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Cristian Iacovit, ă, Ionel Fizes, an, Stefan Nitica, Adrian Florea, Lucian Barbu-Tudoran and
Roxana Dudric et al.
Silica Coating of Ferromagnetic Iron Oxide Magnetic Nanoparticles Significantly Enhances
Their Hyperthermia Performances for Efficiently Inducing Cancer Cells Death In Vitro
Reprinted from: Pharmaceutics 2021, 13, 2026, doi:10.3390/pharmaceutics13122026 . . . . . . . . 43

Guilherme A. Soares, Gabriele M. Pereira, Guilherme R. Romualdo, Gabriel G. A. Biasotti,
Erick G. Stoppa and Andris F. Bakuzis et al.
Biodistribution Profile of Magnetic Nanoparticles in Cirrhosis-Associated
Hepatocarcinogenesis in Rats by AC Biosusceptometry
Reprinted from: Pharmaceutics 2022, 14, 1907, doi:10.3390/pharmaceutics14091907 . . . . . . . . 75

Guan-Ling Lu, Ya-Chi Lin, Ping-Ching Wu and Yen-Chin Liu
The Surface Amine Group of Ultrasmall Magnetic Iron Oxide Nanoparticles Produce Analgesia
in the Spinal Cord and Decrease Long-Term Potentiation
Reprinted from: Pharmaceutics 2022, 14, 366, doi:10.3390/pharmaceutics14020366 . . . . . . . . . 95

Sandor I. Bernad, Vlad Socoliuc, Daniela Susan-Resiga, Izabell Crăciunescu, Rodica Turcu
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Magnetic systems have always been considered as attractive due to their remarkable
versatility. As proof of this, the number of articles concerning magnetic systems has
dramatically increased over the past 20 years (Figure 1). In the pharmaceutical industry,
magnetic systems are widely investigated both clinically and preclinically. Their strength
lies in the ability to use them for imaging, therapy, cell stimulation, or guidance purposes.
To target selected cells or pathological areas, magnetic systems can be functionalized with
antibodies, peptides, or molecules that recognize specific molecular markers. In addition,
these systems can be also loaded with drugs, thus resulting in platforms for simultaneous
therapy and diagnosis (i.e., theranostics). This set of features makes magnetic systems
attractive tools for personalized and precision medicine, in which therapy selection is
tailored to a specific individual. As personalized medicine is expected to make modern
medical methods more accessible, improve the control of personal health data, and drive
the economic development of health technologies, magnetic systems will render future
healthcare more equitable and efficient. Nevertheless, even if the impact of these magnetic
tools on future personalized medical approaches is expected to be notable, this relation has
not been extolled and carefully analyzed yet.
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Figure 1. Increasing interest in magnetic systems. Number of documents published in the last
50 years that contain “magnetic systems” as a keyword (Source SCOPUS, accessed on 29 May 2023).

This Special Issue brings together magnetic systems and personalized medicine for the
first time. Here, seven research articles and three comprehensive literature reviews were
published. The first paper, authored by V.L. Kovalenko et al., reported on the synthesis and
validation of multifunctional, biodegradable, and biocompatible magnetic nanoparticles
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with anti-cancer properties [1]. The nanoparticles were based on Poly Lactic-co-Glycolic
Acid (PLGA), which was loaded with magnetite to quantitatively assess its accumulation in
various organs and enable magnetic-assisted delivery. IR775 dye was then added to enable
fluorescence in vivo imaging and Photodynamic Therapy (PDT), a promising strategy for
the treatment of aggressive tumors. Finally, to selectively recognize the glycosylation profile
of breast cancer cells, the nanoparticles were functionalized with lectin concanavalin A.
Under external light irradiation, the resulting hybrid nanoparticles fully inhibited allograft
solid tumor growth in murine models, thus demonstrating a great potential for combined
magnetically assisted targeted delivery to tumor sites, tumor bioimaging, and treatment.
Similarly, O. Y. Griaznova et al. reported on hybrid multimodal nanoparticles for the
noninvasive imaging and therapy of cancer [2]. These researchers prepared bimetallic
polyacrylic acid-coated Fe-Au core-satellite nanosystems to combine the magnetic and
plasmonic properties of iron and gold nanoparticles in one core–shell. Then, they tested
these systems as dual contrast agents for magnetic resonance imaging (MRI) and computed
tomography (CT), and as sensitizers for the laser-induced hyperthermia of cancer cells. The
particles were synthesized via pulsed laser ablation using the liquids (PLAL) method, which
provided them with contaminated-free surfaces. While in the absence of photostimulation,
the nanoparticles did not cause cytotoxicity on the cancer cell lines, and under laser
irradiation, they induced a 100% cell death. When tested in vivo, the nanoparticles enabled
the visualization of tumor boundaries in T2-weighted MR images and CT scans, thus
proving the theranostic potential of this bimetallic system.

C. Iacovit,ă et al. investigated coating ferromagnetic iron oxide magnetic nanopar-
ticles with silica layers of various thicknesses by adding different amounts of tetraethyl
orthosilicate via a reverse microemulsion method [3]. The silica coating improved the
nanosystems’ colloidal stability without affecting their magnetic properties and increased
their biocompatibility and cellular uptake, enhancing their magnetic heating performance.
A critical silica layer thickness was found, beyond which the nanoparticles’ colloidal stabil-
ity decreased. The most stable formulation of coated nanoparticles presented an enhanced
magnetic hyperthermia performance in water, and their specific absorption rate values
increased by almost 1000 W/gFe compared to bare Fe3O4 nanoparticles. Finally, intracel-
lular magnetic hyperthermia experiments revealed that the malignant cells were more
sensitive to magnetic hyperthermia treatment compared to the normal ones. It was con-
cluded that the controlled silica coating of ferromagnetic iron oxide nanoparticles enhanced
their hyperthermia performance, cellular uptake, and destructive action on cancer cells,
thus suggesting another design parameter that could be used to tune the performance of
magnetic nanoparticles in biomedical applications.

Three additional research articles reporting on magnetic systems designed for appli-
cations to specific pathological scenarios were collected. In more detail, the study by G.
A. Soares et al. investigated how cirrhosis-associated hepatocarcinogenesis can alter the
biodistribution of hepatic magnetic nanoparticles [4]. The researchers used a multichannel
alternate current biosusceptometry system to real-time image the biodistribution of mag-
netic nanoparticles in the blood circulation and liver. Another customized sensor was used
for ex vivo quantification of the MNPs that accumulated in the various organs. The investi-
gated particles were manganese ferrite nanoparticles coated with citrate, which showed
pharmacokinetic profiles that were remarkably affected by the pathophysiological factors
induced by a cirrhosis state. Since the number of liver monocytes and macrophages did
not vary, an altered hepatic blood flow likely caused an abnormal biodistribution and accu-
mulation of nanoparticles injected into the cirrhotic animals. This study draws attention to
the host pathophysiological state as a crucial parameter to be considered when designing
in vivo nanosystems for optimized interactions between therapeutic agents and the injured
target tissue. G.L. Lu et al. instead focused on using iron oxide nanoparticles for pain
management [5]. A form of amine-terminated ultrasmall superparamagnetic iron oxide
was found to have analgesic effects, even in the absence of any conjugated pain-relieving
drug. Nevertheless, the cytotoxic risks of this nanoformulation were unclear. G.L. Lu
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and coworkers studied the effect of the nanoparticles’ toxicity on hippocampal long-term
potentiation, revealing a double-side action of the nanosystems. These particles could
relieve inflammatory pain in the spinal cord but also induce neurotoxicity in the central
brain. The localized administration routes (e.g., intrathecal or intraplantar administration)
of the nanoformulation did not elicit a toxicity response during the experiments performed
by the authors; however, if the particles could leak to the brain and accumulate at high
concentrations, they would have impaired hippocampal long-term potentiation. Finally,
S.I. Bernad et al. focused on guiding magnetic nanoparticles through a stented artery
model [6]. By applying external magnetic fields with a precisely positioned permanent
magnet, polyethylene glycol-coated magnetic nanoparticles were remotely driven to a
stented artery region, in which they aggregated and formed chains within and around
the implanted stent. The performance of these magnetized, controllable nanoclusters
as drug-loaded vectors for stented arteries was assessed. This contribution provided a
new tool for site-specific drug delivery approaches based on the uniform-field-induced
magnetization effect.

Moving to paramagnetic systems, I. Pashkunova-Martic et al. designed two salino-
mycin (Sal)-based theranostic paramagnetic probes, comprising either gadolinium(III) or
manganese(II) ions [7]. Salinomycin is a natural polyether antibiotic and a highly selective
cytotoxic agent that forms complexes with metal(II) ions such as Zn2+, Cu2+, Co2+, and
Ni2+. In this work, Sal was conjugated to Gd(III) or Mn(II) to obtain an MRI contrast
agent and, to overcome the water insolubility of the two Sal complexes, they loaded them
into empty bacterial ghost cells acting as transport vectors. The relaxivity values of the
resulting systems were similar to those of the clinical MRI contrast agents, thus indicating
that these probes can act as performant bioimaging agents. Considering such a contrast
enhancement ability combined with strong cytotoxic activity, cancer theranostics could be
the ideal applicative arena for these bio-hybrid nanotools.

In addition to original primary research, this Special Issue includes three comprehen-
sive review articles that discuss the use of magnetic systems for personalized medicine
from different points of view. S.H. Bossmann et al. described the current trends in ap-
plying iron-incorporated nanosystems to various areas of diagnostic imaging and drug
delivery, focusing on cancer treatment, diagnosis, and wound care [8]. M. Cerqueira
et al. provided an extensive overview of cancer theranostics with magnetic solid lipid
nanoparticles being used in clinical trials [9], thus depicting the emergence of next-gen
theranostic nanomedicines with potential for the selective, controlled, and safe delivery
of chemotherapy. F. Garello et al. discussed micro and nanosystems for a magnetically
targeted delivery of bioagents by describing the different classes of magnetic carriers that
can serve as drug delivery platforms and their use in the magnetic guidance and delivery of
bio-active agents (e.g., genes, drugs, and cells, etc.) [10]. Moreover, the authors highlighted
the emergent applications of magnetic nano/microsystems of a synthetic or bio-hybrid
composition (i.e., labeled cells) in regenerative medicine and tissue engineering, describing
the magnetized bioagents that can be localized to specific target tissue following systemic
or local administration and, remotely, noninvasively stimulated in vivo to promote tissue
regenerative processes. Finally, the review presented the latest advances in combining
magnetic targeting and imaging technologies to assist with drug delivery.

With the study collection presented in this Special Issue, we hope to guide scientists,
clinicians, and other interested parties in designing magnetic systems for precision medicine
and theranostics. Additional research based on creative, multidisciplinary collaboration
will hopefully accelerate the progress in precision theranostics, aiming to use controllable
magnetic nanotools for a better understanding and the personalized treatment of diseases.
Hoping that readers will enjoy this Special Issue, we expect that our research content
selection will catalyze debate and shape the future development of precision nanomedicine.

Author Contributions: Writing—original draft preparation, F.G.; writing—review and editing, F.G.,
Y.S., B.P. and M.F. All authors have read and agreed to the published version of the manuscript.
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Lectin-Modified Magnetic Nano-PLGA for Photodynamic
Therapy In Vivo
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Abstract: The extreme aggressiveness and lethality of many cancer types appeal to the problem of
the development of new-generation treatment strategies based on smart materials with a mechanism
of action that differs from standard treatment approaches. The targeted delivery of nanoparticles
to specific cancer cell receptors is believed to be such a strategy; however, there are no targeted
nano-drugs that have successfully completed clinical trials to date. To meet the challenge, we
designed an alternative way to eliminate tumors in vivo. Here, we show for the first time that
the targeting of lectin-equipped polymer nanoparticles to the glycosylation profile of cancer cells,
followed by photodynamic therapy (PDT), is a promising strategy for the treatment of aggressive
tumors. We synthesized polymer nanoparticles loaded with magnetite and a PDT agent, IR775
dye (mPLGA/IR775). The magnetite incorporation into the PLGA particle structure allows for the
quantitative tracking of their accumulation in different organs and the performing of magnetic-
assisted delivery, while IR775 makes fluorescent in vivo bioimaging as well as light-induced PDT
possible, thus realizing the theranostics concept. To equip PLGA nanoparticles with targeting
modality, the particles were conjugated with lectins of different origins, and the flow cytometry
screening revealed that the most effective candidate for breast cancer cell labeling is ConA, a lectin
from Canavalia ensiformis. In vivo experiments showed that after i.v. administration, mPLGA/IR775–
ConA nanoparticles efficiently accumulated in the allograft tumors under the external magnetic field;
produced a bright fluorescent signal for in vivo bioimaging; and led to 100% tumor growth inhibition
after the single session of PDT, even for large solid tumors of more than 200 mm3 in BALB/c mice.
The obtained results indicate that the mPLGA/IR775 nanostructure has great potential to become a
highly effective oncotheranostic agent.

Keywords: lectin; PLGA; ConA; magnetic polymer nanoparticles; MPQ; allografts; photodynamic
therapy; IR775; image-guided therapy

1. Introduction

Nanobiotechnology opens up new possibilities in the diagnostics and treatment of
socially significant diseases, including oncological ones [1–4]. A number of drugs based
on nanoparticles have already been approved for clinical applications [5]. For example,
liposomal forms of chemotherapeutic drugs, such as doxorubicin, penetrate the tumor
through the EPR effect (enhanced permeability and retention effect) [6]. However, for the
majority of human solid tumors, in contrast to laboratory rodents, the EPR effect is much
less pronounced, and passive delivery is not as efficient as expected [7].
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To solve this problem, different methods of targeted delivery are now being developed,
e.g., targeted drug delivery, magnetic delivery, or combination delivery strategies, thus
implementing a “magic bullet” concept. Namely, magnetically enhanced nanoparticle
delivery is one of the mainstream directions of modern nanobiotechnology. Magnetite
incorporation into nanoparticle structure allows for non-invasively visualizing different
pathologies within the organism with different MRI regimens [8,9], quantitatively assessing
the nanoparticle accumulations in different tissues in fundamental applications [10], and
performing a magnetically-guided drug delivery using an external source of electromag-
netic field near the region of interest, e.g., the tumor site [11,12]. Different magnetite-based
nanoparticles are already used in clinical applications as MRI contrasting agents, thus
proving the effectiveness of this kind of nanoparticle for biomedicine (ferucarbotran for
hepatocellular carcinoma or ferumoxide for the imaging of mononuclear phagocyte sys-
tems) [13].

Another actively developing approach is the targeted delivery strategy of different
drugs to the tumor site. To impart cancer-cell-targeting modality to the nanoparticle, the
particle surface is equipped with different recognizing molecules. Different proteins are
traditionally used for the targeted delivery of nanoparticles to cancer cells: antibodies and
their derivatives [14,15]; scaffold polypeptides of various natures, such as DARPins or
affibodies [16–20]; transferrin [21]; lactoferrin [22]; and various peptides [23]. However,
despite the variety of tools for targeted drug delivery and the number of fundamental
works devoted to this topic, there are currently no targeted nanomedications approved for
human administration.

This is due both to the difficulty of marketing new compounds and the insufficient
efficiency of existing candidate nanoformulations. The described problems require the
development of new smart nanosystems with a fundamentally different mechanism of
action that selectively affects cancer cells. In particular, we believe that it is necessary to
develop nanoformulations that would target the tumor with greater efficiency and in which
the anti-cancer agent would have maximum cytotoxicity, but being activated only in the
tumor area in order to reduce side effects: hepatotoxicity and cardiotoxicity.

One alternative way to affect cancer cells is to target their glycosylation profile that
differs from that of normal ones [24–29]. Aberrant glycosylation is one of the significant
hallmarks of cancer cells that has contributed to cancer progression, angiogenesis, and
metastasis, and therefore is a promising target for drug delivery [30]. In this regard,
proteins that specifically bind carbohydrate residues in the composition of cell membrane
proteins present a promising alternative to existing targeting molecules [31,32]. In particular,
various lectins, including those of plant origin, are able to specifically and reversibly
bind carbohydrate residues in other biomolecules. We do believe that lectin-modified
nanoparticles combined with magnetically guided delivery present a promising alternative
to the existing cell targeting strategies for the implementation of different types of cancer
therapy: chemotherapy, photothermal therapy, photodynamic therapy, and so on.

In particular, one of the effective methods of fighting tumors is photodynamic therapy
(PDT) based on the conversion of external electromagnetic radiation into reactive oxygen
species (ROS) that are harmful to cancer cells. The main advantage of PDT in comparison
to, e.g., chemotherapy or surgery, is the full non-invasiveness and the activation only with
light at the site of action, thus making undesirable side effects negligible.

We believe the polymer PLGA nanoparticles to be the most effective matrixes for
the PDT sensitizers incorporation, since the copolymer of lactic and glycolic acids is fully
biocompatible, biodegradable, and makes possible slow release of PDT sensitizer from the
nanoparticle at the tumor site. PLGA-based nanoformulations are already approved for
human use and confirmed their efficacy for biomedicine [5,33].

Currently, PLGA nanoparticles conjugated with lectins were shown to significantly
improve the delivery and cytotoxic efficacy of chemotherapy in vitro and in vivo. Namely,
wheat-germ-agglutinin-conjugated PLGA nanoparticles loaded with paclitaxel were found
to be more effective at cell cycle arrest of A549 cells compared to free paclitaxel in vitro and
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had greater tumor doubling time (25 vs. 11 days) in vivo [34]. Despite these promising
results, currently, there are only a few studies on the use of lectin-conjugated PLGA
nanoparticles for the delivery of chemotherapeutic drugs, and there are no data on the use
of such promising lectin-conjugated PLGA nanoparticle formulations as hybrid magnetic-
PLGA nanoparticles enabling MRI tracking and nanoparticles for photodynamic drug
delivery, which allow for a non-invasive tumor treatment.

