduced in the reaction, resulting in core-shell/alloy NPs
with sizes of 20.5 and 22.8 nm for ZnFel@Fe and ZnFe2@Fe,
respectively (Figure 1a,b). Thus, ZnFel @Fe underwent a diges-
tive ripening (inverse of Ostwald ripening), in which larger NPs
redissolve and may promote smaller particles growth.>'2] In
order to confirm the formation of a core—shell/alloy structure
and the presence of Zn, two different techniques were used. On
the one hand, samples were analyzed by HAADF-STEM, where
intensities were proportional to teZ" (where t is the thickness
crossed by the electron beam, Z is the atomic mass of the mate-
rial, and n is a constant (in the range 1.6 and 1.9).1°°4 The core-
shell structure could not be confirmed, and both ZnFel@Fe and
ZnFe2 @Fe presented an unexpected alloy structure (Figure 1a),
which might be associated with galvanic corrosion and the elec-
trons transfer from Zn (Anode) to Fe (Cathode), in a similar man-
ner as previously observed for other metallic NPs.[>>l On the other
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hand, the Zn composition was confirmed by Energy-dispersive
X-ray spectroscopy (EDX), showing the typical peaks associated
with it, which also exhibited a relative decrease in their inten-
sities from single-core NPs to alloy NPs (Figure 1c). Moreover,
the crystalline structure of the NPs was characterized by powder
XRD. The obtained pattern of ZnFel and ZnFe2 revealed highly
intense peaks of Fe, which can be indexed to (311), (200), and
(440) phases!®®! (Figure 1d). Furthermore, ZnFe2 @Fe exhibited
a similar pattern, whereas ZnFel@Fe displayed a broad X-ray
where only (311) phase was detected, indicative of a more amor-
phous structure.’”%8! All the peaks observed by XRD can be at-
tributed to either y—Fe,O; or Fe;0,.>°] Thus, these results indi-
cate that, in certain cases, the introduction of NPs as seed for
later growth may not lead to the formation of core-shell struc-
tures. Even more, an unexpected crystalline structure reorgani-
zation may happen, resulting in alloy NPs. Overall, none of the
classical nucleation and growth theories were able to explain our
results.

The as-described NPs were not stable in aqueous media due to
their hydrophobic capping after the thermal decomposition pro-
cess. Therefore, both single-core ZnFe NPs and alloy ZnFe@Fe
NPs, were functionalized using a PEGylated ligand to render
water-stable NPs, hereinafter referred to as ZnFel-PEG, ZnFe2-
PEG, ZnFel @Fe-PEG, and ZnFe2 @Fe-PEG (see Figure S3, Sup-
porting Information). It is worth mentioning that, after the lig-
and exchange process, all magnetic NPs maintained shapes and
sizes similar to the original ones (Figure S2, Supporting Infor-
mation). Regarding the metallic composition, measured by ICP-
HRMS after the ligand exchange (which should remain similar),
a dramatic decay in the Zn percentage from the single-core NPs
to the alloy NPs was observed (from ~37% in the ZnFel and
~42% in the ZnFe2 to #10% in the ZnFel@Fe and ~1% in the
ZnFe2 @Fe, respectively). These results indicate that new Fe was
integrated into the alloy NPs, potentially replacing (either fully or
partially) Zn. Once the ligand exchange process was conducted,
the stability of the PEGylated NPs in aqueous media was vali-
dated by measuring their HD in saline (Figure 2a). Both single-
core ZnFe NPs did not exhibit appreciable changes even after
168 h, their final HD being ~50 and ~60 nm for ZnFel-PEG and
ZnFe2-PEG, respectively. These HDs were in the range regarded
as optimal for in vivo applications (%50 nm).[*] On the contrary,
unexpectedly poor stability was noticed for both ZnFel @Fe-PEG
and ZnFe2 @Fe-PEG, suggesting that the PEGylated ligand was
not able to properly interact with the NPs surface, even though
alloy NPs were mainly composed of Fe.

