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Magnetic Nanomaterials for Hyperthermia-Based Therapy,
Imaging, and Drug Delivery
Constantin Mihai Lucaciu

Department of Pharmaceutical Physics-Biophysics, Faculty of Pharmacy, “Iuliu Hatieganu” University of
Medicine and Pharmacy, 6 Pasteur St., 400349 Cluj-Napoca, Romania; clucaciu@umfcluj.ro; Tel.: +40-744647854

In recent years, nanomedicine has experienced remarkable advancements, due to the
development of new nanomaterials with outstanding properties that have demonstrated
significant advantages over traditional medicines.

Among various nanoparticles, magnetic nanoparticles (MNPs) have emerged as
promising candidates for a wide range of biomedical applications, particularly due to
their responsiveness to external magnetic fields, enabling remote control and manipu-
lation [1]. Their first medical applications were related to their role in changing water
proton magnetic relaxation times, being used as contrast agents in magnetic resonance
imaging (MRI) [2]; iron oxide MNPs are FDA-approved for imaging purposes and anemia
treatments. While numerous studies are dedicated to improving the contrast in both T1 and
T2 weighted MRI images using MNPs, magnetic particle imaging (MPI) has emerged in the
last decade as an alternate technique, with tremendous potential in medical imaging [3],
featuring multiple advantages such as linear quantitation, no tissue background, deep
penetration, and no use of ionizing radiation.

Another important medical application of MNPs in the treatment of solid cancer
tumors is magnetic hyperthermia (MH), a technique based on the heating of MNPs when
submitted to radiofrequency alternating magnetic fields upon their loading in the tumor
area. MH has achieved significant recognition, representing the first ever medical device to
receive European approval for the treatment of glioblastoma multiforme (GBM), a form of
brain tumor. Furthermore, ongoing clinical trials for U.S. Food and Drug Administration
(FDA) approval are under way, specifically focusing on the treatment of prostate and
pancreatic cancers. Despite the promise demonstrated in clinical trials where MH therapy
was combined with standard chemotherapy and/or radiotherapy, achieving complete
tumor regression remains elusive. Various factors contribute to this outcome, with the heat
performance of injected MNPs playing a pivotal role. Therefore, a large number of studies
have been conducted in the past few decades aiming to understand the role of composition,
shape, size, structure, and surface functionalization in the heating performance of MNPs
in MH [4]. Direct heat effects contribute to cell death; however, the elevated temperatures
of MNPs open avenues for further exploration. In many preclinical and clinical studies,
authors have initially hypothesized that the therapeutic impact observed was primarily
attributed to the induction of tumor necrosis during hyperthermia applications. However,
the potential effects on the tumor microenvironment, specifically the induction of anti-
tumor immune responses, have not been thoroughly examined. Contemporary perspectives
now suggest that a crucial element contributing to the therapeutic efficacy of hyperthermia
is the initiation of a heat-mediated immune response against the tumor. This immune
response enhances the tumor’s visibility to the immune system, suggesting that MH
treatment can facilitate spatially and temporally controlled temperature increases, acting as
an immune trigger. This recognition of hyperthermia as an immune modulator underscores
its potential in not only targeting tumors directly, but also in harnessing the body’s immune
system for a more comprehensive and effective therapeutic approach [5]. This highlights
the evolving landscape of MNPs as a promising tool in the realm of cancer therapeutics.
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By surface functionalization or through the creation of hybrid formulations with
polymers, fluorophores, liposomes, and plasmonic or silica shells, MNPs acquire multifunc-
tional capabilities. These multifaceted nanomaterials hold the potential to both diagnose
and treat medical conditions, offering the ability to remotely control their positioning and
activation, thus positioning them as a highly investigated class of theranostic materials.
Among the numerous applications of such hybrid nanostructures, here we focus on con-
trolled drug delivery. Drug delivery systems utilizing MNPs present a range of advantages,
enhancing the precision and efficiency of therapeutic interventions. Some key benefits
include the ability to target specific anatomical locations within the body, a reduction in the
required drug dosage to achieve a specific concentration at the target site, and the mitiga-
tion of potential side effects. By leveraging the magnetic properties of MNPs, these delivery
systems enable a more focused and controlled release of therapeutic agents, optimizing
the therapeutic outcome while minimizing the impact on non-target sites. This targeted
drug delivery approach holds promise for enhancing treatment efficacy and minimizing
undesirable effects associated with systemic drug administration.

This Special Issue, entitled “Magnetic Nanomaterials for Hyperthermia-Based Ther-
apy, Imaging, and Drug Delivery”, provides a platform for researchers to share their
latest experimental and theoretical findings related to the development and application of
magnetic nanomaterials in the medical field, assembling both reviews (four) and research
papers (seven) focused on the distinct aspects of MNP medical applications and written by
recognized experts in the field.

In the first review paper, Gago et al. (contribution 11) conducted a systematic search of
in vitro and in vivo studies published in the last decade that employ hyperthermia therapy
mediated by magnetic nanoparticles for treating gastrointestinal cancers. The results
revealed that iron oxide is the preferred material for magnetism generation in nanoparticles,
and colorectal cancer is the most widely studied gastrointestinal cancer. Interestingly, novel
therapies employing nanoparticles loaded with chemotherapeutic drugs, in combination
with magnetic hyperthermia, demonstrated an excellent antitumor effect.

Ganguly and Margel (contribution 9) explored the most recent developments in synthetic
methodologies and methods for the fabrication of magneto-fluorescent nanocomposites.
The primary applications of multimodal magneto-fluorescent nanoparticles in biomedicine,
including biological imaging, cancer treatment, and drug administration, are covered in this
article, together with an overview of the future possibilities for these technologies.

Pusta et al. (contribution 8) performed a critical overview of the recent literature
concerning advancements in the field of magnetic nanoparticles used in drug delivery, with
a focus on their classification, characteristics, synthesis and functionalization methods, limi-
tations, and examples of magnetic drug delivery systems incorporating chemotherapeutics
or RNA.

Chan et al. (contribution 10) reviewed potential improvements in the magnetic prop-
erties of iron-based nanoparticles in the preparation of multifunctional composite materials
through their combination with ceramic materials. They demonstrate the potential of
ferromagnetic enhancement and multifunctional composite materials for MRI diagnosis,
drug delivery, MH therapy, and cellular imaging applications.

An interesting study was reported by Alsenousy et al. (contribution 7) on the po-
tential of superparamagnetic iron oxide nanoparticles (SPIONs) as anti-obesity agents.
For the first time, the authors reported promising ameliorating effects of SPION treat-
ments against weight gain, hyperglycemia, adiponectin, leptin, and dyslipidemia in obese
rats. At the molecular level, surprisingly, SPION treatments markedly corrected the dis-
turbed expression and protein content of inflammatory markers and parameters controlling
mitochondrial biogenesis and functions in both brown and white adipose tissue.

The combination of magnetic hyperthermia with chemotherapy is considered a promis-
ing strategy in cancer therapy due to the synergy between high temperatures and chemother-
apeutic effects, which can be further developed for targeted and remote-controlled drug
release. Nitica et al. (contribution 6) reported a simple, rapid, and reproducible method
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for the preparation of thermosensitive magnetoliposomes (TsMLs) loaded with doxoru-
bicin (DOX), consisting of a lipidic gel formation from a previously obtained water-in-oil
microemulsion with fine aqueous droplets containing magnetic nanoparticles (MNPs) dis-
persed in an organic solution of thermosensitive lipids (transition temperature of ~43 ◦C),
followed by gel hydration with an aqueous solution of DOX. The obtained thermosensitive
magnetoliposomes (TsMLs) were around 300 nm in diameter and exhibited 40% DOX
incorporation efficiency. The most suitable MNPs to incorporate into the liposomal aque-
ous lumen were Zn ferrites, with a very low coercive field at 300 K (7 kA/m), close to
the superparamagnetic regime, exhibiting a maximum specific absorption rate (SAR) of
1130 W/gFe when dispersed in water and 635 W/gFe when confined inside TsMLs. No
toxicity of Zn ferrite MNPs or TsMLs was noticed against the A459 cancer cell line after 48 h
incubation over the tested concentration range. The passive release of DOX from the TsMLs
after 48 h incubation induced toxicity, starting with a dosage level of 62.5 mg/cm2. Below
this threshold, the subsequent exposure to an alternating magnetic field (20–30 kA/m,
355 kHz) for 30 min drastically reduced the viability of the A459 cells due to the release of
incorporated DOX. These results strongly suggest that TsMLs represent a viable strategy
for anticancer therapies using the magnetic-field-controlled release of DOX.

Oliveira et al. (contribution 5) reported the development of paclitaxel-loaded lipid-
coated manganese ferrite magnetic nanoparticles (PTX-LMNPs) as synthetic magnetosome
analogs, envisaging the combined chemo-magnetic hyperthermia treatment of melanoma.
Their results showed that PTX-LMNP-mediated MHT triggers PTX release, facilitating its
thermal-modulated local delivery to diseased sites within short timeframes. Moreover, half-
maximal PTX inhibitory concentration (IC50) could be significantly reduced relatively to
free PTX (142,500×) and Taxol® (340×). Therefore, the dual chemo-MHT therapy mediated
by intratumorally injected PTX-LMNP stands out as a promising alternative to efficiently
deliver PTX to melanoma cells, consequently reducing systemic side effects commonly
associated with conventional chemotherapies.

Unak et al. (contribution 4) obtained MNPs surrounded by silica and an organic layer,
labeled with 44Sc for SPECT and 47Sc for radiotherapy. The radiobioconjugate exhibited
high affinity and cytotoxicity toward the human prostate cancer LNCaP (PSMA+) cell line,
much higher than for PC-3 (PSMA-) cells. High cytotoxicity of the radiobioconjugate was
confirmed by radiotoxicity studies on LNCaP 3D spheroids. In addition, the magnetic
properties of the radiobioconjugate should allow for its use in guiding drug delivery driven
by a magnetic field gradient.

Caizer et al. (contribution 3) reported an in vitro study on the human breast adenocar-
cinoma cell line (MCF-7) by applying superparamagnetic hyperthermia (SPMHT), using
novel Fe3O4-PAA–(HP-γ-CDs) (PAA is polyacrylic acid and HP-γ-CDs is hydroxypropyl
gamma-cyclodextrins) nanobioconjugates, obtaining >95% cell deaths in specific alternating
magnetic field conditions.

Chircov et al. (contribution 2) presented a microfluidic device to obtain a series
of antibiotic-loaded MNPs. The results proved a considerable uniformity of antibiotic-
containing nanoparticles, good biocompatibility, and promising antimicrobial properties
against S. aureus, P. aeruginosa, and C. albicans strains.

Bernad et al. (contribution 1 investigated the agglomeration processes of magnetore-
sponsive functionalized nanocluster suspensions in a magnetic field, as well as how these
structures impact the behavior of these suspensions in biomedical applications. Their re-
sults show that the applied magnetic field aligns the magnetic moments of the nanoclusters,
resulting in the formation of chains, linear aggregates, or agglomerates of clusters aligned
along the applied field direction. The design of chain-like structures can cause considerable
changes in the characteristics of ferrofluids, ranging from rheological differences to colloidal
stability changes.

The diverse topics covered in this Special Issue span the spectrum from drug delivery
to hyperthermia-based therapy and cancer and other disease treatments, showcasing the
versatility of magnetic nanoparticles in addressing multifaceted challenges in medicine.
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A notable aspect highlighted in the contributions is the potential for synergistic effects,
particularly in conjunction with other therapeutic modalities such as chemotherapy. This
emphasizes the pivotal role that magnetic nanomaterials can play in shaping the landscape
of medical treatments.
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Field-Induced Agglomerations of
Polyethylene-Glycol-Functionalized Nanoclusters: Rheological
Behaviour and Optical Microscopy
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Abstract: This research aims to investigate the agglomeration processes of magnetoresponsive
functionalized nanocluster suspensions in a magnetic field, as well as how these structures impact
the behaviour of these suspensions in biomedical applications. The synthesis, shape, colloidal
stability, and magnetic characteristics of PEG-functionalized nanoclusters are described in this paper.
Experiments using TEM, XPS, dynamic light scattering (DLS), VSM, and optical microscopy were
performed to study chain-like agglomeration production and its influence on colloidal behaviour in
physiologically relevant suspensions. The applied magnetic field aligns the magnetic moments of the
nanoclusters. It provides an attraction between neighbouring particles, resulting in the formation
of chains, linear aggregates, or agglomerates of clusters aligned along the applied field direction.
Optical microscopy has been used to observe the creation of these aligned linear formations. The
design of chain-like structures can cause considerable changes in the characteristics of ferrofluids,
ranging from rheological differences to colloidal stability changes.

Keywords: magnetoresponsive nanocomposite; particle aggregation/agglomeration; magnetic
particle targeting; chain formation; magnetorheological properties; optical microscopy

1. Introduction

The potential for preventing thrombotic events and limiting post-angioplasty resteno-
sis with rapid endothelium recovery and restoring its normal activities [1–3] justifies the
development of techniques for quickening arterial re-endothelialization.

For the treatment of chronic diseases, localized therapies that use pharmaceuticals
targeted by magnetic carriers are particularly appealing since they can get around the dose
limit toxicity constraint while increasing drug efficacy [4]. Using a static magnetic field
(SMF), magnetic guiding improves the deposition of drug carriers that are magnetically
responsive when injected [5,6].

Magnetically guided medication delivery is impacted by three vital biophysical pro-
cesses: (i) drug-loaded particle transport through the arteries, (ii) extravasation via blood
vessel walls, and (iii) interstitial transport inside tissue.

It is crucial to note that when using magnetic drug targeting (MDT), medications are
administered only by touching the artery wall. Magnetic nanoparticles (MNPs) are only
captured from the blood flow when the following applies:

(a) They are in contact with the artery wall.

Pharmaceutics 2023, 15, 2612. https://doi.org/10.3390/pharmaceutics15112612. https://www.mdpi.com/journal/pharmaceutics
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(b) They hold in place. In this situation, the magnetic force component must be vital
enough to counteract the drag force and keep a particle in place.

Iron oxide particles (IONPs), particularly magnetite (Fe3O4) and maghemite (γ-Fe2O3),
are the most widely employed magnetic materials among the many classes of MNPs,
particularly in biomedical applications [7]. Their surface alterations, in addition to their
inherent physicochemical characteristics, control this potential.

Numerous recent studies on the advantages of using magnetic iron oxide nanocom-
posites made with various functional coatings as potential magnetic carriers for biomedical
applications concluded that clusters of magnetic nanoparticles could be superior to single
nanoparticles in some applications [8–10].

Applications of magnetic nanoparticles in biomedicine are affected in different ways
by the creation of linear aggregates. The magnetophoretic mobility of the system will be
considerably altered as aggregates form. When paired with the size and acicular shape
of the aggregates, larger particles’ increased magnetophoretic mobility may drastically
modify their behaviour for use in magnetically targeted medication delivery. The toxicity
of magnetic particles considerably rises after applying a magnetic field, according to recent
studies by Bae et al. [11]. Their research revealed that the more significant cytotoxicity was
probably caused by the increased cellular absorption caused by the creation of field-induced
aggregates. Therefore, for applications with static magnetic fields, attention should be paid
to building systems that limit field-induced aggregations.

Agglomerates are created when a single physical entanglement occurs between the
aggregated particles and van der Waals forces, resulting in loose bonding. Because the
fundamental particles that make up an aggregate are firmly bound or fused, it is stated
in the ISO standards that the aggregate’s external specific surface area is less than the
aggregate’s total surface area. It is also stated that because agglomerate constituents are
weakly or loosely linked, the shallow specific surface area of agglomerates is equivalent to
the entire surface area of those constituents.

It is important to note that IONPs in aqueous suspensions can undergo a phase
transition caused by the magnetic field even at low magnetic flux density values. To do this,
they can either assemble into elongated aggregates (with micrometric dimensions along
the direction of the applied magnetic field) [12] or form fractal groups under the combined
action of magnetic dipolar and colloidal interactions [13].

Individual nanoparticles or clusters of nanoparticles can combine to create irreversibly
bound aggregates through close contact or reversibly bound agglomerates [14,15] that can
be dispersed with sonication or other mixing techniques [16]. The relative strengths of the
attractive and repulsive nanoparticle interactions determine whether particles agglomerate
permanently or reversibly [14].

The delicate subject of flow recirculation from stents on drug release has been the
subject of numerous investigations. According to Zunino et al.’s research [17], persistent
recirculation emerges downstream of struts oriented transversally to the flow under steady
flow circumstances. This concludes that these areas only contribute to drug accumulation
in the artery despite the lengthened drug residence period. The endothelium of the blood
vessel, which is made up of a thin, continuous layer of cell lining, is where nanoparticles will
first come into contact after intravascular delivery, which is vital to note. As the primary
focus in treating disease, including inflammatory cardiovascular disorders [18,19], the
interaction of multifunctional nanoparticles with the endothelium is crucial. By allowing
specific solutes and molecules to pass through, the vascular endothelium plays a selective
role in the transfer of drug carriers. According to Qiu et al. [20], the vascular endothelium
was more permeable when using an external magnetic field.

Problem Description

In our previous work [21], the magnetic nanoclusters produced chain-like structures in
a stented vascular model during the stent targeting process (Figure 1). These magnetically
built structures around the stent geometry have a significant length at the end of the
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targeting, with an average chain size of 0.56 mm. Removing the magnetic field at the end
of the targeting procedure did not affect the spontaneous disintegration of the produced
filaments into a small structure or cluster the same size as those in the injected suspension.
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Figure 1. Chain-like structure development during the stent targeting processes. Magnetically
induced aggregation of the PEG_MNCs in the targeted region (red arrows) at the end of the injection
period of 30 s. Magnetic cluster depositions on the bottom wall of the artery model and stent struts’
coverage with magnetic clusters (yellow arrows) at the end of the injection period of 30 s. The
chain-like magnetic particle structure was generated in a different part of the stent geometry in the
presence of the external magnetic field. Permanent magnet positions correspond to the distance of
15 mm from the artery model bottom wall. The used magnet: rectangular NdFeB50 permanent
magnet, with dimensions of 30 mm × 20 mm × 20 mm (length × width × thickness). White
arrow—flow direction.

Without a magnetic field, the fluid flow creates a hydrodynamic force that causes
these structures to disintegrate into many smaller fragments. The fluid stream picks up
the resultant pieces; some are deposited distally in the stent or transmitted distally in the
test circuit. From a medical standpoint, these washed particles can clog the distal capillary
network and serve as a potential site for thrombus formation, which would be lethal to
the patient.

The observation of agglomeration formation throughout the targeting process prompted
the need to understand the cause of the formation of these structures. Thus, in study [22],
based on the results of multiple experiments in the same conditions as in work [21], we
determined that the agglomeration phenomenon observed during targeting is not random
but rather the result of an external magnetic field. We also discovered that the stent design,
particularly the presence of an external magnetic field, influences agglomeration formation.

Optical microscopy was used to comprehend the chain-like structure generations.
Also, we investigated colloidal interaction among the MNC clusters.

Our prior work established that long-range magnetic dipolar interactions emerge in
an external field and prevail over colloidal ones (van der Waals, steric, and electrostatic
forces). However, several questions remain unanswered, including how different magnets
or field intensity influence chain generation, how the magnetorheological properties of the
suspension influence structure generation, how the polydispersity index can be correlated
with the behaviour and rheology of the suspension in the presence of a magnetic field, and
how sonication of the samples and the density of the working fluid influence the behaviour
of the suspension.

To answer the questions mentioned above, we conducted a series of new studies in
addition to those undertaken in prior publications [21,22], as follows:

1. We used a new type of permanent magnet. This magnet has a length to cover the size
of the stent strictly.

2. Detailed DLS investigations were performed to study the cluster distribution and
polydispersity index to highlight connections with suspension magnetorheological
behaviour and agglomerate generation.
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3. We performed detailed optical microscopy investigations for two magnetic field
intensities. It is essential that we perform the optical microscopy investigation for the
same period used in the targeting processes to understand the chain development
observed in the in vitro study.

2. Materials and Methods
2.1. Magnetoresponsive Nanocluster Synthesis

Our earlier works [21,22] present the PEG-coated magnetic nanoclusters. Briefly, for
the preparation of PEG-MNCs, the oil-in-water mini-emulsion method was used, which
involves, in the first step, the mechanical mixing of two different, non-miscible phases, an
aqueous phase containing the stabilizing surfactant, PEG (PEG-2000) (1.795 g, 2% wt%),
and an organic, oily phase containing the hydrophobic magnetic nanoparticles (0.5 wt%
Fe3O4) (ferrofluid—magnetic nanoparticles dispersed in toluene). By using an ultrasonic
finger (U.P. 400S), the two phases of emulsification take place (50% amplitude, 2 min), and
very fine droplets of organic solvent (toluene) containing the magnetic nanoparticles are
formed in the aqueous medium. The stabilizing surfactant (PEG) in the aqueous medium
allows the formation of micelles of specific sizes in which the surfactant molecules arrange
themselves with the polar end to the aqueous medium and the non-polar end to the organic
phase. The formed stable mini emulsion is transferred to a larger beaker and heated (100 ◦C)
in an oil bath under magnetic solid stirring (500 rpm) for 30 min to release the organic
solvent, toluene, inside the micelles using evaporation. The as-formed magnetic clusters
are magnetically separated from the reaction medium using a strong magnet, washed
successively three times with a water–methanol mixture (100 mL/wash) to remove traces
of reactants, and then redispersed in distilled water at known concentrations. Following
that, the PEG-coated MNCs were dispersed in an aqueous carrier at preset weights to
produce the investigated suspensions.

2.2. Characterization
2.2.1. TEM Investigation

The morphology of the magnetic clusters was examined using scanning electron
microscopy (STEM). For this, a microscope equipped with a cold-field emission gun,
the Hitachi HD2700 (Hitachi High-Tech Corporation, Tokyo, Japan), was used. ImageJ
(https://imagej.nih.gov/ij/) (accessed on 20 July 2023) was used to obtain the PEG_MNC
diameter distribution. A total of 200 PEG_MNCs from three TEM images were evaluated
to establish the average size distribution.

2.2.2. X-ray Photoelectron Spectroscopy (XPS)

By using an XPS spectrometer with the dual-anode X-ray source Al/Mg, a PHOIBOS
150 2D CCD hemispherical energy analyser, and a multi-channel Tron detector with a
vacuum maintained at 1 × 10−9 torr, researchers were able to determine the chemical
composition (atomic concentrations) of the surface as well as the chemical state of the
atoms of the coated nanoclusters PEG-MNC. XPS research used the AlKa X-ray source
(1486.6 eV) running at 200 W. To enable the XPS measurements, the dispersion of particles
was dried on an indium foil. The XPS survey spectra were captured at 0.5 eV/step and
30 eV pass energy. Ten scans were accumulated at a pass energy of 30 eV and a step energy
of 0.1 eV to create the high-resolution spectra for the individual elements (Fe, C, and O). The
Gaussian–Lorentzian product function and a non-linear Shirley background subtraction
were used in CasaXPS v10 software for data processing and curve fitting.

2.2.3. Dynamic Light Scattering (DLS) Measurements

A Malvern Zetasizer Nano-ZS device (Malvern Panalytical Ltd., Malvern, UK) out-
fitted with a He-Ne laser (λ = 633 nm, max 5 mW) and operating at a scattering angle of
173◦ was used to quantify the particles’ hydrodynamic size and zeta potential. Before the
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measurements, the samples were diluted to a 0.1 mg/mL concentration. One millilitre of
particle suspension was used in each measure.

2.2.4. Magnetic Characterization

The magnetization curves of the PEG-coated clusters were measured using a vibrat-
ing sample magnetometer (VSM 880-ADE Technologies, Westwood, MA, USA) at room
temperature in the field range of 0–1000 kA/m.

2.2.5. Rheology

The magneto-viscous characteristics of the pegylated nanoparticles were tested at
25 ◦C in both the presence and absence of a magnetic field using a rotating rheometer
(Anton Paar MCR 300 Physica, Anton Paar GmbH, Graz, Austria) with a 20 mm diameter
plate–plate magnetorheological cell (MRD 170/1T-SN80730989). In this cell, a perpendicular
magnetic field is applied to the sample layer situated between the plates. A Hall probe
installed under the bottom plate of the MR cell measures the magnetic flux density of the
applied magnetic field.

2.3. Magnetic Field Generation

MNC retention can be measured in vitro to estimate what would happen in vivo.
Thus, it is possible to investigate the effects of several factors on the efficiency of magnetic
targeting [23], including magnet configuration, flow velocity, particle surface features,
separation from the magnetic pole, and particle size.

The concept of the present study, which is based on our prior findings [24,25], is to
use a single external permanent magnet system to create a strong magnetic field that will
be used to magnetize, direct, and deliver the MNCs in the stented vascular segment.

The rectangular NdFeB52 permanent magnet (commercial notation N52: Neodymium
52), which has dimensions of 20 × 10 × 5 mm (length × width × thickness) and a maxi-
mum energy product (BxH) of 52 MGOe, was utilized to create the magnetic field in our
experiment (Figure 2).
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B-Field Measurement

Using a Tesla meter (Model 5080, F.W. Bell Gaussmeter, Milwaukie, OR, USA) placed
using a micrometre, the actual B-field strength was measured along the magnet’s central
axis at various points. The measurement error of the micrometre was calculated to be
0.15 mm, while the measurement error of the B-field was taken from the Tesla meter
manual. With a peak magnitude of 405 mT and a drop-off to 0.08 mT at 3 cm from the
magnet’s base, the B-field magnitudes along the central axis of the interest fell exponentially
with distance (Figure 2D). The magnetic field’s most significant spatial gradient was close
to the magnet’s edges (Figure 2D). In the present experiment, to investigate the influence
of the magnetic field on MNC targeting and the agglomeration phenomena, the magnet
position ranged between 5 and 12 mm from the vessel wall (corresponding to magnetic
field intensity of 0.42 and 0.183 T, respectively; Figure 2D, red arrows).

We compare the B-field distribution obtained from analytical solutions, numerical
simulations, and experimental investigations to obtain a clearer picture of the generated
magnetic field.

With [26], Equation (1) was used to obtain the analytical solution for the B-field
distribution along the magnet’s central axis at different distances (Line L1 in Figure 2C).

B(z) =
Br

π


tan−1 WL

2z
√

4z2 + W2 + L2
− tan−1 WL

2(z + T)
√

4(z + T)2 + W2 + L2


, (1)

where W is the magnet width, L is the magnet length, T is the magnet thickness, Br is the
magnet residual flux density, and z is the distance from the magnet surface (where z ≥ 0)
on the magnet’s centreline.

The examined permanent magnet was numerically simulated using the freeware
Finite Element Method Magnetism (FEMM) version 4.2 (accessed on 10 June 2023, at
http://www.femm.info/wiki/HomePage).

The experimentally obtained B-field values and the corresponding analytically and
numerically calculated values were in good agreement, as shown in Figure 2D.

3. Results
3.1. PEG-MNC Size and Morphology

The nanoclusters possess a well-defined spherical shape with a core–shell structure
consisting of a cluster core with closely packed magnetite nanoparticles (Figure 3A,B). The
PEG_MNCs’ size was measured with direct counting from TEM micrographs and showed
diameters ranging from 40 to 120 nm. In turn, the morphologies of the small nano-chain
aggregates (Figure 3A, bottom chain) magnetically assembled from MNCs and chemically
fixated show predominantly single-particle chains of a few nanoclusters. Counting particle
lengths from TEM micrographs yields a distribution of nano-chains in the range of 4–8
nanoclusters with a mean of 6 ± 3 nanoclusters.

Also, the micrographs indicate that the visualized structures had arbitrary morpholo-
gies ranging from chain-like to closely packed, creating both small and large aggregates
(Figure 3A). Furthermore, TEM micrographs showed that the dimensionality and size of
these structures varied greatly and could contain many MNCs.

ImageJ was used to obtain the PEG_MNC and the core (magnetite nanoparticles)
diameter distribution (imagej.nih.gov/ij/; accessed on 15 June 2023). Each sample’s his-
togram, created by measuring 200 clusters over three TEM images, was fitted to a lognormal
distribution function.

Figure 3C displays the diameter distribution of the core magnetic nanoparticles. With
an average core size of 7 ± 1.5 nm and an average cluster size of 62 ± 17 nm (presented
in our previous work [22]), TEM observations support the multicore flower-like shape of
synthesized particles.
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It is vital to note that the sample drying process greatly influences TEM micrographs.
Dewetting reduces the contact area between clusters, and attractive interparticle forces
cause aggregation, aided by drying [27].

During the TEM sample preparation, the polymer chains’ conformation may alter
because of the increasing pressure, which could cause the coating layer to contract.

In the present work, we use the term “aggregate” for this structure because the
investigated structure results from the formation of compact masses of irreversibly linked
clusters, per the definition presented in [13].

It is critical to distinguish between ‘real’ aggregates in the sample and ‘developed’
aggregates developed during sample processing. For this, DLS was used to evaluate the
materials in their suspended natural condition, and the results were compared to those of
TEM. The results are presented in the following sections.

3.2. The Surface Chemical Analysis of the Magnetic Cluster

The successful coating of the magnetic clusters with PEG was shown with the XPS
analysis (detailed investigations were presented in [22]). The C 1s, O 1s, and Fe 2p core-level
XPS high-resolution spectra for PEG_CMC were investigated. The contributions from the
peaks corresponding to specific groups of the surfactant, oleic acid, and the PEG coating of
the clusters are seen in the deconvolution of the C 1s and O 1s spectra. Three components,
corresponding to C-C, C-H (284.7 eV), C-O (286.6 eV), and O-C=O (288.9 eV), were found
to suit the C 1s spectrum best. Three elements that are attributed to Fe-O (530.2 eV), C-O
(531.8 eV), and O-C=O (533 eV) may be seen in the O 1s spectrum. The doublets Fe 2p3/2
and Fe 2p1/2 can be found in the Fe 2p spectrum.
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3.3. DLS Characterization of the PEG-MNCs’ Suspension

The PEG-MNC’s stability was assessed using DLS measurements. The Malvern Zeta
Sizer evaluated the studied samples for zeta size and potential. Three crucial properties of
the final PEGylated MNC are revealed with dynamic light scattering (DLS): size distribution,
zeta potential (ZP), and hydrodynamic diameter (zeta-average of the MNC).

ZP levels typically fall within the −100 to +100 mV range [28]. Colloidal stability can
be predicted based on ZP magnitude. A high level of stability is naturally present in the
ZP of NPs with values of −25 or + 25 mV. High ZP denotes powerfully charged particles,
which inhibit particle aggregation by preventing electric repulsion. Attraction triumphs
over repulsion when the ZP is low, and the mixture is likely to agglomerate, coagulate, or
flocculate because of van der Waals interparticle attraction [28].

The MNCs used in our studies were coated with a PEG2000 layer, giving them unique
surface charges and chemical characteristics. In deionized water, the PEG-MNC assumed a
dispersed colloidal state with an average hydrodynamic diameter of 4527 nm (Figure 4A
time T = 0 min) and a negative surface charge of−7.22 mV (Table 1, Figure 4B). The sample’s
aggregation was measured using the polydispersity index (PDI), which was discovered to
be 0.229.
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Table 1. Zeta potential and size distribution by Intensity of the PEG-MNCs in water.

Hydrodynamic Diameter,
DH (nm) Zeta Potential (mV) Polydispersity Index, PDI

4572 −7.22 0.229

The hydrodynamic size is substantially more significant when compared to the match-
ing TEM observations, indicating the existence of aggregates in this solution. Furthermore,
the polydispersity index (PDI), calculated as the ratio of the standard deviation square to
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the mean size, was discovered to be 0.229. Due to the existence of bigger aggregates, the
PDI of the PEG_MNC solution is relatively high.

In Figure 4A, it is evident that there are large agglomerates (micro-size structures) in
the PEG-MNC aqueous dispersion, which exhibits a monomodal distribution and polydis-
persity. According to descriptions in the literature, a polydispersity index (PDI) value of
less than 0.1 may indicate a high degree of homogeneity in the particle population, whereas
high PDI values indicate a wide size range or possibly multiple populations [29].

It is crucial to give precise feedback regarding the time frame involved in this process
to employ the DLS to monitor the aggregation kinetics of MNCs [30]. In our investigations,
the DLS measurements track the PEG-coated MNCs’ colloidal stability in an aqueous
dispersion over 60 min (Figure 4A).

As seen in Figure 4A, during the first DLS measurement, which was performed
precisely after vigorous stirring, vast clusters of agglomeration occurred with an average
hydrodynamic diameter of about 4572 nm. Stronger magnetic attraction exists within the
groups because the magnetic attraction between particles grows with a particle radius to
the sixth power, further causing flocculation. The intensity-weighted size distribution shifts
to bimodal after 20 min, as seen in Figure 4A. The size of the individual agglomerates (first
peak) that remain suspended decreases over time (4572 nm at the time T = 0 min,≈3400 nm
at the time T = 20 min compared to ≈2600 nm at the time T = 60 min), indicating that the
initial clusters take some time to form large agglomerates with a bimodal distribution (such
as that at time T = 60 min).

3.3.1. PEG-MNCs’ Sedimentation Kinetics

As shown in the next paragraph, sedimentation kinetics were studied using DLS
measurements of the hydrodynamic diameter in two stages.

Stage one: The settling behaviour of the suspensions of PEG-MNCs in the distilled
water was checked using DLS measurements at 60 min after manual stirring (Figure 5), with
measurements of the hydrodynamic diameter distributions of the suspended PEG_MNC
population in the different segments of the investigated tube (the test tubes contain 20 mL
of a 5% mass concentration PEG-MNC aqueous suspension).
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Figure 5. Particle size distribution by number obtained using DLS measurements at 60 min after
manual stirring. Measurements were performed at three points corresponding to different stages of
cluster sedimentation. Points P1, P2, and P3 represent the position where the samples were taken
and used colloid: PEG_MNCs dispersed in distilled water.

Figure 5 shows that the peak position moved to be smaller for the supernatant region,
demonstrating that the sedimentation processes are progressing. Small and large aggregates
and agglomerates are present in the supernatant, but the number of the small structures is
much larger than the large ones. The particle size distribution in the middle section and
the lower area is very similar but indicates the presence of the gravitational sedimentation
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processes with the bimodal size distribution. More important is that, at the end of 60 min, a
consistent layer of PEG-MNCs was deposited on the bottom of the tube.

Phase two: DLS measurements checked the settling behaviour of PEG-MNC sus-
pensions every 10 min for 60 min after vigorous manual stirring. The measurement was
performed for samples from the position corresponding to Point 2 in Figure 5.

The PEG-MNC suspensions’ sedimentation kinetic curve is shown in Figure 6. In
Figure 6, the sedimentation profile is divided into three areas: agglomeration, sedimentation-
1, and sedimentation-2, according to the findings presented in [31]. When the aggregates or
agglomerates reach a threshold size, they rapidly deposit (“sedimentation-1” segment in
Figure 6). After a while, the sedimentation rate can decline, consistent with the sedimenta-
tion of various structures that fail to reach the required critical size [31].
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After the investigation period, the DLS measurement verified the presence of a struc-
ture with an approximate hydrodynamic diameter of 1800 nm (Figure 6), showing that a
significant portion of the PEG-MNC agglomeration or aggregate population had settled on
the cuvette’s bottom.

3.3.2. Effects of Sonication on Aggregate Size

As was previously mentioned, a stable colloid may be mostly made up of individual
clusters, aggregates, and agglomerates; all these structures tend to clump together and
settle over time. The sonication process was used in this work as a method to enhance the
dispersion of nanoparticles in liquids. It is well recognized that a properly timed treatment
can aid in dispersion and uniformity of the suspension, but extended sonication times can
also cause ultrasound-driven aggregation [32].

A bath-type sonicator (Bandelin RK 100 H ultrasonic bath, Bandelin electronic GmbH
& KG, Berlin, Germany, 320 W) operating at room temperature distributed the PEG-MNCs
in the base fluid. The sample received 2880 J of energy during the 15 min sonication process.
DLS measurement is used to track the colloidal stability of the PEG-coated MNCs in the
aqueous dispersion after 15 min of bath sonication for over 60 min (Figure 7).

As shown in Figure 7, the initial suspension (time T = 0 min, performed exactly after
sonication) exhibited a broad polydisperse and multimodal size distribution primarily in
the 530 nm–3 µm range, with two minor fractions of particles, the first of which had a
peak centre near 230 nm (range of 190 to 530 nm) and the second of which had a peak
centre near 5.5 µm (range of 3.5 to 6.4 µm). As can be seen in Figure 7, the initial PEG-
MNCs’ profile changed throughout the investigation from a multimodal distribution (times
T = 0 min and T = 60 min) to a bimodal distribution (T = 20 min) and a monomodal distri-
bution (T = 40 min), displaying both a microscale agglomerate and a nanoscale fraction.
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Contrary to the literature [29,32], bath sonication in our situation does not result in uni-
formly sized particle dispersions or a considerable reduction in the PEG-MNC aggregate size.

3.4. Magnetic Properties of the Magnetoresponsive Nanocluster

One of the most crucial conditions for successful applications in biomedicine, includ-
ing magnetic targeting, is the strong magnetic moment of the functionalized multicore
carriers [33].

Magnetic experiments with a vibrating sample magnetometer (VSM) reveal that the
synthesized nanostructures’ colloidal and powder forms behave superparamagnetically,
as demonstrated in our prior work [22]. Also, measurements show no hysteresis, and
it suggests that the magnetic moments of the nanoparticles packed into the centres of
nanoclusters and nano-chains are unblocked using heat.

The saturation magnetization for the PEG-coated MNCs is 55 emu/g, and for the water-
based suspension, it is 142 memu/g. These are both less than the values for bulk magnetite,
92 emu/g. These are the consequences of the PEG layer, water, and the induced non-
magnetic layer (due to the surface effects of the nanoparticles embedded in the cluster) [34].

3.5. PEG-MNC Aqueous Dispersion Rheological Properties

The start and course of many cardiovascular diseases are influenced by the mechanical
blood vessel wall behaviour and blood flow properties [35]. While operating more like
a Newtonian fluid in the large arteries, blood behaves differently in the small/capillary
arteries [36]. The wall shear stress (WSS) results from friction between the flowing blood
and the endothelial surface of the artery wall.

In the current study, the possibility of particle targeting for a stented artery was
explored for the WSS value in a range of 0.1 s−1 to 1000 s−1, corresponding to the blood
flow in the stented artery [37].

3.5.1. Rheological Properties of the PEG_MNCs’ Aqueous Dispersions

Parallel plate geometry was used to apply steady shear strain to the suspensions. A
shear rate ramp up in the 0.1–1000 s−1 range was used to obtain the viscosity curves of
apparent viscosity (η) vs. shear rate (

.
γ). The magnetorheological accessory produced a

perpendicular external magnetic field to the shear flow. The temperature for all rheological
testing was 25 ◦C. The variations in the shear viscosity of PEG_MNCs’ aqueous suspension
as a function of the shear rate without the magnetic field and for two distinct magnetic
field intensities, 42 and 183 mT, were presented in our previous work [22].

Viscosity Changes in the Absence of the Magnetic Field

The PEG_MNC aqueous suspension shows the shear thinning typical of multicore
particle suspensions [38,39], brought on with the clusters’ aggregation or agglomeration.
The van der Waals attraction force between the clusters is what propels the agglomeration in
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the absence of a magnetic field. As can be seen, as the field intensity increases, the magnetic
force takes precedence over the hydrodynamic force, increasing viscosity as the field-
induced aggregates get more robust and resist shear. The characteristics of the viscosity
curves indicate areas of varying slopes that represent the distinct structural evolution in the
sample. Also, these characteristics exhibit a non-Newtonian nature with a progressively
emerging typical shear thinning behaviour. Because the investigated suspensions were
non-Newtonian [39,40], we used the Carreau model [41] (Equation (2)) to fit the measured
viscosity curves.

η
( .
γ
)
= η∞ + (ηo − η∞)

[
1 +

(
C

.
γ)2

]−p
(2)

where C (s) is the Carreau constant (the slope of the viscosity curve on the log–log scale at
high values of the shear rate), p (−) is the Carreau exponent, and η0 and η∞ (Pas) are the
viscosities at infinitely low and infinitely high shear rates, respectively.

As presented in our previous work [22], the increased viscosity of the PEG_MNC
suspensions at low shear (0.1–10 s−1) is caused by this network of agglomerated particles.
Shear forces break up the particle network once the suspension starts to flow and the shear
rate rises. As a result, as the shear rate increases, the agglomerates’ size continuously
decreases, which causes the viscosity to decrease. When the viscosity reaches a constant
value, only shear forces can shrink the size of the clusters.

Magnetorheological Investigations

Both the magnetorheological effect (MRE), which increases shear stress when an exter-
nal magnetic field is applied, and the magneto-viscous effect (MVE), which increases vis-
cosity when an external magnetic field is used, were studied in the presence of the magnetic
field. These effects are critical to developing a strategy for utilizing these intelligent fluids.

This network of agglomerated clusters contributes to the greater viscosity (η ≈ 1–10 Pas)
of the MNC suspensions at low shear. On the other hand, viscosity in the low shear rate area
rapidly dropped, which indicates that the structures of the dispersed PEG_MNCs formed
under the external magnetic field persisted until the shear rate reached the value of 1000/s.

The MVE on the range of low shear rates (0.01 s−1 to 10 s−1) is found to be almost
independent of the shear rate, but it significantly decreases at high speeds as cluster
agglomerations are destroyed. Figure 8A shows the MVE’s dependence on the strength of
the magnetic field for various shear rate values. The MNC agglomerates are destroyed for
higher shear rates, and the MVE decreases. The observed MVE behaviour is a consequence
of the multicore nature of the magnetic component, resulting in a high induced magnetic
moment of particles, favouring their structuring in a magnetic field corresponding to the
findings presented in [42].

Figure 8B illustrates the test results aiming at the viscosity behaviour as a function of
time or the quickness of the development or destruction of cluster agglomerations while
applying or halting the external magnetic field. The test contains three intervals at which a
low shear rate is kept constant—so as not to disturb the formation of particle agglomera-
tions too much. The torque has values high enough (>5 µNm) for the reproducibility of
experimental data. On the first and the last interval, the magnetic field intensity was fixed
at the value of 0 (with six experimental points each); on the second interval, the values
of field intensity B were 20, 42, and 183 mT and were fixed in turn. The temperature was
set as T = 25 ◦C. The magnetic field intensity was chosen following the results presented
in Figure 2.

To better understand how quickly cluster agglomeration occurs when an external
magnetic field is applied, the measurement time in this test was set at 6 s/point for intervals
with no magnetic field and 8 s/point for intervals with one. Due to low sample viscosity
values, shorter measurement periods or points could not be specified. The structures are
seen to form within 6 s. In the absence of a magnetic field, slow agglomeration persists
throughout the application of a magnetic field, and for a field intensity of 183 mT, the
agglomeration phenomenon reaches saturation 150 s after the magnetic field application.
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The formation or destruction of particle agglomerations happens very quickly. For all
investigated magnetic field intensities, the suspension viscosity practically returns to its
value before applying it after the magnetic field is turned off.
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3.5.2. Effects of the Carrier Fluid Density

From a macro-rheological perspective, it is known that the haematocrit (concentration
of red blood cells) and blood viscosity are directly correlated [43], which means that an
increase or decrease in the RBC concentration affects blood viscosity values as well as its
non-Newtonian behaviour [44]. At a shear rate of 0.1 s−1, the viscosity of the same blood
can be 60 cP (0.06 Pas), whereas, at a shear rate of 200 s−1, it would be 5 or 6 cP (0.005 or
0.006 Pas) [45]. This indicates that blood viscosity varies in the microcirculation, major
arteries, and veins, where shear rates can range from a few to more than 1000 s−1 [46]. At
low shear rates (such as veins) as opposed to high shear rates (such as arteries), the effect
of haematocrit on blood viscosity is significantly more significant [47].

Considering the previous, we sought to determine how the variation in the carrier fluid
(CF) density affected the rheological characteristics of the model suspension. We produced
CF with 1055 and 1068 kg/m3 densities to conduct this, respectively. The density was
changed by adjusting the glycerine–water ratio in the CF composition. Our study’s carrier
fluid (CF) consisted of glycerol–water solutions with a density (1055 kg/m3) equivalent to
blood. The rheological characterization of CF was detailed in our previous work [20,21].

Figure 9A depicts the rheological properties of CF, PEG_MNC aqueous suspension
(distilled water + 5% PEG_MNC), and model suspensions (CF + 5% PEG_MNC). The
presence of PEG_MNC has a considerable influence on the suspension viscosity curve for
the aqueous suspension in the low and high shear regions. Still, the viscosity curve for
model suspensions exhibits a progressive increase over the whole inquiry range. Also,
Figure 9A shows that all the examined suspensions exhibit shear thinning behaviour at
relatively low shear rates (<10 s−1). Figure 9B demonstrates that the model suspension’s
(CF + 5% PEG_MNCs) rheological behaviour is essentially unaffected by changes in the CF
density. At low levels of the shear stress, a variation in behaviour between the suspension
model and the CF is seen. It is significant to note that increasing the carrier fluid’s density
does not impact the model suspension’s magnetic viscous behaviour (Figure 9C,D).

The glycerol–water PEG_MNC dispersions were selected because they allowed us
to assess a slight change in viscosity when a magnetic field was applied and examine the
magnetorheological properties. This is the most intriguing aspect of how we conducted
this experiment.

We employed this blood analogue fluid (water–glycerol solutions) during the experi-
mental examination to guarantee that the rheological features of the carrier fluid accurately
recreated blood rheology. The flow field across the test portion must exhibit the same
characteristics as normal blood flow (a viscous flow). Fluid flow is an essential predictor
of PEG_MNC aggregation surrounding the implanted stent, as demonstrated in our early
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works [21,22]. Our investigations showed that these dispersions are stable for 1 h, which is
long enough for targeted experiments and viscosity measurements.
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Because the viscosity of a glycerol aqueous solution is highly sensitive to temperature
changes, neither the temperature nor the applied magnetic field must vary during the
targeting and measuring time. As a result, all experimental measurements are carried out
in an air-conditioned room. Furthermore, to prevent working fluid temperature change,
measurements are taken in an open circuit where the fluid is not recirculated. Also, we
used DC (direct current) magnetic fields, which do not transmit heat to the test section.

3.6. Kinetics of the PEG_MNC Chain Formation in the Magnetic Field

Any ferrofluid will inevitably have particle-size polydispersity, which is crucial for
creating structures generated with the field [48]. In a polydisperse fluid, the particle size,
shape, or strength of the interaction between the components might differ [49].

The field-induced microstructures created with the magnetic field were examined
using an optical microscope.

We investigated two approaches for optical microscopy research. In the first case,
we used a low-intensity magnetic field (42 mT); in the second, we used a magnetic field
with a strength of 124 mT. Each field intensity corresponds to the different positions of
the permanent magnet, as shown in Figure 2. This technique was designed to investigate
the effect of external magnetic field intensity on aggregate and agglomerate formation.
Both scenarios used an aqueous suspension containing 5% mass concentration PEG_MNC.
All solutions were vigorously stirred before testing, and the investigated samples were
collected from the same region of the tube (middle section, as shown in Figure 5). More
importantly, these analyses were conducted in both situations for the same injection period
(30 s) employed in the targeting methods to understand agglomeration development better.

As shown in Figure 10A, without a magnetic field, the dispersion’s superparamagnetic
nanoparticles move randomly according to Brownian motion. When exposed to an external
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magnetic field, the nanoparticles’ induced magnetic moments align with the magnetic
field’s direction.

Figure 10B shows the formation of magnetically induced large MNC filaments (ag-
glomerates) that are field-oriented. The initial suspension is subjected to the magnetic
field for 30 s, the same amount of time employed for stent particle targeting. During this
time, the PEG-coated MNCs self-assembled into linear agglomerates in the magnetic field’s
direction (see Supplemental Video). Also, the filaments do not spontaneously disintegrate
once the magnetic field is removed; instead, they become randomly orientated, as presented
in Figure 10C. Figure 10C shows that these large structures did not shrink or fragment once
the magnetic field was removed. The Supplemental Movie provides a detailed presentation
of the creation and development of these structures.

Given the size of these large structures in the range of several micrometres generated
under the influence of magnetic fields, it is reasonable to assume that the observed be-
haviour is closely related to the magneto-viscous properties outlined in earlier sections.
As a result, quantifying structure formation is critical to analyse the influence of external
magnetic field intensity and duration on the size of chain-like shapes.
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Figure 10. Optical microscopy investigations of the PEG-MNC aqueous suspension phase conden-
sation phenomena induced in the presence of the external magnetic field. (A) Suspension without
a magnetic field. (B) The figure shows the large PEG_MNC agglomerates generated under the
action of the externally applied magnetic field of intensity H = 47 mT—detail regarding the length
and thickness of these large, generated structures (chains). (C) The PEG_MNC agglomerates after
turning off the magnetic field. Detail shows that the suspension contained large, micro-sized cluster
agglomerates after turning off the magnetic field. All measurements of the agglomerate’s length were
processed using ImageJ software—scale bar: 50 µm.
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Effect of the Magnetic Field Intensity

We used optical microscopy to learn more about the interaction of PEG_MNCs in
the presence of a magnetic field. This experiment aims to demonstrate the effect of the
increasing magnetic field strength on agglomeration processes.

The optical microscopy experiments were carried out under the following conditions:
a magnetic field intensity of 124 mT (corresponding to a magnet position of 7 mm from the
artery bottom wall), a magnetic field application period of 30 s (same as in the previous
experiment), and a vigorously stirred sample of the PEG_MNC aqueous suspension.

Figure 11 shows images of PEG_MNC clusters in aqueous suspension after field
application. The PEG_MNC appears diffused in the carrier fluid without a magnetic
field (Figure 11A). When the magnetic field is activated, the MNCs migrate and form
agglomerates directed in the field direction, as seen in Figure 11B–F.
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Figure 11A demonstrates that the sample initially showed no agglomerates but showed
pre-existing cluster aggregates. The size distribution and volume fraction of particles and
the applied field’s strength determine the kinetics of field-induced aggregation in ferrofluids.
A ferrofluid system will be thermodynamically stable without a magnetic field [38]. When
subjected to a magnetic field, however, the stability is lost, and to re-establish equilibrium,
both clusters and aggregates begin to aggregate/agglomerate to produce two distinct
phases, namely carrier fluid and the formed structures.

This separation begins with a brief nucleation step in which a few particles or pre-existing
aggregates initiate particle agglomeration in the presence of an external magnetic field.

As shown in Figure 11B and more clearly in the Supplemental Video, a short but thick
structure emerges a few seconds after the rapid initiation of the magnetic field. These
formations (agglomerates) are oriented in the field direction and move in the carrier fluid.
During the following several seconds, these primary agglomerates adhere together head to
tail to create large (>150 µm) and practically stationary needle-like secondary agglomerates
(Figure 11F). The agglomerate’s size grows with time (Figure 11B–F). Individual agglomer-
ates develop relatively quickly (between 2 and 8 s), owing to the adsorption of magnetic
clusters or tiny aggregates from the surrounding fluid. Because of their dipolar contacts,
the surrounding aggregates consolidate and form a long-size structure (agglomerates) in
the following period (between 10 and 20 s, Figure 11D,F).

The shape and size of the created agglomerates remain nearly constant between 20 and
30 s. These findings underline that the generated structures have achieved their maximum
length and are in equilibrium.

4. Discussion

The investigated PEG_MNC suspensions possess significantly larger particles, as
evidenced with DLS results. The larger particles have stronger dipolar strength [38]. This
system’s initial susceptibility and magnetization curve strongly depend on the number of
bigger particles. When the number of bigger particles rises, the magnetization of the system
grows quicker, even in weak fields, resulting in a higher initial susceptibility [38,48]. Larger
particles have been shown to play a significant function as condensation centres in the
production of nuclei [12,50]. When the chain length exceeds a certain threshold, it attracts
the next tiny cluster (including both big and small particles). It creates a thicker column,
which might be considered the nucleation location (according to [12]). As a result, even at
modest field strengths, aggregates act as nucleation sites, initiating chain development. As
field strength increases, the chains lengthen, increasing the aspect ratio. Chain zippering
produces long and dense columnar formations.

However, in a system with high polydispersity, the larger particles can operate as
nucleation centres even at very low field strengths, implying that aggregation kinetics are
much faster with significantly lower activation energy, resulting in a higher nucleation rate.

In conclusion, the created agglomerates were developed around the existing large
structure. These initial large structures functioned as condensation sites for heterogeneous
nucleation of free clusters and existing aggregates.

Given that our ferrofluids contain oleic-acid-capped magnetic nanoparticles (as de-
scribed in [21]), we hypothesized that the occurrence of cluster aggregations (as shown with
the TEM observations, Figure 3A) is most likely owing to a non-uniform surfactant coating
on their surface. Our idea is consistent with the findings provided in [51]. Furthermore,
because the particles are functionalized, they cannot come into direct contact with one
another, even in an external magnetic field. As a result, solvent molecules will become
trapped between the nanoparticles, forming an aggregation. More solvent molecules are
trapped between aggregates when the chain density is large [51]. This idea is consistent
with that, as stated before in [22], MNCs are soldered in aggregates due to strong contacts
between polyethylene glycol (PEG) shells or the collective encapsulation of many MNCs
within PEG.
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Rheological studies of the PEG_MNC suspension at low field strength (42 mT,
Figure 8A) revealed a considerable increase in viscosity across the whole examined shear
domain. Furthermore, even at a fixed shear rate, when the field intensity increases, the
magnetic force prevails over the hydrodynamic force, increasing viscosity as the field-
induced aggregates grow stronger and resist shear. These findings emphasize the un-
favourable influence of polydispersity and higher aggregate size on rheological behaviour
and agglomerate formation.

Larger magnetic carriers, as is known, enhance magnetic force on the carriers, boosting
targeting efficiency. On the other hand, this increased structure and targeting efficiency
may be helpful for various medicinal applications [52].

In our previous investigations [22], to find an explanation for the observed aggregation
process, the colloidal interaction among the MNC clusters was investigated. Also, the
electrostatic repulsion energy, van der Waals, and magnetic dipole–dipole attraction were
calculated in the absence and presence of the external magnetic field to examine the colloidal
interaction between the PEG_MNC clusters. Moreover, the field-induced microstructures
created with the magnetic field were analysed using an optical microscopic technique.

Based on our findings, we conclude that an external magnetic field induces aggrega-
tion, and MNCs are soldered in aggregates, most likely due to bridge contacts among PEG
shells or collective engulfment in the PEG of many MNCs.

To demonstrate that the agglomerate generation during targeting is not a particular
phenomenon caused by the stent geometry (precisely the local strut arrangement), in this
study, during optical microscopy investigations, we evaluated the effect of the two different
magnetic field intensities on the structure generation. The morphology and dimensions of
the generated agglomerates were compared with the size of the structures found in our
earlier investigation (Table 2).

Table 2. Comparison between the dimensions of the generated agglomerate during optical mi-
croscopy in the presence of the different magnetic field intensities.

References Magnet Type Dimension (l ×
w × t) (mm)

Magnet Position
Relative to the

Microscope Plate (mm)
Field

Intensity (mT)
Investigation

Period (s)
Maximum Average

Length of the
Agglomerates (µm)

Early results [22] NdFeB50 30 × 20 × 20 16 110 5 41

Present
investigations NdFeB52 20 × 10 × 5

7 124 30 146

12 47 30 69

Where l × w × t = length × width × thickness.

The results in Table 2 demonstrate that even when exposing the suspension to the
magnetic field for the same duration, different field intensities generated agglomerates
with different shapes and lengths.

For a better understanding of aggregate growth, we display the length history of chain
C2 (from Figure 11) over the research period of 30 s.

Figure 12 depicts the experimental dependence of the maximum aggregate length L on
elapsed time t for a sample containing 5% PEG_MNC mass concentration in a magnetic field
strength of 124 mT. As presented in the section Effect of the Magnetic Field Intensity, the
aggregate length increased with time, a fact confirmed with Figure 12. As the figure shows,
the experimental L(t) curves shift in the slope at t = 8 s. Furthermore, the agglomeration
process approaches saturation 20 s after applying the magnetic field. After this period,
the aggregates’ form and length remain constant. This observed behaviour is strongly
connected to the magneto-viscous features described in previous sections.
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5. Conclusions

According to [38], most ferrofluid systems are stable without a magnetic field. Stability
is compromised when exposed to a magnetic field, and the nanoparticles or nanoclusters
assemble or agglomerate to regain equilibrium. The consequence was the formation of two
separate phases: the carrier fluid and the aggregates.

The processes above were thoroughly examined in the current paper. In this work, we
investigated the possible influence of cluster size distribution and polydispersity on ag-
glomerate generations, the correlation between suspension magnetorheological behaviour
and agglomerate formations, and the effect of sonication, carrier fluid density, and sedi-
mentation profile on agglomeration processes, in addition to the parameters measured in
our previous paper.

Optical microscopy was used to analyse aggregation and agglomeration processes for
various magnetic field intensities, and the results related to both the suspension polydis-
persity index and rheological behaviour.

The size and polydispersity characterization of PEG-coated MNC suspensions using
DLS reveals that this suspension contains single clusters and pre-existing aggregates. We
hypothesized that MNCs are soldered in aggregates, most likely due to bridge connections
between PEG shells or collective engulfment in PEG of numerous MNCs, based on the
acquired results and analysis of the PEG_MNC synthesis technique. Furthermore, dis-
persed particles aggregate or agglomerate, even after ultrasonic treatment, forming sizable
structures. This outcome is closely related to the hypothesis previously mentioned.

Rheological studies show that changes in suspension density do not affect the suspen-
sion’s rheological and magneto-viscous (MVE) behaviour. According to optical microscopy
imaging, only large clusters or pre-existing aggregates produce agglomerates. This assump-
tion is linked to the original polydispersity of the colloid.

The observed MVE behaviour is due to the magnetic component’s multicore nature,
resulting in a high induced magnetic moment of particles, favouring their structuring in
a magnetic field. The magneto-viscous measurement results are aimed at the viscosity
behaviour as a function of time and the rapid formation or destruction of cluster agglomer-
ations when applying or stopping the external magnetic field.

Finally, the generation and development of the chain-like structure are related to the
synthesis of PEG-MNC, the colloidal stability of MNC, and the rheological and magnetic
properties of the model suspensions.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
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Abstract: Magnetite nanoparticles (MNPs) have been intensively studied for biomedical applications,
especially as drug delivery systems for the treatment of infections. Additionally, they are characterized
by intrinsic antimicrobial properties owing to their capacity to disrupt or penetrate the microbial
cell wall and induce cell death. However, the current focus has shifted towards increasing the
control of the synthesis reaction to ensure more uniform nanoparticle sizes and shapes. In this
context, microfluidics has emerged as a potential candidate method for the controlled synthesis of
nanoparticles. Thus, the aim of the present study was to obtain a series of antibiotic-loaded MNPs
through a microfluidic device. The structural properties of the nanoparticles were investigated
through X-ray diffraction (XRD) and, selected area electron diffraction (SAED), the morphology was
evaluated through transmission electron microscopy (TEM) and high-resolution TEM (HR-TEM),
the antibiotic loading was assessed through Fourier-transform infrared spectroscopy (FT-IR) and,
and thermogravimetry and differential scanning calorimetry (TG-DSC) analyses, and. the release
profiles of both antibiotics was determined through UV-Vis spectroscopy. The biocompatibility of
the nanoparticles was assessed through the MTT assay on a BJ cell line, while the antimicrobial
properties were investigated against the S. aureus, P. aeruginosa, and C. albicans strains. Results
proved considerable uniformity of the antibiotic-containing nanoparticles, good biocompatibility,
and promising antimicrobial activity. Therefore, this study represents a step forward towards the
microfluidic development of highly effective nanostructured systems for antimicrobial therapies.

Keywords: magnetite nanoparticles; microfluidics; antibiotics; drug delivery systems

1. Introduction

One of the greatest challenges that concerns society in the 21st century is represented
by the increasing occurrence of microbial infections and the development of bacterial
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mechanisms to resist the activity of conventional antibiotics [1–4]. In this regard, the
incidence of nosocomial infections represents a major mortality cause among patients, with
severe socio-economic and ecological implications [2,5,6].

Therefore, current research trends focus on the development of alternative antimicro-
bial systems that could potentiate the effectiveness of antibiotics. Nanoparticles possess
promising potential in terms of their use as antimicrobial agents due to intrinsic antimi-
crobial properties, as well as the possibility of being used as drug delivery carriers for
targeted delivery [7–10]. Among them, magnetite nanoparticles (MNPs) are one of the most
intensively studied types of nanoparticles owing to their unique functional and biological
properties. Specifically, besides their intrinsic antimicrobial properties which makes them
more suitable than polymeric nanoparticles, their unique magnetic properties allow for the
direct targeting of the disease site using a magnetic field [11]. Therefore, MNPs are used in
a wide variety of biomedical applications, ranging from antimicrobial and anticancer treat-
ment alternatives [4,12–16] to diagnosis and imagining applications [17–19]. Nevertheless,
the synthesis of MNPs generally involves the co-precipitation of iron ions into an alkaline
medium, which poses several disadvantages in terms of control over the outcome properties
of the nanoparticles, especially regarding their size and shape uniformity [20–23]. There-
fore, different synthesis techniques that could overcome such limitations while maintaining
the advantages of low cost, ease of application, and efficiency are required. Examples
of non-conventional MNP synthesis techniques include the solvothermal [15,24–27] or
microwave-assisted hydrothermal [13,28–31] methods, which allow for the control of the
particle size by aging time variations, and the microfluidic approaches [32–35], through
which particle size is controlled by varying the microchannel diameters, the flows within
the microchannels, and the concentrations of the solutions. In this context, microfluidics has
emerged as a promising alternative for obtaining nanomaterials with significantly narrow
size distributions and uniform shapes and functional properties [23,36–39].

In this manner, the design of the present study focused on the development of
streptomycin- and neomycin-loaded MNPs through the microfluidic synthesis method,
which would enhance the uniformity of the nanosystems in terms of size, shape, polydis-
persity, surface reactivity, and drug loading. The obtained results confirm the potential of
microfluidic approaches in the pathway towards their application for obtaining standard-
ized nanoparticle-based drug delivery systems.

2. Materials and Methods
2.1. Materials

Ferric chloride hexahydrate (FeCl3·6H2O), ferrous sulphate heptahydrate (FeSO4·7H2O),
sodium hydroxide (NaOH), streptomycin sulfate, and neomycin trisulfate were purchased
from Sigma-Aldrich Merck (Darmstadt, Germany) and used as acquired.

The biocompatibility assay involved the use of normal BJ human dermal fibroblast
cells (CLS, Heidelberg, Germany).

For the antimicrobial assays, three microbial strains were used (a Gram-negative
bacterial species, i.e., Pseudomonas aeruginosa ATCC 27853, a Gram-positive bacterial species,
i.e., Staphylococcus aureus ATCC 25923, and a fungal species, i.e., Candida albicans ATCC
10231), which were obtained from the Faculty of Biology, University of Bucharest.

2.2. MNP Synthesis

Both pristine and antibiotic-loaded MNPs were synthesized according to the pro-
cedures described in our previous studies [32,33]. Specifically, the nanoparticles were
obtained through a microfluidic method involving the co-precipitation of iron ions using
a lab-on-chip device [32,33]. The precursor stock solution was prepared by dissolving
FeCl3·6H2O and FeSO4·7H2O in a 1:2 molar ratio at the final mass concentration of 1%.
Subsequently, NaOH was dissolved at a 1 M concentration, followed by the addition of
1, 5, and 10% streptomycin sulfate or neomycin trisulfate. The obtained solutions were
simultaneously introduced into the microfluidic device using a peristaltic pump equipped
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with four channels. The precursor solution was injected through the central inlet at the
flow of 30 rpm, while the precipitating solution containing the antibiotics was administered
through the side inlets at a flow of 15 rpm each. The obtained nanoparticles were collected,
washed with deionized water until a neutral pH, and dried overnight at 40 ◦C (Table 1).

Table 1. Summary of the obtained pristine and antibiotic-loaded MNPs.

Sample Type of Antibiotic Used Antibiotic Concentration (%)

Fe3O4 - -

Fe3O4_str_1%

streptomycin sulfate

1

Fe3O4_str_5% 5

Fe3O4_str_10% 10

Fe3O4_neo_1%

neomycin trisulfate

1

Fe3O4_neo_5% 5

Fe3O4_neo_10% 10

2.3. Morpho-Structural Characterization
2.3.1. X-ray Diffraction (XRD)

The structural features of all samples were investigated using a CuKα radiation-
provided PANalytical Empyrean diffractometer (PANalytical, Almelo, The Netherlands).
Diffractograms were acquired between the 2θ angle values of 20 and 80◦, with a 0.0256◦ step
size and 1 s time per step. Further, the HighScore Plus software (version 3.0, PANalytical,
Almelo, The Netherlands) was used for the Rietveld fitting of the acquired diffractograms
(goodness of fit < 4 was considered acceptable) in order to determine the unit cell parame-
ters, the average crystallite size, and the crystallinity of each sample.

2.3.2. Transmission Electron Microscopy (TEM), High-Resolution TEM (HR-TEM), and
Selected Area Electron Diffraction (SAED)

Sample preparation involved the dispersion of a small amount of nanoparticles into
deionized water and placing 10 µL of the suspension into a 400-mesh lacey carbon-coated
copper grid. The TEM and HR-TEM images and the SAED patterns were acquired on a
high-resolution 80–200 TITAN THEMIS transmission microscope (purchased from FEI,
Hillsboro, OR, USA). The microscope was equipped with a column EDXS detector and
an image corrector, and it was operated in transmission mode at a voltage of 200 kV. The
obtained images were used for the subsequent assessment of particle size distribution
by measuring 100 nanoparticles within the ImageJ software (version 1.8.0, University of
Wisconsin, Madison, WI, USA).

2.3.3. Dynamic Light Scattering (DLS), Polydispersity Index (PDI), and Zeta Potential

In this study, 5 mg of the pristine and antibiotic-loaded MNPs was added to 15 mL of
PBS 1x solution with a pH of 7.4 and dispersed using a Sonorex Digitec DT 514 ultrasonic
bath (Bandelin, Berlin, Germany) for 10 min at 25 ◦C. A small amount of the dispersion
was further introduced into the measurement cell and placed inside the DelsaMax Pro
equipment (Backman Coulter, Brea, CA, USA). Three measurements were performed for
each sample.

2.3.4. Fourier Transform Infrared Spectroscopy (FT-IR)

IR spectra in the 4000–400 cm−1 wavenumber range were acquired for all samples
in order to assess the functional groups present and, consequently, to demonstrate the
presence of the antibiotics within the drug delivery systems. A mercury cadmium telluride
detector-provided Thermo Scientific Nicolet iS50 (Thermo Fischer Scientific, Waltham, MA,
USA) spectrometer was employed. Measurements were performed in the attenuated total
reflectance (ATR) mode. Acquisitions were made at room temperature, with a resolution
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of 4 cm−1 and 64 scans for each sample. The OmnicPicta software (version 8.2, Thermo
Nicolet, Thermo Fischer Scientific, Waltham, MA, USA) was used for data processing.

2.3.5. Thermogravimetry and Differential Scanning Calorimetry (TG-DSC)

The amount of loaded antibiotics was assessed through the TG-DSC analysis, using
an STA TG/DSC Netzsch Jupiter 449 F3 equipment (Selb, Germany). All samples were
heated from 20 to 900 ◦C at a heating rate of 10 K/min and in a 50 mL/min dynamic
air atmosphere.

2.3.6. UV–Vis Spectrophotometry

A Thermo Evolution 600 double-beam UV–Vis spectrophotometer (Thermo Fischer
Scientific, Waltham, MA, USA) and a 1 cm optical path glass cuvette were used for the UV–
Vis spectroscopy measurements. Measurements were performed using a fixed wavelength
of 202 nm for both types of antibiotics in order to assess their release profiles. For this step,
100 mg of each antibiotic-loaded sample was placed inside a dialysis bag, followed by their
immersion in 50 mL of PBS 1x solution (pH of 7.4). All samples were maintained at 37 ◦C.
At specific time-points, 1 mL of the supernatant was collected and replaced with fresh PBS.
Data were expressed as the amount of antibiotic released (mg).

2.4. Biological Evaluation
2.4.1. Cell Viability and Proliferation

Normal BJ human dermal fibroblast cells were cultured at 37 ◦C, 5% CO2, and 90%
humidity in 10% fetal bovine serum-supplemented Dulbecco’s Modified Eagle Medium
(DMEM). The nanoparticles were sterilized using UV radiation overnight and then sus-
pended in deionized water at a concentration of 5 mg/mL via ultrasonic dispersion. Cells
were seeded at a concentration of 5000 cells/well in 96-well plates and incubated for 24 h to
allow cell attachment. Subsequently, the culture medium was replaced with nanoparticle-
containing culture medium at a concentration of 0 and 50 µg/mL and incubated for 24 h.
The MTT tetrazolium salts assay was employed for cell viability and proliferation inves-
tigations. Specifically, the nanoparticle medium was removed from the cells after the
incubation period, and replaced with an MTT solution in complete culture medium and
incubated for 2 h. This solution was prepared by dissolving 10% MTT (5 mg/mL in PBS)
in complete culture medium. The method involves the ability of cells to metabolize MTT
into formazan, which is proportional to cell viability. After the incubation time, the MTT
culture medium was removed, and the formazan crystals were solubilized with DMSO.
The amount of formazan produced is spectrophotometrically determined by measuring the
absorbance at a wavelength of 570 nm. Blank samples, i.e., nanoparticles without cells, at
the investigated concentrations, whose absorbance was subtracted from that of the samples
with cells were used for all quantitative determinations. For each sample, three experiments
were carried out. The obtained values were related to the negative control samples (which
was assigned a value of 100%) in order to calculate the cell viability and differentiation
ability. Cell viability and differentiation ability values were expressed as ±SEM (standard
error of the mean).

Furthermore, the statistical significance was evaluated by the Student t-test function,
with three levels of significance assigned (i.e., * p < 0.05, ** p < 0.01, and *** p < 0.001)

2.4.2. Antimicrobial Activity

The antimicrobial assays performed are in accordance with previous studies [12,13,40,41].
All samples were sterilized using UV radiation for 20 min, followed by their dispersion in
sterile deionized water at a concentration of 2 mg/mL.

An adapted diffusion test from the Clinical & Laboratory Standards Institute (CLSI)
guidelines was employed for assessing the inhibition zone diameter. Briefly, Petri dishes
containing the Mueller–Hinton agar medium for the S. aureus and P. aeruginosa bacte-
rial strains and Sabouraud Dextrose broth for C. albicans yeast were used for the swab-
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inoculation of 1–3 × 108 CFU/mL microbial suspensions (equivalent to 0.5 McFarland
density standard). 10 µL of each nanoparticle suspension was added on the inoculated
plates and incubated for 24 h at 37 ◦C. Subsequently, the diameter of the inhibition zone
was measured, and the results were expressed in mm.

To determine the minimum inhibitory concentration (MIC), the microdilution tech-
nique in 96-well plates was employed. Each sample was subjected to binary serial dilutions
from 2 mg/mL to 0.015 mg/mL in the appropriate nutritive broth, and the plates were
inoculated using microbial suspensions of ~106 CFU/mL. After the incubation for 24 h at
37 ◦C, the MIC was assessed through the naked-eye analysis and the lowest nanoparticle
concentration that visibly inhibited the growth of the microbial strains was considered [42].

3. Results

The pristine and antibiotic-loaded MNPs obtained through the microfluidic synthesis
method were characterized in terms of their morpho-structural and physico-chemical
properties through XRD, TEM, HR-TEM, SAED, FT-IR, and TG-DSC. Subsequently, the
cytotoxicity of the obtained structures was evaluated through the MTT assay on the BJ cell
line, followed by the assessment of their antimicrobial activity through the inhibition zone
diameter and MIC assays.

XRD analysis was employed to determine the crystalline phases present within the
samples (Figure 1). Within all samples, the XRD patterns reveal the presence of magnetite in
the cubic crystallization system and the Fd3m space group as the unique crystalline phase
through the characteristic Miller indices (according to JCPDS 01-084-2782 [43]). Therefore,
the addition of antibiotics does not lead to the formation of secondary iron oxide phases,
such as maghemite or hematite.
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Figure 1. XRD patterns for the pristine and antibiotic-loaded MNPs and the associated Miller indices
(•—magnetite).

Furthermore, the acquired diffractograms were subjected to Rietveld refinement in
order to determine the unit cell parameters, the average crystallite sizes, and the crys-
tallinity of the samples (Table 2). Results show that the addition of the streptomycin
antibiotic gradually decreases the average crystallite size up to the 5% concentration, while
the addition of neomycin, up to the 10% concentration. Introducing the antibiotic also
influences the crystallinity of the samples, which is inversely proportional to the antibiotic
concentration. Nonetheless, the crystallinity of the samples with the highest antibiotic
concentration is similar to the pristine nanoparticles. Therefore, it is safe to assume that
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antibiotic loading does not negatively affect the structural properties but rather acts as an
adjuvant in controlling the crystallinity of the nanosystems.

Table 2. Unit cell parameters, average crystallite size, and crystallinity determined through Rietveld
refinement.

Sample
Unit Cell Parameters Average Crystallite Size ± Standard

Deviation (SD) [nm]
Crystallinity [%]

a = b = c [Å] α = β = γ [◦]

Fe3O4 8.35 90 6.71 ± 0.46 12.91

Fe3O4_str_1% 8.33 90 5.62 ± 0.57 15.54

Fe3O4_str_5% 8.37 90 4.99 ± 0.10 14.62

Fe3O4_str_10% 8.34 90 5.78 ± 0.66 12.84

Fe3O4_neo_1% 8.34 90 6.23 ± 0.73 13.62

Fe3O4_neo_5% 8.35 90 5.80 ± 0.38 13.20

Fe3O4_neo_10% 8.37 90 5.46 ± 0.25 12.45

Furthermore, the SAED results confirm the previous observations, as the diffraction
rings within the patterns are associated with the Miller indices characteristic for magnetite
(Figure 2). The neomycin-containing nanoparticles seem to have a lower degree of crys-
tallinity, as the diffraction rings are more diffused, which is in accordance with the Rietveld
refinement results.
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Figure 2. The SAED patterns for the Fe3O4_str_10% and Fe3O4_neo_10% samples.

The morphology of the nanostructures was assessed through TEM and HR-TEM
(Figure 3). As can be observed, the nanoparticles are characterized by a quasispherical
shape and an increased agglomeration tendency due to their surface energy. Furthermore,
the high degree of crystallinity is demonstrated through the HR-TEM images, where the
atomic planes within the nanoparticles are visible. The obtained images were further
used to assess the size distribution of the nanosystems (Figure 3). The distributions are
significantly narrow, between 2 and 7 nm, which further demonstrates the suitability of the
microfluidic method for the synthesis of nanomaterials as it allows for dimensional control.
There are no considerable differences between the two types of antibiotics regarding their
effect on the morphology and size of the nanoparticles.
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Figure 3. The TEM (a,a′), HR-TEM (b,b′), and size distributions (c,c′) for the Fe3O4_str_10% and
Fe3O4_neo_10% samples.

The stability of the developed drug delivery systems was assessed through hydro-
dynamic diameter, PDI, and zeta potential measurements (Figure 4). As the results show,
the hydrodynamic diameter of the nanoparticles decreases after antibiotic loading, which
could be caused by the reduction of free hydroxyl groups present on the surface of pristine
magnetite. In both cases, increasing the antibiotic amount further leads to proportionally
higher hydrodynamic diameter values. Considering that the zeta potential also increases
with the antibiotic amount, it could be assumed that the increasingly higher amount of
antibiotics on the surface of the MNPs is the cause for higher particle diameters. The
hydrodynamic diameter is larger in the case of streptomycin due to a higher degree of
interaction with the solvent molecules. All PDI values are lower than 0.7, which generally
indicates a narrow particle size distribution [44].
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Figure 4. The hydrodynamic diameter (values shown as columns), the PDI (values shown as points),
and the zeta potential values for the pristine and antibiotic-loaded MNPs (expressed as mean ± SD,
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The efficiency of the antibiotic loading was further evaluated through the FT-IR
analysis (Figure 5). The spectra show the Fe-O bond characteristic for magnetite at the
538 cm−1 wavenumber. As it overlaps with C-H bending, the increase in the maximum
intensity with the addition of the antibiotics is attributed to the efficient loading of the
drug molecules within the nanoparticles. Moreover, as there are no shifts of the maximum
for the antibiotic-loaded samples, it is safe to assume that the antibiotics were chemically
bound to the nanostructures through hydrogen bonding. The antibiotic loading can also be
seen in the wavenumber range of 600–1800 cm−1, where absorption bands specific for the
characteristic functional groups are present.
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The MNPs were further subjected to TG-DSC analysis in order to determine the mass
loss and the associated thermal effects, which allowed for the estimation of the antibiotic
loading within the nanoparticles (Figure 6, Table 3). It can be observed that up to 200 ◦C,
all samples are losing residual water molecules, between 2.63 and 4.17%. The minimum
solvent quantity can be found in the case of pristine MNPs, with larger quantities retained
by the antibiotic-loaded samples. This process is accompanied by an endothermic effect
on the DSC curve, with the minimum around 76–89 ◦C. Between 200 and 400 ◦C, the
samples are losing mass, the processes being associated with some weak exothermic effects,
indicating various oxidation reactions. The Fe2+ is oxidized to Fe3+ as the Fe3O4 (magnetite)
is transformed to γ-Fe2O3 (maghemite) [45]. Concomitantly, the organic substances loaded
onto the nanoparticles are being partially oxidized, as indicated by the multiple, different,
small exothermic effects. After 400 ◦C, the small mass loss recorded can be assigned to the
condensation of terminal –OH moieties but also to the burning of the residual carbonaceous
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mass. The strong, typical, exothermic effect around 500 ◦C is assigned to the transformation
of maghemite to hematite [46,47]. The exothermic effect area increases slightly as the
percentage of residual carbonaceous mass increases, from 111 to 122 J/g, a similar value
being previously reported [46]. Furthermore, the antibiotic loading is proportional to the
antibiotic concentration used for the MNP synthesis, with an increased loading efficiency
for the streptomycin-loaded samples compared to the neomycin-loaded ones.
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Table 3. The thermal effects, mass loss, and estimated antibiotic loading for the pristine and the
antibiotic-loaded MNPs.