Here, we demonstrate the rational design of lectin-modified nano-PLGA loaded with
PDT sensitizer (IR775) and magnetite, namely, mPLGA/IR775-lectin. The developed
nanoparticles realized a combined targeted delivery strategy, namely, the combination
of active targeting mediated by lectin and magnetically guided targeting mediated by
magnetite loaded inside nanoparticles and an external magnetic field. The anti-cancer
efficacy is mediated by the loading of the photosensitizer, IR775 dye, into PLGA nanopar-
ticle structure. The heptamethine cyanine derivative IR775 is one of the most effective
photosensitizers, especially inside polymer nanoparticles, due to its hydrophobic nature;
under external light irradiation in the near-infrared window in biological tissue, it produces
reactive oxygen species (ROS) leading to cancer cell death, thus affecting only the specific
tissue site only on demand under light exposure [35–37].

The synthesized particles were shown to be effective theranostic agents, realizing
effective magnetically assisted targeted delivery, tumor bioimaging, and treatment under
external light irradiation. The in vitro and in vivo functionality of these nanoparticles were
thoroughly tested, and 100% inhibition of allograft solid tumor growth was shown, thus
confirming the great potential of the developed nanoformulation for bioimaging and PDT.

2. Materials and Methods
2.1. Magnetite Synthesis

The magnetite cores incorporated into PLGA were synthesized as described by us
previously with some modifications [9,38,39]. A total of 0.86 g FeCl2·4H2O and 2.36 g
FeCl3·6H2O were dissolved in 40 mL of Milli-Q water, then 3 mL of 25% NH4OH was
added, and the resulting mixture was rapidly stirred. The mixture was then incubated in a
water bath at 80 ◦C for 2 h with subsequent cooling to room temperature. The resulting
magnetic fraction was washed using the magnetic separation and then 10 mL of 0.5 M
HNO3 was added, with the mixture incubated for 5 min and magnetically separated
through the magnet application for 5 min. The supernatant was then removed, and
10 mL of H2O was added to the magnetic fraction. Then, this fraction was sonicated and
magnetically separated again. The procedure was repeated thrice, and 3 magnetic fractions
were collected.

Next, 600 µL of the third magnetite fraction was mixed with 2 mL of oleic acid and
5 mL of chloroform and sonicated for 3 min. Next, 15 mL of chloroform was added, and
the mixture was sonicated again for 2 min. After that, 300 µL of 2M NaOH was added, and
the mixture was sonicated again for 1 min. The oleic-acid-stabilized magnetite was then
centrifuged for 1 h at 20,000× g at 20 ◦C, and the resulting mixture was resuspended in
3 mL of dichloromethane.

2.2. mPLGA/IR775 Nanoparticle Synthesis

Hybrid magnetic polymer nanoparticles were synthesized by the “oil-in-water” mi-
croemulsion method followed by solvent evaporation based on the method previously
described by us with modifications [40–42]. A total of 12 mg PLGA (RG 858 S, lac-
tide/glycolide 85:15, MW 190–240 kDa, Sigma, Darmstadt, Germany), 100 µL of oleate-
stabilized magnetite, and 250 µg IR775 (Sigma, Darmstadt, Germany) in 300 µL of
dichloromethane were added to 3 mL of 3% aqueous PVA (Mowiol 4-88, Sigma, Darmstadt,
Germany) supplemented with chitosan oligosaccharide lactate with a final concentration of
1 g/L (5 kDa, Sigma, Darmstadt, Germany). The mixture was treated with ultrasound for
1 min. After solvent evaporation, the particles were washed thrice with centrifugation for
5 min at 5000× g and finally resuspended in 10 mM HEPES (pH 7.0).
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2.3. Electron Microscopy Analysis

The morphology of nanoparticles was studied with a MAIA3 Tescan (Tescan, Brno-
Kohoutovice, Czech Republic) scanning electron microscope. The sample of nanoparticles
at 10 µg/mL was applied on a silicon wafer on carbon film and air-dried, followed by SEM
examination at an accelerating voltage of 7 kV. Magnetite was analyzed with transmitting
electron microscopy as well at an accelerating voltage of 70 kV (JEOL JEM2100Plus trans-
mitting electron microscope). The scanning electron microscopy images were processed
in ImageJ as follows: the sizes of 250 nanoparticles were measured, and then the average
particle size was calculated.

2.4. Spectroscopy

The absorbance spectra of nanoparticles were measured with the CLARIOstar mi-
croplate reader (BMG Labtech, Ortenberg, Germany) within the 300–1000 nm range for
particles at 0.3 g/L in H2O with subsequent subtraction of the absorbance spectrum of
pure H2O.

Fluorescent excitation and emission spectra were registered with an Infinite M1000
Pro microplate reader (Tecan, Grödig, Austria). The excitation spectrum was recorded at
λem = 800 nm within the 400–785 nm range, and the emission was recorded at λex = 700 nm
within the 715–850 nm range. mPLGA/IR775 nanoparticles at 0.3 g/L in water were used
for analysis. The obtained spectra were normalized. The dye loading efficiency was
calculated by measuring the fluorescence intensity of mPLGA/IR775 nanoparticles at
0.3 g/L in a 50%/50% DMSO/H2O mixture with λex = 730 nm and λem = 800 nm. A
calibration curve for free IR775 in the 50%/50% DMSO/H2O mixture was used to determine
dye loading content.

The generation of reactive oxygen species was measured as follows: nanoparticles
at 1 g/L in H2O were mixed with CM-H2DCFDA to obtain a final concentration of 5 µM,
irradiated with 808 nm laser for 5 min, and centrifuged for 5 min at 10,000× g; following
this, the fluorescence of 100 µL of supernatant was measured with λex = 500 nm and
λem = 525 nm using a CLARIOstar microplate reader (BMG Labtech, Ortenberg, Germany),
and the autofluorescence of blank wells was subtracted.

2.5. DLS Measurements

The hydrodynamic sizes and ζ-potentials of nanoparticles were analyzed using Zeta-
Sizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK) in 10 mM HEPES (pH 7.0).

2.6. Chemical Conjugation

mPLGA/IR775 nanoparticles were conjugated to proteins using carbodiimide chem-
istry with EDC/sulfo-NHS as crosslinking agents. A total of 10 mg of mPLGA/IR775 were
incubated with 5 mg EDC and 0.5 mg sulfo-NHS in 200 µL of 0.1 M MES buffer for 20 min at
room temperature. Next, nanoparticles were purified from the excess of chemicals through
centrifugation for 5 min at 5000× g. Following this, 200 µL of protein at 1 g/L in 0.1 M
HEPES (pH 6.0) was added to the nanoparticles, and the suspension was sonicated for 10 s
and incubated for at least 4 h at room temperature. Then, nanoparticles were purified from
non-bound protein with triple centrifugation and resuspended in 10 mM HEPES (pH 7.0).

2.7. Cell Culture

EMT6/P, EA.hy926, and NIH/3T3 cells (Shemyakin-Ovchinnikov Institute RAS,
Molecular Immunology Laboratory collection) were cultured in DMEM medium (Hy-
Clone, Logan, UT, USA) supplemented with 10% FBS (HyClone, Logan, UT, USA), peni-
cillin/streptomycin (PanEko, Moscow, Russia), and 2 mM L-glutamine (PanEko, Moscow,
Russia) at 37 ◦C and 5% CO2.
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2.8. Flow Cytometry

ROS generation was assessed with the flow cytometry test. A total of 0.2 × 106 EMT6/P
cells in 200 µL PBS with 1% BSA were incubated with 0.2 g/L of mPLGA/IR775 nanopar-
ticles and ROS sensor according to the manufacturer recommendations (Total Reactive
Oxygen Species (ROS) Assay Kit 520 nm, Invitrogen, Thermo Fisher Scientific Inc., Waltham,
MA, USA) for 30 min at 37 ◦C. Next, cells were washed from non-bound nanoparticles by
centrifugation for 5 min at 100× g and irradiated with an 808 nm laser (600 mW) for 2 min.
Thirty minutes later, the fluorescence of cells was analyzed with the Novocyte 3000 VYB
flow cytometer (ACEA Biosciences, San Diego, CA, USA) in the BL1 channel (excitation
laser 488 nm, emission filter 530/30 nm).

Particle binding efficiency was studied as follows. 0.2 × 106 cells in 200 µL PBS
with 1% BSA were incubated with nanoparticle conjugates, then washed from non-bound
nanoparticles by centrifugation for 5 min at 100× g, and the fluorescence of cells was
analyzed with the Accuri C6 (BD) flow cytometer in the FL4 channel (λex = 640 nm and
λem = 675/25 nm).

2.9. Fluorescent Microscopy

EMT6/P cells were seeded on 96-well plates at 20 × 103 cells per well in 150 µL of full
culture media and cultured overnight. Next, nanoparticles were added to wells to obtain
a final concentration of 50 µg/mL, and plates were incubated for 30 min at 37 ◦C and 5%
CO2. Next, wells were washed thrice with full culture media and samples were analyzed
using an epifluorescent Zeiss microscope at the following conditions: λex = 595–645 nm,
λem = 670–725 nm.

2.10. Cell Toxicity Study

The cytotoxicity of nanoparticles was investigated using a resazurin-based cytotoxicity
test. A total of 2 × 106 EMT6/P cells in 1 mL of full culture media were incubated with
nanoparticles at different concentrations for 30 min at 37 ◦C with 5% CO2. Then, the cells
were washed from non-bound nanoparticles by centrifugation for 3 min at 100× g. Next,
cells were irradiated with an 808 nm laser (600 mW) for various time intervals. The cells
were then diluted with full culture medium, and 5 × 103 cells in 150 µL of media were
seeded into the wells of 96-well plates and cultured for 72 h at 37 ◦C with 5% CO2. Then, the
medium was removed from the wells, 100 µL of resazurin solution (13 mg/L in PBS) was
added, and samples were incubated for 3 h at 37 ◦C and 5% CO2. The fluorescence of wells
was then measured using the CLARIOstar microplate reader (BMG Labtech, Ortenberg,
Germany) at wavelengths of λex = 570 nm and λem = 600 nm. Data are presented as
percentages from non-treated and non-irradiated cells.

2.11. Tumor Bearing Mice

Female BALB/c mice of 22–25 g weight were purchased from the Puschino Animal
Facility (Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry Russian Academy
of Sciences, Pushchino branch of the Institute, Pushchino, Russia) and maintained at
the Vivarium of the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry Russian
Academy of Sciences (Moscow, Russia). All procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Shemyakin-Ovchinnikov Institute of
Bioorganic Chemistry Russian Academy of Sciences (Moscow, Russia) according to the
IACUC protocol # 299 (1 January 2020–31 December 2022).

The animals were anesthetized with a mixture of Zoletil (Virbac, Carros, France) and
Rometar (Bioveta, Ivanovice na Hané, Czech Republic) at a dose of 25/5 mg/kg.

To create tumor allografts, mice were injected with 4 × 106 EMT6/P cells in 100 µL of
culture media into the right flank. The tumor volume was measured with a caliper and
calculated using the following formula V = a2·b/2, where a is the tumor width and b is the
tumor length.
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2.12. MPQ-Measurements

BALB/c mice with EMT6/P tumor were i.v. injected with 1 mg of nanoparticles
through the retroorbital sinus injection with or without magnet application to the tumor
site. Then, 24 h later, animals were euthanized with cervical dislocation, and organs were
extracted, weighed, and fixed in the 4% formalin. The organ magnetic signal was measured
using our original MPQ device [32,38].

2.13. Bioimaging Study

For bioimaging experiments, mice were anesthetized with tiletamine-HCl/zolazepam-
HCl/xylazine-HCl and then placed into a chamber of LumoTrace FLUO bioimaging to-
mograph (Abisense, Sochi, Russia). The images were acquired with fluorescence excita-
tion = 730 nm and 780LP nm emission filter and exposure of 1000 ms.

2.14. In Vivo PDT

For photodynamic therapy in vivo, mice with tumors of about 190 ± 67 mm3 were
selected and randomly divided into 3 groups (n = 6) and treated as follows: the first group
served as the control non-treated cohort, and the second and third groups received the i.v.
injections of 1 mg of nanoparticles with the magnet application to the tumor site. Then,
24 h later, mice from the third group only were irradiated with an 808 nm laser (600 mW)
for 30 min. The dynamics of tumor growth were then measured every 2 days with a caliper.

3. Results
3.1. Design of the Experiment

The efficient PDT agent based on a polymer matrix was designed as follows (Figure 1):
PLGA-based nanoparticles loaded with magnetite and a photodynamic sensitizer, IR775
dye, were synthesized (mPLGA/IR775). Magnetite in the composition of these nanopar-
ticles makes it possible to quantitatively trace particle accumulation in the organism and
realize magnetic-assisted drug delivery, while IR775 dye allows for the visualization of
nanoparticle accumulation non-invasively in vivo, and, under external light irradiation,
producing ROS, thus performing PDT.

Next, these nanoparticles were equipped with a spectrum of plant lectins using stan-
dard chemical conjugation. BSA-conjugated PLGA nanoparticles and unmodified PLGA
nanoparticles were used as control samples. The efficiency of binding of these conjugates
to cells was then screened by flow cytometry. Three types of cell lines were studied: cancer
cells (mouse mammary breast cancer cells, EMT6/P), immortalized fibroblasts as a model
of normal cells (NIH/3T3 cells), and immortalized endothelial cells (EA.hy926). Those parti-
cles were selected that have the maximum binding to cancer cells and endothelial cells while
having a minimal effect on non-transformed fibroblast cells. Flow cytometry tests showed
that such a leader is nanoparticles equipped with concanavalin A (mPLGA/IR775-ConA).

These nanoparticles were i.v. injected into mice with allograft tumors without and
with magnetic delivery by applying a magnet to the site of the tumor. In vivo imaging
tests showed a significant accumulation of nanoparticles in the tumor site, and exposure to
the 808 nm laser led to complete remission in all mice from the light-treated group, thus
realizing the concept of theranostics, namely, the diagnostics and the therapy using the
same nanoformulation.
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tion of the tumor, thus realizing the theranostics concept. 
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Figure 1a. Prior to magnetic polymer nanoparticle synthesis, magnetic cores were synthe-
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Magnetite was synthesized according to the protocol in the Materials and Methods 
section using the standard co-precipitation technique with some modifications. The size 
of these magnetic cores determined by scanning electron microscopy was found to be 14.7 
± 5.5 nm, having a form close to spherical (Figure 2a,c). 

Next, particles were coated with sodium oleate/oleic acid. It was found that the par-
ticles coated with oleic acid were more stable than those coated with sodium oleate. So-
dium hydroxide solution was added to the obtained magnetite to stabilize it, which re-
sulted in the colloidal stability of the magnetite for at least one month. 

The resultant oleic-acid-stabilized magnetic nanoparticles were used for PLGA mi-
croemulsion synthesis. As synthesized mPLGA/IR775 nanoparticles were analyzed with 

Figure 1. Lectin-conjugated magnetic PLGA for photodynamic therapy: scheme of the experiment.
(a) Magnetite and photosensitizer IR775-loaded PLGA nanoparticles were synthesized via the “oil-
water” microemulsion method. (b) As-synthesized mPLGA/IR775 nanoparticles were conjugated
with different lectins and screened with flow cytometry for the most effective binding to cancer
cells. (c) In vitro cell toxicity studies: cancer cells labeled with mPLGA/IR775-ConA were irradiated
with an external IR light leading to cancer cell death. (d) In vivo diagnostics and therapy study:
magnet-assisted delivery of mPLGA/IR775-ConA allowed for effective visualization and elimination
of the tumor, thus realizing the theranostics concept.

3.2. Synthesis and Characterization of Magnetite-Loaded PLGA Nanoparticles

PLGA nanoparticles loaded with magnetite and photodynamic sensitizer IR775 dye
were synthesized by the “oil–water” microemulsion method as schematically shown in
Figure 1a. Prior to magnetic polymer nanoparticle synthesis, magnetic cores were synthe-
sized and stabilized for the effective incorporation into the PLGA matrix.

Magnetite was synthesized according to the protocol in the Materials and Methods
section using the standard co-precipitation technique with some modifications. The size
of these magnetic cores determined by scanning electron microscopy was found to be
14.7 ± 5.5 nm, having a form close to spherical (Figure 2a,c).
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Figure 2. Synthesis and characterization of mPLGA/IR775 nanoparticles. (a) Scanning electron
microscopy of magnetite synthesized with the coprecipitation technique. The inset is transmit-
ting electron microscopy of magnetite. (b) Scanning electron microscopy of PLGA nanoparticle
loaded with magnetite and IR775 photosensitizer. The SEM inset demonstrates the incorporation
of magnetite: red arrows show white dots corresponding to magnetite cores. (c) Physical size dis-
tribution of magnetite obtained via SEM image processing. (d) Physical size distribution of PLGA
nanoparticles loaded with magnetite and IR775 (mPLGA/IR775). (e) UV–VIS absorbance spectrum
of mPLGA/IR775 and PLGA/IR775 nanoparticles. (f) Excitation and emission fluorescence spec-
tra of mPLGA/IR775 nanoparticles: blue—fluorescence excitation (measured with λem = 800 nm),
fluorescence emission (measured with λex = 700 nm).

Next, particles were coated with sodium oleate/oleic acid. It was found that the
particles coated with oleic acid were more stable than those coated with sodium oleate.
Sodium hydroxide solution was added to the obtained magnetite to stabilize it, which
resulted in the colloidal stability of the magnetite for at least one month.

The resultant oleic-acid-stabilized magnetic nanoparticles were used for PLGA mi-
croemulsion synthesis. As synthesized mPLGA/IR775 nanoparticles were analyzed with
scanning electron microscopy, which confirmed the incorporation of magnetite. The anal-
ysis of nanoparticle sizes based on SEM image processing showed that particles were
281.2 ± 83.9 nm with spherical form (Figure 2b,d).