As for the magnetic properties of NPs, it has been widely de-
scribed that there is a critical diameter below which NPs behave
as single-domain magnets with superparamagnetic properties.
However, there is a controversy about this limit, placing it in the
range of 15-30 nm.[%%3] The hysteresis loops of both ZnFel-
PEG and ZnFe2-PEG revealed a superparamagnetic behavior
(Figure 2b), whereas ZnFel@Fe-PEG exhibited unexpected para-
magnetic behavior and, finally, ZnFe2 @Fe-PEG showed a ferro-
magnetic behavior. Moreover, their specific saturation magneti-
zations (Ms) were 92.5, 68.2, 21.5, and 134.9 emu g™, respec-
tively (Figure 2b). Therefore, since ZnFel-PEG exhibited a para-
magnetic behavior with a magnetic core of %30 nm, while ZnFe2-
PEG was ferromagnetic with a magnetic core of ~22 nm, and fur-
thermore, both had a similar XRD and shape, it becomes evident

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 1. a) Transmission electron microscopy images of the synthesized NPs. The scale bar corresponds to 50 nm. The inset exhibits the spatial
distribution of metal atoms in the NPs as measured by HAADF and EDX. The scale bar corresponds to 20 nm. b) Size distribution obtained from the
counting of 100 NPs in the TEM images. c) EDX spectrum analysis showing major peaks of the NPs. d) XRD pattern of the NPs. Single-core ZnFe NPs
are represented in blue, whereas alloy ZnFe@Fe NPs are represented in red.
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Figure 2. a) Hydrodynamic diameter (HD) of the synthesized NPs determined in saline at different times using dynamic light scattering (DLS). b)
Magnetization versus applied magnetic field (MvsH) measurements of the NPs at 300 K. c,d) Plot of relaxation rate (1/T,) versus the concentration of
Fe calculated at 9.4 T, and the linear fits (when it is possible) whose slopes correspond to the transverse relaxivities (r,). The inset shows the corresponding

T,-weighted images. e,f) Thermal stability test measured under AMF (145.

2 kHz and 580 Gauss). Single-core ZnFe-PEG NPs are represented in blue,

whereas alloy ZnFe@Fe-PEG NPs are represented in red. The different synthetic routes 1 and 2 are represented with squares and circles, respectively.

that there remain unresolved aspects pertaining magnetism at
the nanoscale.

Concerning magnetic relaxivity, the transverse relaxivities (r,)
of ZnFel-PEG, ZnFe2-PEG, and ZnFe2@Fe-PEG were 182.0,
93.2, and 129.7 mm s~! (Figure 2c,d), respectively. As for
ZnFel @Fe-PEG, it was not possible to measure r, due to the ex-
tremely high aggregation rate occurring under an external mag-
netic field. It is also worth noting that the r, values of the single-
core NPS were comparable to IONPs of ~20 nm reported by
us.I%l In this sense, T, values can be mathematically described

accordmg to the quantum mechanical outer-sphere theory
[65]
as:

1)

Adv. Healthcare Mater. 2024, 2304044 2304044 (6 of 15)

where y is the proton gyromagnetic ratio, My is the saturation
magnetization, « is the NP core radius, D is the diffusivity of wa-
ter molecules, L is the thickness of the organic coating layer of
NPs (which can be inferred from the HDs), and V" is the volume
fraction, mathematically described as:

. And®

= 3000 0 )
where N, is Avogadro’s constant, and M is the molarity of NPs
suspension.

Since 7, y, D, Ny, and M are constants and, taking into account
the TEM diameter, Ms, and HD of our ZnFe NPs, the quantum
mechanical outer-sphere theory was not enough to fully explain
the obtained r, (ZnFe2@Fe-PEG should have lower r, compared
to ZnFe2-PEG).