Sample Mass Loss (%)
200 ◦C Endo (◦C) Mass Loss (%)

200–400 ◦C
Mass Loss (%)

400–900 ◦C
Exo (◦C)/
Area (J/g)

Estimated
Load (%)

Fe3O4 2.63 76.8 1.58 1.27 521.9/111.6 -

Fe3O4_str_1% 3.14 79.8 1.99 1.22 501.8/111.1 1.03

Fe3O4_str_5% 3.87 88.4 2.85 1.00 488.4/112.0 2.40

Fe3O4_str_10% 4.17 79.1 3.31 1.35 495.1/122.8 3.55

Fe3O4_neo_1% 3.23 86.3 2.02 0.90 500.1/111.3 0.76

Fe3O4_neo_5% 3.44 86.9 2.70 1.05 504.4/112.9 1.81

Fe3O4_neo_10% 3.29 88.3 3.52 1.25 504.4/122.1 2.73

The drug release profiles were assessed through UV-Vis spectroscopy measurements
(Figure 7). In both cases, the amount of released antibiotics is proportional to the concentra-
tion of drug loaded, with less significant differences between 5% and 10% than between 1%
and 5%. Furthermore, it can be observed that the streptomycin antibiotic is gradually re-
leased from the nanoparticles (from ~0.6 to 2.2 mg), reaching a plateau after approximately
3 h that is maintained for the entire 72 h period. However, the drug amount released from
the 1% sample decreases after 24 h, which could mean that the entire quantity is released
within this timeframe. By contrast, the neomycin-loaded samples are characterized by a
burst release that occurs within the first 10 min, reaching a plateau after approximately 6 h.
In this case, the plateau is only maintained for 72 h for the 10% sample. In this manner, it
could be concluded that the streptomycin-loaded samples provide a more controlled drug
release owing to a higher encapsulation efficiency and a stronger interaction between the
nanoparticles and the drug molecules.
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Furthermore, the biocompatibility of the obtained drug delivery systems was deter-
mined through the MTT assay on the BJ cell line (Figure 8). On one hand, the cell viability
characteristic for the pristine nanoparticles is significantly low, with values of approxi-
mately 40%. This effect could be attributed to the highly reduced nanoparticle size that
could ensure their internalization within the cells and the production of reactive oxygen
species. However, in both cases, the addition of the antibiotics within the nanostructured
systems leads to an increase in cell viability, especially in the case of the streptomycin
antibiotic. The highest cell viability is registered for the Fe3O4_str_5% sample, for which
the estimated drug load is around 2.40%. Increasing the streptomycin load to 3.55%, as
it is in the case of the Fe3O4_str_10% sample, leads to a decrease in cell viability due to
possible toxic effects caused by the higher amount of the antibiotic. The presence of the
neomycin antibiotic within the nanoparticles does not significantly increase the cell viability
compared to the pristine sample, as was observed in the previous case, which could be
attributed to the higher amount of drug released, as shown by the UV-Vis measurements.
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Figure 8. Cell viability values for the pristine and antibiotic-loaded MNPs (BJ cell line; values
expressed as mean ± SD, n = 3; different signs indicate significant differences between the control
and each sample; *—lower significance; ** and ***—higher significance).
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In regard to their antimicrobial properties, the obtained drug delivery systems were
subjected to the inhibition zone diameter and MIC assays. With respect to the inhibition
zone diameter results (Table 4), it can be seen that the highest antibacterial efficiency was
recorded against the P. aeruginosa strain, which is a Gram-negative bacterium, with a more
pronounced effect registered for the streptomycin antibiotic. While both drugs are known
to affect both Gram-positive and Gram-negative bacteria, streptomycin is mostly recom-
mended for Gram-negative strains. Furthermore, the neomycin-loaded samples appear to
be more efficient against Gram-positive bacteria, as the highest inhibition zones were mea-
sured against the S. aureus strain. The results against the C. albicans yeast further confirm
the antimicrobial potential of the developed drug delivery systems, as the inhibition zone
diameters are similar or even higher than the values measured for S. aureus. Nevertheless,
the pristine MNP sample leads to inhibition zones similar to the antibiotic-loaded samples,
thus demonstrating the intrinsic antimicrobial properties of MNPs primarily owing to the
significantly small sizes. The MIC assay results (Table 5) confirm previous observations
regarding the highest efficiency of the developed systems against the P. aeruginosa strain.
Additionally, the antifungal effect is comparable to the effect against S. aureus bacteria.

Table 4. Inhibition zone diameter measured for the pristine and the antibiotic-loaded MNPs.

Microbial
Strain

Inhibition Zone Diameter (mm)

Fe3O4
Fe3O4_str_

1%
Fe3O4_str_

5%
Fe3O4_str_

10%
Fe3O4_neo_

1%
Fe3O4_neo_

5%
Fe3O4_neo_

10%

S. aureus 2 0 2 2 2 4 4

P. aeruginosa 7 6 6 6 6 5 6

C. albicans 5 2 4 4 5 4 5

Table 5. MIC values determined for the pristine and the antibiotic-loaded MNPs.

Microbial
Strain

MIC (mg/mL)

Fe3O4
Fe3O4_str_

1%
Fe3O4_str_

5%
Fe3O4_str_

10%
Fe3O4_neo_

1%
Fe3O4_neo_

5%
Fe3O4_neo_

10%

S. aureus 2 2 1 2 2 2 1

P. aeruginosa 1 1 1 1 1 2 1

C. albicans 2 2 2 2 2 2 2

4. Discussion

The present study aimed to develop a series of streptomycin/neomycin-loaded MNPs
through a microfluidic approach that could further be employed in antimicrobial therapies.
The obtained drug delivery systems were characterized by XRD, TEM, HR-TEM, and
SAED, FT-IR, and TG-DSC in order to determine their physico-chemical and structural
features. The biological evaluation of the obtained structures involved the assessment of
their biocompatibility through the MTT assay on the BJ cell line and their antimicrobial
effects through the inhibition zone diameter and MIC assays.

In regard to the structural properties of pristine MNPs, it can be seen that the aver-
age crystallite size and, consequently, the crystallinity of the nanoparticles is lower than
those reported in our previous study, i.e., 6.71 nm and 12.91% and 8.06 nm and 18.53%,
respectively [33]. Although the synthesis parameters were maintained constant (flow and
concentration of the precursor and precipitating agent solutions), the difference between
the two studies resides in the type of precipitator used. Therefore, it could be safe to assume
that the use of NaOH as an alkaline agent leads to the formation of nanoparticles with lower
crystallite sizes than NH4OH. One literature study focusing on this subject showed that the
use of NaOH leads to an average nanoparticle size of 15.29 nm compared to 33.97 nm for

38



Pharmaceutics 2023, 15, 2215

nanoparticles obtained with NH4OH. This conclusion could be further translated to the
crystallite size, as the nanoparticles appeared to be monocrystalline [48]. The mechanism
behind this observation resides in the fact that the base amount and final pH are known
to directly affect the nucleation and growth of the MNPs and, consequently, particle size.
Specifically, it was shown that higher pH values lead to a decrease in nanoparticle size,
which is in accordance with the present results [49]. Furthermore, as the antibiotics used for
the development of the nanostructured drug delivery systems are alkaline compounds, the
decreasing crystallite sizes with increasing concentrations are correlated with the previously
described hypothesis. However, the increase in sample crystallinity with the addition of the
antibiotic could be attributed to the contribution of the drug molecules to the crystallinity
of the samples.

Furthermore, the higher drug loading determined for the streptomycin antibiotic could
be attributed to a higher availability of the functional groups within the molecule to interact
and form physico-chemical bonds with the hydroxyl groups present onto the surface of
MNPs. A similar behavior was also observed in our previous paper, where the yield of
sulfanilic acid functionalization was significantly lower than the yield for 4-sulfobenzoic
acid [33].

To the best of our knowledge, this study represents the first one to investigate the
synthesis and concomitant loading of drug molecules onto the surface of MNPs through a
microfluidic approach. Nevertheless, there are other studies focusing on the microfluidic
synthesis of MNPs [32,33,35,50,51], which have also obtained significantly narrow size
distributions, which are similar to the ones described in the current study. Additionally,
there are studies describing the direct synthesis of drug delivery systems through microflu-
idic devices, which mainly use polymers as the nanocarrier, such as curcumin-loaded
shellac nanoparticles [52], liposomes containing plasmid DNA [53], poly(lactic-co-glycolic
acid) particles loaded with indomethanic [54], doxorubicin [55], tamoxifen [55], or cur-
cumin [56], 5-fluorouracil-loaded alginate–chitosan nanoparticles [57]. While these studies
have reported higher encapsulation efficiencies, i.e., 93% [52], which could prove a higher
suitability of using polymeric nanoparticles instead of inorganic nanoparticles, polymeric
systems lack the intrinsic antimicrobial/anticancer properties that MNPs possess. This
property was highlighted in the present study, as the pristine MNPs exhibited antimicrobial
activities similar to the systems containing the antibiotics.

Therefore, the current study demonstrated the potential of microfluidic techniques
for the development of drug delivery systems with significantly narrow size distributions.
Additionally, the possibility to control and modulate the outcome properties of the systems,
especially in regard to their crystallite and particle size and crystallinity, could consequently
influence their biological behavior in contact with both cells and microbial species.

5. Conclusions

This study aimed to achieve one-step MNP synthesis and antibiotic loading through
a microfluidic approach in order to obtain a series of drug delivery systems that could
be applied in antimicrobial therapies. The results obtained demonstrated the presence
of magnetite as the unique mineralogical phase and the formation of nanoparticles with
significantly narrow size distributions and average nanoparticle sizes of ~4 nm. The results
were in accordance with previously available studies, further proving the reproducibility
of microfluidic approaches for nanoparticle syntheses. Furthermore, it was shown that the
drug loading capacity is dependent upon the type of drug used, as the drug load calculated
for streptomycin was higher than neomycin, especially at higher concentrations. The drug
loading results were further translated into the biocompatibility assay, which showed cell
viability results dependent upon the antibiotic type and concentration but also higher
values for the antibiotic-loaded samples compared to the pristine ones. Furthermore, the
antimicrobial activity was shown to be dependent upon the microbial strain; additionally,
the pristine MNPs showed similar antimicrobial effects as the antibiotic-loaded ones. In
this manner, this study successfully demonstrated the potential of the microfluidic method
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to obtain drug delivery systems that could be applied in antimicrobial therapies for both
treatment and prevention of infections.
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Abstract: In this study, we present the experimental results obtained in vitro on the human breast
adenocarcinoma cell line (MCF-7) by applying superparamagnetic hyperthermia (SPMHT) using
novel Fe3O4-PAA–(HP-γ-CDs) (PAA is polyacrylic acid and HP-γ-CDs is hydroxypropyl gamma-
cyclodextrins) nanobioconjugates previously obtained by us. In the in vitro SPMHT experiments, we
used concentrations of 1, 5 and 10 mg/mL of Fe3O4 ferrimagnetic nanoparticles from Fe3O4-PAA–
(HP-γ-CDs) nanobioconjugates suspended in culture media containing 1 × 105 MCF-7 human breast
adenocarcinoma cells. The harmonic alternating magnetic field used in the in vitro experiments that
did not affect cell viability was found to be optimal in the range of 160–378 Gs and at a frequency of
312.2 kHz. The appropriate duration of the therapy was 30 min. After applying SPMHT with these
nanobioconjugates under the above conditions, MCF-7 cancer cells died out in a very high percentage,
of until 95.11%. Moreover, we studied the field up to which magnetic hyperthermia can be safely
applied without cellular toxicity, and found a new upper biological limit H × f ~9.5 × 109 A/m·Hz
(H is the amplitude and f is the frequency of the alternating magnetic field) to safely apply the
magnetic field in vitro in the case of MCF-7 cells; the value was twice as high compared to the
currently known value. This is a major advantage for magnetic hyperthermia in vitro and in vivo,
because it allows one to achieve a therapy temperature of 43 ◦C safely in a much shorter time without
affecting healthy cells. At the same time, using the new biological limit for a magnetic field, the
concentration of magnetic nanoparticles in magnetic hyperthermia can be greatly reduced, obtaining
the same hyperthermic effect, while at the same time, reducing cellular toxicity. This new limit of the
magnetic field was tested by us in vitro with very good results, without the cell viability decreasing
below ~90%.

Keywords: in vitro SPMHT; ferrimagnetic nanobioconjugates; MCF-7 human breast adenocarcinoma
cells; Alamar Blue analysis; cell viability

1. Introduction

Magnetic hyperthermia (MHT) of cancer is one of the most promising alternative
methods in cancer therapy [1–9], aiming at the total destruction of the malignant tumor
with minimal or even no toxicity on the healthy tissue. This non-invasive technique uses
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biocompatible magnetic nanoparticles and an alternating magnetic field with a small
amplitude (kA/m—several tens of kA/m) and a frequency in the range of hundreds of
kHz, which leads to the heating of the nanoparticles in the tumor to a temperature of
~43–45 ◦C [1,8,10]. Thus, at this temperature, tumor cells are thermally destroyed by
apoptosis and/or necrosis. Therefore, the therapeutic effect is natural, without radiation
and chemical drugs that have a high degree of toxicity on the living organism.

Kandasamy et al. [11], by applying magnetic hyperthermia in vitro, reported the
death of MCF-7 tumor cells at a percentage of approximately 90%, using superparam-
agnetic Fe3O4 nanoparticles of 9 nm diameter covered with dual surfactants of TA–ATA
(terephthalic acid–aminoterephthalic acid). The concentration used in the experiment was
1 mg/mL of magnetic nanoparticles in suspension, and the frequency of the magnetic field
was 751.5 kHz in the admissible biological range.

A similar result on MCF-7 tumor cells was reported by Bhadwaj et al. [12], using
magnetic hyperthermia with nanoparticles of Mn0.9Zn0.1Fe2O4 having a size of 11.3 nm
and covered with lauric acid.

Magnetic hyperthermia in vivo also leads to very promising results for cancer therapy.
Thus, Alphadery et al. [13] applied magnetic hyperthermia on breast tumors xenografted
under the skin of mice using magnetosome chains in suspension until a 10 mg/mL concen-
tration of iron oxide nanoparticles was reached. After applying the therapy several times
for 20 min. with a field of 40 mT and frequency of 198 kHz, using doses of 0.1 mL injected
each time in the center of the ~100 mm3 tumor, the tumors in several mice were completely
reduced.

Furthermore, Wang et al. [14] used in vivo magnetic hyperthermia with HPMC/Fe3O4
nanoparticles (HPMC is hydroxyl-propyl methyl cellulose) with 10–50 nm Fe3O4 nanopar-
ticles, by intratumoral injection, for the therapy of tumor-bearing mice. After 14 days of
treatment by exposure to the magnetic field with a frequency of 626 kHz, a high-efficiency
ablation of tumors was obtained.

Currently, MagForce AG [15] uses magnetic hyperthermia with Fe3O4 nanoparticles
of 12 nm covered with aminosilanes, for the treatment of glioblastoma and prostate cancers
in preclinical trials, with good results.

Although in principle, the magnetic hyperthermia technique seems easy to approach,
it raises very complex aspects that must be well-clarified and overcome before being safely
applied in clinical trials, such as the following: (i) finding the most suitable magnetic
nanoparticles (NPs) for this type of therapy; (ii) their high biocompatibility with the
biological tissue (lack of cellular toxicity), but also (iii) finding the parameters of the
alternating magnetic field; (iv) the most suitable conditions for the practical implementation
of magnetic hyperthermia; and (v) the most suitable therapeutic plan. All of these aspects
are necessary to obtain the maximum effectiveness on the death of tumor cells, and to
minimize the toxicity on normal cells. Until now, there are many studies that have been
conducted in this direction to maximize one or more of the aspects listed above (i)–(v) [1,2,9],
but they did not establish which are the most suitable to be used in magnetic hyperthermia
for in vivo and clinical trials [1,16].

Considering the above aspects, we previously proposed the use of Fe3O4 nanopar-
ticles coated with gamma cyclodextrins (γ-CDs) [17,18] to increase the effectiveness and
reduce cellular toxicity to a minimum. We also found the optimal conditions [19] in which
superparamagnetic hyperthermia (SPMHT) can be applied for maximum effectiveness
on tumors. These aspects were studied by us both theoretically [17,19] and experimen-
tally [18], and the recent experimental results showed the possible successful application
of nanobioconjugates of Fe3O4-PAA–(HP-γ-CDs) (PAA is polyacrylic acid, HP-γ-CDs is
hydroxypropyl gamma cyclodextrin) on the destruction of tumors through SPMHT [18],
which is more effective than MHT [20]. We used γ-CDs for the bioconjugation of Fe3O4
magnetic nanoparticles, due to their advantages for magnetic hyperthermia. Cyclodex-
drins are very suitable for coating nanoparticles, in terms of stability over time and their
biocompatibility with magnetic hyperthermia and drug delivery [21]; they are natural
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cyclic oligosaccharides without toxicity that are used in pharmaceutics, cosmetic products
and biomedicine [22]. Moreover, due to their very reduced thickness on the surface of
magnetic nanoparticles, an increase in efficiency in magnetic hyperthermia was obtained by
increasing the concentration of nanoparticles in an injectable dispersion targeting tumors.
Moreover, cyclodextrins make inclusion complexes possible by encapsulating anticancer
drugs in their poorly hydrophilic central cavities (as encapsulated doxorubicin), which in
the future would also allow the realization of a double therapy: magnetic hyperthermia
followed by the release of the local drug in the tumor, thereby increasing the effectiveness
of therapy on tumors.

Using the optimal conditions previously established by us [17–19] for the efficient
implementation of SPMHT, in this study we present the experimental results that we
obtained in vitro by applying SPMHT using Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates
on MCF-7 human breast adenocarcinoma cells. We chose this cancer for in vitro testing
due to its high incidence in women and high mortality rate, according to the World
Health Organization [23]. We mainly present three innovative experimental results that
are very important for the advancement of the field of application of superparamagnetic
hyperthermia in MCF-7 breast cancer therapy. The following results pertain to the increase
in its efficacy on the destruction of tumors and the reduction in toxicity:

(i) The use in superparamagnetic hyperthermia experiments in vitro of biocompatible
Fe3O4-PAA–(HP-γ-CDs) magnetic nanobioconjugates previously obtained by us,
which have not been used so far in the superparamagnetic hyperthermia of tumors;

(ii) Experimental demonstration of the high efficacy of SPMHT using Fe3O4-PAA–(HP-γ-
CDs) nanobioconjugates via testing in vitro on the MCF-7 breast cancer cell line, with
very good results regarding the death of tumor cells at a very high percentage (up to
approximately 95%);

(iii) Based on our experimental results on MCF-7 cells, we established a new upper bi-
ological limit for the magnetic field without cellular damage for which magnetic
hyperthermia can be safely applied on MCF-7 cells: we found that the maximum ad-
missible biological limit can be extended to a double value compared to the previously
known one, with superior advantages in the practical implementation of SPMHT for
tumors to increase its efficacy and reduce cellular toxicity.

2. Materials and Methods
2.1. Magnetic Nanobioconjugates Used for Testing SPMHT on MCF-7 Breast Cancer Cells
2.1.1. Synthesis Method of Nanobioconjugates

For in vitro SPMHT on MCF-7 breast tumor cells, we used our previously obtained
Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates [18]. First, ferrimagnetic Fe3O4 nanoparticles
were obtained by the chemical co-precipitation method; then, the polyacrylic acid (PAA) ad-
sorbed on their surface [24,25] was used for binding (bioconjugation) with hydroxypropyl-
gamma-cyclodextrins (HP-γ-CDs), in the second stage, following the procedure described
in detail in reference [18]. We used the branched cyclodextrins HP-γ-CDs because by the
molecular docking method, we previously showed that this nanobiostructure is the most
stable. At the same time, cyclodextrins ensure a very good biocompatibility of nanoparticles
with the biological environment [26].

2.1.2. Characterization Techniques of Nanobioconjugates

For the characterization of nanobioconjugates, we used X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), high-resolution transmission electron
microscopy (HR-TEM) and dynamic light scattering (DLS) techniques, presented in detail
in our previous reference [18].

XRD was used to determine the crystalline phases and the average size of the nanocrys-
tallites. A Rigaku UltimaIV Diffractometer with Cu Kα radiation was used for this.
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FT-IR was used for the study of ferrite formation and the determination of specific
Me–O bonds (Me: metal, O: oxygen) in the magnetite structure. A Shimadzu IR Affinity-1S
spectrophotometer was used in the 400–4000 cm−1 range.

The morphology of the sample, and the size and distribution of the nanoparticles was
studied via HR-TEM, using a Hitachi TEM system (HT7700) with 0.2 nm resolution.

Using the Vasco Particle Size Analyzer, the average hydrodynamic diameter of the
nanobioconjugates in dispersion and their distribution was determined using DLS.

2.2. Magnetization of the Fe3O4-PAA–(HP-γ-CDs) Nanobioconjugates

The magnetization of the Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates and their mag-
netic behavior in the external magnetic field was carried out with the equipment described
in reference [27]. The sample was in the form of nanobioconjugate powder, with a mass of
299.4 mg and a packing volume fraction of 0.62; the applied field was ~1900 Oe (~151 kA/m
in SI units). The applied magnetic field was much higher than the one used in the magnetic
hyperthermia experiments. The magnetization was determined as a specific value, in
emu/g unit. The magnetic behavior in the field of nanobioconjugates was determined from
the magnetization curve recorded towards magnetic saturation.

2.3. In Vitro Magnetic Hyperthermia Experiment
2.3.1. MCF-7 Cancer Cell Line

The MCF-7 cell line was acquired from the American Type Culture Collection (ATCC,
Manassas, VA, USA) as a frozen vial. The cell line was grown in Eagle’s Minimum Essential
Medium (EMEM) enriched with 15% FCS (Fetal Calf Serum), and supplemented with
an antibiotic mixture of penicillin/streptomycin (100 U/mL penicillin and 100 µg/mL
streptomycin) to avoid possible microbial contamination. The cells were passaged every
two to three days using trypsin/EDTA until the confluence of the cells reached approxi-
mately 80–85%. The cell cultures were maintained under standard conditions: a humidified
atmosphere enriched with 5% CO2 and a temperature of 37 ◦C, using a Steri-Cycle i160
incubator (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

2.3.2. In Vitro Magnetic Hyperthermia Protocol

To evaluate the cytotoxic effect induced by the Fe3O4-PAA–(HP-γ-CDs) suspension
under magnetically induced hyperthermia, a slightly modified protocol of Quinto et al. was
employed [28]. Briefly, when the MCF-7 cells reached a confluence higher than 80%, the
cells were split using trypsin/EDTA solution. Afterwards, the cells were counted using the
trypan blue exclusion technique. Based on this step, a cell suspension of 1 × 105 cells/mL
was obtained by dilution of the cell pellet in cell medium. The sample-free cell suspension
and cell suspensions containing Fe3O4-PAA–(HP-γ-CDs) of different concentrations (1, 5,
10 mg/mL) were inserted in 2 mL vials, and were further exposed to alternating magnetic
fields (AMF) (312.2 kHz and different fields 160, 200 and 378 Gs).

2.3.3. Alamar Blue Testing

To quantify the effect induced by the AMF on sample-free cell suspensions, and to
evaluate the cytotoxic potential of the Fe3O4-PAA–(HP-γ-CDs) suspension at three different
concentrations (1, 5 and 10 mg/mL) on the human adenocarcinoma MCF-7 cell suspension,
the Alamar Blue colorimetric test was employed. In brief, after AMF exposure of the
cell suspension ended, 2 × 104 cells/well were seeded in 96-well plates and were furter
maintained in a humidified atmosphere at 37 ◦C and 5% CO2 until an interval of 24 h was
reached. Afterwards, the cells were rinsed three times with phosphate buffer saline (PBS)
to avoid possible interference with the Alamar Blue reagent, as previously described [18].
This washing step was followed by the addition of 200 µL of culture medium in each well.
The control cells were exposed only to culture media under standard conditions (37 ◦C).
Afterwards, Alamar Blue reagent was added into each well to a final concentration of
0.01%. The cell viability percentage was quantified at 3 h post-addition of the Alamar Blue
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reagent by measuring the absorbance of the wells at two different wavelengths (570 nm and
600 nm) with a microplate reader (xMarkTM Microplate, Bio-Rad Laboratories, Hercules,
CA, USA), as previously described [29].

2.3.4. Magnetic Hyperthermia Experiment

The magnetic hyperthermia experiments were carried out using specialized equipment
(F3 Driver, nB, Zaragoza, Spain) for this type of experiment, with 3 kW of power and a
varying frequency (f) and magnetic field amplitude (H). In our experiments, we used a
frequency of 312.2 kHz, and fields of 160 (12.73), 200 (15.92) and 378 Gs (30.08 kA/m in S.I.
units), depending on the concentrations of Fe3O4 nanoparticles from Fe3O4-PAA–(HP-γ-
CDs) nanobioconjugates suspended in the cell culture medium, which allowed us to obtain
a magnetic hyperthermia therapy temperature of 42.9 ◦C, without affecting the cells (see
Section 3.3.1). The samples used for the magnetic hyperthermia experiments were in fact
MCF-7 cell suspensions (density of 1 × 105 cells/mL) that contained Fe3O4-PAA–(HP-γ-
CDs) nanobioconjugates at concentrations of 1, 5 and 10 mg/mL equivalents in F3O4 NPs.
These samples were pipetted into different vials of 2 mL capacity, and were furthermore
individually exposed to a magnetically induced hyperthermia for a period of 30 min using
adiabatic conditions, and employing the specialized inductor coil of the equipment. The
temperature of the samples obtained under magnetic hyperthermia was measured using a
precision fiber optic sensor.

2.3.5. Data Representation and Statistical Analysis

GraphPad Prism 9 version 9.3 (GraphPad Software, San Diego, CA, USA) was used
for data representation and statistical analysis. The results are presented as mean values
± standard deviations (SDs). One-way ANOVA was performed to obtain the statistical
differences, followed by Tukey’s multiple comparison test.

3. Results and Discussion
3.1. The Fe3O4-PAA–(HP-γ-CDs) Nanobioconjugates Data

The Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates obtained by us [18] were formed by
ferrimagnetic nanoparticles of Fe3O4 (magnetite), as determined with X-ray diffraction
(XRD) and high-resolution transmission electron microscopy (HR-TEM). They were approx-
imately spherical, with a size (average diameter) of ~16 nm, and covered by bioconjugation
with hydroxypropyl gamma-cyclodextrins (HP-γ-CDs) by means of the polyacrylic acid
(PAA) biopolymer [24,25]; these were evidenced by Fourier transform infrared spectroscopy
(FT-IR), which formed nontoxic nanobioconjugates of ~20 nm in mean diameter, as de-
termined by dynamic light scattering (DLS) [18]. These nanobioconjugates were very
suitable for increasing the efficacy of SPMHT in the destruction of tumor cells, due to
the optimal size of the magnetic nanoparticles of magnetite, and the existence of the thin
organic layer with which they were covered. This allowed for increasing the concentration
of nanobioconjugates of Fe3O4-PAA–(HP-γ-CDs) in the suspension to be injected into
the tumor, thus increasing the hyperthermic effect. At the same time, using the organic
layer with cyclodextrins of the HP-γ-CDs type that formed polyacrylate functionalized
complexes of Fe3O4-PAA–(HP-γ-CDs), the nanobioconjugates obtained by us and used in
the in vitro experiments for magnetic hyperthermia of tumors were nontoxic for healthy
cells, as cyclodextrins are natural oligosaccharides [26].

3.2. Magnetic Behavior of Fe3O4-PAA–(HP-γ-CDs) Nanobioconjugates

The experimental specific magnetization curves towards saturation and a low magnetic
field in the case of Fe3O4 nanoparticles from the Fe3O4-PAA–(HP-γ-CDs) nanobioconju-
gates powder sample are shown in Figure 1.
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Figure 1. Specific magnetization (σ) loop to (a) magnetic saturation and (b) low magnetic field
(H) of Fe3O4 nanoparticles from Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates; the green points are
experimental data, and the red line is the linear fit function (r2 = 0.997).

The shape of the magnetization curve from Figure 1a shows a very important aspect,
namely, that the magnetic behavior in the external magnetic field of the Fe3O4-PAA–(HP-γ-
CDs) nanobioconjugates, having a ferrimagnetic Fe3O4 nanoparticle size (average diameter)
of ~16 nm, and an average hydrodynamic diameter of ~20 nm of the superparamagnetic
type: the magnetization curve was without hysteresis, and the coercive field was zero. The
lack of hysteresis in such a magnetic field, which was much higher than the one used in
the magnetic hyperthermia experiments, confirms the fact that the hyperthermic effect
was obtained in this case as a result of superparamagnetic hyperthermia (SPMHT), as we
presented theoretically in references [17,19]. This result was very important for the practical
implementation of magnetic hyperthermia because the loss power, including the heating
temperature obtained in superparamagnetic hyperthermia (SPMHT), was higher than that
in magnetic hyperthermia (MHT) [30].

Moreover, the specific saturation magnetization (σ) of Fe3O4 nanoparticles from Fe3O4-
PAA–(HP-γ-CDs) nanobioconjugates was in this case quite high, being 56.95 emu/g, com-
pared to that of bulk Fe3O4, which is 92 emu/g [31], despite the sample being in a powder
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state (the magnetization of powders is significantly lower). At the same time, the Fe3O4
nanoparticles, whose saturation magnetization was lower due to surface effects [32,33],
were additionally covered with the PAA–(HP-γ-CDs) organic layer, which further reduced
the saturation magnetization. The high value of the specific saturation magnetization in
this case was due to the reduced thickness of the organic layer of PAA–(HP-γ-CDs) on the
surface of the nanoparticles, which was only ~3.2 nm; this determined a volume packaging
fraction [34] that was significantly higher than in the case of other larger biostructures (e.g.,
liposomes, which have much larger sizes of tens or hundreds of nm) [26].

The experimental specific initial magnetic susceptibility (mass susceptibility) evaluated
from the magnetization curve registered at low magnetic fields (Figure 1b) had a value
of 95.4 × 10−3 emu/g Oe (or 6.28 in SI units for initial magnetic susceptibility (volume
susceptibility), considering the density of Fe3O4 nanoparticles). This value was determined
by fitting a linear function (red line in Figure 1b) with the experimental data (green points)
obtained for low fields, and then determining the slope of fit line. The value found for the
initial magnetic susceptibility is very good for magnetic hyperthermia.

Thus, the high value of the magnetization and magnetic susceptibility of magnetic
nanoparticles from the nanobioconjugates allowed us to obtain a high hyperthermic effect
in a short time, with the specific loss power [17] leading to the heating of the nanoparticles
in proportion to this observables [19].

These results, in the case of our nanobioconjugates indicated (a) superparamagnetic be-
havior of Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates with Fe3O4 nanoparticles of ~16 nm,
and (b) a high saturation magnetization and initial magnetic susceptibility of nanoparticles
that was very important for the in vitro experiments (which are presented in Section 3.3.2)
to efficiently obtain the hyperthermic effect (reaching a temperature of ~43 ◦C) in the
shortest possible time, so that healthy cells are not affected.

3.3. In Vitro Testing on Breast Cancer Cells of SPMHT with Fe3O4-PAA–(HP-CDs)
Nanobioconjugates

For the in vitro testing of SPMHT on MCF-7 breast cancer cells, we used three sus-
pensions of Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates suspended in the culture medium,
with concentrations of Fe3O4 magnetic nanoparticles of 1, 5 and 10 mg/mL. The establish-
ment of these concentrations was based on our previous results [18], which showed that at
these concentrations, the viability of healthy cells was not affected. The values used for the
magnetic field parameters (amplitude H and frequency f) are those shown in Sections 3.3.1
and 3.3.2 However, in our in vitro SPMHT experiments, we used automatic (electronic)
tuning of the amplitude of the magnetic field without exceeding the admissible biological
limit, in order to obtain a temperature of 42.9 ◦C required for hyperthermia; hence, we
maintained this temperature throughout the duration of the experiments (see Section 3.3.2).
The duration of each in vitro SPMHT experiment was 30 minment.

3.3.1. The Effect of Magnetic Field on Cell Viability of MCF-7 Breast Cancer Cells

An initial experiment we performed was to see if the amplitude of the magnetic field
that was going to be used in our in vitro SPMHT experiments could affect MCF-7 breast
cancer cells. For this experiment, the frequency of the magnetic field was established at
312.2 kHz, and a cell suspension of MCF-7 cells to a density of 1 × 105 cells/mL was
used under standard conditions (37 ◦C). We also used the case of cellular distribution in
suspension, putting the cell culture in the culture medium in 2 mL vial bottles, which is more
realistic than the cultures in plates (2D) because this is closer to the in vivo experiments
for the tumor animal model [35]. Magnetic fields of 160, 200 and 378 Gs were applied
to the samples with MCF-7 cancer cells (three identical samples). These values of the
magnetic field were used later in the SPMHT experiments with Fe3O4-PAA–(HP-γ-CDs)
nanobioconjugates on MCF-7 cancer cells (see Section 3.3.2). We set these values for
the magnetic field because they reached the 42.9 ◦C temperature required for magnetic
hyperthermia for the 1, 5 and 10 mg/mL nanobioconjugate preparations (mass of Fe3O4
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ferrite nanoparticles from Fe3O4-PAA–(HP-γ-CDs)) nanobioconjugates dispersed in 1 mL
of PBS).

The experimental curves that show the amplitude of the applied magnetic field and
the temperatures of the cell culture recorded for the three samples are in Figure 2.

Figure 2. Time diagrams for the temperature of the cell culture (red curve) recorded for 30 min at
magnetic field (blue curve) amplitudes of (a) 160, (b) 200 and (c) 378 Gs. The green curve shows the
room’s temperature.
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The obtained experimental results showed the following:

(i) No hyperthermic effect (>40 ◦C) was obtained; the temperatures of cell cultures T1
(red curve) in all three cases remained close to room temperature T2 (green curve) for
all three magnetic fields throughout the 30 min. experiment. Thus, in the absence of
magnetic nanoparticles in samples with MCF-7 cancer cells, the alternating magnetic
field with a frequency of 312.2 kHz and amplitudes in the range of 160–378 Gs did not
lead to an increase in the temperature of the cells;

(ii) For all three values of the magnetic field (160, 200 and 378 Gs), the cell viabilities
(Figure 3) of sample-free MCF-7 cancer cells exposed to magnetic fields for 30 min.
were practically unaffected, the value of viabilities (Table 1) remaining in the accept-
able range of ISO 10993-5 (the International Organization for Standardization) (ISO
10993-5:2009, reviewed and confirmed in 2017) (with a possible viability decrease of
30%) [36].

Figure 3. Cell viability of MCF-7 cell line post-exposure to magnetic field for a period of 30 min, at a
frequency of 312.2 kHz and different amplitudes (160, 200 and 378 Gs). The viability percentages were
normalized to control cells (cells treated only with culture medium and maintained under standard
conditions (37 ◦C)). Data are represented as mean values ± standard deviations (SDs). One-way
ANOVA analysis was applied to determine the statistical differences followed by Tukey’s post-test
(*** p < 0.001).

The results obtained following the Implementation of the Alamar Blue test revealed
that the viability of the MCF-7 breast cancer line was only slightly affected by exposure
to the magnetic field for values greater than 200 Gs. Even after applying the highest field
of 378 Gs, the viability of MCF-7 cells remained high, showing a rate of 94.50 ± 1.42%.
Increasing the magnetic field from 160 to 378 Gs only led to a very small decrease in
cell viability, namely, ~3% for the 200 Gs field, and ~5% for the 378 Gs field. For the
smallest field, 160 Gs, the cell viability remained at practically 100%, within the limits of
experimental error.

Table 1. Cell viability of the MCF-7 human adenocarcinoma cell line following the application of the
magnetic field for a period of 30 min, at a frequency of 312.2 kHz with different amplitudes, after a
time interval of 24 h.

Magnetic Field Amplitude (Gs) 160 200 378

Cell viability (%)
Standard conditions (37 ◦C) 100 ± 0.61 100 ± 0.83 100 ± 0.76

After applying the magnetic field 99.63 ± 1.20 96.89 ± 1.64 94.50 ± 1.42
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According to ISO 10993-5 [36], related to the biological evaluation of medical devices,
a sample is considered cytotoxic if the viability of the cells exposed to the sample is
decreased by 30%. Hence, the results obtained showed a viability above 90%, revealing
that the magnetic field applied to amplitudes in the range of 160–378 Gs did not induce a
cytotoxic effect on MCF-7 cells, and could be safely used for in vitro magnetic hyperthermia
experiments on human breast cancer cells. These results were also confirmed by the cellular
morphological analyses presented in Figure 4.

Figure 4. Morphological aspects (nucleus and cytoskeleton) of the MCF-7 human breast adenocarci-
noma cell line in the cases of (A) standard conditions (37 ◦C), (B) laboratory conditions (24 ◦C), and
(C) exposure to magnetic fields (30 min, frequency 312.2 kHz) at different amplitudes (160, 200 and
378 Gs).

Figure 4 presents the morphological aspects observed for the MCF-7 cell line subjected
to different experimental conditions: (A) standard conditions (37 ◦C); (B) laboratory condi-
tions (at room temperature of ~25–27 ◦C); (C) exposure to a magnetic field. In analyzing
Figure 4, it can be easily stated by comparison with the cells maintained in standard condi-
tions that (A), the cells exposed to the magnetic field (C) did not show significant alterations
at the morphological level, as cells did at room temperature (laboratory conditions).

In magnetic hyperthermia the admissible upper biological limit of H × f = 5 × 109

A/mHz [37], where H is the amplitude of the magnetic field and f is its frequency, was previ-
ously reported. However, in our case and under the conditions established by us, this limit
was far exceeded for MCF-7 breast cancer cells, reaching a value of over ~9.5 × 109 Am−1Hz,
approximately double the value as in the case of the 378 field Gs. This is a very important
experimental result obtained in our case because the field can be increased above the previ-
ously known limit (H × f = 5 × 109 Am−1Hz); this leads to the increase in the effectiveness
of magnetic hyperthermia in this case, and to a reduction in the therapy duration (to avoid
possible cytotoxicity), with overall beneficial effects for this therapy.
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Furthermore, an increase in the magnetic field to a value that is twice as high as the
value given by the admissible biological limit known until now, is very important for
magnetic hyperthermia because it can lead to a significant decrease in the concentration of
magnetic nanoparticles used to obtain the same hyperthermic effect on cell tumors (reaching
a temperature of 43 ◦C that is necessary in magnetic hyperthermia). At the same time, a
significant decrease in the concentration of nanoparticles in magnetic hyperthermia has a
very beneficial effect on reducing or even eliminating cytotoxicity at low concentrations.

In summary, we can say that the use of the magnetic field with a frequency of 312.2 kHz
and an amplitude in the range of 160–378 Gs in magnetic hyperthermia experiments in vitro
is not cytotoxic for MCF-7 tumor cells.

3.3.2. SPMHT with Fe3O4-PAA–(HP-γ-CDs) Nanobioconjugates on MCF-7 Cancer Cells

SPMHT on MCF-7 tumor cells using Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates
was tested in vitro for the concentrations of 1, 5 and 10 mg/mL (mass (in mg) of Fe3O4
ferrite nanoparticles from Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates dispersed in 1 mL of
culture medium), using the specialized professional equipment for magnetic hyperthermia
from Figure 5, in adiabatic conditions. The cell culture in this case was very well thermally
isolated from the external environment. Thus, the cell culture could be maintained at
a constant temperature of 42.9 ◦C for the entire 30 min. of the magnetic hyperthermia
experiment.

Figure 5. The experimental equipment for testing SPMHT in adiabatic conditions.

Furthermore, performing the experiment in cell suspension and not on 2D surface
culture plates may have provided features that were closer to simulating real conditions
encountered under in vivo experiments, such us animal models. Thus, the results of the
experiments may provide more reliable data [35].

The experimental curves recorded during the SPMHT experiments for the three con-
centrations are shown in Figure 6.
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Figure 6. Curves for magnetic field amplitude (blue), therapy temperature T1 (red) and room
temperature T2 (green) for concentrations of (a) 1, (b) 5 and (c) 10 mg/mL.

The red curve shows the temperature obtained in magnetic hyperthermia, which
was constant at 42.9 ± 0.1 ◦C throughout the duration of the 30 min. experiments for
concentrations of 1 (Figure 6a), 5 (Figure 6b) and 10 mg/mL (Figure 6c). The green
curve shows the room temperature during the experiments. The blue curve shows the
magnetic fields during the three experiments, electronically maintained during the 30
min. of therapy so that the therapy temperature (42.9 ◦C) did not change (red curves in
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Figure 6). At the beginning, the magnetic field had a higher value that initiated a rapid
increase in temperature, after which it quickly dropped to the corresponding value from
the experiment, and then remained approximately constant throughout the therapy.

The experimental curves in Figure 6 demonstrate that in all three cases, the temperature
required for therapy T1 (red curves) was kept constant at the treatment value of 42.9 ± 0.1 ◦C
for the entire 30 min. therapy, through rigorous and precise (electronic) control of the
amplitude of the applied magnetic field (blue curves).

At the same time, the temperature of the environment T2 (green curves) around
the inductor coil where the cells were subjected to magnetic hyperthermia remained
unchanged, and at a level much lower than the therapy temperature for the entire duration
in the experiment; this showed that hyperthermia could effectively be applied to the cells.

The values of the magnetic field in the experiments depended on the concentrations of
the magnetic nanoparticles used (1 mg/mL, 5 mg/mL and 10 mg/mL). Thus, the amplitude
of the magnetic field increased when the concentration decreased. Its values are given in
Table 2.

Table 2. The values of the magnetic field used in therapy depending on the concentration of ferri-
magnetic nanoparticles in the samples.

Concentration of Fe3O4 nanoparticles (mg/mL) 1 5 10

Magnetic field amplitude (Gs) 378 200 160

However, the speed required to increase the therapy temperature (red curve) to the
value corresponding to SPMHT used in our experiments varied, depending on the con-
centration of the magnetic nanoparticles in the nanobioconjugates (Figure 7). Thus, in the
case of the more diluted sample of 1 mg/mL, the temperature reached that corresponding
to magnetic hyperthermia in a longer time (20 min.) compared to the more concentrated
samples, where the times were much reduced (80 s) (Table 3).

Figure 7. Temperature increase over time from room temperature to that corresponding to SPMHT in
the cases of magnetic nanoparticle concentrations of (I) 1, (II) 5 and (III) 10 mg/mL.

Table 3. Times necessary to reach the therapy temperature of 42.9 ◦C, depending on the concentrations
of samples.

Sample concentration (mg/mL) 1 5 10

Duration to reach the therapy temperature 42.9 ◦C (s) 1200 150 80

All samples with different concentrations were maintained for 30 min. (therapy
duration) under identical conditions in the alternating magnetic field with a frequency of
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312.2 kHz and amplitudes of 160 (12.73), 200 (15.92) and 378 Gs (30.08 kA/m) (Figure 6
and Table 2), in adiabatic conditions (Figure 5). Then, they were analyzed from the point of
view of cell viability to see the hyperthermic effect obtained by SPMHT on MCF-7 breast
cancer cells. This assessment was performed using the Alamar Blue calorimetric test (see
next section).

3.4. Cell Viability Assessment of MCF-7 Cells after SPMHT Therapy via Alamar Blue Test

A summary of the experimental results obtained after the application of SPMHT
with Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates in vitro on MCF-7 breast cancer cells is
shown in Figure 8. The results obtained regarding the viability of breast cancer cells after
hyperthermic therapy (temperature of 42.9 ◦C for 30 min.) show an important decrease
in MCF-7 cell populations for all three test concentrations (1, 5 and 10 mg/mL); the
viability of the cells showed percentages between ~5–10%, when compared to the control
value (100%) recorded under standard conditions. The highest decrease in cell viability
was obtained when the higher concentration of magnetic nanoparticles (10 mg/mL) was
applied, revealing that a more intense effect of MCF-7 cell death could be obtained when
high concentrations of magnetic nanoparticles are used. Moreover, the IC50 parameter
showed a good value of 0.06288 mg/mL for the magnetic nanoparticles (Figure S1).

Figure 8. Cell viability percentages of MCF-7 human adenocarcinoma cell lines exposed to different
concentrations of Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates under SPMHT conditions (temperature
of 42.9 ◦C for 30 min.) at 24 h post-stimulation. The viability percentages were normalized to control
cells (cells treated only with culture medium and maintained under standard conditions (37 ◦C)).
Data are represented as mean values ± standard deviations (SDs). One-way ANOVA analysis was
applied to determine the statistical differences followed by Tukey’s post-test (**** p < 0.0001).

The values of the viability percentages of MCF-7 human adenocarcinoma cells treated
with Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates under SPMHT for 30 min. are presented
in Table 4.

Table 4. Data of the cell viability percentages induced by magnetic suspensions under standard
conditions (ST) and superparamagnetic hyperthermia (SPMHT) on the human breast adenocarcinoma
cell line (MCF-7).

Sample/
Concentration

Cell Viability (%) of MCF-7
Cells under Standard
Conditions (ST: 37 ◦C)

Cell Viability (%) of MCF-7
Cells after SPMHT

(42.9 ◦C, 30 min)

Fe3O4-PAA–(HP−γ-CDs)/
1 mg/mL 100 ± 0.80 11.32 ± 0.91

Fe3O4-PAA–(HP−γ-CDs)/
5 mg/mL 100 ± 1.02 9.09 ± 0.68

Fe3O4-PAA–(HP−γ-CDs)/
10 mg/mL 100 ± 1.40 4.89 ± 0.45
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As presented in Table 4, the viability of the MCF-7 cell population was significantly
affected after exposure to SPMHT for all three concentrations (1, 5 and 10 mg/mL) of the
Fe3O4-PAA−(HP-γ-CDs) nanobioconjugates. The data revealed that the Fe3O4-PAA−(HP-
γ-CDs) sample induced by SPMHT had a viability of only 4.89 ± 0.45% when a concentra-
tion of 10 mg/mL was applied.

The results obtained in the current study are more promising compared to those
recently obtained by Salimi et al. [38], which revealed that post-magnetic hyperthermia
(magnetic field parameters: f = 300 kHz and H = 12 kA/m), the cell viability of MCF-7 breast
cancer cells was 36.7% after 24 h. However, Salimi et al. used G4@IONPs nanoparticles
(fourth generation of polyamidoamine dendrimer-coated iron oxide nanoparticles) ranging
in size between 10 ± 4 nm. Moreover, the concentration of nanoparticles used in the culture
medium in this case was 0.5 mg/mL, and the therapy duration was 120 min.

Another result obtained on the MCF-7 breast cancer cells that may be comparable
to the ones obtained by us in the current study when referring to the concentration of
magnetic nanoparticles of 1 mg/mL, was recently reported by Bhardwaj et al. [12]; the
study revealed that nanoparticles of Mn0.9Zn0.1Fe2O4 ferrites of size 11.3 nm covered with
lauric acid, induced a cell viability of 10% after 24 h when the concentration of nanoparticles
was 0.35 mg/mL and the treatment duration was 30 min. for magnetic field parameters of f
= 330 kHz and H = 15.3 kA/m.

All the above results show that the viability of MCF-7 cells after magnetic hyperthermia
depends on a plethora of factors, such as the type, size and concentration of nanoparticles,
the duration of treatment, and the parameters of the applied magnetic field. Therefore,
finding all of the optimal conditions for the successful application of magnetic hyperthermia
for the complete death of tumor cells with minimal side effects is an essential issue, and is
of high interest in the field of alternative cancer therapy.

When applying the external alternating magnetic field, the Fe3O4 magnetic nanoparti-
cles in the Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates heat up. The possible mechanisms
that leads to the heating of magnetic nanoparticles under magnetic field action are, in this
case, Néel–Brown magnetic relaxation [17], the nanobioconjugates being in suspension
(culture medium). However, having in view the size of the nanoparticles of ~16 nm and
the presence of the organic layer on the surface of nanoparticles [18], the rotation of the
nanobioconjugates (Brown relaxation), which also interacts with the cells in the culture
medium, is very limited or even blocked [17]. Thus, in this case, the Néel magnetic re-
laxation mechanism prevails (the rotation of the magnetic moments inside the magnetic
nanoparticles), which leads to the heating of the nanoparticles (Figure 6). The required
heating temperature in magnetic hyperthermia (42.9 ◦C) depends on the concentration of
nanobioconjugates and the magnetic field applied at the frequency of 312.2 kHz. Once
the nanoparticles are heated, the MCF-7 tumor cells located in the culture medium near
them or in contact with them, or even containing the nanoparticles, are also heated through
the thermal conduction mechanism, as a result of the good thermal conductivity of the
medium. Thus, the tumor cells become heated to the temperature of 42.9 ◦C used in
magnetic hyperthermia, which leads to cell death by apoptosis.

Regarding the possible mechanism of action of the nanoparticles within MCF-7 cells,
according to Jacob et al. [39], reactive oxygen species (ROS)-based reactions may play a key
role in apoptotic processes, which may be further correlated with mitochondrial membrane
potential impairment and caspase-3 up-regulation. Furthermore, it is also well-known
that the majority of the iron oxide nanoparticles interfere with lysosomal-related signaling
pathways [40,41].

According to the results obtained in vitro by us following the application of SPMHT
with Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates on MCF-7 human breast adenocarcinoma
cells, the following aspects can be concluded:

(i) The magnetic field parameters implemented in the present study are not cytotoxic on
the cell line (MCF-7), as the viability of this line did not decrease below 70%, the limit
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imposed by ISO standards (70%) [36]; the cellular viability in our case was very high,
even at the highest field of 378 Gs (30.08 kA/m in SI units), this being 88.68%;

(ii) The concentrations of magnetic nanoparticles used in the SPMHT experiments and
the duration of the therapy are suitable for the effective destruction of MCF-7 tumor
cells;

(iii) The Fe3O4-PAA–(HP-γCDs) sample at a concentration of 10 mg/mL can be considered
the sample with the highest in vitro impact, as this concentration induced the most
intense cytotoxic effect through SPMHT on MCF-7 human breast adenocarcinoma
cells.

The concentrations used by us in the experiment are applicable in magnetic hyper-
thermia [11,13,15,30,42–47]. Furthermore, we previously showed that concentrations up to
10 mg/mL did not produce toxicity on healthy HaCaT human keratinocytes cells [18]; there-
fore, we used in this in vitro at concentrations of 1, 5 and 10 mg/mL. These concentrations
are feasible for the future in vivo application of superparamagnetic hyperthermia, where
the concentrations of magnetite nanoparticles in dispersion with very good biocompatibility
can even reach 10–20 mg/mL [13,42,44,46,47]. Recently, an even higher concentration value
was reported, namely 112 mg/mL, of 12 nm superparamagnetic iron oxide nanoparticles
aminosilane-coated in suspension for the therapy of glioblastoma tumors, using a dose of
0.3 mL of magnetic liquid per cubic centimeter of tumor volume [15].

Regarding the bioaccumulation issue of nanoparticles in organs when SPMHT will
be tested in vivo, taking into account the approval of the use of the concentration of
iron oxide nanoparticles of 12 nm (biocompatible by aminosilane) until approximately
30 mg/mL in clinical trials for MHT [15] (three times higher than the highest dose used by
us (10 mg/mL)), we can consider that there will be no major risk of bioaccumulation of
nanoparticles in important organs above acceptable toxicity limits.

However, for safety we will consider such evaluations in the future (bioaccumulation
of nanoparticles in different organs after nanoparticles injection and superparamagnetic
hyperthermia (hepatotoxicity, nephrotoxicity, etc.)) when we conduct in vivo studies.

In summary, by applying SPMHT with Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates
with a concentration of 1, 5 and 10 mg/mL, a high efficacy on the death of MCF-7 breast
cancer cells was obtained; the percentages of cancer cells dying were very high in these
cases, 88.68, 90.91 and 95.11%, respectively, obtaining an IC50 value of 62.88 ± 1 µg/mL.

Considering the efficacy obtained for the destruction of tumor cells, after the applica-
tion of SPMHT with Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates, it is important to know
what the efficiency is for magnetic hyperthermia with this nanobiomaterial, by determining
the intrinsic loss power (ILP) indicator for our nanoparticles, independent of the applied
magnetic field. Thus, using the specific loss power (SLP) presented in reference [18], we
numerically evaluated its value in the case of our 10 mg/mL sample for the value of a mag-
netic field amplitude H of 12.73 kA/m and a frequency f of 312.2 kHz, used in the in vitro
SPMHT experiment, and found a SLP of 72.2 W/g. By normalizing SLP (SLP/H2 f), we
determined the value of the ILP indicator of 1.43 nH ·m2/kg, which indicates that our sam-
ple is a very good thermal mediator to efficiently obtain superparamagnetic hyperthermia
under the given conditions.

Comparatively, for the bionized nanoferrite (BNF®) commercial nanoparticles pre-
pared via the core-shell method with a core of Fe3O4 and a shell of dextran or hydroxyethyl
starch, having a nanoparticle size of 14 nm (close to that of our sample (16 nm)), and for a
magnetic field of 9.5 kA/m and a frequency of 614.4 kHz, an ILP of 0.25 nH·m2/kg was
obtained [48]. This value is significantly lower than the one obtained in the case of our
sample (1.43 nH·m2/kg).

However, in the same magnetic field conditions (9.5 kA/m and 614.4 kHz), Darwish
et al. [48] reported for ILP a value of 3.8 nH·m2/kg for core-shell nanoparticles of magne-
sium iron oxide@tetramethyl ammonium hydroxide (MgIONPs@TMAH), having a size of
15 nm. Moreover, Nishimoto et al. [49] reported an ILP value of ~2 and ~4 for commercial
Resovist® and MEADM-033-02 nanoparticles, which are γ-Fe2O3 nanoparticles coated with
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carboxydextran and carboxymethyl-diethylaminoethyl dextran, respectively, having a size
of 5-6 nm and a concentration of 2 mg-Fe/mL, for a magnetic field of 4 kA/m and 100 kHz.

However, Kandasamy et al. [50] recently showed that in the case of 10 nm nanoparticles
of 34DABA-coated SPIOs dispersed in aqueous medium (SPIOs is Fe3O4, and 34DABA is
3,4-diaminobenzoic acid), there is a dependence of ILP on the concentration of nanoparticles
and the applied magnetic field (H and f). The authors showed that the ILP decreased
when the concentration increased in the range of 0.5–8 mg/mL, this being attributed to
the formation of nanoparticle agglomerates that influenced the magnetic relaxation and
decreased the thermal effect; e.g., for 8 mg/mL, the ILP was 0.9 nH m2/kg, and for 1
mg/mL, the ILP was 1.7 nH m2/kg, under the same magnetic field conditions (10.39 kA/m
and 330.3 kHz).

4. Conclusions

The use of SPMHT therapy with Fe3O4-PAA–(HP-γ-CDs) nanobioconjugates, having a
mean Fe3O4 nanoparticle diameter of ~16 nm and a mean nanobioconjugate hydrodynamic
diameter of ~20 nm, led to the death of MCF-7 breast cancer cells at a high percentage of
95.11% (cell viability of 4.89%) compared to standard conditions 24 h after treatment. The
therapy was carried out for 30 min. at a temperature of 42.9 ◦C in a harmonic alternating
magnetic field with a frequency of 312.2 kHz and an amplitude of 160 Gs (12.73 kA/m),
at a concentration of 10 mg/mL of magnetic nanoparticles from nanobioconjugates of
Fe3O4-PAA–(HP-γ-CDs) suspended in the culture medium.

The very good results obtained in our therapy are due to the optimal experimental
conditions used for SPMHT and established by us: the optimal size of the Fe3O4 nanoparti-
cles; the concentration of magnetic nanoparticles; the use of HP-γ-CDs without toxicity to
cover the Fe3O4 magnetic nanoparticles and with a very small thickness; the amplitude
and frequency of the magnetic field; and the optimal duration of therapy (without damage
to healthy cells).

The percentage of dead cancer cells decreased slightly with a decrease in the concentra-
tion of magnetic nanoparticles from nanobioconjugates at 5 mg/mL and 1 mg/mL, namely
90.91 (viability of 9.09%) and 88.68% (viability of 11.32%), respectively, with the percentages
remaining at high levels. However, in these two cases, the anticancer therapy remained as
effective as with the concentration of 10 mg/mL by repeating the therapy session, or even
increasing the duration of the therapy to more than 30 min..

Furthermore, through our in vitro study regarding the safe use of the magnetic field on
MCF-7 cells, we showed that the maximum admissible biological limit could be extended to
a significantly higher value of ~9.5 × 109 A/m Hz, that is approximately double the value
than the one known until now (5 × 109 A/m Hz). This result is very important for the safe
practical implementation of SPMHT in vitro and in vivo, which allows the concentration of
nanoparticles used to be greatly reduced in magnetic hyperthermia, with a beneficial effect
on reducing cytotoxicity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15041145/s1, Figure S1: Schematic representation
of IC50 parameter using GraphPad Prism software, version 9.3.
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Abstract: This study was performed to synthesize multimodal radiopharmaceutical designed for the
diagnosis and treatment of prostate cancer. To achieve this goal, superparamagnetic iron oxide (SPIO)
nanoparticles were used as a platform for targeting molecule (PSMA-617) and for complexation of
two scandium radionuclides, 44Sc for PET imaging and 47Sc for radionuclide therapy. TEM and
XPS images showed that the Fe3O4 NPs have a uniform cubic shape and a size from 38 to 50 nm.
The Fe3O4 core are surrounded by SiO2 and an organic layer. The saturation magnetization of the
SPION core was 60 emu/g. However, coating the SPIONs with silica and polyglycerol reduces the
magnetization significantly. The obtained bioconjugates were labeled with 44Sc and 47Sc, with a
yield higher than 97%. The radiobioconjugate exhibited high affinity and cytotoxicity toward the
human prostate cancer LNCaP (PSMA+) cell line, much higher than for PC-3 (PSMA-) cells. High
cytotoxicity of the radiobioconjugate was confirmed by radiotoxicity studies on LNCaP 3D spheroids.
In addition, the magnetic properties of the radiobioconjugate should allow for its use in guide drug
delivery driven by magnetic field gradient.

Keywords: SPION; multimodal nanoparticles; PET diagnosis; MRI; 44/47Sc; PSMA-617; prostate cancer

1. Introduction

In nuclear medicine, nanoparticles (NPs) with magnetic properties can be used for
imaging, diagnosis, treatment, and separation of biological materials [1]. Initial studies on
patients with magnetically controlled drug targeting were reported by Lübbe et al. The
authors stated that 0.5–0.8 T magnetic field intensity is sufficient to direct iron nanoparticles
to tumors near the surface [2]. It is also possible to target drugs to diseased tissue by
loading drug molecules on magnetic particles. Magnetic nanoparticles (MNPs) can also be
labeled with radionuclides, which enables them to be used in radiopharmacy. MNPs may
be advantageous in alpha radionuclide therapy to retain 225Ac and its daughter products
at a target site. Cedrowska et al. reported that radiolabeled iron oxide nanoparticles with
Ac-225 and modified with CEPA-Tmab were proposed for a combination of magnetic
hyperthermia and radionuclide therapy [3]. In another publication 223Ra-doped BaFe
nanoparticles were presented as candidates for multimodal drug combining localized
magnetic hyperthermia with internal α-therapy [4]. Magnetic nanoparticles labeled also
with β− emitters (188Re, 198Au, 90Y, and 131I) and Auger electron emitters (111In and 125I)
were also investigated, some of them in preclinical studies [5–9].

MNPs in medicine can be classified as therapeutic (hyperthermia and drug target-
ing) and diagnostic (NMR imaging) agents. Shape and size, biocompatibility, and sta-
bility of nanoparticles are parameters to be considered. Silica coating prevents magnetic
nanoparticles from aggregating uncontrollably and oxidizing over time. TEOS (tetraethyl
orthosilicate) is one of the most commonly used methods although there are different
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coating methods [10]. The silica layer stabilizes the MNP core by sustaining magnetic
dipole interactions. In medical applications, MNPs can be coated with a biocompatible
polymer to increase stability and bioavailability [11] or coated with antibody for biomarker
immobilization [12]. Among others, MNPs modified with hyperbranched polyglycerol
(HPG) have attracted much attention for years [1–11,13–15]. Having three-dimensional
structures and numerous internal and external functional groups, these compounds can
serve as remarkable hosts for metal complexes, enzymes, and biomaterials. HPG has many
reactive functional groups that can be converted to other functional groups. In addition,
HPG-modified MNPs have been used in various applications such as magnetic resonance
imaging (MRI), drug delivery, and catalysis [16].

In our work, we designed a multifunctional agent combining PET and MRI imaging
and radionuclide therapy using SPION nanoparticles as a platform [12]. A prostate-specific
membrane antigen (PSMA) molecule is implemented for targeting, while a DOTA chelator
incorporated into the PSMA-617 structure is used to complex two scandium radionuclides
44Sc for PET diagnosis and 47Sc for therapy.

The PSMA small molecule is an antagonist with a very high affinity to specific mem-
brane antigens expressed in aggressive prostate cancer. Due to the high resistance of this
tumor, it is recommended to use several therapeutic methods, e.g., chemo- and radio-
therapy during treatment. The second therapeutic method planned for use is magnetic
hyperthermia. The therapeutic effect obtained results from the impact of β-radiation emit-
ted by 47Sc radiation, as well as from local hyperthermia—heating of cancer cells to a
temperature above 42 ◦C, induced by fast oscillations of SPIONs in an external alternating
magnetic field. Covalent binding of vector molecules (PSMA) for further radiolabeling in
the final step of synthetic processes to the SPIONs provides a precise, targeted delivery of
obtained radiobioconjugate only to the selected tumor cells overexpressing PSMA receptors,
while the external alternating magnetic field causing an increase temperature multiplies
the therapeutic effect.

It is well known that prostate cancer can spread to any part of the body, but metastatic
sites are most commonly directed to the bones [17]. Nuclear medicine aims to treat bone
metastases with [153Sm]Sm-EDTMP or [177Lu]Lu-EDTMP, while [99mTc]Tc-MDP is mainly
used in the imaging of bone metastases [18]. Phosphate derivatives such as EDTMP and
DPAPA may be suitable targeting agents for theragnostics, where imaging and treatment
with the same agent are used together. In this work, we added to HPG-modified MNPs
two phosphonate derivatives, EDTMP or DPAPA, for targeting of prostate cancer and its
metastases. With PSMA-617, we present a compound that, in addition to a PSMA inhibitor
as a target vector, also contains a bisphosphonate that is established as a bone tracer and,
thus, combines the advantages of PSMA targeting and bone targeting.

Additionally, due to their superparamagnetic behavior, radionuclide labeled SPIONs
bioconjugates can be guided and retained exclusively in the tumor tissue with help of
an external constant magnetic field. Their accumulation in this tissue can be followed by
functional NMR and positron emission tomography (PET). Thus, we proposed a promising
radionuclide therapy and imaging tool as an “all-in-one” approach.

2. Materials and Methods
2.1. Reagents and Instruments

Iron(III) acetylacetonate [Fe(acac)3; Fe(C5H7O2)3; 97%], decanoic acid [CH3(CH2)8COOH;
98%], benzyl ether [(C6H5CH2)2O; 98%], tetraethyl orthosilicate [TEOS; (C2H5O)4Si; for syn-
thesis], potassium methylate (CH3OK; for synthesis), anhydrous methanol (CH3OH; 99.8%),
glycidol (C3H6O2; 96%), ethylenediamine (NH2CH2CH2NH2; absolute, ≥99.5%), sodium
cyanoborohydride (NaBH3CN; reagent grade, 95%), N-ethyl-N′-(3-dimethylaminopropyl)
carbodiimide hydrochloride [E.D.C.; C8H17N3 hydrochloric acid (HCl) Bio extra], N-hydroxy
succinimide (C4H5NO3; 98%), 3-(4,5-dimethylthiazol-2-yl)-2–5-diphenyltetrazolium bro-
mide (MTT; 98%), dimethyl sulfoxide (DMSO), and trifluoroacetic acid [TFA; CF3COOH;
high-performance liquid chromatography (HPLC), 99%] were obtained from Sigma-Aldrich
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(Taufkirchen, Germany). Acetonitrile (HPLC grade) was purchased from Carlo Erba
Reagents (Barcelona, Spain). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), penicillin/streptomycin solution, RPMI-1640, L-glutamine, trypsin-EDTA,
nonessential amino acids, sodium pyruvate, and phosphate-buffered saline (PBS) were ac-
quired from Biowest (Nuaillé, France). Muse® Annexin V and Dead Cell Kit and Instrument
Cleaning Fluid were purchased from Luminex (Northbrook, IL, USA). HCl (37%), phos-
phoric acid, and sodium hydroxide were supplied by Merck KGaA (Darmstadt, Germany).
Deionized water was processed in a Milli-Q water purification system.

PC-3 [PSMA (−) human prostate derived from the metastatic part of the bone] and
LNCaP [PSMA (+) prostate derived from the metastatic site left supraclavicular lymph
node] cells were supplied by the American Type Culture Collection (ATCC; Manassas,
VA, USA). These cells were obtained from the ATCC using the authors’ previous project
resources for academic studies in the cell culture laboratory of the Ege University Institute
of Nuclear Sciences.

The following reagents were also used: hydrochloric acid 35–38%, analytical pure,
Chempur, Poland; ammonium acetate, analytical pure, Chempur, Poland; ammonia so-
lution 25%, analytical pure, Chempur, Poland; human serum, Sigma-Aldrich, USA; Dul-
becco’s PBS, Biological Industries, Israel; calcium carbonate 4.3% 46Ca, Isoflex, USA; calcium
carbonate, 99.999%, Alfa Aesar, USA; syringe filter 0.2 µm, PTFE Whatman, Great Britain;
cation-exchange resin Dowex 50WX4, mesh 100–200, H+, Fluka Analytical, USA.

The following materials were used: growing media—DMEM (PC-3) and RPMI 1640
(LNCaP); trypsin EDTA solution C; water, cell culture grade; phosphate-buffered saline
(PBS); fetal calf serum from Biological Industries (Beth Haemek, Israel). For cytotoxicity
evaluation, CellTiter96® AQueous One Solution Reagent (MTS compound) from Promega
(Mannheim, Germany) was used. LNCaP and PC-3 cells were obtained from the American
Type Tissue Culture Collection (ATCC, Rockville, MD, USA) and cultured according to
the ATCC protocol. For experimental applications, over 80% confluent cells were used.
Blocking the PSMA receptors was accomplished with PSMA-617, obtained from Selleck
Chemicals L.L.C., Houston, TX USA.

The following equipment was used: HPLC SPD-10AV ultraviolet–visible (UV–vis)
and AD2 detector systems with an LC-10Atvp pump (Shimadzu, Kyoto, Japan), Inertsil
ODS-3 C-18 4.6 × 250 mm HPLC 5 µm column (G.L. Sciences, Inc., Tokyo, Japan), SIL-20A
HT automatic sampler (Shimadzu), Varioskan Flash multimode microplate reader (Thermo
Fisher Scientific, Darmstadt, Germany), AR-2000 radioTLC (thin-layer radiochromatog-
raphy) imaging scanner (Eckert & Ziegler, Berlin, Germany), Packard Tricorb-1200 liquid
scintillation counter (Meriden, CT, USA), Malvern Zetasizer Nano ZS dynamic light scatter-
ing (D.L.S.; Malvern Panalytical, Malvern, U.K.), Millipore Muse Dead Cell Analyzer Flow
Cytometry inverted microscope (Leica Microsystems, Wetzlar, Germany), and Spectrum
Two I.R. spectrophotometer (attenuated total reflection; Perkin-Elmer, Boston, MA, USA).
The Ege University Central Research Laboratory supplied the following analyses: X-ray
photoelectron spectroscopy (XPS) analysis was conducted with the K-Alpha XPS System
(Thermo Fisher Scientific, U.K.). The scanning probe microscopy (S.P.M.) image was taken
using a Bruker Dimension Edge with ScanAsyst System (Billerica, MA, USA). Scanning
electron microscopy (SEM) images were taken with a Thermo Scientific Apreo S device at
the Ege University Central Research Laboratory and the SEM Zeiss EVO LS10 (Carl Zeiss
Microscopy GmbH, Germany) at the Konya Selçuk University Advanced Research Center
(Iltek). 1H-NMR, 13C-NMR, and 31P-NMR spectra of DPAPA were performed with the
400 MHz operating frequency liquid MERCURY plus-AS 400 model NMR spectrometer in
the Nuclear Magnetic Resonance Laboratory of Ege University Faculty of Science. Transmis-
sion electron microscopy (TEM) measurements were made with a JEOL-2100 Multipurpose
200 kV TEM (Tokyo, Japan) at the Advanced Research and Application Center of Konya
Selçuk University (Konya, Turkey). Vibrating sample magnetometer (V.S.M.) measurements
were conducted at the Dokuz Eylül University Center for Fabrication and Application
of Electronic Materials using Dexing Magnet VSM 550 devices, ICP-MS analyses were
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performed the Agilent Technologies 7800 Series device, C.A., United States in Izmir Katip
Çelebi University Central Research Laboratory (MERLAB).

2.2. Cubic Fe3O4 (C-Fe3O4) NP Synthesis

Fe3O4 nanocubes were prepared according to the procedure described by Martinez-
Boubeta et al. [19] involving heating a solution of Fe(acac)3, decanoic acid, and dibenzyl
ether. This method is performed by the discriminant separation of nucleation and growth
stages caused by the intermediate formation of the iron(III) decanoate complex, as discussed
previously [19].

2.3. Silica and HPG Coating of C-Fe3O4 NPs and Ethylenediamine Coupling

Silica coating of C-Fe3O4 NPs was performed using the procedure described previ-
ously [20]. The HPG coating was applied according to the method proposed by Sadri
et al. [21]. The synthesis path of ethylenediamine coupling with Fe3O4–SiO2–HPG in the
literature was realized with modifications [22].

2.4. Synthesis of DPAPA and Conjugation with Fe3O4–SiO2–HPG–NH2

DPAPA was synthesized using a modified Mannich-type reaction according to the
method given in the literature described for EDTMP [23] (Figure 1). Synthesized cubic
MNPs were conjugated with DPAPA using the EDC/(N-(3-dimethyl aminopropyl)-N′-ethyl
carbodiimide hydrochloride/N-hydroxy succinimide (NHS) conjugation method [20].
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2.5. Production of 44/47Sc
44Sc: CaCO3 (88.87 mg, 99.999% purity) target material was pressed into a 6 mm disc,

supported on graphite. The target was irradiated by 16 MeV proton with 14 µA current on
GE-PET trace 840 cyclotron at Heavy Ions Laboratory, Warsaw University. The irradiation
was carried out for 100 min.

47Sc: 47Sc was produced in 46Ca(n,γ)47Ca→47Sc reaction in Nuclear Reactor—Maria
in Świerk (Otwock, Poland). Then, 5 mg of CaCO3 (4.3% 46Ca) was irradiated for 120 h
with 1014 n/cm2s thermal neutron flux. After irradiation, the target was cooled for 5 days
to reach the maximum activity of 47Sc produced from 47Ca decay. Then, 5 days after the
irradiation, 90 MBq of 47Sc was produced from 47Ca decay.
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2.6. Separation Procedure

For the separation of 44/47Sc from the target material, a two-step method based on
microfiltration [24] and cation exchange on Dowex resin was used [25]. First, the irradiated
target was dissolved in 1 M HCl, and then the solution was alkalized with the ammonia
solution (25%) to pH ~11. In these conditions, Sc compounds were trapped on 0.22 µm
porous microfilters. The loss of radionuclides after this process was no higher than 10%.
For the removal of Ca tracers, the microfilter was washed with 5 mL of deionized water.
After that, scandium cations were removed from filters with 2 mL of 1 M HCl with an
efficiency of 84.6% ± 0.75% and a 200 mg load of Dowex 50WX4 cation exchange resin. The
bed was washed with 5 mL of water for removal of residual HCl with almost no loss of the
activity. Elution of Sc from DOWEX resin was performed with 0.4 M ammonium acetate
buffer, pH 4.5, 0.5 mL/min flow and the eluent was collected with 0.5 mL fractions.

2.7. Radiolabeling with 44/47Sc

After the separation process, 44/47Sc was in 0.4 M ammonium acetate buffer, pH 4.5,
which is a suitable environment for labeling of DOTA chelator. Then, 1 mL of nanoparticles
(41 mg of NP) were centrifuged 4500 rpm for 5 min. After that, supernatants were removed
and replaced with 100 µL of 1 M ammonium acetate buffer. Next, 30 MBq of 44Sc or 47Sc in
ammonium acetate buffer were added to EDTMP-PSMA NCs or DPAPA-PSMA NCs and
incubated for 30 min at 95 ◦C. After incubation, the samples were centrifuged to remove
the unbound 44/47Sc from the nanoparticles and their activities were measured. In every
case, the efficiency of labeling was higher than 97%.

2.8. Stability Tests of 44/47Sc

Stability tests were performed for EDTMP PSMA NPs and EDTMP PSMA NPs labeled
with 44Sc. After labeling, NPs were purified from nonattached scandium and divided onto
two parts. Stability of bonding between Sc and NPs was checked in 500 µL of human
serum (HS) or phosphate-buffered saline (PBS). Samples were incubated at 37 ◦C, and the
stability was checked after 1, 2, 3, 4, and 24 h. After incubation at 37 ◦C nanoparticles were
centrifuged, and the activity was measured.

2.9. In Vitro Studies

The PC-3 (PSMA−) and LNCaP (PSMA+) prostate cancer cell lines were used for cell
culture studies. These cells were obtained from the American Type Culture Collection
(ATCC) (USA) using our previous project resources for academic studies at Ege University
Institute of Nuclear Sciences Cell culture laboratory. PC-3 was grown in medium consisting
of Dulbecco’s modified Eagle’s medium (DMEM) and 10% fetal bovine serum (FBS). LNCaP
was grown in medium consisting of Roswell Park Memorial Institute RPMI-1640 medium
and 10% fetal bovine serum (FBS). Cells were incubated in 5% CO2 and 37 ◦C. The medium
was changed every 2 days, and fresh medium was added. After the cells proliferated to
cover 80% of the flasks, they were separated from the flask with 0.25% (W/V) trypsin-EDTA
solution and planted in 96-well plates for cytotoxicity studies. Cells not used in the study
were placed in media containing 5% DMSO, first frozen at−80 ◦C, and then stored in liquid
nitrogen at below 198 ◦C, where they were stockpiled for further studies. All cell culture
studies were performed in 6 replicates (n = 6).

2.9.1. Cell Binding of 44Sc-Labeled Bioconjugates
44Sc: Receptor binding affinity of synthesized bioconjugates was determined with

LNCaP cells overexpressing PSMA receptors, as well as with PC-3 cells (PSMA-negative)
used as control. Two days before the experiment, cells (8 × 105 LNCaP and 5 × 105 PC-3
cells, respectively) were seeded into six-well plates and incubated in 37 ◦C with 5% CO2
atmosphere. Subsequently, prior tested compounds were added, and the cells were washed
once with PBS. Next, 1 mL of various concentrations (0.06–2.0 nM) of bioconjugates labeled
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with 44Sc (25–30 MBq) suspended in a growing medium were added and incubated for 2 h
with slight shaking. Then, the medium was aspirated, and cells were rinsed with PBS twice
to remove unbound fraction. In the last step, the cells (bound fraction) were lysed twice
with 1 M NaOH, and all fractions were measured using a Wizard2 Detector Gamma Counter
(Perkin Elmer, Waltham, MA, USA). For evaluation of nonspecific binding, PSMA receptors
were blocked with 2000 M excess of nonconjugated PSMA. To calculate the specific binding,
the difference between total and nonspecific binding was quantified. Presented results
(mean with SD) contain the data from two individual experiments, wherein each sample
was repeated twice.