The absorbance spectra of mPLGA/IR775 as well as non-magnetic PLGA/IR775
nanoparticles are presented in Figure 2e: the pronounced peak near the 800 nm region
corresponded to the incorporated IR775 dye in the nanoparticle structure, while the decrease
in the spectrum intensity for mPLGA/IR775 nanoparticles in the UV region most likely
occurred due to the increased light scattering by the magnetic cores within the nanoparticle.

The effective incorporation of IR775 to mPLGA/IR775 nanoparticles was confirmed by
measuring the excitation and emission fluorescence spectra of as-synthesized nanoparticles
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(Figure 2f). Data presented in Figure 2f confirm that the fluorescence of nanoparticles
corresponded to the expected fluorescence of nanoparticles according to IR775 dye loading.

The measurement of IRR75 loading efficiency showed that the dye loading was equal
to 16.8 ± 0.8 µg of IR775 per 1 mg of mPLGA/IR775, thus demonstrating 80.6% loading
efficiency during the synthesis (250 µg of IR775 were used in synthesis per 12 mg of PLGA).

The effective reactive oxygen species (ROS) production of PLGA/IR775 and mPLGA/IR775
under light irradiation was evaluated using a CM-H2DCFDA sensor pre-mixed with
nanoparticles. The mixture was light-irradiated, particles were centrifuged, and the fluores-
cence of the supernatant was measured (Figure 3a). The data presented in Figure 3a confirm
that particles produced ROS under light irradiation. Interestingly, the ROS production was
2.5 higher for nanoparticles loaded with magnetite and IR775 in comparison with particles
loaded with IR775 only under light irradiation (Figure 3a).
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ation study of nanoparticles under the irradiation with an 808 nm laser: magnetic mPLGA/IR775
and non-magnetic PLGA/IR775 nanoparticles were incubated with ROS sensor and irradiated
with 808 nm light and centrifuged, and the fluorescence of the supernatant was measured
(λex = 500 nm, λem = 525 nm). (b) Flow cytometry study of ROS generation. Cells were incubated
with mPLGA/IR775 nanoparticles and ROS sensor and irradiated with 808 nm laser for 10 min.
Histograms represent cell populations in the fluorescent channel corresponding to the ROS sensor
fluorescence (λex = 488 nm, λem = 525/20 nm). (c) mPLGA/IR775 were conjugated to different
lectins as well as to BSA and characterized with the dynamic light scattering method, confirming the
colloidal stability of nanoparticles after chemical conjugation.

Next, ROS generation was studied with flow cytometry tests. EMT6/P cells were
incubated with mPLGA/IR775 nanoparticles and a total ROS sensor. Cells were washed
from non-bound nanoparticles, then irradiated with an 808 nm laser and analyzed with
flow cytometry in the fluorescent channel corresponding to ROS sensor fluorescence. The
data presented in Figure 3b confirm that mPLGA/IR775 are effective PDT sensitizers since
these particles generate ROS under light irradiation.

3.3. Chemical Conjugation of mPLGA/IR775 to Lectins

As-synthesized mPLGA/IR775 were conjugated to different plant lectins using stan-
dard carbodiimide chemistry with EDC/sulfo-NHS as cross-linking agents. Ulex Europaeus
Agglutinin (UEA), soybean agglutinin (SBA), peanut agglutinin (PNA), and concanavalin
A lectin from Canavalia ensiformis (Con A) were used for chemical conjugation. Particles
conjugated with BSA as well as pristine non-conjugated nanoparticles served as control
nanoparticles for the in vitro tests.
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The stability of mPLGA/IR775–lectin conjugates was studied both visually and with
the dynamic light scattering method.

Cumulant analysis showed the size of nanoparticles and their conjugated to be
314.3 ± 114.6 nm for mPLGA/IR775, 258.7 ± 80.67 nm for mPLGA/IR775-BSA,
442.3 ± 206.4 nm for mPLGA/IR775-UEA, 274.1 ± 94.63 nm for mPLGA/IR775-SBA,
276.0 ± 111.1 nm for mPLGA/IR775-PNA, and 279.4 ± 107 nm for mPLGA/IR775-
ConA (Figure 3c), thus confirming the difference between conjugated and non-conjugated
nanoparticles and proving their colloidal stability.

Electrophoretic light scattering measurements showed nanoparticle ζ-potentials to
be equal to −20.2 ± 10.4 mV for mPLGA/IR775, −21.3 ± 4.84 mV for mPLGA/IR775-
BSA, −19.9 ± 6.42 mV for mPLGA/IR775-UEA, −20.3 ± 6.91 mV for mPLGA/IR775-SBA,
−19.2 ± 6.05 mV for mPLGA/IR775-PNA, and −17.7 ± 5.99 mV for mPLGA/IR775-
ConA. Since the isoelectric points of conjugated lectins are in the slightly acidic region, pI
4.5−5.1 for UEA, pI 5.8–6.0 for SBA, pI 5.5–6.5 for PNA, and pI 4.5–5.5 for ConA, all of
the studied lectins were charged neutrally or slightly negatively in buffers with pH 7.0. A
possible problem would be that when a significant number of proteins are conjugated to the
nanoparticle surface, the particles can aggregate due to a strong increase in surface charge.
However, measurements showed only a slight increase in ζ-potentials due to the optimal
concentration of proteins during conjugation, and the particles retained colloidal stability.

3.4. mPLGA/IR775–Lectin Interaction with Cells: Flow Cytometry Screening and In Vitro
Cytotoxicity Tests

The obtained spectrum of synthesized nanoparticles modified with lectins was studied
for interaction with different cell lines by flow cytometry. Thus, the binding of PLGA
conjugates to the following cell lines was studied: (1) EMT6/P mouse breast cancer cells,
(2) vascular endothelial cells EA.hy926, (3) non-cancerous cells—immortalized fibroblasts
NIH/3T3 cells. The aim of this test was to find such conjugates that would more efficiently
bind to cancer breast cells (EMT6/P) and endothelial cells (EA.hy926) to block tumor
angiogenesis processes and at the same time have minimal binding to non-transformed
cells—in this case, fibroblasts—for minimizing the negative effect on healthy tissues in
the organism.

The described cells were incubated with the nanoparticle conjugates, washed from
non-bound nanoparticles, and analyzed by flow cytometry in the fluorescence channel
corresponding to the fluorescence of nanoparticles (Figure 4a). The binding efficiency
was quantified using the stain index calculated as stain index = (MFIpos – MFIauto)/2SDauto,
where MFIpos and MFIauto are medians of the fluorescence intensity of labeled and non-
labeled cell populations, respectively, and SDauto is the standard deviation of MFIauto. The
obtained calculations are shown in Figure 4b. The data presented indicate that it was
the conjugates of nanoparticles with ConA that most effectively bound to mouse breast
cancer cells EMT6/P and endothelial cells EA.hy926 while minimally affecting fibroblasts
NIH/3T3. Thus, we suggested that mPLGA/IR775-ConA are leader nanoparticles for
breast cancer PDT.

Next, we studied the binding of these nanoparticles to cells by fluorescence microscopy.
The data presented in Figure 4c indicate a more efficient penetration of mPLGA/IR775-
ConA nanoparticles into cells compared to control mPLGA/IR775-BSA nanoparticles.
Since breast cancer cells overexpressed more mannose N-glycan units on the membrane
proteins than that of normal cells, the binding of mPLGA/IR775-ConA occurred due to the
interaction of ConA with mannose residues on several proteins types in cancer cells. N-
glycosylation, the sequential addition of complex sugars to adhesion proteins, ion channels,
and receptors, is one of the most frequent protein glycosylation processes, leading to the
fact that ConA-based nanoparticles interact both with internalizing and non-internalizing
proteins on the cell membrane, resulting in the nanoparticle accumulation in different
cell compartments, resting on the cell membrane, localizing in endosomes and in the
cytoplasm [43–45]. Maybe this feature is one of the most interesting aspects of lectin-
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modified nanoparticles’ interaction with cancer cells gathering the attention of researchers,
since this fact allows for the affecting several types of cell compartments simultaneously,
which is very important on the road to the development of multifunctional cancer-fighting
strategies, especially those based on PDT.
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efficiency when exposed to a magnetic field. In vivo images were accompanied by ex vivo 
photographs of the extracted organs, and the intensity of fluorescence of tumors in mice 
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Since fluorescent images do not provide information on the quantitative biodistribu-
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netic delivery. MPQ is an efficient method for the quantitative measurement of the accu-
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Figure 4. In vitro study of mPLGA/IR775 interaction with cells. (a) Flow cytometry assay on
evaluation of the binding efficiency of lectin-modified nano-PLGA. EMT6/P cells were labeled
with lectin-conjugated particles and analyzed with flow cytometry in the fluorescence channel
corresponding to IR775 fluorescence. (b) Flow cytometry histograms are accompanied by the median
fluorescence intensity data and stain index calculation for three cell lines. (c) Fluorescent microscopy
of EMT6/P cell labeled with mPLGA/IR775-BSA and mPLGA/IR775-ConA nanoparticles. Scale
bars, 50 µm. (d) Resazurin test on the evaluation of mPLGA/IR775-ConA nanoparticle cell toxicity
under 808 nm laser light irradiation.

The effective interaction of nanoparticles with cells made it possible to achieve effective
light-induced cytotoxicity. Thus, EMT6/P cells were incubated with nanoparticles, washed
from non-bound ones, and irradiated with an 808 nm laser. Seventy-two hours later, a
resazurin-based test was performed, which showed that, in a wide range of concentrations,
nanoparticles are cytotoxic only when exposed to external radiation, and the cytotoxicity
depends on the irradiation time (Figure 4d).

3.5. Diagnostic Properties of mPLGA/IR-775-ConA Nanoparticles: In Vivo and Ex Vivo
Biodistribution Study

As-synthesized hybrid polymer magnetic nanoparticles of mPLGA/IR775-ConA were
then i.v. injected into tumor-bearing mice in order to study their diagnostic and therapeutic
capabilities. BALB/c mice with EMT6/P allograft tumors in the right flanks were used for
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this study. The magnetically guided targeted delivery of nanoparticles was realized, and
24 h after the nanoparticle injection, the accumulation of nanoparticles was studied both
in vivo and ex vivo.

In vivo bioimaging was performed using the fluorescent properties of IR775 dye inside
the nanoparticles using the LumoTrace Fluo (Abisense, Sochi, Russia) bioimaging device.
Two targeting modes were compared, namely, magnetically guided delivery with the
magnet applied near the tumor site and delivery without the applied magnet. Figure 5a
presents fluorescent images of mice that were injected with nanoparticles without and
with the use of an external magnetic field. These images indicate an increase in delivery
efficiency when exposed to a magnetic field. In vivo images were accompanied by ex vivo
photographs of the extracted organs, and the intensity of fluorescence of tumors in mice
from the group with a magnet was to a certain degree higher.
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EPR effect of fast-growing tumors such as in B16 or CT26 models. 
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Figure 5. Diagnostic properties of mPLGA/IR-775-ConA nanoparticles: in vivo imaging and ex vivo
evaluation of particle accumulation in tumors with and without magnet-assisted delivery. (a) Fluores-
cent images of mice 24 h after the i.v. injection of mPLGA/IR775-ConA with and without magnetic
targeting. Data are accompanied by the ex vivo fluorescent images of mice organs (λex = 730 nm,
λem = 780 nm). (b) Percent of injected dose accumulated in the main organs according to MPQ
measurements. Data are presented on a logarithmic scale (n = 10 for each group). * p < 0.001.

Since fluorescent images do not provide information on the quantitative biodistri-
bution of nanoparticles in mice organs and are made available only a qualitative picture
of particle biodistribution, we studied the accumulation of nanoparticles in organs using
our original MPQ method (magnetic particle quantification) [38] to assess the efficacy of
magnetic delivery. MPQ is an efficient method for the quantitative measurement of the
accumulation of magnetic nanoparticles in the organism. The method has a sensitivity limit
of 0.33 ng nanoparticles and is devoid of background signals from liquids and tissues; each
measurement takes a few seconds and does not require complex sample preparation or data
processing. This is possible due to the way the device works: a magnetic coil generates an
alternating electromagnetic field with two components, thereby affecting magnetic particles.
Linear magnetic materials (dia- and paramagnetics) respond only at the frequencies of the
applied field, whereas non-linear magnetic materials (e.g., superparamagnetic materials)
respond at the combinatorial frequencies of the field [32,38,46].

Extracted organs of mice from two groups: with and without magnetic delivery (n = 10
in each group) were measured with the MPQ device in order to obtain particle distribution
in organs. The data presented in Figure 5b demonstrate the difference in nanoparticle
accumulation in tumors for these groups: 4.5 ± 1.5% vs. 7.3 ± 1.3% of the injected dose for
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groups without and with the applied magnetic field, respectively. Significant differences
between the control group and experimental group determined with two-sided unequal
variances t-tests (Welch’s test) for two-group comparisons showed the p-value to be equal
to 0.0004, thus proving the difference in nanoparticle accumulation in tumors.

Here, we showed that the application of a magnetic field increased the delivery of
mPLGA/IR775-ConA nanoparticles into the tumor by 1.6 times. We should emphasize
the problem that always arises on the way to the development and verification of human
anti-cancer drugs using laboratory mice. Since mice are small rodents and their tumors are
correspondingly small, it is quite difficult to predict how targeted nanoparticles will behave
in terms of quantitative accumulation in the large human tumor, especially considering the
fact that there are no successful cases of introducing targeted nanoparticles into the clinic
and there is no way to obtain relevant data from the literature for at least one of the existing
targeted nanoparticles. We can only try to model the processes in rodents that maximally
reflect the processes of carcinogenesis in humans. For this purpose, the allograft tumor
models were used in this study, namely, mouse cancer cells were injected in mice, while
the tumors formed for a rather long time period (for almost 2 weeks) and were allowed to
grow to a fairly large size, 190 ± 67 mm3 (thus, corresponding to approximately 1% from
total body weight), developing a normal vasculature, thereby minimizing the EPR effect of
fast-growing tumors such as in B16 or CT26 models.

However, it is rather presumptuous to suggest that such efficiency and such a differ-
ence in the accumulation of nanoparticles with and without a magnetic delivery can be
reproduced in human tumors. To shed light on this problem, it is necessary to perform a
series of sequential experiments using larger mice, e.g., ICR (CD-1) instead of Balb/c, large
rats, and other larger animals, and this is included in our plans for further research.

3.6. Therapeutic Properties of Lectin-Modified Nano-PLGA

The therapeutic properties of lectin-conjugated magnetic polymer nanoparticles were
then studied. Mice with allograft EMT6/P tumors were randomly divided into three
groups when the tumor sizes reached 190 ± 67 mm3 (n = 6). Mice were treated as follows:
(i) the first group served as the control non-treated cohort, (ii) the second group was
treated with mPLGA/IR775-ConA nanoparticles, and (iii) the third group was treated with
mPLGA/IR775-ConA nanoparticles followed by light irradiation. Mice received single
i.v. injections of 1 mg of mPLGA/IR775-ConA nanoparticles with a magnet applied to the
tumor site. Twenty-four hours later, the tumor sites of mice from the third group were
irradiated with an 808 nm laser for 30 min (Figure 6b). The tumor growth dynamics that
were monitored by caliper measurements every two days are presented in Figure 6d. Data
presented in Figure 6a–d confirm the efficacy of mPLGA/IR775-ConA as tumor-targeting
agents for light-PDT: tumor growth inhibition was found to be 100% in the light-treated
group with complete tumor elimination.
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Figure 6. Therapeutic properties of lectin-modified nano-PLGA: mPLGA/IR775-ConA sensitizer-
assisted photodynamic therapy of EMT6/P tumors. Mice were i.v. injected with 1 mg of
mPLGA/IR775-ConA nanoparticles and 24 h later were irradiated with an 808 nm light (600 mW).
(a) Evaluation of tumor targeting ability of mPLGA/IR775-ConA nanoparticles: fluorescent images of
mice 24 h after the injection of nanoparticles (control group, group that received the nanoparticle in-
jection only, and group that afterward was treated with light irradiation). (b) Scheme of the treatment.
(c) Smartphone camera images at the end of the experiment (day 27): images of mice from all treated
groups (n = 6). (d) Tumor growth dynamic of mice treated with mPLGA/IR775-ConA nanoparticles.

4. Discussion

The main goal of this work was the development of the most effective nanoagent
for large solid tumor PDT. We synthesized polymer nanoparticles loaded with magnetite
and the PDT agent, IR775 dye (mPLGA/IR775). The magnetite incorporation into PLGA
particle structure allows for quantitative tracking of their accumulation in different or-
gans and performing magnetic-assisted delivery, while IR775 makes fluorescent in vivo
bioimaging possible, as well as light-induced PDT. To equip PLGA nanoparticles with
targeting modality, the particles were conjugated with lectins of different origins, and the
flow cytometry screening revealed that the most effective candidate for breast cancer cell
labeling is ConA, a lectin from Canavalia ensiformis.

PDT is one of the most promising cancer treatment strategies, being based on the
absorption of light by a photosensitizer and the conversion of oxygen into reactive oxygen
species (ROS). Previously, various scientific groups have shown that PLGA nanoparticles
are excellent nanoagents for PDT. Thus, different PLGA-based formulations loaded with
photosensitizers were developed: Rose Bengal [42], indocyanine green [47], zinc phthalo-
cyanine [48,49], and others, and their applications in vitro and in vivo were demonstrated
for selective cancer cell destruction under the external light source. For example, Fadel
et al. showed the efficacy of PLGA loaded with zinc(II) phthalocyanine (ZnPc) in vivo
using Ehrlich ascite carcinoma cells under 880 nm light irradiation [48]. Zhang et al.
demonstrated both the bioimaging capabilities of IR775-loaded PLGA using BALB/c
mice with CT26 tumors and showed that the therapeutic modalities of particles led
to the tumor growth inhibition of 87.28% [50]. The heptamethine cyanine derivative,
IR775 dye (2-[2-[2-chloro-3-[2-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)-ethylidene]-
1-cyclohexen-1-yl]-ethenyl]-1,3,3-trimethyl-3H-indolium chloride), was shown to be one of
the most effective PDT sensitizers, especially within the composition of different nanoparti-
cles due to its hydrophobic nature [35–37].