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Additionally, the magnetic-to-heat conversion of ZnFe NPs
was evaluated by their thermal response performance under
AMF and the subsequent SAR calculation. The thermal sta-
bility was evaluated by measuring the temperature increase
in four AMF on-off cycles, resulting in very high stability for
all ZnFe NPs (Figure 2e,f). The calculated SAR values were
1730.5, 1454.2,1510.2, and 1849.8 W g~! for ZnFel-PEG, ZnFe2-
PEG, ZnFel@Fe-PEG, and ZnFe2@Fe-PEG, respectively. Sur-
prisingly, these SAR values were one order of magnitude higher
compared to those of IONPs in the range 20-30 nm, even though
the latter were measured under a twofold higher frequency.[°¢¢7]
Moreover, the linear response theory model predicts that mag-
netic NPs of #20 nm are optimal in terms of magnetic-to-heat
conversion efficiency,*®! which is not fully in agreement with our
results since ZnFel-PEG (~30 nm) displayed greater SAR than
ZnFe2-PEG (~20 nm), butlower than ZnFe2 @Fe-PEG (~22 nm).

Concerning the mathematical analysis of the SAR, although
some controversy exists, there are mainly three different compo-
nents described as: 1) hysteresis loss, 2) relaxation losses (Brow-
nian relaxation (r;) and Néel relaxation (ry)), and 3) eddy cur-
rent loss.['*l On the one hand, hysteresis loss can be calculated
by:(6970]

hysteresis loss = L A 3)
Myp

where A is the area enclosed by the loops, f is the number of loops
per second, and m,, is sample concentration (mass per unit vol-
ume of the colloidal sample). Both hysteresis loss and eddy cur-
rent loss are negligible for superparamagnetic NPs. On the other
hand, relaxation losses (or effective relaxation time) can be math-
ematically described as:["!]

NTB

= NB 4
’ TN+TB ()

where 7, and 7 can be described as:

37]Vh
Ty = —— (5)
B kT
Ty = TOCKV/kBT (6)

where 7 is the dynamic viscosity of carrier liquid, r, the hydro-
dynamic radius of the particle, k, the Boltzmann constant, T the
absolute temperature of the system in kelvin, 7, is usually in the
order of 1077, K is the anisotropy constant, and V is the particle
volume. In this scenario, being ZnFe2@Fe-PEG the only ferro-
magnetic NPs and possessing the larger HDs, it was expected
they had significantly higher SAR. However, although the SAR
values of these NPs were actually higher, the differences in SAR
with respect to NPs were lower than expected, suggesting that K,
which was not evaluated in this work, could play a critical role in
the SAR (magnetic-to-heat conversion) of magnetic NPs, as pre-
viously pointed out.['37273]

Consequently, our findings imply the need for substantial
work in the field of nanomagnetism to gain deeper insight into
this phenomenon and elucidate the mechanisms underlying ob-
servations such as those presented in this work.

Adv. Healthcare Mater. 2024, 2304044 2304044 (7 0‘F15)
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3.2. In Vitro Cytotoxicity Assessment

HFF-1 cells were selected as the working model and exposed
to increasing concentrations of NPs from 0.1 to 100 pg mL™!
(Fe+Zn). Both ZnFel-PEG and ZnFe2-PEG did not induce ap-
preciable changes in HFF-1 cell morphology (Figure 3a). In addi-
tion, these single-core NPs did not produce significant changes in
either the total number of cells, the intracellular esterase activity,
the mitochondrial activity, or dead cells percentage (Figure 3b—e).
In the case of alloy ZnFe@Fe-PEG NPs, harmony software could
not evaluate the healthy cells above a concentration of 10 ug mL™
because of their aggregation and sedimentation. However, a
similar nucleus pattern (blue fluorescence) to single-core ZnFe-
PEG NPs was qualitatively observed, together with a mitochon-
drial activity of HFF-1 cells >90% for both ZnFel @Fe-PEG and
ZnFe2 @Fe-PEG. All these results evidenced the low cytotoxicity
of these alloy ZnFe@Fe-PEG NPs.

Table 1 summarizes the results described so far in this work.
Since stability and cytotoxicity are the crucial points that must be
fully fulfilled for biomedical applications, both ZnFel @Fe-PEG
and ZnFe2 @Fe-PEG were discarded for further experiments due
to their poor stability. On the contrary, both ZnFel-PEG and
ZnFe2-PEG exhibited high stability and negligible cytotoxicity,
with ZnFel-PEG having higher r, and SAR. Therefore, ZnFel-
PEG NPs were selected as the most promising candidate for in
vivo experiments.