2.9.2. MTT Assay

Cytotoxicity tests were performed using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide) method. The MTT test is based on the conversion of
MTT into formazan crystals by living cells, which determines mitochondrial activity [18].
Because total mitochondrial activity correlates with the number of viable cells for most
cell populations, this assay is widely used to measure the in vitro cytotoxic effects of
drugs on cell lines or primary patient cells. Cells were prepared from cell suspensions at
5 × 104 cells/mL per well of 96-well plates. Then, 100 µL of cell suspension was added to
each well created, and a solution containing the sterile substance at six different (1, 3, 10,
30, 100, and 300 µg/mL) concentrations was added to the wells except the control. Cells
and the reagent-free medium were used as a negative control. In the study, each parameter
was studied with n = 5 repetitions. The plate with the cells was incubated at 37 ◦C in 5%
CO2. At the 24th, 48th and 72nd hours of cell incubation (PC-3 or LNCaP), 10 µL of MTT
solution was added to each well and incubated for 4 h. Next, after 4 h of incubation, instead
of removing MTT, 100 µL of SDS (sodium dodecyl sulfate) was added and incubated at
37 ◦C for 24 h in a 5% CO2 environment. Cells were read using a spectrophotometer for the
absorbance value of each well at a wavelength of 540 nm and a reference range of 690 nm.

2.9.3. MTS Assay

Cytotoxicity studies with 47Sc were performed with MTS assay according to the
previously reported protocol [5]. LNCaP (10 × 103) and PC-3 (7.5 × 103) cells were seeded
into 96-well plates 48 h before treatment and incubated in 37 ◦C with 5% CO2-supplemented
atmosphere. Subsequently, the medium was replaced with tested compounds labeled with
47Sc and suspended in a growing medium. Cells were incubated with nanoparticles for
48 h and 72 h. Following incubation, the medium was removed, and fresh medium was
added. Lastly, 20 µL of CellTiter96®AQueous One Solution Reagent (Promega, MDN,
USA) was added for 2 h incubation. Absorbance was measured at 490 nm to calculate the
percentage of metabolically active cells. IC50 was calculated using GraphPad Prism v.8
Software (GraphPad Software, San Diego, CA, USA).

2.9.4. 3D Cell Culture Studies

The “Hanging Drop Model” was used for 3D cell culture using with the LNCaP
(PSMA+) and PC-3 (PSMA−) prostate cancer cell lines. LNCaP cells were amplified in
a medium consisting of Roswell Park Memorial Institute RPMI-1640 medium and 10%
fetal bovine serum (FBS), while PC-3 cells were derived from Dulbecco′s modified Eagle′s
medium (DMEM) and 10% fetal bovine serum (FBS). Cells were incubated in 5% CO2 and
37 ◦C. The medium was changed every 2 days, and fresh medium was added. After the
cells proliferated to cover 80% of the flasks, they were separated from the flask with 0.25%
(W/V) trypsin-EDTA solution, and the confluent cell lines were first removed from the
surface for 3D cell culture. After being removed and taken into the relevant medium, the
total droplet volume was prepared as 50 µL and 50,000 cells, and 3D cell culture models
were created in the “hanging drop plate”. The medium of the drops containing the cell
population was changed every day, and spheroid formation was completed at the end
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of the 48th hour. After the spheroid was formed, fixation was performed to obtain a 3D
cell image.

The formed spheroids were transferred into the chamber slide through the relevant
medium. Then, it was washed with 200 µL of PBS, before adding 200 µL of paraformalde-
hyde and incubating at 4 ◦C for 30 min. At the end of the incubation, three washes were
performed with 200 µL of PBS at 5 min incubation intervals. Then, 200 µL of Triton X-100
was added to the cell lines and incubated for 30 min at room temperature. After this
stage, 100 µL (29 µg) of DPAPA and PSMA-DPAPA NCs, and 100 µL (4.5 µg) of EDTMP
and PSMA-EDTMP NCs were added separately for each cell line chamber; the cells were
incubated for 2 h in 5% CO2 and 37 ◦C. After 2 h, the applied substances were removed
from the medium and washed three times with PBS. Lastly, 2 µL/mL DAPI was added,
and the related cell images were taken using a fluorescent microscope with a fluorescent
microscope (Olympus BX53) 10× green filter. At the same time, cell images were taken
using “confocal microscopy 3D fluorescent imaging (Zeiss LSM880, Cambridge, UK)”.

2.9.5. MRI of PC-3 and LNCaP Cells with Nanoconjugates

MR imaging of PC-3 and LNCaP cells incorporated with C-Fe3O4 nanoconjugates was
conducted at T2 phase using a Siemens Verio 3T MRI Scanner (GmbH, Ettlingen, Germany)
equipped with a 640 mT/m ID 115 mm gradient. Nanoparticles and nanoconjugates
encoded with 1, 2, 3, and 4* were added to the LNCaP (PSMA+) and PC-3 (PSMA−)
prostate cancer cell lines.

2.10. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software version 8.0 for
Windows (GraphPad Software, San Diego, CA, USA). To evaluate whether the collected
numerical data are normally distributed to compare four unpaired groups, Kolmogorov–
Smirnov normality tests were applied. The comparison of means between separate groups
of numerical variables was performed using a one-way analysis of variance (ANOVA).
Nonlinear regression analysis was performed with the GraphPad statistical program using
the cytotoxicity (%) values. With this analysis, the IC50 (dose leading to death of 50% of the
current cell population) values on the cell lines of all applied substances were determined.

3. Results and Discussion
3.1. Synthesis and Characterization of the Nanoparticles and Nanoconjugates

PSMA-DPAPA/EDTMP NC as a magnetite base nanoconjugate was synthesized to
develop a multifunctional theranostic agent for imaging and therapy. First, cubic Fe3O4
covered with a layer of silica was synthesized. The silica coating was applied to increase
the colloidal stability and biocompatibility of core Fe3O4 NPs. HPG, as a biocompatible,
multifunctional, hyperbranched dendrimer polymer, was added to the structure to increase
the biocompatibility and stability of the nanoconjugate [16]. The obtained samples were
characterized by SEM and TEM microscopy. According to SEM and TEM images, C-Fe3O4
NPs (Figure 2a) were uniform homogeneous cubic crystal shaped with a particle size of
about 38–50 nm similar to previously reported images of cubic NPs [19]. According to SEM
images (Figure 2b) the shapes of C-Fe3O4-SiO2 NPs differ comparing to C-Fe3O4. This may
depend on the result of the silica coating. In addition, SEM images of C-Fe3O4-SiO2-HPG
samples show a polymeric structure related to HPG modification (Figure 2c).

Figure 2 shows SEM images of (a) C-Fe3O4 nanoparticles, (b) C-Fe3O4-SiO2, (c) C-
Fe3O4-SiO2-HPG, and (d) DPAPA NCs. SEM images of C-Fe3O4 NPs showed that the cubic
NPs agreed with previous reports (Figure 2a) [19]. High-density hydroxyl (–OH) groups
on the outer surface of core Fe3O4 NPs represent the main source of reactive groups for the
subsequent chemical surface. These hydroxyl groups on the surface of the nanoparticle core
are combined with the silicic acid which are formed directly from sodium silicate, which
polymerizes with the decrease in pH during the silication step. As a result, the resulting
silanol groups (Si–OH) are condensed into covalent siloxane bonds (Si–O–Si), leading to the
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formation of the silica coating layer surrounding the particle core [26]. Moreover, silicated
C-Fe3O4 nanoparticles do not aggregate easily as they exhibit higher stability compared
to uncoated nanospheres. Therefore, the surface of C-Fe3O4-SiO2 NPs differs from that of
C-Fe3O4 NPs according to SEM images (Figure 2b). SEM images of C-Fe3O4-SiO2-HPG also
show the polymeric structure of HPG on the surface (Figure 2c) since HPG is a glycerol-
derived polymer with a large molecular structure. HPG-coated NPs had wrinkled and
folded structures with polymers covering the NP surfaces in the SEM image. Similar SEM
images were obtained in studies with HPG [27]. The DPAPA NC SEM image (Figure 2d)
shows that DPAPA binds to C-Fe3O4-SiO2-HPG, forming a less porous and more planar
morphology. However, in closer images, the porous structure formed on the polymer
surface could be seen due to the structural properties of DPAPA.
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Figure 2. SEM image of obtained nanoparticles and nanoconjugates: (a) C-Fe3O4 SEM image, (b) C-
Fe3O4-SiO2 SEM image, (c) C-Fe3O4-SiO2-HPG SEM image, and (d) DPAPA NC SEM image.

Figure 3 shows the TEM images of C-Fe3O4 (A), C-Fe3O4-SiO2 (B), and C-Fe3O4-SiO2-
HPG (C), which are compatible with cubic Fe3O4 images in the literature [19]. Dark areas or
black spots seen in TEM images belong to the Fe3O4 core, whereas the colorless parts belong
to silica and HPG polymer due to their lower electron density. Iron gives a more intense
appearance compared to other phases. In addition, Fe3O4 NPs are uniformly cubic-shaped
with a size from 38 to 50 nm. TEM images showed that the Fe3O4 core is surrounded by
SiO2 and the organic phase.
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The hydrodynamic diameters, zeta potentials and PDI values of the nanoconjugates
are given in Table 1. The hydrodynamic sizes of C-Fe3O4 NPs were found to be 116
nm, in accordance with other reports [28], and they increased when the nanoparticles
were covered with layers of SiO2, HPG, and DPAPA. Hydrodynamic sizes involving the
solvent molecules around the nanoparticles are, therefore, usually measured larger than
the dimensions measured by SEM and TEM images. The size distribution of the samples is
expressed by the PDI value, where the PDI value and the size homogenization are inversely
proportional [29]. The data presented in Table 1 are consistent with the literature [30],
indicating a homogenous population of nanoconjugates.

Table 1. Hydrodynamic sizes and zeta potentials of C-Fe3O4 NPs and nanoconjugates (n = 6).

Nanoconjugate Hydrodynamic Size
(d.nm) (n = 3)

Zeta Potential (mV)
(n = 3) (pH = 7) PDI

C-Fe3O4 116 ± 7.90 −18.6 ± 0.60 0.13
C-Fe3O4-SiO2 122 ± 0.20 −21.5 ± 0.01 0.22

C-Fe3O4-SiO2-HPG 145.8 ± 3.50 −18.5 ± 0.20 0.15
DPAPA NC 221.9 ± 16.00 −24.2 ± 0.30 0.06

Zeta potentials (ζ) provide information about the charge distribution on the surface of
the nanoconjugates. In general, absolute zeta potential values above 30 mV provide good
stability and about 20 mV provide only short-term stability, which is generally considered
as a threshold value for the electrostatic stabilization; values in the range −5 mV to +5 mV
indicate fast aggregation [31,32]. We performed zeta potential measurements at three vari-
ous pH (pH = 2, pH = 7, and pH = 12), where, at pH 2 and 12 the hydrodynamic diameter
of the NPs did not show any significant changes. According to the literature data, zeta
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potential values become increasingly negative as the pH value increases [33–35]. At physi-
ological pH (pH = 7.0), the zeta potential value of the DPAPA NC was −24.2 ± 0.30 mV,
indicating threshold colloidal stability. At pH = 2, colloidal stability was lost, and zeta
potential values of nanoconjugates were +3.20± 0.40 mV and +5.40 ± 0.50 mV for C-Fe3O4-
SiO2-HPG and DPAPA NC, respectively. In addition, the C-Fe3O4-SiO2-HPG and DPAPA
NCs had a zeta potential of −29.10 ± 4.10 and −38.80 ± 3.40 mV at pH = 12, which can be
attributed to the –OH groups of HPG molecule. The obtained zeta potential values as a
function of pH confirm the presence of amine-decorated HPG on the MNP surface. For
aminated HPG-coated MNPs, the particles had higher potential because the introduction of
aminated HPG changed the interfacial properties of the particles in the solution. The long
molecule chains increased the “water solubility” of particles and protected the particles
from congregating [36].

The obtained samples were also characterized by FTIR (Figure 4). The peak observed at
wave number 550 cm−1 for C-Fe3O4 was related to Fe–O bond [37]. The peak at 1071 cm−1

belongs to the Si–O stretch band. FTIR spectra of C-Fe3O4-SiO2-HPG and C-Fe3O4-SiO2-
HPG-NH2 showed Fe–O bonds in the 530 cm−1 band. Si–O bonds at 1023 cm−1, N–H
stretch at 1455 cm−1, C=C tension at 1635 cm−1, C–H tension at 2874 cm−1, and the –OH
peak at 3338 cm−1 confirm the HPG molecular structure [38]. P–O and P=O stresses were
seen at 975 cm−1 and 1123 cm−1 in the FTIR spectra of C-Fe3O4-SiO2-HPG-NH2 and DPAPA
conjugated NPs. The N–H stretch at 1458 cm−1 and C=O stretch at 1628 cm−1 of–COOH
groups were observed, which is consistent with the literature [39]. Thus, FTIR studies
confirmed the coating of magnetite nanoparticles with a layer of silica, HPG polymers, and
DPAPA molecules.
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The magnetic properties of nanoparticles and bioconjugates were measured by an
applied magnetic field between −3000 and +3000 Gauss. The saturation magnetization
of the SPION core was 60 emu/g; however, the coating of the SPIONs with silica and
polyglycerol reduced the magnetization significantly. The saturation magnetizations were
25 and 0.1 emu/g for silica-coated magnetite nanospheres and HPG-coated nanoconju-
gates, respectively. NPs exhibited ferrimagnetic characteristics with a small coercivity
value [28,33,40]. A similar value 25 emu/g was reported previously [41] for silica-coated
magnetite NPs. Xu et al. pointed out that coating with nonmagnetic materials affected
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the magnitude of magnetization of the coated magnetic materials due to the quenching
of surface moments [42]. Because, in our studies, magnetite NPs were coated with non-
magnetic silica and HPG polymer, a similar mechanism could be considered to decrease
saturation magnetization after silica and HPG coating [28,32]. Unfortunately, the low
values of saturation magnetization do not allow the use of synthesized bioconjugates in
magnetic hyperthermia therapy.

3.2. 44Sc Radiolabeling of Nanoconjugates

The scandium radiolabeling yield was measured using a cyclotron producing 44Sc.
First, 17.76 MBq 44Sc for EDTMP-PSMA and 17.76 MBq 44Sc for DPAPA-PSMA were added
to NP’s and incubated for 30 min at 95 ◦C. After incubation, the samples were centrifuged to
remove the unbound 44Sc from the nanoparticles, and their activities were measured. The
radiolabeling efficiency for EDTMP-PSMA was found to be almost 98%. For DPAPA-PSMA,
the radiolabeling efficiency was found to be almost 97%.

3.3. Stability of the Obtained Radiobioconjugates

For stability studies, human serum (HS) and PBS solutions was used. The samples
labeled with 44Sc were incubated at 37 ◦C. After 1, 2, 3, 4, and 20 h of incubation, samples
were measured and centrifuged, and then the supernatant was removed from NPs. NPs
without supernatant were measured once more, and the stability of the connection between
NP and Sc was determined. As expected, due to the strong complexation of 44Sc by the
DOTA ligand, the stability of the radiobioconjugates was high (Table 2).

Table 2. Stability of the 44Sc labeled C-Fe3O4 NC (n = 6).

1 h 2 h 3 h 4 h 24 h

EDTMP (HS) 93.0 89.7 89.6 90.0 91.7

EDTMP (PBS) 98.9 97.4 97.3 98.3 96.0

DPAPA (HS) 95.3 94.3 92.1 92.2 84.0

DPAPA (PBS) 98.4 96.8 97.4 97.4 92.3

As expected, due to the high thermodynamic and kinetic stability of the DOTA com-
plexes, the stability of the radiobioconjugates was also high.

3.4. Cell Studies

3.4.1. Cell Binding of 44Sc-Labeled Bioconjugates

As presented in Figure 5, both tested compounds bound specifically to PSMA receptors.
The significant (p < 0.05) decrease in bound fraction confirmed this during the receptor
blocking with excess PSMA. The EDTMP- and DPAPA-based conjugates showed a similar
percentage of total bound fraction, calculated as 6.6% (EDTMP) and 5.1% (DPAPA), while
the specifically bound fraction was 4.6% and 3.1%, respectively. No binding was observed
for PSMA-negative PC-3 cells, which directly shows that synthesized conjugates were
successfully conjugated with PSMA, and their biological activity was maintained. PSMA-
617-DPAPA/EDTMP NCs are PSMA receptor-specific. Loveless et al. showed that PSMA
receptors on LNCaP cells were specifically targeted by using [44/47Sc]-PSMA-617 at a molar
activity of 10 MBq/nmol [43].
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3.4.2. MTT Assay

The percentage viabilities decreased with time in PC-3 and LNCaP cell lines (Figure 6).
PSMA-617 conjugated nanoconjugates had a less toxic effect on cells. The affinities of PSMA
and PSMA conjugated nanoparticles to LNCaP cells were relatively higher since LNCaP
cells are PSMA+ prostate cancer cells [44].
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3.4.3. MTS Assay

Neither EDTMP nor DPAPA conjugates affected the mitochondrial activity of LNCaP
and PC-3 cells (Figure 7). This agrees with our expectations, because PSMA function is
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limited to effective targeting without any therapeutic demands due to its low concentration
in bioconjugates. We chose nontoxic nanoconjugates concentration, according to the data
shown in Figure 5 (1 ng/mL). A significant decrease in survival fraction was found after
48 and 72 h incubation of 47Sc labeled radiobioconjugates in LNCaP cells (Figure 7). After
48 h, both EDTMP and DPAPA induced a ~40% decrease in metabolically active cells
regardless of the activity concentration (p ≤ 0.01). Subsequently, we found dose-dependent
cytotoxicity progression after 72 h. The EDTMP-based radiobioconjugate efficacy was
variable from 64.14%± 5.2% (p≤ 0.001) survived fraction (1.25 MBq/mL) to 35.75%± 3.2%
(20 MBq/mL; p ≤ 0.0001). DPAPA-based radiobioconjugates were slightly more cytotoxic,
and 31.22% ± 1.9% of cells remained unaffected after 72 h incubation with 20 MBq/mL of
47Sc (p ≤ 0.0001). The calculated half maximal inhibitory concentration (IC50) also showed
that DPAPA-based conjugates were more effective (IC50 = 5.3 MBq/mL) when compared
to EDTMP (IC50 = 7.1 MBq/mL). Any impact of nonradioactive and radioactive conjugates
was found for PC-3 cell line, additionally proving specific anticancer activity only against
PSMA(+) cells.
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3.4.4. Three-Dimensional (3D) Cell Culture Studies

According to data obtained during MTS assay (Figure 7) we found a slight advantage
of DPAPA-based NC over EDTMP-based NC. Taking into account the stronger effect (lower
IC50 and lower cell viability after 72 h), we decided to investigate DPAPA-based NC against
3D cell cultures. In terms of fluorescence spectra, DPAPA and DPAPA NC nanoconjugates
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presented fluorescence at 290 nm excitation and 420 nm emission wavelengths. Taking
advantage of their green fluorescence properties, these nanoconjugates were applied to the
prepared PC-3 and LNCaP 3D spheroids, and fluorescence images were obtained (Figure 8).
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Figure 8. Three-dimensional fluorescence microscope images of (a) PC-3 cells (10× objective magnifi-
cation, green filter) and (b) LNCaP cells (10× objective magnification, blue filter). The image of the
nanoconjugates applied to the PC-3 cell line in the green filter can be seen. While cell nuclei are seen
with DAPI, the intensely glowing region on the cell wall is thought to be the fluorescence feature
from our nanoconjugates.

Confocal microscopic images of PSMA-617-DPAPA NC and DPAPA NC applied to
the PC-3 cells are shown in Figures 9 and 10. In these images, PSMA-617-DPAPA NC
and DPAPA NC are green-colored because of the fluorescence property of DPAPA, while
DAPI-stained cell nuclei are seen as blue in the cell nucleus. Images are given with an
overlapping blue and red filter.
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Figure 9. Images of C-Fe3O4-SiO2-HPG-NH2-DPAPA and C-Fe3O4-SiO2-HPG-NH2-DPAPA-PSMA-
617 applied to PC-3 and LNCaP three-dimensional cell lines (10× objective magnification taken with
blue and red filter).
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Figure 10. Spheroid images of 3D PC-3 cells (LEICA-DFC280 inverter microscope, 100×).

Confocal microscope images were acquired at 500 nm low-resolution and suggested
a maximum cell “thickness” of 9.5 µm. which was in excellent quantitative agreement
with S.P.M. measurements in the cell nucleus region. These images also showed that the
nanoconjugates were homogeneously distributed in the cell cytoplasm and that DPAPA
retained its fluorescence (Figures 9 and 10). DPAPA (similarly to EDTMP) shows the
fluorescence properties, and a report with lanthanide complexes showed that it can be used
in cell imaging by taking advantage of this property [45].

3.4.5. MRI

MR contrast measurement revealed that the iron contrast could be seen in cell media,
although limits were much more significant compared to the PET and SPECT methods
(Figure 11). Both SPECT and PET have contrast measurement limits in the picomolar
range, while MRI and CT have contrast measurement limits at much higher nmol concen-
trations [46]. The superior spatial resolution of PET (4–5 mm) makes it more attractive
than SPECT (10–15 mm). However, the spatial and temporal resolution of both methods
is significantly less than that achieved with MRI or CT. The high sensitivity of nuclear
methods combined with the favorable resolution of CT and MRI is the driving force behind
hybrid imaging systems such as PET/CT and PET/MRI now available.
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The MRI imaging potential of Fe3O4 nanoconjugates in vivo is essential in terms
of adding PET/MRI imaging to the theranostic property of these nanoparticles. In our
previous studies, MRI images were taken of prostate tumor-bearing mice given FDG-
linked Fe3O4 nanoparticles (FDG-MNP), and FDG-MNPs were concentrated in the prostate
tumor. At the same time, relatively small amounts were found in organs of other tissues,
particularly the spleen and liver, and FDG-MNP concentrations decreased over time in all
tissues [47]. In vivo animal MRI images containing Fe3O4 and showing the Fe contrast of
different conjugate nanoparticles are available in the literature [48,49].

Metastases of prostate cancer cells usually move to the bones. The pelvis and spinal
bones are some of the most common areas where prostate cancer spreads. However,
radionuclide-labeled phosphonate derivatives are effective for imaging bone metastases
and in radionuclide bone pain therapy. While [99mTc]Tc-diphosphosphonate imaging is
used for imaging, 153Sm- or 177Lu-radiolabeled EDTMP was applied for radionuclide
bone pain therapy. Combining both imaging and treatment with the same agent may
be advantageous regarding theranostic potential. Therefore, in this study, a phosphate
derivative EDTMP conjugate was added to the nanoconjugate enabling imaging of bone
metastases with MR and PET techniques. Another advantage of this approach is to increase
the hydrophilicity and solubility of the nanoconjugate.

4. Conclusions

In our work, we proposed a new solution that involves the use of multimodal su-
perparamagnetic iron oxide-based nanoparticles (SPIONs), labeled with two scandium
radionuclides, 44Sc and 47Sc, that allow for visualization of the cancer tissue and simultane-
ous direct irradiation of the tumor. The synthesized nanoparticles were conjugated with
biologically active PSMA-617 molecules directing to and recognizing the targeted tumor
tissue. The proposed multimodal SPIONs are advantageous because they can provide
successful diagnosis and therapy even for chemo- and radioresistant tumor cells.

Prostate cancer bone metastases are common at the advanced stage of disease. This
issue deserves particular attention due to its huge impact on patient management and
the recent introduction of many new therapeutic options. Imaging of bone metastases is
essential to localize lesions, determine their size and number, and examine features and
changes during treatment. Therefore, in the present study, the phosphonates EDTMP and
DPAPA were added to the nanoconjugate, which enabled MR and PET imaging of bone
metastases and palliative therapy with β− radiation emitted by 47Sc.

We think that a practical application of our proposal is a stable magnetic PSMA
radiobioconjugate labeled with 44Sc and 47Sc, which according to the in vivo studies, can
be used for aggressive prostate cancer. We also expect that our results can be helpful in
designing other multimodal magnetic radiopharmaceuticals applied in simultaneous PET
and NMR diagnosis and radionuclide therapy.
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resources, A.B. and P.Ü.; data curation, V.Y., E.T., K.B.K., R.W. and K.W.; writing P.Ü., V.Y., E.T., K.B.K.,
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Abstract: Melanoma is the most aggressive and metastasis-prone form of skin cancer. Conventional
therapies include chemotherapeutic agents, either as small molecules or carried by FDA-approved
nanostructures. However, systemic toxicity and side effects still remain as major drawbacks. With
the advancement of nanomedicine, new delivery strategies emerge at a regular pace, aiming to
overcome these challenges. Stimulus-responsive drug delivery systems might considerably reduce
systemic toxicity and side-effects by limiting drug release to the affected area. Herein, we report
the development of paclitaxel-loaded lipid-coated manganese ferrite magnetic nanoparticles (PTX-
LMNP) as magnetosomes synthetic analogs, envisaging the combined chemo-magnetic hyperthermia
treatment of melanoma. PTX-LMNP physicochemical properties were verified, including their shape,
size, crystallinity, FTIR spectrum, magnetization profile, and temperature profile under magnetic
hyperthermia (MHT). Their diffusion in porcine ear skin (a model for human skin) was investigated
after intradermal administration via fluorescence microscopy. Cumulative PTX release kinetics
under different temperatures, either preceded or not by MHT, were assessed. Intrinsic cytotoxicity
against B16F10 cells was determined via neutral red uptake assay after 48 h of incubation (long-term
assay), as well as B16F10 cells viability after 1 h of incubation (short-term assay), followed by MHT.
PTX-LMNP-mediated MHT triggers PTX release, allowing its thermal-modulated local delivery to
diseased sites, within short timeframes. Moreover, half-maximal PTX inhibitory concentration (IC50)
could be significantly reduced relatively to free PTX (142,500×) and Taxol® (340×). Therefore, the
dual chemo-MHT therapy mediated by intratumorally injected PTX-LMNP stands out as a promising
alternative to efficiently deliver PTX to melanoma cells, consequently reducing systemic side effects
commonly associated with conventional chemotherapies.

Keywords: paclitaxel; magnetosomes; triggered release; magnetic hyperthermia; B16F10 cells

1. Introduction

Skin cancers are usually classified as either non-melanoma or melanoma. In global
cancer statistics, non-melanoma skin cancers are often not reported since their incidence
is extremely frequent worldwide relative to all the other cancer types. Additionally, since
instances of non-melanoma skin cancers are frequently treated by primary care clinicians,
the risks posed by such cancers tend to be underreported [1,2]. In contrast, melanoma is
the 17th most common cancer worldwide [2]. It represents almost half of the cases among
white populations. Of all skin cancers, melanoma is the most aggressive form, affecting
deeper layers of the skin and having greater potential for metastasis [3].
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Anti-melanoma therapies based on conventional chemotherapy are frequently inef-
fective. Therefore, alternatives to improve the prognostics have been explored. Some
studies have demonstrated the efficacy of paclitaxel (PTX), a triterpene drug extracted from
Taxus brevifolia, as a single agent or in combination with carboplatin to treat metastatic
melanoma [4–7]. PTX inhibits cell growth by interacting with the microtubules through a
non-covalent bond with tubulins, thus blocking mitosis [8,9].

Despite its potent antiproliferative effects, PTX presents major drawbacks, including
systemic toxicity, due to its non-selective distribution to normal cells, and low water solu-
bility. Hence, encapsulation of PTX into drug delivery systems, such as liposomes [10–12],
magnetic nanoparticles [13–15], polymeric nanoparticles [16,17], solid lipid nanoparti-
cles [18–20], as well as micelles [21,22], has been extensively investigated as an alternative
to commercial formulations available in the market (Abraxane® and Taxol®). Additionally,
strategies comprising the combination of chemotherapeutic agents with other therapeutic
modalities, such as photoinduced (e.g., photodynamic therapy) and heat-mediated thera-
pies (e.g., photothermal therapy and magnetic hyperthermia) have been assessed, aiming
to enhance treatment efficacy, while reducing chemotherapy side effects [23–28].

In particular, magnetic hyperthermia (MHT) emerges as a promising technique to
treat cancers, based on its selective heat delivery to tumor cells, leading to cell death, either
as a monotherapy, with the magnetothermal converting agents intratumorally injected
so as to optimize the thermal dose, or in combination with chemotherapy or radiation
therapy [27]. In MHT, an alternating magnetic field (AMF) is applied to the tumor region,
where magnetic nanoparticles were previously injected [27,29]. Systemic administration is
a major challenge, since interactions of nanoparticles with non-targeted tissues, particularly
along the bloodstream, lead to nonspecific and inefficient delivery, consequently hindering
the induction of thermal doses within therapeutic ranges at biologically safe regimes [30–33].

Excited by the AMF, the magnetic nanoparticles dissipate heat as a result of the
interaction of their magnetic moments with the AMF, inducing a biological response. This
response can range from a change in transport processes across the cell membranes to a
modulation in the expression of specific molecules, eventually culminating with cell death
by apoptosis or necrosis, depending on the thermal dose [27,29,34–36]. Clinical use of MHT,
however, depends on a relatively homogeneous distribution of magnetic nanoparticles with
improved SLP (specific loss power) within a significant volume of the tumor tissue [32].
Moreover, the range of field amplitudes and frequencies allowed for biologically safe
conditions is limited, so as to prevent nonspecific heating (induced by eddy currents), as
well as peripheral nerve stimulation and even cardiac muscle stimulation [32,33]. Thereby,
MHT is currently being used in the clinic in combination with other therapies. Particularly,
researchers have combined chemotherapy agents and magnetic nanoparticles aiming to
enhance the pharmacological efficacy of the former against various types of cancer via dual
chemo-MHT therapy [37–41].

Nevertheless, to fulfill these purposes, magnetic nanoparticles must exhibit specific prop-
erties, which are dependent on their size, shape, composition, collective organization, as well
as on the frequency and amplitude of the AMF to which they are submitted [25,27,28,42]. An
interesting approach, which has received increasing attention, is the use of magnetosomes
in MHT [43–47]. Magnetosomes are magnetic nanoparticles (especially magnetite, Fe3O4)
coated by a phospholipid bilayer, a product of magnetotactic bacteria [48]. Due to their
biological nature, they are considered biocompatible and safe when used as a delivery
framework [49]. However, the industrial-scale biosynthesis of magnetosomes would be a
challenging task, justifying the search for synthetic analogs.

Herein, we report the development and characterization of thermoresponsive PTX-
loaded lipid-coated magnetic nanoparticles (PTX-LMNP) that are conceptually synthetic
analogs of magnetosomes. Their distribution in a skin model after intradermal injection
was investigated. The influence of MHT both on their PTX release profiles and on their
cytotoxicity against B16F10 melanoma cells were assessed. Our two initial hypotheses
were: (1) PTX release from PTX-LMNP can be modulated by temperature (hence, by MHT)
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and (2) the combination of chemotherapy and MHT will result in an enhanced cytotoxicity
against B16F10 melanoma cells.

2. Materials and Methods
2.1. Materials

Methylamine, manganese II chloride (MnCl2·4H2O), iron III chloride (FeCl3·6H2O),
iron III nitrate (Fe(NO3)3·9H2O), sodium oleate (SO), rhodamine, Dulbecco’s Modified
Eagle Medium (DMEM), fetal bovine serum (FBS), trypsin-EDTA, Hoechst stain solution,
and neutral red were purchased from Sigma Aldrich® (St, Louis, MO, USA). Soy phos-
phatidylcholine (PC) was bought from Lipoid® (Ludwigshafen, Germany). Paclitaxel (PTX)
was acquired from LC Laboratories (United States). Penicillin/streptomycin was obtained
from Gibco™ (Waltham, MA, USA). HPLC grade solvents were purchased from J.T. Baker
(Radnor, PA, USA). B16F10 murine melanoma cells were provided by Banco de Células do
Rio de Janeiro (BCRJ, Rio de Janeiro, Brazil). Ultrapure Milli-Q water was used throughout
the experiments. All other reagents and solvents used were of analytical grade of superior.

2.2. Synthesis of Manganese Ferrite (MnFe2O4) Magnetic Nanoparticles (MNP)

Manganese ferrite (MnFe2O4) magnetic nanoparticles (MNP) were prepared by co-
precipitation in methylamine, as previously reported [50]. Briefly, 90 mL of methylamine
were first diluted in 400 mL of ultrapure water. Continuous magnetic stirring and heating
were applied until boiling. Then, 50 mL of MnCl2 (0.5 M) and 50 mL of FeCl3 (1 M) aqueous
solutions were poured in. Upon boiling, the mixture remained under stirring and heating
for 30 min, during which a dark precipitate gradually formed. The ensemble was then left
for cooling at room temperature for additional 30 min, at the end of which the precipitate
containing MnFe2O4 MNP was magnetically separated and washed three times in water.

To protect the MNP surfaces from corrosion and oxidation, passivation with Fe(NO3)3
was performed, as previously described [50,51]. Briefly, 50 mL of HNO3 (0.5 M) and 50 mL
of Fe(NO3)3 (0.5 M) aqueous solutions were poured on the MNP precipitate, followed
by magnetic stirring and heating until boiling. Upon boiling, the mixture was left under
stirring and heating for 30 min, at the end of which the ensemble was allowed to cool down.
The passivated MNP were then magnetically separated and washed three times in acetone.
Most of the MNP were stored in the fridge for later use, still in acetone. For characterization
purposes, however, part of the synthesized MNP were further coated with citrate ions and
resuspended in water, as previously reported [50].

2.3. Characterization of MnFe2O4 MNP

MnFe2O4 MNP aliquots were submitted to transmission electron microscopy (TEM,
Jeol, JEM-2100, Thermo Scientific, Waltham, MA, USA), so that their shape and size dis-
tribution could be verified. Additionally, their crystallinity and size were assessed via
X-ray diffraction (XRD, XRD-6000, Shimadzu, Kyoto, Japan). Mean diameters were then
calculated via Scherrer’s equation:

D =
kλ

β cos θ
(1)

where k is the Scherrer’s constant (0.89), λ is the wavelength of the X-ray beam (0.154 nm),
β is the full width at half-maximum (in rad) of the diffractogram peak under analysis, and
θ is its corresponding Bragg’s angle [52].

Magnetization profiles of both powder and fluid samples were obtained by vibrating
sample magnetometry (VSM, EV9 Magnetometer, ADE Magnetics). Specific saturation
magnetizations of these samples were then used to determine the MNP colloid concen-
tration, as previously reported [50]. The behavior of powder samples under magnetic
hyperthermia (MHT) was observed for different alternating magnetic field (AMF) ampli-
tudes (100–342 Oe) at 310 kHz (MagneTherm, NanoTherics®). Temperature measurements
were performed using a fiber optic temperature sensor (Luxtron®).
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Specific loss power (SLP) values were obtained (in W/g) as follows:

SLP =
ρc
x

(
dT
dt

)

t→0
(2)

where ρ and c represent, respectively, the density (g/mL) and the specific heat capacity
(Jg−1 ◦C−1) of the sample (both assumed to be approximately equal to those of the disper-
sant, for colloidal dispersions), whereas x denotes the concentration of magnetic material in
the sample (g/mL), and (dT/dt)t→0 is the rate at which temperature T (◦C) changes right
at the beginning of the experiment (in practice, the first 30 s of MHT).

2.4. Preparation of PTX-Loaded Lipid-Coated Magnetic Nanoparticles (PTX-LMNP)

PTX-loaded lipid-coated magnetic nanoparticles (PTX-LMNP) were prepared by lipid
film hydration followed by probe sonication—an adaption of a previously reported method,
originally designed to prepare magnetic solid lipid nanoparticles [15].

First, 0.5 mL of the previously stored suspension of MnFe2O4 MNP in acetone was
added to 0.5 mL of chloroform containing 200 mg of phosphatidylcholine (PC) and 5 mg
of paclitaxel (PTX). The mixture was then probe-sonicated (40 Hz, 5 min) to produce a
homogeneous dispersion. The amount of MNP in this suspension was found to be 50 mg.

Then, the dispersion was transferred to a round bottom flask and the organic solvents
were removed at room temperature and low pressure via rotary evaporation (IKA). After
complete solvent evaporation, the MNP/PC/PTX film was left to dry under vacuum
conditions overnight.

Next, the film was hydrated with 4 mL of an aqueous dispersion of sodium oleate
(SO, 5 mg/mL) and probe-sonicated intermittently (40 Hz, 5 min) in an ice bath to form a
homogeneous dispersion of PTX-LMNP. The resulting PTX-LMNP colloid was then filtered
through a 0.22-µm syringe filter and centrifuged to remove traces of water-insoluble reagents.

For fluorescence microscopy experiments, about 1% (w/w) of rhodamine was incorpo-
rated to the PTX-LMNP, by adding 2 mg of this fluorophore to the MNP/PC/PTX mixture
in acetone/chloroform whilst preparing the lipid film, as described here above.

For the preparation of freeze-dried (lyophilized) samples, microcrystalline trehalose
was used as cryoprotectant, initially at 1:1 up to 1:6 (trehalose:PC, w/w). The freeze-dryer
MicroModulyo (ThermoFisher) was used for the lyophilization procedures.

2.5. Characterization of PTX-LMNP

PTX-LMNP mean hydrodynamic sizes and polydispersity indexes were determined
via dynamic light scattering (DLS, Zetasizer Nano S, Malvern, UK).

PTX quantitation was carried out by a high performance liquid chromatography equip-
ment (HPLC Varian Pro Star) coupled to an automated sampler and to an UV detector,
following a previously reported protocol [15]. The chromatographic runs were performed
through a Zorbax Eclipse XDB-C18 column (particle size: 3.5 µm; length × internal diame-
ter: 150 mm × 4.6 mm). The mobile phase consisted of acetonitrile, methanol, and water
(50/10/40, v/v/v). The flow rate was 1 mL/min, and the column was kept at 25 ◦C during
the runs. Detection was set at a wavelength of 227 nm. The injection volume was 20 µL.
This analytical method was validated, showing selectivity, linearity within 0.5–50 µg/mL
(r2 > 0.99), precision (relative standard deviation, RSD < 5%), and accuracy (>95%).

For PTX extraction, prior to HPLC quantitation, 100 µL of PTX-LMNP were poured
into 1 mL of methanol, followed by sonication (10 min) and centrifugation (14,500 rpm,
10 min). The supernatant was filtered through a 0.45 µm and then submitted to HPLC. PTX
entrapment efficiency (EE) and drug loading (DL) were determined as follows:

EE (%) = 100× PTX mass entrapped
initial (total) PTX mass

(3)
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DL (%) = 100× PTX mass entrapped
total mass of structural lipids (PC)

(4)

To evaluate PTX-LMNP stability, lyophilized samples were stored at 4 ◦C for 30 days,
whereas fluid samples were stored at 25 ◦C for 60 days. Then, mean hydrodynamic size,
polydispersity index, and EE were determined. Lyophilized samples were reconstituted
with ultrapure water.

To attest the success of PTX-LMNP assembly, Fourier Transform Infrared spectroscopy
analyses (FTIR, Varian 640-IR) were carried out both for PTX-LMNP and each of its con-
stituents (PTX, MNP, PC, and SO).

Magnetization profiles for both freeze-dried (lyophilized) and colloidally dispersed
(fluid) samples were obtained by VSM.

The behavior of PTX-LMNP samples (1 mL at 3.5 mg/mL, in terms of MNP con-
tents) under MHT was observed for different AMF amplitudes (100–305 Oe) at 310 kHz.
Whenever needed, PC liposomes were used as non-magnetic controls.

2.6. PTX-LMNP Distribution in Porcine Ear Skin

To evaluate the distribution of PTX-LMNP in skin, 0.5 µL of PTX-LMNP labeled with
rhodamine (about 1%) was injected intradermally. Porcine ear skin, an in vitro model for
human skin [53], was placed on the top of a vertical diffusion cell. The receptor medium
consisted of saline 0.9%, kept at 32 ◦C. After 2 h, an area of 50 mm2 of skin was harvested.
The tissue was embedded in Tissue-Tek® gel and frozen in N2 liquid. Next, 5-µm thick
cryostat transversal sections were obtained using a Leica CM1850 cryomicrotome and
mounted directly on microscope slides. The sections were stained with Hoechst (1 ng/mL)
for 5 min. Then, samples were observed on a Leica DMI4000 B fluorescence microscope.

2.7. PTX-LMNP In Vitro Drug Release Profile

In vitro drug release profiles were obtained via diffusion through dialysis membrane.
PTX quantitation was performed via HPLC. Briefly, 1 mL of PTX-LMNP (comprising ap-
proximately 1 mg of PTX and 3.5 mg of MNP) was placed in a dialysis bag (MWCO:14 kDa).
Then, the bag was placed in a flask containing 20 mL of receptor medium, consisting of
isopropanol:saline 0.9% (30:70, v/v). The flask was kept in a temperature-controlled orbital
shaker incubator at 25 ◦C, 37 ◦C, or 43 ◦C for 96 h. Aliquots of 500 µL were withdrawn for
PTX quantitation via HPLC at scheduled times—the withdrawn volume being replenished
each time with fresh receptor medium.

Additionally, to assess the influence of MHT on PTX release, firstly, an AMF (310 kHz,
305 Oe) was applied to samples for about 40 min. After this single session of MHT, samples
were then placed in dialysis bags, which were in turn placed in flasks containing the
receptor medium and kept under orbital shaking at 25 ◦C for 96 h, as described here
above. Similarly, aliquots were withdrawn for PTX quantitation at scheduled times with
replenishment of the receptor medium after each withdrawal. No additional sessions of
MHT were applied to the samples prior to PTX quantitation via HPLC.

All experiments were performed in quintuplicate. Cumulative PTX release profiles
were expressed in terms of percentages of the total entrapped PTX. Data were then fit to
Baker–Lonsdale, Peppas, Hixson–Crowell, Higuchi, and first-order models. The adjusted
coefficient of determination (R2) was calculated for each case, and the best fits were used as
predictive models of the corresponding drug release profiles.

2.8. PTX-LMNP Cytotoxicity against B16F10 Melanoma Cells

B16F10 cells (4 × 104 cells/mL) were seeded on 96-well plates (100 µL/well) and
incubated for 24 h at 37 ◦C under 5% CO2 atmosphere and controlled humidity. Next, cells
were treated with liposomes, LMNP, or PTX-LMNP at concentrations ranging from 1:10
down to 1:108 (v/v) relatively to the volume of culture medium (DMEM supplemented
with 2% FBS), enabling the determination of the half-maximal inhibitory concentration
(IC50) for each formulation. Cells were incubated for additional 48 h and then submitted
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to neutral red uptake assay [54]. Cells incubated only with culture medium were used as
control samples and served as a reference for 100% of cell viability. Results were averaged
over three independent experiments, each performed in sextuplicate.

The influence of MHT on PTX-LMNP cytotoxicity against B16F10 melanoma cells was
assessed via trypan blue assay. First, cells were cultured in DMEM supplemented with 2%
FBS and 1% penicillin/streptomycin. Culture flasks were incubated for 24 h at 37 ◦C under
5% CO2 atmosphere and controlled humidity. Next, cells were detached from the flask
bottom using trypsin-EDTA (0.25–0.03%), resuspended in DMEM supplemented with 2%
FBS, and divided into four aliquots (4 × 107 cells/mL each). Aliquots labeled PTX-LMNP+
were treated with 10% PTX-LMNP (v/v), up to a final volume of 10 mL. About 1 h after
incubation, which allowed sample homogenization and some PTX-LMNP internalization
by the B16F10 cells, aliquots labeled MHT+ were submitted to an AMF (310 kHz, 305 Oe)
for 25 min. Cell suspensions were then homogenized, and 10% trypan blue (v/v) was
added to each aliquot to allow viable/non-viable cell counting in a Neubauer chamber.

2.9. Statistical Analyses

Unless otherwise stated, measurements were expressed as mean ± standard deviation
(SD), and statistical analyses were performed by analysis of variance (ANOVA) followed
by Tukey’s Post-Hoc test in GraphPad Prism 6. Statistically significant differences were
assumed for p < 5%.

3. Results
3.1. Characterization of MnFe2O4 MNP

Manganese ferrite (MnFe2O4) magnetic nanoparticles (MNP) comprise the core of our
paclitaxel-loaded lipid-coated magnetic nanoparticles (PTX-LMNP). Therefore, they were
fully characterized (Figure 1). Unless otherwise stated, they will be referred to simply as
MNP in the following.
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PTX-LMNP with SO were less polydispersed. Therefore, as depicted in Figure 2b, our 
optimal PTX-LMNP consisted of a core of magnetic MNP coated by a layer of phosphati-
dylcholine (PC), with SO as surfactant. Due to its lipophilic nature and relatively low solu-
bility in water, PTX is expected to be found amidst the hydrophobic tails of the PC coating. 
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Figure 1. MnFe2O4 MNP characterization. (a,b) Representative transmission electron microscopy
(TEM) and high-resolution (HR) TEM images, respectively, of the passivated manganese ferrite
(MnFe2O4) magnetic nanoparticles (MNP). (c) X-ray diffraction (XRD) pattern and (d) specific mag-
netization profile of powder (dried) MNP samples. (e) Temperature profiles (relatively to room
temperature, 25 ◦C) of MNP submitted to magnetic hyperthermia (MHT), with alternating magnetic
field (AMF) frequency fixed at 310 kHz and varying amplitude (100–342 Oe).
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Figure 1a,b are representative transmission electron microscopy (TEM) images of
the MNP. In terms of their shape, MNP synthesized via co-precipitation as in the de-
scribed protocol are roughly spherical, measuring about 15 nm in diameter, as previously
reported [50].

Figure 1c shows the X-ray diffraction (XRD) pattern of a typical powder (dried) sample
of the original colloidal aqueous dispersion of MNP. The crystallite mean diameter, as
calculated via Equation (1), was found to be 13.5 nm, in accordance with previous reports
of our group for similarly synthesized MNP [50].

Figure 1d brings a representative magnetization profile of a powder sample of MNP,
obtained via vibrating sample magnetometry (VSM). Specific saturation magnetization
(about 50 emu/g) served as a reference for calculating the concentration (in terms of mag-
netic contents) of the corresponding MNP colloidal dispersions, as previously reported [50].

Figure 1e shows the behavior of a powder sample of MNP submitted to magnetic
hyperthermia (MHT). Alternating magnetic field (AMF) amplitudes were varied within
100–342 Oe, with the field frequency fixed at 310 kHz. The initial slope ( t→ 0) of the
temperature profiles is proportional to the specific loss power (SLP, given in W/g) of the
sample [27,50], a measure of its magnetothermal conversion efficiency under a given MHT
setup. To be noted that higher temperatures could be attained in shorter timeframes (higher
SLP) for higher field amplitudes. The exciting field was turned off as the temperature
approached 100 ◦C to avoid damaging the temperature sensor.

For comparison purposes, Figure S1 brings Fe3O4 (magnetite) MNP characterization:
XRD diffractogram, specific magnetization profile, as well as MHT temperature profiles.

3.2. Characterization of PTX-LMNP

PTX-LMNP hydrodynamic size distributions for samples with and without SO are
shown in Figure 2a. Their mean hydrodynamic diameter (DH) and polydispersity index
(PdI) are summarized in Table 1. DH was two-fold lower for samples with SO. Moreover,
PTX-LMNP with SO were less polydispersed. Therefore, as depicted in Figure 2b, our
optimal PTX-LMNP consisted of a core of magnetic MNP coated by a layer of phosphatidyl-
choline (PC), with SO as surfactant. Due to its lipophilic nature and relatively low solubility
in water, PTX is expected to be found amidst the hydrophobic tails of the PC coating.
Optimal mass proportions were, thus, set to 50:200:20:5 (MNP:PC:SO:PTX), as described in
Section 2.4.

Table 1. PTX-LMNP size and polydispersity × SO contents.

Sample DH (nm) PdI

without SO 186 ± 1 0.50 ± 0.15
with SO 90 ± 1 0.26 ± 0.03

DH = mean hydrodynamic diameter, PdI = polydispersity index, SO = sodium oleate.

PTX entrapment efficiency (EE) and drug loading efficiency (DL) were calculated on
the basis of HPLC results via Equations (3) and (4), respectively. The EE was found to be
81.2 ± 0.3%, whereas the DL amounted to 2.2 ± 0.6%.

No increase in DH or PdI was observed for PTX-LMNP, neither for the colloidal
dispersion stored at 4 ◦C for 30 days nor for the freeze-dried PTX-LMNP stored at 25 ◦C
and reconstituted after 60 days (Table S1). In terms of the PTX cargo, a reduction of 8%
was observed for the colloidal dispersion after 30 days, whereas no significant losses were
observed for the freeze-dried PTX-LMNP reconstituted in water after 60 days (Figure S2).
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Figure 2. Characterization of PTX-LMNP. (a) Hydrodynamic size distributions obtained via DLS
for samples with and without SO. (b) Schematic view of a paclitaxel-loaded lipid-coated magnetic
nanoparticle (PTX-LMNP). PTX: paclitaxel; MNP: the core of manganese ferrite (MnFe2O4) magnetic
nanoparticles (MNP); PC: the phosphatidylcholine coating; and SO: the sodium oleate surfactant
molecules. (c) Normalized FTIR transmittance spectra for PTX-LMNP and its different components.
(d) Specific magnetization profiles both for colloidally dispersed (fluid) and freeze-dried (lyophilized)
PTX-LMNP samples. (e,f) Temperature profiles (relatively to room temperature, 25 ◦C) of PC
liposomes (non-magnetic control sample) and PTX-LMNP, respectively, once submitted to magnetic
hyperthermia (MHT), with alternating magnetic field (AMF) frequency fixed at 310 kHz and varying
amplitude (100–305 Oe).
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Figure 2c shows the results of the Fourier Transform Infrared spectroscopy (FTIR)
analyses carried out for PTX-LMNP and each of its components (PTX, MNP, PC, and
SO) for wavenumbers at 650–3600 cm−1. To be noted that the transmittance spectra were
normalized, and a break at 1800–2400 cm−1 was performed to highlight the most prominent
absorption bands for each sample. Noteworthy, all prominent bands arising from the
transmittance spectra of PTX, MNP, PC, and SO are also present in PTX-LMNP signal,
which suggests that the nanocarrier was successfully assembled, as originally designed.
Non-normalized FTIR spectra for PTX-LMNP and its components are provided in Figure S3.

The concentration of MNP in PTX-LMNP was obtained on the basis of specific magne-
tization profiles determine via vibrating sample magnetometry (VSM). Figure 2d shows
the specific magnetization profiles of both aqueous-dispersed (fluid) and freeze-dried
(lyophilized) PTX-LMNP samples. Similarly to the MNP magnetization profile (Figure 1d),
the curves do not exhibit quasi-static hysteresis at room temperature, suggesting that the
typical quasi-static superparamagnetic behavior of MNP [55] was preserved in PTX-LMNP.
See Figure S4 for a zoomed view of Figure 2d around the origin for further details.

Figure 2e,f bring the temperature profiles of PC liposomes (non-magnetic control sam-
ple) and PTX-LMNP, respectively, when submitted to MHT. Temperatures were registered
relatively to room temperature (25 ◦C). Devoid of magnetic constituents, PC liposomes
are not excited by the AMF, and the observed temperature increase (less than 5 ◦C for
all field amplitudes) is mostly due to heat release via eddy current losses (Figure 2e) [56].
In contrast, temperature variations within about 7.5 ◦C up to 30 ◦C were obtained as a
result of dynamic (AC) hysteresis losses [57], due to the interaction between the AMF and
PTX-LMNP magnetic core (Figure 2f).

3.3. PTX-LMNP Distribution in Porcine Ear Skin

Fluorescence images of PTX-LMNP biodistribution in porcine ear skin are shown
in Figure 3. Hoechst-stained epithelial cells appear in blue, whereas rhodamine-labeled
PTX-LMNP appear in red. Right after intradermal injection, some PTX-LMNP could be
found within the interface between the epidermis and the dermis (Figure 3, 0 h). In contrast,
2 h after injection, PTX-LMNP were no longer found in the epidermis or in its interface
with the dermis, but only in deeper layers of the dermis (Figure 3, 2 h).
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Figure 3. PTX-LMNP biodistribution in porcine ear skin. Representative fluorescence images of
Hoechst-stained (blue fluorescence) porcine ear skin cells immediately after intradermal adminis-
tration of rhodamine-labeled (red fluorescence) PTX-LMNP (0 h) and two hours later (2 h). Initially,
at the interface between the epidermis and the dermis, PTX-LMNP diffuses to deeper layers of
the dermis.
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3.4. PTX-LMNP In Vitro Drug Release Profile

Figure 4a shows the in vitro cumulative PTX release profiles for PTX-LMNP samples
submitted to dialysis at 25, 37, and 43 ◦C for 96 h (4 days), as well as for PTX-LMNP
samples that first underwent MHT, and then were submitted to dialysis at 25 ◦C for 96 h
for PTX release assessment at scheduled times. Free PTX was used as a control sample at
1 mg/mL—the same concentration carried by a typical PTX-LMNP.
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Figure 4. PTX release kinetics from PTX-LMNP. (a) PTX release profiles for different temperatures
(25, 37, and 43 ◦C), as well as for a sample first submitted to MHT, and then left for dialysis at room
temperature (25 ◦C). Free PTX was adopted as a control sample. (b) Coefficients of determination
(R2) for different models of drug release kinetics after fitting the corresponding model equations to
the experimental data. The parameter n represents the exponent of release (related to the release
mechanism) of Peppas’ model [58]. R2 coefficients closest to unit are highlighted in blue.

About 70% of the free PTX control sample reaches the receptor chamber within the
first 4 h of experiment, and about 95% within 96 h. PTX percentual release from PTX-LMNP
after 8 h of experiment could be doubled, relatively to the sample kept at 25 ◦C, either by (1)
increasing the incubation temperature up to 43 ◦C or (2) applying MHT (310 kHz, 305 Oe)
prior to the drug release assay.

Figure 4b summarizes the different attempts to fit the cumulative drug release data to
five distinct models of drug release kinetics. Considering the coefficients of determination
associated to the different fittings, Baker and Lonsdale’s model seems to be the best option
to predict PTX release from PTX-LMNP over time for all five experimental setups, although
first-order kinetics better models PTX release from PTX-LMNP at 43 ◦C.

3.5. PTX-LMNP Cytotoxicity against B16F10 Melanoma Cells

Figure 5a shows the results of the cytotoxicity assay (neutral red uptake, formulations
incubated for 48 h with B16F10 cells). No significant decrease on cell viability was observed
for PC liposomes (control samples, without PTX). Similarly, LMNP were cytotoxic only at
high concentrations (IC50 ≈ 1:230 v/v, corresponding to about 14,000 ng/mL of MNP). In
contrast, significant cell death was observed for PTX-LMNP, even at low concentrations
(IC50 ≈ 1:106 v/v, equivalent to approximately 0.4 ng/mL of PTX or 3.2 ng/mL of MNP).
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Figure 5. PTX-LMNP against B16F10 melanoma cells. (a) Cell viability 48 h after incubation with
PC liposomes, LMNP, or PTX-LMNP samples. (b) Cell viability 1 h after incubation with or without
PTX-LMNP (PTX-LMNP+ or PTX-LMNP− samples, respectively), followed or not by MHT (MHT+
or MHT− samples, respectively). * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 5b summarizes the results of the experiment designed to verify the influence of
MHT on PTX-LMNP cytotoxicity against B16F10 cells. Cell viability decreased to less than
5% for aliquot MHT+ PTX-LMNP+, whereas no significant differences in cell viability were
observed for the other aliquots within the short timeframe of the experiment, i.e., 1 h of
incubation followed or not by 25 min of MHT (Figure 5b).

4. Discussion

In previous works, we have already explored the controlled release of model drugs
from nanostructures eventually triggered by magnetic hyperthermia (MHT). For instance,
rapamycin was successfully encapsulated with Fe3O4 (magnetite) magnetic nanopar-
ticles (MNP) within poly(lactic-co-glycolic acid) (PLGA) polymeric nanocapsules and
nanospheres [59]. Additionally, paclitaxel (PTX) was incorporated to solid lipid nanopar-
ticles composed by glyceryl monostearate (GMS) and phosphatidylcholine (PC) with
magnetite cores and further stabilized by Pluronic F-68 [15]. Herein, we report the devel-
opment of PTX-loaded lipid-coated magnetic nanoparticles (PTX-LMNP) to explore the
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potential of MHT-triggered release on treating skin cancer (B16F10 melanoma) by dual
chemo-MHT therapy.

The delivery strategy herein reported was designed as a bioinspired synthetic analog
of the naturally occurring magnetosomes [43–45]. This strategy has also captured the
attention of other authors. For instance, magnetite MNP were embedded within a glyceryl
trimyristate solid matrix as a platform for treating colon cancer via MHT [60]. Magnetite
MNP embedding near infrared (NIR) fluorophores have also been coated with galactosyl
and targeting moieties to enable dual-modal (fluorescence/magnetic resonance) imaging
of hepatocellular carcinomas [61]. Moreover, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and L-α-dipalmitoylphosphatidyl glycerol (DPPG) were used as the lipidic coating
of magnetite MNP envisaging the MHT-induced thermo-responsiveness of the resulting
delivery system [62]. Magnetite MNP were also coated with PC and cationic lipids, in
association with transferrin, for MHT-controlled gene delivery [63]. Oleic acid has also been
previously used as the lipidic coating of magnetite MNP for the MHT-triggered release of
doxorubicin [64].

PTX-LMNP are schematically depicted in Figure 2b. The presence of Fe+3 ions on
the surface of the passivated manganese ferrite (MnFe2O4) MNP enables the interaction
with lipid molecules, such as PC. PC predominantly negative polar heads are attracted by
the positive Fe ions on the surface of MNP, leading to the assembly of lipid layers around
the magnetic cores. Sodium oleate (SO) grafting, with surfactant properties, stabilize the
resultant particles, preventing their aggregation. Due to the lipophilic nature of PTX, it is
entrapped within PC hydrophobic tails [65,66]. MnFe2O4 MNP was adopted as an alterna-
tive to the ubiquitous Fe3O4 MNP. Biocompatible and safe for medical use, MnFe2O4 MNP
has been explored by our group as magnetite MNP surrogates, eventually outperforming
magnetite in terms of MHT (Figure S1), and figuring as promising candidates for MRI as
contrast agents [67,68].

Figure 2c displays the normalized FTIR spectra for PTX-LMNP and its components
(PTX, MNP, PC, and SO). The non-normalized spectra can be found in Figure S3. The C-O
stretching band around 1070 cm−1 is present in both PTX and PC spectra, as well as amidst
a series of adjacent bands in the spectrum for PTX-LMNP in the 900–1200 cm−1 range.
The phosphate (PO−2) stretching vibration band near 1230 cm−1, which is present in PC
spectrum, can also be found in PTX-LMNP spectrum. Notably, the carboxylate (COO-)
stretching band, identified in the SO spectrum near 1550 cm−1, correlates to an almost
negligible peak in PTX-LMNP spectrum, suggesting that this functional group may be
responsible for the attachment of SO to the PTX-LMNP structure. The carbonyl (C=O)
stretching band, centered at 1730 cm−1, was identified for PTX, PC, as well as PTX-LMNP.
Typical C-H stretching vibrations were also observed for PC, SO, and PTX-LMNP. A broad
and relatively strong band in PTX-LMNP spectrum, starting at 3000 cm−1 and going up
to 3600 cm−1, seemingly correlates to an equally broad (though relatively weaker) band
within the PC spectrum, probably indicating that a relatively large amount of PC could be
successfully attached to the final PTX-LMNP structure. Since the FTIR data were acquired
at 650–4000 cm−1, the typical Fe-O stretching vibrations from MnFe2O4 octahedral and
tetrahedral sites (usually 400–600 cm−1) could not be clearly identified, although they do
stand out within the FTIR results of very similar samples produced by our group (e.g.,
Zn-doped MnFe2O4), as previously reported [69]. Taken together, these results indicate
that the PTX-LMNP nanocarrier was successfully assembled, as designed.

The efficiency of MHT applications depends on several properties of magnetic nanopar-
ticles, including their size, polydispersion, functionalization, spatial arrangement, and con-
centration [25,28]. Herein, we focused our investigation on the influence of concentration
on the heating efficiency. In particular, the heat released by MnFe2O4 MNP aggregates
under MHT seem to depend strongly on the collective magnetic relaxation [57].

The difference in specific saturation magnetization between aqueous-dispersed and
freeze-dried PTX-LMNP (Figure 2d) accounts for the fact that the magnetization signal
was divided by the whole sample mass—including the mass of water (dispersant) for
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the fluid sample. The concentration of magnetic material in PTX-LMNP samples can be
determined on the basis of the specific saturation magnetization obtained for powdered
MNP (50 emu/g, Figure 1d), as previously reported [50]. Freeze-dried PTX-LMNP specific
saturation magnetization of 2.6 emu/g, thus, translates to approximately 10.4 mg/mL of
MNP, while the 0.6 emu/g obtained for the aqueous-dispersed PTX-LMNP corresponds to
about 2.4 mg/mL. Similar results were observed in our previous work [15].

Temperatures as high as 55 ◦C can be achieved by PTX-LMNP-mediated MHT within
about 40 min (Figure 2f). Knowing that skin temperature is about 32 ◦C, only 4 min are
needed to increase it to the hyperthermia range of 43–46 ◦C, consequently promoting the
desired therapeutic effects [36]. Note that the thermal dose can be tuned by controlling
both the magnetic field amplitude and frequency, as well as the time of treatment, enabling
local MHT-triggered release, while avoiding patient harm in a clinical scenario [36].

PTX-LMNP-facilitated diffusion through the skin (Figure 3) can be explained by
their lipid composition. PTX-LMNP structural phospholipids and surfactants ease their
diffusion through the different skin layers by enabling interactions with local tissue lipids
and proteins [70]. Indeed, once delivered intradermally, we observed that PTX-LMNP
migrate from the epidermis-dermis interface to deeper layers of the dermis. Therefore, PTX-
LMNP are potentially able to deliver their therapeutic benefits to skin cancers established
either within the epidermis, deeply in the dermis, or within both skin layers [71].

PTX-LMNP specific loss power (SLP) was found to be 37.8 W/g (with field frequency
and amplitude set to 310 kHz and 305 Oe, respectively, and sample volume of 1 mL at
3.5 mg/mL, Figure 2f). Though higher SLP values can be found in the literature [72],
PTX-LMNP SLP was high enough to efficiently trigger PTX release (Figure 4). Indeed, the
temperature increase changes the molecular dynamics of the phospholipids in PTX-LMNP,
increasing the lipid layer fluidity and permeability [73], thus favoring release of the drug
cargo [74]. After fitting the experimental data to five different models, Baker–Lonsdale’s
model for drug release from spherical matrices reasonably accounted for the release kinetics
of all the different experimental setups. Noticeably, MHT-triggered release at 25 ◦C was
comparable to PTX release kinetics at 43 ◦C, especially within the first 10 h (Figure 4). Note,
however, that the release profiles in Figure 4 account both for restricted diffusion, within
the dialysis bag, and free diffusion, outside the dialysis bag, where aliquots were then
sampled at scheduled times for PTX quantitation via HPLC.

Baker–Lonsdale’s model has been most commonly applied to describe drug release
from microcapsules and microspheres [58], but it also accounts for slow sustained release
from spherical matrices [75]—which is the case depicted in Figure 4a for PTX-LMNP.
Hydrophobic PTX molecules tend to be slowly released from the lipidic PC layer coating
PTX-LMNP, to which they are attracted through hydrophobic interactions. Solubility and
diffusion within the matrix, prior to release, are taken into account by Baker–Lonsdale’s
model, but not by the first-order model, whose sole assumption is that release rates are
proportional to the remaining concentration of the drug in the matrix. Temperature-induced
phenomena might corroborate this assumption, since R2 more closely approached 1 for a
first-order fit only when the experiment was carried out at 43 ◦C (Figure 4b).

Results of the cytotoxicity (neutral red uptake) assay suggest that B16F10 cell death
is expected to be predominantly due to the chemotherapeutic action of PTX (Figure 5a).
Additionally, although MNP were shown to be non-cytotoxic at concentrations as high as
0.1 mg/mL [76], some toxicity might occur at higher concentrations, as per the observed
LMNP cytotoxicity profile. Noteworthy, the half-maximal inhibitory concentration (IC50)
value obtained for PTX-LMNP (0.4 ng/mL) was nearly 340 times lower than that reported
for the commercial formulation Taxol® (137 ng/mL) [77] and remarkedly 142,500 times
lower than that of free PTX (57 µg/mL) [78].

Significant cytotoxicity against B16F10 cells was observed for cells treated with both
PTX-LMNP and MHT (PTX-LMNP+ MHT+ aliquot, Figure 5b). In contrast, no significant
cytotoxicity was observed for cells treated only with PTX-LMNP (PTX-LMNP+ MHT−).
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One drawback of this experiment, however, is that the effect of MHT in isolation
cannot be determined. An additional control sample would be needed, either MNP or
LMNP, at the same concentration of PTX-LMNP, in terms of magnetic contents, submitted
to MHT in presence of B16F10 cells. We would then be able to determine whether B16F10
cells are dying exclusively due to the chemotherapeutic effect of PTX, or if cell death is a
result of the combined effect of MHT and PTX, eventually in synergy. Nevertheless, in a
previous work, we showed that B16F10 cells were resistant to hyperthermia temperatures
up to 4 h of incubation [50]. This suggests that, in the current study, cells would be dying
because of PTX.

Nevertheless, according to Figure 4a, PTX release from PTX-LMNP is too slow, even
under the influence of MHT. Indeed, about 50% of the PTX cargo is released only after
approximately 10 h after the beginning of the experiment. However, one might notice that
both restricted diffusion (inside the dialysis bag) and free diffusion (outside the dialysis
bag) are taken into account in Figure 4a. By contrast, in Figure 5b, there is no dialysis bag in
the experimental setup, meaning that the whole PTX cargo released, whether or not under
the influence of MHT, is immediately allowed to interact with the B16F10 cells, eventually
exerting its cytotoxic action.

Still, according to Figure 5a, a 10% v/v concentration, as employed for the experiment
in Figure 5b, seems to be intrinsically cytotoxic. However, the timeframes of both setups
must be considered: in Figure 5a cytotoxicity is evaluated for 48 h (long-term assay), in
contrast with Figure 5b, for which cytotoxicity is evaluated for no longer than 1 h 30 min
(short-term assay). In this short-term assay, Figure 5b clearly shows that PTX-LMNP are
not intrinsically cytotoxic, while significant cytotoxicity is observed under MHT.

Additionally, the volume adopted for the experiment of Figure 5b (10 mL) is signif-
icantly higher than that of a well in a 96-well plate, where PTX-LMNP are allowed to
interact with B16F10 cells for the experiment of Figure 5a. Increased interaction with the
formulation, allied to an increased incubation period, might also have contributed to the
differences observed between the two experiments.

Moreover, the 10 mL might obscure the effect of temperature during the experiment,
since the temperature variation of the ensemble at the macroscopic scale for these conditions
is negligible. However, at the microscopic and at the nanoscopic scales, a localized MHT-
mediated increase in temperature might have altered the PC-coating fluidity, favoring PTX
release within the short timeframe of the experiment in Figure 5b, thus favoring a cytotoxic
action. Indeed, 95% of cell death was observed within 1 h of incubation with PTX-LMNP
followed by 25 min of MHT, while no significant reduction in cell viability was observed for
cells incubated with PTX-LMNP but not submitted to MHT. Similarly, other authors also
report a significant improvement in chemotherapy outcomes as a result of its combination
with MHT [79–81].

Taken together, our results indicate that PTX-LMNP-mediated combined chemo-MHT
therapy stands out as a promising strategy against melanoma. Prospectively, we envisage
the elucidation of the mechanisms underlying the cytotoxicity induced by the combination
of chemotherapy and MHT [82–85]. In vivo experiments will certainly challenge the in vitro
results herein reported, although other authors have already corroborated the benefits of
chemo-MHT and radiation-MHT combined therapy in pre-clinical assays using analogous
drug-heat delivery systems [50,70,86–88].

5. Conclusions

Paclitaxel-loaded magnetic-lipid nanoparticles (PTX-LMNP) were developed envis-
aging the combined chemo-magnetic hyperthermia therapy of melanoma. With hydro-
dynamic diameters around 90 nm, PTX-LMNP consist of manganese ferrite (MnFe2O4)
magnetic nanoparticles (MNP) coated by phosphatidylcholine (PC). With surfactant prop-
erties, sodium oleate (SO) successfully endowed PTX-LMNP dispersions with colloidal
stability. Due to the hydrophobic nature of PTX, its entrapment efficiency (EE) within PC
hydrophobic tails was greater than 80%. PTX-LMNP rapidly diffuse across different skin
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layers, due to interactions between its lipidic cloak with the epithelial tissue lipids and
proteins. In vitro drug release profiles revealed that temperature modulates PTX release,
with higher temperatures correlating with higher release rates. Magnetic hyperthermia
(MHT) triggers and consequently enhances PTX cumulative release. PTX-LMNP cytotoxic-
ity against B16F10 melanoma cells is concentration-dependent, with an IC50 corresponding
to 0.4 ng/mL of PTX, significantly lower than the IC50 reported for free PTX and for PTX-
loaded nanostructured formulations. Cytotoxicity was strikingly higher when PTX-LMNP
were submitted to MHT, which suggests that the dual chemo-MHT therapy mediated by
intratumorally injected PTX-LMNP stands out as a promising alternative to efficiently
deliver PTX to melanoma cells, consequently reducing systemic side effects commonly
associated with conventional chemotherapies.
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Abstract: The combination of magnetic hyperthermia with chemotherapy is considered a promising
strategy in cancer therapy due to the synergy between the high temperatures and the chemothera-
peutic effects, which can be further developed for targeted and remote-controlled drug release. In
this paper we report a simple, rapid, and reproducible method for the preparation of thermosensitive
magnetoliposomes (TsMLs) loaded with doxorubicin (DOX), consisting of a lipidic gel formation from
a previously obtained water-in-oil microemulsion with fine aqueous droplets containing magnetic
nanoparticles (MNPs) dispersed in an organic solution of thermosensitive lipids (transition temper-
ature of ~43 ◦C), followed by the gel hydration with an aqueous solution of DOX. The obtained
thermosensitive magnetoliposomes (TsMLs) were around 300 nm in diameter and exhibited 40% DOX
incorporation efficiency. The most suitable MNPs to incorporate into the liposomal aqueous lumen
were Zn ferrites, with a very low coercive field at 300 K (7 kA/m) close to the superparamagnetic
regime, exhibiting a maximum absorption rate (SAR) of 1130 W/gFe when dispersed in water and
635 W/gFe when confined inside TsMLs. No toxicity of Zn ferrite MNPs or of TsMLs was noticed
against the A459 cancer cell line after 48 h incubation over the tested concentration range. The
passive release of DOX from the TsMLs after 48h incubation induced a toxicity starting with a dosage
level of 62.5 ug/cm2. Below this threshold, the subsequent exposure to an alternating magnetic
field (20–30 kA/m, 355 kHz) for 30 min drastically reduced the viability of the A459 cells due to the
release of incorporated DOX. Our results strongly suggest that TsMLs represent a viable strategy for
anticancer therapies using the magnetic field-controlled release of DOX.

Keywords: thermosensitive liposomes; doxorubicin; magnetoliposomes; magnetic hyperthermia;
zinc ferrite nanoparticles; A459 cells

1. Introduction

One of the biggest challenges now facing chemotherapy, one of the most commonly
used anti-tumor therapeutic approaches for cancer treatments, is represented by the con-
trolled release of anti-cancer drugs targeted at a tumor area, as they are highly cytotoxic
to healthy tissues [1,2]. Reducing systemic exposure to chemotherapeutic drugs is of
paramount importance since it would drastically reduce the hard side effects on healthy
tissues and the amount of anti-cancer drugs used during chemotherapy [3,4]. In the last
decades, the possibility of using nanocarriers, encapsulating anti-cancer drugs, capable to
circulate in the body to target the tumor and release their payload at controllable rates, has
been extensively studied [5–7].
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Nanocarriers based on magnetic nanoparticles (MNPs) are very promising for such
use, as they can firstly be easily guided in the body and concentrated at the desired site
by an extracorporeal magnetic field [8–10]. Secondly, the MNPs under the application of
an alternating magnetic field (AMF) produce heat which can be exploited to sensitize the
cancer cells (mild magnetic hyperthermia (MH)) and, at the same time, to trigger the fast
release of the anti-cancer agents. Therefore, the synergistic effects of the simultaneous
application of MH and chemotherapy, in the same nanocarrier-based MNPs, are expected
to increase the effectiveness of cancer treatment.

A wide range of studies has focused on developing nanocarrier-based MNPs dis-
playing a core-shell architecture, with the core being the MNPs. The shell was usually
constituted from an organic polymer loaded with an anti-cancer drug. The organic poly-
mer can be thermo-responsive, which means that it undergoes a conformational change
at a specific temperature. Thus, the anti-cancer drug is retained at a physiological tem-
perature within the shell and released as a consequence of MH that locally increase the
temperature [11–13]. Often exploited also are pH-responsive polymers, which can re-
lease the anti-cancer drug due to the pH difference between blood/healthy tissues and
tumors [14,15]. A much more robust shell is given by the mesoporous silica (SiO2) [16–18]
or metal-organic frameworks (MOFs) [19–21], which are highly porous crystalline materials
providing high porosity for encapsulating or incorporating anti-cancer drugs.

One of the most attractive and studied nanocarrier systems for drug delivery is rep-
resented by liposomes (Ls) [22]. These nanocarriers present a spherical shape consisting
of at least one lipid bilayer and an aqueous core, being capable of encapsulating either
hydrophilic or hydrophobic anti-cancer drugs [23]. Nanoscale liposomal formulations, con-
sidered one of the most advanced delivery systems for cytotoxic drugs [24,25], have been
used in clinical cancer therapy for many years, the most known example being the Dox-
orubicin (DOX)-loaded liposomes (Caelyx®, Schering-Plough; DOXIL®, OrthoBiotech) [26]
with an improved pharmacokinetic profile and reduced cardiotoxic side effects as compared
with the free drug [27]. Nevertheless, a much higher therapeutic efficacy of liposomal
formulations is still needed and a large number of studies were conducted aiming at in-
creasing the drug concentration at the target site by further enhancing their targeting and
by localized triggering of the drug release from responsive liposomal formulations [28].
One of the main strategies used recently for reaching this goal is to use heat-activated
liposomal drug carriers, lyso-thermosensitive liposomal doxorubicin (Thermodox®) being
the first such system that has been evaluated in seven clinical studies [29].

The incorporation of MNPs in the Ls gives rise to the so-called magneto-liposomes
(MLs), these structures being capable of controlled movement in the presence of a mag-
netic field gradient [30,31]. Regarding the aqueous MLs, the distribution of MNPs in
the Ls’ structure defines three classes, in which MNPs are dispersed in the Ls’ aqueous
core [32–34], embedded in the lipid bilayer [35,36] or attached to the Ls’ surface [37–40].
Recently, by combining MNPs and gold nanoparticles (NPs) inside the Ls’ aqueous core or
distributed in different Ls compartments, plasmonic MLs have been created, with a great
potential to achieve a synergistic effect between multiple treatment methodologies, such as
chemotherapy, MH, and phototherapy [41–44].

For a controlled anti-cancer drug release, the MLs have been prepared by employing
different formulations of thermo-sensitive lipids, thus resulting in thermo-responsive
MLs (TsMLs) [45]. Similar to the case of thermo-responsive polymers, this class of MLs
is characterized by a transition temperature (Tm), above which the permeability of the
lipid bilayer increases, thus facilitating the release of the anti-cancer drugs in a controlled
manner [46,47]. The manufacturing processes of TsMLs are laborious, thus their clinical
translation has been slowed down. Conventional preparation methods, such as thin film
hydration [48–54], reverse-phase evaporation [55,56], and the double emulsion method [57]
give rise to large and multilamellar TsMLs. To reduce their dimension (a few hundred
nanometers in diameter) and obtain unilamellar TsMLs, different post-synthesis techniques
must be applied, such as sonication, extrusion, and size-exclusion chromatography. The
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sonication process degrades or contaminates the sample, resulting in poor batch-to-batch
reproducibility, while extrusion suffers from great product loss, obtaining a low production
yield in the end. Therefore, there is a need to develop new synthesis protocols that allow
efficient MNP loading into TsLs and eliminate the use of post-synthesis techniques [58,59].