To achieve targeted delivery, we chemically conjugated PLGA nanoparticles with con-
canavalin A. ConA is a lectin purified from jack bean (Canavalia ensiformis) that specifically
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binds D-mannose/D-glucose residues on the cell surface [51–53]. Several studies confirmed
the ability of ConA-coated nanoparticles of various natures to preferentially bind to cancer
cells. Thus, Chen et al. demonstrated that the binding capacity of ConA-conjugated silica–
carbon hollow spheres was higher for liver cancer cells than for normal cells in vitro [54].
Martínez-Carmona et al. reported that ConA-conjugated mesoporous silica nanoparticles
loaded with doxorubicin specifically bind and kill human osteosarcoma cells in contrast to
healthy preosteoblast cells, MC3T3-E1 [55]. Chowdhury et al. showed ConA-conjugated
quantum dots loaded with doxorubicin possess higher specific cytotoxicity against HeLa
cancer cells compared to normal cells in vitro [53]. Khopade et al. reported ConA-coated
multiple emulsion bearing 6-mercaptopurine [56] outperformed uncoated emulsion (ME)
and free drug with IC50 0.7, 2.5, and 2.8 µM on murine leukemia cell line L-1210 in vitro.
The same study demonstrated that the median survival time of mice treated with ConA ME
was superior to that of ME and free drug [56]. In addition, it was shown that concanavalin
A can modulate signaling pathways, inducing apoptosis in melanoma A375 cells and
autophagy in glioblastoma and hepatoma cells, as well as inhibit proliferation of melanoma
B16 cells and fibroblast 3T3 cells [30,57–59]. Hence, concanavalin A is a promising molecule
that can not only recognize cancer cells but also lead to the suppression of their vital activity.

It should be also highlighted that ConA, like most lectins, is a homotetramer with one
subunit of 26.5 kDa, and thus problems with steric hindrances that constantly arise during
the conjugation of nanoparticles with antibodies or peptides are much less pronounced.
Even if one of the homotetramer subunits is attached to the surface of the particle, the other
three will still be active. In this way, most of the standard problems of chemical conjugation
are removed, and the optimization of ligation protocols requires much less effort.

The combination of photodynamic properties, magnetite incorporation, and lectin
modification within the single PLGA matrix allows for the obtaining of trifunctional
nanoparticles for magnetically assisted targeted drug delivery. Such hybrid mPLGA/IR775-
ConA nanoparticles were shown to (i) efficiently target the allograft tumors, (ii) perform
magnetically assisted delivery (the efficacy of the delivery was 1.6 times greater under the
application of the magnetic field), and (iii) induce tumor elimination under external light
irradiation with tumor growth inhibition = 100% in all mice from the treated group.

5. Conclusions

This study is a step forward in the development of new-generation nanomedications
for cancer PDT. Biocompatible PLGA nanoparticles are already widely used in clinical
applications as well as some methods of PDT. We believe that the combination of lectin-
assisted magnetic targeted delivery and all the advantages of PLGA carriers and PDT
efficacy would result in a new smart nanoagent for oncotheranostics.
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Abstract: Hybrid multimodal nanoparticles, applicable simultaneously to the noninvasive imaging
and therapeutic treatment, are highly demanded for clinical use. Here, Fe-Au core-satellite nanopar-
ticles prepared by the method of pulsed laser ablation in liquids were evaluated as dual magnetic
resonance imaging (MRI) and computed tomography (CT) contrast agents and as sensitizers for laser-
induced hyperthermia of cancer cells. The biocompatibility of Fe-Au nanoparticles was improved
by coating with polyacrylic acid, which provided excellent colloidal stability of nanoparticles with
highly negative ζ-potential in water (−38 ± 7 mV) and retained hydrodynamic size (88 ± 20 nm)
in a physiological environment. The ferromagnetic iron cores offered great contrast in MRI images
with r2 = 11.8 ± 0.8 mM−1 s−1 (at 1 T), while Au satellites showed X-ray attenuation in CT. The intra-
venous injection of nanoparticles enabled clear tumor border visualization in mice. Plasmonic peak in
the Fe-Au hybrids had a tail in the near-infrared region (NIR), allowing them to cause hyperthermia
under 808 nm laser exposure. Under NIR irradiation Fe-Au particles provided 24.1 ◦C/W heating
and an IC50 value below 32 µg/mL for three different cancer cell lines. Taken together, these results
show that laser synthesized Fe-Au core-satellite nanoparticles are excellent theranostic agents with
multimodal imaging and photothermal capabilities.

Keywords: pulsed laser ablation in liquids; multimodal imaging; MRI; CT; photothermal therapy;
iron-gold nanoparticles; pharmacokinetics

1. Introduction

Magnetic nanoparticles (NPs) consisting of iron, gadolinium, manganese, and other
metals are widely studied for biomedical applications, e.g., drug delivery, magnetic reso-
nance imaging (MRI), or visualization with magnetic spectral approaches [1–4]. However,
independently of doping metals (Mn, Co, and Ni), most magnetic NPs are iron oxide based.
After accumulation in an organism, NPs can degrade in lysosomal conditions in cells,
releasing metal ions [5]. It can reduce contrasting properties of NPs and cause adverse toxic
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effects [6,7]. It was shown that T1 MRI contrast agents based on chelates of gadolinium
can release Gd3+ ions, which subsequently accumulate in brain, muscles, and other tissues,
causing apoptosis, the competition of Gd3+ and Ca2+, and other cytotoxic effects [8]. How-
ever, iron-based MRI contrast agents tend to have lower toxicity since there is a plethora
of mechanisms of iron metabolism in the body. Moreover, a lysosomal-induced release of
Fe3+ ions is used for the treatment of iron deficiency anemia [9].

Plasmonic NPs, such as gold, silver, TiN, ZrN, and HfN-based materials have unique
optical properties such as increased extinction at resonant frequencies [10]. This property can
be used for surface-enhanced Raman spectroscopy (SERS) sensing and visualization [11,12],
as well as for local hyperthermia treatment of wound infection or tumors [13,14], which
allows avoiding the usage of chemotherapy and, thus, lowers toxicological effects to a
body. On the other hand, light absorbance causes an increase in temperature, subsequent
nanoparticle volume expansion, and hence the generation of acoustic waves, which is a
basis for photoacoustic visualization [15]. Among other plasmonic NPs, the non-reactivity
of gold makes it low in toxicity, while a high atomic number renders the X-ray attenuation
coefficient high enough for the in vivo visualization of NPs by computed tomography
(CT) [16].

The combination of magnetic and plasmonic properties of iron and gold nanoparti-
cles in one core-shell or alloy system renders possible not only multiple visualizations of
pathologies by MRI and CT techniques for increasing diagnosis quality but also allows
the performance of hyperthermia treatment of cancer cells. Recently, several chemically
synthesized Fe-Au composites were investigated for multimodal in vivo imaging [17–19].
The chemical preparation of bimetallic nanoparticles can provide a wide variety of different
crystal structures and compositions; however, their surface can be contaminated by ab-
sorbed reagents and surfactants, which potentially increase nanoparticle toxicity. To solve
this problem, the pulsed laser ablation in liquids (PLAL) method was developed [20], which
provides nanoparticles with contaminated-free surface and can generate particles with
various composition and size. Different PLAL-fabricated particles, including silicon, gold,
and TiN nanomaterials, were investigated for biomedical applications and showed low
toxicity in vitro and in vivo [21–24]. A recent synthesis approach of Fe-Au core-satellite
hybrid nanoparticles by the PLAL method was proposed by Popov A.A. et al. [25]. It
provided unform decorations of nanosized iron cores with smaller gold nanoparticles. This
type of Fe-Au nanocomposite assembly is preferred for in vivo applications due to the
high biocompatibility of both components—iron oxides are biodegradable in physiological
conditions via iron-recycling pathways, while gold nanoparticles are biodegradable in lyso-
somes during 2–6 months following biomineralization [26]. The resultant uncoated material
has strong magnetization (12.6 emu/g) and broad plasmon peaks centered at 550 nm with
a long tale in the near-infrared region [25]. These first data provide promising multimodal
imaging and photothermal therapy relative to cancer cells using laser-synthesized Fe-Au
hybrids, but the potential of this new material has yet to be confirmed in vitro and in vivo.

In this paper, the syntheses of bimetallic Fe-Au core-satellite nanoparticles by the
PLAL method and the investigation of their biomedical applications in terms of their
MRI, CT contrast properties, and photothermal therapeutic efficiency under irradiation
by near-infrared red (NIR) light were reported. Polyacrylic acid coated Fe-Au particles
showed low toxicity to cancer cells of different tissues in vitro. Under NIR irradiation,
nanoparticles were heated and caused 100% cell death at concentrations of particles higher
than 25 µg/mL. Moreover, Fe-Au particles acted as negative T2 contrast agents in MRI
and positive contrast material for CT imaging in vitro and in vivo. Our results make laser-
synthesized Fe-Au core-satellite nanoparticles a perspective agent for multimodal imaging
and therapy.
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2. Materials and Methods
2.1. Materials
2.1.1. Chemicals

Sigma-Aldrich (St. Louis, MO, USA): sodium chloride (≥99%), potassium ferrocyanide
(≥98.5%), hydrochloric acid (37%), nitric acid (70%), poly(acrylic acid sodium salt) (Mw
~5100) (>86%), 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoliumbromide (MTT)
(≥97.5%), and eosin (99%); Chimmed (Moscow, Russia): dimethyl sulfoxide (DMSO)
(99.9%), crystal violet (98%), and formaldehyde (37%); Gibco (Waltham, MA, USA): DMEM
medium; Capricorn (Ebsdorfergrund, Germany): fetal bovine serum; PanEko (Moscow,
Russia): L-glutamine, penicillin, and streptomycin; Virbac (Carros, France): Zoletil; Bioveta
(Komenského, Czech Republic): Rometar.

Targets for laser ablation: Au target (99.99%, GoodFellow, Delson, QC, Canada) and
metallic Fe target (99.99%, GoodFellow, Delson, QC, Canada).

2.1.2. Cell Lines

Human tumor cell lines: lung carcinoma A549 (CCL-185™; ATCC), mammary duc-
tal adenocarcinoma BT-474 (HTB-20™; ATCC), and ovarian adenocarcinoma SKOV3-1ip
(collection of Laboratory of Molecular Immunology IBCh RAS); mouse mammary cell
line EMT6/P (ECACC) and Chinese hamster ovary cell line CHO (Russian Cell Culture
Collection) were used for in vitro studies. All cell lines were grown in colorless DMEM
medium with 10% fetal bovine serum and 5000 U/mL and 5000 µg/mL of penicillin and
streptomycin in culture flasks at 5% CO2 and 37 ◦C.

2.2. Synthesis of Fe-Au Nanoparticles

The synthesis of Fe-Au core-satellite nanoparticles was performed by a two-step
method of femtosecond (fs) pulsed laser ablation in liquids. A schematic diagram of the
synthesis procedure is shown in Figure 1. At the first step of PLAL, an aqueous solution
of Au NPs was synthesized. The target was placed vertically in a glass cuvette filled with
50 mL of 1mM NaCl aqueous solution. The thickness of liquid layer between the target
surface and cuvette wall was 4 mm. Radiation from a Yb:KGW laser (1030 nm wavelength,
250 fs pulse duration, 30 µJ pulse energy, 100 kHz repetition rate; TETA 10 model, Avesta,
Moscow, Russia) with 3 mm beam diameter was focused by a 100 mm F-theta lens on the
surface of the target, through a side wall of the ablation vessel. To avoid ablation from
one place and increase synthesis efficiency, the laser beam was moved over a 10 × 30 mm
area on the surface of the target, with 4 m/s speed using a galvanometric scanner. The
duration of the first step of laser ablation experiment was 40 min. Then, the prepared
colloidal solution was centrifuged with 15,000× g for 15 min and the nanoparticles in the
supernatant were taken for further steps. During the second step of PLAL a metallic Fe
target was placed in the chamber filled with Au NP solution. The ablation of Fe target was
performed in the same manner as for the first step. The duration of the second step was
15 min.

Non-reacted Au NPs were ejected by a step of magnetic separation. For this, a NdFeB
cylindric (diameter—5 cm; length—3 cm) magnet was placed for 5 min next to the bottom
of the cuvette with a colloidal solution of Fe-Au NPs. The magnetic fraction of NPs was
attracted to the vessel’s bottom, while nonmagnetic NPs remained dispersed in the solution.
Then, the upper part of the solution containing free Au NPs and nonmagnetic Fe NPs
was discarded, leaving 2 mL of solution at the bottom. The NPs were redispersed by an
ultrasonication.

Obtained Fe-Au nanoparticles were stabilized by polyacrylic acid. Polymer solution
measuring 1 mL (50 mM) was heated to 80 ◦C and added to 1 mL of Fe-Au nanoparticle
water dispersion with a concentration of 1 g/L. Then, the nanoparticles were incubated for
15 min at 80 ◦C and washed 3 times with water from unbound polymer via centrifugation
at 4000× g for 10 min.
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Figure 1. Schematic representation of two-step PLAL synthesis of core-satellite Au-Fe NPs. (a) Laser 
ablation of gold target with further separation step of 8 nm Au NPs fraction via centrifugation. (b) 
Laser ablation of iron target in presence of Au NPs with further separation step of magnetic Fe-Au 
NPs fraction via external magnetic field. 

Non-reacted Au NPs were ejected by a step of magnetic separation. For this, a NdFeB 
cylindric (diameter—5 cm; length—3 cm) magnet was placed for 5 min next to the bottom 
of the cuvette with a colloidal solution of Fe-Au NPs. The magnetic fraction of NPs was 
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Figure 1. Schematic representation of two-step PLAL synthesis of core-satellite Au-Fe NPs. (a) Laser
ablation of gold target with further separation step of 8 nm Au NPs fraction via centrifugation.
(b) Laser ablation of iron target in presence of Au NPs with further separation step of magnetic Fe-Au
NPs fraction via external magnetic field.

2.3. Nanoparticle Characterization

Hydrodynamic size and ζ-potential measurements were performed using a Malvern
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). The experiments were performed
in distilled water for hydrodynamic size measurement and in 10 mM NaCl for ζ-potential
analysis. Number distribution was used for size analysis. Stability measurements were
carried out in phosphate-buffered saline (PBS, 100 mM, pH 7.4) at 60 µg/mL concentration.

UV-Vis spectra were measured by an Infinite M1000 PRO (Tecan, Salzburg, Austria)
microplate reader.

Surface morphology and the elemental composition of NPs were characterized by a
scanning electron-microscope (SEM) MAIA3 (Tescan, Brno, Czech Republic) coupled with
an energy dispersive X-ray spectroscope (EDS) X-act (Oxford Instruments, Abingdon, UK).
Nanoparticle solution in water was dropped on a silicon wafer and dried under ambient
conditions. Nanoparticle images were obtained at 20 kV accelerating voltage in secondary
electron (SE) detection mode. The mean size of the Fe-Au core satellites was measured
using ImageJ software; 210 nanoparticles were analyzed.

The concentrations of iron and gold in Fe-Au NPs were quantified via inductively
coupled plasma mass-spectrometry using a NexION 2000 spectrometer (Perkin Elmer,
Waltham, MA, USA). Particles were dissolved in concentrated aqua regia, 3:1 mixture of
HCl:HNO3, and diluted by water to 30% acid concentration for measurements. 57Fe and
197Au peaks were used for the analysis.

Magnetic hysteresis loop was measured using a VSM LakeShore 7407 Series magne-
tometer (Lake Shore Cryotronics, Westerville, OH, USA). The field dependence of mag-
netization was measured for NP water dispersion sealed in a quartz capillary at room
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temperature. The measurement was carried out up to 2 T field. Diamagnetic background
from the quartz tube and holder were subtracted from measurement results.

2.4. Study of Photothermal Properties

To evaluate the photothermal properties of PAA-coated Fe-Au NPs, 1 mL of nanopar-
ticle solution in water was irradiated in a square optical polystyrene cuvette either with
808 nm or 532 nm laser at room temperature. Temperature measurements were performed
using a thermal imaging camera FLIR C3 (FLIR Systems, Wilsonville, OR, USA), and the
temperature of the hottest spots in the irradiated region were used for analysis. The test on
photostability was performed via repetitive cycles of 5 min heating under irradiation with
an 808 nm laser (1.23 W) followed by a 5 min cooling period.

Photothermal conversion efficiency (η) of nanoparticles under near infrared irradiation
(808 nm, 1.23 W, 10 min duration) was calculated via an approach developed in [27]:

η(%) =
hS
(

TNPs
max − Tamb

)
− Qs

I
(

1 − 10−A808
)

where h is the heat transfer coefficient, S is the surface area for heat transfer, TNPs
max is

the maximum temperature reached in particle suspension under irradiation, Tamb is the
ambient temperature, Qs is the heat produced by water due to light absorption, I is the
incident laser intensity, and A808 is the light absorbance of particles at λ = 808 nm. To
derive hS, the following relation was used:

hS =
mscs

τ

where ms and cs are mass and specific heat capacity of water, respectively, and τ is the
time constant determined as the slope coefficient in cooling time vs. natural logarithm
of the driving force (θ =

(
T − Tamb

)
/(TNPs

max − Tamb)) dependence. The value of Qs was
determined by measuring temperature increments in a cuvette filled with distilled water
under the same irradiation conditions.