3.3. Studies in Non-Tumor-Bearing Mice

The selected ZnFel-PEG NPs were assessed for their potential as
MH mediators for tumor therapy following intravenous admin-
istration. Firstly, dynamic T,-weighted MRI was used to evaluate
their short-term (30 min) in vivo pharmacokinetics in different
organs, especially in the liver and spleen, due to their prevalent
role in NPs excretion pathways.!”+7>] Interestingly, these organs
displayed two different behaviors (Figure 4a,b), with the liver
reaching the maximum signal increase a few seconds after NPs
injection (~40%), which remained stable until the end of the ex-
periment, while the spleen signal underwent a slow and contin-
uous increase up to #30% at the end of the experiment. These
different pharmacokinetics are attributable to differences in the
endocytic/phagocytic affinity between Kupffer cells and splenic
macrophages for NPs.l”®l As expected, no signal changes were
observed in any case for muscle, which was used as control tis-
sue. Additionally, long-term pharmacokinetics were evaluated up
to 24 h by quantitative T, mapping (Figure 4c), along with high-
resolution respiration-gated T,-weighted images for better visu-
alization. A clear darkening was observed both in the liver and
spleen 1 h after the injection of ZnFel-PEG, being more pro-
nounced at 24 h in the liver and, partially recovering toward basal
values in the spleen, likewise evidencing the different interac-
tion of NPs with these tissues, as previously mentioned. More-
over, the quantitative evaluation denoted a considerable R, in-
crease (or T, decay) at 1 h, with AR, of ~#7.8 and ~11 s7!, for the
liver and spleen, respectively. At 24 h, AR, was ~11.5 and ~#8 s~}
for liver and spleen, respectively (Figure 4d). Furthermore, the
IONPs clearance was expected to be between 48 and 168 h, as
previously described by some of us.l”778]
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Figure 3. a) Representative optical microscopy images of HFF-1 fibroblasts without exposition (Neg. Ctrl) and after exposure to 100 ug mL™" (Fe+Zn
concentration) of single ZnFe and alloy ZnFe@Fe NPs (n = 5). These images result from the merge of brightfield (gray), DAPI (blue), TO-PRO-3 iodide
(red), and Calcein AM (green). The scale bar corresponds to 50 um. b) Total number of cells per well, ¢) intracellular esterase activity (%), d) mitochondrial
activity (%), and e) dead cells (%) of HFF-1 fibroblasts after exposure to increasing concentrations (0.1-100 ug mL~" of Fe) of single-core ZnFe and
alloy ZnFe@Fe NPs, respectively. Single-core ZnFe NPs are represented in blue, whereas alloy ZnFe@Fe NPs are represented in red. Both negative and
positive controls are represented in gray.
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Table 1. Summary of the different evaluated parameters.
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NPs Fe [%] Zn [%] HD [nm] Ms [emu g™'] r, [mm s SAR W g™'] Thermal Cytotoxicity
stability

ZnFel-PEG ~63 ~37 ~50 92.5 182 1730.5 High Negligible

ZnFel@Fe-PEG ~90 ~10 Not stable 215 N.A. 1510.2 High Negligible

ZnFe2-PEG ~58 ~42 ~60 68.2 93.2 1454.2 High Negligible

ZnFe2@Fe-PEG ~99 ~1 ~900 134.9 129.7 1849.8 High Negligible

The potential in vivo toxicity of ZnFel-PEG was addressed by
the histological analysis of tissue sections of the main organs
stained with H&E (Figure 5a). Normal tissue architecture was
observed in all analyzed organs (liver, kidney, spleen, and lung)
without any sign of tissue damage, such as necrosis or infiltra-
tions of inflammatory cells.[”®! Therefore, these results confirmed
the high biocompatibility of ZnFel-PEG. Moreover, liver sections
were stained with Prussian blue (PB) in order to determine the
distribution of ZnFel-PEG NPs, showing their predominant lo-
cation inside Kupffer cells, with negligible uptake by hepatocytes
(Figure 5b). These results proved that hepatobiliary elimination

]
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is the predominant clearance pathway for ZnFel-PEG. Regard-
ing the PB staining of spleen sections, it must be borne in mind
that this tissue removes unhealthy, old, and misshapen red blood
cells from the bloodstream, which results in blue staining even
in the control tissues.