In this paper, we have developed and optimized a simple and reproducible route
for the synthesis of unilamellar TsMLs without the need for post-synthesis techniques.
Moreover, the one-pot method allows the loading of the Ls with both the drug and the
MNPs simultaneously. The MNPs, successfully entrapped in the liposomal aqueous core,
consist of zinc ferrites that were fully investigated using multiple analytical methods such
as transmission electron microscopy (TEM), X-ray diffraction (XRD), vibrating sample
magnetometer (VSM), and magnetic hyperthermia (MH). The prepared TsMLs were char-
acterized for physicochemical properties such as size, morphology, and DOX entrapment
efficiency. Two independent cytotoxicity assays were applied to determine the cytotoxicity
of TsMLs loaded with DOX on the human pulmonary carcinoma A549 cancer cell line.
The in vitro DOX release and the magneto-chemotherapeutic effect under an alternating
magnetic field (AMF) stimulus have also been examined.

2. Materials and Methods
2.1. Materials

The synthesis of Zn ferrites has been done using the following chemicals: iron (III) acety-
lacetonate (≥98.00%, Merck Schuchardt OHG, Hohenbrunn, Germany), zinc (II) acetylaceto-
nate (≥98.00%, Merck KGaA, Darmstadt, Germany), oleic acid (Sigma-Aldrich, Steinheim,
Germany), tetra ethylene glycol (Carl-Roth, Karlsruhe, Germany, ≥99%) and benzyl ether
(Sigma-Aldrich, Steinheim, Germany). The following lipids have been used in the prepara-
tion of TsMLs: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (Lipoid, Ludwigshafen,
Germany), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) (Lipoid, Ludwigshafen, Ger-
many), and cholesterol (Sigma-Aldrich, Steinheim, Germany). Additional chemicals used in
the study were ethanol (Chemical, Iasi, Romania), hexane (Honeywell, Seelze, Germany),
cyclohexane (Honeywell, Seelze, Germany), sodium periodate (Sigma-Aldrich, Steinheim,
Germany), acetonitrile (Sigma-Aldrich, Steinheim, Germany), ethyl acetate (Chemical, Iasi,
Romania), chloroform (Chemical, Iasi, Romania), ammonium sulfate (Sigma-Aldrich, Stein-
heim, Germany), doxorubicin hydrochloride (Sigma-Aldrich, Steinheim, Germany) and
Osmium tetroxide (Merck Schuchardt OHG, Hohenbrunn, Germany)

2.2. Synthesis of MNPs and Their Water Transfer

The Zn ferrites have been synthesized by means of the thermal decomposition method.
Briefly, a mixture of 1.00 mmol of iron (III) acetylacetonate, 0.1 mmol of zinc (II) acetylacet-
onate, 2.9 mL of oleic acid, 1 mL of oleylamine, 1 mL of tetra ethylene glycol, and 20 mL
benzyl ether were magnetically stirred at 50 ◦C with 500 rot/min for 1h (MR-HEi-TEC, Hei-
dolph Instruments GmbH&Co.KG, Schwabach, Germany). Upon degassing with a flux of
gaseous nitrogen for 5 min, the mixture was sealed in a stainless steel reaction vessel using
a Teflon gasket and five screws. The reaction mixture was primely heated to 200 ◦C with at
a rate of 6 ◦C/min using an oven (Nabertherm GmbH, Lilienthal, Germany) equipped with
a temperature controller (JUMO dTron 316, JUMO GmbH & Co.KG, Darmstadt, Germany)
and kept at that temperature for 2 h, after which the temperature was raised to 300 ◦C at
a rate of 3 ◦C/min and kept at that temperature for an additional 1h. The resulting black
product was separated with a neodymium magnet and washed several times using a 20 mL
mixture of ethanol/hexane through ultrasonication (15 min) and magnetic separation. The
purified Zn ferrites were stored in 20 mL cyclohexane for further processing.

Water transfer has been realized through the oxidation of oleic acid by sodium perio-
date. Briefly, 30 mL of aqueous sodium periodate solution (c = 60 mg/mL) was added with
10 mL of acetonitrile and ethyl acetate mixture (v:v = 1:1) and 10 mL of MNPs dispersed in
cyclohexane. The mixture was mechanically stirred (Nahita, Auxilab S.L., Beriain, Spain)
for 2 h until all MNPs passed from cyclohexane (top) into the water (bottom) phase. The
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MNPs were separated by a neodymium magnet and washed with double distilled water
three more times. Finally, the hydrophilized MNPs were dispersed in the necessary vol-
ume of double distilled water to achieve a concentration of 4 mgMNPs/mL. The obtained
aqueous dispersion was stored in a glass container.

2.3. Preparation of Thermosensitive Liposomes Loaded with MNPs and Doxorubicin

A mixture consisting of 30 mg of DPPC, 15 mg of DSPC and 5 mg of cholesterol (6:3:1
weight ratio) has been dissolved in a mixture containning 2 mL of chloroform and 3 mL of
hexane, which has a density slightly lower than that of water. 1.5 mL of MNPs dispersion in
1M aqueous ammonium sulfate solution—was added to the lipidic solution. The mixture
was then sonicated for 6 min using a Vibra-Cell™ Ultrasonic probe sonicator, model VCX
500 equipped with a tapered microtip of Ø 6 mm (Sonics&Materials, Inc., Newtown, CT,
USA). The micro-emulsion formed was further introduced in the round bottom flask of
a rotary-evaporator (Heidolph Instruments GmbH&Co.KG, Schwabach, Germany)). The
installation parameters were set as follows: the flask rotation speed to 220 rot/min, the
installation pressure to 600 mbar, and the water bath temperature to 45 ◦C. The mixture
was kept in the installation for 10 min, resulting in the formation of a gel-like phase. The
gel was further hydrated with 18.5 mL of double distilled water or an aqueous solution of
doxorubicin hydrochloride—of desired concentration (either 10−4 M or 2 × 10−5 M). In
the end, the mixture was introduced in the rotary-evaporator and vortexed at 45 ◦C for
5 min at 60 rot/min and a subsequent 10 min at 150 rot/min, resulting in TsMLs loaded
with doxorubicin (DOX).

2.4. Characterization Methods

Transmission electron microscopy (TEM) images were obtained on a JEOL JEM-100CX
II (JEOL, Tokyo, Japan) at 80 kV with a MegaView G3 camera (Emsis, Münster, Germany)
running with Radius 2.1 software (Emsis). A drop of cyclohexane suspension of MNPs
(10 µgMNPs/mL) was deposited on a carbon-coated copper grid, and we then waited for
the solvent to evaporate. In the particular cases of TsLs and TsMLs, in 1 mL of liposomal
aqueous solution (obtained by diluting 20 times the initial liposomal aqueous solution),
a volume of 100 µL Osmium tetroxide was added to fix and stain the liposomes. After
30 min, a drop of the liposomal aqueous solution was deposited on a carbon-coated copper
grid, and the excess water was removed by filter paper after 10 min.

X-ray diffraction (XRD) patterns of powdered MNPs were collected with a Bruker D8
Advance diffractometer using Cu Kα radiation (Bruker AXS GmbH, Karlsruhe, Germany).
The intensities were measured from 20◦ to 80◦ in continuous mode with a step size of 0.03◦

and a counting rate of 5 s per scanning step.
The UV–VIS absorption spectra of all samples were recorded with a T92+ UV–VIS

Spectrophotometer PG INSTRUMENTS, using standard quartz cells at room temperature,
over a spectral range between 400 nm and 600 nm and a spectral resolution of 2 nm.

Hydrodynamic size and zeta potential measurements of samples (10 µgMNPs/mL)
were determined using a Zetasizer Nano ZS90 (Malvern Instruments, Worcestershire, UK)
in a 90◦ configuration, at room temperature.

The magnetization curves of the MNPs were measured using a Cryogenic Limited
(London, UK) vibrating sample magnetometer (VSM), operating at both 4K and 300K from
0 to ±4 T.

The Specific Absorption Rate (SAR) was measured on a commercially available
magnetic hyperthermia system, the Easy Heat 0224 from Ambrell (Scottsville, NY, USA)
equipped with an 8-turn heating coil, made of a water-cooled copper tube, and a fiber-optic
thermometer, placed in the middle of the sample volume, to measure the temperature
value each second. The samples (0.5 mL of MNPs suspended in water, PEG 8K, or incor-
porated in TsLs at different concentrations) were placed in the center of the heating coil.
The environment in close vicinity of samples was held at a physiological temperature of
around 37 ◦C. The heating curves were recorded under a fixed frequency of 355 kHz at
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different alternating magnetic field (AMF) amplitudes: 10–60 kA/m. Details about the
hyperthermia setup are provided elsewhere [60], and SAR calculations are provided in the
Supplementary Materials (Section S1).

2.5. Cell Lines

The in vitro studies were conducted on a human pulmonary carcinoma A549 cell
line, purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Paisley, UK) supplemented with 10%
Fetal Bovine Serum (FBS, Gibco, Paisley, UK) was used to keep the cells at a temperature of
37 ◦C and 5% CO2 supplementation. The cell culture media was changed every other day,
and the cells were used in the experiments once confluency of 80–90% was reached.

2.6. In Vitro Cytocompatibility Assays

Two different assays: Alamar Blue (AB) and Neutral Red (NR) assays were employed
to assess the cytotoxicity of nanomaterials after 48 h of exposure to A549 cells seeded in
6 well plates. The cytotoxicity evaluation was performed on samples containing MNPs
in a concentration of 15.625, 31.25, 62.5, 125, and 250 µg/cm2. After the exposure, cells
were thoroughly washed with PBS and the AB and NR dyes were added. For the AB assay,
cells were incubated for 3 h with a 200 µM resazurin solution, and the fluorescence was
measured at an λexcitation = 530/25 nm and λemission = 590/35 nm. For the NR assay, cells
were exposed for 2 h to a 40 µg/mL filtered NR dye solution, and post-incubation, cells
were washed to remove the non-internalized dye. The intra-cellular accumulated dye was
further solubilized in a 50% hydroalcoholic solution containing 1% glacial acetic acid, and
the fluorescence was measured at a λexcitation = 530/25 nm and a λemission = 620/40 nm.
For both assays, experiments were done in biological triplicates and the measurement of
fluorescence was performed using a Synergy 2 Multi-Mode Microplate Reader.

2.7. Evaluation of Cellular Uptake

The cellular uptake of MNPs and TsMLs was quantitatively evaluated by the Liebig
reaction of free Fe3+ with thiocyanate as described in the Supplementary Materials (Section
S2) after incubation for 48 h. After the exposure, washed and trypsinized cells were
centrifuged for 5 min at 4500× g and then processed for the Fe3+ quantification.

2.8. In Vitro Magnetic Hyperthermia

TsMLs and DOX-loaded TsMLs, suspended in a cell culture medium, were mixed
with A549 cells that were previously seeded in 6-well plates for 24 h. Subsequently, the
two aliquots of similar volume resulting from each mixture were centrifuged for 10 min at
100× g to reduce their volume to 0.5 mL. Upon removal of the excess supernatant, one of
the aliquots was introduced in a water bath at 37 ◦C representing the negative control. The
twin aliquot was exposed to an alternating magnetic field (AMF) for 30 min, working at a
fixed frequency of 355 kHz and variable amplitudes of 10, 20, and 30 kA/m. Immediately
after the AMF treatment, the cells from both aliquots were plated in 96-wells as six technical
replicates. After 48 h, the cellular viability was measured by using AB and NR assays. Three
biological replicates were considered for each experiment, while the data were normalized
to the negative control.

2.9. Statistics

One-way Analysis of Variance (ANOVA) equipped with a post-hoc + Dunn’s test was
used to analyze the data sets, while SigmaPlot 11.0 computer software (Systat) was em-
ployed to graphically represent the results, which are average values ± standard deviation
(SD). Statistically relevant results were those showing p values < 0.05.
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3. Results and Discussion
3.1. Characterization of Zinc Ferrites Nanoparticles and Their Heating Performances

Small-sized magnetite MNPs (10 nm in diameter) have been generally used to fabricate
TsMLs. This class of MNPs is mainly in a superparamagnetic state (SP) at room temperature
and their heating performances under AMF are rather weak. Moreover, upon the confine-
ment of MNPs inside the TsL, the heating properties are further reduced. Consequently,
there is a need for MNPs with larger magnetic moments to enable the release of sufficient
heat to destabilize the lipid bilayer membrane [61]. An already proven efficient way to
increase the heating performances of magnetite MNPs is doping their structure with Zn
cations [62–67]. We have used the well-known thermal decomposition technique to prepare
Zn ferrites [65,68], in which the 1,2 hexadecanediol (a very expensive surfactant) has been
replaced with tetra-ethylene-glycol (TEG). With 1 mL of TEG in the reaction mixture, the
modified synthetic approach enables the formation of magnetite (Fe3O4) nanoparticles
(NPs) of quasi-spherical shape and average diameter around 9 nm (Figure S3a,b). The
addition of zinc (II) acetylacetonate in the reaction mixture produces well-defined spher-
ical Zn ferrites with an average diameter of 16.6 nm, twice the diameter of Fe3O4 MNPs
(Figure 1a–c). The X-ray diffraction pattern of Zn ferrites under 2θ values ranging from
20 to 80◦ are plotted in Figure 1d. The occurring diffraction peaks were ascribed to crystal
planes: (220), (311), (400), (422), (511) and (440), respectively (JCPDS No. 88-0315) being
similar to those of pure Fe3O4, indicating that Zn ferrites possess the crystal unit of a
face-centered cubic spinel crystalline structure [62,63]. The Zn ferrites are single crystals as
the average diameter from TEM images is close to the corresponding one given by XRD
diffractogram, calculated using Scherrer’s formula by Gaussian fit of the peaks (220), (311),
and (440). According to the hysteresis loop recorded at 4K (Figure 1e), the saturation mag-
netization (Ms) is around 106 emu/g, higher than that of pure magnetite, confirming the
location of Zn2+ ions in tetrahedral sites [69]. The spin canting effects, well-pronounced for
MNPs of spherical shape, reduced the Ms at 300K with 26 emu/g. The low field hysteresis
loops (Figure 1f) showed the presence of a coercive field (Hc) of 25 mT (20 kA/m) at 4K,
which is reduced to 9 mT (7 kA/m) at 300K, suggesting that the Zn ferrites are close to a
superparamagnetic type behavior at the above temperature.

The SAR dependence of Zn ferrites on the concentration and amplitude of the mag-
netic field is presented in Figure 1g for the concentration range 0.25–4.00 mgFe/mL. The
SAR dependence on the amplitude of the alternating magnetic field is sigmoidal and was
fitted with a logistic function (Equations (S3) and (S4)), to obtain the SARmax and the hyper-
thermia coercive field, i.e., the point of highest slope in the SAR = f(Hmax) curve [70]. The
concentration dependence of SAR is nonmonotonic. SARmax increases as the concentration
increases in the range of 0.25–1.00 mgFe/mL and decreases as the concentration further
increases. The maximum SAR of 1130 W/gFe is reached for a concentration of 1 mgFe/mL
(Section S1 Table S1). As explained in our previous paper [66], the increase in the colloidal
concentration drives the Zn ferrites from individual behavior to a collective one. In the
concentration range of 0.25–1.00 mgFe/mL, the interparticle interaction enhances their
magnetization, while in the concentration range of 1.00–4.00 mg/mL, the dipolar inter-
actions between the MNPs lead to a demagnetizing effect, reducing the magnetization
of the colloid and thus the SARmax [71]. As a consequence, the SARmax values increase
from 450 W/gFe at 0.25 mgFe/mL to 1130 W/gFe at 1 mgFe/mL and then decrease again to
810 W/gFe at 4 mgFe/mL. Compared with Fe3O4 MNPs (Figure S3c), the Zn ferrites display
a 3-fold higher SAR value due to the Zn doping. As expected, the random distribution of
Zn ferrites in a solid matrix (PEG 8K) led to an important decrease of the SAR values: on
average by 70% for 1 mgFe/mL, 65% for 0.50 mgFe/mL and 50% for 0.25 mgFe/mL. For all
three concentrations, the SAR values are almost identical in the H range of 10 to 30 kA/m.
A small decrease of SAR values with decreasing the concentration can be identified starting
with H of 40 kA/m.
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3.2. Preparation of Thermosensitive Magneto-Liposomes Loaded with Doxorubicin and Their
Heating Performances

Normally, by selecting the phospholipids and adjusting their composition, thermosen-
sitive liposomes (TsL) can be designed to display a leakage temperature range, within
which the lipid bilayer membrane undergoes a phase transition from the crystalline form to
a liquid one and cause the release of payload. In this work, we adopted the phospholipidic
composition used by Anikeeva et al. [57]—with less cholesterol, that enables the formula-
tion of TsL with a phase-transition temperature between 42–43 ◦C. Instead of the double
emulsion method for liposome preparation, we used an osmotic-mediated hydration of
the lipid gel method, as described in the Section 2. An ammonium sulfate aqueous phase
containing Zn ferrites was transferred into a solution of thermosensitive lipids in a mixture
of hydrophobic solvents. After the formation of the micro-emulsion through sonication,
the hydrophobic phase was rapidly evaporated. The hydration of the formed gel with an
aqueous solution of doxorubicin produced spherical TsMLs with an average diameter of
365 (±170) nm (Figure 2a). Various amounts of Zn ferrite were used in the preparation
to achieve a maximum ratio between encapsulated and empty TsLs. We found that an
amount of 10 mgMNPs in the microemulsion mixture is adequate to obtain a high number
of TsLs containing Zn ferrites, with a small fraction (less than 5%) of empty TsLs. All Zn
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ferrites were encapsulated inside the TsLs as no free MNPs were observed on the TEM
images. However, above this threshold, some Zn ferrites remain outside of TsLs within
the supernatant of the liposomal solution. Room temperature TEM analysis clearly shows
that the Zn ferrites are homogeneously distributed inside the inner aqueous core of the
TsLs (Figure 2b). The Zeta potential of Zn ferrites upon water transfer was found to be
−37.28 mV, this negative value being due to the carboxyl groups resulting upon oxida-
tion of oleic acid by sodium periodate [65,72]. The incorporation of Zn ferrites inside the
aqueous core of TsLs led to TsMLs exhibiting a less negative Zeta potential of −13.47 mV.
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The preparation method of TsMLs developed herein is very efficient as basically all
MNPs, below a certain threshold, are embedded in the liposomal pool, eliminating the need
for post-synthesis purification methods. Moreover, the size of TsMLs of a few hundred
nanometers directly resulting from synthesis, without the use of downsizing techniques, is
adequate for biomedical applications. It is worth mentioning that the concentration of am-
monium sulfate from the solution used for emulsion preparation played an important role
in the gel hydration efficiency, the optimal value being situated at 1M in our experiments.

To check the suitability of our preparation method, we have extended it to other types
of MNPs. The small Fe3O4 NPs, presented above are incorporated in the liposomal pool
resulting in well-defined TsMLs (Figure S4a). Instead, 27 nm ferromagnetic Zn ferrites with
higher SAR (>3000 W/gFe) [65] tend to form chains and avoid entrapping in the liposomal
pool (Figure S4b). Therefore, it appears that the successful preparation of TsMLs is restricted
to using SP-MNPs or MNPs close to the superparamagnetic regime. In the third case, we
have coated the current Zn ferrites in a silica shell, according to a procedure published
previously [65] in small clusters containing few MNPs. According to TEM analysis, there is
no embedment in the liposomal pool: the silica-coated Zn ferrites are located either outside
the TsLs or are attached to the lipid bilayer (Figure S4c). Both Zn ferrites and Fe3O4 NPs
exhibit a higher negative Zeta potential as compared to silica-coated ones. It results that
negatively charged MNPs are prone to be entrapped in the liposomal pool, probably due to
a possible interaction with the positive charges of the zwitterionic lipids (the ammonium
group from phosphatidylcholine) occurring during the preparation.

The amount of DOX encapsulated in TsMLs was estimated by UV-Vis spectroscopy
based on a calibration curve that exhibits the DOX concentration as a function of the
absorbance at 495 nm (Figure S5). Upon preparation of the TsMLs with DOX, the liposomal
solution was magnetically decanted, and the supernatant was used to determine the
non-encapsulated DOX amount. The difference between the initial DOX amount and
that of non-encapsulated DOX gives the amount of encapsulated DOX. Two different
starting concentrations of DOX have been used: 10−4 M and 2 × 10−5 M corresponding to
930.47 and 178.29 µg of DOX respectively. According to Table 1, for the high initial DOX
concentration, the amount of encapsulated DOX was 392 µg, resulting in an encapsulation
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efficiency (EE = DOXencapsulated/DOXinital × 100) of 42%. The EE decreases to 39% for low
initial DOX concentration, the encapsulated DOX amount being 70 µg, representing an
amount 5.6 times lower than the first case.

Table 1. Loading capacity of TsMLs with doxorubicin.

Liposomes Initial DOX
Concentration

Initial DOX
Amount

Non-
Encapsulated
DOX Amount

Encapsulated
DOX Amount

Encapsulation
Efficiency

h-DOX-TsMLs 10−4 M 930 ± 26 µg 538 ± 36 µg 392 ± 11 µg 42%
l-DOX-TsMLs 2 × 10−5 M 178 ± 19 µg 109 ± 28 µg 70 ± 9 µg 39%

The release of encapsulated doxorubicin from TsMLs crucially depends on the capabil-
ities of Zn ferrites, confined in TsLs, to produce heat under AMF stimulus. Therefore, in the
next step of our study, we have examined the heating capabilities of well-designed TsMLs.
As presented in Figure 1i, for a concentration of 1.00 mgFe/mL, the SAR values exhibit a
sigmoidal increase from 55 W/gFe to 635 W/gFe with increasing H from 10 to 60 kA/m. For
the entire H range, the decrease in concentration led to only a very slight increase in SAR
values (Figure 1i), contrary to previous cases for unconfined or immobilized Zn ferrites
(Figure 1g,h) for which the concentration dependence of SAR is much more pronounced.
This situation is similar to the case of Zn ferrites coated in an SiO2 layer in relatively small
clusters [65], which also present a very slight dependence of SAR on concentration. In
both cases, with the MNPs confined in the liposomes or clustered in a silica shell, the SAR
values are smaller as compared to the water dispersion case. This is explained by the strong
dipolar interaction between the MNPs within the TLs or the cluster. However, the fact that
increasing the number of clusters and thus reducing the main distance between them has
very small or no influence on SAR is a clear indication that inter-cluster or inter-liposomal
interactions are negligible [66] and either the lipidic bilayer or the silica shell avoids the
confined Zn ferrites to come into contact and form bigger aggregates as the concentration
increases. Thus, the inter-TsMLs interaction energy is negligible and the increase in the
number of TsMLs in a given volume will not affect the SAR. Compared with the case where
the Zn ferrites are dispersed in water, their confinement in the aqueous lumen of TsLs led
to a reduction of SAR values. As mentioned above, this decrease can be explained by an
increase in the dipolar interaction between the MNPs confined inside the TsMLs. As can be
seen from Table S1, the SAR values for the water dispersions decrease from 1130 W/gFe at
1mgFe/mL to 810 W/gFe at 4 mgFe/mL. Based on the initial concentrations of MNPs and
the final volumes obtained, the actual concentration of MNPs inside a TsLs is 6–7 mgFe/mL
or higher, and this concentration increase is a reasonable explanation for SARmax values of
700 W/gFe for the TsMLs.

With respect to immobilized Zn ferrites, the SAR values of Zn ferrites confined in
TsMLs are higher for all H (Tables S1 and S2). This can be due to a certain mobility of TsMLs
generating heat through physical rotation. We checked if this partial mobility allows the
MNPs to align themselves in a static DC field aiming at increasing the SAR. In our recent
paper, we have shown that a direct current bias magnetic field (HDC) applied parallel or
perpendicular to AFM lines enhances the SAR mainly at higher H for water-dispersed
MNPs [66]. Therefore, an HDC of 10 kA/m has been applied parallel to AMF lines during
MH experiments in the second set of experiments performed on TsMLs. According to
Figure S6, for all three concentrations and all Hmax values, the SAR values are smaller than
those recorded without HDC, while the HcHyp values are shifted toward higher H (Table S2).
This type of behavior is similar to that recorded for immobilized Zn ferrites [66]. Thus, by
confinement inside the aqueous lumen of TsLs, the Zn ferrites are partially immobilized,
being restricted to organize in chains under the influence of either field.
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3.3. Cellular Viability of Doxorubicin-Loaded TsMLs

Before evaluating the synergistic effect of DOX-loaded TsMLs upon MH treatment,
in our study, we have determined the anti-tumoral effect (IC50) of doxorubicin (DOX) on
the A549 cell line. Cellular viability of A549 cells was measured by Alamar Blue (AB) and
Neutral Red (NR) assays after exposure to various concentrations of DOX (ranging from
0.0145 to 0.870 µg/mL) for 24 and 48 h. The AB assay shows that the DOX presents a
cytotoxic effect, after 24 h, starting with a concentration of 0.03 µg/mL. The cell viability
decreases with increasing the DOX concentration, reaching a plateau of around 36% for
the last three tested concentrations (Figure 3a) with an IC50 of 0.3 µg/mL, similar to other
reports in the literature for A459 cells [70]. By doubling the incubation time to 48 h, the
cell viability continued to decrease for all concentrations (Figure 3b). The drop in cell
viability was more pronounced at higher tested concentrations. The IC50 was shifted from
0.3 µg/mL at 24 h to 0.18 µg/mL at 48 h. The NR assay, which is less sensitive than the
AB assay, also indicated a pronounced cytotoxic effect of DOX on A549 cells at 48h. Since
DOX presents a relevant anti-tumoral effect towards A549 cells at 48 h, the safe working
concentrations of the three Zn ferrites, TsMLs and DOX-loaded TsMLs were established at
this incubation interval time.
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Data are presented as relative values to the negative control (100%), as mean ± SD of three biological
replicates. The significant differences compared to the negative control (ANOVA + Dunn’s; p < 0.05)
are noted with asterisks (*).

As Figure 4a,b show, the lack of cytotoxic effects after 48 h of exposure of A549 cell lines
to the Zn ferrites and TsMLs over the entire concentrations range (15.625 to 250 µg/cm2)
can be noted. The lack of cytotoxic effect can be explained by the poor internalization
of both Zn ferrites and TsMLs (Figure S7). After 48 h, the relative internalization of Zn
ferrites was low: ranging between 2.7% and 25% for Zn ferrites alone and between 2.3–18%
for Zn ferrites entrapped in TsLs (Figure S7). For both cases, the relative internalization
decreased by increasing the exposure dose (Figure S7). These small percentages of relative
internalization mean a very low amount of internalized MNPs. In each case, the highest
internalized amount was 20 µgFe per well (around 20 pgFe per cell), which is well below
the toxicity threshold of MNPs. The lack of internalization can be explained by the negative
surface charge of Zn ferrites and TsMLs which are hardly endocytosed by A549 cells, as
their membrane displays extensive negatively charged domains.
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In contrast to previous observations obtained for Zn ferrites either alone or entrapped
in TsLs, the exposure of A549 cells to the TsMLs loaded with DOX caused a decrease in
the cell viability of A549 cells (Figure 5). After 48h of exposure to l-DOX-TsMLs (TsMLs
loaded with a small amount of DOX), the NR assay showed no toxicity over the entire
concentration range (Figure 5a). Based on the fact that the concentration of the tested
nanomaterial can be described as non-toxic if the cells’ viability is above 80%, the AB
assay indicated a concentration threshold of 250 µg/cm2, where a drop in the cell viability
to 65% was recorded (Figure 5b). In the case of h-DOX-TsMLs (TsMLs loaded with a
high amount of DOX), the NR assay indicated toxicity at a concentration of 250 µg/cm2

(Figure 5b). Instead, the AB assay showed a more pronounced toxicity effect, starting with
a concentration of 62.5 µg/cm2, where a cell viability of 69% was reached (Figure 5b). By
increasing the concentration of h-DOX-TsMLs, the cell viability decreased considerably,
reaching 19% at the highest tested concentration (250 µg/cm2). Since the TsMLs without
DOX are not toxic over the tested concentration range, the decrease in the cell viability may
suggest that the DOX was released from the TsMLs during the incubation with A549 cells
through a passive flux. Samples containing the same amount of h-DOX-TsMLs have been
incubated without cells for 48 h to quantify the amount of DOX passively released from
TsMLs. By applying the second protocol for DOX concentration determination (Section S5),
we were able to detect a DOX concentration of 1.8–2.1 µg/mL in the samples containing
the highest amount of h-DOX-TsMLs (dosage of 250 µg/cm2), which represent roughly
10% of the encapsulated DOX concentration. For the other samples, the amount of DOX
passively released was under the detection limit of the employed spectroscopic method,
which is around 1.5 µg/mL.
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3.4. In Vitro Magnetic Hyperthermia

According to the cytotoxicity studies, the threshold concentration of h-DOX-TsMLs below
which there is no induced toxicity by the passively released DOX is 31.25 µg/cm2. This dosage
corresponds to 0.2 mgFe/mL. In the first step of in vitro MH experiments, the A549 cells were
mixed with TsMLs in a concentration of 0.2 mgFe/mL and exposed for 30 min to AMF of 10,
20, and 30 kA/m, to check whether or not the heat released by the encapsulated MNPs will
affect the cell integrity. As can be seen in Figure 6a,b, both assays indicated no toxicity when
exposing the mixture (A549cells+TsMLs) to an AFM of 10 and 20 kA/m. This is in accordance
with the small values of saturation temperature reached upon AFM exposure: 39.6 ± 0.3 ◦C
for 10 kA/m and 42.4 ± 0.2 ◦C for 20 kA/m (Figure 7). A statistical decrease in the A549 cell
viability is observed with both assays (38% for AB and 58% for NR) upon exposure to 30 kA/m
(Figure 6a,b). The saturation temperature reached during AMF exposure was 44.2 ± 0.2 ◦C
(Figure 7), which is above the temperature at which the A549 cells, exposed for 30 min to MH
treatment, received a 50% lethal dose (LD50%) [65].

The same experiments were repeated with l- and h-DOX-TsMLs in the mixture. At
10 kA/m the l-DOX-TsMLs did not induce any toxicity to A549 cells (Figure 6a,b). A
comparison between the groups based on the AB data indicated a statistical difference
between h-DOX-TsMLs and the other two treatments (l-DOX-TsMLs and TsMLs) (Figure 6a),
while no difference was observed based on the NR data (Figure 6b). By increasing the AMF
amplitude to 20 kA/m, lower cellular viability was measured in all three conditions, with a
more prominent decrease being observed in the case of DOX-loaded TsMLs (Figure 6a,b).
Similar to the previous observation, the AB assay indicated stronger toxicity than the
NR assay. At this amplitude, the recorded viabilities were 87, 47, and 9% for the TsMLs,
l- and h-DOX-TsMLs, respectively, with significant differences being observed between
all groups (pairwise comparisons). As the recorded temperatures were almost identical,
these values indicate that the release of DOX from the TsMLs is responsible for the higher
cytotoxicity observed in the case of DOX-loaded TsMLs, the toxicity being also dependent
on the DOX loading of the TsMLs. A statistically significant difference between the groups
was also observed using the NR assay; however, the recorded viabilities were slightly
higher (Figure 6b). By further increasing the amplitude of the AMF to 30 kA/m, the
recorded viabilities decreased in all three cases. Similar to the results observed at 20 kA/m,
significant differences were observed between the DOX-loaded and unloaded TsMLs, the
recorded viabilities being less than 10% from the control values in both assays for the
DOX-loaded TsMLs (Figure 6a,b). The Two-Way ANOVA test having as variables, the
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type of TsMLs and the AMF amplitude, indicated that both factors influence the measured
viability resulted from both AB and NR assays.
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Figure 6. Cytotoxic effects of TsMLs with and without DOX, mixed with A549 cells were evaluated
after a 30 min exposure to AMF of 355 kHz and amplitudes of 10, 20, and 30 kA/m. Cellular
viability was measured using Alamar Blue (a) and Neutral Red (b) assays and presented as the
mean ± SD of three biological replicates. Data are presented as relative values to their negative
control (100%). Different symbols(*,#,‡) indicate a statistically significant difference between the
groups (ANOVA + Holm-Sidak; p < 0.05).
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Figure 7. Typical heating curves of TsMLs mixed with A549 cells at a concentration of 0.2 mgFe/mL in a
volume of 500 µL at different Hmax values: 10, 20, and 30 kA/m at a constant frequency of 355 kHz.

Overall, the performed experiments indicate that the decreased cellular viability can
only be caused by the DOX flux released from TsMLs structure under the oscillating
magnetic field. Moreover, as the negative control of each sample was represented by the
same number of cells exposed to the loaded or unloaded TsMLs, but not to the AMF, the
current results are not the result of a passive flux of DOX from the TsMLs during the 48 h
incubation period.

For a more straightforward explanation of the biological effects observed, we at-
tempted to quantify the release of DOX from the l- and h-DOX-TsMLs under the influence
of the AMF. In the case of h-DOX-TsMLs, the amount of encapsulated DOX was 8.1 µg/mL
per sample, allowing the quantification of the released DOX from TsMLs after the MH treat-
ment. Upon 30 min MH exposure of h-DOX-TsMLs to 30 kA/m, 55% of the DOX load was
released (4.4 ± 0.3 µg/mL). For 20 kA/m, the released DOX amount was 2.8 ± 0.3 µg/mL,
representing 35% of the DOX load, while for 10 kA/m no DOX released was measured.
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These results support the cytotoxicity observed after AMF treatment, as at these concen-
trations the cytotoxic effects of doxorubicin are present (Figure 3). Since the amount of
encapsulated DOX in the l-DOX-TsMLs at a concentration of 0.2 mgFe/mL was 1.4 µg/mL,
close to the detection limit of the employed spectroscopic method, the amount of released
DOX could not be quantified. However, taking into consideration the releases observed
from h-DOX-TsMLs, a high enough quantity of DOX (0.8 µg/mL and 0.5 µg/mL at a 55%
and 35% release) would be attained to induce cytotoxic effects on the cancerous cells, thus
explaining the current results, and the difference between the more potent cytotoxic effects
of l-DOX-TsMLs in comparison with TsMLs upon MH treatment.

Since both high-frequency and high-amplitude AMF produce eddy currents in con-
ducting media that can lead to damage to the human body, human exposure to AMF sets a
safety limit on the frequency and amplitude of the AC magnetic field, the product between
these two parameters should be 5 × 109 Am−1s−1 [73]. It was demonstrated recently that
this safety limit can be extended to a product of 9.59 × 109 Am−1s−1 [74]. Our AFM parame-
ters of 20–30 kA/m and 355 kHz, which led to an A549 cell survival reduction by more than
90% upon 30 min exposure, fall in the new safety limit, indicating that the MH applicability
of our DOX-TsMLs might be extended to in vivo experiments. DOX release from TsMLs
reaching a cell death rate as high as 83% was also recently demonstrated by Forte Brolo
et al. [40]. Although their AMF parameters defined an Hf product of 4.85 × 109 Am−1s−1,
which is smaller than ours (Hf = 7–10.65 × 109 Am−1s−1), the AMF was applied for 1h. A
similar time interval has been applied by Pradhan et al. [75] in their study on HeLa cells
targeted by folate-DOX-TsMLs, resulting in less than 7% cell viability with an Hf product of
3.5 × 109 Am−1s−1; however, the DOX concentration was twice that in our case. Complete
elimination of HeLa cells by combined MH and chemotherapy has also been realized by
Shah et al. [76], with an Hf product of 5 × 109 Am−1s−1 and an exposure time of 30 min;
the amount of DOX-TsMLs in the samples being 10 times higher than in our case.

A key parameter for the successful application of DOX-TsMLs in both in vitro and
in vivo experiments is the heating capabilities of MNPs. For a Hf product satisfying the
safety limit, the MNPs should deliver sufficient heat in a short time to reach the Tm of TsMLs
for releasing the DOX. Our Zn ferrites have excellent heating performances, individually
dispersed in water or even confined in the liposomal pool, which enable us to reach Tm
at a very low concentration (0.2 mgFe/mL) in 15 min (Figure 7). It is worth mentioning
that we were able to induce an A549 cell death rate of 45% and 85% by exposing samples
containing h-DOX-TsMLs and A549 cells for 15 min to 20 and 30 kA/m, respectively. In
addition, compared to previous studies, the preparation protocol developed herein is very
simple and quite fast, and the amount of resulting DOX-TsMLs is larger due to the high Zn
ferrites’ entrapping efficiency. Since the TsMLs have a short lifetime (three-four days), all of
these issues are of paramount importance for subsequent in vivo studies and clinical trials,
which require large quantities of DOX-TsMLs.

4. Conclusions

In summary, the presented results prove the successful obtaining of thermosensitive
magneto-liposomes capable of drug encapsulation and release under the influence of an
alternating magnetic field. The employed synthetic procedure was fast, cost-effective, and
reproducible, and consisted of two main steps: (1) lipid gel formation; and (2) osmotic-
driven lipid gel hydration plus ammonium gradient-driven drug incorporation. The
obtained thermo-sensitive magneto-liposomes were nano-sized, of spherical shape, homo-
geneous, and presented a high MNPS entrapping efficiency. Thus, no further post-treatment
was needed for improving the liposomal system’s physical characteristics. The effect of the
formulation parameters such as the solvents used for dissolving lipids, the ratio between
lipds, Zn ferrites and (NH4)2SO4 concentrations of the aqueous dispersion used for water-
in-oil emulsion preparation, solvent temperature, pressure, and vortex speed employed in
the gel formation step, were investigated and optimized.
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The SAR values of Zn ferrites exhibited a sigmoidal increase with H and strongly
depend on the colloidal concentration, the maximum SAR of 1130 W/gFe being achieved for
a concentration of 1 mgFe/mL. The MH experiments of TsMLs showed that the SAR values
of Zn ferrites decreased for each H, exhibiting a similar sigmoidal dependence on H, and
did not vary within the colloidal concentration.These experimental observations represent
further proof of the Zn ferrites confinement as small clusters within the liposomal core.

Due to the poor internalization in A549 cells, both Zn ferrites and TsMLs are not toxic
upon 48 h incubation time over the studied concentration range (15.625 to 250 µg/cm2). In
the absence of an AMF, the TsMLs loaded with doxorubicin exhibited a toxic effect due to
the passive release of small drug amounts during the 48 h incubation time. When exposed
to AMF, the doxorubicin-loaded TsMLs exhibited enhanced toxicity due to the release of
higher drug amounts compared to the previous ones.

The synthesis procedure described in this paper may be extended to incorporate
multiple classes of MNPs and drugs, either hydrophilic or hydrophobic, and may present a
practical interest due to its simplicity, effectiveness and high yield.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14112501/s1, Section S1: Details regarding hyper-
thermia setup, SAR calculation, and fitting the SAR = f(Hmax) curves; Figure S1: Heating curves for
Zn ferrite MNPs dispersed in water and their fit with the Box-Lucas eq.; Table S1: Fitting parameters
for SAR evolution with Hmax for samples dispersed in water and immobilized in PEG 8K; Section
S2: Iron concentration determination; Figure S2: Calibration curve for the iron concentration deter-
mination; Figure S3: TEM image, size distribution and SAR dependence on AMF amplitude of iron
oxide MNPs; Figure S4: TEM images of TsMLs loaded with small superparamagnetic iron oxide
MNPs, high coercivity Zn ferrite MNPs and silica-coated Zn ferrite MNPs; Section S5: Calculations
for the determination of the doxorubicin concentrations in liposomes; Figure S5: UV-Vis absorption
spectrum of doxorubicin and calibration curve for the concentration determination; Figure S6: SAR
dependence on the AMF amplitude for the TsMLs with and without a superposed 10 kA/m static
magnetic field; Table S2: Fitting parameters of the SAR evolution with H for TsMLs with and without
the static DC magnetic field; Figure S7: Cellular internalization of the Zn ferrite MNPS in A459 cells
after 48 h exposure.

Author Contributions: Conceptualization, S.N. and C.I.; methodology, S.N., I.F. and C.I.; software,
S.N., I.F. and C.I.; validation, F.L., C.M.L., and C.I.; formal analysis, S.N., I.F., R.D., C.M.L., and
C.I.; investigation, S.N., I.F., R.D. and C.I.; resources, C.I.; data curation, S.N., I.F., C.M.L., and C.I.;
writing—original draft preparation, S.N., I.F., C.M.L. and C.I. writing—review and editing, C.M.L.
and C.I.; visualization, C.I.; supervision, F.L., C.M.L., and C.I.; project administration, I.F., and C.I.;
funding acquisition, I.F., and C.I. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by two grants from the Romanian Ministry of Education and
Research, CNCS—UEFISCDI, project number PN-III-P1-1.1-TE-2019-1392, and PN-III-P1-1.1-PD-2019-
0804, within PNCDI III.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflicts of interest. The funders had no
role in the design of the study and the published results.

References
1. Lee, P.Y.; Wong, K.K.Y. Nanomedicine: A new frontier in cancer therapeutics. Curr. Drug Deliv. 2011, 8, 245–253. [CrossRef]
2. Almohammadi, A.; Alqarni, A.; Alraddadi, R.; Alzahrani, F. Assessment of Patients’ Knowledge in Managing Side Effects of

Chemotherapy: Case of King Abdul-Aziz University Hospital. J. Cancer Educ. 2020, 35, 334–338. [CrossRef]
3. Gerber, E.D. Targeted therapies: A new generation of cancer treatments. Am. Fam. Physician 2008, 77, 311–319.
4. Singh, R.; Lillard, J.W., Jr. Nanoparticle-based targeted drug delivery. Exp. Mol. Pathol. 2009, 86, 215–223. [CrossRef]

115



Pharmaceutics 2022, 14, 2501

5. Peng, Y.; Bariwal, J.; Kumar, V.; Tan, C.; Mahato, R.I. Organic Nanocarriers for Delivery and Targeting of Therapeutic Agents for
Cancer Treatment. Adv. Ther. 2020, 3, 1900136. [CrossRef]

6. Edis, Z.; Wang, J.; Waqas, M.K.; Ijaz, M.; Ijaz, M. Nanocarriers-Mediated Drug Delivery Systems for Anticancer Agents: An
Overview and Perspectives. Int. J. Nanomed. 2021, 16, 1313–1330. [CrossRef] [PubMed]

7. Sabit, H.; Abdel-Hakeem, M.; Shoala, T.; Abdel-Ghany, S.; Abdel-Latif, M.M.; Almulhim, J.; Mansy, M. Nanocarriers: A Reliable
Tool for the Delivery of Anticancer Drugs. Pharmaceutics 2022, 14, 1566. [CrossRef]

8. Farzin, A.; Etesami, S.A.; Quint, J.; Memic, A.; Tamayol, A. Magnetic Nanoparticles in Cancer Therapy and Diagnosis. Adv.
Healthc. Mater. 2022, 9, 1901058. [CrossRef] [PubMed]

9. Eslami, P.; Albino, M.; Scavone, F.; Chiellini, F.; Morelli, A.; Baldi, G.; Cappiello, L.; Doumett, S.; Lorenzi, G.; Ravagli, C.; et al.
Smart Magnetic Nanocarriers for Multi-Stimuli On-Demand Drug Delivery. Nanomaterials 2022, 12, 303. [CrossRef]

10. Nogueira, J.; Soares, S.F.; Amorim, C.O.; Amaral, J.S.; Silva, C.; Martel, F.; Trindade, T.; Daniel-da-Silva, A.L. Magnetic Driven
Nanocarriers for pH-Responsive Doxorubicin Release in Cancer Therapy. Molecules 2020, 25, 333. [CrossRef]

11. Chen, L.; Li, L.; Zhang, H.; Liu, W.; Yang, Y.; Liu, X.; Xu, B. Magnetic thermosensitive core/shell microspheres: Synthesis,
characterization and performance in hyperthermia and drug delivery. RSC Adv. 2014, 4, 46806–46812. [CrossRef]

12. Reyes-Ortega, F.; Delgado, A.V.; Schneider, E.K.; Checa Fernandez, B.L.; Iglesias, G.R. Magnetic Nanoparticles Coated with a
Thermosensitive Polymer with Hyperthermia Properties. Polymers 2018, 10, 10. [CrossRef]

13. Mai, B.T.; Balakrishnan, P.B.; Barthel, M.J.; Piccardi, F.; Niculaes, D.; Marinaro, F.; Fernandes, S.; Curcio, A.; Kakwere, H.;
Autret, G.; et al. Thermoresponsive Iron Oxide Nanocubes for an Effective Clinical Translation of Magnetic Hyperthermia and
Heat-Mediated Chemotherapy. ACS Appl. Mater. Interfaces 2019, 11, 5727–5739. [CrossRef]

14. Mai, B.T.; Fernandes, S.; Balakrishnan, P.B.; Pellegrino, T. Nanosystems Based on Magnetic Nanoparticles and Thermo- or
pH-Responsive Polymers: An Update and Future Perspectives. Acc. Chem. Res. 2018, 51, 999–1013. [CrossRef] [PubMed]

15. Sahoo, B.; Devi, K.S.P.; Banerjee, R.; Maiti, T.K.; Pramanik, P.; Dhara, D. Thermal and pH Responsive Polymer-Tethered
Multifunctional Magnetic Nanoparticles for Targeted Delivery of Anticancer Drug. ACS Appl. Mater. Interfaces 2013, 5, 3884–3893.
[CrossRef] [PubMed]

16. Gao, Y.; Gao, D.; Shen, J.; Wang, Q. A review of mesoporous silica nanoparticle delivery systems in chemo-based combination
cancer therapies. Front. Chem. 2020, 8, 598722. [CrossRef]

17. Adam, A.; Parkhomenko, K.; Duenas-Ramirez, P.; Nadal, C.; Cotin, G.; Zorn, P.-E.; Choquet, P.; Begin-Colin, S.; Mertz, D.
Orienting the Pore Morphology of Core-Shell Magnetic Mesoporous Silica with the Sol-Gel Temperature. Influence on MRI and
Magnetic Hyperthermia Properties. Molecules 2021, 26, 971. [CrossRef]

18. Perez-Garnes, M.; Morales, V.; Sanz, R.; Garcia-Munoz, R.A. Cytostatic and Cytotoxic Effects of Hollow-Shell Mesoporous Silica
Nanoparticles Containing Magnetic Iron Oxide. Nanomaterials 2021, 11, 2455. [CrossRef] [PubMed]

19. Matlou, G.G.; Abrahamse, H. Nanoscale metal–organic frameworks as photosensitizers and nanocarriers in photodynamic
therapy. Front. Chem. 2022, 10, 971747. [CrossRef] [PubMed]

20. Chen, J.; Liu, J.; Hu, Y.; Tian, Z.; Zhu, Y. Metal-organic framework-coated magnetite nanoparticles for synergistic magnetic
hyperthermia and chemotherapy with pH-triggered drug release. Sci. Technol. Adv. Mater. 2019, 20, 1043–1054. [CrossRef]

21. Chen, G.; Yu, B.; Lu, C.; Zhang, H.; Shena, Y.; Cong, H. Controlled synthesis of Fe3O4@ZIF-8 nanoparticles for drug delivery.
CrystEngComm 2018, 20, 7486–7491. [CrossRef]

22. Liu, P.; Chen, G.; Zhang, J. A Review of Liposomes as a Drug Delivery System: Current Status of Approved Products, Regulatory
Environments, and Future Perspectives. Molecules 2022, 27, 1372. [CrossRef] [PubMed]

23. Beltran-Gracia, E.; Lopez-Camacho, A.; Higuera-Ciapara, I.; Velazquez-Fernandez, J.B.; Vallejo-Cardona, A.A. Nanomedicine
review: Clinical developments in liposomal applications. Cancer Nanotechnol. 2019, 10, 11. [CrossRef]

24. Allen, T.M.; Cullis, P.R. Liposomal drug delivery systems: From concept to clinical applications. Adv. Drug Deliv. Rev. 2013,
65, 36–48. [CrossRef]

25. Tahover, E.; Patil, Y.P.; Gabizon, A.A. Emerging delivery systems to reduce doxorubicin cardiotoxicity and improve therapeutic
index: Focus on liposomes. Anti-Cancer Drugs 2015, 26, 241–258. [CrossRef]

26. Duggan, S.T.; Keating, G.M. Pegylated liposomal doxorubicin. Drugs 2011, 71, 2531–2558. [CrossRef]
27. Du, B.; Han, S.; Li, H.; Zhao, F.; Su, X.; Cao, X.; Zhang, Z. Multi-functional liposomes showing radiofrequency-triggered release

and magnetic resonance imaging for tumor multi-mechanism therapy. Nanoscale 2015, 7, 5411–5426. [CrossRef]
28. May, J.P.; Li, S.D. Hyperthermia-induced drug targeting. Expert Opin. Drug Deliv. 2013, 10, 511–527. [CrossRef]
29. Borys, N.; Dewhirst, M.W. Drug development of lyso-thermosensitive liposomal doxorubicin: Combining hyperthermia and

thermosensitive drug delivery. Adv. Drug Deliv. Rev. 2021, 178, 113985. [CrossRef]
30. Veloso, S.R.S.; Andrade, R.G.D.; Castanheira, E.M.S. Magnetoliposomes: Recent advances in the field of controlled drug delivery.

Expert Opin. Drug Deliv. 2021, 18, 1323–1334. [CrossRef]
31. Kostevsek, N.; Cheung, C.C.L.; Sersa, I.; Kreft, M.E.; Monaco, I.; Comes Franchini, M.; Vidmar, J.; Al-Jamal, W.T. Magneto-

Liposomes as MRI Contrast Agents: A Systematic Study of Different Liposomal Formulations. Nanomaterials 2020, 10, 889.
[CrossRef] [PubMed]

32. Rodrigues, A.R.O.; Ramos, J.M.F.; Gomes, I.T.; Almeida, B.G.; Araujo, J.P.; Queiroz, M.J.R.P.; Coutinho, P.J.G.; Castanheira, E.M.S.
Magnetoliposomes based on manganese ferrite nanoparticles as nanocarriers for antitumor drugs. RSC Adv. 2016, 6, 17302–17313.
[CrossRef]

116



Pharmaceutics 2022, 14, 2501

33. Pereira, D.S.M.; Cardoso, B.D.; Rodrigues, A.R.O.; Amorim, C.O.; Amaral, V.S.; Almeida, B.G.; Queiroz, M.-J.R.P.; Martinho, O.;
Baltazar, F.; Calhelha, R.C.; et al. Magnetoliposomes Containing Calcium Ferrite Nanoparticles for Applications in Breast Cancer
Therapy. Pharmaceutics 2019, 11, 477. [CrossRef]

34. Lopes, F.A.C.; Fernandes, A.V.F.; Rodrigues, J.M.; Queiroz, M.-J.R.P.; Almeida, B.G.; Pires, A.; Pereira, A.M.; Araujo, J.P.;
Castanheira, E.M.S.; Rodrigues, A.R.O.; et al. Magnetoliposomes Containing Multicore Nanoparticles and a New Antitumor
Thienopyridine Compound with Potential Application in Chemo/Thermotherapy. Biomedicines 2022, 10, 1547. [CrossRef]

35. Chen, Y.; Bose, A.; Bothun, G. Controlled release from bilayer-decorated magnetoliposomes via electromagnetic heating. ACS
Nano. 2010, 4, 3215–3221. [CrossRef]

36. Amstad, E.; Kohlbrecher, J.; Müller, E. Triggered release from liposomes through magnetic actuation of iron oxide nanoparticle
containing membranes. Nano Lett. 2011, 11, 1664–1670. [CrossRef]

37. Choi, W.I.; Sahu, A.; Wurm, F.R.; Jo, S.M. Magnetoliposomes with size controllable insertion of magnetic nanoparticles for efficient
targeting of cancer cells. RSC Adv. 2019, 9, 15053–15060. [CrossRef]

38. Salvatore, A.; Montis, C.; Berti, D.; Baglioni, P. Multifunctional magnetoliposomes for sequential controlled release. ACS Nano
2016, 10, 7749–7760. [CrossRef]

39. Hasa, J.; Hanus, J.; Stepanek, F. Magnetically controlled liposome aggregates for on-demand release of reactive payloads. ACS
Appl. Mater. Interfaces 2018, 10, 20306–20314. [CrossRef]

40. Forte Brolo, M.E.; Dominguez-Bajo, A.; Tabero, A.; Dominguez Arca, V.; Gisbert, V.; Prieto, G.; Johansson, C.; Garcia, R.; Villanueva,
A.; Serrano, M.C.; et al. Combined Magnetoliposome Formation and Drug Loading in One Step for Efficient AC-Magnetic Field
Remote Controlled Drug Release. ACS Appl. Mater. Interfaces 2020, 12, 4295–4307. [CrossRef] [PubMed]

41. Stiufiuc, G.F.; Nitica, S.; Toma, V.; Iacovita, C.; Zahn, D.; Tetean, R.; Burzo, E.; Lucaciu, C.M.; Stiufiuc, R.I. Synergistical Use
of Electrostatic and Hydrophobic Interactions for the Synthesis of a New Class of Multifunctional Nanohybrids: Plasmonic
Magneto-Liposomes. Nanomaterials 2019, 9, 1623. [CrossRef]

42. Acharya, B.; Chikan, V. Pulse Magnetic Fields Induced Drug Release from Gold Coated Magnetic Nanoparticle Decorated
Liposomes. Magnetochemistry 2020, 6, 52. [CrossRef]

43. Rio, I.S.R.; Rodrigues, A.R.O.; Rodrigues, J.M.; Queiroz, M.-J.R.P.; Calhelha, R.C.; Ferreira, I.C.F.R.; Almeida, B.G.; Pires, A.;
Pereira, A.M.; Araújo, J.P.; et al. Magnetoliposomes Based on Magnetic/Plasmonic Nanoparticles Loaded with Tricyclic Lactones
for Combined Cancer Therapy. Pharmaceutics 2021, 13, 1905. [CrossRef] [PubMed]

44. Khosroshahi, M.E.; Ghazanfari, L.; Hassannejad, Z.; Lenhert, S. In-vitro Application of Doxorubicin Loaded Magnetoplasmonic
Thermosensitive Liposomes for Laser Hyperthermia and Chemotherapy of Breast Cancer. J. Nanomed. Nanotechnol. 2015, 6, 1–9.
[CrossRef]

45. Taa, T.; Porter, T.M. Thermosensitive liposomes for localized delivery and triggered release of chemotherapy. J. Control. Release
2013, 169, 112–125. [CrossRef] [PubMed]

46. Kulshrestha, P.; Gogoia, M.; Bahadur, D.; Banerjee, R. In vitro application of paclitaxel loaded magnetoliposomes for combined
chemotherapy and hyperthermia. Colloids Surf. B Biointerfaces 2012, 96, 1–7. [CrossRef]

47. Qiu, D.; An, X. Controllable release from magnetoliposomes by magnetic stimulation and thermal stimulation. Colloids Surf. B
Biointerfaces 2013, 104, 326–329. [CrossRef]

48. Tai, L.-A.; Tsai, P.-J.; Wang, Y.-C.; Wang, Y.-J.; Lo, L.-W.; Yang, C.-S. Thermosensitive liposomes entrapping iron oxide nanoparticles
for controllable drug release. Nanotechnology 2009, 20, 135101. [CrossRef] [PubMed]

49. Calle, D.; Negri, V.; Ballesteros, p.; Cerdan, s. Magnetoliposomes Loaded with Poly-Unsaturared Fatty Acids as Novel Theranostic
Anti-Inflammatory Formulations. Theranostic 2015, 5, 489–503. [CrossRef] [PubMed]

50. Ferreira, R.V.; da Mata Martins, T.M.; Goes, A.M.; Fabris, J.D.; Cavalcante, L.C.D.; Outon, L.E.F.; Domingues, R.Z. Thermosensitive
gemcitabine-magnetoliposomes for combined hyperthermia and chemotherapy. Nanotechnology 2016, 27, 085105. [CrossRef]
[PubMed]

51. Ray, S.; Cheng, C.-A.; Chen, W.; Li, Z.; Zink, J.I.; Lin, Y.-Y. Magnetic Heating Stimulated Cargo Release with Dose Control using
Multifunctional MR and Thermosensitive Liposome. Nanotheranostics 2019, 3, 16–178. [CrossRef] [PubMed]

52. Theodosiou, M.; Sakellis, E.; Boukos, N.; Kusigerski, V.; Kalska-Szostko, B.; Efthimiadou, E. Iron oxide nanoflowers encapsulated
in thermosensitive fluorescent liposomes for hyperthermia treatment of lung adenocarcinoma. Sci. Rep. 2022, 12, 8697. [CrossRef]
[PubMed]

53. Bealle, G.; DiCorato, R.; Kolosnjaj-Tabi, J.; Dupuis, V.; Clement, O.; Gazeau, F.; Wilhelm, C.; Menager, C. Ultra magnetic liposomes
for MR imaging, targeting, and hyperthermia. Langmuir 2012, 28, 11834–11842. [CrossRef] [PubMed]

54. Redolfi Riva, E.; Sinibaldi, E.; Grillone, A.F.; Del Turco, S.; Mondini, A.; Li, T.; Takeoka, S.; Mattoli, V. Enhanced In Vitro Magnetic
Cell Targeting of Doxorubicin-Loaded Magnetic Liposomes for Localized Cancer Therapy. Nanomaterials 2020, 10, 2104. [CrossRef]
[PubMed]

55. Corato, R.D.; Bealle, G.; Kolosnjaj-Tabi, J.; Espinosa, A.; Clement, O.; Silva, A.K.A.; Menager, C.; Wilhelm, C. Combining
magnetic hyperthermia and photodynamic therapy for tumor ablation with photoresponsive magnetic liposomes. ACS Nano
2015, 9, 2904–2916. [CrossRef]

56. Al-Ahmady, Z.; Lozano, N.; Mei, K.C.; Al-Jamal, W.T.; Kostarelos, K. Engineering thermosensitive liposome-nanoparticle hybrids
loaded with doxorubicin for heat triggered drug release. Int. J. Pharm. 2016, 514, 133–141. [CrossRef] [PubMed]

117



Pharmaceutics 2022, 14, 2501

57. Rao, S.; Chen, R.; LaRocca, A.A.; Christiansen, M.G.; Senko, A.W.; Shi, C.H.; Chiang, P.-H.; Varnavides, G.; Xue, J.; Zhou, Y.; et al.
Remotely controlled chemomagnetic modulation of targeted neural circuits. Nat. Nanotechnol. 2019, 14, 967–973. [CrossRef]
[PubMed]

58. Cheung, C.C.L.; Monaco, I.; Kostevsek, N.; Franchini, M.C.; Al-Jamal, W.T. Nanoprecipitation preparation of low temperature-
sensitive magnetoliposomes. Colloids Surf. B Biointerfaces 2021, 198, 111453. [CrossRef] [PubMed]

59. Cintra, E.R.; Hayasaki, T.G.; Sousa-Junior, A.A.; Silva, A.C.G.; Valadares, M.C.; Bakuzis, A.F.; Mendanha, S.A.; Lima, E.M.
Folate-Targeted PEGylated Magnetoliposomes for Hyperthermia-Mediated Controlled Release of Doxorubicin. Front. Pharmacol.
2022, 13, 854430. [CrossRef] [PubMed]

60. Iacovita, C.; Stiufiuc, R.; Radu, T.; Florea, A.; Stiufiuc, G.; Dutu, A.; Mican, S.; Tetean, R.; Lucaciu, C.M. Polyethylene glycol-
mediated synthesis of cubic iron oxide nanoparticles with high heating power. Nanoscale Res. Lett. 2015, 10, 391. [CrossRef]
[PubMed]

61. Arbab, A.; Tufail, S.; Rehmat, U.; Pingfan, Z.; Manlin, G.; Muhammad, O.; Zhiqiang, T.; YuKui, R. Review on Recent Progress in
Magnetic Nanoparticles: Synthesis, Characterization, and Diverse Applications. Front. Chem. 2021, 9, 629054. [CrossRef]

62. Iacovita, C.; Florea, A.; Scorus, L.; Pall, E.; Dudric, R.; Moldovan, A.I.; Stiufiuc, R.; Tetean, R.; Lucaciu, C.M. Hyperthermia,
Cytotoxicity, and Cellular Uptake Properties of Manganese and Zinc Ferrite Magnetic Nanoparticles Synthesized by a Polyol-
Mediated Process. Nanomaterials 2019, 9, 1489. [CrossRef] [PubMed]

63. Kerroum, M.A.A.; Iacovita, C.; Baaziz, W.; Ihiawakrim, D.; Rogez, G.; Benaissa, M.; Lucaciu, C.M.; Ersen, O. Quantitative Analysis
of the Specific Absorption Rate Dependence on the Magnetic Field Strength in ZnxFe3−xO4 Nanoparticles. Int. J. Mol. Sci. 2020,
21, 7775. [CrossRef] [PubMed]

64. Fizesan, I.; Iacovita, C.; Pop, A.; Kiss, B.; Dudric, R.; Stiufiuc, R.; Lucaciu, C.M.; Loghin, F. The Effect of Zn-Substitution on
the Morphological, Magnetic, Cytotoxic, and In Vitro Hyperthermia Properties of Polyhedral Ferrite Magnetic Nanoparticles.
Pharmaceutics 2021, 13, 2148. [CrossRef]

65. Nitica, S.; Fizesan, I.; Dudric, R.; Barbu-Tudoran, L.; Pop, A.; Loghin, F.; Vedeanu, N.; Lucaciu, C.M.; Iacovita, C. A Fast, Reliable
Oil-In-Water Microemulsion Procedure for Silica Coating of Ferromagnetic Zn Ferrite Nanoparticles Capable of Inducing Cancer
Cell Death In Vitro. Biomedicines 2022, 10, 1647. [CrossRef] [PubMed]

66. Lucaciu, C.M.; Nitica, S.; Fizesan, I.; Filip, L.; Bilteanu, L.; Iacovita, C. Enhanced Magnetic Hyperthermia Performance of Zinc
Ferrite Nanoparticles under a Parallel and a Transverse Bias DC Magnetic Field. Nanomaterials 2022, 12, 3578. [CrossRef]

67. Souca, G.; Dudric, R.; Iacovita, C.; Moldovan, A.; Frentiu, T.; Stiufiuc, R.; Lucaciu, C.M.; Tetean, R.; Burzo, E. Physical properties
of Zn doped Fe3O4 nanoparticles. J. Optoelectron. Adv. Mater. 2020, 22, 298–302.

68. Cotin, G.; Kiefer, C.; Perton, F.; Ihiawakrim, D.; Blanco-Andujar, C.; Moldovan, S.; Lefevre, C.; Ersen, O.; Pichon, B.; Mertz, D.; et al.
Unravelling the Thermal Decomposition Parameters for The Synthesis of Anisotropic Iron Oxide Nanoparticles. Nanomaterials
2018, 8, 881. [CrossRef]

69. Lee, J.-H.; Huh, Y.-M.; Jun, Y.-W.; Seo, J.-W.; Jang, J.-T.; Song, H.-T.; Kim, S.; Cho, E.-J.; Yoon, H.-G.; Suh, J.-S.; et al. Artificially
engineered magnetic nanoparticles for ultra-sensitive molecular imaging. Nat. Med. 2007, 13, 95–99. [CrossRef]

70. Castro-Carvalho, B.; Ramos, A.; Prata-Sena, M.; Malhão, F.; Moreira, M.; Gargiulo, D.; Dethoup, T.; Buttachon, S.; Kijjoa, A.;
Rocha, E. Marine-derived fungi extracts enhance the cytotoxic activity of doxorubicin in nonsmall cell lung cancer cells A459.
Pharmacogn. Res. 2017, 9, S92–S95. [CrossRef]

71. Conde-Leboran, I.; Baldomir, D.; Martinez-Boubeta, C.; Chubykalo-Fesenko, O.; del Puerto Morales, M.; Salas, G.; Cabrera, D.;
Camarero, J.; Teran, F.J.; Serantes, D. A Single Picture Explains Diversity of Hyperthermia Response of Magnetic Nanoparticles. J.
Phys. Chem. C 2015, 119, 15698–15706. [CrossRef]

72. Wang, M.; Peng, M.-L.; Cheng, W.; Cui, Y.-L.; Chen, C. A Novel Approach for Transferring Oleic Acid Capped Iron Oxide
Nanoparticles to Water Phase. J. Nanosci. Nanotechnol. 2011, 11, 3688–3691. [CrossRef] [PubMed]

73. Hergt, R.; Dutz, S. Magnetic Particle Hyperthermia-Biophysical Limitations of a Visionary Tumour Therapy. J. Magn. Magn.
Mater. 2007, 311, 187–192. [CrossRef]

74. Herrero de la Parte, B.; Rodrigo, I.; Gutiérrez-Basoa, J.; Iturrizaga Correcher, S.; Mar Medina, C.; Echevarría-Uraga, J.J.; Garcia,
J.A.; Plazaola, F.; García-Alonso, I. Proposal of New Safety Limits for In Vivo Experiments of Magnetic Hyperthermia Antitumor
Therapy. Cancers 2022, 14, 3084. [CrossRef] [PubMed]

75. Pradhan, P.; Giri, J.; Rieken, F.; Koch, C.; Mykhaylyk, O.; Döblinger, M.; Banerjee, R.; Bahadur, D.; Plank, C. Targeted temperature
sensitive magnetic liposomes for thermo-chemotherapy. J. Control. Release 2010, 142, 108–121. [CrossRef] [PubMed]

76. Shah, S.A.; Aslam Khan, M.U.; Arshad, M.; Awan, S.U.; Hashmi, M.U.; Ahmad, N. Doxorubicin-loaded photosensitive magnetic
liposomes for multi-modal cancer therapy. Colloids Surf. B Biointerfaces 2016, 148, 157–164. [CrossRef] [PubMed]

118



Citation: Alsenousy, A.H.A.;

El-Tahan, R.A.; Ghazal, N.A.; Piñol,

R.; Millán, A.; Ali, L.M.A.; Kamel,

M.A. The Anti-Obesity Potential of

Superparamagnetic Iron Oxide

Nanoparticles against High-Fat

Diet-Induced Obesity in Rats:

Possible Involvement of

Mitochondrial Biogenesis in the

Adipose Tissues. Pharmaceutics 2022,

14, 2134. https://doi.org/10.3390/

pharmaceutics14102134

Academic Editor: Constantin Mihai

Lucaciu

Received: 14 September 2022

Accepted: 5 October 2022

Published: 8 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceutics

Article

The Anti-Obesity Potential of Superparamagnetic Iron Oxide
Nanoparticles against High-Fat Diet-Induced Obesity in Rats:
Possible Involvement of Mitochondrial Biogenesis in the
Adipose Tissues
Aisha H. A. Alsenousy 1,*, Rasha A. El-Tahan 1, Nesma A. Ghazal 1, Rafael Piñol 2, Angel Millán 2,
Lamiaa M. A. Ali 1,3and Maher A. Kamel 1,*

1 Department of Biochemistry, Medical Research Institute, Alexandria University, 165 El-Horeya Rd,
Alexandria 21561, Egypt

2 Instituto de Nanociencia y Materiales de Aragón (INMA), CSIC-Universidad de Zaragoza,
50009 Zaragoza, Spain

3 IBMM, University Montpellier, CNRS, ENSCM, 34093 Montpellier, France
* Correspondence: aisha.ali@alexu.edu.eg (A.H.A.A.); maher.kamel@alexu.edu.eg (M.A.K.)

Abstract: Background: Obesity is a pandemic disease that is rapidly growing into a serious health
problem and has economic impact on healthcare systems. This bleak image has elicited creative
responses, and nanotechnology is a promising approach in obesity treatment. This study aimed
to investigate the anti-obesity effect of superparamagnetic iron oxide nanoparticles (SPIONs) on a
high-fat-diet rat model of obesity and compared their effect to a traditional anti-obesity drug (orlistat).
Methods: The obese rats were treated daily with orlistat and/or SPIONs once per week for 8 weeks.
At the end of the experiment, blood samples were collected for biochemical assays. Then, the animals
were sacrificed to obtain white adipose tissues (WAT) and brown adipose tissues (BAT) for assessment
of the expression of thermogenic genes and mitochondrial DNA copy number (mtDNA-CN). Results:
For the first time, we reported promising ameliorating effects of SPIONs treatments against weight
gain, hyperglycemia, adiponectin, leptin, and dyslipidemia in obese rats. At the molecular level,
surprisingly, SPIONs treatments markedly corrected the disturbed expression and protein content of
inflammatory markers and parameters controlling mitochondrial biogenesis and functions in BAT
and WAT. Conclusions: SPIONs have a powerful anti-obesity effect by acting as an inducer of WAT
browning and activator of BAT functions.

Keywords: obesity; superparamagnetic iron oxide nanoparticles; white adipose tissue browning;
mitochondrial biogenesis; mitochondrial DNA copy number

1. Introduction

Obesity is an increasingly spreading pandemic that is a global health issue and has a
direct economic effect on healthcare services. Its prevalence has tripled globally since 1975,
according to the WHO. More than 1.9 billion (39%) adults were estimated to be overweight,
with 650 million obese, accounting for nearly 13% of the world’s adult population [1].
Obesity is caused by a variety of factors, including, but not limited to, genetic, epigenetic,
biochemical, hormonal, microbial, sociocultural, and environmental influences that disrupt
the balance between calorie intake and energy expenditure [2]. Frequently, it is associated
with several disorders such as type 2 diabetes (T2D), insulin resistance (IR), cardiovascular
disorders, and cancers [3]. It is characterized by a state of chronic low-level inflamma-
tion due to the increased expression level of tumor necrosis factor alpha (TNF-α) from
adipose tissue, which participates in the simulation of lipolysis in adipocytes and in insulin
resistance development [4,5].
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Adipose tissue is one of the most essential organs affected by obesity. It is divided
into white adipose tissue (WAT) and brown adipose tissue (BAT). The WAT is composed
of large lipid droplets and participates in energy storage as triglycerides (TG), whereas
BAT has high mitochondrial content and involves energy consumption via non-shivering
thermogenesis, mostly through tissue-specific uncoupling protein-1 (UCP-1) [6]. Mitochon-
dria are key organelles that control the physiological roles of adipocytes such as regulation
of whole-body energy homeostasis, adipocyte differentiation, lipid homeostasis, insulin
sensitivity, oxidative capacity, and browning of WAT into beige adipose tissue through the
transcriptional control of the brown fat gene program (e.g., UCP-1) [7]. Beige adipocytes
are characterized by possessing more mitochondria than WAT, with enhanced gene expres-
sion of proteins involved in lipolysis and thermogenesis. So, WAT browning and/or BAT
activation constitute a possible clinical target for the treatment of obesity [8].

Mitochondrial biogenesis is controlled by the transcription factor peroxisome
proliferator-activated receptor-gamma coactivator-1alpha (PGC-1α) [9]. Sirtuin-1 (SIRT-1)
is an important regulator of adipocyte differentiation and adipogenesis, and it is down-
regulated by a high-fat diet (HFD) in adipose tissue [10,11]. SIRT-1 induces mitochondrial
biogenesis by activating PGC-1α [12]. Sterol regulatory element-binding protein 1c (SREBP-
1c), a master regulator of fatty acid (FA) biosynthesis, is upregulated in WAT metabolic
dysfunction in obesity [13]. The mitochondrial DNA copy number (mtDNA-CN) reflects
the level of mtDNA in a cell relative to the nuclear DNA (nDNA) and is linked to mitochon-
drial enzyme activity and ATP level, all of which are considered indicators of mitochondrial
biogenesis and function [14].

Currently, anti-obesity or weight loss treatments decrease or regulate weight by mod-
ifying calorie absorption or appetite; for example, orlistat serves as an antagonist of the
lipase enzyme, which inhibits TG from being digested, thus inhibiting TG absorption and
hydrolysis. These therapies are only prescribed for short-term consumption, making them
ineffective for chronically obese patients who will need to lose weight over months. As
a result, researchers are looking for new approaches to increase thermogenesis and treat
obesity and its associated health risks [15]. Nanotechnology is a branch of science that
involves design and synthesis of nano-sized materials (1 to 100 nm) for application in
various fields such as medicine, and it is regarded as a promising approach in obesity
treatment [16].

Superparamagnetic iron oxide nanoparticles (SPIONs) are inorganic nanomaterials
that show special properties such as superparamagnetism and low toxicity. SPIONs are
used in a variety of biomedical applications either as a therapeutic, diagnostic, or theranostic
tool for hyperthermia, drug delivery, magnetic resonance imaging, and cell separation [17].
Over several years, we have been developing SPIONs for biomedical applications, and
they showed a non-specific anticoagulant effect with no hemolytic effect on blood, low
cytotoxicity, and powerful diagnostic ability in magnetic resonance imaging in vivo [18,19].

Recently, our lab indicated that SPIONs have an anti-diabetic effect on the diabetic
rat model, with a low toxic effect recorded for the dose (22 µmol Fe/kg) [20]. Sharifi
et al. showed the involvement of SPIONs in the regulation of genes involved in lipid and
glucose metabolism, suggesting that they could be used as therapeutics for diabetes and
obesity [21].

Therefore, our study aims to explore the anti-obesogenic potential of SPIONs com-
pared to the commercial orlistat in the rat model of obesity. In this study, the effect of
SPIONs coating will be evaluated by using two different types of SPIONs coated with dif-
ferent molecular weights of the polyethylene glycol (PEG) (550 and 2000 Da). The SPIONs
will be used alone or combined with orlistat. Finally, we will explore the possible molecular
mechanisms of SPIONs’ effects including inflammation, lipogenesis, IR, mitochondrial
biogenesis, and WAT browning.

120



Pharmaceutics 2022, 14, 2134

2. Materials and Methods
2.1. Synthesis of Ferrofluids and Characterization

The synthesis was performed in two steps: (a) coating preparation and (b) synthe-
sis of SPIONs coated with PEG (Mw: 550) (SPION-PEG-550) or with PEG (Mw: 2000)
(SPION-PEG-2000), as previously described in [20]. The prepared ferrofluids were puri-
fied by filtration through 0.45 and 0.22 µm nitrocellulose membrane filters (Merck Milli-
pore Ltd., Carrigtwohill, County Cork, Ireland)) followed by magnetic separation using
MidiMACSTM separator and LS column (Miltenyi Biotec GmbH, Bergisch Gladbach, Ger-
many). The collected nanoparticles were dispersed in MilliQ water, and the pH was
adjusted to physiological pH. Samples were sterilized by filtration through Millex®-GP
sterile syringe filters (Merck Millipore Ltd., Carrigtwohill, County Cork, Ireland) with a
0.22 µm pore size and hydrophilic polyethersulfone (PES) membrane in a laminar flow
hood and stored at room temperature till the moment of animal injection. It is worth
mentioning that the nanoparticle samples used in this work are the same used in [20]. A
detailed and full description of the samples was included in this reference.

In order to determine the iron content, inductively coupled plasma optical emission
spectrometry (ICP-OES) in a plasma 40 ICP Perkin-Elmer spectrometer was used. Hy-
drodynamic diameter was determined by dynamic light scattering (DLS) measurements
performed using a Malvern Zetasizer NS (Malvern Instruments Ltd., Worcestershire, UK)
equipped with a HeNe laser (633 nm). Zeta-potential measurements were performed using
a folded capillary cell, DTS 1060 (Malvern Instruments Ltd. Worcestershire, UK). The aque-
ous colloidal suspension stability was verified using DLS. Transmission electron microscopy
(TEM) and high-resolution (HR) TEM images were obtained in an aberration-corrected
transmission electron microscope Tecnai Titan.

Structural characterization by attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) and thermal analysis (TA) to confirm the attachment of bis
(phophonic) end-capped PEG chains to the iron oxide nanoparticles was performed on
lyophilized samples. ATR-FTIR spectra of SPIONs and SPION-PEG-NPs were recorded
with a Perkin Elmer Spectrum 100 FTIR spectrophotometer equipped with a UATR sam-
pling accessory in the range 4000–380 cm−1. Thermogravimetric (TGA) analysis was
conducted on a TA Instruments SDT 2960 simultaneous DTA-TGA. Samples were heated
from 25 to 700 ◦C at a heating rate of 10 ◦C·min−1 under air flow. The mass remaining at
700 ◦C was taken as the fraction of maghemite present in the nanoparticles.

2.2. Experimental Animals

A total number of 56 albino Sprague-Dawley male rats, 2 months old (80–90 g), was
used. The animals were obtained from the animal house of Medical Research Institute,
Alexandria University, Egypt. Rats were housed in standard cages in a well-ventilated
room (25 ± 2 ◦C), with a relative humidity of (43 ± 3), with free access to water and food
and 12 h light/dark cycle before experimentation.

2.3. Ethical Statement

All experiments pursued the standards of the National Institutes of Health’s Guide
for the Care and Use of Laboratory Animals (NIH, Bethesda, MD, USA, publications no. 8023,
revised 1978) and were performed after the approval of the Institutional Animal Care and
Use Committee (IACUC), Alexandria University, Egypt (approval no. AU01219101613).
The study also followed ARRIVE guidelines and complied with the National Research
Council’s guide for the care and use of laboratory animals.