2.5. In Vitro Studies

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test was
used to determine the cytotoxic effect of Fe-Au@PAA nanoparticles. For this, A549, BT474,
SKOV3-1ip, EMT6/P, and CHO cells at a concentration of 6 × 104 cells in 600 µL of colorless
DMEM medium were incubated with particles at concentrations of 3.12, 6.25, 12.5, 25, 50,
and 100 µg/mL for 1 h at 5% CO2 atmosphere and 37 ◦C. After that, cells were introduced
into a 96-well plate at a concentration of 104 cells in 100 µL of medium per well. Cells were
incubated for 48 h at 5% CO2 and 37 ◦C. Next, the medium was removed, 100 µL of the
MTT solution per well was added, and cells were incubated for 1 h at 37 ◦C. Then, MTT
was removed and 100 µL of DMSO was added to each well. The measurement was carried
out on the Infinite M1000 Pro spectrophotometer at a wavelength of 570 nm. Cell viability is
shown as a percentage normalized relative to the control cells incubated without particles.

For the measurement of cytotoxicity under near-infrared irradiation, 6 × 104 cells of
different lines, A549, EMT6/P, or CHO, were added to 1.5 mL tubes and incubated in 600 µL
of colorless DMEM medium with particles at concentrations from 3.12 to 100 mg/L for 1 h
at 5% CO2 and temperature 37 ◦C. Next, tubes were covered with foil and samples were
irradiated with NIR 808 nm laser (0.76 W) at room temperature while continuously shaking
(285 rpm). Then, the irradiated cells were transferred into a 96-well plate at a concentration
of 104 cells in 100 µL of medium per well. Cells were incubated for 48 h at 5% CO2
atmosphere and 37 ◦C. Then, cell viability was measured by a MTT test, as described
above. Cell viability is shown as a percentage normalized to control cells, incubated
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without particles and irradiation. The IC50 values were calculated using the OriginPro 2015
software (OriginLab, Northampton, MA, USA) with a dose–response function.

For setting clonogenic analysis, the same conditions were used as for the study of
cytotoxicity by the MTT test. After the incubation of cells with nanoparticles and their
irradiation, the cells were diluted 30 times, and 2 × 103 cells in 1 mL of DMEM medium
were added to the each well of a 12-well plate and incubated for 8 days at 5% CO2 and
37 ◦C. Next, the nutrient medium was removed, cells were washed with 600 µL of PBS,
pH 7.4. Then, 600 µL of 70% ethanol was added to the wells to fix the cells, following
incubation at room temperature for 15 min. Then, 70% ethanol was removed and 600 µL of
95% ethanol was added, repeating incubation conditions. After removal of 95% ethanol,
the plates were washed with water. Then, the cells were stained by 600 µL of 1% crystal
violet water solution for 30 min at room temperature. Then, the wells of the plates were
washed 10 times with water.

2.6. Animals

All animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC) of Shemyakin–Ovchinnikov Institute of Bioorganic Chemistry (Moscow, Russia),
protocol № 240 from 16 June 2020.

Female BALB/c mice of 18–22 g weight were obtained from Pushchino Animal Fa-
cility (Pushchino, Russia) and maintained in a vivarium at the Shemyakin-Ovchinnikov
Institute of Bioorganic Chemistry. Before the experiments, mice were anesthetized by an
intraperitoneal injection of 150 µL of Zoletil/Rometar solution in a concentrations 90 g/L
and 0.16 g/L, respectively.

To perform a tumor model, EMT6/P mice mammary carcinoma cells were inoculated
in animals. EMT6/P cells were grown in DMEM supplemented with 10% fetal bovine
serum and 2 mM L-glutamine at 37 ◦C in 5% CO2 atmosphere. The cells were harvested
from the culture dish and transferred to PBS to obtain the concentration of 107 cells per mL.
Then, 100 µL of EMT6/P cell suspension was administered subcutaneously into the flank
region of BALB/c mice. Mice bearing tumors of 150–250 mm3 volume were used for
the experiments.

2.7. Pharmacokinetics Study

A magnetic particle quantification (MPQ) method [28] was used to evaluate Fe-Au
nanoparticle biodistribution and blood circulation kinetics as described elsewhere [29].
Mice were anesthetized and their tail was placed into the magnetic coil of an MPQ reader
and gently fixed with tape. Then, 1 mg of Fe-Au@PAA particles in 100 µL of PBS was
injected into the retro-orbital sinus. The concentration of nanoparticles in blood was
measured with MPQ in real-time in tail veins and arteries of mice. The 10–90% central
part of kinetic curves was fitted with a monoexponential function to calculate the blood
circulation time of magnetic NPs.

For the investigation of nanoparticle biodistribution, 2 h after particle administration,
mice were euthanized by cervical dislocation, and the major organs (liver, spleen, lungs,
kidneys, heart, femur bones, brain, muscle sample, and tumor) were harvested and placed
into a measuring coil of a MPQ reader. To increase delivery to the tumor site, magnetic
field-assisted delivery was used by placement of a 2 cm × 1 cm × 0.5 cm NdFeB magnet
near the tumor. To consider differences in the actual injected dose among different animals,
the particle quantities in organs were normalized by the sum of the magnetic signals from
all studied organs. Each signal was then divided by the organ mass to obtain the signal per
gram of tissue.

2.8. Magnetic Resonance Imaging

MRI analysis of mice and phantoms was carried out in an ICON 1T MRI system
(Bruker, Billerica, MA, USA) using a mouse whole-body-volume radio frequency coil. For
image acquisition, a two-dimensional gradient echo FLASH sequence was used with the
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following parameters: repetition time/echo time (TR/TE), 1000/5.16 ms; flip angle (FA),
60◦; resolution, 200 µm; field of view (FOV), 85 × 30 mm; 1 signal average; 20 slices per scan;
slice thickness, 1.5 mm. T2 mapping was used for acquiring T2 values of NP suspensions.

2.9. Computed Tomography

IVIS Spectrum CT (PerkinElmer, Waltham, MA, USA) small animal imaging system
was used for computed tomography of phantoms and mice. Images were acquired with
50 kV tube at 1 mA current with 20 milliseconds of exposure time. A total of 720 projections
spaced 0.5◦ apart were acquired, and the CT volume was reconstructed using Living Image
software (PerkinElmer Inc., Waltham, MA, USA) with a FOV 8 cm × 8 cm × 2 cm.

2.10. Histological Analysis

Samples of the organs were fixed in 4% formaldehyde for 24 h, dehydrated in a
series of alcohol solutions of increasing alcoholic concentration, and embedded in paraffin.
Paraffin sections measuring 4 µm thick were stained with eosin and Perls Prussian Blue.
Microscopy studies were carried out using Leica DM4000 B LED light microscope (Leica
Microsystems, Wetzlar, Germany) equipped with a digital camera Leica DFC7000T.

2.11. Statistical Analysis

All experiments were performed at least in triplicates. All numerical data are presented
as mean ± standard deviation. Significant differences were determined using 2-tailed
Welch’s t-test. The statistical difference was considered statistically significant when p value
was < 0.05 (*), 0.01 (**), and 0.001 (***).

3. Results and Discussion
3.1. Nanoparticle Synthesis and Characterization

Highly pure FexOy@Au nanoparticles (Fe-Au NPs) were synthesized by a two-step
femtosecond pulsed laser ablation in liquid method according to a previously reported
procedure [25]. The resulting nanoparticles had core-satellite architecture, where spherical
iron oxide NPs formed cores, while Au NPs formed satellites (Figure S1). The mass ratio of
Fe:Au was 2.1 ± 0.3, according to analysis by inductively coupled mass spectrometry.

For in vivo applications of nanoparticles, they should possess colloidal stability in high
ionic strength liquids. As-prepared Fe-Au nanoparticles had mean hydrodynamic size of
(73 ± 40) nm in water, while in physiologically relevant environment of phosphate buffered
saline (PBS, 100 mM, pH 7.4), a rapid aggregation to sub-micron range was observed with
hydrodynamic size of (673 ± 200) nm (Figure 2a). To improve the poor colloidal stability
of Fe-Au, NP surface was coated with a biocompatible organic polymer—polyacrylic acid
(PAA). PAA is a polymer, which bears all qualities suited for biomedical applications, such
as biocompatibility, nontoxic nature, and biodegradability [30]. The obtained PAA-coated
Fe-Au core-satellite nanocomposites (Fe-Au@PAA) possessed slightly higher diameter in
water (88 ± 40) nm, indicating the appearance of an additional polyelectrolyte kinetic
layer. The PAA coating effectively prevented nanoparticle aggregation in PBS for at least
1 day, which was confirmed by the retainment of the mean particle size at the same value:
(88 ± 20) nm (Figure 2b).

The formation of the polyelectrolyte layer of PAA on the surface of Fe-Au nanoparticles
was proved by changes in ζ-potential from (+10 ± 5) mV before to (–38 ± 7) mV after
the coating procedure (Figure 2c). Low positive ζ-potential of bare NPs indicated weak
interparticle repulsion. According to theory [31], nanoparticles, which have ζ-potential
less than 5 mV by modulus, undergo aggregation, while |ζ| > 30 mV provides a good
colloidal stability of NP solution. Fe-Au@PAA NPs demonstrated a significantly higher
ζ-potential magnitude with the negative charge, which is a distinct indication of PAA
carboxylate anions presented on the particle’s surface. A 1 mV shift in ζ-potential peak
value was observed after 25 days of coated particles incubation at 4 ◦C (Figure S2), thus
showing long-term stability of the organic layer during storage. Considering high chemical
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stability of both Au nanoparticles and oxidized iron in water, Fe-Au@PAA NPs could
provide a particularly long half-life in aqueous colloid form, which is highly relevant for
biomedical implementation.
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of Fe-Au NPs before and after the PAA coating. 
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source were evaluated firstly. Green lasers have been extensively used in surgery for pho-
tocoagulation [34] and tested for cancer therapy with nanoparticles [35]. Considering rel-
atively low intensities of 532 nm lasers used in clinics (100–750 mW) [36] and high absorp-
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Figure 2. Fe-Au NP characterization before and after stabilization with a polymer coating. (a,b) Hy-
drodynamic size distribution of Fe-Au (a) or Fe-Au@PAA (b) NPs in water and PBS. (c) ζ-potential
distributions of Fe-Au nanoparticles before and after the coating with PAA. (d) EDS mapping of Au
and Fe abundance in nanoparticles. Scale bar—250 nm. (e) SEM image of Fe-Au@PAA NPs. Scale
bar—250 nm. (f) Distribution of Fe-Au@PAA NP physical diameter. (g) Magnetization curves of
Fe-Au NPs measured at 300 K. The inset is an enlarged view of the low-field region. (h) UV-Vis
spectra of Fe-Au NPs before and after the PAA coating.

The preservation of core-satellite structure after the coating was confirmed by SEM
imaging coupled with EDS mapping, demonstrating the sparse distribution of gold around
spherical iron-based cores (Figure 2d,e). The mean physical diameter of cores in the coated
nanoparticles was determined to be (74 ± 20 nm) (Figure 2f). The ratio of hydrodynamic
and physical sizes indicated that Fe-Au@PAA NPs rather exist in solutions in a single form
than in clusters.

30



Pharmaceutics 2022, 14, 994

Core-satellite nanoparticles possesses both magnetic and plasmonic properties. Magnetic
hysteresis loop at 300 K temperature showed ferromagnetic behavior with coercivity ≈ 41 Oe
(Figure 2g). Magnetization was measured for 1 mL of water dispersion of Fe-Au NPs
with 1 mg/mL concentration. The volume magnetization saturation of Fe-Au NPs was
MS ≈ 0.022 emu/cc or 22 emu/g. This value is lower than for bare laser-synthesized
iron oxide nanoparticles with MS = 44.7 emu/g [25] for ultrasmall iron nanoparticles
Fe-NPs (MS = 117–163 emu/g) and other Fe3O4-Au (MS = 86 emu/g) hybrids [32,33]. It
should be noted that artifacts in magnetization curves at |H| > 0.5 kOe may stem from
the aggregation of nanoparticles at high magnetic fields, which is challenging to avoid
in liquids.

Plasmonic gold NPs contributed to the extinction spectra of iron oxides by appearance
of absorbance peak in green region of the spectra with a broad tail in the infra-red part
(Figure 2h), which is in an optical transparency window of biological tissue [25]. After
the coating of Fe-Au NPs by PAA, the plasmon peak was shifted from 542 nm to 536 nm
with decrease in its intensity, probably due to a slight release of loosely bound plasmon Au
nanoparticles during the coating procedure.

3.2. Photothermal Properties of Fe-Au@PAA Nanoparticles

Nanoparticles demonstrating strong light absorption in the visible and near-infrared
regions and then converting it into heat are promising candidates for photothermal therapy.
Thus, owing to the strong extinction of Fe-Au at the plasmon resonance band, the pho-
tothermal properties of NPs under irradiation by a green light from a 532 nm laser source
were evaluated firstly. Green lasers have been extensively used in surgery for photocoag-
ulation [34] and tested for cancer therapy with nanoparticles [35]. Considering relatively
low intensities of 532 nm lasers used in clinics (100–750 mW) [36] and high absorption of
visible light by tissues, Fe-Au@PAA NPs were exposed to irradiation with 100 mW laser
power. Under the irradiation, the steady-state temperatures increased from 26.5 to 31 ◦C
with the increase in particle concentration from 25 to 400 µg/mL (Figure S3). This result
suggests the weak opportunities of these particles to cause even mild hyperthermia under
such irradiation conditions.

Nevertheless, the intense extinction in the near-infrared region associated with the
light absorption by iron cores and clustered Au satellites makes Fe-Au NPs attractive for
photothermal therapy with an 808 nm laser. This wavelength belongs to the first biological
transparency window (650–950 nm), where low absorption and scattering of light by
tissues provide highest light penetration depth [37]. Indeed, the aqueous suspensions of
Fe-Au@PAA NPs under irradiation with a continuous 808 nm laser demonstrated excellent
thermal response at concentrations 10–400 µg/mL (Figure 3a,b). For example, the heating
of particles at 50 µg/mL from temperature of 37 ◦C to the conventional upper temperature
limit of mild hyperthermia (42 ◦C) was reached just after 2.5 min of irradiation. The
saturation in heating efficiency clearly appeared after 100 µg/mL NP concentration and
reached 39 ◦C temperature increase at concentrations of 400 µg/mL. A linear dependence
of heating efficiency on laser power was observed (Figure 3c). The high value of the slope
coefficient (24.1 ◦C/W) suggests that particles can provide high photothermal efficiency
under even low NIR light intensities that should be safe for healthy tissues.

Fe-Au NP suspension demonstrated a decent photothermal stability under on/off
irradiation cycles, although particle sedimentation during the heating caused a slight
decrease in peak temperature at the fifth cycle. The time constant of suspension cooling
τ = 318 s was used for calculation of photothermal conversion efficiency coefficient (η)
(Figure 3e,f). Fe-Au@PAA particles show η = 38%; thus, their efficiency exceeds those
reported for gold nanoparticles (10.2%) [38], gold nanoshells (13%) [34], other iron-oxide
nanoparticles with modified surface (13.1–35.7%) [39], and is comparable to another Fe-Au
core-shell nanocomposites (42.6%) [17] evaluated under NIR irradiation.
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Figure 3. Photothermal properties of Fe-Au@PAA NPs under NIR-irradiation with 808 nm laser.
(a) Temperature changes for aqueous solutions of NPs under irradiation at 1.23 W laser power. (b) De-
pendence of maximal temperature change on particle concentration. Insert shows thermal images of
several particle samples. (c) Dependence of temperature change on laser power. (d) Photothermal
stability cycling test with 5 min heating and 5 min cooling steps. © Kinetics of the temperature
changes illustrating 1 cycle of 10 min heating and 10 min cooling. (f) The dependence of cooling
time on negative natural logarithm of driving force. Solution with 100 µg/mL (c) or 50 µg/mL
(d–f) particle concentration was used for the studies.

3.3. In Vitro Studies of Fe-Au@PAA Biocompatibility and Toxicity after the
Photothermal Treatment

The MTT assay [40] was used to evaluate the cytotoxic effects of Fe-Au@PAA nanopar-
ticles on cell viability. This colorimetric test is based on the cellular reduction of tetrazolium
dye (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide), where living cells
recover yellow colored tetrazolium dye to insoluble purple colored formazan in response
to dehydrogenase activity. The MTT test measures cell viability in terms of reductive
activity since the enzymatic conversion of tetrazolium occurs only in mitochondria and
other organelles of living cells [41].

Five cell lines of different tissues and organisms were used in toxicity study: human
(A549, SKOV3-1ip, BT-474), mouse (EMT6/P), and Chinese hamster (CHO) cell lines.
To evaluate cytotoxic effects of Fe-Au@PAA, NPs were incubated with cells for 48 h as
described in the Materials and Methods section.

The cytotoxicity of Fe-Au@PAA NPs at concentrations 3.12–50 µg/mL in BT-474 and
SKOV3-1ip cells within tested time was negligible. A slight decline in cell viability was
observed for 100 µg/mL concentration of nanoparticles with cell viability values being
67 ± 9% and 82 ± 3% for BT-474 and SKOV3-1ip cell lines, respectively (Figure 4a).

Nanoparticles possessed slight dose-dependent cytotoxic effects on A549 and CHO
cells (Figure 1b–d green columns). However, cell viability for the 50 µg/mL dose was
66 ± 3% (CHO), 79 ± 5% (A549); for the 100 µg/mL dose, it was 21.6 ± 0.6% (CHO) and
73 ± 3% (A549). Note that, even at high concentrations of nanoparticles, cell viability
was above 70%, which is consistent with the results obtained by other authors [17,42]. It
confirms the biocompatibility of obtained Fe-Au@PAA nanoparticles for the studied cells.
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Figure 4. Analysis of the Fe-Au@PAA nanoparticle cytotoxicity using the MTT test. (a) Study of
the toxic effect of particles upon exposure to cells BT-474 and SKOV3-1ip. (b–d) Investigation of
the photothermic properties of particles. Cells were incubated with Fe-Au@PAA NPs at various
concentrations and irradiated for 7 min with an 808 nm laser at 0.76 W power. Cell viability is shown
as a percentage normalized to control cells incubated without particles and irradiation. The statistical
differences were considered significant when the p value was < 0.05 (*), 0.001 (***), Welch’s t-test.