3.4. Studies in a Breast Cancer Model

Firstly, the efficiency of the EPR effect was evaluated in the 4T1
breast cancer model. No changes were observed in the tumor
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Figure 4. In vivo time courses of a) liver and b) spleen of mice after the intravenous injection of ZnFe1-PEG NPs (10 mg Fe per animal kg). Muscle
was used as control tissue (gray in both cases). c) Representative T,-weighted MR images at different experimental time points after the intravenous
injection of ZnFe1-PEG. d) AR, values of different organs at 1 and 24 h after the intravenous injection of ZnFe1-PEG NPs. The average values were

obtained by performing four experiments.
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Figure 5. a) Representative histological sections of the main organs: liver,
kidney, spleen, and lung of mice at 24 h after the intravenous adminis-
tration of saline (top) and ZnFe1-PEG NPs (bottom). The scale bar corre-
sponds to 100 um. b) Representative histological sections of PB staining
of the liver at 24 h post-injection of ZnFe1-PEG. The scale bar corresponds
to 100 um.
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either by dynamic MRI over the first 35 min or in the T,-weighted
images at 1 h post intravenous injection of ZnFel-PEG (data not
shown). On the contrary, T,-weighted images at 24 h revealed a
noticeable darkening in the tumor periphery, with a darker ring
on a deeper zone and no changes in the tumor core, likely due
to its characteristic avascular necrotic nature (Figure 6a). These
results were in agreement with previous studies reporting 24 h
as the optimum time frame for an efficient EPR effect.[8%-82!

The quantitative analysis showed a slight T, decay
(AR, ~ 2.5 s7!) for the whole tumor, being substantially
higher (AR, = 5 s7') (p < 0.05) in the zone of higher NPs
accumulation (Figure 6b). Since the ability of any compound
to reach and accumulate in the tumor tissue strongly depends
on its vascular permeability, it was evaluated at the end of each
experiment (24 h after the administration of ZnFel-PEG) by T,
Dynamic Contrast-Enhanced MRI (DCE-MRI) using a commer-
cial Gd chelate (Gadovist). Our results denoted that 4T1-derived
tumors display high vascular permeability at the tumor periph-
ery, characterized by fast and remarkable signal enhancement,
whereas minimal signal enhancement was observed in the
tumor core, consistent with the presence of avascular necrotic
tissue (Figure 6¢,d). Interestingly, the highest NPs accumulation
occurred in a zone with low vascular permeability, suggesting
that once the NPs crossed the tumor vascular endothelium,
they diffused to poorly vascularized areas, where they remained
trapped due to inefficient drainage mechanisms (absence of
blood and lymphatic vessels).