2.4. Obesity Induction

Obesity was induced in rats by feeding them with an obesogenic diet for 2–3 months.
Rats that became 20% heavier than control rats of the same age were considered obese. The
composition of the obesogenic diet used in this experiment (per 100 g diet) was 30 g protein
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(300 cal), 26.5 g fat (195 cal lard, 70 cal corn oil), 36.5 g carbohydrate (105 cal dextran, 106 cal
corn starch, 140 cal sucrose), 3 g vitamin mix (30 cal), and 4 g mineral mix (40 cal) [22].

2.5. Experimental Design

Animals were classified into the following groups: (1) healthy control group that
consisted of 8 healthy male rats, after the establishment of obesity, with the 48 obese male
rats being divided into six groups (8 rats each) according to the treatment; (2) untreated
obese group, (3) orlistat-treated obese group that was orally treated with orlistat (OrlyR from
EVA PHARMA Product Code: 11659) dissolved in dimethyl sulfoxide at a dose of 30 mg/kg
daily [23]; (4) SPION-PEG-550-treated obese group, in which obese rats were intravenously
injected with SPION-PEG-550 at a dose of 22 µmol Fe/kg once a week [20,23]; (5) SPION-
PEG-550 + orlistat-treated obese group, in which obese rats were intravenously injected
with SPION-PEG-550 at a dose of 22 µmol Fe/kg once a week and were orally treated with
orlistat at a dose of 30 mg/kg daily; (6) SPION-PEG-2000-treated obese group, in which
obese rats were intravenously injected with SPION-PEG-2000 at a dose of 22 µmol Fe/kg
once a week [20,23]; (7) SPION-PEG-2000 + orlistat-treated obese group, in which obese
rats were intravenously injected with SPION-PEG-2000 at a dose of 22 µmol Fe/kg once a
week and were orally treated with orlistat at a dose of 30 mg/kg daily.

All treatments were continued for 8 weeks, and all obese rats were maintained under
the obesogenic diet during the experimental period.

2.6. Collection of Samples

After the end of the treatment period, overnight fasting rats were weighed and fasting
blood glucose (FBG) was determined in the fasted animals with an automatic glucose
meter (Accu-Chek, Roche Diagnostics, Mannheim, Germany) using blood samples from
the tail tip. Afterwards, rats were anesthetized by intraperitoneal injection of ketamine
(75 mg/kg) and xylazine (10 mg/kg) and then sacrificed. The serum samples were prepared
by collecting the blood from the retroorbital vein in anticoagulant free tubes, followed by
centrifugation at 3000× g for 10 min. The serum samples were used for the determination
of insulin, lipid profile (TG, total cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C)), alanine aminotransferase (ALT)
activity, aspartate aminotransferase (AST) activity, urea, creatinine, leptin, adiponectin, and
non-esterified fatty acid (NEFA) levels. The WAT and BAT were obtained and divided into
three aliquots: (i) for the extraction of total RNA for quantitative real-time-polymerase
chain reaction (qRT-PCR) analysis, in order to assess the gene expression of TNF-α, PGC-1α,
SIRT-1, SREBP-1c, and UCP-1, (ii) for the extraction of total DNA for the determination of
mtDNA-CN, and (iii) for protein assays.

2.7. Serum Parameters Measurements

Serum insulin concentration was determined following the instructions of the Insulin
rat ELISA kit (EMD Millipore, Burlington, MA, USA), absorbance was measured at 450 nm,
and the homeostasis model assessment index for insulin resistance (HOMA-IR) was then
calculated using the following formula [24]:

HOMA− IR =
Fasting insulin((µIU)/mL)× Fasting glucose(mg/dL)

22.5 × 18

Serum TG, TC, and HDL–C levels were determined by the enzymatic colorimetric
method using reagents obtained from BioMed Diagnostics, Inc. (White City, OR, USA),
and absorbance was measured at 546 nm. Serum LDL-C was calculated from TG, TC, and
HDL-C concentrations using the following equation [25]:

LDL-C (mg/dL) = TC − (HDL-C) − TG/5
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Serum ALT and AST activities were determined using reagents obtained from BioMed
Diagnostics, Inc. (USA), and absorbance was measured at 340 nm. Urea and creatinine were
determined using reagents obtained from BioMed Diagnostics, Inc. (USA), and absorbance
was measured at 570 nm and 510 nm, respectively. Serum leptin was assayed using rat
ELISA kit (eBioscience, San Diego, CA, USA), adiponectin and NEFA were assayed using
rat ELISA kit (Elabscience, Houston, TX, USA), and serum lipase activity was assayed using
colorimetric kit (Spectrum, Alexandria, Egypt). All procedures were performed according
to the manufacturer’s instructions.

2.8. Mitochondrial DNA Copy Number Determination

The qRT-PCR assay was used for the determination of mtDNA number relative to
nDNA. First, the total DNA was extracted from WAT and BAT using DNeasy Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions, and then the PCR
reaction was performed using a specific primer pair for mtDNA sequence and a primer
pair specific for nuclear sequence (PGC-1α) to perform the same number of PCR cycles and
calculate the threshold cycle (Ct) of both mtDNA and nDNA sequences. The nuclear gene
was used to quantify nDNA and therefore normalization of the mtDNA amount per the
nDNA of the diploid cells using the equation:

R = 2−∆Ct where ∆Ct = CtmtDNA − Ctnuclear

A specific primer pair for mtDNA (forward: 5′-ACACCAAAAGGACGAACCTG-3′;
reverse: 5′-ATGGGGAAGAAGCCCTAGAA-3′) and a primer pair for the nuclear PGC-
1α gene (forward: 5′-ATGAATGCAGCGGTCTTAGC-3′; reverse: 5′-AACAATGGCAGG
GTTTGTTC-3′) were used. PCR reactions were carried out using Rotor Gene SYBR Green
PCR Kit (Qiagen®, Germantown, MA, USA), 0.5 µM forward and reverse primer, and 50 ng
of extracted DNA under the following conditions: 95 ◦C for 10 min followed by 40 cycles
of 95 ◦C for 15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s [26].

2.9. Gene Expression Detection of TNF-α, PGC-1α, UCP-1, SIRT-1, and SREBP-1c

Total RNA was isolated from WAT and BAT using RNeasy Mini Kit (Qiagen®,
Germany) according to the manufacturer’s instructions, and the concentration and integrity
of extracted RNA were checked using nanodrop. Reverse transcription was conducted
using miScript II RT Kit according to the manufacturer’s instructions. The tissue expression
of TNF-α, PGC-1α, SIRT-1, SREBP-1c, and UCP-1 was quantified in the cDNA using Rotor
Gene SYBR Green PCR Kit (Qiagen®, USA). Quantitative PCR amplification conditions
were adjusted as an initial denaturation at 95 ◦C for 10 min and then 45 cycles of PCR for
amplification as follows: denaturation at 95 ◦C for 20 s, annealing at 55 ◦C for 20 s, and
extension at 70 ◦C for 15 s. The housekeeping gene glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used as a reference gene for normalization. The primers used
for the determination of rat genes are presented in Table 1. The relative change in mRNA
expression in samples was estimated using the 2−∆∆Ct method [27].

Table 1. Primer sets of the gene expression of PGC-1α, SIRT-1, UCP-1, SREBP-1c, TNF-α, and
GAPDH.

Gene Accession Number Primer Sequence

PGC-1α NM_031347.1
F: GTGCAGCCAAGACTCTGTATGG
R: GTCCAGGTCATTCACATCAAGTTC

SIRT-1 NM_001372090.1
F: TGGCAAAGGAGCAGATTAGTAGG
R: CTGCCACAAGAACTAGAGGATAAGA

UCP-1 NM_012682.2
F: AGAGGTGGTCAAGGTCAG
R: ATTCTGTAAGCATTGTAAGTCC

SREBP-1c NM_001276708.1
F: GACGACGGAGCCATGGATT
R: GGGAAGTCACTGTCTTGGTTGTT
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Table 1. Cont.

Gene Accession Number Primer Sequence

TNF-α NM_012675.3
F: GGGCTCCCTCTCATCAGTTC
R: TCCGCTTGGTGGTTTGCTAC

GAPDH NM_017008.4
F: GGGTGTGAACCACGAGAAATA
R: AGTTGTCATGGATGACCTTGG

2.10. Protein Levels Determination of PGC-1α, SREBP-1c, and TNF-α by ELISA

The excised WAT and BAT were homogenized in bicinchoninic acid (BCA) using BCA
protein assay kit (Chongqing Biospes Co., Ltd., Chongqing, China, catalog no. BWR1023)
according to the instructions of the manufacturer. The supernatants were used for deter-
mination of PGC-1α using specific rat ELISA kits (MyBioSource, San Diego, CA, USA,
catalog no. MBS27063799) according to the instructions of the manufacturer. Moreover,
SREBP-1c and TNF-α were assayed using specific rat ELISA kits (Chongqing Biospes Co.,
Ltd., catalog no. BYEK3082 and BEK1214) according to the manufacturer’s instructions.

2.11. Statistical Analysis

Data were analyzed using SPSS software package version 18.0 (SPSS Chicago, IL,
USA). The data were expressed as mean ± standard deviation (SD) and analyzed using
one-way analysis of variance (ANOVA) to compare between different groups. The p-value
was assumed to be significant at p < 0.05. The correlation coefficients (r) between different
assayed parameters were evaluated using the Pearson correlation coefficient; p < 0.05 was
considered as the significance limit for all comparisons.

3. Results
3.1. Ferrofluids Characterization

A detailed and full description of samples characterization is included in reference [20].
The DLS measurements showed that the hydrodynamic size values of SPION-PEG-550 and
SPION-PEG-2000 were 30.1 ± 9.1 nm and 34.2 ± 10.4 nm with polydispersity index (PDI)
values of 0.158 and 0.143, respectively. The aqueous colloidal suspension of ferrofluids
showed great stability over time, up to several years, without any appreciable change in
the stability, as was confirmed by DLS (Figure 1). After 2 years, the hydrodynamic size
values of SPION-PEG-550 and SPION-PEG-2000 were 30.2 ± 8.9 nm and 35.9 ± 10.6 nm
with PDI values of 0.154 and 0.130, respectively.
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The TEM images (Figure 2) showed the polynuclear character of the maghemite (γ-
Fe2O3) nuclei, formed by clusters with a discrete number of maghemite nanoparticles, with
a spherical shape and a mean diameter of DTEM(SD) = 11.2 (2.4) nm.
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Figure 2. TEM and HR-TEM images of nanoparticles coated with PEG (Mw: 550), (A,B), and PEG
(Mw: 2000), (C,D), respectively.

The FTIR spectra confirmed the presence of the maghemite SPIONs and the PEG
polymer layer around the magnetic core present in both samples (SPION-PEG-550 and
SPION-PEG-2000), as shown Figure 3. The infrared spectrum of sample SPION-PEG-2000
showed a higher intensity of the characteristic band of PEG at 1105 cm−1 attributed to
the C-O-C stretching vibration band of PEG. These data are consistent with the presence
of polymer chains of higher molecular weight and a higher content in organic polymer
in the SPION-PEG-2000 sample and are in concordance with the data obtained by TGA.
According to the thermograms obtained, the calculated mass of PEG present in the samples
was 13% for sample SPION-PEG-2000 and 6% for sample SPION-PEG-550.
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Figure 3. Fourier transform infrared (FTIR) spectra of SPIONs, SPION-PEG-550 and SPION-PEG-
2000. The characteristic C-O-C ether stretching vibration band of PEG (1105 cm−1) and the bands
associated with the Fe-O vibrational modes in γ-Fe2O3 (625 cm−1 and 553 cm−1) are highlighted in
grey stripped pattern and grey, respectively.
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3.2. Weight Change

Before the start of treatments, all the obese rats were significantly heavier than the
control rats, with no significant difference between the obese groups. After the treatments,
all the obese groups were still significantly heavier than the healthy control group; however,
their body weight was significantly lower than the untreated obese rats (Table 2). The
untreated obese rats and orlistat-treated rats had significantly higher weight gain compared
with the healthy control rats, while the other treated obese rats had significantly lower
weight gain compared with untreated obese rats. The obese rats treated with a combination
of SPION-PEG-550 and orlistat showed the best lowering effect on weight gain, as shown
in Table 2.

Table 2. Statistical analysis of initial and final body weights and weight gain in the different stud-
ied groups.

Groups Initial Weight
(g)

Final Weight
(g)

Weight Gain
(g)

Healthy control 229 ± 10 b 250 ± 11 d 21 ± 5 c

O
be

se
ra

ts

Untreated 370 ± 20 a 439 ± 29 a 69 ± 9 a

Orlistat 355 ± 24 a 411 ± 27 ab 56 ± 13 ab

SPION-PEG-550 352 ± 24 a 393 ± 29 b 41 ± 9 be

SPION-PEG-550 +orlistat 357 ± 16 a 363 ± 15 c 6 ± 4 cd

SPION-PEG-2000 357 ± 22 a 389 ± 29 b 32 ± 17 ce

SPION-PEG-2000 +orlistat 354 ± 19 a 367 ± 18 c 13 ± 6 c

Results are expressed as means ± SD of 8 rats for each group. Groups were compared at p < 0.05 using one-way
ANOVA and Tukey post hoc test, and those which are not assigned with a shared letter (a–e) in the same column
are statistically significant.

3.3. Parameters of Glucose Homeostasis

Untreated obese rats had a significant elevation in glucose homeostasis parameters
(FBG, insulin, and HOMA-IR) compared with the healthy control group. The orlistat treat-
ment did not significantly affect these parameters, except for HOMA-IR, which showed
significant reduction compared with the untreated obese rats. The treatment of obese rats
with the two types of SPIONs (SPION-PEG-550 or SPION-PEG-2000) alone or in combi-
nation with orlistat significantly reduced these parameters compared with the untreated
rats with the exception of insulin which showed no significant changes with SPIONs alone.
Better effects were observed in the obese rats treated with SPION-PEG-2000 combined with
orlistat (Table 3).

Table 3. Statistical analysis of glucose homeostasis parameters in the different studied groups.

Groups FBG
(mg/dL)

Insulin
(µIU/mL) HOMA-IR

Healthy control 104.5 ± 10.6 e 6.8 ± 0.76 c 1.7 ± 0.14 e

O
be

se
ra

ts

Untreated 214.3 ± 38.7 a 10.2 ± 1.2 a 5.4 ± 1.4 a

Orlistat 189.3 ± 17.4 ab 9.08 ± 0.58 a 4.2 ± 0.54 b

SPION-PEG-550 180.5 ± 4.2 b 9.5 ± 0.62 a 4.2 ± 0.21 b

SPION-PEG-550 +orlistat 155.6 ± 18.2 c 8.3 ± 0.38 b 3.2 ± 0.28 c

SPION-PEG-2000 169.5 ± 7.3 bc 9.1 ± 0.69 a 3.8 ± 0.33 b

SPION-PEG-2000 +orlistat 123 ± 20.3 de 8.08 ± 0.64 b 2.4 ± 0.32 de

Results are expressed as means ± SD of 8 rats for each group. Groups were compared at p < 0.05 using one-way
ANOVA and Tukey post hoc test, and those which are not assigned with a shared letter (a–e) in the same column
are statistically significant.
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3.4. Liver and Kidney Function Tests

The untreated obese rats showed significantly higher ALT and AST activities compared
with healthy control rats. Orlistat-treated rats had a significant decline in both ALT and
AST activities compared with the untreated rats. Moreover, the obese rats treated with both
types of SPIONs showed significantly lower activities compared with obese untreated rats,
especially in the rats treated with a combination of SPIONs and orlistat (Table 4).

Table 4. Statistical analysis of parameters of liver and kidney function tests in the different stud-
ied groups.

Groups ALT
(IU/L)

AST
(IU/L)

Urea
(mg/dL)

Creatinine
(mg/dL)

Healthy control 36.7 ± 4.3 c 122 ± 12 c 18 ± 3 b 0.66 ± 0.1 b

O
be

se
ra

ts

Untreated 56 ± 6.2 a 173.1 ±14.1 a 24 ± 3.6 a 0.78 ± 0.05 a

Orlistat 48 ± 3.1 b 154 ± 5.8 b 22 ± 3.2 ab 0.73 ± 0.04 a

SPION-PEG-550 51.2 ± 3.6 a 149.3 ± 5 b 25 ± 3.2 a 0.76 ± 0.07 a

SPION-PEG-550 +orlistat 45.2 ± 4.7 bc 142.7 ± 5.3 b 21 ± 2 ab 0.75 ± 0.04 a

SPION-PEG-2000 48.5 ± 4.5 b 155.1 ± 6.4 b 27 ± 2.6 a 0.72 ± 0.05 ab

SPION-PEG-2000
+orlistat 42.7 ± 3.5 bc 147.3 ± 4.7 b 25 ± 2.4 a 0.77 ± 0.07 a

Results are expressed as means ± SD of 8 rats for each group. Groups were compared at p < 0.05 using one-way
ANOVA and Tukey post hoc test, and those which are not assigned with a shared letter (a–c) in the same column
are statistically significant.

Untreated obese rats had a mild but significant increase in urea and creatinine levels
compared with healthy control rats. The group that was treated with orlistat, treated with
the two different coatings of SPIONs alone, or in combination with orlistat experienced
no significant changes on urea and creatinine levels compared with the untreated group
(Table 4).

3.5. Serum of Lipid Profile

The levels of TG and total and LDL cholesterol were significantly higher while HDL
cholesterol was significantly lower in the untreated obese rats compared with the healthy
control group. The obese rats treated with orlistat showed significantly lower TG and total
and LDL cholesterol and significantly higher HDL cholesterol levels compared with the
untreated group. Moreover, the obese rats treated with the SPIONs with two different
coatings showed significant improvement of lipid profile but to a lesser extent than with
orlistat. The rats treated with a combination of SPIONs and orlistat showed better improve-
ments than orlistat alone, especially those treated with SPION-PEG-2000 combined with
orlistat. A similar pattern of change was observed in the levels of serum NEFA (Table 5).

Table 5. Statistical analysis of lipid profile parameters and NEFA in the different studied groups.

Groups TG
(mg/dL)

TC
(mg/dL)

HDL-C
(mg/dL) LDL-C (mg/dL) NEFA (pg/mL)

Healthy control 37.6 ± 3.1 f 121 ± 9.2 e 49 ± 2.4 a 64.3 ± 9.6 e 0.44 ± 0.05 d

O
be

se
ra

ts

Untreated 62.2 ± 3.1 a 168 ± 8.9 a 33 ± 1.3 d 122 ± 8.9 a 1.2 ± 0.06 a

Orlistat 47 ± 2.9 c 145.6 ± 3.1 c 45 ± 2.2 ab 91 ± 4.5 c 0.67 ± 0.03 c

SPION-PEG-550 57.1 ± 2.2 ab 156.2 ± 2.4 b 36 ± 3.5 d 108 ± 4 b 0.85 ± 0.04 b

SPION-PEG-550 +orlistat 46.1 ± 4.1 c 144 ± 4.7 c 44 ± 2.2 bc 91 ± 4.8 c 0.63 ± 0.03 c
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Table 5. Cont.

Groups TG
(mg/dL)

TC
(mg/dL)

HDL-C
(mg/dL) LDL-C (mg/dL) NEFA (pg/mL)

SPION-PEG-2000 54±3.4 bd 155 ± 3.9 b 40 ± 3.3 c 103.5 ± 5.3 b 0.81 ± 0.05 b

SPION-PEG-2000 +orlistat 44 ± 3.7 ce 142 ± 4.5 cd 44 ± 2.9 bc 89.3 ± 2.2 c 0.59 ± 0.02 c

Results are expressed as means ± SD of 8 rats for each group. Groups were compared at p < 0.05 using one-way
ANOVA and Tukey post hoc test, and those which are not assigned with a shared letter (a–f) in the same column
are statistically significant.

3.6. Serum Leptin and Adiponectin Levels

The untreated obese rats showed significantly higher leptin levels than the healthy
control rats. The orlistat treatment did not show significant correction of leptin level;
however, the obese rats treated with SPIONs alone or in combination with orlistat showed
significantly lower leptin levels compared with untreated rats and orlistat-treated rats.
The best leptin-lowering effect was shown in the obese rats treated with SPION-PEG-550
combined with orlistat, but the levels of leptin were still higher than the healthy control
value, as presented in Figure 4A.
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Figure 4. Serum leptin (A) and adiponectin (B) levels in control rats and obese rats untreated or
treated with SPIONs and/or orlistat. Data presented as mean± SD, and n = 8. Groups were compared
at p < 0.05 using one-way ANOVA and Tukey post hoc test, and those which are not assigned with a
shared letter (a–e) are statistically significant.

The adiponectin levels showed a significant decline in all obese rats compared with
healthy control rats. However, the obese rats treated with SPIONs alone or in combination
with orlistat showed significantly higher adiponectin levels compared with the untreated
rats. The combined treatments have the best amelioration effects on the adiponectin levels,
as shown in Figure 4B.

3.7. TNF-α Expression in WAT and BAT

The untreated obese rats had marked upregulation of TNF-α expression at mRNA
and protein levels in both WAT and BAT compared with the healthy control group. On the
other hand, orlistat-treated rats showed significant downregulation of TNF-α expression
at mRNA and protein levels compared with untreated obese rats in the WAT, while in
BAT the expression is downregulated only at the protein level. The obese rats treated with
SPIONs showed significantly downregulated expression of TNF-α at mRNA and protein
in both tissues compared with untreated obese rats. The combined treatment showed more
reduction in the expression of TNF-α expression at mRNA and protein levels in both tissues
compared with untreated obese rats or with other treated groups (Figure 5A,B).
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3.8. PGC-1α Expression in WAT and BAT

The expression of PGC-1α at mRNA and protein levels of untreated obese rats showed
significant downregulation in both WAT and BAT compared with healthy control rats. In
WAT, only the combined treatment with SPION-PEG-2000 and orlistat showed significant
upregulation and completely normalized the expression of PGC-1α. In BAT, all treatments
significantly upregulated the expression of PGC-1α at mRNA and protein levels with the
best effects observed in the obese rats treated with combined treatment of SPION-PEG-2000
and orlistat (Figure 6A,B).

3.9. SREBP-1c Expression in WAT and BAT

In both WAT and BAT, the untreated obese rats had a significant upregulation of
SREBP-1c expression at mRNA and protein levels compared with the healthy control
group. In WAT, all treatments significantly downregulated the expression of SREBP-1c
compared with the untreated rats; however, the best effects were observed in the rats
treated with a combined treatment of SPION-PEG-2000 and orlistat, which completely
normalized the expression at mRNA and protein levels. Like WAT, the SREBP-1c expression
in BAT was significantly downregulated by all the treatments used compared with the
untreated rats, with the best effects observed in the rats treated by the combined treatments
SPION-PEG-550 or SPION-PEG-2000 with orlistat (Figure 7A,B).
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3.10. SIRT-1 Expression in WAT and BAT

The mRNA expression of SIRT-1 was significantly downregulated in both WAT and
BAT of the untreated obese rats compared with healthy control rats. The orlistat treatment
did not significantly affect the expression of SIRT-1 in WAT or BAT. However, the treatments
with the two types of SPIONs alone significantly upregulated the expression of SIRT-1 com-
pared with untreated rats in both tissues. In WAT, the expression of SIRT-1 was significantly
upregulated by SPIONs treatment when compared with orlistat. The combined treatment
of obese rats with any of SPIONs (SPION-PEG-550 or SPION-PEG-2000) together with
the orlistat significantly upregulated the expression compared with the other treatments,
with the best effect observed in the rats treated with SPION-PEG-2000 and orlistat, which
showed complete normalization, with no significant difference from healthy controls, of
SIRT-1 expression in both WAT and BAT (Figure 8).
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3.11. UCP-1 Expression in WAT and BAT

The expression of UCP-1 was significantly downregulated in BAT of the untreated
obese rats with no significant changes in WAT compared with healthy control rats. The orli-
stat treatment did not significantly affect the expression of UCP-1 in WAT but significantly
upregulated its expression in BAT. In WAT, the treatments with the two types of SPIONs
alone significantly upregulated the expression of UCP-1 compared with untreated rats,
orlistat-treated obese rats, or healthy control rats. The combined treatment of SPION-PEG-
550 or SPION-PEG-2000 together with the orlistat significantly upregulated the expression
compared with the other treatments. In BAT, the treatment of obese rats with the SPIONs
alone or in combination with orlistat showed a significant upregulation of UCP-1 expres-
sion compared with untreated obese rats. The combined treatments completely normalized
the expression of UCP-1 with no significant difference observed compared with healthy
controls (Figure 9).

3.12. Mitochondrial DNA Copy Number in WAT and BAT

In WAT, no significant difference was observed between the untreated obese rats
and healthy control rats regarding the mtDNA-CN, and the treatment with orlistat did
not significantly affect it. However, the treatment of obese rats with SPION-PEG-550 or
SPION-PEG-2000 alone significantly increased the mtDNA-CN compared with the healthy
control, untreated obese, and orlistat-treated groups. The combined treatments showed
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significantly higher mtDNA-CN compared with all other groups and showed about double
the control value (Figure 10).
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Figure 10. Mitochondrial DNA copy number (mtDNA-CN) in white and brown adipose tissues in
control rats and obese rats untreated or treated with SPIONs and/or orlistat. Data presented as
mean ± SD, and n = 8. Groups were compared at p < 0.05 using one-way ANOVA and Tukey post
hoc test, and those which are not assigned with a shared letter (a–f) are statistically significant.

In BAT, the untreated obese rats showed a decline in the mtDNA-CN compared with
the healthy control rats. Orlistat-treated rats showed significant elevation of mtDNA-CN
compared to untreated obese rats. The treatment with SPIONs alone or in combination with
orlistat showed a significantly higher mtDNA-CN compared with untreated obese rats and
orlistat-treated rats, with the best effect observed in the combined treatments (Figure 10).

3.13. Correlation Studies

The statistical analysis using Pearson correlation is presented in Table 6, and the
analyses showed the following:
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• PGC-1α expression was positively correlated with UCP-1 expression in both WAT and
BAT. In BAT, PGC-1α expression was positively correlated with SIRT-1 expression
and mtDNA-CN. On the other hand, in WAT, PGC-1α expression was negatively
correlated with SREBP-1c expression, TNF-α expression, and NEFA level.

• SIRT-1 expression was positively correlated with UCP-1 expression and mtDNA-CN
in both tissues. However, it was negatively correlated with SREBP-1c expression and
TNF-α expression in WAT and BAT, whereas in BAT, SIRT-1 expression was negatively
correlated with NEFA level.

• Serum leptin level was positively correlated with TNF-α expression, SREBP-1c expres-
sion, and NEFA level in WAT and BAT. However, it was negatively correlated with
UCP-1 expression, SIRT-1 expression, and mtDNA-CN in both organs.

• UCP-1 expression was positively correlated with mtDNA-CN in these tissues but
was negatively correlated with TNF-α expression in WAT and BAT and negatively
correlated with NEFA level.

• mtDNA-CN was negatively correlated with NEFA level in both WAT and BAT. On the
other hand, it was negatively correlated with TNF-α expression in WAT and BAT.

Table 6. Correlation studies.

Leptin
Level

NEFA
Level

PGC-1α
Expression

SIRT-1
Expression

UCP-1
Expression mtDNA-CN

Leptin level r _ 0.658 *

(WAT)
ns

(WAT)
ns

(WAT)
−0.446 *

(WAT)
−0.759 *

(BAT)
−0.401

(BAT)
−0.358 *

(BAT)
−0.477 *

(BAT)
−0.797 *

PGC-1α
expression

WAT r ns −0.577 * _ 0.606 * 0.803 * 0.419 *
BAT r −0.401 −0.499 * _ 0.785 * 0.765 * 0.535 *

SIRT-1
expression

WAT r ns ns 0.606 * _ 0.438 * ns
BAT r −0.358 * −0.706 * 0.785 * _ 0.844 * 0.382 *

UCP-1
expression

WAT r −0.446 * −0.69 * 0.803 * 0.438 * _ 0.51 *
BAT r −0.477 * −0.692 * 0.765 * 0.844 * _ 0.546 *

SREBP-1c
expression

WAT r 0.41 * 0.547 * −0.388 * −0.331 * −0.599* −0.403 *
BAT r 0.597 * 0.551 * ns −0.428 * −0.418 * −0.518 *

TNF-α
expression

WAT r ns ns −0.455 * −0.533 * −0.295 * ns
BAT r 0.582 * 0.459 * −0.343 * −0.459 * −0.448 * −0.562 *

mtDNA-CN
WAT r −0.759 * −0.756 * 0.419 * ns 0.51 * _
BAT r −0.797 * −0.613 * 0.535 * 0.382 * 0.546 * _

Correlation studies obtained by using Pearson correlation test in which r = Pearson correlation coefficient and
* = statistically significant (p < 0.005); ns means not significant.

4. Discussion

The present study showed for the first time the potential anti-obesity properties of
SPIONs in an HFD rat model. This effect may be mediated through suppression of WAT
expansion, induction of WAT browning, and activation of BAT function.

The HFD-obese rats developed the classical picture of obesity: they were 70% heavier
than the control rats, and the weight gains during the experimental period were more
than three times the control rats. Moreover, they developed hyperglycemia and insulin
resistance, besides elevated liver enzyme activities (AST, ALT) and significantly higher urea
and creatinine levels, though within the normal range. The transition from a metabolically
stable condition to an obese and insulin-resistant state is characterized by a vicious loop
that includes hyperinsulinemia, inflammation, glucose tolerance, dyslipidemia, IR, and
adipose tissue expansion. Furthermore, the circulating NEFA levels in the obese rats were
markedly higher than the controls, which may be due to the release of NEFA from the
enlarged adipose tissue and reduced clearance [28]. The NEFA levels were positively
correlated with the leptin level and negatively correlated with mtDNA-CN and with the
expression of PGC-1α, SIRT-1, and UCP-1 in BAT and WAT. These patterns of correlations
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put the elevated NEFA in the core mechanism of obesity pathogenesis. The elevated NEFA
levels induce insulin resistance and inhibit insulin’s antilipolytic action, which will increase
the rate at which NEFA is released into the circulation [29]. Moreover, the elevated NEFA
activated the proinflammatory pathways [30] and resulted in increased proinflammatory
cytokines expression as TNF-α, IL-1b, and IL-6 [31]. All of these make NEFA the primary
link between high-fat feeding and the development of inflammatory alterations [32].

In obesity, WAT expansion leads to a significant decrease of serum adiponectin lev-
els and an increase in leptin levels that are correlated with insulin resistance [13]. Lep-
tin inhibits appetite and food intake, stimulates energy expenditure, and also has pro-
inflammatory effects contributing to the low-grade chronic inflammation by enhancing
the TNF-α and IL-6 production [33] and vice versa TNF-α stimulated leptin secretion from
adipocytes [34] that induces obesity [35,36]. Our study confirmed the increased levels of
serum leptin and TNF-α expression in WAT and BAT, and the correlation studies indicated
a positive correlation between the leptin levels and TNF-α expression in BAT, which may
explain the impairment of functions of BAT in energy expenditure.

The metabolic and adipocytokine derangements in obese rats are associated with
marked activation of the lipogenic protein SREBP-1c and marked suppression of the expres-
sion of genes encoding essential proteins implicated in adipose tissue differentiation and
activation, as well as mitochondrial biogenesis and function (PGC-1α, UCP-1, and SIRT-1).
Mitochondria play an important function in the maintenance of energy homeostasis in
metabolic tissues, particularly adipose tissues. Mitochondria play an important role in
adipocyte biology and growth, including adipogenesis, lipid metabolism, and thermo-
genesis [37,38]. Furthermore, adipocyte mitochondria can regulate whole-body energy
homeostasis, insulin sensitivity, and glucose metabolism or the crosstalk between muscles
and adipose tissues [39,40].

PGC-1α is the key transcription factor that regulates mitochondrial biogenesis and
functions by controlling the expression of nuclear respiratory factor 1 (NRF-1), nuclear
factor erythroid 2-related factor 2 (NRF-2), and mitochondrial transcription factor A
(Tfam) [41,42]. Moreover, PGC-1α has generally been recognized as a master regulator ther-
mogenic gene programmed in differentiated brown and beige adipocytes [43]. So, PGC-1α
is essential for thermogenic adipocytes (BAT) to perform their functions, and the observed
suppression of PGC-1α expression in BAT impairs their proper functions. PGC-1α is a key
regulator of brown adipogenesis by helping peroxisome proliferator-activated receptor
gamma (PPAR-γ) induce WAT browning. PGC-1α deficiency can cause the downregulation
of UCP-1 and block mitochondria biogenesis [44]. So, the suppressed PGC-1α expression
could explain the marked suppressed expression of UCP-1 in BAT found in the obese rats
in the present study.

Uncoupling protein 1, a mitochondrial protein, plays a major role in the thermogenic
function of BAT [45]. The activity of UCP-1 and thermogenesis in mouse BAT is correlated
with body-weight control and energy homeostasis [46]. In line with our data, the UCP-1
expression is reduced in obese subjects, and the metabolic complications are improved with
the pharmacological activation of UCP-1 [47]. In human adipose tissues, the expression of
UCP-1 was significantly negatively correlated with fasting glucose, and TG was positively
correlated with adiponectin. The visceral obesity was aggravated when UCP-1 expression
was downregulated [6].

The suppressed expression of PGC-1α in obese rats was associated with a significant
decline in mtDNA-CN in adipose tissues, especially BAT, which may indicate impaired
mitochondrial biogenesis, while the suppression of UCP-1 in BAT impairs the mitochondrial
thermogenesis and functions. The correlation studies indicated a causality relationship
between the suppression of PGC-1α and downregulation of UCP-1 expression and the
decline in mtDNA-CN in BAT. The impaired mitochondrial function and biogenesis in
adipocytes can affect whole-body energy dysregulation and insulin resistance.

The HFD-obese rats showed significant downregulation of SIRT-1 expression and up-
regulation of expression and protein level of SREBP-1c compared with control rats in both
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BAT and WAT. SIRT-1 is known to activate the AMP-activated protein kinase (AMPK) sig-
naling pathway and initiate the lipolysis of adipocytes and activate the thermogenic genes
UCP-1 and PGC-1α [48,49]. PGC-1α then upregulates the gene expression of various key
enzymes for beta-oxidation and induces fatty acid oxidation. Moreover, SIRT-1-mediated
deacetylation of PPAR-γ is necessary for the transcriptional activity [50]. So, SIRT-1, AMPK,
PPAR-γ, and PGC-1α cross-regulate each other in energy metabolism [51,52]. The sup-
pressed expression of these machinery genes results in inhibited energy expenditure due to
WAT expansion and impaired BAT functions. The inverse association between obesity and
active BAT mass was previously confirmed [53,54]. SREBP-1c mediated de novo lipogenesis
is an important nutritional regulator in the biosynthesis of FAs and triglyceride, and it
also significantly correlated with both HOMA and serum insulin levels and pro-lipogenic
factors [55].

The current approaches for obesity treatment include diet control, physical activity,
drug therapy, and surgery [56]. However, the applied anti-obesity therapies have shown
several limitations. Today, the modulation of mitochondrial biogenesis and activity in
adipose tissues and induction of WAT browning has been proposed as a promising ap-
proach for the prevention and management of obesity by increasing the energy expenditure
strategy [8]. The current study revealed for the first time the promising effects of SPIONs
as an anti-obesity treatment that outperforms the commonly prescribed medication orlistat.

SPIONs treatments at the weekly i.p. dose of 22 µmol Fe/kg significantly declined
the final body weights and weight gains in the obese rats during the experimental period,
irrespective of the coating (PEG-550 or 2000 Da). Moreover, SPIONs treatment significantly
ameliorates hyperglycemia, insulin resistance, dyslipidemia, leptin, adiponectin, and NEFA.
The weekly dose of SPIONs has similar or even better effects than those observed with
the daily orlistat treatment. The combined SPIONs and orlistat treatments showed more
pronounced ameliorative effects, with the best outcomes observed in the obese rats treated
with the weekly SPION-PEG-2000 and daily orlistat, which nearly normalized most of the
studied metabolic and molecular derangement.

SPIONs treatments significantly decreased the elevated levels of leptin and NEFA
in obese rats and significantly increased the level of adiponectin. The effect of SPIONs
on leptin level and adiponectin level was significantly better than the effect of orlistat,
which may imply a leptin-sensitizing effect of SPIONs, especially those coated with PEG-
2000. Moreover, the anti-obesity action of SPIONs may be partially mediated through its
lipotropic effect, as it significantly ameliorates the lipid profile like orlistat or even better.
Considering SPIONs’ effect on the lipid components, it can be suggested as a potential
hypolipidemic agent, which will be of great advantage for obesity. This effect of SPIONs
may be a consequence of the corrected glucose homeostasis and insulin resistance; however,
such effect needs further investigation

At the molecular level, surprisingly, SPIONs treatments markedly corrected the dis-
turbed expression of inflammatory genes and genes controlling mitochondrial biogenesis
and functions at mRNA and protein levels in BAT and WAT. The observed effects indicated
SPIONs as a powerful inducer of WAT browning and activator of BAT functions where the
SPIONs treatment significantly suppressed the markedly enhanced expression and protein
level of TNF-α in WAT and BAT. This effect may result from declined leptin secretion,
which is supported by the correlation studies which indicate a positive correlation between
leptin level and the expression of TNF-α. This effect indicates the anti-inflammatory role of
SPIONs in the adipose tissues of obese rats.

Obese rats treated with the doses of the two different coatings of SPIONs alone or
in combination with orlistat showed a significant upregulation of PGC-1α, UCP-1, and
SIRT-1 expression compared with untreated obese rats in WAT and BAT. Orlistat treatment
showed a mild but significant effect on the expressions of these genes. Obese rats treated
with combined treatment of orlistat and SPIONs coated with PEG-2000 at the dose of
22 µmol Fe/kg have significant upregulation of PGC-1α expression compared with orlistat-
treated rats in both WAT and BAT. This dose showed the highest upregulation effect on
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PGC-1α expression in WAT, which has a significantly higher expression level compared
with control rats. A similar pattern of changes was observed in the mtDNA-CN. Moreover,
SPIONs coated with PEG-2000 showed better effects than those coated with PEG-550.

In our present study, the enhanced expression of PGC-1α, which is a central player
that regulates the browning program in WAT [57], may cause the enhanced expression of
SIRT-1 and UCP-1 in the WAT to be 1.1 and 3.7-fold control values, respectively, and the
increased mtDNA-CN in WAT to be higher than the control value. The correlation studies
confirm the association between the PGC-1α and WAT browning and BAT activation, as its
expression was positively correlated with SIRT-1, UCP-1, and mtDNA-CN and negatively
correlated with circulating NEFA. These patterns of gene expression changes may indicate
the transformation from WAT into BAT phenotype or browning (or beiging) of the existing
WAT. The browning phenomenon has been recognized based on the expression of these
specific thermogenic markers that regulate beiging transcription [58].

Sirtuin-1’s post-translational modification, such as deacetylation, is a major contributor
to the WAT browning [59]. The present data indicated the central role of SIRT-1 in the
anti-obesity effects of SPIONs, as it was significantly upregulated in the WAT and BAT of
obese rats treated with SPIONs. The correlation studies confirm the critical role of SIRT-1
in the browning of WAT and activation of BAT, as its expression is positively correlated
with PGC-1α and UCP-1 expression and negatively correlated with circulating NEFA.

The exact mechanism of the epigenetic effects of SPIONs in vivo is unclear and needs
extensive investigations. However, both moieties of SPION-PEG-550 and SPION-PEG-
2000 may participate in the observed actions in diabetic rats. PEG moiety facilitates
transport across membranes and penetration into intracellular spaces and mitochondria and
allows distribution into distant tissues after intraperitoneal injection and exerts significant
physiologic effects on the distant organs [60].

The exact molecular mechanism(s) involved in the influence of SPIONs on insulin
sensitivity is unclear. A few experiments have been conducted to investigate the metabolic
effects of SPIONs. Sharifi et al. recorded a decrease in the expression of genes implicated
in the growth of obesity and T2D in human primary adipocytes treated with SPIONs [21].
Interestingly, Ali et al. recently reported the potential anti-diabetic effects of SPIONs
mediated through correction of hepatic PGC-1α expression and other components of insulin
signaling in hepatic tissues and modulation of lipid metabolism and adipocytokines, leptin,
and adiponectin [20]. The last study indicated hepatorenal toxicities as a major concern
at high doses of SPIONs (44 µmol Fe/kg and 66 µmol Fe/kg) [20]. So, in the present
study, we used the low dose (22 µmol Fe/kg) in combination with orlistat to avoid the
possible toxicities of the higher dose (44 µmol Fe/kg and 66 µmol Fe/kg), which showed
no significant ameliorative effects on AST and ALT activities and even worsened the
parameters of the kidney function, urea and creatinine levels, compared with the untreated
rats. On the other hand, the low dose alone or in combination with orlistat significantly
ameliorates serum activities of AST and ALT compared with the untreated obese rats with
no worsened effects on urea and creatinine levels.

Study Limitations

Nanoparticles biodistribution study is one of the limitations in our study. A systematic
study should be performed with the aim to identify their blood circulation half-life time,
biodistribution, and clearance. Another limitation is the determination of the principal
component in the nanoparticles responsible for this effect and finally determination of the
mechanism of action.

5. Conclusions

From the results of the present study and the above discussion, for the first time, a
promising effect of SPIONs as an anti-obesity agent that is superior to the conventionally
used drug orlistat in the HFD rat model has been reported. It was demonstrated that
SPIONs influence the expression of genes involved in lipid and glucose metabolism and
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therefore may be used as therapeutics for the treatment of diabetes and obesity. These effects
may be mediated through suppression of WAT expansion, induction of WAT browning, and
activation of BAT. The mechanism of action of SPIONs could be mediated through inducing
the expression of the thermogenic genes PGC-1α, SIRT-1, and UCP-1 and mitochondria
biogenesis in BAT and WAT. SPIONs coated with PEG-2000 are more efficient anti-obesity
agents than those coated with PEG-550. The combination of the low dose of SPION-PEG-
2000 (22 µmol Fe/kg/week) with daily orlistat has the best efficiency for the treatment
of obesity.
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8. Kuryłowicz, A.; Puzianowska-Kuźnicka, M. Induction of Adipose Tissue Browning as a Strategy to Combat Obesity. Int. J. Mol.
Sci. 2020, 21, 6241. [CrossRef]

9. Stotland, A.; Gottlieb, R.A. Mitochondrial quality control: Easy come, easy go. Biochim. Biophys. Acta 2015, 1853, 2802–2811.
[CrossRef]

10. Chalkiadaki, A.; Guarente, L. High-Fat Diet Triggers Inflammation-Induced Cleavage of SIRT1 in Adipose Tissue to Promote
Metabolic Dysfunction. Cell Metab. 2012, 16, 180–188. [CrossRef] [PubMed]

137



Pharmaceutics 2022, 14, 2134

11. Peng, J.; Wu, Y.; Deng, Z.; Zhou, Y.; Song, T.; Yang, Y.; Zhang, X.; Xu, T.; Xiaming, Z.; Cai, A.; et al. MiR-377 promotes white
adipose tissue inflammation and decreases insulin sensitivity in obesity via suppression of sirtuin-1 (SIRT1). Oncotarget 2017, 8,
70550–70563. [CrossRef]

12. Wu, Z.; Puigserver, P.; Andersson, U.; Zhang, C.; Adelmant, G.; Mootha, V.; Troy, A.; Cinti, S.; Lowell, B.; Scarpulla, R.C.; et al.
Mechanisms Controlling Mitochondrial Biogenesis and Respiration through the Thermogenic Coactivator PGC-1. Cell 1999, 98,
115–124. [CrossRef]

13. Illesca, P.; Valenzuela, R.; Espinosa, A.; Echeverría, F.; Soto-Alarcon, S.; Campos, C.; Rodriguez, A.; Vargas, R.; Magrone, T.;
Videla, L.A. Protective Effects of Eicosapentaenoic Acid Plus Hydroxytyrosol Supplementation against White Adipose Tissue
Abnormalities in Mice Fed a High-Fat Diet. Molecules 2020, 25, 4433. [CrossRef] [PubMed]

14. DeBarmore, B.; Longchamps, R.J.; Zhang, Y.; Kalyani, R.R.; Guallar, E.; Arking, D.; Selvin, E.; Young, J.H. Mitochondrial DNA
copy number and diabetes: The Atherosclerosis Risk in Communities (ARIC) study. BMJ Open Diabetes Res. Care 2020, 8, e001204.
[CrossRef] [PubMed]

15. Chen, K.Y.; Brychta, R.J.; Sater, Z.A.; Cassimatis, T.M.; Cero, C.; Fletcher, L.A.; Israni, N.S.; Johnson, J.W.; Lea, H.J.;
Linderman, J.D.; et al. Opportunities and challenges in the therapeutic activation of human energy expenditure and thermogene-
sis to manage obesity. J. Biol. Chem. 2020, 295, 1926–1942. [CrossRef] [PubMed]

16. Pelaz, B.; Alexiou, C.; Alvarez-Puebla, R.A.; Alves, F.; Andrews, A.M.; Ashraf, S.; Balogh, L.P.; Ballerini, L.; Bestetti, A.;
Brendel, C.; et al. Diverse Applications of Nanomedicine. ACS Nano 2017, 11, 2313–2381. [CrossRef] [PubMed]

17. Ruiz, A.; Ali, L.M.A.; Cáceres-Vélez, P.R.; Cornudella, R.; Gutiérrez, M.; Moreno, J.A.; Piñol, R.; Palacio, F.; Fascineli, M.L.;
de Azevedo, R.B.; et al. Hematotoxicity of magnetite nanoparticles coated with polyethylene glycol: In vitro and in vivo studies.
Toxicol. Res. 2015, 4, 1555–1564. [CrossRef]

18. Ali, L.M.; Gutiérrez, M.; Cornudella, R.; Moreno, J.A.; Piñol, R.; Gabilondo, L.; Millán, A.; Palacio, F. Hemostasis Disorders
Caused by Polymer Coated Iron Oxide Nanoparticles. J. Biomed. Nanotechnol. 2013, 9, 1272–1285. [CrossRef]

19. Ali, L.M.; Marzola, P.; Nicolato, E.; Fiorini, S.; Guillamón, M.D.L.H.; Piñol, R.; Gabilondo, L.; Millán, A.; Palacio, F. Polymer-coated
superparamagnetic iron oxide nanoparticles as T2 contrast agent for MRI and their uptake in liver. Futur. Sci. OA 2019, 5, FSO235.
[CrossRef]

20. Ali, L.M.; Shaker, S.A.; Pinol, R.; Millan, A.; Hanafy, M.Y.; Helmy, M.H.; Kamel, M.A.; Mahmoud, S.A. Effect of superparamagnetic
iron oxide nanoparticles on glucose homeostasis on type 2 diabetes experimental model. Life Sci. 2020, 245, 117361. [CrossRef]

21. Sharifi, S.; Daghighi, S.; Motazacker, M.M.; Badlou, B.A.; Sanjabi, B.; Akbarkhanzadeh, A.; Rowshani, A.T.; Laurent, S.;
Peppelenbosch, M.P.; Rezaee, F. Superparamagnetic iron oxide nanoparticles alter expression of obesity and T2D-associated risk
genes in human adipocytes. Sci. Rep. 2013, 3, srep02173. [CrossRef]

22. Kamel, M.A.; Helmy, M.H.; Hanafi, M.Y.; Mahmoud, S.A.; Elfetooh, H.A.; Badr, M.S. Maternal Obesity and Malnutrition in Rats
Differentially Affect Glucose Sensing in the Muscles and Adipose Tissues in the Offspring. Int. J. Biochem. Res. Rev. 2014, 4,
440–469. [CrossRef]

23. Gomaa, A.A.; El-Sers, D.A.; Al-Zokeim, N.I.; Gomaa, M.A. Amelioration of experimental metabolic syndrome induced in rats by
orlistat and Corchorus olitorius leaf extract; role of adipo/cytokines. J. Pharm. Pharmacol. 2018, 71, 281–291. [CrossRef]

24. Caumo, A.; Perseghin, G.; Brunani, A.; Luzi, L. New Insights on the Simultaneous Assessment of Insulin Sensitivity and β-Cell
Function with the HOMA2 Method. Diabetes Care 2006, 29, 2733–2734. [CrossRef]

25. Tietz, N.W.; Burtis, C.A.; Ashwood, E.R.; Bruns, D.E. Tietz Textbook of Clinical Chemistry and Molecular Diagnostics; Elsevier
Saunders: St. Louis, MO, USA, 2006.

26. Gowayed, M.A.; Mahmoud, S.A.; El-Sayed, Y.; Abu-Samra, N.; Kamel, M.A. Enhanced mitochondrial biogenesis is associated
with the ameliorative action of creatine supplementation in rat soleus and cardiac muscles. Exp. Ther. Med. 2019, 19, 384–392.
[CrossRef]

27. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆CT method.
Methods 2001, 25, 402–408. [CrossRef]

28. Björntorp, P.; Bergman, H.; Varnauskas, E. PLASMA FREE FATTY ACID TURNOVER RATE IN OBESITY. Acta Med. Scand. 2009,
185, 351–356. [CrossRef]

29. Jensen, M.D.; Haymond, M.W.; Rizza, R.A.; Cryer, P.E.; Miles, J.M. Influence of body fat distribution on free fatty acid metabolism
in obesity. J. Clin. Investig. 1989, 83, 1168–1173. [CrossRef]

30. Itani, S.I.; Ruderman, N.B.; Schmieder, F.; Boden, G. Lipid-Induced Insulin Resistance in Human Muscle Is Associated with
Changes in Diacylglycerol, Protein Kinase C, and IκB-α. Diabetes 2002, 51, 2005–2011. [CrossRef]

31. Boden, G.; She, P.; Mozzoli, M.; Cheung, P.; Gumireddy, K.; Reddy, P.; Xiang, X.; Luo, Z.; Ruderman, N. Free fatty acids produce
insulin resistance and activate the proinflammatory nuclear factor-κB pathway in rat liver. Diabetes 2005, 54, 3458–3465. [CrossRef]

32. Boden, G. Obesity and Free Fatty Acids. Endocrinol. Metab. Clin. N. Am. 2008, 37, 635–646. [CrossRef] [PubMed]
33. Santos-Alvarez, J.; Goberna, R.; Sánchez-Margalet, V. Human Leptin Stimulates Proliferation and Activation of Human Circulating

Monocytes. Cell. Immunol. 1999, 194, 6–11. [CrossRef]
34. Finck, B.N.; Kelley, K.W.; Dantzer, R.; Johnson, R.W. In Vivo and in Vitro Evidence for the Involvement of Tumor Necrosis

Factor-α in the Induction of Leptin by Lipopolysaccharide. Endocrinology 1998, 139, 2278–2283. [CrossRef] [PubMed]
35. Elmquist, J.K.; Ahima, R.S.; Maratos-Flier, E.; Flier, J.S.; Saper, C.B. Leptin activates neurons in ventrobasal hypothalamus and

brainstem. Endocrinology 1997, 138, 839–842. [CrossRef] [PubMed]

138



Pharmaceutics 2022, 14, 2134

36. Paracchini, V.; Pedotti, P.; Taioli, E. Genetics of Leptin and Obesity: A HuGE Review. Am. J. Epidemiol. 2005, 162, 101–114.
[CrossRef]

37. Boudina, S.; Graham, T.E. Mitochondrial function/dysfunction in white adipose tissue. Exp. Physiol. 2014, 99, 1168–1178.
[CrossRef] [PubMed]

38. Gregoire, F.M.; Smas, C.M.; Sul, H.S. Understanding Adipocyte Differentiation. Physiol. Rev. 1998, 78, 783–809. [CrossRef]
39. Keuper, M.; Jastroch, M.; Yi, C.X.; Fischer-Posovszky, P.; Wabitsch, M.; Tschöp, M.H.; Hofmann, S.M. Spare mitochondrial

respiratory capacity permits human adipocytes to maintain ATP homeostasis under hypoglycemic conditions. FASEB J. 2014, 28,
761–770. [CrossRef] [PubMed]

40. Vernochet, C.; Damilano, F.; Mourier, A.; Bezy, O.; Mori, M.A.; Smyth, G.; Rosenzweig, A.; Larsson, N.; Kahn, C.R. Adipose
tissue mitochondrial dysfunction triggers a lipodystrophic syndrome with insulin resistance, hepatosteatosis, and cardiovascular
complications. FASEB J. 2014, 28, 4408–4419. [CrossRef] [PubMed]

41. Virbasius, J.V.; Scarpulla, R.C. Activation of the human mitochondrial transcription factor A gene by nuclear respiratory factors:
A potential regulatory link between nuclear and mitochondrial gene expression in organelle biogenesis. Proc. Natl. Acad. Sci.
USA 1994, 91, 1309–1313. [CrossRef]

42. Wu, Z.; Puigserver, P.; Spiegelman, B.M. Transcriptional activation of adipogenesis. Curr. Opin. Cell Biol. 1999, 11, 689–694.
[CrossRef]

43. Barroso, E.; Rodríguez-Calvo, R.; Serrano-Marco, L.; Astudillo, A.M.; Balsinde, J.; Palomer, X.; Vázquez-Carrera, M. The
PPARβ/δ Activator GW501516 Prevents the Down-Regulation of AMPK Caused by a High-Fat Diet in Liver and Amplifies the
PGC-1α-Lipin 1-PPARα Pathway Leading to Increased Fatty Acid Oxidation. Endocrinology 2011, 152, 1848–1859. [CrossRef]

44. Tiraby, C.; Tavernier, G.; Lefort, C.; Larrouy, D.; Bouillaud, F.; Ricquier, D.; Langin, D. Acquirement of Brown Fat Cell Features by
Human White Adipocytes. J. Biol. Chem. 2003, 278, 33370–33376. [CrossRef]

45. Nicholls, D.G. Stoicheiometries of Proton Translocation by Mitochondria. Biochem. Soc. Trans. 1977, 5, 200–203. [CrossRef]
46. Stanford, K.I.; Middelbeek, R.J.; Townsend, K.L.; An, D.; Nygaard, E.B.; Hitchcox, K.M.; Markan, K.R.; Nakano, K.;

Hirshman, M.F.; Tseng, Y.-H.; et al. Brown adipose tissue regulates glucose homeostasis and insulin sensitivity. J. Clin. Investig.
2013, 123, 215–223. [CrossRef]

47. Cypess, A.M.; Kahn, C.R. Brown fat as a therapy for obesity and diabetes. Curr. Opin. Endocrinol. Diabetes Obes. 2010, 17, 143–149.
[CrossRef]

48. Madsen, L.; Pedersen, L.M.; Lillefosse, H.H.; Fjære, E.; Bronstad, I.; Hao, Q.; Petersen, R.K.; Hallenborg, P.; Ma, T.;
De Matteis, R.; et al. UCP1 Induction during Recruitment of Brown Adipocytes in White Adipose Tissue Is Dependent on
Cyclooxygenase Activity. PLoS ONE 2010, 5, e11391. [CrossRef] [PubMed]

49. Vegiopoulos, A.; Müller-Decker, K.; Strzoda, D.; Schmitt, I.; Chichelnitskiy, E.; Ostertag, A.; Diaz, M.B.; Rozman, J.;
de Angelis, M.H.; Nüsing, R.M.; et al. Cyclooxygenase-2 Controls Energy Homeostasis in Mice by de Novo Recruitment of
Brown Adipocytes. Science 2010, 328, 1158–1161. [CrossRef]

50. Qiang, L.; Wang, L.; Kon, N.; Zhao, W.; Lee, S.; Zhang, Y.; Rosenbaum, M.; Zhao, Y.; Gu, W.; Farmer, S.R.; et al. Brown Remodeling
of White Adipose Tissue by SirT1-Dependent Deacetylation of Ppary. Cell 2012, 150, 620–632. [CrossRef]

51. Chen, W.; Yang, Q.; Roeder, R.G. Dynamic Interactions and Cooperative Functions of PGC-1α and MED1 in TRα-Mediated
Activation of the Brown-Fat-Specific UCP-1 Gene. Mol. Cell 2009, 35, 755–768. [CrossRef]

52. Lee, J.-Y.; Takahashi, N.; Yasubuchi, M.; Kim, Y.-I.; Hashizaki, H.; Kim, M.-J.; Sakamoto, T.; Goto, T.; Kawada, T. Triiodothyronine
induces UCP-1 expression and mitochondrial biogenesis in human adipocytes. Am. J. Physiol. Cell Physiol. 2012, 302, C463–C472.
[CrossRef]

53. Lee, P.; Greenfield, J.R.; Ho, K.K.Y.; Fulham, M. A critical appraisal of the prevalence and metabolic significance of brown adipose
tissue in adult humans. Am. J. Physiol. Metab. 2010, 299, E601–E606. [CrossRef]

54. Ouellet, V.; Routhier-Labadie, A.; Bellemare, W.; Lakhal-Chaieb, L.; Turcotte, E.; Carpentier, A.C.; Richard, D. Outdoor Tem-
perature, Age, Sex, Body Mass Index, and Diabetic Status Determine the Prevalence, Mass, and Glucose-Uptake Activity of
18F-FDG-Detected BAT in Humans. J. Clin. Endocrinol. Metab. 2011, 96, 192–199. [CrossRef] [PubMed]

55. Pettinelli, P.; del Pozo, T.; Araya, J.; Rodrigo, R.; Araya, A.V.; Smok, G.; Csendes, A.; Gutierrez, L.; Rojas, J.; Korn, O.; et al.
Enhancement in liver SREBP-1c/PPAR-α ratio and steatosis in obese patients: Correlations with insulin resistance and n-3
long-chain polyunsaturated fatty acid depletion. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2009, 1792, 1080–1086. [CrossRef]

56. O’Mara, A.E.; Johnson, J.W.; Linderman, J.D.; Brychta, R.J.; McGehee, S.; Fletcher, L.A.; Fink, Y.A.; Kapuria, D.; Cassimatis, T.M.;
Kelsey, N.; et al. Chronic mirabegron treatment increases human brown fat, HDL cholesterol, and insulin sensitivity. J. Clin.
Investig. 2020, 130, 2209–2219. [CrossRef]

57. Thyagarajan, B.; Foster, M.T. Beiging of white adipose tissue as a therapeutic strategy for weight loss in humans. Horm. Mol. Biol.
Clin. Investig. 2017, 31. [CrossRef] [PubMed]

58. Wang, S.; Pan, M.-H.; Hung, W.-L.; Tung, Y.-C.; Ho, C.-T. From white to beige adipocytes: Therapeutic potential of dietary
molecules against obesity and their molecular mechanisms. Food Funct. 2019, 10, 1263–1279. [CrossRef]

59. Baskaran, P.; Krishnan, V.; Ren, J.; Thyagarajan, B. Capsaicin induces browning of white adipose tissue and counters obesity by
activating TRPV1 channel-dependent mechanisms. J. Cereb. Blood Flow Metab. 2016, 173, 2369–2389. [CrossRef] [PubMed]

60. Supinski, G.S.; Callahan, L.A. Polyethylene Glycol–Superoxide Dismutase Prevents Endotoxin-induced Cardiac Dysfunction. Am.
J. Respir. Crit. Care Med. 2006, 173, 1240–1247. [CrossRef]

139



Citation: Pusta, A.; Tertis, M.;
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Abstract: With the predicted rise in the incidence of cancer, there is an ever-growing need for new
cancer treatment strategies. Recently, magnetic nanoparticles have stood out as promising nanostruc-
tures for imaging and drug delivery systems as they possess unique properties. Moreover, magnetic
nanomaterials functionalized with other compounds can lead to multicomponent nanoparticles with
innovative structures and synergetic performance. The incorporation of chemotherapeutic drugs
or RNA in magnetic drug delivery systems represents a promising alternative that can increase
efficiency and reduce the side effects of anticancer therapy. This review presents a critical overview of
the recent literature concerning the advancements in the field of magnetic nanoparticles used in drug
delivery, with a focus on their classification, characteristics, synthesis and functionalization meth-
ods, limitations, and examples of magnetic drug delivery systems incorporating chemotherapeutics
or RNA.

Keywords: magnetic nanomaterials; cancer; drug delivery systems; targeted therapy; personal-
ized treatment

1. Introduction

Cancer represents a major public health problem worldwide, being the first leading
cause of death in people below the age of 70 in North America, Canada, Australia, China, and
numerous European countries [1]. With the increase in population and life expectancy, it is
predicted that the incidence of cancer will rise in the following years, reaching 28.4 million
cases annually worldwide by 2040 [2]. In this context, finding effective therapies for cancer
is crucial for reducing the medical and economic burden of this disease.

Conventional cancer therapies include surgery, radiotherapy, and/or chemotherapy.
Among these, chemotherapy is widely used but presents various side effects that can limit
patient compliance and adherence [3]. Moreover, cancer cells can develop chemotherapy
resistance through many mechanisms, rendering it ineffective [4]. Recently, non-coding
RNAs such as micro RNAs (miRNA) and small interfering RNAs (siRNA) have been
studied for their potential as novel cancer treatments due to their capacity to regulate gene
transcription [5]. However, their applicability is limited too by their low stability, high
costs, and immunological adverse reactions [6].

In recent years, nanotechnology has emerged as a tool for cancer treatment, promising
improved therapeutic outcomes for both chemotherapy and RNA-based therapy, by deliv-
ering therapeutic agents in close proximity to the tumor using nano drug delivery systems
(DDSs). Nano DDSs generally range in size between 10 and 100 nm, which allows sufficient
circulation time and accumulation in the tumor tissue due to the enhanced permeability
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and retention (EPR) effect [7,8]. Numerous types of DDSs have been employed, such
as polymers [9,10], lipid nanoparticles (NPs) [11], and metallic NPs [12] (silver, gold, or
magnetic NPs). Among these, magnetic NPs represent a promising alternative, due to their
properties such as high stability, high saturation magnetization/large magnetic moment of
particles, good response to moderate magnetic fields, inherent ability to cross biological
barriers, protection of the drug from rapid degradation in biological systems, provision of
a large surface area for conjugating targeting ligands [7,8,13–19], low production costs [20],
and superparamagnetism, which allows their guidance in the organism using an external
magnetic field [7,21]. Scientific interest in NPs in general and in magnetic nanoparticles
(MNPs) in particular has grown exponentially in the last decade, due to recent high-interest
research on their properties and the fact that in a relatively short time, these materials have
become particularly important tools in high-interest biomedical areas such as biomaterial
science, biochemistry, diagnostics, magnetic drug and gene delivery, hyperthermia, mag-
netic resonance imaging (MRI), and theragnostics [22–31]. The increased interest in the
field of MNPs is demonstrated by the number of scientific articles provided by a simple
“magnetic nanoparticles” keyword search in the Scopus database. Before 1995, fewer than
100 articles were published, but after 1996, when the first successful clinical trials took
place, there was an exponential increase with 3000 articles in 2010, 6500 in 2015, and up to
8700 in 2020 [32]. As a general structure, NPs are considered inorganic or organic particles
of submicron size with enhanced properties relative to a similar bulk form. The specific
physical and chemical properties given by nanostructuring, such as optical, electrical, and
magnetic properties or increased reactivity, made these special types of NPs attractive to
nanotechnology. Following the development of biotechnological applications, the term
“bio-magnetic nanoparticles” (BMNPs) was introduced, describing a unique combination
of physio-chemical properties of magnetic nanoparticles with their entirely biocompatible
nature, which makes them particularly effective in various biomedical applications [33].
Starting from the particular requirements of each biomedical application, BMNPs are
considered to have a huge potential in drug delivery applications, because their surface
can be specifically functionalized with various molecular layers [7,14,24,34]. Apart from
drug delivery, magnetic NPs can be used for hyperthermia applications, MRI contrast
imaging, and diagnosis procedures. Recently, magneto-mechanical actuation of MNPs has
also been used as an anti-cancer strategy. In this technique, the application of a magnetic
field does not lead to heating (such as in hyperthermia), but to vibrations of the MNPs in
the proximity of cells, leading to mechanical alterations and cell death [35,36]. Moreover,
complex strategies combining more of these approaches can also be employed. The com-
bination of hyperthermia and drug delivery in the same carrier can enhance anti-cancer
efficiency destroying cancer cells through multiple mechanisms. Theragnostic approaches
also represent a promising direction, combining simultaneous treatment and diagnosis
for improved cancer management. These applications have been extensively covered
elsewhere [7,13,20,37,38] and do not represent the scope of this review.

In this work, we will present the main types of magnetic nanomaterials and their
characteristics, classification, and common synthesis procedures. A few limitations of
MNPs and some considerations on the development of DDSs will be presented. In the next
section, we will present and comparatively discuss examples of applications of magnetic
nanomaterials used for the targeted delivery of common chemotherapeutics such as dox-
orubicin (DOX), platinum compounds cisplatin (CIS) and oxaliplatin (OXA), methrotrexate
(MTX), sorafenib (SOR), and curcumin (Cur), with a focus on their advantages compared to
chemotherapeutics alone. Targeted delivery of miRNA and siRNA will also be covered in a
dedicated section. Theragnostic approaches for the simultaneous imaging and diagnosis of
cancer will also be presented in a separate section, due to their promising perspectives in
the field of cancer management.
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2. Classification of BMNPs

In order to properly choose the most appropriate MNPs for specific biomedical ap-
plications, a very clear classification of them according to their nature, composition, and
size is required, taking into account the synthesis methods used to prepare them and the
specific functionalization of the surface.

Over time, several types of MNPs have been developed and researched. Generally,
these MNPs can be grouped into three main categories as (i) magnetic pure metals (Fe, Co,
Ni), (ii) magnetic metal oxides (Fe2O3, Fe3O4) or ferrites (MeFe2O4, Me = Fe, Co, Zn), and
(iii) multicomponent magnetic nanoparticles as core/shell MNPs or magnetic nanoclusters
(Figure 1). Each of these mentioned categories has both advantages and disadvantages, but
their properties can be adapted to fit a particular type of application. In the following, each
category will be discussed and exemplified.
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2.1. Magnetic Pure Metals

Pure metal type materials exhibit some unique properties, with some of them directly
dependent on the distribution of electrons in the external orbitals, and magnetic behavior
is one of these properties. Transition metals, such as Fe, Ni, Co, and Mn, are the most
commonly used in this class because they show good magnetic performance in several
biomedical fields [39].

Iron (Fe) nanoparticles are one of the most common ferromagnetic materials used for
biomedical applications. The main advantage of using this material is related to its excellent
magnetic properties, which can be exploited in a wide range of biomedical applications.

In terms of synthesis methods, Fe nanoparticles can be obtained by relatively simple
methods such as the reduction of iron salts in aqueous solutions in the presence of reducing
agents such as sodium borohydride [40], or by thermal decomposition of Fe(CO)5 on a
polymer matrix [41]. Even if the synthesis methods are facile and accessible, one of the major
weaknesses of these NPs is that synthesis requires rigorous control of the surface-covering
shell since direct contact between the Fe surface and air leads to their combustion. Therefore,
the necessity to find homogeneous and uniform coatings for this kind of nanoparticle is
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critical. There are studies in which tailoring the reaction parameters and changing the Fe
precursor to Fe[N(SiMe3)2]2 can result in major improvements in the reaction yield, better
control of the size distribution, and a reduction in by-product formation [42].

In addition to Fe NPs, cobalt (Co) is another magnetic material commonly used in
biomedical applications. Although its toxicity is higher than that of Fe NPs, beneficial effects
of its use have been observed in specific MRI imaging applications and local hyperthermia
of malignant tumors [43,44].

2.2. Magnetic Metal Oxides

From the general class of metal oxides, iron oxide distinguishes itself as a material with
excellent magnetic properties and low toxicity compared to pure metallic forms, which, due
to its unique physio-chemical properties, has potential applications in nanotechnology [39].
Over time, metal oxides have gained popularity in biomedical applications due to their
physicochemical and mechanical stability, low toxicity, and biocompatibility but also for
their efficiency in some special areas of biomedical science such as magnetic bio-separation
of some species of interest, magnetic hyperthermia, drug carriers at target sites, and
bio sensing [45,46].

There are three types of iron oxides: Iron (III) oxide, with two subspecies: Hematite
(α-Fe2O3) and maghemite (γ-Fe2O3); a rare type of iron (II) oxide (FeO) called wüstite;
and iron (II, III) oxide named magnetite (Fe3O4). This different stoichiometry due to the
flexibility of the Fe oxidation state (Fe2+/Fe3+) is supported by the formation of different
single-crystal phases with different chemical and physical properties.

Of all iron oxide structures, Fe3O4 has the most closely packed cubic inverted spinel
structure and semi metallic properties, demonstrating great potential in biomedical fields [47].
One of the biggest advantages of these NPs is the ease of their synthesis at relatively
high reaction yields by simple and conventional methods. In the beginning, conventional
preparation methods such as the co-precipitation or solvothermal method [48–53] did not
offer rigorous control over the size and size distribution of MNPs, so aggregation and
poly dispersibility appeared, which hindered their use in biomedical applications. Over
time, however, new synthesis methods were explored to obtain size-controlled NPs with
a uniform size distribution. For example, by using organic iron precursors, Fe3O4 NPs
with a narrow size distribution were obtained. By adjusting the molar ratio between metal
precursors and different surfactant molecules, different particles can be obtained ranging
in shape from cubic to polyhedral [54]. It can be concluded that the physicochemical
properties of NPs, in particular the magnetic properties, can be adjusted according to the
intended application with minimal changes in the composition and synthesis parameters.

Although iron oxides have the advantage of easy preparation, they present certain
limitations related to chemical stability under biological environmental conditions, often
resulting in aggregation phenomena that decrease their potential use in biomedical applica-
tions. Coating the surface of iron oxide NPs with biocompatible molecular layers increases
chemical and mechanical stability, reduces surface oxidation, and decreases toxicity in
biological entities. Thus, iron oxide NPs, generically called superparamagnetic iron oxide
nanoparticles (SPIONs), have been developed. These particles represent small synthetic
iron oxide particles with a core ranging between 10 nm and 30 nm in diameter, coated
with certain biocompatible molecules, which provide chemical handles for the conjugation
of therapeutic agents and improve their blood distribution profile [55]. These particles
exhibit superparamagnetic properties, meaning that under an external magnetic field, they
magnetize to saturation magnetization, and when the magnetic field is removed, they
exhibit no residual magnetic interaction. This property is dependent on the size of the NPs
and generally occurs when their size is only 10–20 nm. At such a small size, these NPs do
not exhibit multiple magnetic domains, as found in larger NPs, acting as a “single super
spin” that exhibits high magnetic susceptibility. Thus, upon application of a magnetic field,
these NPs provide a stronger and faster magnetic response compared to bulk magnets with
negligible residual magnetization and coercivity (the field required to bring the magnetism
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to zero) [56]. This unique property of SPIONs represents a great advantage for their use in
specific biomedical applications such as controlled drug delivery where these NPs function
as drug delivery vehicles because they can drag specific drug molecules to the target site,
under the influence of an external magnetic field. Furthermore, once the applied magnetic
field is removed, the magnetic particles do not retain any residual magnetism and aggre-
gation phenomena are avoided, thus evading absorption by phagocytes and increasing
half-life in circulation. In addition, due to their negligible tendency to agglomerate, SPIONs
pose no danger of thrombosis or blockage of blood capillaries [55].

A sub-division of metal oxides, emerging from the necessity of adjusting the properties
of this type of material for specific biomedical applications, is spinel ferrites (MeFe2O4), a
very important magnetic material due to their combined electrical and magnetic properties,
which make them useful in many technological applications [57]. The main component of
these materials is iron oxide doped with a variety of bivalent transition metals such as zinc
(Zn), manganese (Mn), cobalt (Co), nickel (Ni), iron (Fe), platinum (Pt), and palladium (Pd).
It has been demonstrated that due to the doping of the Fe3O4 structure with bivalent cations,
ferrites show improved electrical and magnetic properties for hyperthermia applications,
for example, but also present the disadvantage of higher toxicity compared to magnetite [58].
The use of some stabilizing molecules, which also confer biocompatibility on the ferrite
NPs surfaces, is essential for biomedical practical applications. In the synthesis of Co
ferrite NPs, a CoFe2(CO)9 precursor and two stabilizing agents, hexadecylamine and oleic
acid, were used to obtain small, relatively polydisperse MNPs. When a third stabilizing
agent, lauric acid, was introduced, bigger monodispersed crystalline structures with a
narrower size distribution were obtained. A decrease in the toxicity of the system was
also demonstrated, with the developed system showing promising applications against
tumor cells [59]. Another particularly efficient approach to using ferrite NPs in biomedical
applications is their coating with biocompatible polymer layers, such as polyhydroxy
and polyamine-type polymers and polyethylene glycol (PEG). It has been proven that
the use of these systems in controlled drug release applications is particularly effective,
with researchers also performing biocompatibility tests, which demonstrated that these
materials can be successfully applied without adverse effects regarding toxicity [60]. Other
ferrite-type magnetic structures have been reported in the literature, which, in addition to
excellent magnetic properties, also show lower toxicity, such as Zn-, Mn-, and Ni-based
ferrites [61]. There are also ferrite-type systems, with two transition metal components,
Co-Zn and Mn-Zn type, in which it was highlighted that the concentration of Zn ions has
an effect on the size of the final particles, i.e., increasing the concentration of Zn cations
decreases the size of the particles [62].

2.3. Multicomponent Magnetic Nanoparticles

Multicomponent MNPs have been developed as a normal evolution of the technology
because these systems can present multiple functionalities at the same time, by simply
combining two or more components and thus offering new features that are not available
in single-component materials or structures. In addition, in these multicomponent systems,
improved specific properties can be obtained that may overcome the natural limitations of
single-component materials. There are several types of multicomponent magnetic struc-
tures, but the most often studied and with real possibilities of application in biomedicine
are the two main categories: (i) Core/shell type multicomponent MNPs and (ii) magnetic
clusters (MCs).

(i) Core/shell-type multicomponent magnetic nanoparticles

Core/shell-type MNPs are the most common type of multicomponent NPs and have
been widely studied. Core/shell structures were first prepared in semiconductor NPs [63]
with the specific aim to modify their electrical and optical properties. The extension of this
idea to magnetic systems initially emerged as an idea to protect and enhance the properties
of metallic MNPs by coating them with protective layers, especially Fe NPs, which have
extremely high reactivity in metallic form.
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Core/shell composite structures of Fe/Fe3O4 type with a magnetic core consisting of
iron NPs (Fe) and a thin protective coating of iron oxide (Fe3O4) were prepared [64]. Fol-
lowing the same idea of covering magnetic cores of other metals, various multicomponent
magnetic systems have been developed, in which the metallic magnetic core was synthe-
sized by the so-called seed-mediated process followed by coating with oxide layers of the
same metal and/or various metallic combinations, such as Ni/NiO [65], Co/CoSe [66],
Co/Co2P [67], and Pt/Fe2O3 [68]. Another successful possibility consisted of covering
metallic Fe NPs with a ferrite shell (Fe@MFe2O4, M = Fe, Mn, Co) [69]. The core/shell com-
posite system kept high-level magnetic properties, presented high relaxivity, and remained
mono-dispersed throughout the experiments without showing aggregation processes under
the action of the biological environment.

There are also core/shell type multicomponent magnetic systems in which the mag-
netic core is bimagnetic, obtained by an interesting combination of two magnetic metallic
species, covered as a whole with an oxide coating. A successful example of such syn-
thesized systems is the FePt/Fe3O4 core/shell system where MNPs from the core were
obtained by sequential decomposition of some organic precursors Fe(acac)3 and Pt(acac)2
and the thickness of the external shell was tailored from 0.5 nm to 5 nm by controlling
the synthesis parameters [70]. The seed-mediated growth method was extended to pre-
pare other types of core/shell binary systems such as FePt/ZnO [71], Fe3O4/ZnO [72],
Co/CdSe [73], FePt/PbS [74], and Fe3O4/Cu2−xS [75].

Another model of multicomponent core/shell systems, in which the magnetic core was
made of iron oxide NPs (Fe3O4) covered with a noble metal coating, was also obtained.
The as-prepared systems Fe3O4/Au [76] and Fe3O4/Au/Ag [77] were later functionalized
appropriately for the intended biomedical application. This system not only benefits from
the excellent magnetic properties of the SPION core but also from the plasmon resonance
properties of the noble metals in the combination of the multicomponent magnetic system [78].

(ii) Magnetic clusters

In recent years, MC systems obtained by controlled self-assembly of superparamag-
netic nanoparticles into three-dimensional clusters have gained popularity in biomedical
applications, based on the new, innovative, collective properties that hold great promise for
the development of advanced bio nanomaterials with novel integrated functions [79]. De-
pending on the preparation method and the nature of the functionalizing polymers, MNPs
can be assembled with different spatial orientations resulting in clusters with different
shapes and sizes (spheres, rod-like, nanoring, etc.) [80–82], which influence their properties.
MCs with a polymer coating are very promising for theragnostic applications since they
ensure an increase in the performance of MRI and hyperthermia and allow encapsulation
of the drug that can be released at the target [80,81,83].