The study of the effectiveness of photothermal treatment via Fe-Au@PAA nanoparti-
cles was performed on three cell lines: A549, EMT6/P, and CHO (Figure 4b–d). To evaluate
effects from laser-induced hyperthermia, cells were incubated with NPs at different concen-
trations for 1 h, following sample irradiation by 808 nm laser with a 0.76 W power for 7 min.
These conditions were determined experimentally to not cause photothermic damage to
cell lines without NPs (Figure 4b–d, see red columns at “0” NP dose).

Almost 100% of cell death was observed at concentrations 50 and 100 µg/mL for all
cell lines. IC50 of Fe-Au@PAA NPs with irradiation for A549 cells was (32 ± 1) µg/mL;
EMT6/P— (29 ± 3) µg/mL; and CHO— (21 ± 1) µg/mL, while the IC50 of NPs without
exposure by laser could not be determined. Fe-Au@PAA NPs apparent had the most
cytotoxic effects on the CHO cell line with and without laser exposure. The higher toxicity
induced by photothermal treatment was caused by CHO higher sensitivity to heating, as
was shown by other authors [43].

The MTT test reflects cellular activity, while clonogenic analysis is a method for
determining the survival and proliferation of cells for a long period after their exposure to
various agents [44,45]. Thus, a clonogenic assay was used to assess the long-term cytotoxic
effects as it is a more sensitive test than MTT. The clonogenic test was carried out under
the same experimental conditions. Cell lines: EMT6/P and CHO were incubated with
Fe-Au@PAA NPs following irradiation by 808 nm laser. After dilution and incubation
of cells for 8 days, the growing cell colonies were stained with crystal violet, and the
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results were evaluated visually. Cells without NP exposure and light irradiation were
used as controls (Figure 5). The considerable inhibition of cell proliferation was observed
at NP doses higher 12.5 µg/mL after the laser induced hyperthermia for both cell lines.
At two-fold higher doses, no forming colonies were observed. There was no decrease
in proliferative activity at lower concentrations of nanoparticles—3.12 and 6.25 µg/mL.
Thus, the clonogenic assay showed that even smaller concentrations of Fe-Au nanoparticles
can damage cancer cells under heating in comparison to the MTT test. In addition, while
the MTT test of cell viability showed moderate cytotoxic effects of Fe-Au@PAA NPs to
CHO cells with 21.6% enzyme activity at 100 µg/mL particle dose, clonogenic analysis
did not confirm such dramatic toxicity (Figure 5). Thus, nanoparticles at high doses have
biocompatibility in terms of cell survival but can affect enzyme activities of cells.
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Despite the demonstrated promise of the photothermal properties and low in vitro
toxicity of Fe-Au core-satellite nanoparticles, in vivo toxicity issues were left behind and
warrant further studies. Natural and synthetic inorganic nanoparticles potentially can cause
toxic effects for the organism. One of the common mechanisms is the formation of reactive
oxygen species, which lead to increases in the level of lipid peroxidation, cause oxidative
DNA damage, and result in carcinogenesis. However, the composition and physicochemical
properties of NPs greatly alter toxicity caused by NP exposure. A large number of studies
reported that iron oxide nanoparticles regardless of their physicochemical properties may
cause cytotoxicity only at concentrations of 100 g/mL in specific organ sites, which is
difficult to achieve in the organism [46]. In addition, many clinical studies of iron oxide-
based NPs showed that such particles can be categorized as biocompatible. For example,
different iron oxides are used for iron-deficient anemia treatment in humans with doses up
to 7 mg/kg of body weight without notable toxicity [47]. The toxicity of gold nanoparticles
highly depends on size, shape, and chemical groups on their surface. However, many
anticancer drugs or diagnostic tools based on gold or gold composite NPs are being tested
in clinical trials with several gold NP-based technologies recently approved [48]. In 2019,
gold nanoshells were successfully investigated for the photothermal treatment of prostate
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cancer in humans in a 36 mg/kg dose with rare advert events reported during 3 month
after the treatment [49]. As such, we believe that Fe-Au composites can also show low
toxicity in vivo in doses required for photothermal therapy and imaging.

3.4. Pharmacokinetics of Fe-Au@PAA Nanoparticles

Due to the ferromagnetic nature of Fe-Au nanoparticles, it was possible to non-
invasively measure their concentration in vivo via MPQ (magnetic particle quantification)
method [28]. This spectral approach allows the quantitative detection of superparamagnetic
and ferromagnetic nanoparticles without the interference of diamagnetic or paramagnetic
materials that are naturally presented in the organism [29].

To measure kinetics of Fe-Au@PAA NP circulation in blood, mice were anesthetized,
animal’s tail was placed into the magnetic coil, and nanoparticles were administered
into the retro-orbital sinus at a 40 mg/kg dose. After that, a rapid increase in magnetic
signal was observed, indicating the entry of NPs to the bloodstream, following by the
monoexponential decrease due to the nanoparticle’s clearance (Figure 6a). After 20 min
of circulation Fe-Au@PAA nanoparticles were almost completely eliminated from the
bloodstream, with circulation half-life time t1/2 = (4.4 ± 0.6) min. It is well known that
polyacrylic acid coated NPs have small blood circulation time since this polymer did not
protect nanoparticles from the adsorption of opsonins in serum [50].
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To increase NP accumulation in tumor, magnetic field-assisted delivery was imple-
mented by placement of 2 cm × 1 cm × 0.5 cm NdFeB magnet near the tumor. Biodistri-
bution of NPs 30 min after injection was studied by analyzing magnetic signals in main
organs, such as liver, spleen, lungs, femur bones, kidneys, heart, muscles, brain, and tumor
(Figure 6b). Major part of Fe-Au@PAA NPs accumulated in the liver (77 ± 4% ID/g) and
spleen (39 ± 9% ID/g), which are the main organs of mononuclear phagocyte system (MPS).
The histological slices of liver and spleen stained by Perls Prussian blue and eosin indicated
uptakes of Fe-Au@PAA NPs by Kupffer cells of liver and by the cells in the marginal zone
of spleen (Figure S4). Fe-Au@PAA NP concentration in lungs was 30 ± 10% ID/g. The
possible reason is increased particle hydrodynamic size by the formation of protein corona
and the partial aggregation of nanoparticles following retention in capillaries. This behavior
was supported by observing the aggregates of nanoparticles in histological slices of lung
tissue (Figure S4). Fe-Au@PAA NPs were also accumulated in femur bones possibly due
to the uptake by bone-marrow derived macrophages or osteoclasts (8 ± 2% ID/g). Less
than 2% ID/g concentration of Fe-Au@PAA nanoparticles were observed in kidneys, heart,
muscles, and brain.
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The concentration of nanoparticles in tumor reached 17 ± 5% ID/g, which is 17-fold
higher than in muscles due to magnetic field-assisted delivery and enhanced permeability
and retention effects [51]. Tumor vasculature is leaky and possesses larger endothelial gaps
and pores than the capillaries of healthy organs. Histology slices of tumor showed that a
major part of nanoparticles accumulated at the borders of tumor. Recently, it was shown that
the binding of NPs to the extracellular matrix can prevent their penetration deep into the
tissue [52]. Nevertheless, most NPs, which were not trapped by cells of MPS, accumulated
in tumor sites, providing a contrast in pathology relative to the surrounding tissues.

3.5. Magnetic Resonance Imaging

The hybrid Fe-Au@PAA nanoparticles possess all featured properties of theranostic
agents, such as biocompatibility, photothermic therapeutic effect for cancer treatment, and
dual-modal imaging for diagnostics. To evaluate Fe-Au@PAA NPs as contrast agents
for magnetic resonance imaging, T2-wheighted images of different concentrations (NP:
1–1000 mg/L; or Fe: 0.009–9 mM) of NPs in water were measured at 1T MR scanner.
Fe-Au@PAA NPs decreased signals on T2-weighted images and exhibited concentration-
dependent negative contrast enhancement effect (Figure 7a). The inverse proton 1/T2
relaxation time had non-linear dependence on the concentration of Fe-Au@PAA NPs at
studied concentrations. However, the curve could be fitted at lower concentrations with a
linear function shown as a black line through the data with a correlation coefficient above
0.98 (Figure 7b). The relaxation rate (r2) was determined to be (309 ± 20) s−1/(g/L) or
(11.8 ± 0.8) s−1/mM of iron atoms. This value is lower than those reported in the literature
for different structures of Fe3O4@Au nanoparticles [53,54] due to low crystallinity of laser
synthesized FexOy core of Fe-Au NPs.

For testing in vivo MR contrast properties, 1 mg of core-satellite Fe-Au@PAA NPs was
injected into retro-orbital sinus of mice (Figure 7c), and magnetic guided-delivery to the
tumor was performed. MR images were made 30 min after the injection to ensure full NP
clearance from the blood. Before the injection of nanoparticles, there was no difference in
signals of tumor and muscles, while after the injection NPs showed negative contrast in
a border region of the tumor as well as in volume. However, nanoparticles were mostly
accumulated in the liver and spleen, which is in agreement with the biodistribution analysis
by the MPQ method. Nevertheless, the amount of NPs trapped in the tumor was enough
for pathology visualization, which is beneficial for MRI-guided surgery or external therapy.

3.6. Computed Tomography

Gold nanoparticles are widely used as contrast agents for computed tomography since
Au has high atomic number (Z = 79) and, thus, strong X-ray attenuation properties [55].
Due to the presence of Au NPs in a satellite shell, which provided ~32% of the particle
mass, Fe-Au NPs should enhance X-ray attenuation with positive contrast at computed
tomography. To illustrate the capability of Fe-Au@PAA NPs to enhance CT signals, firstly,
the phantom images of aqueous solutions of NPs of different concentrations (0.5–20 g/L)
were obtained (Figure 8a). The X-rays were generated with a tube at 50 kV voltage and
1 mA current. Results showed that Fe-Au@PAA NPs at concentrations lower than 1 mg/mL
(0.026 mM of Au) had no difference in X-ray enhancement compared to distilled water.
X-ray attenuation linearly depended on NP concentration with 0.97 Pearson’s correlation
coefficient (Figure 8b). The slope value was (57.7 ± 0.4) HU/(g/L) or (3.75 ± 0.02) HU/mM
if recalculated to the molar concentration of Au atoms. The slope value of Fe-Au@PAA
NPs was higher than that of Iohexol 2.7 HU/mM, a CT contrast agent commonly used in
clinics [56].
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Figure 7. Application of Fe-Au@PAA NPs as MRI contrast agents. (a) T2-weighted images of NP
solutions at 1–1000 mg/L concentrations, distilled water, and air. (b) Inverse of the proton relaxation
time T2 as a function of Fe-Au@PAA NP concentration. (c) MR images of EMT6/P tumor bearing
mouse after intravenous injection of PBS or Fe-Au@PAA NPs. In the coronal projections (top), a color
image of tumor was combined with grey-level image, and scale represents signal intensity. In the
axial projections (down), the tumor is bordered by a red dashed line.

To test Fe-Au@PAA as CT contrast agents, the in vivo X-ray attenuation properties
of nanoparticles were measured before and after intravenous and intratumoral injections.
After intravenous injections of 1 mg of Fe-Au@PAA NPs, no significant effects of contrast
were achieved (Figure 8c). According to the literature data, sufficient signal enhancement
in vivo can be provided after intravenous administrations only of 5–7 mg of pure gold
NPs, which is approximately 15-times higher than the Au dose used in this study [57,58].
Intravenous injection in a rat tail of Fe3O4@Au composite nanoparticles in doses 28-times
higher than that used in this work led to the contrast enhancement of the aorta and whole
liver [59]. After an intratumoral injection of NPs in 40 µg dose, remarkably improved
contrast enhancement was observed, which rendered it possible to visualize boundaries
between tumor and normal adjacent tissues on axial projections.

Fe-Au@PAA NPs is a promising candidate for dual MRI and CT imaging. However,
for further improvements of contrasting properties of both modalities, one needs to increase
the accumulation of NPs at the targeted region. For this, different target proteins for specific
tumor types could be anchored to Fe-Au@PAA NPs surface, e.g., antibody, affibody, or
darpins [60]. Another approach is to modulate the accumulation of NPs by the prolongation
of their blood circulation time by means of surface modification with stealth polymers
or cell membrane coating [61,62] or by the blockade of mononuclear phagocyte system
cells [63]. The implementation of both strategies at once might greatly increase the efficiency
of nanoparticle trapping at a tumor site.
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of Fe-Au@PAA NP concentration. (c) CT images of EMT6/P tumor bearing mice before and after
intravenous or intratumoral injections of Fe-Au@PAA NPs. The tumor boundary is indicated by a
red dashed line in coronal projections (top) or with red arrows at axial projections (down).

4. Conclusions

This study presents the first assessment of biocompatibility, pharmacokinetics, and
the application of laser-synthesized Fe-Au NPs for MRI/CT imaging and photothermal
treatment. NPs were synthesized via laser ablation in liquids, which enabled the obtainment
of materials with chemically pure surfaces. Coating by polyacrylic acid strongly improved
the colloidal stability of Fe-Au NPs in a biologically relevant fluid, making them suitable
for biomedical applications. Plasmon peaks in the visible region with a long near-infrared
tail allowed heating Fe-Au core-satellites under 808 nm laser exposure. At 25 µg/mL
concentration, Fe-Au@PAA NPs showed low cytotoxic effects in vitro, while under laser
irradiation, they induced 100% cell death. Due to hybrid core-satellite architecture of Fe-
Au@PAA, NPs had contrasting properties both in MRI and CT imaging modalities. In vivo
injection of NPs allowed the visualization of tumor boundaries in T2-weighted MR images
and CT scans. Our results provided promise for the development of novel phototherapy
and imaging agents, profiting from the superior properties of laser-synthesized bimetallic
nanoparticles with core-satellite structure.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics14050994/s1, Figure S1: SEM image of the Fe-Au nanoparticles obtained by the
method of pulsed laser ablation in liquids. Scale bar: 500 nm, Figure S2: ζ-potential of PAA-coated
Fe-Au NPs 25 days after their storage at 4 ◦C. Figure S3: Temperature curves of Fe-Au@PAA NPs
(a) and dependence of maximal temperature change on the particle concentration (b). NPs were
irradiated with 100 mW 532 nm laser source for 10 min. Figure S4: Histological evaluation of iron
biodistribution. Tissues were stained with eosin and Perls Prussian blue. Trivalent iron in liver,
spleen, lungs and tumor is colored black. Scale bar: 100 µm.
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Abstract: Increasing the biocompatibility, cellular uptake, and magnetic heating performance of
ferromagnetic iron-oxide magnetic nanoparticles (F-MNPs) is clearly required to efficiently induce
apoptosis of cancer cells by magnetic hyperthermia (MH). Thus, F-MNPs were coated with silica lay-
ers of different thicknesses via a reverse microemulsion method, and their morphological, structural,
and magnetic properties were evaluated by multiple techniques. The presence of a SiO2 layer signifi-
cantly increased the colloidal stability of F-MNPs, which also enhanced their heating performance in
water with almost 1000 W/gFe as compared to bare F-MNPs. The silica-coated F-MNPs exhibited
biocompatibility of up to 250 µg/cm2 as assessed by Alamar Blues and Neutral Red assays on two
cancer cell lines and one normal cell line. The cancer cells were found to internalize a higher quantity
of silica-coated F-MNPs, in large endosomes, dispersed in the cytoplasm or inside lysosomes, and
hence were more sensitive to in vitro MH treatment compared to the normal ones. Cellular death
of more than 50% of the malignant cells was reached starting at a dose of 31.25 µg/cm2 and an
amplitude of alternating magnetic field of 30 kA/m at 355 kHz.

Keywords: iron oxide magnetic nanoparticles; silica coating; magnetic hyperthermia; cancer cells;
alamar blue; neutral red; A549; A35; BJ

1. Introduction

Magnetic nanoparticles (MNPs) subjected to the action of an externally applied alter-
nating magnetic field (AMF) generate heat, leading to an exciting new technique in cancer
treatment, named magnetic hyperthermia (MH) [1–4]. As attested by different clinical trials
on prostate carcinoma [5,6], glioblastoma [7,8], and breast malignant tumors [9], the MH
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offers the possibility of heating the targeted tumoral tissue while preserving the healthy
tissue. In clinical trials, the MH treatment has been carried out using superparamagnetic
iron oxide nanoparticles (SPIONs), which were previously approved for clinical use by the
US Food and Drug Administration [10]. Due to the limited efficiency of heat generation by
SPIONs in the local tumor tissues for achieving a high performance in cancer therapy, very
high dosages of SPIONs have been used. Moreover, to facilitate the complete elimination
of the tumor, the MH treatment with SPIONs has been used in conjunction with chemother-
apy and radiotherapy, which are prone to aggressive side effects. Therefore, for clinical
safety, the MH treatment requires MNPs to display high heating efficiency to reduce the
applied dose and minimize the risk of side effects.

MNPs dissipate the magnetic energy of interaction with alternating magnetic fields
(AMF) in the environment through hysteresis losses [11]. The heating behavior of SPIONs
can be simply described in the frame of the so-called Linear Response Theory [12]. In this
model, the magnetization of the SPIONs depends linearly on the external AMF and the
heat generated and its dependence on the MNPs’ properties are explained in the terms
of the Neel and Brown magnetic relaxations processes [11,12]. The cell internalization of
SPIONs leads to an enhancement of intracellular clustering inside endosomes or lysosomes
and inhibits their mobility in cells, restricting their physical rotation, and thus affecting
the Brown relaxation process [13,14]. Overall, the specific absorption rate (SAR, the rate at
which heat is dissipated by the MNPs) is dramatically reduced [15,16]. The replacement of
SPIONs with larger MNPs in the ferromagnetic domain (F-MNPs) represents an alternative
to improve the effectiveness of MH treatment in cancer therapy. The SAR values increase
almost one order of magnitude in comparison with SPIONs, due to the increase in the
size and to an increase in the dynamic hysteresis area resulting in enhanced hyperthermic
efficacy [11,16–24]. Besides favorable MH performance, the F-MNPs have a significant
drawback as magnetic dipole-dipole interactions among them are very strong and hinder
the complete dispersion in solution. In this regard, several strategies of coating the surface
of F-MNPs have been formulated aiming at improving their colloidal stability and to
provide, at the same time, a high level of biocompatibility [25–28].