Once an appreciable EPR effect in breast tumors was con-
firmed, an in vivo therapeutic approach was conducted as a proof-
of-concept study to demonstrate the remarkable potential of our
NPs as magnetic hyperthermia mediators. While intratumoral
administration can be useful in certain cases, it presents some
important limitations, primarily associated with the delivery of
NPs to non-proliferative regions of the tumor (necrotic zone),
which can drastically hamper their therapeutic effectiveness, or
with the inaccessible location of the tumor, making the adminis-
tration of NPs impossible.3®! Therefore, in this work, we inves-
tigated the therapeutic efficacy of our NPs when administered
intravenously, aiming to effectively target the vascularized/viable
parts of the tumors. Two experimental conditions were selected:
1) NaCl+ AMF exposure (MH)+ and 2) intravenous injection
of ZnFel-PEG NPs+ AMF exposure (MH)+. Of note, regarding
the AMF parameters, f was selected as the closer allowed by our
equipment to the clinical one, while H was selected as the high-
est allowed one. Volumetric tumor analysis by MRI was used to
monitor treatment response. Tumor volume increased over time
in both NaCl+ MH+ and ZnFel-PEG+ MH+, but a considerable
delay was observed for the last one, reaching a statistically signif-
icant difference (p < 0.05) 13 days after a single AMF exposure
(Figure 7). Moreover, mice of the group NaCl+ MH+ reached
animal slaughtering criteria 12 days after the treatment, while
animals injected with ZnFel-PEG NPs reached this stage 7 days
later. Although a 7-day difference in lifespan may not appear sub-
stantial, it becomes significant when considering the rapid expo-
nential growth of these tumor models. Additionally, to rule out
a possible effect of the AMF themselves on tumor growth, the
tumor growth curve of group G1 was compared with the stan-
dard growth curve of this tumor model determined in our lab
under our basal experimental condition, wherein mice were only

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. a) Representative T,-weighted MR images before and 24 h after the intravenous injection of ZnFe1-PEG NPs in 4T1 tumor-bearing mice. b)
AR, values of the whole tumor and the zone of NPs accumulation at 24 h post-administration of ZnFe1-PEG. c) Representative T; MR images before
and after the intravenous administration of Gadovist. d) In vivo time courses of Gadovist in 4T1 tumor-bearing mice. The average values were obtained

by performing four experiments.

administered a NaCl injection. This comparison confirmed that
AMEF exposure in the absence of NPs does not produce any no-
ticeable effect on tumor growth (see Figure S4, Supporting Infor-
mation).

It is worth mentioning that, to our knowledge, only a few pa-
pers described a successful magnetic hyperthermia treatment af-
ter intravenous administration. Huang et al. used a frequency
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of 980 kHz (far away from the clinical one), an extremely high
NPs concentration (1.7 g Fe kg™'), no statistical analysis of the
treatment was performed, and the methodology for the tumor
volume measurements was not described.®*] Similarly, Albarqi
et al. applied a frequency of 420 kHz (not suitable for clinical ap-
plications), an even greater NPs concentration (10 g Fe kg™1), four
treatment cycles were necessary to achieve statistically significant
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Figure 7. a) Representative T,-weighted MR images at different experimental times post-tumor implantation. Magnetic hyperthermia treatment was
conducted on day 13 (n = 4). b) Tumor volume evaluation based on MR images. c) Relative tumor volume evolution evaluation based on MR images.
Arrows indicate the treatment day. The statistical test was significant for data with * (p < 0.05).
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Figure 8. a) Representative histological sections of H&E staining of tumor, liver, and spleen and b) Representative histological sections of PB staining
of tumor and liver of 4T1 tumor-bearing mice at the end point of the in vivo therapeutic approach after the administration of NaCl or ZnFe1-PEG and

the hyperthermia treatment. The scale bar corresponds to 100 um.

differences at 28 days after the treatment, and the measurements
of tumor volume were done with a caliper, which lacks accuracy
and can lead to overestimation of tumor reduction, that is, under-
estimation of total tumor volume.®*! Soleymani et al. employed
a frequency of 150 kHz, animals received four times a moder-
ately high NPs concentration (50 mg Fe kg™?), four treatment cy-
cles were necessary to achieve statistically significant differences
5 days after the treatment, and again, the tumor volume was eval-
uated with a caliper.!®5] Finally, Hu et al. described the encapsu-
lation of hydrophobic 5 nm IONPs within polymeric NPs, along-
side chemotherapeutic agents, and conjugated them with IVO24
peptide for active tumor targeting instead of relying on the EPR
effect.®%] The authors claim that this platform could be used for