MCs are defined as systems consisting of a finite number of interacting spins ranging
from a few hundred to several thousand, with well-controlled sizes, shapes, and com-
positions, which are magnetically isolated from the environment [84]. From the general
definition of MCs, an important subclass of MCs is distinguished, consisting of several hun-
dred MNPs with superparamagnetic properties [85,86], self-assembled as up to 100 nm MCs.
In these systems, the spin dynamics exhibit many features similar to those of the molecular
nanomagnets, such as superparamagnetic relaxation and quantized spin-wave states [87].

Since some of the properties of MCs depend on both the sizes of the MCs and the
component NPs, considerable effort is required to control these two structural parameters
in order to establish the optimal structure–property relationship and to obtain multi-
component magnetic systems with specific properties for biomedical applications. The
development of robust synthesis protocols that allow rigorous control over the composition,
size, and shape, as well as cluster surface properties and uniformity of colloidal NPs, re-
quires a very good understanding of the mechanisms that induce aggregation phenomena.
The forces involved in the controlled aggregation process of MNPs are both covalent and
non-covalent such as hydrogen bonding, electrostatics, and van der Waals interactions,
forces that can be controlled by the modification of synthesis parameters, such as the nature
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and concentration of solvents, the surfactants involved, the reaction temperatures, and
reaction times [79].

The literature presents a wide variety of preparation methods for MCs, including
options that involve several simple procedures integrated into a single reaction step or
more complex versions that produce MC in a single reaction step. A classification of MC
preparation methods can therefore be made as follows: (a) Single-step MC procedures,
which integrate the synthesis of MNPs and their controlled aggregation into clusters in
a single step, and (b) multi-step MC procedures, which first produce MNPs of a specific
size, shape, and surface functionality and then self-assemble into clusters of required
geometrical configurations in subsequent separate steps. Each of the synthesis methods
has both advantages and disadvantages. While single-step processes are easier in terms
of methods and more efficient in terms of producing MCs, the control of the synthesis
parameters is less rigorous because the NPs’ synthesis and the clustering steps take place
at the same time. Multi-step processes have the advantage of being more flexible in
terms of primary materials, being able to produce a wide variety of materials in cluster
form with well-organized structures, but they also bring a higher complexity, as well
as some disadvantages in terms of magnetic properties, which may decrease due to the
functionalization of the surface with relatively thick layers of non-magnetic materials.

(a) Single step-magnetic cluster procedures

From the most popular preparation techniques for the synthesis of MCs in a single
reaction step, we can list the thermolysis method and the solvothermal method. In the
following, some literature references of each of these methods will be exemplified, although
it should be noted that there is no generally accepted method, and each synthesis of MCs
with different shapes, sizes, structures, and surface functionality will involve specific
synthesis parameters that cannot be reproduced for other versions.

The thermolysis method involves the reaction of metal precursors in the presence of the
capping ligand in an organic solvent at a high temperature. Due to the high temperature, the
metal precursor decomposes, and the nanoparticle seed and growing reaction is initiated.
At this point, the capping ligands bind to the surface of the NPs, limit their growth, and
prevent the formation of interparticle bonds, also leading to the clusterization of the NPs in
controlled shape and size clusters through steric interactions between ligand molecules.
The nature and concentration of the capping ligands play an essential role in obtaining
structurally homogeneous clusters with a uniform size distribution. Using the thermolysis
method, oxide clusters of transition metals such as In2O3, CoO, MnO, and ZnO were
prepared by reducing the concentration of stabilizing organic ligands to the point where
insufficiently stabilized primary NPs agglomerated in a controlled three-dimensional
form [88]. The thermolysis method has also been successfully implemented to produce
MCs with Fe3O4 as primary MNPs in a single reaction step at a high temperature to obtain
polyelectrolyte-coated MCs [89]. In this process, basic hydrolysis of the iron precursor
(FeCl3) using diethylene glycol as a solvent and polyacrylic acid as a surfactant took place
at 220°C. The size of the MCs could be controlled by modifying the synthesis parameters,
such as varying the pH and controlling the molar ratio between the metal precursor and
surfactant, resulting in homogeneous geometry and narrow size distributions of MCs with
sizes between 30 and 180 nm.

The solvothermal method consists of chemical reactions of metal precursors in a closed
environment called and autoclave at high temperatures, higher than the boiling point of
the solvent. This method has very quickly become a commonly used method due to its
versatility and simplicity of application in terms of materials, methods, and cost. There
are, however, several disadvantages of this method, namely the relatively high energy
requirements, the reactions taking place at high temperatures for long reaction times,
the limited scalability, and the lack of direct monitoring of the reaction process. In the
literature, there are many studies that describe the preparation of MCs obtained by the
solvothermal method [48–53].
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(b) Multi-step magnetic cluster procedures

Multi-step MCs procedures involve the preliminary preparation of MNPs, using tradi-
tional methods that are subsequently assembled in one or more reaction steps in clusters
with controlled shapes and sizes. This method offers the opportunity to combine the
inherent properties of MNPs with innovative properties resulting from the collective inter-
action of NPs within the clusters. A large number of new composite materials commonly
produced in the form of NPs with excellent control over size, shape, and surface properties
can be developed easily and with remarkable properties, which can later be modularly
assembled in the form of super-structured nanomaterials with various configurations and
programmable properties.

One of the simplest methods to obtain MCs in two reaction steps was the encapsulation
of the MNPs in different encapsulating agents with a specific function for controlled
aggregation, protection, and surface functionalization. For the embedding process, different
types of molecules were used as encapsulating agents, including polymers and/or block
copolymers [90–92], micelles [93], polysaccharides [94], or hydrogels [95].

Another efficient clustering method is the emulsion method, slightly modified as
the mini-emulsion method, if MCs of hundreds of nanometers in size are obtained. The
mini-emulsion method can have two alternatives, direct emulsion, generically called “oil-
in-water emulsion” in which oil (nonpolar solvent) droplets form micelles in an aqueous
medium containing a water-soluble surfactant, or inverse emulsion, generically called
“water-in-oil emulsion” in which water droplets form micelles in an organic medium
with a non-polar dissolved surfactant. For the preparation of MCs, the mini-emulsion
oil-in-water method is most commonly used because the pre-prepared magnetic particles
can be easily dispersed in an organic solvent and used as the organic oil phase. In this
process, MNPs prepared in a previous reaction step are homogeneously dispersed as
a colloidal solution in a non-polar organic solvent, such as cyclohexane, dodecane, or
toluene, to form an organic phase, generically called the “oil” phase. At the same time,
a surfactant aqueous solution is prepared having dissolved a surfactant agent such as
sodium dodecyl sulphate or cetyltrimethylammonium bromide, which has an amphiphilic
structure. Using an ultrasonic finger, the two non-miscible phases are mixed to form a
mini-emulsion. The mini-emulsion represents droplets of the organic phase, oil, containing
the MNPs dispersed in water, where the surfactant is oriented with the hydrophobic end
to the oil droplets and the hydrophilic end to the aqueous medium, creating stable oil in
water micelles. The oil-in-water mini-emulsion is heated and the organic solvent from the
micelles is evaporated, forming hydrophilic MCs. The size of these clusters can be adjusted
by changing the concentration of NPs in the medium and the surfactant in the oil phase [96].
Using this method, composite clusters have been obtained by encapsulating various types
of nanoparticles in different micelles, and/or molecular layers, polymers, and organic or
inorganic layers such as γ-Fe2O3/TiO2 [97], NaYF4-Yb,Er/NaYF4:Eu [98], CeO2/Pd [99],
polystyrene [100], and Fe3O4/OA-FeCo/Al2O3 MCs [101].

3. Limitations and Solutions to Overcome These Limitations in the Use of MNPs in
Bio-Nano Medical Applications

Over time, based on a deeper understanding of the action mechanism of bio-MNPs in
biomedical applications, some ideal properties, considered minimum requirements for the
functionalization of MNPs, were proposed for higher performance of these materials in
practical nano-bio applications (Figure 2).
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These minimum requirements have been established based on some limitations relative
to the direct applications of these materials in bio-nano medicine. One of the most important
is related to the colloidal stability of MNPs in the aqueous medium, when agglomeration
and/or aggregation phenomena occur. Another limitation is the potential negative effects
on the human body and the environment [18]. Proper surface functionalization increases
the compatibility of MNPs with the biological environments, making them biocompatible
and biospecific. Significant research efforts are dedicated to suitable surface modifications of
magnetic nanoparticles to improve colloidal stability, prevent aggregation of nanoparticles,
ensure a non-toxic state in physiological conditions, and introduce functional groups for
binding of application-specific target molecules [7,14,15,18,19], thus the appropriate coating of
NPs is very important to ensure their stability in physiological and biological fluids [18,19,102].

The first minimum requirement for the use of these NPs in biomedical applications is
their surface functionalization to prevent MNPs from aggregation and lead to improved
colloidal stability [103]. The colloidal stability of the MNPs can be improved by balancing
the attractive and repulsive forces between these materials and their environment. Stabi-
lization of MNPs can be performed by controlling the intensity of one or both repulsive
forces, which are electrostatic repulsion and steric repulsion. Steric stabilization is based on
coating MNPs with various molecules or a ligand shell or embedding them in an inorganic
or polymeric matrix with steric properties. In these cases, the repulsive potential is given
by the molecular weight and/or density of the surface coating material and its chemical
and mechanical stability but also by the quality of the dispersion medium in which the
functionalized magnetic material is used. The mechanism behind steric stabilization refers
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to the fact that if two sterically stabilized MNPs approach each other and exhibit steric
properties, a connection is created between them that has the effect of reducing the entropy
of the material, increasing the osmotic pressure between the functionalized MNPs, and
leading to increased colloidal stability [104].

Another very important property necessary for the application of MNPs in biological
environments is the compatibility of these NPs with the aqueous medium. An appropriate
strategy to overcome the limitations imposed by the use of uncoated, hydrophobic, or
weakly hydrophilic MNPs is crucial for the stability of MNPs in a biological environment
and depends on the nature of the MNP surface. If MNPs are uncovered, the direct attach-
ment of hydrophilic agents to the surface of uncoated MNPs in the final stage of MNP
synthesis can be chosen as a compatibility strategy. If MNPs are already coated with a
hydrophobic layer, the addition of amphiphilic molecules containing both a hydrophobic
segment and a hydrophilic component can be used for water compatibility. In this case,
the hydrophobic part forms a double-layer structure with the initial hydrophobic surface
of the MNPs, while the hydrophilic groups are exposed on the outside of the NPs, which
makes them water soluble. Another compatibility strategy when the surface of MNPs
is hydrophobic or weakly hydrophilic is the ligand exchange method, with the direct
replacement of the original surfactant with a new one, which can improve the hydrophilic
properties of MNPs [105].

Another particularly important requirement when it comes to the use MNPs in bio-
medical applications is the magnetic properties of these materials, which depend on their
nature and size. In applications where these NPs involve exposure to an external magnetic
field, their shape and size, as well as magnetic properties such as their superparamagnetism
and saturated magnetization value, are essential criteria for material selection. Very small-
sized particles, below 10 nm, despite presenting colloidal and magnetic stability, are very
difficult to process and have relatively low magnetization values. Therefore, slightly
larger NPs are preferred because they are easier to manipulate magnetically, have higher
magnetization values, and at the same time, have lower colloidal stability. A new and
original alternative that overcomes the limitations of colloidal and magnetic instability
while having superparamagnetic properties and high saturation magnetization values is
represented by MCs, which are self-assembled, controlled aggregations of hundreds of
single-core MNPs in the form of spherical clusters of approximately 100 nm in size.

One of the particularly important requirements for using MNPs in biomedical applica-
tions is low toxicity to the biological environment and biocompatibility of the material. It
is known that, due to their large surface area and chemical reactivity, MNPs can generate
reactive oxygen species that can penetrate tissues down to the cellular level, thus being
extremely toxic [106,107]. MNPs can exert their toxic activity at multiple levels, leading
to potential mitochondrial destruction, DNA damage, temporary or permanent cell cycle
cessation, or cell membrane disruption [108]. It is known that the shape and size of MNPs,
the hydrophilicity of the surface, the mass/thickness of the surface covering material, as
well as the surface charge are key factors governing the biocompatibility of the material.
An important strategy for improving biocompatibility and reducing toxicity is represented
by the functionalization of MNPs with different agents, such as polymers, proteins, or inor-
ganic compounds. Proteins that are abundant in human serum, such as albumin, can create
a protective barrier on the surface of MNPs, increasing biocompatibility [109]. Coatings
with silica, which is abundant in hydroxyl groups, also generate less-toxic MNPs [110].
Some studies suggest that coating with noble metals such as gold can also increase bio-
compatibility [111]. Biocompatible molecular layers covering MNPs with negative charges
show better biocompatibility, while a positively charged shell on the surface shows bet-
ter cooperation with bio systems but can often interact electrostatically with differently
charged particles of a biological medium. Biocompatible polymeric coatings represent a
useful alternative because they can decrease the density of the material, making them more
stable from colloidal and magnetic points of view and, at the same time, offer advantages
on further surface functionalization with different biologically active substances for specific
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applications. From the synthesis method point of view, MNP surface functionalization with
positively or negatively charged molecular layers is easier and much more controllable,
while surface coatings with polymeric layers offer much less control over the morphology
of the final material, resulting in relatively thick polymeric layers and therefore slightly
lower magnetic properties.

4. Considerations about the Development of Magnetic Drug Delivery Systems

The main goal of DDSs is to ensure that the chemotherapeutic drug reaches its in-
tended site of action in the body, that is, the tumor and cancer cells, while minimizing its
distribution to healthy cells, reducing side effects and increasing therapeutic efficacy.

There are several types of DSSs [112–114]:

(i) Oral drug delivery—the most common form of drug delivery, where the drug is taken
orally in the form of pills, capsules, or liquids. In this case, the drug is absorbed into
the bloodstream through the digestive system.

(ii) Injectable drug delivery—a method that involves injecting the drug directly into the
bloodstream, intramuscularly or subcutaneously. This type of delivery is used for
drugs that cannot be taken orally or that need to be delivered quickly.

(iii) Topical drug delivery—a method of delivery that involves applying the drug directly
to the skin, mucous membranes, or other external surfaces of the body. Pharmaceutical
formulations such as creams or ointments are commonly used in this case.

(iv) Inhalatory drug delivery—a method that involves delivering drugs through inhala-
tion into the lungs. This type of delivery is commonly used for the treatment of
respiratory diseases.

(v) Implantable drug delivery—a method of delivery that involves implanting a device
or a drug-eluting implant that slowly releases the drug over a period of time. This
method is commonly used for long-term treatments.

In addition to these traditional DDSs, there are also newer technologies such as targeted
drug delivery, where drugs are delivered specifically to cancer cells, and nanotechnology-
based drug delivery, where drugs are delivered using NPs, technologies that are still in
development but hold promise for the future of drug delivery [115,116].

MNPs have drawn considerable attention in recent years due to properties that make
them promising candidates for drug delivery, with numerous studies published in this
field. In the successful development of magnetic DDSs, some considerations about their
physical properties, targeting abilities, cargo release, and cytotoxic properties need to be
taken into account.

In general, iron oxide NPs, especially magnetite, are used for the development of
magnetic DDSs. The most important properties of these carriers are their size and super-
paramagnetism. In order to be used for in vivo applications, the size of DDSs needs to
be between 10 and 100 nm in diameter [7,8]. Particles that are smaller in size are quickly
eliminated by the kidneys and cannot perform their biological role in vivo, while bigger
particles are recognized by the immune system and are trapped in the reticuloendothelial
system [117,118]. The size of dehydrated magnetic NPs is determined experimentally
using electron microscopy techniques such as transmission electron microscopy (TEM) or
scanning electron microscopy. Another characteristic is the hydrodynamic size, which is the
size of the hydrated NPs in an aqueous solution and is generally determined by dynamic
light scattering [119].

Biomedical applications generally focus not on simple MNPs but on magnetic nanocom-
posites that combine the properties of MNPs with those of other components, leading to
complex properties such as increased biocompatibility and stability, low toxicity, and high
drug-binding capacity. The shell of these magnetic nanocomposites can be represented by
polymers (PEG, chitosan, carboxymethyl chitosan, poly(methacrylic acid), polydopamine,
poly(lactide-co-glycolide), polyvinyl alcohol, polyethyleneimine), mesoporous silica, lay-
ered double hydroxides, liposomes, sugars, proteins, inorganic compounds, or lipids. The
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successful functionalization can be confirmed by Fourier Transform Infrared Spectroscopy
or Energy Dispersive Spectroscopy.

Drugs are incorporated into magnetic DDSs by interacting with the shell, either by
covalent binding or electrostatic interactions. The loaded DDSs can be characterized by two
parameters, namely drug-loading capacity (LC) and drug encapsulation efficiency (EE).
The LC represents the amount of drug that is loaded in 100 g of DDS and helps determine
the amount of drug that could be delivered by the DDS to its target. EE represents the
percentage of drug that was loaded into the DDS from the feeding solution [120].

Once the DDS is obtained and loaded with the desired drug, it needs to be delivered to
the target organ. In the treatment of cancer, targeting can be performed in either a passive
or an active manner. Passive targeting relies on the EPR effect, which allows preferential
accumulation of nano-DDSs in the tumor tissue due to increased permeability of blood
vessels and retention at the tumor level due to low lymphatic drainage. However, EPR
offers only a modest increase in accumulation at the tumor level compared to healthy
organs, so active targeting was developed as an alternative [117,121]. Active targeting can
be achieved by the functionalization of the magnetic DDSs with ligands that can specifically
bind to structures present on the surface of cancer cells. Examples of such ligands are
antibodies, peptides, proteins, aptamers, folic acid (FA), or hyaluronic acid (HA) [121].
In the case of magnetic DDSs, targeting can be aided by the application of an external
magnetic field that guides the DDS to the desired location.

Once at the delivery site, the DDS needs to be able to release the loaded cargo. In
the treatment of cancer, the special properties of the tumor microenvironment are used to
preferentially deliver the drugs to the tumor. Most DDSs investigated in this review present
a pH-dependent release behavior, which relies on the lower pH of the tumor microenviron-
ment compared to that of healthy cells or blood [122]. Other examples of preferential release
include the use of substrates that are degraded by enzymes overexpressed at the tumor
site [123–127], redox-dependent release based on the higher concentration of glutathione
(GSH) in tumor cells compared to healthy ones [128,129], or magnetic-field-mediated
release [128,130–137].

Ideally, drugs encapsulated in DDSs should present higher toxicity towards tumors
and lower toxicity towards healthy organs compared to the free drug. Toxicity assessments
were generally carried out on cell cultures, while few studies also focused on the in vivo
effects of the DDSs using animal models.

5. Chemotherapy Delivery Using Magnetic Nanoparticles

Chemotherapy represents one of the mainstays of cancer treatment. Its primary goal
is to stop cancer cell proliferation and the formation of metastases [3]. There are different
classes of chemotherapeutic drugs, based on their primary mechanism of action: Alkylating
agents, antimetabolites, antimicrotubule agents, topoisomerase inhibitors, antibiotics, and
others [138]. Despite having different mechanisms, all chemotherapeutics present toxicity
towards malignant cells but also towards healthy cells, producing side effects such as myelo-
suppression, hair loss, nausea, and vomiting. In recent years, efforts have been made to
improve the selectivity of chemotherapeutics for cancer cells and tumors by using different
strategies. One such strategy is the incorporation of chemotherapeutic drugs into DDSs. DDSs
offer several advantages over classical chemotherapy treatment [115,116,139,140]:

- One of the main advantages of DDSs is the ability to target specific cells or tissues,
minimizing damage to healthy cells.

- DSS use reduces side effects associated with chemotherapy, because DDSs deliver
drugs directly to the site of action.

- DDSs can improve the efficacy of drugs by ensuring that they are delivered to the
intended site of action and in the correct dosage.

- Some DDS technologies, such as implantable drug delivery devices, can release drugs
slowly over an extended period, ensuring sustained and controlled release of the drug.
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- DDSs can be personalized to the individual patient, taking into account factors such
as age, weight, and the specific characteristics of their cancer. This can help to ensure
that the patient receives the optimal treatment for their individual case.

- DDSs can help reduce the development of drug resistance.

Overall, DDSs have the potential to provide more effective, targeted, and personalized
treatments for cancer patients, while reducing the side effects and toxicity associated with
classical chemotherapy.

In this section, examples of magnetic DDSs will be discussed and presented compara-
tively. The examples are classified based on the drug they incorporate. An overview of the
main characteristics of the incorporated drugs is presented in Table 1, while examples of
DDSs for each drug are presented comparatively in Table 2.

Table 1. Drugs commonly prescribed in the treatment of cancers [141–144].

Drug Indications Class Mechanism of Action Specific Side Effects

DOX

Acute lymphoblastic leukemia
Hodgkin’s lymphoma
Breast cancer
Ovarian cancer
Bladder cancer
Bone tumors

Anthracyclines
Intercalation into DNA double-helix
Topoisomerase II inhibition
Formation of oxygen reactive species

Cardiotoxicity

CIS, OXA
Ovarian cancer
Breast cancer
Colorectal carcinoma

Alkylating agents Intercalation into DNA double-helix
Neurotoxicity
Nephrotoxicity
Ototoxicity

MTX

Non-Hodgkin’s lymphoma
Breast cancer
Bladder cancer
Osteosarcoma

Antimetabolite Inhibition of folic acid metabolism
Immunosuppression
Hepatotoxicity
Respiratory failure

SOR
Hepatocellular carcinoma
Renal cell carcinoma
Thyroid cancer

Multi kinase inhibitor Inhibition of cell signaling pathways
Inhibition of angiogenesis

Rash
Arterial hypertension

5.1. Doxorubicin

Doxorubicin (DOX) is one of the most commonly used drugs in the treatment of a
variety of cancers. Many attempts have been made to reduce DOX toxicity, with its incor-
poration into numerous DDSs. Indeed, DOX has become a “model” molecule for the devel-
opment of magnetic DDSs, with many proof-of-concept formulations using this molecule.

MNPs functionalized with different composites have been intensively used for the de-
velopment of nanocarriers for DOX. Numerous recent studies present different approaches
regarding the synthesis, functionalization, drug loading, delivery method, and release of
DOX. In order for DDSs to be effective in targeted therapy, it is crucial to improve their
biocompatibility and targeting ability. To improve biocompatibility, various materials
such as biodegradable polymers [130,145,146], sugars [129,130,147], lipids [133], and pro-
teins [148,149] have been used. These materials can be used for coating purposes to reduce
the toxicity and immunogenicity of the resulting DDS.

Regarding their indication, DOX-containing DDSs were developed for a wide va-
riety of cancers, including breast cancer [123,147,150], liver cancer [131,133,145], lung
cancer [151], and colorectal carcinoma [129,132,152].

A polymer coating often used in the development of DDSs is PEG, which has proven
to be suitable both for the efficient loading of different drugs and with good properties in
terms of biocompatibility. Thus, MNPs and boron nanosheets coated with a pH-responsive
PEG polymer were used for the fabrication of a new DDS for which highly controlled
loading and release processes were optimized for DOX. Both in vitro and in vivo exper-
iments have demonstrated that the DDS can inhibit tumor growth, induce cancer cell
apoptosis, and reduce the toxic effects of DOX, a potential alternative for liver cancer
therapy [145]. Polysaccharides such as chitosan or its modified forms can also be employed
for the functionalization of MNPs for DOX delivery. A study reported a nanocompos-
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ite material that combines two different components, GSH and magnetic-sensitive iron
oxide NPs, which provide redox-responsiveness and magnetic sensitivity, respectively.
The MePEG-grafted water-soluble chitosan backbone helps achieve biocompatibility and
stability of the nanocomposites. The conjugation of DOX with chitosan via a disulfide
linkage ensures controlled drug release in the presence of GSH, which is often found in
higher concentrations in cancer cells. In vitro experiments showed that an external mag-
netic stimulus helps concentrate the nanocomposites and provides efficient internalization
of the nanocomposites into cancer cells [129]. The use of aminated lignosulfonate and
carboxymethyl chitosan as biopolymers for DDS fabrication also offers several advantages,
such as biocompatibility and pH responsiveness. The optimized NPs allowed for the encap-
sulation, targeted delivery, and controlled release of DOX to cancer cells. The drug-loaded
particles were tested on cancer cells using MTT assay and live/dead staining experiments,
and both methods showed that the drug-loaded particles had a significant inhibitory effect
on the growth of cancer cells [147]. Chitosan-functionalized ferrogels were fabricated, and
the resulting nanostructure possesses unique characteristics such as high porosity, ultra-low
density, and superparamagnetism with high DOX loading efficiency. The ferrogels also
exhibit tumor-specific pH-responsive swelling, excellent biodegradation, remotely switch-
able drug release, high magnetic hyperthermia potential, excellent biocompatibility, and
promising cell–material interactions as substantiated by MTT assay, cytoskeleton staining,
and confocal imaging [130].

An innovative DDS based on dumbbell-shaped NPs of CoFe2O4/MoO2 was developed
for liver cancer treatment using external magnetic and photothermal effects. These NPs
were modified with poly(methacrylic acid), loaded with DOX, and sealed with phase-
change material to prevent premature drug release. The cytotoxicity of the composite was
evaluated on human liver tumor cells and the results showed that the combined procedure
led to the highest killing rate of tumor cells, indicating the potential of the developed
system for liver cancer treatment [131]. Magnetic nanocomposites coated with nylon-6
were also reported for the delivery of DOX. The composites were synthesized by the co-
precipitation method and coated with biodegradable nylon-6 to increase biocompatibility.
The magnetic composites demonstrated good loading capacity and pH-dependent release
behavior. Cytotoxicity studies were performed on lung cancer cell lines and showed
increased toxicity of the DDS compared to free DOX [153].

A drug-loaded magnetic microrobot that can polarize macrophages into the antitumor
phenotype to target and inhibit cancer cells was developed. The in vitro tests demonstrated
that the microrobots have good biocompatibility with normal cells and immune cells.
DOX was loaded onto the surface of microrobots through electrostatic interactions and
exhibited pH-responsive release behavior. The microrobots were able to target and kill
cancer cells in a 3D tumor spheroid culture assay through dual targeting from magnetic
guidance and M1 macrophages. The findings suggest that the combined use of magnetic
control, macrophages, and pH-responsive drug release can improve the tumor-targeting
and antitumor abilities of microrobots [151]. However, the size of the microrobots exceeds
the nanometer range, indicating the possible uptake by the immune system in the case of
in vivo administration. A pH-responsive mesoporous Fe2O3-Au-based DDS with magnetic
targeting was also designed. The Fe2O3 particles were constructed with external mesopores
and internal hollow structures, while Au NPs were connected on the surface of Fe2O3
through pH-responsive bonds for drug encapsulation [146]. Magnetic mesoporous silica
NPs were developed as a multipurpose nanoplatform for delivering DOX and providing
magnetothermal therapy to cancer cells. The core-shell-type particles were characterized for
their magnetic and thermal properties, drug loading and release kinetics, and cytotoxicity
against cancer cells. The results revealed high magnetic saturation and heating efficiency,
efficient DOX loading and release, and significant cytotoxicity against cancer cells both
in vitro and in vivo [128]. Another approach for the delivery of DOX consisted of obtaining
mesoporous silica nanoparticles, which were then modified by growing magnetic NPs on
their exterior. This nanocomposite was loaded with DOX and release studies were per-
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formed in different pH and temperature conditions. The results indicated that the release
is both pH and temperature dependent [154]. Amino acids were also employed for MNP
functionalization in the delivery of DOX. Cysteine-modified magnetite NPs loaded with
DOX were extensively characterized. The release behavior proved to be pH dependent,
with twice as much DOX released at acidic pH compared to neutral pH. However, the acidic
pH value tested, pH 3, is lower compared to that of the tumor microenvironment (5–6). The
NPs’ toxicity towards melanoma cells was investigated using cytotoxicity and apoptosis
assays [155]. Another nanocomposite for DOX delivery was developed from magnetite
NPs covered with calcium carbonate by ion co-precipitation. The nanocomposite demon-
strated a high DOX loading capacity and pH-dependent release. Cytotoxicity studies
carried out on cervical and breast cancer cells proved the high anti-cancer efficiency of the
synthesized composites [156].

The development and characterization of an active targeting DDS were presented. Iron
oxide NPs were functionalized with FA and loaded with DOX. The results indicated the
successful loading and release of DOX combined with the efficiency of the nanosystems as
selective contrast agents in MRI, with the data representing an initial stage in the validation
of the nanotheranostic system before in vivo evaluation [157]. FA functionalization of
magnetic NPs was also reported by Gentili et al. who developed a system for DOX delivery
(MNP@FA.DOX). The administration of DOX using this system resulted in an enhancement
of cell death compared to the free drug, confirmed by apoptosis assay. The images observed
in Figure 3A correspond to Prussian blue staining of HCT116 cells treated with MNPs (up)
and free DOX (down). The images show, as expected, the absence of precipitated iron in
the cells that were not treated with MNPs@FA.DOX. In the case of delivering the drug by
MNPs (up), it can be seen that the amount of intracellular iron rises and HCT116 cell size
increased after 8 h of NP treatment. Figure 3B (down) shows the increase in the total size of
the HCT116 cells and a marked increase in the dimensions of the cell nuclei, but no atypical
morphological changes were observed for DOX treatment [132].

The interaction of magnetic DDS with cellular receptors is important and has been
exploited in numerous studies. A magnetic liposomal carrier was used and showed targeted
delivery of DOX to cancer cells via the αvβ3-integrin receptor, higher cytotoxicity in various
cancer cell lines, and minimal toxicity to the heart tissue. This lipidic formulation was
also found to have higher tumor accumulation and therapeutic efficacy compared to the
clinical liposomal formulation of DOX (Lippod™), especially in combination with gamma
radiation or magnetic hyperthermia therapy. The mechanism of chemo-radio-sensitization
involved the activation of JNK-mediated pro-apoptotic signaling axis and delayed repair of
DNA double-strand breaks [133]. Tannic acid-modified magnetic hydrotalcite-based MgAl
NPs were synthesized for the targeted delivery of DOX to estrogen-receptor-expressing
colorectal cancer cells. The in vitro release showed a pH-dependent biphasic and sustained
release of DOX, while the safety and biocompatibility of the DDS were confirmed using
hemolysis and MTT assays. Furthermore, higher cellular uptake in ER-positive HCT116 and
LoVo cells was observed [152]. The development of a magnetic dual-responsive nanocarrier
for targeted drug delivery to cancer cells overexpressing the DNA repair enzyme APE1
was described (Figure 3B).

The carrier consists of Fe3O4@SiO2 NPs and a specially designed AP-DNA strand that
can be hydrolyzed by APE1. DOX was loaded onto the AP-DNA to form the theragnostic
nanosystem (FS@DNA-DOX). The distribution of FS@DNA-DOX NPs was evaluated by
in vivo fluorescence imaging and it was observed that after magnetic attraction near the
tumor, the fluorescence intensity in the tumor location was significantly higher than that
in other tissues, but without magnetic attraction, a strong distribution in the other organs
was observed (Figure 3C). The fluorescence intensity per unit area in the tumor area was
significantly higher than that in other organs after treatment with NPs with magnetism
(Figure 3D) [123]. Some cancer treatment regimens involve drug combinations in order
to enhance the treatment’s effectiveness. Thus, the encapsulation of different drugs in
DDS is of interest for clinical practice. A novel approach, based on a core/double shells
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magnetic-luminescent nanomaterial was reported as nanocarrier for both MTX and DOX
for simultaneous administration in breast cancer therapy. The encapsulation of the two
drugs has been demonstrated with good efficiency, and a controlled pH-dependent drug
release was observed. The encapsulation system has proven effective in cell line tests, being
able to distinguish between normal and cancer tissues and cytotoxicity studies against
MCF-7 cells demonstrated superior tumor inhibition compared to the free drugs [150].
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Figure 3. Analysis of (A) MNPs uptake and (B) cell morphology. (A) HCT116 cells treated with
1 µM MNPs@FA.DOXO. The intracellular iron from MNPs was evidenced by the Prussian blue assay.
(B) HCT116 cells treated with free drug. The images are representative of three independent experi-
ments. Cell staining: H&E. Magnification 400×. Reprinted with permission from Ref. [132] Copyright
2023 Elsevier; (B) The therapeutic mechanism of FS@DNA-DOX NPs as a magnetic-targeted and
APE1-triggered drug delivery nanosystem. (C) Fluorescence images of mice after injection with IR800
and FS@IR800 NPs with or without magnetism. The red circles in the image represent the injection
site. (D) The representative fluorescence images of major organs at 30 h postinjection of FS@DNA-
DOX@IR800 with magnetism. Reprinted with permission from Ref. [123] Copyright 2023 Elsevier.
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5.2. Platinum Compounds

Magnetic DDSs were developed for the passive or active delivery of CIS and OXA. In
most cases, magnetite was used as a core, and polymers or mesoporous silica were used to
cover the magnetic cores. The release mechanism was generally pH-dependent.

Magnetic NPs were functionalized with PEG and an ionic liquid for the delivery of CIS.
The DDS demonstrated high platinum loading and stability in diluted human serum. The
release was performed in simulated cytosolic media, which contains additives that make it
more similar to real-life release conditions. However, no cytotoxicity tests were performed
for the DDS [158]. Maghemite NPs were functionalized with nano graphene oxide (NGO)
and the synthesis process is represented schematically in Figure 4A. The strong interactions
between NGO and the CIS led to a slow-release profile, which followed reversible second-
order kinetics. However, the release behavior was only tested at pH 7.4, with no tests carried
out at the lower pH of the tumor microenvironment. The DDS exhibited in vitro toxicity
towards U87 glioblastoma cells and the application of a magnetic field led to selective
cell death in the area of magnet application [159]. Magnetite NPs covered in a silica layer
and modified with dicarboxylic acid groups were developed as a potential treatment for
pancreatic cancer. The DDS exhibited prolonged release at pH 7.4, with approximately
80% of loaded CIS released after 250 h. Cytotoxicity studies carried out on healthy cells
and two pancreatic cell lines demonstrated selective toxicity towards cancer cells, with
increased toxicity towards the highly metastatic line AspC-1 [160]. Rinaldi et al. reported
polydopamine-modified MCs for the delivery of CIS. The clusters present better magnetic
properties compared to magnetic NPs and can be guided more easily to the tumor tissue.
The synthesis procedure was carefully optimized with respect to the surfactant, the solvent
used, and the concentration of the nanoclusters, and the particles were characterized by
TEM (results presented in Figure 4B–I). The resulting DDS showed pH-dependent release.
The cytotoxicity of the DSS was tested on MCF-7 breast cancer cells and HeLa cervical
cancer cells and demonstrated superior toxicity towards HeLa cells. The use of a magnet for
the guidance of the clusters in cell cultures led to superior cytotoxic properties compared
to the “no-magnet” approach, indicating the advantages of magnetic guidance [161].

Silica-coated magnetic NPs were also used for the active targeting of CIS, using HA
as the targeting ligand. The developed system exhibited pH-dependent release, which
followed Higuchi model kinetics. The DDS proved to be selectively toxic towards CT26
colorectal cancer cells compared to embryonic kidney cells and its cytotoxicity was higher
compared to that of free CIS in cancer cells. In vivo experiments demonstrated that both
the half-life and the area under the curve for CIS were increased when it was incorporated
into the DDS, compared to CIS alone. Moreover, histological analyses revealed no toxic
effects of the DDS on the kidneys, hearts, and lungs of tested rats [162]. Xie’s group also
developed active targeting methods for the delivery of CIS, using either peptides [118] or
FA [163]. In both cases, the toxicity of the constructed DDSs was higher compared to that
of CIS alone in HNE-1 nasopharyngeal carcinoma cells, due to increased cellular uptake.

A passive OXA delivery approach was proposed by Darroudi et al. who developed
chitosan functionalized magnetite NPs that displayed toxicity towards CT-26 colon cancer
cells. However, more studies need to be performed, since the release behavior was not
studied and the toxicity was not compared to that of free OXA [164]. Another passive
approach involved the use of biomimetic magnetite NPs loaded with OXA. The release of
OXA from these carriers followed a pH-dependent model. Moreover, upon application of
a magnetic field, the release improved due to the hyperthermia effect, leading to a total
release of 80% after 2.5 h. The DDS exhibited higher cytotoxicity compared to free OXA in
T-84, HT-29, SW480, HCT-15, and MC-38 colon cancer cell lines [165].

Antibodies were used for the active targeting of OXA towards colorectal [119] and
gastric cancer cells, respectively [166]. Magnetite particles were coated with poly(lactide-
co-glycolide) and an anti-CD33 antibody was conjugated to the DDS. The DDS achieved
a slow-release profile of OXA at pH 7.4, and its successful internalization in CaCo-2 cells
via receptor-mediated endocytosis was demonstrated by fluorescence, indicating the suc-
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cessful co-localization of NPs and OXA in cancer cells (Figure 4J) [119]. Another antibody,
Herceptin, was conjugated to iron-gold NPs for the targeted delivery of OXA. The DDS
exhibited pH-dependent drug release and successful cell internalization. Moreover, animal
studies demonstrated the specific accumulation of the DDS in tumor masses, indicating the
selectivity of the DDS and its capacity to be used as a targeted delivery device.
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Figure 4. (A) Schematic representation of the synthesis process of maghemite NPs functionalized
with nano graphene oxide for CIS-targeted delivery. Reprinted from Ref. [159]. (Open access); TEM
images of Magnetic Nanoclusters synthesized using (B) low concentration of SDS surfactant; (C) low
concentration of SPIONs; (D) SPIONs dispersed in THF; (E) SPIONs dispersed in hexane; (F) SPIONs
with size of 12 nm; (G) SPIONs with size of 7 nm; (H) scaled up one-fold; (I) scaled up five-fold.
Insets show SPIONs with size of (F) 7 nm and (G) 12 nm, low-magnification (H) MNCs scaled up
one-fold and (I) MNCs scaled up five-fold. Reprinted with permission from Ref. [161]. Copyright
2023 American Chemical Society. (J) Fluorescence microscopy images of human cells derived from
colorectal carcinoma (CaCo-2) treated with oxaliplatin-containing PLGA nanoparticles coated with
anti-CD133 antibody conjugated to Alexa Fluor 488 (PLGA_OXA_Ab) and co-stained with antiCD133
Atto 565. The CaCo-2 cells were treated with 90 µg·mL−1 concentration of the PLGA_OXA_Ab
for 30 min. From left: Bright-field images of the cells; fluorescence emission of cells treated with
PLGA_OXA_Ab; cells stained with anti-CD133-Atto 565; merge of the fluorescence images. The scale
bars correspond to 20 µm. Reprinted from Ref. [119] (Open access).
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5.3. Methotrexate

Several attempts have been made at encapsulating MTX into magnetic DDSs. Some of
these used magnetite NPs functionalized with amino acids such as L-lysine (Fe-Lys) [124],
arginine (Fe-Arg) [125], glycine (Fe-Gly) [126], or proteins such as bovine serum albu-
min (Fe-BSA) [127] in order to covalently bind MTX. The amino groups of the amino
acids/proteins were covalently bound to the carboxyl groups of MTX to form an amide
bond. Among these DDSs, Fe-Arg presented the smallest diameter, while Fe-BSA was the
largest in size. The highest MTX loading efficiency was observed in the case of Fe-Lys. In all
cases, the release of MTX from the carriers was dependent on the presence of proteinases,
due to their capacity to cleave the amide bond in lysosomal conditions (acid pH). For the
amino-acid-modified DDSs, the release of MTX took place in less than 12 h, while for the
BSA-modified DDS, the release was slower. In the case of Fe-Gly, the release behavior was
also pH-dependent and followed a Michaelis–Menten model, fitting an enzyme-dependent
kinetics profile. Fe-Arg, Fe-Gly, and Fe-BSA demonstrated hemocompatibility in the hemol-
ysis assay, while Fe-Arg and Fe-Gly also demonstrated biocompatibility towards fibroblasts.
Fe-Gly and Fe-Arg demonstrated higher cytotoxicity towards breast cancer MCF-7 cells
compared to MTX alone, while Fe-Lys and Fe-BSA demonstrated similar cytotoxicity
compared to MTX alone.

Polymers and cyclodextrins have also been used to develop magnetic DDSs for
the delivery of MTX. Magnetite superparamagnetic particles were covered with poly
3-hydroxybutyrate-co-3-hydroxyvalerate using a method optimized by the Box–Behnken
design. The average size of the DDS was around 90 nm; however, large variations were
noticed, with some particles exceeding 200 nm in diameter, which could be too large for
EPR entrapment. The release of MTX at pH 6.8 from the carriers was slower compared
to the release of free MTX in the same conditions, indicating a slow-release behavior.
The toxicity of the DDS was higher compared to free MTX on SW-480 colorectal cancer
cells [167]. Cationic polymers and cyclodextrins were also used as functionalizing agents
for magnetite-based DDSs. MTX was loaded due to the electrostatic interactions between
the cationic polymer and the negative charges of MTX at neutral pH. At the acidic pH of
the tumor environment, the MTX was protonated, and the interactions were lost, leading to
the pH-dependent release of MTX. The MTX was quickly released from the DDS and was
successfully internalized in the cytoplasm of Saos-2 osteosarcoma cells. The cytotoxicity of
the DDS was marginally higher than that of free MTX [168].

Active targeting was also employed for MTX delivery, using HA [169] or FA antibod-
ies [170] as targeting agents. The HA-modified DDS displayed high drug encapsulation
efficiency and the drug release was pH-dependent, with a higher than 10-fold increase in
released MTX at pH 5.5 compared to pH 7.4. The DDS proved to be cytotoxic towards
A549 lung cancer cells, with IC50 values much lower compared to those of MTX alone.
Moreover, the DDS caused an increase in the expression of pro-apoptotic genes in cancer
cells and a decrease in the expression of the gene encoding the pro-inflammatory cytokine
tumor necrosis factor α (TNF-α). This demonstrates that the DDS has potential anticancer
activity in A549 lung cancer cells, a type of cell that has high resistance to MTX [169].
Antibodies against folate receptors were synthesized and conjugated to MTX-modified
magnetic NPs. The resulting DDS had high encapsulation efficiency for MTX and high
binding efficiency for the antibody. The release of MTX was pH dependent and the DDS
exhibited higher toxicity towards HeLa cervical cancer cells compared to MTX alone. Im-
munohistochemistry demonstrated the attachment of the DDS to FA receptors in mouse
tumor tissue, and fluorescence analysis revealed the internalization of the DDS in cancer
cells by endocytosis [170].

5.4. Curcumin

Curcumin (Cur) is a natural compound extracted from Curcuma longa and has attracted
attention as a possible anticancer agent. Some studies have suggested that curcumin can
help reduce the side effects of chemotherapy when used in association with it and can
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also improve patient survival due to its anti-oxidant and anti-angiogenic effects [171,172].
Despite its good safety profile and promising preliminary results, Cur has very poor
bioavailability and water solubility, making it difficult to formulate and administer [172].
Different liposomal formulations have been fabricated to increase their bioavailability [172],
and many proof-of-concept studies have associated Cur with magnetic NPs for both passive
and active targeted delivery.

A passive targeted delivery approach used magnetite NPs covered with a layered dou-
ble hydroxide (LDH), loaded with Cur, and finally covered with polydopamine [173]. The
DDS demonstrated pH-dependent release in vitro and the polydopamine coating degraded
progressively, allowing a controlled release of 63% of the drug after a period of 28 h. The DDS
had lower cytotoxicity towards HepG2 liver cancer cells compared to Cur alone at the same
concentration due to the time it took for the uptake, cleavage, and release of the drug from the
DDS. However, cellular uptake studies demonstrated that Cur from the DDS could be effi-
ciently internalized into HepG2 cells by endocytosis [173]. The same group also proposed an
active targeting strategy for Cur, using polymer-modified magnetite NPs. The two monomers
used were PEG methyl ether methacrylate and 4-vinylphenylboronic acid (VB), with the latter
acting as both a site for the covalent binding of Cur and a ligand for the overexpressed sialic
acid residues on the surface of cancer cells. The DDS showed a lower drug-loading capacity
compared to the previous approach and pH-dependent release. Due to the stability of
the boronate ester bond between Cur and VB at neutral pH, the DDS exhibited remark-
able pH-dependent release, with only 2.5% of Cur released at pH 7.2 and 78% at pH 5.4,
demonstrating good selectivity for cancer cells. Moreover, selectivity was also confirmed by
cellular uptake studies that showed that the particles can be successfully internalized into
HepG2 cells, while no internalization occurs in normal L02 hepatocytes [174]. Other active
targeting techniques used FA as the cancer-cell-targeting agent. Danafar’s group reported
magnetite NPs coated with BSA and FA for Cur delivery [175]. Although the drug-loading
capacity of the proposed DDS was small, it demonstrated good selectivity towards HepG2
cancer cells. Cellular uptake studies showed that the FA-modified DDS could be more
efficiently internalized into HepG2 cells compared to their FA-free analogs. Apoptosis assay
also indicated a higher rate of cell death in the case of FA-modified DDS. The release of Cur
from the DDS was pH dependent, with 70% of Cur released at pH 4.5 after 30 h compared to
55% at pH 7.4 [175]. Another FA-modified DDS comprised of superparamagnetic magnetite
NPs and quantum dots was developed. The release of Cur followed a pseudo-second-order
kinetics model and was pH-dependent, with approximately twice as much Cur released at
pH 5.5 compared to pH 7.4.

Cytotoxicity studies were performed on a breast cancer line and an osteosarcoma cell
line and revealed that, at low concentrations, the DDS exhibited better cytotoxicity com-
pared to Cur alone. Moreover, the selectivity of the FA-modified DDS was demonstrated
by cytotoxicity tests, because the toxicity of the FA-modified system was greater than that
of the unmodified carrier [176].
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5.5. Sorafenib

Sorafenib (SOR) presents systemic side effects, low bioavailability, and water solubil-
ity [144], which can be limited by encapsulating it in DDSs.

Several attempts have been made to use magnetite NPs for the delivery of SOR in the
treatment of hepatocellular carcinoma. Anionic compounds, such as LDH or alginate, were
used to functionalize the core particles and allow SOR binding. Pastorin’s group developed
superparamagnetic iron oxide NPs modified with polyvinyl alcohol (PVA) or PEG and
double-layered magnesium-aluminum hydroxide for the delivery of SOR [177]. PEG-
coated NPs demonstrated a higher drug-loading capacity, smaller hydrodynamic diameter,
and narrower size distribution. Both carriers exhibited a sustained, pseudo-second-order
kinetics, pH-dependent release behavior, in vitro. Due to PEG’s higher solubility in water
compared to PVA, the release from the PEG-modified particles was faster than from the
PVA-modified ones. The same group reported magnetite NPs modified with PVA and
zinc-aluminum LDH [178]. Compared to the previous approach, the drug-loading capacity
was significantly increased. The release of SOR from the SOR-functionalized carriers
was higher than from a simple physical mixture of SOR and carriers demonstrating the
advantage of the nanoformulation. The release was pH-dependent and followed pseudo-
second-order kinetics [178]. Cytotoxicity studies were carried out on fibroblasts and HepG2
hepatocellular carcinoma cells and demonstrated that all nanoformulations had superior
cytotoxicity compared to SOR alone on cancer cells, while displaying good biocompatibility
with fibroblasts [177,178]. Another approach consisted of the encapsulation of SPIONs into
alginate microspheres containing SOR. The system demonstrated acceptable drug-loading
efficiency and a biphasic release profile, with 54% of the total SOR released in the first hour.
Since the release profile was studied at pH 7.4, which is the normal pH of serum, not of the
tumor environment, this could raise the question of the safety of the system, since SOR could
be released in serum before reaching the tumor. The formulation exhibited cytotoxicity
towards HepG2 cells; however, no comparison to SOR alone was performed [179].

6. RNA Delivery Using Magnetic Nanoparticles

Non-coding RNAs, such as miRNA and siRNAs, have recently emerged as promising
therapeutic tools for cancer management. The main limitations of RNA use in therapy are
related to its limited ability to pass through cellular membranes, due to its hydrophilic
nature, negative charge, and instability in the presence of serum enzymes [180]. For these
reasons, numerous attempts have been made at encapsulating RNA in DDSs that could
enhance its pharmacokinetics and stability.

In the development of magnetic DDSs for RNA delivery, magnetite has been the most
commonly used magnetic core. Cationic polymers, especially polyethyleneimine (PEI),
were generally used for the functionalization of the cores, due to their ability to interact
electrostatically with the negatively charged RNA cargo. MicroRNAs and siRNAs were
loaded into the magnetic carriers. Some studies also included chemotherapy drugs, such
as DOX (Figure 5A–F) together with siRNA for enhanced in vivo efficiency. The release
of the RNA was mostly achieved by alternating magnetic field (AMF) triggering, but also
by pH-dependent mechanisms. Targeting was generally passive, with some examples of
magnetic or active targeting also present.

Controlled delivery of miR-1484 mimic was achieved by magnetite NPs covered with
a thermo-liable Diels-Alder cycloadduct that released the RNA in A549 lung cancer cells
in the presence of an AMF that led to heating and subsequent cleavage of the Diels-Alder
bond. The cytotoxicity of the DDS was higher towards A549 in the presence of AMF than in
its absence, indicating its importance in the release of the RNA cargo. A high concentration
of NPs was used to compensate for the relatively low RNA loading efficiency, which could
pose safety concerns [134]. Two similar approaches for the delivery of miR-34 for the
treatment of neuroblastoma were developed using PEI [135] and PEI and tripolyphosphate
(TPP) [136], respectively. The carriers were similar in size and demonstrated AMF-triggered
release of the RNA due to an increase in temperature and shell softening. TPP conjugation
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decreased the inherent toxicity associated with PEI. Genetic analyses demonstrated that
both approaches led to the inhibition of the MYCN oncogene.

Magnetic guidance was used in several examples for the delivery of siRNA to tumor
cells. Iron oxide NPs were functionalized with caffeic acid, calcium phosphate, PEG, and
siRNA and their cytotoxic potential was evaluated in an HER2-positive breast cancer cell
line. HER2 expression levels were decreased after incubation with the DDS and expression
levels decreased further when a magnetic field was applied. Cell internalization was also
increased in the presence of a magnetic field [181]. In order to reduce the toxicity of PEI,
while also maintaining the DDS’ (FFP@MNP) capacity to escape endosomal entrapment,
Zhang et al., developed magnetite NPs functionalized with PEI and fluorinated PEG.
Figure 5G shows the effect of FPP@MNPs on cell viability, which was characterized by
the CCK8 kit. Different concentrations of FPP@MNP were added to HeLa cells and then
cultured for 24 h or 48 h. It was observed that the viability of HeLa decreased with the
incubation time and FPP@MNPs were toxic for concentrations ≥ 8 µg/mL. The results of
FPP@MNPs-induced HeLa cell apoptosis are shown in Figure 5G(a–e), and the analysis
of cell viability is shown in Figure 5G(ii). The cells were scanned layer by layer and three-
dimensionally reconstructed by laser confocal microscopy (Figure 5H). HeLa, A549, and
4 T1 cells were transfected with FPP@MNPs under external magnetic field enhancement
(MagTrans). The commercial nucleic acid vector Invitrogen Lipofectamine 3000 (Lipo3000)
was used as the control. For each group of cells, it is evident that the amount of siRNA
inside MagTrans-treated cells is significantly higher than Lipo3000 transfected cells. For
Lipo3000-transfected cells, the distribution of siRNA can be observed in almost every cell,
but the amount of siRNA contained in a single cell is far less than that of cells treated by
MagTrans. Transfection methods used were magnetic field-enhanced F7-PEG-PEI@MNP
transfection (MagTrans) or Lipo3000 transfection (Lipo 3000) [182]. Iron oxide NPs were
integrated into non-ionic surfactant vesicles (niosomes) and used for the combined delivery
of siRNA and transtuzumab/erlotinib to breast cancer cells. The schematic representation
of the experimental protocol for DDS fabrication is represented in Figure 5I. High siRNA
encapsulation was obtained, and in the case of both drugs, siRNA significantly increased
the activation of apoptotic pathways, especially after the application of a magnetic field. The
representative fluorescent images showing the occurrence of apoptosis of BT-474 cells after
administration of siRNA/FexOy/NIO with erlotinib, free siRNA with erlotinib, erlotinib,
and control cells are presented in Figure 5J [183].

PEI was also used as a shell for magnetite NPs used in the delivery of siRNA.
Zhang et al., reported a DDS for the combined delivery of two siRNAs for applications
in oral cancer treatment. The NPs demonstrated a high affinity for RNA and gene silenc-
ing potential comparable to that of lipofectamine, which was used as a positive control.
Moreover, cancer cell migration was also impaired by the DDS [137]. Another approach
using PEI as a modifier for the delivery of siRNA in the treatment of glioblastoma was also
reported. Magnetic nanoparticles modified with PEI and ATN-RNA were synthesized, and
the schematic diagram of preparation and its application in RNAi therapy of glioblastoma
cells is presented in Figure 5K. The optimized complexes of Mag@PEI/ATN-RNA were
submitted to an agarose gel electrophoresis assay to visualize the linking of ATN-RNA to
Mag@PEI NPs (Figure 5L). Analysis revealed that two weight equivalents were sufficient
to bind almost all of the ATN-RNA used in the experiment. However, to gain a deeper
insight into this process, ATN-RNA concentration in the supernatant was investigated
by UV-Vis spectroscopy (Figure 5M). A colocalization analysis was also performed to
further demonstrate the transfer of Mag@PEI/ATN-RNA complexes into glioblastoma cells,
demonstrated via a colocalization analysis (Figure 5N). A visible colocalization between
the ATTO 550-labeled Mag@PEI nanoparticles (red color) and the FITC-labeled ATN-RNA
(green color) in the cytoplasm was obtained, suggesting high transfection efficiency of the
synthesized nanoparticles [184]. Another study reported gelatin-covered magnetite NPs
loaded with siRNA, which demonstrated cytotoxicity towards Caco-2 colorectal cancer
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cells [185]. Their toxicity was higher or similar to that of HiPerFect®, a commercial RNA
transfection agent. However, no gene expression or cell migration assays were reported.

Active targeting of siRNA and chemotherapeutic drugs such as paclitaxel and DOX
was achieved by coupling functionalized magnetic NPs with folate and T7 peptide [186]
and epidermal growth factor receptor (EGFR) ligand, respectively [187]. The complex
approach to paclitaxel and siRNA delivery involved the combination of magnetic NPs
with polylactic acid-PEG and FA, peptide T7, and chitosan-spermine. The DDS exhibited
higher encapsulation efficiency for siRNA than for the drug, and the release behavior was
pH-dependent. Transfection efficiency was similar to that of lipofectamine in MCF-7 breast
cancer cells. Active delivery of survivin siRNA and DOX was achieved by using a DDS
comprised of maghemite NPs functionalized with carboxymethyl chitosan (CMCS), PEI,
heparin, and EGF, labeled as eMNNS. The preparation of eMNNS was performed in three
main steps: (1) Synthesis of the core followed by TPP-mediated encapsulation of CMCS;
(2) PEI coating via EDC/NHS crosslinking; and (3) conjugation of Heparin and EGF with
MNNS to form eMMNS (Figure 5A), while the targeted co-delivery of therapeutic siRNAs
and DOX for GSC treatments is presented in Figure 5B. In vitro analyses were conducted
to evaluate the tumor-suppressing effect of the DDS to inhibit the growth of glioblastoma
stem cells (GSCs). In vivo experiments were conducted on BALB/c nude mice bearing
glioblastoma U251 cell-induced tumors (Figure 5C,D). The mice were divided into three
groups and administered different formulations to assess the safety and efficacy of eMNNS
for cancer therapy. The first group was treated with Sur siRNA-MNNS (Figure 5C(a)),
the second group with DOX/Sur siRNA-eMNNS (Figure 5C(b)), and the third group
served as a control group (Figure 5C(c)). The results showed that the tumor size of the
mice treated with Sur siRNA-MNNS decreased compared to the control group, while
the mice treated with DOX/Sur siRNA-eMNNS exhibited the smallest tumor size and
the best anti-tumor capacity. Moreover, histological analysis revealed extensive necrosis
areas within the tumor mass treated with DOX/Sur siRNA-eMNNS. It was observed that
the tumor size of the mice treated with Sur siRNA-MNNS decreased compared to the
control group, and the mice treated with DOX/Sur siRNA-eMNNS exhibited the smallest
tumor size and the best anti-tumor capacity (Figure 5C–E). Moreover, the histological
analyses revealed extensive necrosis areas within the tumor mass treated with DOX/Sur
siRNA-eMNNS (Figure 5F) [187].

Some examples of magnetic nanoparticles applied for RNA delivery are presented
in Table 3.

Table 3. Magnetic nanoparticles for the targeted delivery of RNA.

Carrier, RNA Cancer Targeting Size (nm) LC EE Release
Mechanism Ref.

Fe3O4/DAC, miR-1484 mimic Lung Passive 10.1 ± 0.5 2.5 × 10−10

moles/mg NPs 8.4% AMF [134]

Fe3O4/PEI/TPP, miR-34a Neuroblastoma Passive 20 - - AMF [136]
Fe3O4/PEI, miR-34a Neuroblastoma Passive 10–20 - - AMF [135]
Fe3O4/PEI, siRNA Glioblastoma Passive 8–12 - 90% [184]
Fe3O4/PEI, siRNA Oral Passive 7.95 - 100% AMF [137]
Fe3O4/Gel, siRNA Colorectal Passive 60 - 41.5% [185]
Fe2O3-Fe3O4/Caf/CaP/PEG-Pa
siRNA Breast Magnetic 14 1.5 ± 0.1 µM [181]

Fe3O4/FPP/PEI, siRNA Cervical Magnetic 12 - - [182]
FexOy/noisome
siRNA + erlotinib
siRNA + transtuzumab

Breast Magnetic 100 - 99% - [183]

Fe3O4/PCS/PPF/PPT
siRNA/PTX Breast Active, FA, T7

peptide 197 ± 16 - 68.52% (siRNA)
41.31 ± 3.6% (PTX)

pH
dependent [186]

Fe3O4/CMCS/PEI/Hep
siRNA/DOX Glioblastoma Active, EGF 40–50 3.86% (DOX) - - [187]

Gel—gelatin; DAC—Diels-Alder cycloadduct; PEI—polyethyleneimine; TPP—tripolyphosphate; PCS—Poly-
lactic acid-Chitosan-Spermine; PPF—poly-lactic acid polyethylene glycol-folate; PPT—Poly-lactic acid-PEG-T7
peptide; CMCS—carboxymethylchitosan; Hep –heparin; EGF—epidermal growth factor; Caf—caffeic acid;
CaP—calcium phosphate; PEG-Pa—polyethylene glycol anionic polymer; FPP—Heptafluorobutyryl-polyethylene
glycol-polyethyleneimine.
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Figure 5. (A) Schematic illustration of the fabrication of the EGFR-targeted theragnostic nanoplatform,
and (B) targeted co-delivery of therapeutic siRNAs and DOX for GSC treatments. (C) Typical
photographs showing the size of tumors (indicated by arrows) in mice on day 2 weeks with three
different treatments. Photo-images of excised tumors from mice bearing glioblastoma U251-induced
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tumors 2 weeks after different treatments. a: Control; b: Sur siRNA MNNS; c: DOX/Sur siRNA-
eMNNS. (D) Tumor growth inhibition for the mice bearing glioblastoma U251-induced tumors after
treatment with various formulations (n = 3). (E) Representative histology (H&E) images of the
tumor tissue in the control, Sur siRNA-MNNS, and DOX/Sur siRNA-eMNNS groups. (F) Active
targeting co-delivery of therapeutic Sur siRNA and an antineoplastic drug via epidermal growth factor
receptor-mediated magnetic nanoparticles for synergistic programmed cell death in glioblastoma
stem cells. Adapted with permission from Ref. [187] Copyright 2023 Royal Society of Chemistry.
(G) Fluorinated PEG-PEI Coated Magnetic Nanoparticles for siRNA Delivery and CXCR4 Knockdown
(a–e) Scatter diagram of HeLa cells apoptosis stained by Annexin V-FITC/PI measured by flow
cytometry. (i) Relative cell viability measured by CCK8 kit. (ii) Analysis of cell viability measured by
flow cytometry (a–e). (H) Results of FAM-siRNA transfection captured by confocal microscopy. Blue
is Hoechst33342-stained nuclei, Green is FAM-labeled siRNA NC, and Red is Rhodamine-Phalloidin-
stained F-actin (a–d) HeLa, (e–h) A549, (i–l) 4 T1.) Reprinted from Ref. [182] (Open access). In vitro
Application of Magnetic Hybrid Niosomes: (I) Targeted siRNA-Delivery for Enhanced Breast Cancer
Therapy—schematic representation of the experimental protocol. (J) Representative fluorescent
images (using the Calbryte-520 Assay Kit) showing occurring apoptosis (light green) of BT-474
cells after administration of (1) siRNA/FexOy/NIO with erlotinib, (2) free siRNA with erlotinib,
(3) erlotinib and (4) control cells and subsequent magnetic treatment. Reprinted from Ref. [183]
(Open access). Nano-mediated delivery of double-stranded RNA for gene therapy of glioblastoma
multiforme. (K) Schematic diagram of preparation of Mag@PEI /ATN-RNA complexes and its
application in RNAi therapy of GBM cells. Binding of ATN-RNA to Mag@PEI NPs. (L) Agarose gel
electrophoresis of Mag@PEI/ATN-RNA complexes at the different mass ratio. (M) Binding capability
of Mag@PEI NPs towards ATN-RNA recorded using Nanodrop. (N) Colocalization of Mag@PEI
NPs and ATN-RNA in U-118 cells. The representatives of the colors are blue (Hoechst 33342) for
nuclei, green (FITC) for ATN-RNA, and red (ATTO550) for Mag@PEI nanoparticles. Reprinted from
Ref. [184] (Open access).

7. Theragnostic Agents

Theragnostic approaches are emerging as innovative techniques in cancer manage-
ment. Nanotechnology offers a vast array of nanosized devices known as nanotheragnostics,
which combine diagnostic and therapeutic capabilities for real-time disease monitoring and
treatment at the cellular and molecular levels. To effectively diagnose and treat diseases
using nanotheragnostics, it is crucial for these nanomedicines to circulate throughout the
body without being eliminated by the immune system.

One important aspect of nanotheranostics is their ability to target specific organs or
tissues by attaching biological ligands to their surface. This targeting mechanism improves
the efficiency and specificity of drug delivery, ensuring that the therapeutic agents reach
the intended site of action [188]. Combining drug delivery and imaging can achieve early
detection and enhanced treatment [189].

In the field of diagnostics, non-invasive techniques have gained significant attention.
MNPs are being used as novel diagnostic agents, particularly in MRI for imaging various
diseases, providing detailed anatomical and functional information. However, recent
advancements have enabled the utilization of MNPs not only for imaging but also for
drug targeting to the cellular membrane and for multi-modal imaging. By incorporating
therapeutic agents and imaging capabilities into a single nanotheragnostic system, it
becomes possible to simultaneously monitor the disease progression and deliver treatment
directly to the affected cells or tissues. This approach holds promise for more effective and
personalized medicine, as it allows for real-time monitoring of treatment response and
adjustment of therapeutic strategies as needed in personalized medicine [190].

In recent years, MNPs and nanocomposites have been employed for the development
of theragnostic agents. In Table 4, some examples of theragnostic approaches using MNPs
are summarized.
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Table 4. Theragnostic agents for the simultaneous treatment and diagnosis of cancer.

Agent Cancer Type of action Ref.

Fe3O4/Chi/GO Breast DOX delivery + MRI [191]

Fe3O4/PEG-b-PLA Breast DOX delivery + MPI [192]

SPION/Lipo/Pept Breast PTX delivery + MRI [193]

SPION/Lipo CNS lymphoma RTX delivery + MRI [194]

Zn-doped
SPION/Den/Apt/Fluo Breast DOX delivery + gene silencing +

hyperthermia + NIR/MR imaging [195]

Chi—chitosan; MRI—magnetic resonance imaging; PEG-b-PLA—polyethylene glycol-block-poly lactic acid
copolymer; MPI—magnetic particle imaging; Lipo—liposome; Pept—pH responsive peptide; PTX—paclitaxel;
CNS—central nervous system; RTX—rituximab; Den—dendrimer; Apt—aptamer; Fluo—fluorescent dye;
NIR—near infra-red.

8. Perspectives and Conclusions

Chemotherapy is currently one of the primary methods for treating cancer, but its
effectiveness can be limited by inefficient drug delivery and damage to normal tissues
caused by uncontrolled drug release. The use of RNA-mediated cancer therapy is a novel
therapeutic strategy that still faces some limitations. Nanomedicine delivery systems have
been developed to address these challenges by improving the specificity and efficiency
of drug delivery to cancer cells while minimizing harm to healthy tissues. Magnetic
nanoparticles have been extensively studied in recent years for their potential applications
as DDSs, diagnosis, or theragnostic tools. Different types of magnetic nanomaterials can
be used, such as magnetic pure metals, magnetic oxides, multicomponent MNPs (MCs),
or magnetic nanocomposites, each exhibiting unique properties. To be used in medical
applications, these NPs need to meet minimal requirements such as biocompatibility,
improved stability in biological fluids, adequate size, and superparamagnetism.

Moreover, adequate drug loading and controlled release need to be achieved for
the successful use of magnetic DDSs in drug delivery applications. Uncontrolled drug
release can lead to toxicity and damage to healthy tissues. Thus, researchers are exploring
various strategies for achieving controlled drug release, such as pH-responsive or stimuli-
responsive DDS. DDSs have been developed for the targeted delivery of chemotherapeutics
such as doxorubicin, platinum compounds, methotrexate, sorafenib, and curcumin, as well
as for RNA-mediated therapeutics. Their effects were mostly tested in vitro, with a few
examples of strategies also tested in vivo. The magnetic properties of MNPs represent an
advantage due to the possibility of applying a magnetic field to guide them. Moreover,
the application of magnetic fields can also improve the anti-cancer efficiency, by using
hyperthermia or magneto-mechanical actuation of MNPs. Magnetic hyperthermia is
a well-known technique that can be combined with drug delivery to enhance tumor-
killing properties by increasing temperature at the tumor site. Apart from this, magneto-
mechanical actuation of MNPs has recently emerged as a tool in cancer treatment. In this
technique, an alternating magnetic field is applied to MNPs, causing them to vibrate and
produce mechanical alterations the cells. In the future, this technique could be combined
with drug delivery to enhance cancer cell destruction.

Theragnostic approaches have also been developed for combined drug delivery and
imaging. This technique offers perspectives for personalized medicine using MNPs. Si-
multaneous imaging and treatment could potentially lead to better delivery of the drug
in the proximity of the tumor, real-life treatment monitoring, and improved outcomes for
the patient.

There are several ways to incorporate MNPs into clinical practice. By leveraging
nanotechnology, interdisciplinary collaboration, and standardization, MNPs can offer early
disease detection, targeted delivery of treatments to diseased areas, and non-invasive mon-
itoring of novel therapies. The review briefly discusses the importance of MNPs (including
SPIONs) and their synthesis, stability through surface modification, and applications for
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DDSs and medical treatment. The size, shape, and surface chemistry of MNPs impact their
pharmacokinetics and toxicity. By fine-tuning these properties, improved passive, active,
and magnetic targeting approaches can be achieved. Attention must be given to the choice
of targeting agent and the attachment method for MNPs to maximize sensitivity in active
targeting approaches.

In the future, more research needs to be carried out in the field of MNPs to fully
assess their toxicity, drug-loading potential, and in vivo properties. However, the exist-
ing results show the promising impact of MNP-based DDSs for the treatment of cancer.
Polymer-functionalized MNPs show perspective for future studies due to their increased
biocompatibility, drug-loading capacity, and improved stability. The preliminary results
obtained in this field show promise for improved drug delivery and personalized medicine;
however, many challenges still remain until the advent of the use of magnetic DDSs in a
clinical setting. With recent advances in the synthesis and modification of MNPs, as well as
increased awareness of the potential immunomodulatory effects of nanoscale heat, MNPs
continue to hold promise as a valuable tool for both physicians and patients.
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Abstract: Novel nanomaterials are of interest in biology, medicine, and imaging applications. Multi-
modal fluorescent-magnetic nanoparticles demand special attention because they have the potential
to be employed as diagnostic and medication-delivery tools, which, in turn, might make it easier to
diagnose and treat cancer, as well as a wide variety of other disorders. The most recent advancements
in the development of magneto-fluorescent nanocomposites and their applications in the biomedical
field are the primary focus of this review. We describe the most current developments in synthetic
methodologies and methods for the fabrication of magneto-fluorescent nanocomposites. The primary
applications of multimodal magneto-fluorescent nanoparticles in biomedicine, including biological
imaging, cancer treatment, and drug administration, are covered in this article, and an overview of
the future possibilities for these technologies is provided.

Keywords: nanoparticles; biomedical; magneto-fluorescent; multimodal imaging

1. Introduction

There are several definitions of “imaging”. Most people consider imaging to be a
subset of photography. These limitations are by no means present in scientific imaging [1].
Nuclear magnetic resonance (also known as magnetic resonance imaging; MRI) [2,3]; ra-
dioimaging with respective nuclides [4,5]; computed tomography (CT) [6,7]; positron
emission tomography (PET) [8]; electrochemical imaging with rastering electrodes; me-
chanical methods, such as atomic force microscopy (AFM) [9]; and even more sophisticated
scanning methods, such as laser ablation (ICP-MS) [10], mass spectrometry (MALDI) [11],
and the like, can all be used to produce images. While many of these techniques are inap-
plicable to living systems or intact tissues due to their destructive nature or the substantial
sample preparation they require, some are. Over the previous decade, several fluorescent
microscopic instruments have been created [12,13], allowing for the visualization of biologi-
cal functions at sizes ranging from the molecular to the cellular to the organ to the complete
organism [14]. For instance, because of advances in super-resolution microscopy, scientists
are now able to pinpoint the locations of individual molecules within cells with an accuracy
greater than 10 nm [15]. This study aims to familiarize the reader with the wide variety of
nanomaterials now available for fluorescence imaging and to help in choosing the best one
for a given application.

A significant reduction in phototoxicity may be achieved with the utilization of light-
sheet illumination, which also enables the rapid collection of sufficient data in a condensed
amount of time to enable volumetric imaging [16]. The ability to see biological mechanisms
has been revolutionized as a whole as a result of the combination of sensitive high-speed
detectors, strong lasers, and speedy computers [17]. However, in order to provide an accu-
rate representation of biological processes, these more sophisticated instruments require
stronger reporting systems. Molecular imaging allows us to see and learn about individual
molecules and tissues in living organisms [18,19]. Tracking cells after transplantation into a
patient and subsequently detecting illnesses at an early stage before biochemical problems
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cause changes in anatomical structure is a rapidly growing field of study. Position emission
tomography (PET), single photon emission computed tomography (SPECT), magnetic reso-
nance imaging (MRI), optical imaging (OI), and ultrasonography (USG) are all examples of
molecular imaging modalities that have recently become more useful in the diagnosis of
a wide range of disorders [20–22]. Figure 1 details the capabilities of several of the most
widely used medical imaging techniques. There is no perfect imaging modality that can
offer all the necessary data because each modality has its own set of benefits and draw-
backs [23]. As a result, it makes sense to mix imaging modalities in a way that maximizes
the benefits of one while mitigating the drawbacks of the others. Nanoparticles (NPs) that
are 100–10,000 orders of magnitude smaller than cells can be manipulated to cross cell
membranes and aggregate in specific places. Owing to their distinct chemical and physi-
cal features, they can transport medications and imaging agents more effectively [24,25].
The use of NP-based multimodal imaging probes, which can be identified by multiple
imaging modalities, has grown in importance because it paves the way for simultaneous
multitargeting and monitoring, increasing diagnostic and therapeutic effects [26].

Figure 1. Aspects of diagnostic imaging systems employed in practice. The conventional diagnostic
tools and their viabilities with respect to signal capturing are shown. A single arrow represents the
minimum viability, and four arrows represents high viability.

Many biological applications might benefit from the use of magnetic NPs, which
possess a wide variety of desirable features. After the advent of X-ray technology, research
into imaging agents took off, eventually expanding to encompass the radiolabeling of cells
and tissues to better aid in the diagnosis and tracking of disease. Each product’s generic
and commercial names were recorded, as was the company that received the first FDA
approval (at a minimum, the year, and ideally the month and day). The FDA’s records often
revealed the current distributors of products approved before or around the mid-1990s
(and not necessarily the innovator organization if the product had changed hands as a
result of licensing or acquisitive activities). Although much work went into reducing the
toxicity of Collargol and other pioneering compounds, newer and safer contrast agents
eventually supplanted colloidal silver [27]. Similarly, J. Edwards Burns introduced thallium
nitrate as a contrast agent in 1915 [28]. Moses Swick made an important contribution
to the development of urographic imaging [29]. The imaging method for breast cancer,
especially melanoma staging, makes use of sulfur colloids [30]. The iron oxide nanoparticle
Ferumoxytol (FerahemeTM, AMAG Pharmaceuticals) is coated with polyglucose sorbitol
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carboxymethylether and displays superparamagnetic characteristics [31]. Iron deficiency
anemia (IDA) may be effectively and rapidly treated with ferumoxytol when it is injected
intravenously (i.v.) at a dose of 510 mg. Gadolinium chelates are widely used because they
are the safest MR contrast media. They are regarded as being less dangerous than nonionic
iodinated contrast agents [32]. First-generation commercialized, FDA-approved ultrasound
contrast agents (UCAs) were either nitrogen-based gases encased in peptide capsules
(Albunex; Molecular Biosystems, Inc., San Diego, CA, USA) or powdered, hydrophilic
particulate matter (Levovist; Bayer AG, Leverkusen, Germany) [33]. In order to aid doctors
in ruling out Alzheimer’s disease as the only cause of cognitive decline, the Food and Drug
Administration (FDA) has just green-lit a novel radiopharmaceutical agent. Individuals
with cognitive impairment who are being tested for Alzheimer’s disease or other causes
of cognitive decline may benefit from a positron-emission tomographic (PET) scan of the
brain with an injection of florbetapir F18 (Amyvid, Eli Lilly, Indianapolis, IN, USA) [34].
When an external magnetic field is applied, magnetic NPs, for instance, can be directed
to a single cell or organ of interest. Cancer hyperthermia treatment relies on the fact
that an alternating magnetic field may be utilized to selectively heat the region in which
magnetic particles are concentrated [35]. It is also possible to employ aqueous dispersions
of superparamagnetic NPs as contrast agents for MRI (MRI) [36]. Combining magnetic and
other features into a single nanocomposite structure paves the way for novel nanomaterials
with interesting multimodal capabilities. Examples of potential biological applications
include multimodal biological imaging, medical diagnostics, and drug-delivery systems,
all of which might benefit from the creation of fluorescent-magnetic nanocomposites [37].
These nanocomposites have the potential to be used in multimodal tests for both in vitro
and in vivo bioimaging techniques, including MRI and fluorescence microscopy [38]. They
have both photodynamic and hyperthermic capabilities, making them potential bimodal
medicines for cancer treatment [39]. The ability to readily regulate and monitor these
nanocomposites using fluorescent or confocal microscopy and MRI makes cell tracking,
cytometry, and magnetic separation fascinating new applications. Our analysis will be
limited to the most up-to-date findings concerning magneto-fluorescent nanomaterials and
a few of their therapeutic systems.

2. Types of Magnetic and Fluorescent Nanoparticles
2.1. Superparamagnetic Nanoparticles

Unlike their bulk counterparts, magnetic NPs have completely distinct magnetic
properties. A huge number of magnetic domains make up the majority of ferromagnetic
materials, and each domain has parallel magnetic moments that are isolated by domain
walls [40]. Domain walls arise when magnetostatic energy and domain-wall energy are in
equilibrium [41,42]. The domain-wall energy is responsible for the larger interfacial area
between domains, and the magnetostatic energy grows proportionately with the volume
of the material [43]. The energy required to create domain barriers is substantially more
than the magnetostatic energy required to maintain a single-domain NP; hence, there
is a critical value below which a stable single-domain NP can be established when the
size of ferromagnetic materials is lowered to the nanoscale level [44]. As illustrated in
Figure 2, the critical size (rc) of an NP may be stated according to Equation (1) when the
magnetostatic energy is equal to the domain-wall energy and the NP is transitioning from
the multidomain state to the single-domain state [45].

rc = 18

√
AKe f f

µ0M2 (1)

where A represents the exchange constant, Keff is the anisotropy constant, 0 is the vacuum
permeability, and M is the saturation magnetization. The critical diameter of magnetic NPs
is generally between 10 and 100 nm.
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Figure 2. This simplified diagram shows how the magnetic coercivity (Hc, the magnetic field needed
to decrease the magnetization to zero) of a magnetic NP varies with its physical dimensions. As an
NP is shrunk to the critical size (rc), the domain wall vanishes and the Hc rises. The NP reaches the
superparamagnetic domain and exhibits zero coercivity if its size is further reduced to r0, where the
thermal agitation energy is greater than the magnetic anisotropy energy and the magnetic moment of
the NP varies freely.