Silica coating represents a well-known technique for MNP surface modification con-
cerning the main required features for their biomedical use [29,30]. For instance, the
silica shell protects the magnetic core from corrosion and/or oxidation, maintaining its
magnetic properties [31,32]; makes the MNPs hydrophilic and provides colloidal stability
in biological solutions by avoiding interparticle interactions and agglomeration [33,34];
presents excellent biocompatibility, exhibiting no cell cytotoxicity at concentrations up to
500 µg/mL [35–39]; prevents iron release [40]; and generates high surface area available
for further attachment of anticancer drugs or other biologically active moieties [41–45].
In terms of MH properties, individual MNPs coated with a silica shell, which protects
them from aggregation when subjected to AMF, showed better heating performances
in comparison with uncoated MNPs or with multiple MNPs encapsulated in a silica
shell [35,37–39,41,46,47]. The excellent biocompatibility properties offered by the silica
shell [35–40,48,49] facilitate the internalization of a large quantity of silica-coated MNPs
inside cells which upon MH treatment effectively leads to the eradication of tumor cells
in vitro [35,37–39,41,46,47]. The formation of a silica shell around MNPs has been mainly
realized by the so-called Stöber process where tetraethyl orthosilicate (TEOS) is hydrolyzed
in ethanol under the addition of aqueous ammonia. However, the Stöber method, widely
used for silica coating of both either hydrophilic or hydrophobic SPIONs and F-MNPs,
offers poor control over the silica shell thickness and uniformity and leads mainly to en-
capsulation of multiple MNPs [31,32,39,40,47,49–51]. Alternatively, a fine-tuning of silica
shell thickness around single magnetic cores is offered by the water-in-oil micro-emulsion
method. This method uses a non-ionic surfactant that facilitates ammonia-mediated TEOS
hydrolysis on the surface of MNPs dispersed in an organic solvent [34–36,38]. To the best
of our knowledge, the reverse microemulsion method provides the best results on SPIONs,
as they exhibit superior colloidal dispersion as compared to F-MNPs. Additionally, there is
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no extensive study on the evolution of MH properties of F-MNPs upon their coating with a
silica shell, or on their cytotoxicity and in vitro MH performances.

Based on the above description, the aim of this work was twofold: the optimization
of the ferromagnetic polyhedral iron oxide MNPs (Fe3O4) coating with a homogeneous
silica shell to increase their colloidal stability in water and their SAR, and, second, the
evaluation of their cytocompatibility and their MH capabilities to induce cancer cell apop-
tosis in vitro. Employing the reverse microemulsion method, we were able to coat the
polyhedral Fe3O4 with a silica shell of variable thickness. The structural, magnetic, and
hyperthermia properties were studied as a function of the coating thickness and compared
to the uncoated polyhedral Fe3O4. The silica-coated polyhedral Fe3O4 (sFe3O4) providing
the best heating performance were further selected to evaluate their cytotoxicity, cellular
uptake, and in vitro MH performance. The interaction of sFe3O4 with two types of can-
cer cell lines—human pulmonary cancer cells (A549) and human melanoma cancer cells
(A375)—and one normal cell line, human foreskin fibroblasts (BJ), was considered. The
cytotoxicity and intracellular MH were assessed using two complementary assays: the
neutral red (NR)-uptake assay, which is related mainly to lysosomal activity of the cells,
and the Alamar Blue (AB) assay, which provides more general information related to the
whole-cell metabolism. The uptake of sFe3O4 MNPs by cells upon 24 h incubation was
monitored by using scanning and transmission electron microscopy (SEM and TEM). These
two experimental techniques together with the cytocompatibility assays were extensively
used to evaluate the cellular viability and intracellular damages, respectively, upon expo-
sure of cells loaded with different amounts of sFe3O4 MNPs to AMF of different amplitudes
(up to 65 kA/m) at a constant frequency of 355 kHz.

2. Materials and Methods
2.1. Synthesis

All the reagents used for the synthesis of MNPs and their coating with a silica layer
were of analytical grade and were used without any further purification. The following
products were employed: iron (III) chloride hexahydrate (FeCl3·6H2O) (Carl-Roth, Karl-
sruhe, Germany, ≥98%), polyethylene glycol 200 (PEG 200) (Roth, ≥99%), and sodium
acetate trihydrate (NaAc) (Roth, ≥99.5%), ethanol (Chemical, Ias, i, Romania, Chemicals,
99.9 %), cyclohexane (Sigma Aldrich, Steinheim, Germany), Igepal CO-520 (Sigma Aldrich,
St. Louis, MI, USA), ammonium hydroxide (25%) (Chemicals), tetraethyl orthosilicate
(TEOS) (Sigma Aldrich, ≥99%), and APTES (Sigma Aldrich, 99%).

The synthesis of MNPs was performed following a polyol mediated synthetic route as
presented previously by our group [52,53]. Upon multiple washing steps, the MNPs were
redispersed in ethanol at a concentration of 4 mgMNPs/mL. The MNPs were coated with
silica via a reverse microemulsion method [35]. Briefly, 18 mL cyclohexane and 1.15 mL
Igepal CO-520 were mixed for 30 min. Afterward, 4 mg of MNPs dispersed in 2 mL
cyclohexane were added while stirring. After 5 min, 0.05 mL APTES and 0.05/0.1/0.2 mL
TEOS were added, followed by 0.15 mL ammonium hydroxide (25%). The dispersions
were stirred at room temperature for 24 h and the resulting MNPs-SiO2 were precipitated
by adding ethanol. The collected MNPs were washed in ethanol several times and finally
redispersed in water.

2.2. Characterisation

Transmission electron microscopy (TEM) images of MNPs were obtained using a
Hitachi HD2700 (Hitachi, Tokyo, Japan) microscope operating at 200 kV, coupled with an
EDX (energy-dispersive X-ray) detector (Oxford Instruments, AZtec Software, version 3.3,
Oxford, UK) used for elemental detection. Samples were prepared by depositing a drop of
MNP dispersion on a carbon-coated copper grid and removing the excess water by filter
paper after 2 min.

X-ray diffraction (XRD) measurements were performed using a Bruker D8 Advance
diffractometer using Cu Kα radiation (Bruker AXS GmbH, Karlsruhe, Germany). The
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powder samples were realized by collecting the MNPs with a magnet and vacuum drying
them overnight. The FullProf software (FullProf.2k, Version 7.00-May 2019-ILL JRC https:
//www.ill.eu/sites/fullprof/, Grenoble, France) was employed to detect the crystalline
phases and to calculate the lattice parameters.

Fourier transform infrared spectroscopy (FTIR) spectra were recorded between
400 and 4000 cm−1 at 4 cm−1 resolution using a TENSOR II instrument (Bruker Optics Inc.,
Billerica, MA, USA) in attenuated total reflectance mode using the platinum attenuated
total reflectance (ATR) accessory with a single reflection diamond ATR. A few microliters
of the aqueous solution of MNPs were allowed to dry on the diamond crystal, and the
average spectrum of 16 scans was recorded for each sample.

Hydrodynamic size and zeta potential measurements of the MNPs were determined
using a Zetasizer Nano ZS90 (Malvern Instruments, Worcestershire, UK) in a 90◦ config-
uration. Particle solutions with concentration of 0.1 and 0.01 mgMNPs/mL were used for
measurements at room temperature. Each assay was made in triplicate.

The magnetic characterization of MNPs was carried out using a Cryogenic Limited
(London, UK) vibrating sample magnetometer (VSM). The magnetization and hysteresis
curves were measured from 0 to 10 T and −4 and 4 T, respectively, at both 4 and 300 K. The
samples consisted of powder obtained in a similar way as for XRD examination.

The heating ability of MNPs was determined using a commercially available magnetic
hyperthermia system, the Easy Heat 0224 from Ambrell (Scottsville, NY, USA) equipped
with a fiber-optic thermometer. An AC magnetic field with fixed frequency (355 kHz)
and variable amplitude (5–65 kA/m) was generated by an 8-turn coil that was made of
a water-cooled copper tube. For measurements, 0.5 mL of MNPs suspended in water at
different concentrations was placed in the center of the coil using a thermally isolated
Teflon holder. Details about SAR calculation and iron concentration determination are
provided in the Supplementary Materials.

2.3. Cell Lines

Two types of cancerous cancer cell lines (human pulmonary cancer cells—A549 and human
melanoma cancer cells—A375) and one normal cell line (human foreskin fibroblasts—BJ) were
used in the current study. All cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco, Paisley, UK) supplemented with 10% Fetal Bovine Serum (FBS, Sigma
Aldrich, Steinheim, Germany). Cells were cultured in flasks at 37 ◦C in a humidified
incubator with 5% CO2 supplementation while cellular media was changed every other
day. At 70–80% confluence cells were subcultured or harvested for experiments.

2.4. In Vitro Cytocompatibility Assays

The cytocompatibility of NPs was evaluated on the cancerous and normal cell pheno-
types by performing two complementary assays, namely Alamar Blue (AB) and Neutral
Red (NR) assays. AB was used to measure the metabolic ability of viable cells to convert
resazurin to resorufin, whereas the NR assay was used to measure the ATP content of ex-
posed cells. In the case of both assays, 750,000 cells for A549 and A375 and 275,000 cells for
BJ suspended in 2 mL of media were seeded in 6-well plates and left to attach for 24 h before
MNP exposure. Cell concentration was selected to achieve a confluence of 70% before the
exposure to the MNPs. Cells were exposed to 1000 µL of cell medium containing MNPs to
reach a concentration of 500, 250, 125, 62.5, and 31.25 µgMNPs/cm2. After a 24 h incubation,
the cells were washed three times with PBS (Gibco, Paisley, UK) and further incubated with
the AB and NR dye, and dissolved in cellular media, for measuring the cellular viability.
For the AB assay, cells were incubated for 3 h with 200 µM resazurin solution, and the fluo-
rescence was measured at λexcitation = 530/25 nm; λemission = 590/35 nm, using a Synergy
2 Multi-Mode Microplate Reader. For the NR assay, cells were incubated with a filtered
neutral red dye (40 µg/mL) solution for 2 h, followed by a wash with PBS and the extrac-
tion of the accumulated cellular dye in a solution containing 50% ethanol, 49% water, and
1% glacial acetic acid. Supernatant fluorescence was measured at λexcitation = 530/25 nm;
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λemission = 620/40 nm, using a Synergy 2 Multi-Mode Microplate Reader. The experiments
were conducted on at least three biological replicates and included a negative control
(cells exposed to culture medium). The results were normalized to the value of negative
control (100%).

2.5. Evaluation of Cellular Uptake

The uptake of silica-coated MNPs in cells was quantitatively determined by the
thiocyanate assay and qualitatively evaluated by SEM and TEM image analysis. In the
case of both assays, the same number of cells as above suspended in 2 mL of media were
seeded in 6-well plates and left to attach for 24 h. Afterward, the cells were exposed to
1000 µL of cell medium containing MNPs to reach a concentration of 62.5, 31.25, 15.62,
and 7.81 µgMNPs/cm2. Upon 24 h incubation, the cells were washed 3 times with PBS to
remove attached MNPs from the cellular surface.

For quantitative measurement of the intracellular Fe3+ using the thiocyanate assay,
cells were trypsinized and centrifuged at 4500× g for 5 min, then further processed as
described in Section S6.

SEM analysis of all three cell lines grown on glass coverslips (previously carefully
cleaned and disinfected) was performed. At the end of incubation with silica-coated Fe3O4,
culture media containing suspended nanoparticles were removed from the wells, and cells
were washed 3 times with PBS to remove unbound MNPs. Cells were pre-fixed with 2.7%
glutaraldehyde (Agar Scientific, Stansted, UK) solution in 0.1 M phosphate buffer (pH = 7.4)
for 2 h and next washed 4 times with the same buffer. Fixation was performed at 4 ◦C
with 1.5% OsO4 (Sigma-Aldrich, Steinheim, Germany) solution in 0.15 M phosphate buffer
(pH = 7.4) for 1.5 h. Finally, an ethanol (VWR International, Fontenay-sous-Bois, France)
series of increasing concentrations (50%-absolute—15 min each at room temperature) was
used for dehydration. The coverslips fragments with the adherent cells were fastened on
10 mm/Ø9 mm aluminum stubs (Bio-Rad, Hercules, CA, USA), using carbon adhesive tabs
(Electron Microscopy Sciences, Hatfield, PA, USA) and colloidal silver (Polaron Equipment,
Watford, UK). Two samples were prepared for each group. They were next sputter-coated
with gold in a Polaron E-5100 sputter coater (Polaron Equipment, Watford, UK). The
examination was performed with a Jeol JSM 25-S (Jeol, Tokyo, Japan) at 30 kV, and relevant
images were recorded with a Pixie 3000 system (Deben, Debenham, UK) and subjected
both to a qualitative and quantitative evaluation. The general aspect of cells, presence, and
the number of thick branches, and the number of filopodia were considered.

For TEM analysis, the cell suspensions were centrifuged for 5 min at 300 g and the
pellets were further processed for TEM examination. Pre-fixation was performed for 2 h at
4 ◦C with 2.7% glutaraldehyde solution in 0.1 M phosphate buffer; the pellets were washed
4 times with the 0.1 M phosphate buffer at 4 ◦C; post-fixation was performed for 1.5 h
with 1.5% OsO4 solution at 4 ◦C; for dehydration, an acetone (International Laboratory,
Cluj-Napoca, Romania) series of increasing concentrations (30%-absolute—15 min each at
room temperature) was used, and embedding was performed in three steps with EMBED
812 (Electron Microscopy Sciences, Hatfield, PA, USA) epoxy resin (the last two overnight)
at room temperature. After polymerization (72 h at 60 ◦C), ultrathin sections were cut
with a Diatome diamond knife (DiATOME, Hatfield, PA, USA) on an LKB Ultrotome III
Bromma 8800 ultramicrotome (LKB Produckter AB, Stockholm-Bromma, Stockholm, Swe-
den), collected on 3 mm 300 mesh Cu grids (Agar) (covered with a formvar film—Electron
Microscopy Sciences, Hatfield, PA, USA) and contrasted with 13% uranyl acetate (Merck,
Darmstadt, Germany) for 7 min at room temperature. Examination of sections was per-
formed with a Jeol JEM 1010 at 80 kV, and relevant images were recorded with a Mega
View G2 camera (Olympus Soft Imaging Solutions, Münster, Germany). On the TEM
images, the presence and location of MNPs within the cells were analyzed, in addition
to the ultrastructural changes generated by the simple presence of the MNPs in the three
types of cells, and by the in vitro induced magnetic hyperthermia.
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2.6. In Vitro Magnetic Hyperthermia

A549, A375, and BJ cells were seeded in 6-well plates and exposed for 24 h to 62.5, 31.25,
15.62, and 7.81 µg/cm2 of MNPs. Cells were washed thoroughly with PBS, trypsinized,
equally split into two aliquots of 1500 µL, and centrifuged for 10 min at 100× g to obtain
a pellet. After the removal of 1300 µL of cell culture media, one aliquot was subjected
to an AMF for 30 min, whereas the other aliquot maintained at 37 ◦C in a water bath
served as a negative control. For the MH assays, three intensities of the AMF—30, 45, and
60 kA/m—were used, while the frequency was 355 kHz. Upon exposure to the AMF, cells
were seeded in 96-well plates (6 technical replicates) and the viability was evaluated after
24 h using the AB and NR assays, described in Section 2.4. Cellular viability was expressed
as the relative values between the viability of cells loaded with MNPs and exposed to AMF
and negative control (cells exposed to MNPs but not to AMF). For the evaluation of cellular
and intracellular damages induced by the MH treatment, biological samples were prepared
for TEM and SEM analysis as described in Section 2.5. The experiments were performed
with three biological replicates.

2.7. Statistics

The results are presented as mean values ± standard deviation (SD). Unless stated
otherwise, the normally distributed data sets were analyzed using a one-way analysis
of variance (ANOVA), and for quantitative assessment of cellular parameters Bonferroni
multiple test comparison was also applied. Data analyses and graphical representation
were performed in SigmaPlot 11.0 computer software (Systat Software Inc., Chicago, IL,
USA), and GraphPad Prism 7.00 (GraphPad Software, San Diego, CA, USA). Results
showing p-values less than 0.05 were considered statistically significant.