Adv. Healthcare Mater. 2024, 2304044 2304044 (12 of 15)

controlled drug delivery, magnetic hyperthermia, and MR imag-
ing. However, the SAR values of the system were not provided,
nor was MRI carried out, thus precluding the assessment of the
actual potential of these NPs as MH mediators or for in vivo MRI-
tracking. Also, the tumor size was determined using a caliper,
which entails some limitations as already mentioned. Addition-
ally, Herrero de la Parte et al. recently demonstrated in preclinical
models that the Hxf product (in 10° A ms™! units) of the AMF
must satisfy a specific combination, limiting the result to <9.46
(as per the Atkinson-Brezovich criteria).l¥”] Given that our Hxf
product has been calculated to be 2.13 x 10° A ms™, it can be
concluded that our therapeutic approach is entirely deemed safe.
Therefore, to the best of our knowledge, we demonstrate, for the

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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first time, the successful application of intravenously adminis-
tered MNPs for MRI-tracked MH tumor therapy in passively tar-
geted tumor xenografts using a single NPs low dose and only one
AMTF exposure at frequencies suitable for clinical application.

Histological analysis was conducted at the end of the exper-
iments to assess tumor tissue status after MH treatment with
ZnFel-PEG NPs. H&E staining was used to assess tissue ar-
chitecture, and PB staining to ascertain IONPs localization, as
mentioned previously. Tumor sections exhibited the characteris-
tic high cell density commonly found in solid tumors and a het-
erogeneous cytoarchitecture (Figure 8a). Furthermore, metastatic
tumor granulocytes were clearly observed in the liver, as expected
for this well-known metastatic tumor model, and in line with pre-
vious studies by some of us.[38] It should be noted that even 7 days
later, from a qualitative point of view, tumor sections from mice
injected with of ZnFel-PEG NPs presented a lower number of
cell nuclei (in purple), besides a smaller metastatic area in the
liver, compared to NaCl+ MH+ mice. Concerning the spleen, an
increase of up to tenfold normal weight was noticed, as well as
an expanded red pulp with a significant reduction in the white
pulp area. These hallmarks are indicative of splenomegaly de-
rived from tumor growth factors in 4T1 tumor-bearing mice, as
previously pointed out.®] Furthermore, PB staining of tumor
and liver tissue still denoted blue spots in both primary tumor
and metastatic lesions, even 7 days after ZnFel-PEG NPs admin-
istration, but not in either hepatocytes or Kupfter cells evidencing
the completely hepatobiliary excretion at this time point. These
remanent NPs could potentially be used for subsequent AMF
expositions, although further experiments are required to deter-
mine the optimum number of AMF expositions. Of note, no evi-
dence of blue staining was observed in Kupffer cells, which could
be assumed as a total hepatobiliary excretion of ZnFel-PEG NPs
in one week.

4, Conclusion

In this work, we performed the synthesis of three single-core
(ZnFel, ZnFe2, and ZnFe3) NPs, with one of them, ZnFe3, be-
ing discarded because of its heterogeneity. Then, based on classi-
cal LaMer theory, we attempted the synthesis of core-shell struc-
tures using these single-core NPs as seeds. Rather than that, an
unexpected metallic reorganization was observed. These results
demonstrate that classical theories on nucleation and growth are
not able to fully predict the final size/shape of NPs, pointing out
the imperative need for further research in the field of nanomag-
netism.

On the other hand, our results showed that both single-core
and alloy NPs presented enhanced magnetic features as MRI
CAs and, most importantly, as magnetic-to-heat conversion me-
diators, with a remarkably higher SAR, as compared to IONPs in
a similar size range. Furthermore, unlike most MNPs developed
for MH purposes, ZnFeNP1-PEG was capable of passively accu-
mulating within tumors via the EPR effect. This effective passive
tumor targeting and improved SAR properties enabled effective
tumor treatments through intravenous injection, even after a sin-
gle administration of a low NPs concentration, together with one
exposure to an AMF frequency suitable for clinical applications.
To our knowledge, this is the first report demonstrating a suc-
cessful therapeutic response to MH using intravenously admin-
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istered MNPs at low concentrations and applying only one AMF
cycle at clinical frequency. Finally, PB staining showed NPs re-
maining in the tumor even 19 days after their administration,
which could be exploited for multiple AMF exposures or for pro-
longed drug delivery mediated by NPs.
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