The magnetic spins of ferromagnetic NPs are linked and parallel-aligned inside a
single domain, as was indicated before. When the magnetic moments are kept in a single
domain of ferromagnetic NPs, the magnetic anisotropy energy [46] (∆E) is calculated as
follows:

∆E = Ke f f V (2)

Figure 3 shows how to calculate the volume of an NP using Equation (2).

Figure 3. The energy levels of magnetic NPs with varying magnetic spin orientations. When it
comes to stopping the magnetization from rotating, thermal energy (KBT) is the limiting factor. Both
ferromagnetism and superparamagnetism may be seen in the large and small NPs, respectively.

2.2. Fluorescent Nanoparticles

Over the course of the last ten years, research and development efforts have been
heavily concentrated on fluorescent NPs [37,47–51]. These NPs include semiconductor

180



Pharmaceutics 2023, 15, 686

NPs (quantum dots), metal NPs, silica NPs, polymer NPs, and many more [52–54]. In
comparison to traditional fluorescent organic dyes, fluorescent NPs exhibit a more brilliant
fluorescence, increased photostability, and enhanced biocompatibility. In addition, the
NPs have a distinct set of chemical and optical characteristics [55,56]. Several different
kinds of fluorescent NPs have emerged for bioimaging over the past few decades. These in-
clude organic-dye-doped silica NPs, organic polymer NPs, metallic NPs, carbon-based NPs
(nanotubes and nanodots) [57], quantum dots (QDs) [58–60], and lanthanide-doped up-
converting nanoparticles (UCNPs) [61–63]. In terms of their composition, fluorescent NPs
employed in bioimaging may be roughly divided into two categories: organic and inorganic
NPs. In order to be considered among the best fluorescent probes for imaging, fluorescent
NPs should generally meet the following characteristics: high signal-to-background ratio,
big strokes to prevent self-quenching, excellent stability under physiological settings, little
cytotoxicity, and minimum disruption of biological activities, to name only a few. They
also have limited fluorescence durations, typically around 10−9 s, which is insufficient for
efficiently separating short-lived fluorescence interference from dispersed excitation light.

Optical biosensors based on fluorescence may be divided into two categories: those
that use downconversion fluorescence and those that use upconversion fluorescence. Down-
conversion fluorescence, the foundation of most existing optical biosensors, works by
transforming the energy of light, often in the ultraviolet to visible light range, into a more
usable form. These probes excel in chemical, photochemical, and thermal stability, and
their long fluorescence lifetimes make them ideal for biosensing applications. They are
vulnerable to photobleaching and blinking, and their overlapping excitation and emission
spectra are a challenge for multiplexing applications [64]. In addition, biological samples
include endogenous fluorophores, such as hemoglobin, which strongly absorb and scatter
light below 700 nm, resulting in a high background fluorescence that can only penetrate
biological media superficially. These limitations of downconversion-based biosensors have
severely stymied their use in biosensing and bioimaging. Nanoparticles based on upconver-
sion fluorescence (UCNPs) have significant potential for use in biomedical settings due to
their ability to convert near-infrared (NIR) light into visible light [65]. Due to its providing
an optically clear window onto biological tissues, NIR light has attracted a lot of attention
as an excitation source for biosensing and bioimaging in recent years [66].

2.3. Types of Noninvasive Imaging

Recently, a variety of noninvasive optical imaging techniques, including computed
tomography (CT), magnetic resonance (MR), positron emission tomography (PET), single-
photon emission CT (SPECT), ultrasound (US), and optical imaging (OI), as well as their
variants and subcategories, have been described [67,68]. Each one is distinct from the others
in respect of resolution and sensitivity complexity, the length of time required to obtain data,
and cost. The selection of an imaging modality is largely determined by the precise question
that needs answering, and various imaging modalities are often complimentary rather than
in competition. Medical imaging with magnetic resonance (MRI) is another technique that
has expanded greatly in recent years. MRI is particularly useful for diagnosing conditions
affecting soft tissues [69]. Furthermore, the drawbacks of each approach, such as MRI’s low
sensitivity and OI’s lack of anatomical background information, cancel each other out.

2.4. Magnetic Resonance Imaging (MRI)

The MRI method was developed from the foundations of nuclear magnetic resonance.
NMR signals obtained from hydrogen nuclei placed in various physiological contexts
throughout an organism are used to create tissue contrasts, which are then used for di-
agnostic purposes. The frequencies at which nuclear spins resonate when a specimen is
immersed in a homogeneous, static magnetic field are proportional to the strength of the
magnetic field. Specimens are activated by a radiofrequency pulse at their resonance fre-
quency in order to alter their net magnetization once they have established an equilibrium
magnetization. Three-dimensional pictures of the body are constructed by measuring the
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variations in generated electromagnetic signals in the presence of linear field gradients.
MRI is a powerful diagnostic tool for detecting lesions in the brain and spinal cord due to
its high tissue specificity. Figure 4 shows the main contributors to the overall signal and
contrast levels obtained from a sample.

Figure 4. Parameters of magnetic resonance imaging: sources of signal variation. * represents a
separate variable.

2.5. Computed Tomography (CT)

Over the past decade, there has been a meteoric surge in the number of papers
published on the use of microcomputed tomography (CT) imaging in preclinical in vivo
research [70,71]. Better spatial and temporal resolution has enabled researchers to acquire
more precise anatomical pictures of small animals and track the development of illnesses
in small-animal models. Although organs and tumors are not easily visible on CT images
without the use of iodinated contrast agents, CT has poor soft-tissue contrast for malig-
nancies and surrounding tissues [72–74]. At first, CT had great spatial resolution but low
contrast in soft tissues. The noninvasive examination of high-contrast structures, such as
bones and implants, was hence the primary emphasis of the earliest publications on the
utilization of CT. There have been significant increases in the temporal and geometrical
resolutions, as well as the readout speeds, of X-ray detectors as technology has developed.
A µCT method with a spatial resolution of 1–100 µm is denoted as µCT [75]. µCT has
the potential to supplant the laborious serial staining procedures needed for the histomor-
phometric examination of thin slices, and it might also be used to conduct longitudinal
in vivo investigations in tiny animals. Given CT’s short imaging duration and great spatial
resolution, it can be utilized to examine lung cancers and bone metastases. µCT has been
employed in high-throughput phenotyping methods for a large number of transgenic mice,
allowing for the detection of gross defects. To examine cell trafficking, tumor development,
and response to treatment in vivo, µCT images showing tumor structural features were
coregistered with bioluminescence pictures. This approach to image processing has the
potential to be employed in evaluating hematological reconstitution after bone-marrow
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transplantation. CT is useful because of the high spatial resolution (12–50 µm) that is
required to observe minute anatomical features. Functional imaging methods can be used
with CT to reveal metabolic and dynamic details. Comparisons of in vivo trabecular struc-
tures and mineralization densities between mice strains were made in osseous disease
investigations to account for any variations in experimental design and data collection [76].
Similar to CT angiography (CTA) in humans, contrast-agent injection is required for in vivo
examination of vascular systems using CT in small animals. Vessel analysis in rats after sac-
rifice [13] was possible with the older, somewhat slow CT scanners, with scanning periods
extending up to hours, employing perfusion with radiopaque polymerizing chemicals [77]
or shock freezing of the contrast-agent-perfused material [78].

3. Synthesis and Fabrication of Magneto-Fluorescent Nanoparticles

Nanotechnology has grown rapidly over the past few decades as a new discipline
that bridges previously separate scientific disciplines, such as biology, medicine, chemistry,
materials engineering, quantum mechanics, and electronics. The benefits of nanomaterials,
such as their high surface-to-volume ratios, unique optical characteristics, and nanoscale
physical phenomena, have led to their widespread usage in scientific study and medical
practice. Superparamagnetism at room temperature is a defining characteristic of MNPs
(e.g., Fe3O4, γ-Fe2O3, or a combination of the two) when their size is small enough [79].
Molecular nanoparticles (MNPs) have the potential to be used in ferrofluid technology [80]
and heterogeneous catalysis due to their extremely high surface-to-volume ratios and in the
cleanup of polluted or contaminated environmental media [81]. Furthermore, it has recently
been considered that MNPs might be used for a variety of biological applications (magnetic
contrast agents, hyperthermia agents, magnetic vectors for drug administration, etc.). While
MNPs have great potential for biomedical applications, they must first meet a number of
requirements that are often contradictory. These include: (a) extremely low toxicity to the
human body; (b) outstanding magnetic properties; (c) a relatively narrow size distribution;
and (d) the ability to have their surfaces easily modified (through coating) in order to allow
their functionalization for particular bioagents. Since magnetite (Fe3O4) and maghemite
(γ-Fe2O3) NPs have been shown to be biocompatible, they are good choices to meet the
first two requirements [79]. Additionally, MNPs with high stability, biocompatibility, and
low toxicity may be created and employed in a wide range of biomedical applications after
being modified by functional components [82].

The creation of specific magneto-fluorescent NPs has attracted a lot of attention in
recent years. Although these nanocomposites have a wide range of compositions and
morphologies, we have categorized the preparation techniques into two types of synthetic
strategy: the coupling approach and the encapsulation method, based on reports from a
variety of sources. Table 1 lists several common methods for synthesizing composite NPs
and the various ways they might be employed.

Table 1. Synthetic tailored magneto-fluorescent multimodal nanoparticles (NPs) and potential uses.

Nanoparticles Method Targeting Ligand Application Ref.

Fe3O4/anti-IgG/GQD/BSA Coupling Human IgG Urine renal disease [83]

Ab (anti-aflatoxin B1)–CdS–Fe3O4
bioconjugates Coupling Aflatoxin B1 Detection of aflatoxin

B1 B1 in corn samples [84]

Dox-loaded carbon dot
(CD)–4-carboxyphenylboronic acid
(CBBA)–MnFe2O4 NPs [DCCM]

Coupling Sialic acid HeLa cells [85]

Iron oxide superparamagnetic
NPs-PEG-Cypher5E/folic acid Coupling Folic acid MR imaging and

fluorescence imaging [86]

Fe3O4(MNP)-Cds(QDs)-folic acid Coupling Folic acid
As a delivery agent and
an in vitro imaging
diagnostic agent

[87]
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Table 1. Cont.

Nanoparticles Method Targeting Ligand Application Ref.

MTX-PEG-CS-IONPs-Cy5.5 Coupling Folic acid

Dual-model imaging
and synergistically
self-targeted cancer
therapy

[88]

Fe3O4-dopamine hydrobromide
(DPA)-PEG-FA/FITC NPs Coupling Folic acid Targeted imaging of

various tumors [89]

Fe3O4-CdTe-humanized monoclonal
antibody CC49 (hCC49 antibody) Coupling

Tumor-associated
glycoprotein-72
(TAG-72)

Cancer cell imaging [90]

Fe3O4@mSiO2–triphenylphospine
(TPP)/CD Coupling Mitochondria Mitochondrial diseases [91]

BRCAA1 antibody-FMNPs
(Fe3O4-CdTe) Encapsulation BRCAA1 protein

In vivo dual-model
imaging of gastric
cancer

[92]

FMN (flavin mononucleotide)-coated
ultrasmall superparamagnetic iron
oxide (FLUSPIO)

Encapsulation Riboflavin (Rf) Prostate cancer
xenografts [93]

MNPs@OPE[oligo(p-phenylene
ethynylene)]-PEG-FA Folate receptor

Targeted magnetic
resonance and
two-photon optical
imaging in vitro and
in vivo

[94]

Fe3O4@SiO2/RhBITC-anti-HER2
antibody NPs Encapsulation

Human epidermal
growth factor receptor
2 (HER2)

Discrimination of
HER2-positive breast
cancer cells

[95]

Fe3O4@SiO2(FITC)-FA/AICAR(5-
aminoimidazole-4-carboxamide-1-β-
D-ribofuranoside)/DOX

Encapsulation Folate receptor Inhibition of cancer cell
growth [96]

PTX/Fe3O4 NPs/CuInS2/ZnS
QDs@biotin–PEG–PCD
[abiotin–poly(ethylene glycol)–poly
(curcumin-dithiodipropionic acid)
copolymer]

Encapsulation Biotin receptor

Treatment of
multidrug-resistant
breast cancer at the
cellular level

[97]

Trastuzumab-conjugated
Lipo[MNP@m-SiO2(FITC)] Encapsulation Her2/neu

In vitro fluorescence
and MR imaging of
Her2/neu-positive
breast cancer

[98]

Fe3O4/CuInS2(CIS)@SiO2(Gd–
DTPA)–RGD
(arginine-glycine-aspartic acid)

Encapsulation αVβ3 integrin
MR and fluorescence
imaging of pancreatic
cancer

[99]

There have been few attempts made to construct hybrid systems, despite the rising
interest in and the relevance of SPIONs and SiQDs to the fabrication of biodegradable
and biocompatible nanoprobes for biomedical use. Conjugation of the two systems and
studies of their conjugated characteristics are scarce, and obstacles such as charge or energy
transfer processes and iron oxide’s high absorption in the visible spectrum make even their
simple fabrication by quenching QD/SiQDs PL difficult [100]. Long interparticular spacers
are usually employed to avoid such disadvantages and ensure the flourishing of both
luminous and magnetic characteristics [101]. Covalent binding and electrostatic absorption
are used to couple the magnetic and fluorescent species shown in Figure 5 after they
have been synthesized and functionalized independently. In this procedure, the coupling
strategy for magnetic and fluorescent NPs is determined by the modifications made to their

184



Pharmaceutics 2023, 15, 686

surfaces. Thiol, carboxyl, and amino groups are all examples of functional moieties that
may be found in the coupling agents [102]. The formation of core–shell structures on the
surfaces of magnetic materials often involves loading fluorescent elements onto the top of
a magnetic material by either bond formation or charge attraction. After that, conjugation
of specific ligands onto the surfaces of the magneto-fluorescent NPs is often performed.
In another method, which is illustrated in Figure 5, the cores of new composite micro- or
nanospheres are formed by encasing prefabricated fluorescent NPs and magnetic NPs in
various materials, such as silica or polymer beads, protein, chitosan, and liposomes. This
results in the formation of new NPs. In order to create these composite nanospheres, two
different approaches have been utilized. These materials give the NPs favorable features,
such as strong biocompatibility and stability and facile functionalization, to enable the
inclusion of ligands so that the NPs may be selectively targeted physiologically. These
materials also make the incorporation of ligands easier [103]. Since the existing coupling
techniques are straightforward and provide a number of important benefits, a wide variety
of magneto-fluorescent NPs have been fabricated and put to use in a variety of subfields
of biomedicine. However, the stability of NPs generated in this manner frequently shifts
in response to varied settings; as a result, their applications in biomedicine are restricted.
When compared to magneto-fluorescent NPs created using the coupling approach, those
prepared using the encapsulation method provide a number of benefits, including the ones
listed below:

(a) NPs can be covalently modified with diverse targeted ligands using the surface
functionalities of silica or polymer nanospheres without a stable structure.

(b) However, controlling the proportion of MNPs to luminescent NPs is difficult, making
the production of well-dispersed, homogeneous, multimodal NPs complicated.

(c) Additionally, the outer layer of silica or polymer, which may serve as a screen, may
play a role in preventing unwanted particles from entering.

Figure 5. Different approaches to prepare fluorescent-nanoparticle-decorated magnetic nanostruc-
tures.
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4. Magento-Fluorescent Nanobioprobe for Cancer Targeting

The health sector can benefit greatly from fluorescent and magnetic materials. Due
to their unique optical and magnetic capabilities, typical materials such as quantum dots
(QDs) and iron-oxide NPs have attracted the attention of scientists for decades. Nanomate-
rials such as quantum dots (QDs) have the potential to revolutionize in vitro biolabeling,
in vivo targeting, and imaging thanks to their unique combination of broad and continuous
absorption, narrow and symmetric fluorescence emission, and intense and steady fluores-
cence. Bioseparation, immobilization of cells and enzymes, medication administration,
magnetic resonance imaging, and thermotherapy are just a few of the many applications
of magnetic nanoparticles. QDs and magnetic nanoparticles have been found to coexist
in nanocomposites in recent years. Macrophages and related immune cells have been
intensively explored for insights into the internalization pathways of synthetic NPs, such
as superparamagnetic iron oxide nanoparticles (SPIONs) and gold NPs. Upon internaliza-
tion of SPIONs, multivesicular bodies are formed in the cytoplasm via a time-dependent
vesicle-bound route. It is generally agreed that some internalized SPIONs are degraded
in lysosomes, while others are released into the cytoplasmic compartments for continued
metabolism [104]. Previous research has shown that NPs such as gold NPs are subject
to varying degrees of absorption by HeLa cells depending on various factors, including
particle size and shape [105]. A simplified graphical illustration has been given in Figure 6
for easy visualization.

Figure 6. Mechanism of magnetic nanoparticle internalization into cancer cells and their tracking
and apoptotic behavior against an alternating magnetic field.

Quantum dots (QDs) were immobilized on the surface of superparamagnetic
polystyrene nanospheres, and the novel combination of fluorescence emission and hy-
perthermia engineered in these nanocomposites is expected to be used in therapeutic trials
for concurrent in vivo imaging and local therapy via hyperthermia [106]. Similarly, in
another study, CdTe/CdS quantum dots (QDs) and Fe3O4 NPs were encapsulated in silica-
coated magnetic polystyrene nanospheres (MPNs) [107]. Although the bioconjugates were
useful in identifying and sorting cancer cells, they were unable to perform these functions
in the case of K562 cells because they lacked surface expression of human epidermal growth
factor receptor (EGFR). By using a direct amide coupling procedure, iron oxide nanopar-
ticles and CdS quantum dots were successfully synthesized to form a multifunctional
hybrid nanocomposite material [108]. These NPs were further coupled with folic acid to
test their potential as a molecular imaging probe. Cell uptake and cytotoxicity experiments
were performed on normal mouse splenocytes, C6 rat glioma cells, and A549 human lung
adenocarcinoma epithelial cells. C6 cell green fluorescence emission demonstrated uptake
of nanoparticles. Research using Prussian blue staining has hinted at the existence of iron
oxide within cells. To add to this, it was shown that folic acid-conjugated nanocomposites
were considerably hazardous to C6 cells only after 48 h, but not to A549 cells or splenocytes.
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Chitosan-encapsulated NPs of iron oxide (for use as MRI contrast agents), cadmium sulfide
(for use as a fluorescence probe), and podophyllotoxin (for use as an anticancer medication)
were produced and described as multifunctional hybrid nanocomposite materials [109].
KB, C6, and A549 cancer cell lines were used to test the efficacy of these nanocomposites
in combating various forms of the disease. The existence of these nanocomposites in KB
and C6 cells, but not A549 cells, was verified by fluorescence imaging and Perl’s Prussian
blue staining. Experiments on cytotoxicity demonstrated that the nanocomposites covered
with biopolymers were only slightly harmful to cancer cells. For targeted tumor imaging,
NPs with strong near-infrared (NIR) fluorescence were produced for use in T1- and T2-
weighted MR imaging. Wang et al. combined T1- and T2-weighted magnetic resonance
imaging (MRI) with fluorescence imaging of malignancies by incorporating ultrasmall
Fe3O4 NPs (2–3 nm) with an NIR-emitting semiconducting polymer [110]. Multimodal
fluorescent magnetic nanoparticles (FMNPs) with folic acid functionalization glow brightly
under fluorescent light and relax slowly. In a different study, the thiol-induced assembly
of magneto-fluorescent nanoparticles mimicking hydrangea flowers was described [111].
Thiol-metal bonding and surface functionalization allow for a straightforward strategy
for creating magneto-fluorescent Fe3O4-SH@QD NPs which have the form of flowers like
hydrangeas. MRI and biolabels, targeting and photodynamic treatment, cell tracking and
separation, amongst other technologies, might all benefit from magneto-fluorescent Fe3O4-
SH@QD NPs’ efficient fluorescence, superparamagnetism at room temperature, and fast
reaction to an external field. For fluorescence and magnetic resonance imaging of cancer
cells, setua et al. developed a nanobioprobe based on doped Y2O3 nanocrystals [112]. Up
to this point, the vast majority of research efforts have been focused on creating C-dots
doped with nonmetals. Furthermore, there have been very few reports of investigations
concerning the production and usage of heavy-metal-doped C-dots. Gadolinium-doped
C-dots, also known as Gd-CQDs, are dual-fluorescence and MRI probes that were recently
synthesized by Yang Xu et al. [113]. Both in vitro and in vivo testing demonstrated that
they have low toxicity levels and are highly biocompatible. Due to the large amount of
Gd present in Gd–CQDs and their hydrophilicity, it was shown that these particles had
a greater MR response than gadopentetic acid dimeglumine (Gd–DTPA) (Figure 7). The
authors discovered that Gd–CQDs dispersed themselves in tissues in a heterogeneous
manner: some of them penetrated the tissue cells, while others were identified less often
in the extracellular matrix. In order to detect Fe3+ ions, Quan Xu and colleagues created
Cu-doped C-dots to use as fluorescent-sensing probes [114]. Recent research carried out by
our team has resulted in the successful development of Ag/C-dot and Au/C-dot nanohy-
brids derived from lemon extract for the purpose of cancer cellular imaging [115]. To begin
with, metal-oxide NPs, such as iron-oxide (Fe2O3/Fe3O4), manganese dioxide (MnO),
yttrium dioxide (Gd2O3), and dysprosium dioxide (Dy2O3), were used [116–118]. Pakkath
et al. used lemon extract and an efficient, one-pot, microwave-assisted pyrolysis process
(Figure 8) to produce transition-metal-ion-doped C-dots (TMCDs) containing Mn2+, Fe2+,
Co2+, and Ni2+ within 6 min [119].

The success of these magneto-fluorescent NPs will depend heavily on their sizes,
which must be programmable, the magnetic and optical signals, their long-term stability,
and the variety of surface functionalities. The MRI contrast agent is encapsulated in a
fluorescent quantum dot (QD) core that is enclosed inside a hollow magnetic shell, as
shown by pahari et al. [120]. As can be observed in Figure 9A–D, a fluorescence quantum
efficiency of roughly 16% (measured in buffered aqueous media) is adequate for optical
microscopy imaging of 3D cell growth. Images taken with a wide-field optical microscope
revealed a single drop of 3D cell culture on a Matrigel scaffold, originating from mouse
cerebral tissue, on a 32 mm cell-culture dish. CdSe@CdS@Fe2O3 nanoparticle markers were
added to the Sprague–Dawley rat embryonic cells 6 days before harvesting the cells at day
13 in vitro. Red fluorescent NPs (620 nm peak) were likely to be localized inside the cells,
as they were found in close proximity to the nuclei.
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Figure 7. (A) TEM photos of the hydrothermal products after varied incubation durations, in-
cluding (A) 1 h, (B) 3 h, and (C) 5 h, as well as a schematic illustration of the process of
Gd–CQD synthesis [113].

Figure 8. Microwave-assisted pyrolytic synthesis of EDA-functionalized TMCDs as possible
nanoprobes for magneto-fluorescent bioimaging depicted schematically [119].

High-efficiency cellular imaging was achieved by preparing and using new fluores-
cent/magnetic NPs [121]. The nanoparticles covered in modified chitosan had a magnetic
oxide core and a fluorescent dye linked to it through covalent bonds. We tested how
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well the NPs worked at marking cancer cells. Flow cytometry and magnetic resonance
imaging both showed that the nanoparticles had a strong affinity for cells. The findings
demonstrated that the nanoparticles’ efficacy in labeling cells was sensitive to both the
length of incubation and the concentration of the nanoparticles used.

It is becoming increasingly obvious that techniques for identifying multiple key targets
in size-limited clinical specimens will be essential in order to assess the temporal and spatial
conditions of signal transduction networks and to realize the goal of personalized medicine.
The molecular diversity of human cells, especially cancer cells, is quite high. Western
blotting, flow cytometry, immunofluorescence imaging, and immunohistochemistry re-
quire extraordinarily high cell densities, cannot be multiplexed, and have low throughputs.
As a result, these approaches are restricted in terms of the quantity of information that
can be retrieved from clinical specimens. Improved intracellular biomarker sensing using
nanoparticles was reported by Haun et al.; the method used is based on bio-orthogonal
chemistry [122]. They also demonstrated that this method could detect protein biomarkers
and phosphoprotein signal mediators in the cytosol and nucleus, respectively, using either
magnetic or fluorescence modalities. In order to enclose highly ferrimagnetic nanoparticles
and ZnS/InP quantum dots, Song et al. described the use of an amphiphilic block copoly-
mer containing a flowable hydrophobic chain [123]. The uniform diameter of the resulting
ferrimagnetic fluorescent micelle (FMFM) was around 180 nm. Common poly(D,L-lactide)
(PLA)-based amphiphilic block copolymer with a stiff hydrophobic chain unavoidably led
to greater aggregation (400 nm in diameter), which was easily removed by the reticuloen-
dothelial system (RES). Long-term colloidal stability in the flowable FMFM was seen within
one month, and the necessary fluorescent stability was achieved within 84 h. Iron-based
nanoparticles (IBNs) are ideal because they are biocompatible and may be directed at a
tumor by a variety of methods (passive targeting, active targeting, or magnetic targeting).
When necessary, IBNs can also be combined with other well-known fluorescent substances,
such as dyes, ICG that has been authorized for therapeutic use, fluorescent proteins, and
quantum dots. Depending on whether or not IBNs are paired with a fluorescent substance,
they may also be stimulated and identified by means of existing optical techniques that
rely on scattering or fluorescence processes. Systems that combine IBNs with optical tech-
niques are versatile, allowing for several approaches to tumor detection. Such methods
can also identify solitary tumor cells by combining IBNs with near-field scanning optical,
dark-field, confocal, and super-resolution microscopy and recognize interactive manifes-
tations, such as the permeation of a chromophore substance in an organism by utilizing
photoluminescence lifetime imaging and fluorescence correlation spectroscopy. There is
significant promise in the biological sciences for site-specific multimodal nanoplatforms
with fluorescent-magnetic characteristics. By linking the human holo-transferrin to an
optically and magnetically active bimodal nanosystem composed of quantum dots and
iron oxide nanoparticles, Filho et al. created a multimodal nanoprobe (BNP-Tf) (Tf) [124].
There are several types of magneto-fluorescence for multimodal imaging and drug-delivery
purposes, as shown in Table 2. The new BNP-Tf nanoplatform was effective in labeling the
TfR at doses that did not produce any substantial toxic impact in HeLa cells for at least 24 h
and remained active for at least two months. Using MRI, flow cytometry, and fluorescence
microscopy, we showed that HeLa cells tagged specifically with BNP-Tf not only generated
a strong fluorescence but also displayed a high r2/r1 relaxivity ratio, making it potentially
an appealing probe for obtaining fluorescence and T2-weighted MR images. Enumerating
and analyzing CTCs in circulation has become a powerful tool in cancer diagnosis and
prognosis. However, for accurate and sensitive CTC detection, it is a major difficulty to
successfully harvest lowly abundant CTCs with high purity from blood samples in a quick
and high-throughput way. To rapidly magnetically isolate CTCs from human blood with
high capture efficiency and purity approaching 80%, a novel class of DNA-templated
magnetic nanoparticle-quantum dot (QD)-aptamer copolymers (MQAPs) were designed.
QD photoluminescence (PL) is used to concurrently profile the phenotypes of CTCs at the
single-cell level. These MQAPs are built via a hybridization chain process to boost the mag-
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netic response, increase the binding selectivity for target cells over background cells, and
make the QD PL in the ensemble extremely bright, allowing for single-cell identification.
Nonspecific binding does not occur on MQAPs, ensuring that captured cells are as pure as
possible. For the purpose of magnetically isolating rare cancer cells, li et al. produced a
new class of MNP-QD-aptamer copolymers with high CE and CP that are advantageous
for practical applications. These MQAPs are ideal for isolating and identifying CTCs in
challenging environments thanks to their linear compact construction, strong magnetic
sensitivity, excellent selectivity, and high PL intensity [125]. This method not only has ex-
cellent capture purity, but also identifies CTC phenotypes without the need for any further
fixation or permeabilization processes. It was possible to successfully release the MQAPs
from the cells while the cells themselves remained alive upon isolation. This provides new
opportunities for the bioinspired design of tunable inorganic magneto-fluorescent materials
for use in healthcare. Cancer molecular imaging (MI) is an emerging area of diagnostic
imaging that offers new ways to study cancer biology in living organisms. In an effort
to improve signal and/or contrast, binding avidity, and targeting specificity in the early
detection of cancer, a wide range of targeted nanoprobes (NPs) have been created. Cancer
cells differ from normal cells in their overexpression patterns of folate receptors (FRs) on
the cell surface. Therefore, there has been a lot of interest in using folic acid (FA) or folate-
conjugated NPs as diagnostic agents and treatments and even their combination usage as
theranostics to target FR-overexpressing tumor cells. Owing to the strong binding between
the ligand and its receptor, FR-specific MI methods have a number of advantages. Magnetic
resonance imaging (MRI), computed tomography (CT), optical and nuclear imaging (ONI),
and ultrasonography (US) are just a few of the clinical imaging modalities that may be
tailored for use with NPs.

Figure 9. (A) Bright-field picture showing all cells; (B) red fluorescence image revealing QD in
nanoparticles, which are specifically localized using a Rhodamine filter; (C) merged image; (D) mag-
nification of (C) showing few individual cells. Hoechst staining marks cell nuclei blue. Nanoparticles
(red dots) near nuclei indicate cell localization [120].
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Table 2. Different types of magneto-fluorescent nanoparticles, their magnetic characters, and specific
applications.

Magnetic Part Fluorescent Part Size (nm) Magnetization
(emu/g) Application Ref.

Fe3O4 FITC 125 - Cell imaging [126]

Fe3O4 RhB 30 8 Cell membrane imaging [127]

CoFe2O4–Cr2O3 - 30 5 Cell imaging [128]

γ-Fe2O3 FITC 9 - MRI and fluorescence
imaging [129]

Fe3O4 Poly(methacrylic acid) 280 30–60 Cell labeling and drug
delivery [130]

Fe3O4 CdSe/CdS QDs 9 15 Mouse brain imaging [131]

Fe3O4 RITC/SiO2 60 - MRI and fluorescence
imaging (tumor) [132]

Fe3O4 QDs/PEG 150 - Circulatory fluorescence
imaging [133]

Fe3O4 CdSe/ZnS 35–45 - Cell imaging [134]

Fe3O4 CdTe/ZnS 185 37 Anticancer drug release and
imaging [135]

Fe3O4 FITC 11 - Fluorescence imaging [136]

Fe3O4/Fe2O3 Cy5.5 97 - Neovasculature [137]

Fe3O4 Yb3+/Er3+/Tm3+/NaYF4 80 38 Cell imaging [138]

Fe3O4 CdSe - - Cell imaging [139]

Fe3O4 RhB - - Cell imaging [140]

Fe3O4 CdTe 70–80 6 Cell imaging and drug
delivery [141]

Fe3O4 CdTe 50–1000 - Field-assisted cell alignment [142]

Fe3O4 CdTe 34 60 Cell imaging [143]

Fe3O4 FITC 14 55 MRI contrast agent [121]

Fe3O4
Atto
390/fluorescein/Rh6G 100–400 - Magneto-sensitive

fluorescence imaging [144]

Fe3O4 Ce6 20–30 50 Tumor cell imaging [145]

CoFe2O4 RhB/RITC 60 - Cell imaging [146]

FePt CdS 10 5 Cell imaging [147]

Fe3O4 FITC 600–700 17 Cell imaging [148]

Fe3O4 ZnS 100 30 Cell imaging [149]

Fe3O4 CdTe/CdS 8 - Cell imaging [150]

Zn0.4Fe2.6O4 Drug 160 - Drug release and imaging [151]

FePt Atto 590 5 - Cell imaging [152]

Iron oxide Cy7 21 - MRI [153]

Fe3O4 PDI-PAA 60 7 Cell imaging [154]

Fe3O4 FITC 36 23 Cell imaging [155]

Fe3O4 Squarylium indocyanine 51 8 Cell imaging [24]
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5. Magento-Fluorescent Nanobioprobe for MRI

Magneto-fluorescent particles are known to be promising new materials for cutting-
edge uses. However, it has been difficult to synthesize magneto-fluorescent nanomaterials
with desirable characteristics, such as uniform and adjustable size, high-magnetic-content
loading, maximum fluorophore coverage at the surface, and flexible surface functioning.
An easy method was revealed by chem et al. for combining magnetic nanoparticles with
fluorescent quantum dots to create colloidal magneto-fluorescent supernanoparticles [131].
The core of these supernanoparticles is made up of tightly packed magnetic nanoparticles,
while the shell is made up entirely of fluorescent quantum dots. High colloidal stability and
biocompatibility, as well as adaptable surface functionality, are all provided by a thin layer
of silica coating. Following surface pegylation, we showed that these silica-coated magneto-
fluorescent supernanoparticles may be magnetically controlled inside live cells while being
optically monitored. Quantum dots (QDs) doped with gadolinium paramagnetic ions
have been identified as promising materials for fluorescence and magnetic-field-driven
aquatic applications. Some intensely fluorescent Gd-doped AgInS2 QDs were supposedly
synthesized at Gd molar ratios of 18–20 [156]. The new materials showed improved PL
characteristics at greater Gd loadings than state-of-the-art materials, which showed poor PL
features at higher Gd loadings. Aging, and the subsequent formation of a smaller particle
size distribution, was linked to an improvement in PL characteristics. Increased medication
delivery, water purification, and pollution monitoring are only some of the potential uses
of this material, as demonstrated by the increased and sustained fluorescence at increasing
magnetic Gd loadings. In order to meet the demand for magneto-fluorescent properties in
a single unit, core–shell multifunctional nanostructures were produced [157]. High stability
and integrity of the core and shell were achieved in the development of CdS quantum
dots (QDs) on the surface of SrFe 12O19 nanoparticle cores, as evidenced by UV-visible
spectroscopy, photoluminescence spectroscopy, VSM, and FTIR. Optical investigations
can rule out the presence of flaws or core–shell structures and reveal comprehensive data
on the emergence of any new phase at the interface. For nanostructures with core–shell
geometries, the single magnetic domain structure is evinced by a small Stoner–Wohlfarth
value. The goal of achieving anisotropy in only one direction, or “uniaxiality”, was suc-
cessfully met. The use of water in the synthesis broadens the potential range of uses
for these nanostructures, especially in biology. Chitosan-encapsulated NPs of iron oxide
(as MRI contrast agents), cadmium sulfide (as a fluorescent probe), and podophyllotoxin
(as an anticancer medicine) were produced and described to create a multifunctional hy-
brid nanocomposite material [109]. Human oral cancer (KB) cells, rat glioma (C6) cells,
and human lung adenocarcinoma (A549) cells were used for the in vitro research. Both
fluorescence imaging and Perl’s Prussian blue staining revealed the intracellular local-
ization of these nanocomposites. The feasibility of these nanocomposites as dual-mode
imaging probes was demonstrated by in vivo fluorescence imaging and Prussian blue
staining investigations. Deposition of these nanocomposites in lung cells was seen in
Wistar rat model biodistribution and toxicity tests, with no obvious ill effects on other
essential organs. Cd-free Ag-In-S ternary quantum dots (t-QDs) with fluorescence lifetimes
(LTs) of several hundred nanoseconds (ns) were paired with superparamagnetic Fe3O4
nanoparticles (SPIONs) and mesoporous CaCO3 microbeads (Figure 10) to create a magneto-
fluorescent bead platform, as described by Martynenko et al. [158], who also evaluated the
feasibility of using these magneto-fluorescent microbeads as magneto-fluorescent carriers
with distinct LT signatures for time-resolved flow cytometry in the biological sciences and
biotechnology (LT-FCM). For a recently designed flow cytometer using photon counting
detection and polymeric carrier beads doped with various organic dyes, we recently proved
this encoding technique.

Carbon-coated core–shell multifunctional SPION (MFCSNP)-based drug delivery
nanocarriers (MFCSNPs-FA-CHI-5FU nanocarriers) targeting folic acid and chitosan
(FA-CHI) have been produced [159]. In addition to serving as a site-specific drug carrier,
the pH-responsive release of 5-FU from MFCSNPs-FA-CHI-5FU nanocarriers demonstrates
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the utility of folic acid in this context. It was also discovered that MFCSNPs-FA-CHI-
5FU nanocarriers show potential as T2-weighted MR contrast agents, and their contrast
augmentation (signal darkening) in MR imaging is promising. Results from in vitro cyto-
toxicity tests as well as confocal microscopy imaging showed that MFCSNPs-FA-CHI-5FU
nanocarriers are selective for folate-receptor-positive cancer cells and may be internal-
ized via accumulation in the cell cytoplasm. Preliminary biological examination further
supports the hemocompatibility and biocompatibility of the nanocarriers, allowing these
multifunctional magnetic fluorescent NPs to be used as novel targeted theranostic devices.
The effectiveness of MFCSNPs-FA-CHI-5FU nanocarriers as contrast agents was investi-
gated using magnetic resonance imaging. By decreasing the magnitude of the transverse
relaxation time, it has been proven that magnetic NPs can attenuate MR signal strength.
Figure 11 shows a T2-weighted magnetic resonance image.

Figure 10. (a) Illustration of multistep synthesis of aminated magneto-fluorescent CaCO3 microbeads
and (b–e) SEM and TEM pictures of building blocks: (b) CaCO3 spherical microparticles, (c) Fe3O4

SPIONs capped with PSS, (d) AIS/ZnS QDs stabilized with MPA, and (e) CaCO3@Fe3O4@AIS/ZnS
microbeads containing amino surface groups for further bioconjugation [158].

In order to be useful in diagnostic imaging, bimodal magneto-fluorescent materials
require surface-engineered nanoparticles with excellent biosafety, pronounced colloidal sta-
bility, large magnetic moments, and robust photoluminescence (PL) emission. For in vivo
magneto-resonance and fluorescence dual-mode imaging of malignant tumors, Mohandes
et al. proposed polymer-coated nanoparticles (PCNPs) based on manganese ferrites covered
with a thin shell of nitrogen-doped carbon dots. Hybrid magneto-fluorescent nanoparticles
may be easily synthesized by in situ thermolysis of metal oxalates and phenylenediamine
in diphenyl ether [160]. After 60 min, the tumor may be seen clearly since the fluorescence
intensity in the area containing the tumor tissue appears to rise with time. The remarkable
efficacy of PCNPs as T2 contrast agents in clinical diagnosis has also been demonstrated by
magnetic resonance imaging (MRI) of phantoms and animal instances. High-resolution
MRI imaging of cardiomyocyte death in vivo has the potential to advance the discovery
of effective new cardioprotective treatments. Thus, in vitro comparisons were made be-
tween the new nanoparticle AnxCLIO-Cy5.5 and annexin V-FITC for detecting apoptosis
in cardiomyocytes, and both demonstrated a significant degree of colocalization [161].
Five mice were administered AnxCLIO-Cy5.5 and four were given CLIO-Cy5.5, both at
a dosage of 2 mg Fe/kg, followed by temporary blockage of the left anterior descending
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(LAD) artery, and MRI was performed. In vivo measurements of MR signal strength and
myocardial T2* were taken in hypokinetic areas of the LAD distribution. To back up the
in vivo results, fluorescence imaging was performed outside of living organisms. Mice
treated with AnxCLIO-Cy5.5 had substantially shorter myocardial T2*s (8.1 vs. 13.2 ms, P
0.01) and a greater fluorescent target-to-background ratio (2.1 vs. 1.1, P 0.01). One more
study described the use of a magneto-fluorescent theranostic nanocomplex targeted to
neutrophil gelatinase-associated lipocalin (NGAL) for imaging and treatment of pancreatic
cancer [162]. The agent was made up of a nanoshell with a silica core and a gold shell.
An outer layer of silica encased approved NIR (ICG) and MR (iron oxide) contrast agents.
Antibodies attached to the outsides of the complexes helped direct the agents to cells that
made too much NGAL. Nanocomplex sizes were changed to give a plasmon resonance at
about 808 nm.

Figure 11. MRI (a) with a T2 weighting and (b) with a T2 map (ms) superimposed in color. MFCSNPs-
FA-CHI-5FU nanocarrier concentrations are shown in part as numbers (1–9) that correspond to areas
representing miniature phantom tubes. (c) Different concentrations of MFCSNPs in agarose (1.5%)
were used to create phantoms, as detailed in the Experimental section. Fe concentration against R2
plot for MFCSNPs-FA-CHI-5FU nanocarriers (red line represents a linear fitting). MRI scans with
color overlays of (d) A375 and (e) HeLa cells. Small phantom tubes containing A375 and HeLa cells
were treated with varying quantities of MFCSNPs-FA-CHI-5FU nanocarriers (0–200 g/mL), as shown
by the numbers (0 refers to cells only and 2–6 correspond to various concentrations of nanocarriers
(0–200 g/mL)). (f) A concentration vs. relaxivity plot of nanocarriers incubated with cancer cells,
with the y-axis representing the estimated concentration of internalized nanocarriers.

6. Magneto-Fluorescent Nanobioprobe for Positron Emission
Tomography (PET) Imaging

It has gradually become apparent that the behavior of cells in vivo is significantly
different from that observed in vitro, due to factors such as the presence of many cell types,
complicated anatomical characteristics, fluid flow forces, and combinations of cytokines
and chemokines. Hence, there is a pressing need to create and verify imaging methods
permitting the study of cells in their natural environments. With the advent of new cell-
tracking imaging techniques, cells delivered in animal models may be observed with an
unparalleled level of detail and specificity. Nuclear-medicine imaging techniques, such as
PET scans, are available. Radiotracers are radioactive substances used in nuclear medicine
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that are administered intravenously and at extremely low doses. In contrast to other types
of imaging, PET scans may detect changes in metabolic processes and cellular activity. They
may now be able to detect illness in its infancy. Radiotracers are taken up at a higher rate
by diseased cells than by healthy ones. The term for these areas of high uptake is “hot
spots”. A PET scanner is able to detect this radiation and provide pictures of the afflicted
tissue. PET scan pictures are combined with CT-scan X-rays to create a PET/CT scan. PET
imaging’s distinctive characteristics of very high sensitivity and precise determination
of in vivo concentrations of radiotracers stem from the physics of the emission and the
detection of the coinciding photons. In oncology, cardiology, and neurology, PET imaging
has become an integral part of clinical practice. Preclinical research has also benefited
greatly from PET imaging, especially when it comes to studying mouse models of illness
and other small-animal models. However, PET imaging systems encounter a number of
obstacles. Issues including integration with X-ray computed tomography and magnetic
resonance imaging, as well as the basic trade-offs between resolution and noise, need to be
addressed.

PET imaging can detect high-energy photons from decaying radioactive isotopes at
low levels with far greater sensitivity than MRI. Nanoparticle labeling with PET isotopes
such as 18F has effectively lowered the detection threshold and increased sensitivity [163].
At a clinically relevant dosage, a fluorescently derivatized CLIO was coupled with 18F by
copper-catalyzed azide-alkyne cycloaddition, yielding a trimodal nanoparticle detectable
through positron emission tomography (PET), fluorescence molecular tomography (FMT),
and magnetic resonance imaging (MRI) (Figure 12). To put this another way, PET was
200 times more sensitive than MRI (16 times) and 50 times more sensitive than FMT
(5 times) when it came to detecting 18F-magnetic nanoparticles. A strong positive cor-
relation (r2 > 0.99) exists between PET and FMT signals in agar-based phantoms when
CLIO-based particles are used that contain 18F and the fluorescent dye VT680.

Imaging using 18F-CLIO PET-CT revealed considerably increased PET signals in
murine aortic aneurysms compared to normal aortas, likely because 18F-CLIO targeted
monocytes and macrophages within the aneurysm [164]. Radionuclide, fluorescent, histo-
logic, and flow cytometric tests all corroborated the cellular probe distribution. Presently,
risk indicators, such as aneurysm diameter, gathered from the community are used to
determine whether or not the surgical excision of an aneurysm is warranted. Therapeutic
choices might be made on an individual basis using nanoparticle-PET agent conjugates
in response to molecular illness indicators, such as cellular inflammatory activity in the
aneurysm. Using PET for in vivo imaging of leukocytes enables researchers in the field
of immunology to monitor the selective recruitment of particular immune cells at various
points in the pathogenesis of an illness, locate infectious or inflammatory hotspots, and
create evidence-based therapy plans [165]. The use of CNs for 89Zr leukocyte labeling
for PET imaging of inflammation was described by Fairclough et al. [166]. The purpose
of this research was to perfect the process of labeling leukocytes by enhancing the CN
preparation for maximum 89Zr-loading and cell uptake. The effectiveness of cell uptake
has been studied with respect to the nanoparticles’ size and surface charge. The absorption
and retention of 89Zr-loaded CNs in mixed human leukocyte cells, as well as CNs’ affinity
for 89Zr, have been studied. A novel technique for radiolabeling white blood cells with
zirconium-89 (89Zr) or copper-64 (64Cu) for PET imaging was assessed. Ionotropic gelation
was employed to create chitosan nanoparticles (CNs) that were then used to transport
radiometals into white blood cells. Using the same 89Zr-labeled DNPs described previously,
Keliher et al. performed PET-CT imaging in a mouse model of cancer. On account of its
popularity for studying tumor infiltrating host cells, a syngeneic colon cancer (CT26) mouse
model was employed [167]. Images from a variety of xenografted animals are shown in
Figure 13. In certain animals, the concentration of RES in tumors was higher than in any
other organ of the reticuloendothelial system, which was an unexpected finding. Through
thorough correlative histology and flow cytometry experiments, we were able to ascertain
whether tumoral accumulation was the result of cellular uptake or extraversion and inter-
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stitial accumulation. After removing tumors, we cut them into thin slices (1 mm) and used
autoradiography to image them next to slides stained with Mac-3 (a stain that identifies
macrophages). All in all, the “hot areas” and the Mac3 optimism across the chapters were
in accord (Figure 13). Histological examination revealed selective uptake of fluorescent
DNPs by Mac3+ cells and a general lack of absorption by Mac3 cells (Figure 14).

Mammary carcinoma is the second most frequent malignant tumor (after lung cancer)
in adult women and the fifth leading cause of cancer-related mortality worldwide [168].
While existing clinical techniques may not be perfect, there is room for improvement in the
diagnosis and monitoring of lymphatic involvement and recurrence. For the time being, the
sentinel-lymph-node technique is the most reliable method for identifying nodal invasion
in the lymphatic axillary chain. This method, however, is fairly intrusive, since it relies
on a surgical biopsy of the first lymph node of the axillary chain detected using lymph
scintigraphy with 99mTc [169]. After designing and testing a wide variety of bifunctional
magneto-fluorescent nanoparticle systems (MFNs), Corsi et al. narrowed down to one MFN
type that met the aforementioned requirements with respect to sensitivity, in vitro safety,
and physiological behavior. Accordingly, the MFN-based multifunctional contrast agent
we disclose here appears to possess all the necessary features for its future development
for the in vitro and in vivo imaging of early mammary cancer. Size, shape, zeta potential,
fluorescence intensity, T2 relaxivity enhancement in water protons, and stability are all
factors in determining the quality of these nanoparticles. Therefore, two were created, and
their internalization processes, intracellular destinies, and toxicities in MCF-7 cancer cells
were investigated.

Figure 12. Nanoparticle-based multimodality PET imaging. (A) The broad range of targeted ligands
that may be conjugated to CLIO, including, but not limited, to 18F through click chemistry and pep-
tides. Tumor-bearing mice were coinjected with a fluorescent peptide against integrins, a fluorescent
cathepsin sensor, and 64Cu-CLIO-VT680, and then subjected to in vivo multichannel PET-CT (B) and
FMT/PET-CT (C) [163].
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Figure 13. Imaging using 89Zr-labeled DNPs using PET in mice with bilateral flank tumors (24 h
after administration). (A,B) Two distinct animals with almost identical tumor distributions (coronal
stacks). Panel A depicts an animal; panel (C) depicts a three-dimensional model of the animal [167].

Figure 14. The study of DNP distribution using autoradiography and histopathology. Sections of
tumor and adjacent normal tissue (A) autoradiographed to highlight predominant accumulations in
malignancies. In (B), a typical Mac3 immunohistology specimen can be seen. The sections next to B
show the distribution of fluorescent DNPs in Mac3-positive cells (C) [167].

7. Quantum Dot-Magnetic Nanoparticle Assembly as a Site-Specific Imaging Probe

Since their beginnings, nanoscience and nanotechnology have revolved around the
concept of fluorescent quantum dots (QDs), which are typically described as having a
diameter size of 10 nm. Several distinct structural, electrochemical, and photochemical
features of QDs make them potentially useful platforms for sensing applications. Nanocrys-
tals of semiconductor elements from groups II–VI, III–V, and IV are commonly referred
to as quantum dots because of their luminous properties [170]. Their sub-10 nanometer
dimensions provide them with unique optical and electrical characteristics compared to
those of bulk materials. These 1D nanomaterials are amenable to surface changes for added
functionality. Some QDs have reactive functional groups, such as amines, carboxylic acids,
alcohols, and thiols, in their coats because they are stabilized in aqueous solutions. A simple
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method was provided for producing quantum dots (QDs) magnetically doped with Fe
with a size range of 3–6 nm that are water-dispersible and emit in the near-infrared (NIR).
In situ hydrothermal doping of alloyed CdTeS nanocrystals with Fe was used to achieve
this [171]. Using N-acetyl-cysteine (NAC) ligands, which have both thiol and carboxylic
acid functional groups, anchored magnetic quantum dots (MQDs) showed high saturation
magnetization (85 emu g−1). These NPs could also emit fluorescence in the NIR range and
had a proton transverse relaxivity of 3.6 mM−1 s−1. Phantom and in vitro investigations
have shown that NIR MQD functionality may be evaluated. These unaggregated Fe-doped
CdTeS MQDs have the potential to operate as multimodal contrast agents for tracking
living cells due to their water-dispersibility, NIR emission, and MR contrast. Using the
free-radical polymerization approach, nanocomposites consisting of ZnS:Mn2+ quantum
dots (QDs) and Fe3O4 QDs/SiO2/P(NIPAAm-co-AAm) core–shell-shell structures have
been effectively synthesized [172]. HeLa cell cytoplasm fluoresces red, demonstrating its
usefulness for biolabeling. Citric acid and manganese tetraphenyl porphyrin were used
as carbon sources in an aqueous medium to create manganese-doped carbon quantum
dots (MnCQDs) in a single hydrothermal process [173]. X-ray photoelectron spectroscopy,
transmission electron microscopy, and diffraction confirmed the MnCQD structures. Under
UV irradiation (365 nm), MnCQDs emit strong green luminescence with a peak at 482 nm
and a fluorescence quantum yield of 13%. At a detection limit of 220 nM, ferric ion in aque-
ous solution may be detected with the use of MnCQDs as a fluorescent probe. MnCQDs
were shown to have little cytotoxicity in an MTT experiment using HeLa cells. In MnC-
QDs, the presence of paramagnetic ions results in an improved magnetic resonance (MR)
signal. Therefore, MnCQDs can function as good MRI contrast agents. A nanoprobe for
fluorescence and magnetic resonance (MR) imaging synthesized with ease was described
by shi et al. via a method in which Gd3+ ions are chelated onto the surface of cDTPAA-
functionalized carbon quantum dots. This allows the nanoprobe to have bright fluorescence
and significantly improved relaxivity (CQDs) [174]. The CQD–DTPA–Gd nanoprobe that
was created as a consequence has exceptional water solubility, great fluorescence efficiency,
exceptionally high relaxivity, and almost no cytotoxicity. Superparamagnetic nitrogen-
doped carbon-iron oxide hybrid quantum dots (C-Fe3O4 QDs) might also be employed for
FL/MR/CT bioimaging [175]. For example, C-Fe3O4 QDs are produced by a green and
straightforward one-pot hydrothermal technique that employs poly(-glutamic acid) as a
precursor and stabilizer. As-prepared C-Fe3O4 QDs have high water miscibility, spectral
FL properties with high quantum yields of 21.6%, exceptional photostability, robust su-
perparamagnetic characteristics, and cytocompatibility. Additional proof that as-prepared
C-Fe3O4 QDs are ready for use in FL/MR/CT triple-modal tumor imaging came from
in vivo bioimaging of tumor-bearing nude mice, which combined FL, MR, and CT images.
Mn-doped quantum dots (QDs), and in particular Mn-doped ZnS (ZnSe) QDs, are appeal-
ing for fluorescence/magnetic resonance imaging (MRI) dual-mode imaging because of
their distinctive fluorescent and magnetic characteristics [176]. However, for MRI imaging,
a minimal concentration of dopant (Mn2+) is sufficient to maximize fluorescence in QDs.
Here, an enrichment technique with mesoporous silica (MSN) loading (Figure 15) was
investigated for the purpose of producing a highly luminescent/paramagnetic Mn-doped
ZnSe QD assembly (MSN@QD) for enhanced MRI/optical dual-model imaging. The QD
loading density in MSNs was calculated to be 152 ± 12. The MSN@QD assembly fluo-
rescence was enriched with QDs (enrichment factor = 143) upon loading. No significant
concentration quenching was seen, despite the huge Stokes shift (200 nm). Enhanced local
Mn2+ concentration also led to a boost in T1 MR contrast (Figure 16), allowing for signal
enrichment to be achieved in magnetic resonance imaging (MRI).

A carbon quantum dot (CQD)-stabilized gadolinium hybrid nanoprobe (Gd-CQD)
was described by Xu et al., which was made by hydrothermally treating citrate acid, ethane-
diamine, and GdCl3 in one pot at 200 ◦C for 4 h [113]. High biocompatibility and minimal
toxicity were proven by in vitro and in vivo testing. Due to their high Gd contents and
hydrophilicity, the Gd-CQDs were shown to have a greater MR response than gadopentetic

198



Pharmaceutics 2023, 15, 686

acid dimeglumine (Gd-DTPA). Finally, Gd-CQDs retained their CQD-derived fluorescence.
Zebrafish embryos and mice were used to verify that Gd-CQDs may be imaged in vivo
using both magnetic resonance (MR) and fluorescence. High affinity for U87 cancer cells
was achieved by targeted imaging using Gd-CQDs modified with arginine-glycine-aspartic
acid (RGD) tripeptide. In order to create multimodal nanoprobes that make use of both
optical and magnetic imaging, gadolinium (Gd) complexes containing CDs were generated
by a one-step microwave technique [177]. The generated Gd-CDs showed strong fluores-
cence and had great water solubility and biocompatibility. It was shown that apoferritin
(AFn) nanocages labelled with Gd-CD compounds might serve as good T1 contrast agents
for magnetic resonance imaging because Gd-doped CDs dramatically improved the circula-
tion duration and lowered the toxicity of Gd3+ in in vitro and in vivo magnetic resonance
imaging. Cancer theranostics is a promising area for the application of self-assembling
multifunctional Gd-CDs/AFn (DOX)/FA nanoparticles. When designing multifunctional
nanostructures for use in biological imaging, it is preferable to include luminescent imaging
agents and MRI contrast agents. Fluorescence microscopy and magnetic resonance imaging
(MRI) may both make use of luminescent biocompatible silicon quantum dots (SiQDs). This
is the first report of the production of a nanocomplex including SiQDs and gadolinium ions
(Gd3+) for use in biology [178]. The optical characteristics of the probes were confirmed to
be unaltered after they were taken up by cells and transported into the intracellular space.
It was found that the nanostructures had a magnetic resonance relaxivity of 2.4 mM−1 s−1

(in terms of Gd3+ concentration), which works out at around 6000 mM−1 s−1 per nanocon-
struct. The newly developed probe’s appealing optical and relaxivity characteristics pave
the way for SiQDs to be used in future multimodal applications, such as cancer imaging.
The virtues of nanoscale ternary chalcogenides, including their adaptability and wide range
of energy and biomedical uses, have resulted in a surge in their study. Aqueous synthesis of
silver indium sulfide quantum dots with dual ligands of glutathione and polyethyleneimine
has been reported [179]. The resulting silver indium sulfide quantum dots have a long
lifespan of 3.69 s, great fluorescence stability, and minimal cytotoxicity, making them a
promising tool for live-cell imaging. Since it offers a practical and novel technique to control
the inherent characteristics of carbon quantum dots (CQDs) and graphene quantum dots
(GQDs), doping fluorescent carbon dots (DFCDs) with heteroatoms has lately gained a lot
of interest in comparison to conventional fluorescent materials.

Figure 15. Improved Dual-Modal Imaging Through Enrichment Process Schematic [176].
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Figure 16. Comparison of pre- and post-injection MR images of a Balb/c mouse injected with s-QDs
and MSN@QDs: MR coronal pictures at T1 weighting (A) and the associated MR signal intensity (B)
as measured in vitro [176].

The photostability and luminosity of QDs can be greatly improved by including them
in nano- or micromatrix composites [180]. Putting quantum dots and other functional
nanoparticles in the same matrix is predicted to provide imaging probes that can detect
many modalities. Making nanoprobes out of common nanomaterials (such as quantum
dots, gold nanoparticles, and iron oxide nanoparticles) is a crucial step towards improving
in vivo multimodality imaging. Strong processes and low-toxicity synthetic techniques
for multimodality nanoprobes are urgently needed in nanomedicine domains [181]. Us-
ing magnetic nanoparticles (high T2 relaxivity), visible-light-emitting CdSe/ZnS quan-
tum dots (QDs; Em = 600 nm), and near-infrared (NIR)-emitting CdSeTe/CdS QDs,
MA et al. developed a simple and robust technique for developing multilayered nanopar-
ticles (MQQ-probe) (Em 780 nm) [182]. A variety of nanoparticles were coated in layers
of silica. Core–shell nanoprobes have many layers, each of which can give a unique set
of features depending on the nanoparticles they contain. In order to facilitate easy, quick,
and selective cell extraction, fluorescent labeling, and counting, Tran et al. demonstrated a
prototype smartphone-based imaging platform (SIP) coupled with magneto-luminescent
suprananoparticle assemblies [183]. As shown in Figure 17, the author provided several
instances of high-magnification photographs of the separated cells that were taken with a
microscope designed for scientific study. For the four colors of the MNP@QDs, the signal-
to-noise ratios (SNRs) on the SIP were 7 3 (SD), 8 3, 14 5, and 9 3 for cells labelled with
MNP@QD485, MNP@QD575, MNP@QD605, and MNP@QD635, respectively. The produc-
tion of these suprananoparticle assemblies and their immunoconjugates by self-assembly
is extremely beneficial, and the ultrabright PL of these assemblies makes it possible to
image single cells while maintaining a high signal-to-noise ratio. Proof of concept was
achieved by isolating and counting HER2-positive SK-BR3 breast cancer cells against a
background of HER2-negative MBA-MD-231 breast cancer cells. This allowed for com-
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parison of the two populations. The extraordinary physical and chemical capabilities of
inorganic nanoparticles have led to their introduction into biological systems as effective
probes for in vitro diagnostics and in vivo imaging. To combine the strengths of MR and
fluorescence imaging, a novel class of color-tunable quantum dots (QDs) called Gd-Zn-
Cu-In-S/ZnSs (GZCIS/ZnSs) have been synthesized and put to use [184]. By integrating
Gd into ZCIS/ZnS QDs, we were able to successfully fabricate GZCIS/ZnS QDs with
significant MR enhancement and without sacrificing the fluorescence characteristics of the
original ZCIS/ZnS QDs. High PL quantum yield and “color-tunable” PL emission from
550 to 725 nm may be achieved by varying the Zn/Cu feeding ratio in the as-prepared
GZCIS/ZnS QDs (QY). A bovine serum albumin (BSA) coating was used to introduce the
GZCIS/ZnS QDs into water.

Figure 17. Smartphone (main images, scale bar = 200 m) and microscope (insets, scale bar = 20 m)
images of fixed SK-BR3 cells isolated with MNP@QDs of different colors: QD485, QD575, QD605, and
QD635. The notation for the QDs indicates the QDs’ peak PL emission wavelengths. The smartphone
pictures were taken in RGB color format. The microscope images were given “false colors” based on
the monochrome intensity values [183].

8. Conclusions and Perspectives

This review was motivated by the plethora of ground-breaking studies conducted
all across the world. Insight into the manufacturing of fluorescent NPs and the methods
for imbuing them with magnetic properties may be gained from this debate. There are
extremely high requirements for and interest in these resources. Based on what has been
said, it is evident that magneto-fluorescent nanocomposites provide novel avenues for
research in chemistry, biology, and medicine. Despite recent advancements, the field
of fluorescent-magnetic nanocomposite materials is still in its infancy, and much work
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needs to be done to further improve these materials and their applications. Magneto-
fluorescent hybrids of varying sizes, architectures, dispersions, and surface modifications
have been synthesized using the various approaches discussed here. In point of fact, surface
modifications of these nanoparticles with other compounds, polymers, and silica lead to the
stabilization of the nanosystems as well as decrease in toxicity, which allows for biological
applications. In spite of the fact that toxicological studies have been conducted on some of
these NPs, the precise mechanism by which nanoparticles cause toxicity is still unknown. As
a result, a more in-depth investigation into the toxicity and biocompatibility of fluorescent-
magneto hybrid NPs and the constituents that make them up is required. Significant
progress has been achieved in the synthesis of nanoparticles with adaptable designs, paving
the way for both intelligent delivery and individualized therapy. Nanoparticles with many
functions, such as magneto-fluorescent nanoparticles, are without a doubt the most helpful
instruments now available. Although there is an immediate need for various modifications
and new insights into the manufacturing of magneto-fluorescent nanoparticles and their
toxicities, these particles show significant promise for use in medical diagnosis and other
applications. Recently, several kinds of luminous materials, including semiconductor
quantum dots (QDs) and organic urophores, have been linked with magnetic units to
produce MFNPs. These MFNPs may operate both as optical and magnetic probes due to
the coupling of the two types of materials. The fact that these QDs often include heavy
metals, such as cadmium, lead, and other substances, which have the potential to be
poisonous, have lower water solubility, and pose environmental risks limits the range of
uses for these materials.

9. Present Market and Future Development

Magnetic particle imaging (MPI) is a novel imaging technique that, like MRI and
positron emission tomography, has the potential for high-resolution imaging without re-
quiring any intrusive procedures (PET). It is anticipated that MPI will be able to follow cells
for cancer-therapy monitoring. A possibility exists that CAR T cells will take up SPIONs.
SPIONs may be taken up by macrophages in active phagocytic sites or by atherosclerotic
plaques if they are delivered systemically [185]. In a magnetic particle imager, the signals
produced by SPIONs of different sorts and with varied features, such as core size, or by the
same SPIONs in different settings can be easily distinguished. Both bound and unbound
SPIONs provide distinguishable signals which can prove useful in preclinical research.
The variations in the produced signals may be used to create multicolored pictures, with
each hue representing a unique SPION or a SPION in a distinct environment [186]. The
amplifier noise level can be lowered to the same level as the patient noise contribution
via processes such as cryogenic cooling of the amplifiers and adjusted tuning. Industrial
efforts to create an MPI/MRI scanner which combines the benefits of these two imaging
modalities are quite promising [187]. One of the pillars of future technologies that will allow
for the development of superior systems with high spatial and temporal resolution is the
creation of multimodal imaging systems that use fluorescence imaging. Ongoing research
and development of new algorithms is also contributing to overcoming the shortcomings
of present imaging systems, particularly with respect to depth of penetration. Fluores-
cence imaging has become a widely utilized and increasingly popular tool in preclinical
biomedical research as a result of its sensitivity, cost-effectiveness, and safety, as well as the
availability of a wide range of functionalized fluorophores. Possible future applications of
fluorescence imaging in clinical medicine may be seen in its current applications, such as
cancer detection and therapy and surgical planning. Fluorescence imaging is projected to
play a larger role in the clinical care of patients as technology improves, opening the door to
imaging-driven tailored therapy. Cost estimates were derived from an analysis of publicly
accessible financial data from the annual reports of major firms producing and selling
imaging agents. We compared these figures with the extensive data and analysis we have
on the price of creating medicinal medications. When compared to the current revenues
of blockbuster imaging medicines, which are between USD 200 and 400 million, it is clear
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that the development and commercialization of a drug for diagnostic imaging is rather
expensive. All of the top-selling radiological agents have been available for quite some
time. The market size for imaging agents is substantially smaller than that for therapeutic
medications. In 2004, sales in the United States, which account for over half of global sales,
amounted to USD 2.8 billion [188]. From a commercial perspective, there are five primary
manufacturers of imaging agents. Among them are GE, BMS, Bracco, Schering, and Tyco,
which were formerly a part of Amersham. While researchers try to perfect magnetic scan-
ning devices, others refine nanoparticles for injection into patients or for the delivery of
medications. The ultimate goal is to create universally effective nanoparticles that can cross
biological barriers that are not homogeneous [189]. The use of artificial intelligence (AI)
in radiography is a hotly debated issue at the moment. Machine learning, representation
learning, and deep learning are the three primary subfields in artificial intelligence [190].
The fields of deep learning and machine learning are the most applicable to radiology.
Inevitably, as time goes on, many of the existing technological flaws will be fixed, allowing
for the creation of a highly sensitive and secure imaging system for medical diagnosis,
which is desperately needed to satisfy societal expectations.
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Abstract: Because of the unique physicochemical properties of magnetic iron-based nanoparticles,
such as superparamagnetism, high saturation magnetization, and high effective surface area, they
have been applied in biomedical fields such as diagnostic imaging, disease treatment, and biochemical
separation. Iron-based nanoparticles have been used in magnetic resonance imaging (MRI) to
produce clearer and more detailed images, and they have therapeutic applications in magnetic fluid
hyperthermia (MFH). In recent years, researchers have used clay minerals, such as ceramic materials
with iron-based nanoparticles, to construct nanocomposite materials with enhanced saturation,
magnetization, and thermal effects. Owing to their unique structure and large specific surface area,
iron-based nanoparticles can be homogenized by adding different proportions of ceramic minerals
before and after modification to enhance saturation magnetization. In this review, we assess the
potential to improve the magnetic properties of iron-based nanoparticles and in the preparation
of multifunctional composite materials through their combination with ceramic materials. We
demonstrate the potential of ferromagnetic enhancement and multifunctional composite materials
for MRI diagnosis, drug delivery, MFH therapy, and cellular imaging applications.

Keywords: iron-based nanoparticles; ceramic nanocomposites; magnetic resonance imaging; magnetic
fluid hyperthermia; drug delivery

1. Introduction

Magnetic materials are functional materials with great potential that are widely used
in biomedicine [1–3]. Their unique magnetic signals allow them to be used as sensors
in imaging medicine, based on the detection of geomagnetic fields, and in noncontact
magnetic-field-heating therapy [4–6]. Magnetic materials can even integrate all the con-
ditions of nanoparticles when their particle size is limited to within a range of 1–100 nm.
Nanoparticles can be used as contrast agents, target drug carriers, and multifunctional
magnetic biomedical materials for controlled and focused therapy. In recent years, nanopar-
ticles have been compounded with other materials possessing low toxicity and super-
paramagnetic and biocompatible properties. The resulting compounds can be applied
for using in similar applications as for nanoparticles mentioned earlier [7–9]. Once nano-
sized, these nanomaterials exhibit many novel and excellent properties [10]. The field of
nano-biomedical materials involves the integration of nanomaterials/nanotechnology with
biomedical materials or drugs, and these developments have substantially contributed to
the progress of human medicine.

In all mammalian cells, iron is an indispensable element for the processes of cell growth
and differentiation. Because of the unique physicochemical properties of magnetic iron-
based nanoparticles, such as superparamagnetism, high saturation magnetization, and high
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effective surface area, they have been applied in biomedical fields such as diagnostic imaging,
disease treatment, and biochemical separation [11]. Iron-based nanoparticles have been
used in magnetic resonance imaging (MRI) to produce clearer and more detailed images,
and they have therapeutic applications in magnetic fluid hyperthermia (MFH) [12,13]. The
combination of the treatment and diagnosis approach into one system for cancer treatment
indicates their potential for ushering in the “iron age”. In recent years, clay minerals, such as
ceramic materials with iron-based nanoparticles, have been used to construct nanocomposite
materials to enhance their saturation magnetization and thermal effects. Due to their unique
structure and large specific surface area, iron-based nanoparticles can be homogenized by
adding different proportions of ceramic minerals before and after modification to enhance
saturation magnetization. In this review, we assess the potential to improve the magnetic
properties of iron-based nanoparticles and in the preparation of multifunctional composite
materials through their combination with ceramic materials. We demonstrate the potential of
ferromagnetic enhancement and multifunctional composite materials for MRI diagnosis, drug
delivery, MFH therapy, and cellular imaging applications [14].

Multifunctional nanocomposites have been a hot area of research in recent years. In
this review, we hoped to identify iron-based nanocomposite materials that can enhance satu-
ration magnetization (Ms) and be applied to optimize MRI contrast. In addition, a magnetic
nanocomposite material with improved biocompatibility is needed for biomedical applica-
tions. As for the choice of the composite material, examples of low-cost, high-adsorption,
and biocompatible ceramic materials, montmorillonite silicate, kaolinite minerals, or bio-
glass can be used to produce multifunctional nanocomposite materials with both magnetic
properties and high adsorption performance.

2. Magnetic Properties of Nanoparticles

Nanotechnology has become ubiquitous in everyday life through its use in the
aerospace, electronic, cosmetic, and pharmaceutical industries, among others. These
developments have enabled improvement of the existing nanoparticle properties and
the introduction of new optical, electrical, and mechanical functions. In addition, nano-
sized materials experience small size, surface, quantum tunneling, Coulomb blocking, and
quantum-limiting effects distinctly from macroscopic materials.

Hence, the optical, thermal, and electrical effects as well as magnetic, mechanical, and
other properties of nanomaterials differ from those of the corresponding bulk materials
(Figure 1a). Because of the unique properties of magnetic nanoparticles, such as superpara-
magnetism, high saturation magnetization, and high effective surface area, they are mainly
used as contrast agents, to improve image contrast, and as carriers for drug delivery in
disease treatment. In addition, when injected into the body, magnetic nanoparticles can
generate heat energy through the use of an applied magnetic field to kill cancer cells, avoid-
ing the damage to normal cells observed in conventional chemotherapy and inhibiting
cancer cell growth by MFH. Because of their excellent magnetic properties, the application
of nanomaterials is constantly being improved and refined [15–17]. All substances have
a certain degree of magnetization, which is usually dependent on the material’s atomic
structure and surrounding temperature, and the magnetic susceptibility (χ) can be used
to express the difficulty of magnetization. When a material is placed under an applied
magnetic field (H), its magnetization (M) will change, and the relationship between the two
is as follows (Figure 1b):

M = χH (1)
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Figure 1. Magnetic variation in iron-based nanoparticles compounded with ceramic materials.
Schematic diagram of (a) composite material composition; (b) magnetic dipole moment of composite
material; and (c) nonmagnetic/magnetic zone structures.

A magnetic material has a “magnetic domain”, in which the crystalline structure of
the energy state itself is divided into several different regions, and these magnetic domains
are all oriented in the same direction. Nevertheless, the order of each magnetic domain is
not necessarily the same, and there will be mutual offset, as shown in Figure 1c. Assuming
that the net magnetic moment is precisely zero, the material is not magnetic. Conversely,
when the net magnetic moment is not zero, the material is magnetic [18]. Most materials
have the property of being weakly magnetic, even in the absence of an applied magnetic
field. The former has an approximate magnetization rate ranging from 10−6 to 10−1 in
order of magnitude, while the latter only ranges from 10−6 to 10−3 in order of magnitude.
In contrast, some materials can exhibit highly magnetic properties under the action of weak
magnetic fields, or even without the application of magnetic fields, such as in the case of
ferromagnetic, ferrimagnetic, and antiferromagnetic materials (Figure 2a). In such cases,
only a minimal magnetic field is needed to saturate magnetization, and the representative
materials are iron, cobalt, and nickel.

From a microscopic point of view, a large-size ferromagnetic material with multiple
magnetic regions exhibits a minor hysteresis effect, as shown in Figure 2b. When the size of
the material is reduced to a single domain (generally nanoscale; the critical size varies from
material to fabric), the hysteresis effect is the largest (i.e., it has the most substantial coercive
force). However, when the scope continues to shrink, the coercive force decreases to zero
(i.e., no hysteresis occurs). With the change in the external magnetic field, the data points
obtained from the magnetization process of the superparamagnetic nanoparticles can form
a hysteresis curve, as shown in Figure 2d. Therefore, the superparamagnetic nanoparticles
are not magnetic at room temperature without the applied magnetic field, and when
the applied magnetic field is removed, the material’s magnetic properties immediately
disappear. For example, in iron oxide, nanoparticles usually need to reach a size of several
nanometers to become superparamagnetic, as shown in Figure 2c [19].
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Figure 2. Theories and principles of nanometer sizing and superparamagnetism: (a) classification
of magnetic substances; (b) schematic diagrams of structures of multimagnetic/single-magnetic/
superparamagnetic regions; (c) relationship between particle size and coercivity. The multi-magnetic
region is represented by the curve from a to b, where the coercivity of magnetic particles tends
to increase, and the coercivity of the material shows a maximum size at Ds; between b and c is
the single-magnetic region, where the particles in this size range show stability; from c to d is the
superparamagnetic region, where the material shows an unstable state due to high surface activity
at the nanoscale. At DP, the material is demagnetized by external thermal effects, resulting in zero
coercivity (HC = 0); the zone to the left is called superparamagnetic; and (d) hysteresis curves.

2.1. Properties of Iron Oxide Nanoparticles

Iron oxide nanoparticles are widely known examples of nanomaterials. Iron tetroxide
(Fe3O4) is a biocompatible material that has been known of and used in biomedicine for almost
40 years, and it is approved for use in the human body based on its safety profile. Fe3O4
magnetic nanoparticles are water-soluble and can enter delicate tissues; they are commonly
produced by coprecipitation (aqueous phase), thermal decomposition (organic phase), and
synthetic methods (Figure 3a–c) [11]. For use in biomedical applications, nanoparticles must
be: (1) non-biotoxic; (2) water-soluble; and (3) biocompatible. The biomedical applications
in which nanoparticles of iron tetroxide are applied are diverse [20]. The most remarkable
instances are those where their magnetic properties are exploited, for example, in thermo-
therapy and drug magnetic guidance therapy. For example, in the case of a rat with a tumor
on its back, we can inject magnetic nanoparticles through the tail and use carefully positioned
magnets around the rat to achieve guided drug treatment for the cancer [21–23].

Heat therapy aims to increase the temperature to a level that is tolerated by normal
human cells but not cancer cells, at which point the cancer cells begin to die. The current
research indicates that thermotherapy can effectively eliminate tumors that are smaller than
7 mm [24]. Still, in clinical trials, uniform tumor heating is impossible on animals with larger
tumors (15 mm). The cancer is unevenly heated because of the uneven shape of the tumor,
and it is hard to effectively destroy the entire cancer all at one time during treatment, which
results in continued tumor growth [25]. Because of this, we want to develop magnetic
particles that can be used to accelerate and increase the temperature of the cancerous
tissue. One possibility is to dope magnetic particles into ceramic nanostructures to generate
nanocomposite materials. The composite particles enable the faster elimination of cancer
cells, thus achieving more effective treatment, and they are expected to more efficiently
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inhibit the formation of tumors. In addition, we can use the method to encapsulate magnetic
nanoparticles and drugs at the same time. This problem can be resolved through ceramic-
material-compounding technology, which is thermosensitive and biocompatible. Moreover,
microcellular surface carriers with specific surface modifications can deliver magnetic
nanoparticles and drugs to specific tumor cells. The magnetic nanoparticles are heated
to 40 ◦C for a few seconds under an applied magnetic field, upon which the ceramic
material releases the drug and magnetic nanoparticles into tumor cells [21]. Therefore, this
two-pronged approach allows incorporating an additional aspect to drug therapy.
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(c) thermal decomposition under green synthesis process.

2.2. Properties of Iron–Platinum Nanoparticles

Iron–platinum nanoparticles are a magnetic material that is used in recording media
with the chemical formula FePt. There are four phases of ferroplatinum: the (1) unordered
γ-phase; (2) ordered paramagnetic γ1-Fe3Pt phase (L12); (3) ferromagnetic γ2-FePt phase
(L10); and (4) antiferromagnetism γ3-FePt3 phase (L12). The structure of the FePt3 phase
(L12) depends on the FePt atomic ratio. The structure of unordered Fe platinum is chemi-
cally disordered face-centered cubic (FCC), and that of ordered Fe platinum is chemically
ordered face-centered tetragonal (FCT) [26], as shown in Figure 4 [27]. In addition, the
atomic lattice position of the unordered face-centered cubic is determined by the per-
centage of Fe and Pt atoms that form a soft magnetic structure with a small coercivity
field [28]. In contrast, in the ordered face-centered cubic in iron–platinum, the iron atoms
are stacked at positions (0, 1/2, 1/2) and (1/2, 0, 1/2), the platinum atoms are stacked at
positions (0, 0, 0) and (1/2, 1/2, 0), and the atomic radii cause the lattice to expand in the
a-axis and compress in the c-axis [29–32]. The magneto-crystal anisotropy coefficient (Ku)
can reach 107 Jm−3 [33], which is the highest among the existing hard magnetic materials,
due to spin–orbit coupling and hybridization interactions between the 3D orbital domain of

215



Pharmaceutics 2022, 14, 2584

Fe and 5D orbital domain of Pt [34,35]. This alignment provides FePt with higher chemical
stability than Fe, Co, or other materials (e.g., Fe3O4) with high coercivity fields [36]. The
high Ku of FePt can allow superparamagnetic phenomena to be avoided when the particle
size decreases [37]. In addition to having superior superparamagnetic properties, FePt
nanoparticles also have high absorption coefficients for X-rays (Pt absorption coefficient at
50 keV: 6.95 cm2/g). Chou et al. injected 12 nm FePt nanoparticles into mice with tumors
by tail-intravenous injection, and the contrast between the MRI and computed tomography
(CT) images was substantially improved, which indicates that we can use FePt to track the
location of the material in two diagnostic MRI and CT imaging modalities to detect the
area in which the MFH and drug release are taking place.
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Figure 4. Schematic diagram of synthesizing disordered and ordered structures using Fe(acac)3 and
Pt(acac)2, forming iron–platinum (FePt) nanoparticles from pyrolytic iron and reduced platinum
precursors and using ferrous chloride instead of iron pentacarbonyl.

3. Surface Modification of Iron-Based Nanoparticles

The key to the technology is how to use ligands for surface modification and increase
the function of magnetic nanoparticles. Generally, two methods are used: (1) Crosslinkers or
spacer molecules as well as polymer ligands are used to form covalent connections [38]. The
body is modified on the surface of the magnetic nanoparticles to include iron nanoparticles
as the core and ligands as the shell [39]. The affinity between nanoparticles and polymer
ligands depends on the type and quantity of the ligands on the surfaces of the nanoparticles;
thus, how to make and select the surface ligands for linking is important [40]. Amines,
carboxylates, hydroxyl groups, and thiol groups are commonly used as ligands [41]. In some
cases, additional spacer molecules or crosslinking agents are required to facilitate bonding
of the nanocomposites [42]. (2) In layer-by-layer coating [43], with magnetic nanoparticles
as the core, other materials are coated, layer by layer, around the nanoparticles based on the
electrostatic attraction between opposing charges [44]. The advantages include the ability
to fabricate a single-layer structure and adjust the thickness of the functional shell [45].
According to the above two approaches, we take the carboxylation of chitosan to covalently
bond to the surfaces and core–shell structures of the nanoparticles as an example, and we
discuss the advantages of ceramic materials for modification of iron-based nanoparticles in
the next section (Figure 5).
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Figure 5. Schematic representation of the surface modification of iron-based nanoparticles. Iron-based
nanoparticle with different crosslinker or spacer molecules and layer-by-layer coating. From left to
right, the molecules are chitosan, dopamine, polyethylene glycol (PEG), polyvinyl alcohol (PVA),
silicon dioxide (SiO2), and hydrogen tetrachloroaurate (AuCl4).

Chitosans are natural polysaccharides with hydrophilic, biocompatible, biodegradable,
and antibacterial properties. They have a good affinity for many biomolecules, which
makes them suitable for various biomedical and biotechnology applications. Degradable
polymers are more commonly used for the controlled release of drugs [46]. Polysaccharides
are nontoxic and biodegradable natural polymers that form particles to coat drugs in
acidic environments, such as in the stomach, where they act as antacids to prevent acid
damage to drugs. Therefore, they are an ideal material for drug-release-control systems. For
drug-targeting applications, magnetic nanoparticles modified with chitosans can adsorb
the anticancer drug epirubicin, which indicates a strong interaction between chitosans
and epirubicin. In epirubicin-adsorption experiments, the equilibration time is only a few
minutes, which means that there is no intrapore diffusion resistance in the adsorption
process. Through regulation of the acidic environment in cancer cells at a pH of 4, chitosan
is subjected to disintegration. Epirubicin adsorbed on nanomagnetic carriers is expected to
be released in in vivo experiments to achieve therapeutic cancer effects [47].

The surface modification of iron-based nanoparticles with core–shell structures is close
to that of iron-based nanocomposite particles combined with ceramic materials, which is
the focus of this review: i.e., enhancement of the applicability of iron nanoparticles by incor-
porating other materials. Here, we search for an example of self-assembled nanocomposite
materials for iron core–gold shells to link the advantages of ceramic materials combined
with iron nanoparticles [48]. The iron core–gold shell composite nanoparticles are selec-
tively toxic to cancer cells. Still, after being placed in water or air for a suitable period,
they are no longer harmful to cancer cells [49]. Researchers found that freshly produced
iron core–gold shell composite nanoparticles are not toxic to cancer cells when placed in
water. Water molecules will penetrate through the grain interface of the gold shell and
react with iron at the gold–iron interface to produce ferrous ions, which are gradually
released to kill cancer cells. However, the dissolved oxygen in the water will also spread
to the gold–iron interface through the grain interface of the gold shell, oxidizing the iron
into iron oxide, which forms a protective layer to prevent the continued production and
release of ferrous ions and, thus, no longer having a toxic killing function and achieving the
effect of self-liquidation [50]. Likewise, protection is also provided by the ceramic material
compounded with iron-based nanoparticles. In addition, due to its porous nature, the

217



Pharmaceutics 2022, 14, 2584

ceramic material can also offer drug loading and delivery of iron nanoparticles, similarly to
chitosan mentioned above.

4. Combination of Iron-Based Nanocomposite Particles with Ceramic Materials

Clay minerals are one of the most important industrial minerals in nature. In this
section, we focus on white clay ore-containing water, which is mainly made from alu-
minosilicate minerals, such as feldspar, and is formed by climate or water heat capacity.
Because clay is easily shaped in moist conditions and can be cured after sintering, many
products, such as road bricks and sewage pipes, contain clay minerals as raw material. In
addition, clay minerals are white and resistant to high temperatures; thus, they are used
in the porcelain, paper making, rubber, and refractory industries. As a new type of drug
delivery system, ceramic nanocarriers have high mechanical strength, good body response,
and low or non-existing biodegradability. Ceramic nanocarriers can protect the drug and
the composite nanoparticles from pH and temperature effects. However, despite the high
biocompatibility shown in current studies, there is still a lack of information on their clinical
use [51]. The research journey for future applications of ceramic nanocarriers is still long;
thus, this section will focus on the improvements brought by ceramic materials composites.

4.1. Bioactive Glasses

The development of suitable biomaterials for application in bone regeneration and
disease treatment is a substantial challenge in current regenerative medicine. Synthetic
biomaterials can be prepared using flexible synthetic methods to combine the best possi-
ble properties, such as bioactivity, degradation, and controllable drug delivery [52]. This
allows various imaging, cell-specific-targeting, and controlled-drug-release functions to
be incorporated into a single platform designed for simultaneous tracing and convenient
therapeutic use without losing the individual properties of each component [53,54]. How-
ever, combining these different functions on the same platform is extremely difficult, which
is because competition between the various functional groups could be generated when
on the same material platform. As the application of a synthetic biological scaffold, bioac-
tive glasses (BGs) are the leading group of surface-reactive glass–ceramic biomaterials.
Due to the excellent biocompatibility of these glasses, they have been widely investigated
by researchers for use as implant materials in the human body to fill and repair bone
defects [55]. BGs were discovered in 1971 by the research group of Hench [56]. In the
physiological environment of the human body, BGs can react with simulated body fluid
(SBF) to form dense biologically active hydroxyapatite (HA) layers on their surface and
biologically bond with damaged bone. HA is the main mineral component of bone that
leads to effective physical interactions and fixes bone tissue onto the material surface [57].
Researchers have developed different families of BGs for bone tissue restoration and re-
placement because such materials do not cause biological toxicity, inflammation, or elicit an
immune response [58]. Because of these characteristics, BGs have been extended to many
different applications in the medical field, such as implants in theoretical bone repair, tissue
engineering, drug delivery, and bone cancer treatment [52,53].

In 2004, Yan et al. used advanced science and proficient technology to develop a
novel family of biomaterials called mesoporous bioactive glasses (MBGs). Compared with
conventional BGs, MBGs have higher specific surface areas and pore volumes. MBGs
exhibit improved bioactive behavior with even faster apatite phase formation than con-
ventional BGs [55,56,59–63]. In 2006, Chang et al. produced a well-ordered MBG as a
drug delivery carrier [64]. In numerous recently published studies, researchers have devel-
oped MBGs as a biomaterial extensively applied in drug delivery systems and bone tissue
engineering [53,65–70]. In the latest technique, Zhang et al. fabricated a composite scaffold
containing mesoporous bioactive glass to encapsulate magnetic Fe3O4 nanoparticles by 3D-
printing technology. According to the results, the MBG scaffold structure comprises uniformly
sized 400 µm macropores. The magnetic Fe3O4 nanoparticles can be incorporated into the
scaffold without affecting its hydroxyapatite mineralization ability while endowing it with ex-
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cellent magnetic heating ability. In addition, the pore structure can be loaded with doxorubicin
(DOX), which is an anticancer drug, and it can thus be used for local drug delivery therapy.
The 3D-printed Fe3O4/MBG scaffold shows potential versatility for enhanced osteogenic
activity, local anticancer drug delivery, and magnetothermal therapy [71].

4.2. Biocompatible Nanolayer Ceramics

The basic structural layer of nanolayer ceramics, which is composed of silicate minerals,
consists of a silicon–oxygen tetrahedron and an aluminum–oxygen octahedron, each of
which has three oxygen atoms in the same plane and one oxygen atom at the top. The
aluminum–oxygen octahedron consists of a stack of oxygen atoms and hydroxide ions,
with the cation at the center of the octahedron and each cation bonded to six oxygen atoms
(or hydroxide ions) to form an octahedron, as shown in Figure 6a [52]. According to the
ratio of the tetrahedral and octahedral sheets contained in each layer of the clay minerals,
they can be divided into two types: (1) the 1:1-layer type, in which the interlayer formed by
stacking one tetrahedral sheet and one octahedral sheet is called the TO layer, whereas the
tetrahedral plane on top and adjacent octahedral OH surface below form the coordination
of OHO, which is the simplest crystalline structure of layered silicate clay minerals [72];
(2) the 2:1-layer type, in which each layer is composed of two tetrahedral sheets that are
sandwiched between octahedral sheets, which forms a three-layer structure of TOT, similar
to a sandwich [73].
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For example, montmorillonite is a 2:1-layer silicate, and each molecular formula has
from 0.2 to 0.6 units of charge. The interlayer cations of montmorillonite, such as Na+,
Ca2+, and Mg2+, are exchangeable cations with high hydration. The interlayer distance is
about 9.6 × 10−1 nm when there are no water or polar molecules in the interlayer, whereas
the interlayer distance of montmorillonite containing divalent cations (Ca2+ or Mg2+) in-
creases to 14 × 10−1 nm at an average humidity of 40–60% because the interlayer contains
two water molecules in the water layer. If monovalent cations (Na+) are present in the
interlayer of montmorillonite under the same humidity conditions, then the interlayer
distance is 12.5 × 10−1 nm [74]. Another characteristic of montmorillonite is that it con-
tains many exchangeable cations. Because the negative charges in the montmorillonite
structure are concentrated in the central octahedral layer, the interlayer cations are weakly
bound and can be easily replaced. The typical chemical formula of montmorillonite is
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(1/2Ca,Na)0.7(Al,Mg,Fe)4(Si,Al)8O20(OH)4.nH2O, in which Ca2+ and Na+ are exchangeable
cations. The theoretical chemical composition is 49.0% SiO2, 23% Al2O3, and 0.3% Fe2O3.

For ceramic kaolinite, the basic structural layer is composed of silicate minerals, each
of which has three oxygen atoms in the same plane and one oxygen atom at the top. The
aluminum–oxygen octahedron consists of a stack of oxygen atoms and hydroxide ions, with
the cation at the center of the octahedron and each cation bonded to six oxygen atoms (or hy-
droxide ions) to form an octahedron [29]. We present the structure of kaolinite in Figure 6b,
which consists of a layer of silica–oxygen tetrahedra and a layer of alumina–oxygen octahe-
dra that are connected by a standard oxygen linkage to form a bilayer structure. In contrast,
the layers are covalently bonded by providing oxygen atoms on the silica–oxygen side
and hydroxide ions on the alumina–oxygen side to form hydrogen bonds. As previously
mentioned, kaolinite has a stable chemical structure, uniformly distributed pore structure,
and high adsorption capacity, and it can adsorb different substances in its layered struc-
ture, such as FePt nanoparticles or chemotherapeutic drugs. With the adsorption effect
provided by kaolinite, FePt nanoparticles can be highly concentrated in a specific space.
The nanoparticles can effectively accumulate in a magnetic-field environment according
to the influence of the magnetic force to achieve a magnetically controlled MRI effect. If
magnetic control is used to guide the accumulation of drugs into tumor tissue, then the side
effects caused by chemotherapeutic drugs can be substantially reduced. Currently, a single
treatment is not enough to achieve the substantial inhibition of tumor tissue. Cocktail-style
therapies have become standard in current cancer treatments. FePt nanoparticles have
excellent magnetocaloric effects, and when combined with kaolinite, their heating capacity
can be substantially increased. The temperature can be increased to nearly 50 ◦C; thus,
hepatocellular cancer cells can be killed using MFH. At the same time, if kaolinite is loaded
with chemotherapeutic drugs, such as Dox, then the system can further inhibit cell growth
at the tumor center.

4.3. Biocompatible Nanotube Ceramics

Hardystonite or akermanite nanotubes belong to the kaolinite group of aluminosilicate
clay minerals and were discovered by the Belgian geologist d’Omalius d’Halloy and named
by Pierre Berthier in 1826. Depending on the mining site and geological conditions, they can
be tubular, spherical, or plate-like particles. Among these forms, the most representative is
the tubular form with cavities, which has received substantial attention in various research
fields due to its particular morphology, ease of mixing with multiple polymers, and good
biocompatibility. The basic structure of the silicate mineral composition consists of a silicon–
oxygen tetrahedron and an aluminum–oxygen octahedron, each of which has three oxygen
atoms in the same plane and one oxygen atom at the top.

The cation is located at the center of the octahedron, and each cation forms a bond with
six oxygen atoms (or hydroxide ions) to form the octahedron, as shown in Figure 6c [27].
Hardystonite is similar to kaolinite, but the layers in hardystonite are separated by a single
layer of water molecules and are classified according to their hydrated state. Akermanite
is a hydrate elite (10 × 10−1 nm), and when dried, it irreversibly loses the interlayered
water to form a dehydrated elite (7 × 10−1 nm), which is more stable than the hydrated
akermanite. The structure is caused by the mismatch between the silica–oxygen tetrahedra
and aluminum–oxygen octahedral sheets in the layers. The tetrahedra and octahedra are
connected through sharing of the top oxygen of the tetrahedra. This stress is transferred to
the Si plane and the base oxygen plane through the Si–O bond, but it is also reduced by
the angular elasticity of the Si–O bond. In most of the current tubular materials that are
compounded with iron-based nanoparticles, carbon nanotubes are used as the carrier, and
the hardystonite or akermanite structure is coated with a layer to multiply the nanoparticles.
Alternatively, the iron-based nanoparticles can be doped with alpha-Al2O3 crystal to affect
carbon nanotube growth in polycrystalline ceramics. Celik et al. prepared Fe-doped
Al2O3 ceramics of different textures through templated grain growth and synthesized
them into carbon nanotubes via catalytic chemical vapor deposition [75]. According to the
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experimental results, this novel nanocomposite material has the potential to be used for
future biomedical diagnostic and drug delivery applications.

5. Magnetic Resonance Imaging (MRI) with Ceramic Material Composite
Iron Nanoparticles

Among the many screening and diagnostic methods, magnetic resonance imaging
(MRI) can provide high-resolution images of the liver without the need for ionizing radi-
ation. Consequently, MRI is the best choice for initial tumor diagnosis. For this reason,
iron-based nanomaterials have become candidates for MRI imaging because of their ex-
cellent T2 contrast ability [76]. However, most of the commonly used magnetic vibrating
carriers currently available in the market are iron oxide particles or strontium ion complexes,
which may cause side effects, such as nausea, allergic reactions, and kidney injury [77]. To
address this, the goal of current research is to improve the performance of magnetic carriers
through the development of a multifunctional composite nanocarrier that can be used for
high-resolution MRI with low toxicity and a therapeutic effect [78].

Positively charged atomic nuclei spin in random environments. In this case, the
nuclear spin axes are arranged in a random pattern, and when placed in a static magnetic
field, the nucleus spins in the direction of the applied magnetic field. The spin frequency is
called the Larmor frequency, and it is related to the properties of the nucleus itself and is
proportional to the strength of the applied magnetic field. The effect is that the iron-based
nanoparticles are subjected to single-axial compressive stress, and the mechanical stress
causes the rearrangement of the magnetic dipoles of the iron-based nanoparticles and
places them parallel with the direction of the ceramic layer. Therefore, in human MRI,
the degree of saturation magnetization along the magnetization direction depends on the
hydrogen atoms, which are the main source of nuclei because the human body is mainly
composed of water, and it is the hydrogen atoms in water that help in visualizing the image.
As the magnetization vector of the atomic nucleus gradually increases and then stabilizes
during the spinning process, the nucleus will resonate if disturbed by a fixed-frequency
radio frequency (Figure 7). The resonance effect, which is limited by the ceramic material,
brings higher saturation magnetization to the iron-based nanoparticles, thereby enhancing
their ability for T2-weighted MRI diagnostic imaging.
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6. Magnetic Fluid Hyperthermia (MFH) with Ceramic Material Composite
Iron Nanoparticles

Thermal treatments include laser treatment, focused ultrasound treatment, microwave
treatment, and use of radiofrequency probes. These treatments aim to raise the temperature
of the tumor to 43–46 ◦C to achieve the effect of thermal therapy [79–81].

However, the above-mentioned thermal therapy systems are macroscopic heating
systems, which generally have the disadvantages of low thermal efficiency and being
easily limited by the tumor volume, which result in uneven heat-field distribution [82].
In addition, some new methods have been developed, including pulsed laser, infrared,
and magnetic-field-guided heat therapies [83]. Examples of heat sources include metal
nanoshells, nanorods, and carbon nanotubes. In short, when these energy-absorbing
materials reach the tumor, they can be irradiated from outside the body using strong energy
sources (e.g., near-infrared laser). When the materials absorb this energy, it is converted
into heat energy to increase the temperature of the tumor surface and destroy the tumor
structure, thus achieving the effect of heat therapy [84]. However, this treatment method
can only treat tumors close to the body surface and is inadequate for deeper tumors.

In recent years, several independent research groups have been developing a method
termed magnetic fluid hyperthermia (MFH), which involves use of a magnetic fluid together
with an alternating magnetic field to treat tumors [85]. This method improves upon the draw-
backs mentioned above, killing cancer cells without affecting the adjacent normal tissues [86,87].

6.1. Principles of MFH

Magnetic nanoparticles exposed to alternating current (AC) magnetic fields generate
heat by hysteresis loss [88,89]. However, not all magnetic nanoparticles generate heat in
this way. For magnetic nanoparticles with multiple magnetic domains (e.g., 2- and 3-valent
iron), the heat in an AC-field environment is generated through hysteresis loss, and for
magnetic nanoparticles with single magnetic domains (e.g., single-domain ferric tetroxide
nanoparticles), the heat is generated through Néel relaxation and Brownian relaxation. The
reason heat is not generated by hysteresis loss for magnetic particles is that because of their
superparamagnetic properties, they have a single magnetic domain and fixed magnetic
moment direction [90].

Therefore, the heating principle can be divided into hysteresis loss, Néel relaxation,
and Brownian relaxation [91]:

(A) Hysteresis loss: When a material has multiple magnetic domains, the direction of the
magnetic moment becomes singular and the same as the magnetic field when an AC
magnetic field is applied. When the magnetic-field strength changes, the resulting
hysteresis curves do not overlap, which results in heat release;

(B) Néel relaxation: When a material is a single-domain superparamagnetic material,
the inner nucleus rotates and overcomes the energy barrier E = KV when an AC
magnetic field is applied, where K is the anisotropy constant, and V is the volume of
the particle. The thermal energy is released when it returns to the original magnetic
moment direction;

(C) Brownian relaxation occurs in materials with multiple or single magnetic domains
when an applied magnetic field is applied, which causes the particles to rotate and rub
against the external medium and release thermal energy. Therefore, the characteristics
of Brownian relaxation are related to the solution viscosity, as shown in Figure 8a.
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The following equation is the heat loss (P) for a single-magnetic-domain material, as
shown in Equation (2).

P =
V(MsHωτ)2

2τkbT(1 +ω2τ2)
(2)

where V is the particle volume; MS is the saturation magnetization value; H is the AC-
electromagnetic-field strength;ω is the angular frequency of AC; τ is the relaxation time;
and kb is the Boltzmann constant. Whenωτ = 1, we obtain the maximum heat loss value.
When the saturation magnetization is more substantial, the heat loss is more extensive:

1
τ
=

1
τB

+
1
τN

; τ =
3ηVH

kT
; τN = τ0 exp

(
KV
KbT

)
(3)

where η is the medium viscosity; VH is the particle hydration volume; kb is the Boltzmann
constant; V is the particle volume; K is the anisotropy constant; T is the absolute tempera-
ture; and τ0 is the time constant. We use the specific adsorption rate (SAR) to obtain the
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thermal energy generated by the predicted material. The efficiency of conversion from en-
ergy to thermal energy of the magnetic nanoparticles in an AC-magnetic-field environment
is related to the AC-magnetic-field frequency, particle size and surface modification [91].

6.2. Treatment with MFH

When the local tumor temperature is increased to 41–46 ◦C by the magnetofluid in
an AC-magnetic-field environment, the reason for using heat to treat tumor cells can be
easily understood, as shown in Figure 8b,c below. One of the differences between tumor
cells and normal tissues is that tumor cells receive more nutrients through continuous
neovascularization [92]. However, most of these new blood vessels are disorganized and
functionally abnormal; therefore, when heat is applied, tumor cancer cells, similarly to
normal cells, increase their blood flow by vasodilatation to carry away the heat; however,
this process is inefficient, and heat is retained in the tumor tissue. Therefore, as the
temperature increases, neovascularization in the tumor tissue is continuously disrupted,
which results in reduced blood flow and heat retention. Finally, the tumor cannot obtain
nutrients to achieve the therapeutic effect. As shown in Figure 8e, after heat treatment in
rats, the blood flow in the tumor cells is reduced, while the blood flow in normal cells is
increased by 8–10 times. Therefore, poor heat dissipation ability may cause heat to become
trapped inside the tumor, increasing the temperature, which further affects the pH, pO2,
and nutrient supply and leads to cell death [93].

7. Drug Delivery with Ceramic Material Composite Iron Nanoparticles

To reach the desired treatment site in clinical chemotherapy, high doses of drugs are
usually required, increasing the risk of nonspecific toxic reactions and other physiological
side effects that cause additional pain to patients. Therefore, how to efficiently deliver
low-dose medications to the desired treatment site has long been a research direction
for pharmaceutical companies and laboratories. The magnetic-drug-targeting technique,
which uses magnetic nanoparticles in conjunction with an external magnetic field, has
recently gained attention (Table 1). Magnetic nanoparticles are mainly used as drug carriers
in this application. In general, magnetic nanoparticles containing drugs or antibodies
are intravenously injected into the body, transported through the circulatory system, and
finally concentrated at the site of the applied magnetic field, as shown in Figure 8d. In
this way, more drugs can be directly focused on the lesion and then released through the
drug-release mechanism. Lubbe published a study in 1996 in which they performed the
first human clinical trial using magnetic drug targeting [94]. They used an intravenous
infusion of magnetic particles (100 nm particle size; starch) immobilized with epirubicin (a
tumor treatment drug) in solution and placed a permanent magnet with a magnetic flux
density of 0.8 T close to the treatment site. According to the results, they could successfully
guide the magnetic particles to the target area in more than half of the subjects. FeRx Inc.
has attempted to commercialize this technology for cancer treatment, and it is currently
undergoing clinical trials [95]. Biological applications of ceramic material composite iron
nanoparticles depend on the carrier’s biological toxicity and the composition of the ceramic
structure, both of which necessitate the use of biocompatible materials. The main categories
of application are biosensors, oxidative stress cytoprotection, bacterial disinfection, and
cancer treatment.
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Table 1. MFH bioapplications of ceramic composite iron-based nanomaterials.

Iron-Based
Material Ceramic Cell Type Biological Effect Material Effect Year Ref.

Calcium zinc iron silicon
oxide composite Glass Bone cancer Promotes osteoblast proliferation Supports nascent

cell proliferation 2011 [96]

Fe/mesoporous
bioactive glass Glass Human bone marrow

mesenchymal stem cells

Improves local delivery of drug
therapy and killing of

infected tissue cells

Intensifies
magnetization 2011 [97]

(Fe2+/Fe3+)-doped
hydroxyapatite Hydroxyapatite Osteoblast Lower level of

cytotoxicity achieved
Intensifies

magnetization 2012 [98]

Fe3O4
Magnetic calcium
phosphate cement Breast cancer Reduces tumor volume Controlled timing

of drug release 2016 [99]

Fe3+ Hardystonite Bone cancer Enhances drug delivery and
killing of tumor cells

Intensifies
magnetization 2017 [100]

Ferrimagnetic Glass Fibroblast/bone cancer Does not substantially affect
cell morphology

Supports nascent
cell proliferation 2017 [101]

Fe3O4
Hydroxypropyl
methylcellulose Breast cancer Reduces tumor volume Controlled timing

of drug release 2017 [102]

Fe3O4 Akermanite Osteosarcoma Lower level of
cytotoxicity achieved

Controlled timing
of drug release 2019 [103]

Magnetic nanoparticles Calcium phosphate Mesenchymal stem cell Increases metabolic
activity and proliferation

Intensifies
magnetization 2020 [104]

FePt Kaolinite Hepatocellular
carcinoma

Enhances magnetic signal
and killing of tumor cells

Intensifies
magnetization 2020 [105]

Hematite nanocrystal Glass Fibroblast Lower level of
cytotoxicity achieved

Intensifies
magnetization 2021 [106]

Single-atomic iron catalysts Glass Bone marrow
mesenchymal stem cell Efficacious osteosarcoma ablation Supports nascent

cell proliferation 2021 [107]

FePt Montmorillonite Hepatocellular
carcinoma

Enhances magnetic signal
and killing of tumor cells

Intensifies
magnetization 2021 [108]

Superparamagnetic iron
oxide nanoparticles Glass Mesenchymal stem cells Does not affect cell proliferation Intensifies

magnetization 2022 [109]

7.1. Cancer Therapy
7.1.1. Bone Cancer

Currently, bone cancer is primarily treated by shaving the affected area. This approach
is likely to cause disease recurrence because the cancer cells are not entirely eradicated.
Therefore, the treatment process is usually combined with chemotherapy. However, most
anticancer drugs have low solubility and severe drug side effects. These disadvantages
have motivated the design of a controlled drug delivery system, as shown in Figure 9a [110].
The purpose in the research of Farzin et al. was to enhance the treatment impact. In their
study, the researchers used iron oxide nanoparticles as a mechanism for controlled drug
release, which can be combined with BGs to exploit the magnetic field to control the distri-
bution of the anticancer drug in the bone tissue and prevent its release in other undesired
locations [111]. To elaborate the use of BGs as a drug platform, various modified methods
may be helpful in multiple medical applications, such as implantation in medical bone
restoration, tracking postoperative surgery, and treating bone cancer [112]. To increase
the accumulation of iron-based materials at the tumor site, researchers have developed
modifications of the specific targeting molecules in ceramic materials. In native bone
cancer, the folate receptor is not overexpressing; however, most bone tumors are metastatic.
Therefore, the material with grafted folate molecules can still be used to treat bone cancer
transferred from other cancers [113]. The MG63 (human osteosarcoma) cell line is suppos-
edly a suitable in vitro test model for bone cancer. However, MG63 lacks the folate receptor;
no noticeable difference in the endocytosis process was observed when folate molecules
were grafted onto our material. This distinction between normal and cancer cells has made
FA an attractive ligand for specific targeted bone cancer drug delivery [114].
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as biological scaffolds (BGs) after bone cancer surgery; (b) BGs immersed in biomimetic body fluid
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permission from [100,107]. Copyright 2017 Elsevier and 2021 John Wiley and Sons.

7.1.2. Liver Cancer

Hepatocellular carcinoma (HCC) is a primary malignant tumor of the liver cells. Ac-
cording to the National Cancer Institute SEER database, the average five-year survival rate
for patients with HCC is 19.6%, and the survival rate for advanced metastases is as low
as 2.5%. Following early diagnosis, treatment can be provided through local-area therapy,
including surgical resection, radiofrequency ablation, transvenous chemoembolization, and
liver transplantation. HCC is usually diagnosed at an advanced stage, when the tumor cannot
be removed, which renders these treatments ineffective. Liver cancer is the fifth most common
cancer and the fourth leading cause of cancer-related deaths worldwide [115]. There are two
major types of primary liver cancer, HCC and intrahepatic cholangiocarcinoma (ICC), and
less common cancers such as angiosarcoma, hemangiosarcoma, and hepatoblastoma. HCC
accounts for more than 80% of primary liver cancer cases worldwide, and secondary liver can-
cer occurs when tumors from other parts of the body metastasize to the liver. Although breast,
esophageal, stomach, pancreatic, lung, kidney, and several other cancers can metastasize to
the liver, most secondary liver cancers originate from colorectal cancer. Approximately 70% of
patients with colorectal cancer will develop secondary liver cancer [116].

HCC is the most common type of chronic liver cancer in adults and the most common
cause of death in patients with cirrhosis. Unlike other organs or tissues in the human body,
the nerves of the liver are distributed on the surface, with few inside the liver. Therefore,
when a small tumor grows in the liver, it is almost painless and does not show any symp-
toms. Without regular checkups, it is easy to overlook the potential threat of the tumor
tissue [117,118]. Among the various screening and diagnostic methods, MRI can provide
high-resolution liver images without ionizing radiation. HCC exhibits a high-intensity
pattern in T2-weighted images. Owing to the selective role of the hepatobiliary system,
the application of iron-based nanoparticles leads to an increased accumulation of iron in
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the liver, thereby increasing the sensitivity of MRI for liver imaging. Chan et al. have
developed a ceramic material compounded with FePt nanoparticles, which is a superpara-
magnetic iron-based nanomaterial contrast agent that is suitable for HCC diagnosis. With
superparamagnetic, low-toxicity, biocompatible, and adaptable characteristics, iron-based
nanocarriers are widely used in biomedical applications, such as imaging, differentiation,
fluorescent labeling, clinical diagnosis, and drug delivery [105]. To enhance and optimize
the application of FePt nanoparticles in MRI, a magnetic kaolinite and montmorillonite
composite material is used to adsorb a large amount of FePt nanoparticles in realizing
optimal MRI conditions (Figure 10a,c). The fine particles of kaolinite and montmorillonite
have stable chemical structures, uniformly distributed pore structures, and high adsorption
capacities. They can adsorb different substances in their layered structures, such as FePt
nanoparticles or chemotherapeutic drugs. The novel ceramic-combined FePt nanocom-
posites exhibit enhanced magnetic flux, as seen in Figure 10b (according to the vibrating
sample magnetometer, the magnetic field of the nanocomposites is approximately 78%
higher than that of the FePt particles). FePt nanoparticles have excellent magnetocaloric
effects. Their heating capacity can be substantially increased when combined with kaolinite
and montmorillonite. The temperature can be increased to nearly 50 ◦C, and thus, HCC
cancer cells can be killed by MFH [108]. In addition to MFH, HCC can also be diagnosed in
mice using high-precision MRI after enhancement of the magnetic flux through composite
materials (Figure 10d).
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7.1.3. Breast Cancer

Medical research has led to the development of powerful treatments against breast
cancer. Thanks to advances in science, we can pinpoint the specific weapons that are
most effective for individual patients, which is a process that is referred to as precision
medicine. Precision medicine is a growing trend in modern medicine, and it involves the
creation of treatment plans that are best suited to each individual’s disease, environment,
and lifestyle. Selecting treatments for individual patients and developing care plans that
are tailored to individual needs is not a new concept. The most dramatic changes have
come from our knowledge of genetics and cancer biology, including that of breast cancer.
Precision medicine is already being used in breast cancer treatment. For example, iron-
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based nanoparticles can detect whether a breast cancer tumor cell is making excessive
amounts of HER2 protein. If it is, then the tumor is classified as HER2-positive, which can
be effective if a drug-targeting HER2 is used.

Another example is genetic testing for women with a strong family history of breast
cancer. Specific genetic mutations, such as BRCA1 or BRCA2, can substantially increase the
risk of developing breast cancer. Women with these genes can reduce the cancer risk by
initiating preventive measures more often and earlier, such as through mammography and
MRI using iron-based contrast for the observation of T2-weighted MRI images. In addition,
we can use these modern genetic tests for breast cancer to determine the breast-cancer-
recurrence rate and whether post-surgical chemotherapy would be beneficial. Increasingly,
such tests are guiding physicians in making treatment decisions. As more biomarkers
are identified and more treatments are developed, the precision of breast cancer care will
become more accurate. When these biomarkers are used to guide iron-based materials
into breast cancer cells, the iron nanoparticles can be used to thermally kill the tumor
tissue by MFH to obtain targeted therapeutic results [119]. Wang et al. developed a heat-
shrinkable, injectable biodegradable material composed of hydroxypropyl methylcellulose
(HPMC), polyvinyl alcohol (PVA), and Fe3O4. The authors chose MB-231 for the in vitro
experiments to show that the ablation of tumors is positively correlated with the weight
of the HPMC/Fe3O4, iron content, and heating time. This novel, safe, and biodegradable
material will facilitate the technological transformation of MFH, and it is also expected
to introduce new concepts to the field of biomaterial research. Moreover, Tseng et al.
used hydroxyapatite (HAP) as a drug carrier for breast cancer treatment via MFH and
chemotherapy. The authors developed bifunctional nanoparticles (Pt–Fe-HAP) made of
HAP containing iron and platinum ions for combination therapy [120].

7.2. Promotion of Osteoblast, Fibroblast, and Bone Marrow Mesenchymal Stem Cell Proliferation

Biocompatible synthetic bone grafting based on BGs is widely used in orthopedics and
dentistry. Clinically, similar results to those shown in Figure 9b,f, can be achieved using
BGs alone or in combination with other bone grafts for filling bone defects in periodontal
surgery with transformation into HA via the body fluid immersion method [121]. A
common ceramic material that contains calcium phosphate, HA is biocompatible and
bone resorptive; hence, it is the bone substitute that is most widely used in bone tissue
engineering, functioning as a platform facilitating bone regeneration [122–124].

The technological development of multifunctional materials has been the focus of
the research in recent years. For example, silica materials embedded in a light-induced
fever agent can be exploited in both photothermal therapy and near-infrared fluorescence
imaging [125]. As another example, Fe3O4 nanoparticles are of use in thermal drug re-
lease and MRI when combined with a temperature-sensitive polymer and when folic acid
(FA) molecules are grafted onto their surface [126]. HA nanoparticles are suitable for
T1-weighted MRI when processed to contain europium (Eu3+) and gadolinium (Gd3+)
ions, and they can also be modified with FA molecules to target cancer cells [127]. More-
over, researchers have also reported the use of multifunctional HA nanorods in actual
practice [128]. The potential for great demand is beyond doubt, given the scarcity of ce-
ramic substrates combined with iron-based nanoparticles. Wang et al. generated BGs using
3D printing after loading iron-based nanoparticles onto the surface, and they observed
bone tissue repair and regeneration through MRI (Figure 9c). Through microscopy, they
maintained the proliferation and growth state of the bone marrow mesenchymal stem
cells by creating muffin-like 3D block structures and loading them with iron nanomaterials
(Figure 9d,e). They confirmed that the ceramic material could be used to repaired the bone
defect by generating HA under biomimetic body fluid.

7.3. Other Biological Applications Related to Drug Release

Owing to the sensitivity and detection limits, we cannot use conventional biochemical
assays to distinguish slight differences. Zuo et al. produced monoatomic iron test strips by the

228



Pharmaceutics 2022, 14, 2584

dropwise addition of an aqueous hydrogen peroxide solution to detect the catalytic effect of
butyrylcholinesterase in combination with image capture using a cellphone [129]. The combina-
tion of the cell phone-photo function to obtain fluorescent images is expected to promote further
development in the field of portable detectors. Ma et al. synthesized four nitrogen–ligand
monoatomic iron–carbon materials to mimic hydrogen peroxidase and superoxide dismutase to
break down intracellular reactive oxygen species and prevent apoptosis [91]. Xu et al. used an
organometallic framework containing monatomic iron to suppress the inflammatory response
and accelerate tissue growth in a wound-healing experiment [130].

8. Conclusions

Of the substantial applications of magnetic nanoparticles combined with ceramic
materials in the biomedical field that were introduced in this review, most are still in the
phase of clinical testing or at the laboratory stage, except for contrast agents, which are
currently available in commercial form and have been used in clinical diagnosis, indicating
that there are still numerous bottlenecks to be overcome before magnetic nanoparticles
can be practically applied in the biomedical field—examples of these challenges range
from the selection of ceramic materials and the synthesis of magnetic nanoparticles to the
functionalization of nanoparticle surfaces. In addition to the applications that we describe
in this paper, new applications of magnetic nanoparticle composite ceramic materials
include in vivo cell-specific material calibration, sensing and tracking, and tissue engineer-
ing for regulating and accelerating tissue or cell growth. In addition, the integration of
magnetic guidance technology, magnetic thermal therapy technology, and MRI monitoring
technology is bound to be among the future trends in development.
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Abstract: The incidence of gastrointestinal cancers has increased in recent years. Current treatments
present numerous challenges, including drug resistance, non-specificity, and severe side effects,
needing the exploration of new therapeutic strategies. One promising avenue is the use of magnetic
nanoparticles, which have gained considerable interest due to their ability to generate heat in
tumor regions upon the application of an external alternating magnetic field, a process known as
hyperthermia. This review conducted a systematic search of in vitro and in vivo studies published in
the last decade that employ hyperthermia therapy mediated by magnetic nanoparticles for treating
gastrointestinal cancers. After applying various inclusion and exclusion criteria (studies in the last
10 years where hyperthermia using alternative magnetic field is applied), a total of 40 articles were
analyzed. The results revealed that iron oxide is the preferred material for magnetism generation
in the nanoparticles, and colorectal cancer is the most studied gastrointestinal cancer. Interestingly,
novel therapies employing nanoparticles loaded with chemotherapeutic drugs in combination with
magnetic hyperthermia demonstrated an excellent antitumor effect. In conclusion, hyperthermia
treatments mediated by magnetic nanoparticles appear to be an effective approach for the treatment
of gastrointestinal cancers, offering advantages over traditional therapies.

Keywords: gastrointestinal cancer; magnetic nanoparticles; hyperthermia; cytotoxic drugs

1. Introduction

The treatment of gastrointestinal cancer poses a significant challenge due to its increas-
ing incidence in the population [1]. For example, colorectal cancer (CRC) ranks third in
incidence and second in mortality, while stomach cancer (GC) and esophageal cancer (EC)
rank fourth and sixth in mortality, respectively [2].

Current treatments encompass resection surgery along with chemotherapy, radiation
therapy, and/or targeted therapies [3,4]. A broad range of drugs are utilized in various
types of gastrointestinal cancer. These include 5-fluorouracil (5-FU), oxaliplatin (OXA), and
irinotecan (IRI) in CRC; 5-fluorouracil combined with leucovorin, docetaxel, and oxaliplatin
(FLOT) in GC [5]; and carboplatin and paclitaxel in EC, among others [6]. However,
most drugs and their combinations generate side effects that can lead to treatment failure.
For example, neurotoxicity is induced by OXA [7], cardiotoxicity by 5-fluorouracil [8],
and severe neutropenia and hypersensitivity reactions follow paclitaxel treatment [9].
Additionally, drug resistance mechanisms induced by cytotoxins lead to poor response
to chemotherapy and patient relapse [10]. Therefore, there is an essential need for new
strategies to improve the prognosis of these diseases.
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In this context, nanomedicine has emerged as a promising approach to cancer treat-
ment and diagnosis. Numerous nanoformulations are available, with sizes ranging from
1 to 100 nm. Their inherent characteristics provide a drug delivery system with several
advantages, such as reduced side effects of antitumor agents, improved targeting of the
affected region, and increased drug levels in the tumor region, among others [10]. Both
organic and inorganic nanoparticles (NPs) [11] have been employed to enhance cancer
therapy. In fact, lipid-based nanoparticles have been the first clinically approved therapeu-
tic nanoplatform against cancer by the FDA [12]. A classic example of their application
is Doxil, a PEGylated liposome loaded with the drug Doxorubicin (DOXO) [13]. More
recently, Onivyde, a liposome encapsulated with irinotecan, was approved by the FDA for
the treatment of metastatic pancreatic cancer [14].

In this regard, magnetic NPs, a group of inorganic nanoformulations, have been
proposed as an innovative strategy due to their physicochemical properties. They consist
of a magnetic core and a polymeric coating, with iron oxide NPs being the most widely
utilized. Magnetic NPs have superparamagnetic properties, which means that they are
magnetized in the presence of an alternating external magnetic field (AMF), but lose
magnetization without it, thereby reducing the potential for aggregation in the body and,
consequently, the probability of embolization [15,16]. Among the advantages of these NPs
is their ability to diffuse to the tumor region due to the application of a magnetic field near
the target tissue [17]. Additionally, magnetic cores are used as contrast agents in various
imaging techniques, such as magnetic resonance imaging (MRI), or newer techniques such
as magnetic particle imaging. This allows for the tracking of these nanoformulations as they
circulate within the organism, which is an interesting approach in terms of establishing
targeted therapy [18].

Another major advantage derived from the use of magnetic NPs is their ability to gen-
erate high temperatures when an AMF is applied, which is known as hyperthermia. This
property is considered one of the most intriguing and promising applications in the field
of cancer nanomedicine, since it offers the possibility of applying a combined treatment,
integrating the antitumor capacity of the drug loaded in the NPs and the hyperthermia
generated [19]. Promising results have been obtained in various types of cancer after apply-
ing hyperthermia treatment alone or in combination with chemotherapy [20,21]. Recently,
Narayanaswamy et al. (2022) utilized NPs with a MnFe2O4 core and an Fe3O4 shell against
human colon and breast cancer cell lines (MDA-MB-231 and HT-29, respectively), increas-
ing cell death by up to 70% [22]. Furthermore, Piehler et al. (2020) and Rego et al. (2020)
demonstrated the applicability of hyperthermia in vivo using DOX-functionalized mag-
netic NPs and aminosilane-coated iron oxide NPs, respectively [23,24]. Dabaghi et al. (2021)
developed 5-FU functionalized chitosan-coated magnetic NPs to deliver hyperthermia
specifically against CRC-induced mice, showing a significant reduction in tumor volume
and tumor vascularization [25]. In sum, many results support the benefits of hyperthermia
therapy in cancer treatment.

In the present systematic review, we analyzed the most recently published studies on
the application of hyperthermia based on magnetic NPs in gastrointestinal cancers. The
review highlights crucial aspects of the emerging advancements in magnetic nanomaterials
and provides a brief overview of the challenges and limitations of this therapeutic strategy.

2. Materials and Methods
2.1. Study Eligibility

The purpose of the present systematic review was to analyze the most recent and
representative information on studies evaluating the therapeutic efficacy of NP-mediated
hyperthermia in the treatment of various gastrointestinal cancers. This review was con-
ducted following the criteria set out in the PRISMA guidelines [26]. To this end, only
studies from the last 10 years were considered, deeming older ones obsolete. According to
the Burton–Kebler index for obsolescence [27], more than half of the publications on this
subject were included.
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2.2. Inclusion Criteria

This systematic review included scientific publications between January 2013 and
January 2023, with full text available and written in English. We also included works where
hyperthermia treatment was applied through the use of an AMF on the NPs of interest as a
therapy against any of the known gastrointestinal cancers.

2.3. Exclusion Criteria

Studies were excluded if hyperthermia, defined as an increase in temperature, was
applied by any method other than the use of a magnetic field, such as water baths, lasers,
ultrasound, etc. Furthermore, reviews, meta-analyses, systematic reviews, book chapters,
or editorials were not considered for the review.

2.4. Data Sources

For the bibliographic search, the electronic databases Pubmed, SCOPUS, and Web of
Science were used. The first established medical subject heading (MeSH) terms included:
“Colorectal Neoplasms”, “Gastrointestinal Neoplasms”, “Esophageal Neoplasms”, “In-
testinal Neoplasms”, “Stomach Neoplasms”, “Cecal Neoplasms”, “Duodenal Neoplasms”,
“Ileal Neoplasms”, “Jejunal Neoplasms”, “Nanoparticles”, “Liposomes”, and “Hyper-
thermia”. The final search equation was ((“Colorectal Neoplasms” [MeSH Terms] OR
“Gastrointestinal Neoplasms” [MeSH Terms] OR “Esophageal Neoplasms” [MeSH Terms]
OR “Intestinal Neoplasms” [MeSH Terms] OR “Stomach Neoplasms” [MeSH Terms] OR
“Cecal Neoplasms” [MeSH Terms] OR “Duodenal Neoplasms” [MeSH Terms] OR “Ileal
Neoplasms” [MeSH Terms] OR “Jejunal Neoplasms” [MeSH Terms]) OR ((“colon” [Ti-
tle/Abstract] OR “colorectal” [Title/Abstract] OR “colonic” [Title/Abstract] OR “Gastric*”
[Title/Abstract] OR “Gastrointestinal” [Title/Abstract] OR “Esophageal*” [Title/Abstract]
OR “Intestinal*” [Title/Abstract] OR “Stomach*” [Title/Abstract] OR “Cecal*” [Title/Abstract]
OR “Duodenal*” [Title/Abstract] OR “Ileal*” [Title/Abstract] OR “Jejunal*” [Title/Abstract])
AND (“cancer*” [Title/Abstract] OR “tumor*” [Title/Abstract] OR “tumour*” [Title/Abstract]
OR “neoplasm*” [Title/Abstract] OR “carcinoma*” [Title/Abstract]))) AND (“nanoparti-
cles” [MeSH Terms] OR “nanoparticle*” [Title/Abstract] OR “nanoconjugate*” [Title/Abstract]
OR “liposomes” [MeSH Terms] OR “liposome*” [Title/Abstract]) AND (“hyperthermia”
[MeSH Terms] OR “hyperthermia*” [Title/Abstract]). Some minor modifications were
made to adjust the search in the rest of the databases.

2.5. Study Selection

Two of the authors (L.G. and F.Q.) conducted the literature search. Initially, all articles
were analyzed by title and abstract, with those meeting the inclusion criteria being selected.
Both authors then reviewed all the selected articles through full-text analysis, considering
the established inclusion and exclusion criteria.

2.6. Data Extraction

Following the study selection process, the same two authors separately analyzed
the selected articles to extract data. The Cohen’s kappa statistical test result exceeded 0.8
(Cohen, 1968), indicating good agreement between the two authors [28]. All discrepancies
were resolved by consensus between authors F.Q. and L.G. and, when necessary, two other
authors intervened. A specific questionnaire, divided into two evaluation phases, was
used to establish the quality of the selected articles; those papers scoring less than 6 points
were excluded from the systematic review. Table 1, which presents the data obtained after
exhaustive analysis of each article, includes information on the types of nanoformulations
used, the antitumor agents transported, the applied magnetic fields, and notable in vitro
and in vivo results, in addition to the article references.
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Table 1. Summary of the most relevant characteristics of the selected articles.

Nanoformulation Antitumor Agent AMF In Vitro Assay In Vivo Assay Tumor Type Main Results Reference

MnFe2O4-Fe3O4
core–shell NPs - 384.5 kHz,

27.85 kA/m
Cytotoxicity
assay (HT29) - CRC

High
cytotoxicity

effect
[22]

Cs MNPs 5-FU 435 kHz, 15.4
kA/m -

HT29
tumor-bearing

mice
CRC Decrease in

tumor size [25]

Exosome-FA-
MNPs DOXO 310 kHz Cytotoxicity

assay (HT29)

HT29
tumor-bearing

mice
CRC

High
cytotoxicity
effect and

decrease in
tumor size

[29]

MNPs loaded Cs
nanofibers - 750–1150 kHz Cytotoxicity

assay (CT26) - CRC
High

cytotoxicity
effect

[30]

SPIONs loaded
microrobots 5-FU 430 kHz, 45

kA/m

Cytotoxicity
assay

(HCT116)
- CRC

High
cytotoxicity

effect
[31]

Fluorescent MNP
labeled iPS - 63 kHz, 7

kA/m -
MGC803

tumor-bearing
mice

GC

Decrease in
tumor size and

good MRI
results

[32]

SPIO-APTES
anti-CD133

MNPs
IRI 1.3–1.8 kHz

Cytotoxicity
(Caco-2,
HCT116,
DLD1)

HCT116
tumor-bearing

mice
CRC

High
cytotoxicity

assay, decrease
in tumor size

and good MRI
results

[33]

anti-HER2
carboxydextran
and amphiphilic
polimer SPIONs

- 280 kHz, 31
kA/m

Cytotoxicity
assay

(NUGC-4)
- GC

High
cytotoxicity

effect
[34]

Anti-131I-
labeled CC49

SPIONs
- 252 kHz, 15.9

kA/m -
LS174T

tumor-bearing
mice

CRC Decrease in
tumor size [35]

MPVA-AP1
nanovehicles DOXO 50–100 kHz Liberation

assay - CRC
High drug

liberation and
drug release

[36]

TAT/CSF1R
inhibitor

functionalized
magnetic
liposomes

- 288 kHz, 35
kA/m -

CT26
tumor-bearing

mice
CRC

Decrease in
tumor size and

increased
magnetic
targeting

[37]

PEG-PBA-PEG
coated SPIONs 5-FU 13,560 kHz

Cytotoxicity
assay (HT29,

HCT116)
- CRC

High
cytotoxicity

effect
[38]

Alginate coated
MPNPs and QDs DOXO 4–6.3 kA/m -

CT26
tumor-bearing

mice
CRC Good MRI

results [39]

Agar
encapsulated

MNPs
DOXO 400 kHz, 0.45

kA/m
Cytotoxicity
assay (HT29) - CRC

High
cytotoxicity

effect
[40]

APTES coated
MNPs - 300 kHz -

VX2
tumor-bearing

rabbits
EC Decrease in

tumor size [41]

(maghemite/PLGA)/
Cs NPs - 250 kHz, 4

kA/m
Cytotoxicity
assay (T84) Healthy mice CRC

High
cytotoxicity

effect and good
MRI results

[42]
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Table 1. Cont.

Nanoformulation Antitumor Agent AMF In Vitro Assay In Vivo Assay Tumor Type Main Results Reference

PLGA SPIONs DOXO 205 kHz, 2
kA/m

Cytotoxicity
assay (CT26)

CT26
tumor-bearing

mice
CRC

High
cytotoxicity
assay, drug

release,
decrease in

tumor size and
good MRI

results

[43]

Bacteria derived
MNPs - 187 kHz, 23

kA/m -
HT29

tumor-bearing
mice

CRC

In vivo
apoptotic and
necrotic areas
and good MRI

results

[44]

Solid-lipid MNPs - 250 kHz, 4
kA/m

Cytotoxicity
assay (HT29) - CRC

High
cytotoxicity

effect
[45]

Bacteria-derived
MNPs 5-FU 250 kHz, 4

kA/m
Liberation

assay - CRC High drug
release [46]

Bacteria-derived
MNPs OXA 197 kHz, 18

kA/m
Liberation

assay - CRC High drug
release [47]

Cobalt ferrite
NPs - 261 kHz,

8–19.8 kA/m
Cytotoxicity
assay (CT26)

CT26
tumor-bearing

mice
CRC

High
cytotoxicity
effect and

decrease in
tumor size

[48]

MNPs CDDP 237 kHz, 20
kA/m

Cytotoxicity
assay (Caco-2) - CRC

High
cytotoxicity

effect
[49]

PEG-PCL-
PEG/FA

MNPs
5-FU 13,560 kHz, 0.4

kA/m
Cytotoxicity
assay (HT29) - CRC

High
cytotoxicity

effect
[50]

MNPs - 100 kHz, 4
kA/m MRI assay - CRC Good MRI

results [51]

Iron oxide
nanocubes DOXO 182 kHz

Patient-
derived

CSCs

Patient-
derived CSCs
tumor-bearing

mice

CRC

High
cytotoxicity

assay, decrease
in tumor size

[52]

Iron oxide
NPs/Au NPs

core/shell
nanohybrid

- 13,560 kHz Cytotoxicity
assay (CT26)

CT26
tumor-bearing

mice
CRC

High
cytotoxicity

effect, decrease
in tumor size,

increased
magnetic

targeting and
good MRI

results

[53]

ZnCoFe2O4 and
ZnMnFe2O4 NPs - 1.35 kA/m Cytotoxicity

assay (CT26)

CT26
tumor-bearing

mice
CRC

High
cytotoxicity

effect, decrease
in tumor size

and better
targeting

[54]

Polymers
functionalized

MNPs
Niclosamide 405 kHz

Cytotoxicity
assay

(HCT116)
- CRC

High
Cytotoxicity

effect
[55]

Magnetic solid
lipid NPs coated

with FA and
Dextran

DOXO Not specified Cytotoxicity
assay (CT26)

CT26
tumor-bearing

mice
CRC

High
cytotoxicity

effect, decrease
in tumor size

and metastases

[56]
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Table 1. Cont.

Nanoformulation Antitumor Agent AMF In Vitro Assay In Vivo Assay Tumor Type Main Results Reference

Acid citric and
EDC/NHC

functionalized
MNPs

-
87 kHz-340
kHz, 79.57

kA/m

Cytotoxicity
assay (not
specified)

- CRC
High

cytotoxicity
effect

[57]

PMAO-PEG
MNPs - 650 kHz, 16.71

kA/m

Cytotoxicity
assay

(HCT116)
- CRC

High
cytotoxicity

effect
[58]

APTS/PRO
functionalized
SPIONs loaded
with TNF-alfa

- 110 kHz, 8.75
kA/m

Cytotoxicity
assay (SW480,

HepG2)
- CRC

High
cytotoxicity

effect
[59]

Carboxydextran
coated MNPs - 390 kHz, 28

kA/m

Cytotoxicity
assay

(HCT116)

Peritoneal-
dissemination

mice
CRC

High
cytotoxicity
effect and
metastases
decrease

[60]

Carboxydextran
coated MNPs Bortezomib 233 kHz, 29.39

kA/m
Cytotoxicity

assay (Caco-2) - CRC
High

cytotoxicity
effect

[61]

Liposome
encapsulated

citric acid-coated
MNPs

DOXO 300 kHz, 59.3
kA/m

Cytotoxicity
assay (CT26) - CRC

High
cytotoxicity

effect and drug
release

[62]

Monosaccharides
coated MNPs - 292 kHz, 51.0

kA/m
Cytotoxicity
assay (CT26) - CRC

High
cytotoxicity

effect
[63]

PLGA SPIONs 930 kHz, 13
kA/m -

CT26
tumor-bearing

mice
CRC

Increased
magnetic
targeting

[64]

PMAO MNPs - 606 kHz, 14
kA/m -

CC-531
tumor-bearing

rats
CRC

Heterogeneous
cytotoxicity

results
[65]

Cs MNPs 5-FU 435 kHz, 15.4
kA/m -

HT29
tumor-bearing

mice
CRC

Sensitizes cells
for further

therapies and
DNA damage

[66]

AP1 (atherosclerotic plaque-specific peptide-1); APTES (3-aminopropyltriethoxysilane); CRC (colorectal can-
cer); Cs (chitosan); CSCs (Cancer stem cells); CSF1R (Colony stimulating factor 1 receptor); DOXO (doxoru-
bicin); EC (esophageal cancer); EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide); FA (folic acid); 5-FU
(5-fluorouracil); GC (gastric cancer); iPS (Induced pluripotent stem cells); IRI (irinotecan); MNPs (magnetic
nanoparticles); MPVA (magnetic poly(vinyl alcohol)-based nanovehicles); MRI (magnetic resonance imaging);
NHC (N-hydroxysuccinimide); NPs (nanoparticles); OXA (Oxaliplatin); PEG (polyethylene glycol); PLGA
(poly(lactic-co-glycolic acid)); PMAO (poly(maleic anhydride-alt-1-octadecene)); SPIONs (Superparamagnetic
iron oxide nanoparticles); TAT (Transactivator of transcription peptide).

3. Results and Discussion
3.1. Study Description

After conducting the bibliographic search in the PubMed, SCOPUS, and Web of
Science databases, a total of 672 articles were obtained. Subsequently, 193 duplicate articles
were excluded and, once analyzed by title and abstract, another 429 articles were excluded,
leaving 50 selected. Likewise, nine of the fifty articles did not meet the inclusion criteria and
one of them had low quality values. Therefore, a total of 40 articles were finally included in
the present systematic review. All the data concerning the search are represented in the
flow diagram in Figure 1.
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Figure 1. Flow diagram that represents the articles included in the systematic review.

3.2. Characteristics of Magnetic Nanoformulations

Table 1 shows the different nanoformulations used in each article and some of their
main characteristics. Of the 40 articles analyzed, 100% of the nanoformulations were based
on the magnetic properties of iron oxide nuclei or derivatives (magnetite or maghemite), in-
dicating that iron was the preferred material for creating magnetic NPs. Furthermore, 36 out
of 40 articles utilized an NP-based nanocarrier, while the remaining four articles employed
more complex systems, including an exosome-based system [29], chitosan nanofibers [30],
microrobots [31], and induced pluripotent stem cells [32]. Interestingly, three manuscripts
featured antibody-functionalized NPs, including anti-CD133 [33], anti-HER2 [34], and
radioactively labeled anti-CC49 [35]. Two articles used AP-1 [36] and TAT [37] peptides for
functionalization. Regardless, the objective was to enhance the capabilities of the different
nanoformulations (Figure 2). Approximately 47% of manuscripts combined hyperthermia
therapy with drug usage. The most widely used chemotherapeutic agents were Doxoru-
bicin (DOXO) and 5-Fluorouracil (5-FU), featured in eight and six articles, respectively.
Other drugs included Oxaliplatin (OXA), Irinotecan (Iri), Cisplatin (CDDP), Bortezomib,
and Niclosamide. Most of the selected articles analyzed the magnetic characteristics of the
nanoformulations. Specifically, 25 articles highlighted the specific absorption rate (SAR)
or magnetic saturation point (Ms), both of which are closely related to heat generation
capacity after the application of an AMF. The value of the applied magnetic field and the
duration of its application vary depending on the hyperthermia system. In fact, 30 of the
40 articles employed a field frequency within the range of 100 to 650 kHz. Conversely, two
articles applied frequencies below 100 kHz, five used high frequencies such as Jahangiri
et al. (2021) (13.56 MHz) [38], and three did not specify the frequency used. Ha et al. (2020)
and Wang et al. (2021) demonstrated that functionalizations such as quantum dots [39] or
the inclusion of NPs in gels [40] could impede temperature rise, suggesting that the choice
of NPs is very relevant.
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Figure 2. Use of magnetic nanoparticles in in vitro AMF hyperthermia application experiments.
Magnetic nanoparticles, typically composed of iron, can be functionalized with antibodies (against
HER2, TAG72, or CD133) or specific peptides to actively target a tumor population. AMF facilitates,
in formulations that encapsulate drugs, a greater drug release into the cell and the induction of
heightened cellular stress. These factors ultimately result in the death of tumor cells, triggering the
activation of PARP and the cleavage of several caspases to activate the apoptotic pathway.

Moreover, and regarding the time of the treatment followed, the application of a
30 min treatment predominated, both in vitro and in vivo (13 of the 40 articles). The rest of
the studies applied times ranging from 5 to 60 min. Likewise, in the case of in vivo tests,
some authors applied a 30 min treatment continued over time, exposing the experimental
animals to cycles of 30 min during the days established in each case [32,35,36]. Transfer to
the clinic would involve the application of hyperthermia cycles alone or in combination with
other treatments, depending on the approach. Due to the malignancy of the tumors and
recurrences, it may be necessary to apply treatment cycles every certain time previously
established. This is the case of the clinical trial conducted by Johannsen et al. (2005)
for prostate cancer, in which patients were exposed to six weekly 60 min hyperthermia
treatments [67]. Finally, concerning cell lines on which the NPs were tested, in vitro or
in vivo, 38 articles were conducted on colon lines, notably the CT26 murine colorectal
carcinoma line (11 articles) and HT29 human colorectal adenocarcinoma (9 articles). Only
three of the forty articles used gastric [32,34] and esophageal [41] cancer lines. Therefore,
the scarcity of investigations in some gastrointestinal cancers necessitates new research.

3.3. Biocompatibility of Hyperthermia Assays

Hyperthermia treatment safety is a major limitation in its clinical application. Interest-
ingly, iron oxide was employed in the generation of NPs in all analyzed articles (40 articles)
due to its biocompatibility [68], thereby avoiding damage to healthy cells. Fernández-
Álvarez et al. (2021) used a non-tumor fibroblastic line and human blood samples to ensure
no effect on normal tissue, erythrocytes, coagulation, and the complement system [42].

In addition, clinically accepted values of magnetic fields have been established, indi-
cating that the product of the frequency and amplitude values must not exceed 5 × 109, as
higher values can potentially harm DNA [69]. In fact, only 12 out of the 40 articles used mag-
netic fields within the clinically accepted range [32,35,40,43–51]. Conversely, 12 articles did
not provide the necessary information to calculate this value [29,30,33,36,38,39,41,52–56].
Some authors have sought alternatives to generate magnetic NPs through a combustion
system and varying concentrations of citric acid. These NPs induced high temperatures
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following an 87 kHz magnetic field, suggesting that a high Fe2+/Fe3+ ratio can enhance
the hyperthermic capacity of nanoformulations without the need to increase the field fre-
quency [57]. Ninety-five percent of the selected articles with in vivo tests demonstrated
that hyperthermia treatment with NP did not induce damage to healthy tissues. In fact,
Shen et al. (2019) generated magnetic solid lipid NPs coated with folic acid (FA) and
Dextran and performed biocompatibility assays in CT26 colorectal tumor-bearing mice.
Following hyperthermia treatment, they analyzed blood values and potential histological
damage, obtaining normal ratios in all cases, thus supporting the apparent safety of these
treatments in vivo [56]. Furthermore, Fang et al. (2021) demonstrated that magnetic lipo-
somes functionalized with TAT/CSF1R inhibitor did not cause changes in body weight
or histopathological damage following hyperthermia treatment in CT26 tumor-bearing
mice [37]. However, new nanoformulation approaches are required that allow for an
increase in temperature without increasing the frequency and intensity of the applied
AMF. In this regard, it has been described that shortening the distance between NPs can
enhance temperature rise [70]. Yang et al. (2020) generated magnetic nanoparticles and
assembled and packaged them into a magnetic complex, obtaining higher temperature
rises at very low frequencies (1.3–1.8 kHz) compared to single NPs [33]. These results
have also been supported by other authors, such as Hu et al. (2023), who developed a
controlled intracellular aggregation of NPs in acidic environments, obtaining better overall
heating results [71].

3.4. In Vitro Assays

Of the 40 articles analyzed, 26 conducted cell viability tests applying hyperthermia
treatment with or without chemotherapy (Table 1). All studies displayed better results with
AMF than without it. However, significant differences were observed in induced cell death
relative to the nanoformulations and the applied hyperthermia protocol.

Castellanos-Rubio et al. (2020) underscored the importance of selecting an opti-
mal iron concentration for generating hyperthermia. They noted that at a concentra-
tion of 0.25 mg/mL, no significant cell death was observed in the colorectal cancer cell
line HCT116. Conversely, at 0.5 mg/mL, cell survival decreased drastically [58]. Simi-
larly, some NP functionalizations not only enhance heating capabilities but also cytotoxic
effects in vitro. For example, Teo et al. (2017) generated SPIONs functionalized with
3-aminopropyltriethoxysilane (APTS) and/or protamine sulfate (PRO) loaded with TNF-α.
They demonstrated that PRO increases NP toxicity in tumor cell lines, such as HepG2 and
SW480, after AMF application compared to an APTS coating [59].

In certain cases, the molecular characteristics of the tumor cell line enable the selection
of the appropriate NP functionalization, as demonstrated by Kagawa et al. (2021), who used
anti-HER2 antibodies for treating the NUGC-4 cell line from gastric cancer, not showing
any toxicity in healthy human fibroblasts due to their selectivity for internalization in cells
with high HER2 expression, characteristic of gastrointestinal tumors such as gastric and
esophageal tumors [34,72]. Among our selected articles, four reported complete cell death
derived from the treatment [34,52,60,61]. Interestingly, three of these articles applied NP
functionalized with carboxydextran. Both Fernandes et al. (2021) and Álvarez-Berríos et al.
(2014) employed hyperthermia therapies in combination with chemotherapy, demonstrat-
ing the synergy that can result from applying both therapeutic approaches. Specifically,
Fernandes et al. (2021) used polymer-coated iron oxide nanocubes loaded with DOXO,
applying hyperthermia treatment from 10 to 90 min (3 cycles of 30 min) (182 kHz AMF) on
patient-derived tumor stem cells (CSCs) [52]. After 24 h of exposure to treatment, more
than 50% cell death was observed, reaching 100% at 7 days with a significant increase in the
percentage of apoptosis and necrosis. These authors demonstrated that the heat generated
by AMFs enhanced drug release and stimulated internalization in cells, thereby sensitizing
them to chemotherapy. Similarly, five additional articles demonstrated significant drug
sensitization, corroborating the enhanced release of some chemotherapeutics, such as 5-FU,
OXA, and DOXO, following the use of AMF [36,43,46,47,62].
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It has been proposed that the improvement following combined hyperthermia-
chemotherapy treatment is due solely to the increase in temperature. However, inter-
estingly, three of the selected articles demonstrated that less cell death was induced when
water baths were applied (at the same temperature as those induced by AMF) [43,61].
Specifically, Álvarez-Berríos et al. (2013) used cisplatin-loaded iron oxide NPs and in-
creased the temperature using a water bath or 237 kHz AMF. Hyperthermia generated
50% cell death in the Caco-2 CRC cell line compared to the 40% induced by the water bath.
They hypothesized that AMF generates additional cellular stress that enhances membrane
fluidity and ultimately results in cell death [49]. Therefore, hyperthermia generated by
magnetic NPs appears to be a superior option for improving anticancer therapies compared
to other systems.

Finally, hyperthermia associated with chemotherapy was not the only therapeutic
approach against gastrointestinal cancer. Mirzaghavami et al. (2021) employed a combined
treatment of chemotherapy, hyperthermia, and radiotherapy, inducing a greater decrease
in the percentage of cell viability (45%) in the colorectal cancer cell line HT29 compared to
individual treatments [50]. Additionally, a significant increase in apoptosis and necrosis
was observed in the treated cell lines, increasing the Bax/Bcl2 ratio. Hyperthermia therapies
induce more pronounced apoptosis than necrosis (Figure 2). Apoptosis was analyzed in
nine of the forty selected articles. In fact, Jahangiri et al. (2021) provided an extensive
description of this process, noting the overexpression of proapoptotic factor Bax, cleaved
caspase-3, cleaved caspase-9, and PARP after treatment on HT29 and HCT116 colorectal
cancer cell lines [38]. A similar increase in cleaved caspase-3 was shown in HCT116 by
Ahmad et al. (2020) [55]. Moreover, Wydra et al. (2015) observed an increase in the
generation of ROS after the application of AMF [63].

3.5. In Vivo Assays

A total of 50% (20) of the selected manuscripts carried out in vivo experiments, as
shown in Table 1. The most commonly used animals were mice (90%), with CT26 tumor-
bearing mice being the cancer model most frequently chosen by the authors. The utilization
of magnetic NPs yielded beneficial results in all instances. In fact, Beyk and Tavakoli (2019)
utilized nanohybrids of iron oxide and gold NPs, applying a magnet to the tumor region in
CT26-tumor bearing mice for 3 h prior to hyperthermia treatment [53]. The results exhibited
a higher temperature increase (49 ◦C) in the tumor area compared to treatment without a
magnet (46 ◦C). This temperature increase led to significant inhibition of tumor size (92%).
With regard to the generated temperature, most of the experiments achieved temperatures
ranging from 41 to 50 ◦C [32,60]. However, after removal of the organs and application of
MHT, it was observed that in mice with tumors induced from gastric lines, a large increase
in temperature (up to 60 ◦C) was produced by applying ex vivo magnetic hyperthermia
for 5 min, while in mice without tumors this high increase occurred in the liver, the organ
in which the accumulation of these NPs took place [32]. Garanina et al. (2020) examined
the impact of different temperatures on treatment. They noticed effective reduction in
tumor growth in CT26 tumor-bearing mice at 42–43 ◦C. However, in 4T1 breast cancer
tumor-bearing mice, which have a more resistant cell line, the tumor cells recurred after
20 days. In this case, effective treatment occurred at 46–48 ◦C. Furthermore, temperatures
of 58–60 ◦C were tested, but these caused weight and motility losses, although recovery
was observed over time [48]. These findings underscore the importance of personalizing
treatments based on the tumors to be treated, whenever feasible, and avoiding excessively
high temperatures that might lead to adverse effects.

Alternatively, magnetic steering was also reported by Wang et al. (2020) following
magnet application (1 h) with positive outcomes [64]. Similarly, Beyk and Tavakoli observed
MRI targeting due to these NPs’ ability to act as contrast agents, as was shown in seven other
articles (Figure 3) [53]. These results hence signify the possibility of externally enhancing
in vivo targeting to the tumor thanks to the magnetic capabilities of NPs. Additionally,
Kwon et al. introduced the potential of improving targeting by functionalizing NPs. They
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applied an FA polymer to the shell of their nanoformulations, achieving improved tumor
targeting in HT29 colorectal cancer tumor-bearing mice [29]. However, FA receptors are
also found in the small intestine. That is why Shen et al. coated their nanoformulations
with dextran, circumventing this compound’s recognition, thus directing more NPs to the
colon region where the dextran was degraded by the dextranase produced there [56].
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Figure 3. Use of magnetic hypothermia in in vivo experiments. Typically, the assays involve an
intravenous administration of the NPs into the mouse such that once they reach the tumor, they are
capable of: (1) generating hyperthermia when exposed to an AMF, serving as an antitumor therapy
alone or in combination with chemotherapeutic drugs; or (2) acting as contrast agents, creating
negative contrast and potentially being used for tumor diagnosis and monitoring. Following the
generation of hyperthermia, tumor cell death can occur through several pathways, with apoptosis,
necrosis, or extensive oxidative stress being the most notable.

Although most in vivo studies were performed in mice or rats, Liu et al. (2013)
conducted an in vivo model of esophageal cancer by injecting VX2 cells into the esophageal
mucosa. The authors employed two hyperthermia models: one using a magnetic stem
introduced into the esophagus of mice and the other by introducing magnetic NPs into
the tumor mass. The results showed that, after the application of a 300 kHz field, both
treatments showed a proven anti-tumor efficacy, although it was necessary to control both
the temperature and the time of exposure to hyperthermia to avoid causing damage to
healthy tissue [41].

All analyzed articles demonstrated positive outcomes in terms of tumor volume
reduction when applying hyperthermia and NPs together compared to the application of
the AMF or the nanoformulation alone. Nonetheless, it is worth noting that Arriortua et al.
(2016) displayed highly varied results, as some tumors in the animal models used (CC-531
colon adenocarcinoma tumor-bearing rats) were almost obliterated while in other cases cell
death was minor [65]. Moreover, eight of the twenty-one articles including in vivo analysis
examined the apoptotic and necrotic effect induced by hyperthermia at the histological or
genetic level. In fact, Beyk and Tavakoli (2019) and Kwon et al. (2021) revealed increases in
the expression of some genes indicating apoptosis (cleaved PARP, Bax or cleaved Caspase-3)
(Figure 3) [29,53]. These results were confirmed at the histological level in three more
articles [35,43,65]. Conversely, Dabaghi et al. (2020) did not demonstrate any modulation
in apoptosis gene expression, suggesting a cell death mediated by an increase in ROS [66].
Therefore, the mechanism through which tumor cell death is accomplished could be related
to the type of NP and the hyperthermia treatment system. Additionally, three articles
assessed the decrease in tumor metastases following treatment. Stankovic’ et al. (2020)
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did not exhibit dissemination of tumor cells after treatment in histological sections, while
Matsumi et al. (2021) and Shen et al. (2019) observed a significant decrease in the number
of metastatic nodules and ascites in murine models [35,56,60]. Finally, Fang et al. (2021)
transplanted tumor cells from a mouse to other regions post hyperthermia treatment, but no
tumor recurrence was noticed, implying activation of immune memory [37]. These results
were validated by Jiang et al. (2022) using a CRC model surrounded by bacteria. In this case,
immune system activation occurred after hyperthermia, resulting in an increase in cytokines,
re-polarization of macrophages, and an increase in antigen presentation [54]. Therefore,
hyperthermia treatments also have the ability to activate the immune response, which
is typically suppressed in cancer (Figure 3). Likewise, the combination of hyperthermia
and immunotherapy is another combined treatment option that may have very promising
results. One of the selected articles used a magnetic liposomal system possessing the
penetrating TAT peptide by which they administered the CSF1R inhibitor, so that it was
possible to repolarize M2 macrophages, thus reducing immunosuppression in the tumor
region [37]. It has previously been described that hyperthermia and immunotherapy have
synergistic effects, giving rise to the possibility of triggering immunogenic cell death or
reversing the immunosuppressive environment of tumors [73]. Thus, after tumor ablation
by hyperthermia treatment, antigenic remnants would be released into the environment so
they could be used as autologous vaccines against cancer. An example of this is presented
in the work carried out by Pan et al. (2020), in which they applied magnetic NPs in
combination with the programmed death ligand α-PD-L1 against a breast cancer model.
Briefly, the generation of cytotoxic T cells against tumor antigens is achieved and α-PD-L1
prevents tumor immunosuppression, ultimately increasing the number of T cells and the
immune response [74]. These results have been confirmed in other articles, demonstrating
the potential of this therapeutic approach [75,76].

The benefits observed in in vitro and in vivo trials encourage the transfer of these
treatments to the clinic. Currently, the application of magnetic hyperthermia as a possible
treatment has been tested in clinical trials against prostate cancer (NCT02033447) and
glioblastoma (DRKS00005476). In the first case, patients treated with magnetic nanoparticles
received six cycles of therapy for 1 h during phase I of the study and showed tolerance and
efficacy as antitumor therapy. Nevertheless, this therapy is still in phase II clinical trials.
Regarding the hyperthermia treatment itself, its major limitations lie in the control of the
local temperature reached in the tissue, which can negatively affect healthy cells, in addition
to the heterogeneous distribution of the temperature in the tumor mass [77]. Additionally,
one of the major problems in bringing this therapy to the clinic is the biosafety of the
nanoformulations, which must have an exhaustive control of the size and components,
making their production totally controlled [69]. Furthermore, another problem is the
frequent parenteral administration of nanoparticles, as opposed to the simpler traditional
oral administration. This fact generates a more expensive treatment, so that the commercial
production of these treatments must be justified by greater efficacy or safety (including side
effects) compared to the therapy traditionally used. Finally, many of the results obtained in
preclinical studies (in vitro and in vivo models) are not subsequently retained in clinical
trials, since certain characteristics, such as specific functionalization against a target, do not
act in the same way in these models as in the human body [78].

For all the above reasons, the future of this line of research implies the need to expand
the current research in order to solve the drawbacks encountered and finally allow the
existence of a novel treatment that improves the quality of life of the affected patients.

4. Conclusions

Magnetic NP-driven hyperthermia treatment offers an innovative and promising
therapeutic strategy for gastrointestinal cancers. Numerous magnetic NPs, capable of
inducing heat and exhibiting varying biological properties, have been developed in recent
years. These have been applied to some gastrointestinal cancers, although most assays have
been conducted in vitro on CRC. As for the magnetic characteristics of NPs, iron oxide
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has predominantly been used as the magnetic core, with magnetic fields ranging between
100 and 600 kHz. Nearly half of the tests were conducted using combination therapies
with drugs (chemotherapy), with DOXO being notably prominent. The outcomes have
been very promising both in vitro and in vivo, reducing metastasis and tumor recurrence
in certain cases. However, it has become evident that there is a need to broaden studies
to encompass other cancers within the gastrointestinal tract. Further investigation will be
necessary to affirm the benefits of hyperthermia application using magnetic NPs in the
treatment of gastrointestinal cancer and to overcome barriers to clinical application.
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