3. Results and Discussion
3.1. Structural Characterization of sFe3O4

The preparation of silica-coated magnetite nanoparticles (sFe3O4) consisted of two
steps. Firstly, ferromagnetic polyhedral Fe3O4 with an average length of 42 nm (Figure 1a)
were prepared using a modified polyol synthesis method as described by us previously [52].
The as-synthesized polyhedral Fe3O4 MNPs were then coated with silica by employing
the reverse microemulsion method [34–36,38]. The amount of TEOS used in the reaction
mixture was varied, while the other components were kept constant, the resulting samples
being denoted as Fe3O4@SiO2-1, Fe3O4@SiO2-2, and Fe3O4@SiO2-3. When using 50 µL of
TEOS, the silica shell formed around Fe3O4 MNPs was very thin and therefore difficult
to observe in TEM images (Figure 1b). By increasing the amount of TEOS at 100 µL in
the reaction mixture, the presence of silica coating around Fe3O4 MNPs was easily seen
in TEM images (black arrows in Figure 1c). The amorphous silica shell, surrounding the
Fe3O4 exhibiting a dark contrast, is seen as a bright fringe. Thicker silica coating around
Fe3O4 MNPs was achieved using 200 µL of TEOS in the silica coating process (black arrows
in Figure 1d). The polyhedral morphology of Fe3O4 is similar in all three cases, indicat-
ing that it is not affected by the silica coating. Please note that the polyhedral Fe3O4 are
ferromagnetic at room temperature; thus, once dispersed in different solvents, they are
stabilized in aggregates of different dimensions as a function of the MNPs’ concentra-
tion [24]. Therefore, as compared to SPIONs, where the silica shell surrounding individual
MNPs has a uniform thickness, in our case, the similar silica coating process implies the
coating of assemblies of Fe3O4 MNPs (Figures 1 and S1). For this reason, it is difficult to
perform a precise quantification of the silica coating thickness. However, a closer look at
both TEM (Figure 1) and STEM (Figure S1) images reveals that the contrast with sFe3O4
MNPs decreases and their profile became less and less visible, upon increasing the TEOS
amount in the preparation method. These observations indicate that our approach, based
on the variation of TEOS amount in the reverse microemulsion method contributed to the
formation of sFe3O4 MNPs with variable silica coating thickness.
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Figure 1. TEM images of (a) bare polyhedral Fe3O4 MNPs and sFe3O4 MNPs: (b) Fe3O4@SiO2-1,
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The chemical composition and the distribution of chemical elements within the sFe3O4
MNPs were evaluated by energy-dispersive X-ray (EDX) spectroscopy and mapping.
Figure 2 shows the EDX mapping of oxygen (blue), iron (orange), and silicon (red) of the
as-produced bare and silica-coated Fe3O4 MNPs. Both iron and oxygen atoms were found
to be homogeneously distributed within the total volume of polyhedral MNPs (Figure 2a)
in agreement with the XRD patterns. Furthermore, in the case of Fe3O4@SiO2-1 MNPs, the
silicon atoms were mainly detected at the edges of polyhedral Fe3O4 MNPs and not mixed
with iron atoms, which supports the formation of core/shell nanoparticles (Figure 2b). The
red dots, representing the silicon atoms, appear more densely around polyhedral Fe3O4
MNPs together with oxygen atoms, indicating an increase in the silica shell (Figure 2c). For
the last sample, Fe3O4@SiO2-3 MNPs, the silicon atoms dominate the EDX map, whereas
the iron atoms are faintly visible (Figure 2d), which reveals the formation of thicker silica
shell around polyhedral Fe3O4 MNPs.

As demonstrated in our previous work [53], the high-temperature polyol synthesis
method produces faceted magnetic nanoparticles containing mainly the magnetite phase.
In this sense, the Rietveld refinement of the XRD pattern matched that of magnetite (PDF
number: 88-0315) and was consistent with the cubic Fd-3m crystal structure for magnetite
with no other phases being evident within the estimated uncertainty of the measurement
(which is not possible for a sample containing predominantly maghemite). Moreover,
the corresponding lattice parameter of polyhedral NPs (a = 0.8388 nm) was very close
to that of pure magnetite NPs (a = 0.83952 nm) as compared to pure maghemite NPs
(a = 0.8364 nm). The saturation magnetization had a high-value characteristic of magnetite.
XRD analysis was further employed to determine whether the silica coating process affects
the crystallinity and purity of Fe3O4 MNPs. For the three samples containing sFe3O4 MNPs
(Figure S2b–d), the position and the relative intensities of all diffraction peaks correspond
to those ascribed to Fe3O4 MNPs magnetite (Figure S2a). The identical XRD patterns found
for all four samples indicate that the silica-coated process did not affect the crystallinity
of the magnetite core. Instead, the related peaks of sFe3O4 MNPs progressively broaden
and decrease in intensity as the amorphous silica shell thickness is increased (Figure S2). A
slight decrease in the corresponding lattice parameter was also recorded for sFe3O4 MNPs,
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but the values are very close to that of bulk magnetite (a = 0.8375 nm), suggesting that the
purity of the magnetic core is retained upon silica coating.
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3.2. FT-IR Spectroscopy and Colloidal Properties of sFe3O4

In addition to the direct observation of the silica layer around Fe3O4 MNPs in TEM
images and EDX mapping, FT-IR spectroscopy confirmed the silica coating on Fe3O4
MNPs. The FT-IR spectrum of uncoated Fe3O4 MNPs, dominated by the Fe–O absorption
band around 540 cm−1, also reveals the characteristic absorption bands of PEG200 (in
750–1250 cm−1 region—purple rectangle) and those of the stretching vibrations of the car-
boxylate group of the Na-acetate (in 1300–1800 cm−1 region—green rectangle) (Figure 3a).
Upon coating the polyhedral Fe3O4 MNPs with a silica shell, all vibration bands related to
PEG200 and Na-acetate disappeared from the FT-IR spectra which exhibited the absorp-
tion band characteristics for SiO2 (blue rectangle): Si–O–Si stretching vibrations between
1000 and 1250 cm−1 were the most prominent; the shoulder at 965 cm−1 is attributed to
Si–OH vibrations, whereas the small absorption band at 475 cm−1 reflects the Si–O–Si
bending [34,35,40,54]. As compared to the dominant absorption band representing the
Fe–O bond, the intensity of the SiO2 characteristics absorption bands increases when pass-
ing from Fe3O4@SiO2-1 to Fe3O4@SiO2@-2 and finally to Fe3O4@SiO2-3 (Figure 3a). This
supports the TEM and EDX analysis, according to which the increase in TEOS amount in
the coating procedure leads to increasing silica shell thickness around polyhedral Fe3O4
MNPs. This is also reflected in a progressive shift of the Fe–O vibrational band towards
higher wavenumbers (Figure 3b).
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Figure 3. (a) FT-IR spectra of bare polyhedral Fe3O4 MNPs (orange), PEG200 (purple), Na-acetate
(green), SiO2 (black) and sFe3O4 MNPs: Fe3O4@SiO2-1 (red), Fe3O4@SiO2-2 (blue) and Fe3O4@SiO2-
3 (brown). The spectra are normalized to the highest absorption band and are vertically shifted
for clarity. (b) Fe-O vibrational band of bare polyhedral Fe3O4 MNPs (orange), Fe3O4@SiO2-1
(red), Fe3O4@SiO2-2 (blue), and Fe3O4@SiO2-3 (brown) MNPs. (c) Zeta potential values of Fe3O4,
Fe3O4@SiO2-1, Fe3O4@SiO2-2, and Fe3O4@SiO2-3 MNPs dispersed in water at 0.01 mgMNPs/mL.

The polyhedral Fe3O4 MNPs presented a negative value of the zeta potential of
−11 mV (Figure 3c), most probably due to the presence of acetate onto their surface
(Figure 3a). The coating of polyhedral Fe3O4 MNPs with a silica shell rendered the sFe3O4
MNPs more negative: the zeta potentials of Fe3O4@SiO2-1, Fe3O4@SiO2-2, and Fe3O4@SiO2-
3 were −24, −29, and −16 mV, respectively (Figure 3c), in agreement with the results
obtained in another study [40]. The hydrodynamic diameter of polyhedral Fe3O4 MNPs at
a very low concentration of 0.01 mgMNPs/mL was about 280 nm (Figure S3a), which is much
greater than the average size resulting from TEM images [53]. Due to the ferromagnetic
state of polyhedral Fe3O4 MNPs at room temperature [53], it is obvious that they form
clusters in the colloidal suspension, as also revealed by TEM images. For the case of sFe3O4
MNPs, the hydrodynamic diameter increased as the silica shell increased: 325 nm for
Fe3O4@SiO2-1, 355 nm for Fe3O4@SiO2-2, and 465 nm for Fe3O4@SiO2-3 (Figure S3a). This
highlights that the silica coating process involves clusters of MNPs to the detriment of
individual MNPs.

The polydispersity index (PDI) for bare Fe3O4 MNPs is 0.27 (Table S1) which indi-
cates a quasi-narrow size distribution of clusters. PDI decreases for Fe3O4@SiO2-1 and
Fe3O4@SiO2-2 samples to 0.23 and 0.18, respectively. This suggests that the silica coating
process involving up to 100 µL of TEOS reduces the size distribution of clusters. Instead,
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for the Fe3O4@SiO2-3, the PDI increases to 0.34, which suggests that a higher amount of
TEOS in the reaction mixture enables the formation of thicker silica later around clusters,
increasing their size distribution.

DLS measurements performed at a concentration of 0.1 mgMNPs/mL (ten times higher)
revealed different colloidal behavior of the samples. For instance, the hydrodynamic
diameter of both Fe3O4 and Fe3O4@SiO2-3 MNPs increased considerably to 1650 and
830 nm, respectively (Figure S3b). Taking into account that these two samples presented
the smallest zeta potential values, it can be considered that the negative charges on the
MNPs surface do not produce sufficient repulsive force to balance the magnetically induced
attractive force. The latter interaction dominates as the concentration of MNPs increases
in the colloidal suspension, causing the formation of aggregates with larger sizes. On the
contrary, the more negatively charged Fe3O4@SiO2-1 and Fe3O4@SiO2-2 samples were
capable of producing higher repulsive forces that compete with the magnetic dipolar
attractive forces, thus forming very stable dispersions in water. Hence, their hydrodynamic
diameters change only slightly with increasing the concentration of MNPs (Figure S3b).
All samples recorded a decrease in their PDI value with increasing the concentration in
colloidal solutions. The samples Fe3O4@SiO2-1 and Fe3O4@SiO2-2 exhibit an insignificant
decrease in PDI values to 0.22 and 0.17, respectively (Table S1). This tiny difference of 0.01
suggests that the sFe3O4 MNPs from these two samples are stable against aggregation.
For the bare Fe3O4 MNPs and Fe3O4@SiO2-3, the PDI values significantly decrease to
0.23 and 0.26, respectively. This observation together with the important increase in their
hydrodynamic diameter indicates a spontaneous aggregation of silica-coated clusters in
the case of these two samples with increasing their concentration in colloidal solutions.

3.3. Magnetic Characterization of sFe3O4

The magnetic properties of bare Fe3O4 MNPs and silica-coated MNPs were measured
on powders through M-H curves and hysteresis loops at 4 and 300 K (Figure 4). The
M-H curves recorded in a magnetic field as high as 10 T (8000 kA/m) reveal the value of
the saturation magnetization (Ms) of the samples. As the magnetization is expressed in
electromagnetic units on a per-gram basis, the values of Ms thus provide information about
the silica thickness coating Fe3O4 MNPs. The bare Fe3O4 MNPs exhibited, at 4 K, a Ms
of 90.6 emu/g, very close to that of the bulk magnetite (92 emu/g), suggesting the high
quality in terms of crystallinity of the polyhedral Fe3O4 MNPs (Figure 4a). For the silica-
coated Fe3O4 MNPs, the M-H curves (Figure 4a) showed a decrease in the Ms (Table 1) as
expected due to the mass of non-magnetic silica coating. The Ms decreased proportionally
with the amount of SiO2 surrounding the magnetic core: 83.5 emu/g for Fe3O4@SiO2-1,
77.1 emu/g for Fe3O4@SiO2-2, and 63.5 emu/g for Fe3O4@SiO2-3. The differences in the
Ms of the sFe3O4 MNPs in respect to bare Fe3O4 MNPs indicate the following SiO2 content
within the silicated samples: 7.8% for Fe3O4@SiO2-1, 14.9% emu/g for Fe3O4@SiO2-2, and
29.9% for Fe3O4@SiO2-3. As is typical for MNPs, the Ms decreases considerably, at room
temperature, due to the existence of the magnetic dead layers and spin canting effects at
the surface of MNPs (Figure 4b). In each case, the Ms value is reduced by about 10 emu/g
(Table 1), which indicates that this is due to the magnetic core and not to the SiO2 shell.

Table 1. Magnetic hysteresis parameters at 4 and 300 K for all four types of MNPs.

Sample
Ms (emu/g) Hc (kA/m)

4 K 300 K 4 K 300 K

Fe3O4 90.6 80.7 32 10
Fe3O4-SiO2-1 83.5 73.3 28 18
Fe3O4-SiO2-2 77.1 67.5 26 16
Fe3O4-SiO2-3 63.5 53.9 30 12
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Figure 4. M(H) curves recorded at (a) 4 K and (b) 300 K, hysteresis loops recorded at (c) 4 K and (e)
300 K, and low-field regime of hysteresis loops at (d) 4 K and (f) 300 K for all four types of MNPs.

Hysteresis loops obtained at 4 K (Figure 4c,d) show that the coercive field (Hc) does not
vary significantly over the four samples (Table 1). Concerning the bare Fe3O4 MNPs, which
exhibit the highest Hc of 32 kA/m, a minute decrease in Hc is recorded for sFe3O4 MNPs:
28 kA/m for Fe3O4@SiO2-1, 26 kA/m for Fe3O4@SiO2-2, and 30 kA/m for Fe3O4@SiO2-3
(Table 1). As shown in our previous paper [53], the polyhedral Fe3O4 MNPs preserve a
soft ferromagnetic character at room temperature, which is also present on sFe3O4 MNPs
(Figure 4e,f). The values of Hc decrease at room temperature for all four samples as
indicated by the hysteresis loops (Figure 4e,f). The highest drop of Hc is recorded for
bare Fe3O4@SiO2 among all samples (Table 1). The ferromagnetic bare Fe3O4 MNPs form
clusters, as shown by DLS measurements, whereas the strong dipole coupling interaction
between clusters tends to assist magnetization reversal, thereby reducing the Hc value [55].
The Fe3O4@SiO2-1 and Fe3O4@SiO2-2 samples exhibit the highest Hc values at room
temperature of 18 and 16 kA/m, respectively, followed by the Fe3O4@SiO2-3 sample with
a slightly lower Hc value of 12 kA/m (Table 1). Although the difference in Hc between
silica-coated samples and bare Fe3O4 MNPs is not important, it can be related to the silica
shell protecting the magnetic clusters. The increase in the Hc is a consequence of a decrease
in the magnetic dipole coupling interactions between clusters due to the screening of silica
shell coating [33].

3.4. Magnetic Hyperthermia Properties of sFe3O4

The magnetically induced heating capabilities of all four samples were measured in
water (the heating curves are shown in Section S4). Specific absorption rate (SAR) values
were obtained using Box–Lucas fitting [56] of the heating curves, following the procedure
detailed in Section S5. The SAR values have been expressed as a function of the amplitude
(H) of the applied alternating magnetic field ranging from 5 to 65 kA/m at a fixed frequency
of 355 kHz. The iron concentration of MNP aqueous solutions was determined with a
thiocyanate assay and used for data normalization (Section S6), expressing the SAR in
watts per unit mass of iron (W/gFe). In the SAR determination, the contribution from pure
water at each H was measured and subtracted as the background.
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Figure 5 summarizes the SAR values obtained in water for all four samples presented
in this study. Each panel displays the mean SAR values as a function of H for the case of
four different iron concentrations, ranging from 0.8 to 0.1 mgFe/mL. It has to be mentioned
that in the case of ferri/ferromagnetic MNPs, the main contribution to their hyperthermia
capabilities is given by the energy losses quantified by the area of hysteresis loops. Addi-
tionally, the Brown relaxation—the reorientation of the MNPs itself in a fluid, resulting
in their friction with the fluid—also contributes as a function of the medium viscosity.
Hysteresis losses depend on the H and Hc of the MNPs. For low values of H, the hysteresis
areas are very small and, consequently, the SAR values are insignificant. For H values
greater than Hc, the hysteresis area becomes larger as H increases, resulting in a steep
increase in the SAR values up to a saturation value. Further increase in H will lead to a
plateau of the SAR values. This typical evolution of SAR values with H (Figure 5) presents
a sigmoidal shape that can be fitted (blue curves in Figure 5) phenomenologically with a
simple logistic function (Section S7) as shown in our previous papers [24,53,57,58].
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Figure 5. Specific absorption rate (SAR) dependence of H for (a) Fe3O4, (b) Fe3O4@SiO2-1,
(c) Fe3O4@SiO2-2, and (d) Fe3O4@SiO2-3 MNPs dispersed in water at iron concentration ranging
from 0.8 to 0.1 mgFe/mL. Blue lines represent the fits with the logistic function.

The SAR evolution with H for bare Fe3O4 MNPs reveals a slight dependence on the
concentration (c) of MNPs in aqueous solution (Figure 5a). For a c = 0.8 mgFe/mL the SAR
values increase sigmoidally, reaching around 700 W/gFe at the highest H values. With
decreasing c by half, the SAR values do not change for H between 5 and 35 kA/m. Starting
with H = 40 kA/m, higher SAR values are obtained, with a maximum of 950 W/gFe
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at the highest H. The SAR values continue to increase in the entire range of H as the
concentration is further decreased to 0.1 mgFe/mL (Figure 5a). In the literature, this
behavior is associated with a decrease in the magnetic dipolar interactions between the
MNPs as the concentration decreases [59,60]. A closer look at the panels in Figure S4a
reveals the occurrence of kinks in the heating curves at each H, which are less pronounced
as the c decreases. The kinks reduce the initial slopes of the heating curves leading to a
decrease in SAR values. The kinks denote a spontaneous aggregation of MNPs clusters
during the hyperthermia measurements.

For the case of Fe3O4@SiO2-1 MNPs, the SAR values’ dependence on the concentration
followed the same trend observed for bare Fe3O4 MNPs (Figure 5b), which means as the c
decreases the SAR values increase mainly starting at H = 15 kA/m. The differences became
more pronounced as the H increased. The kinks are observed in the heating curves at
0.8 mgFe/mL, disappearing at lower concentrations (Figure S4b). This implies the absence
of aggregation effect under AMF in the case of more diluted samples, resulting in the
highest SAR values at the smallest concentration. The decrease in the heating curves slopes
at 0.8 mgFe/mL, upon the formation of kinks, is less evident for Fe3O4@SiO2-1 MNPs
with respect to bare Fe3O4 MNPs, which suggests that the thin silica layer protects the
clusters from making physical contact to form large aggregates responsible for decreasing
SAR values. As compared to bare Fe3O4 MNPs, the SAR values of Fe3O4@SiO2-1 MNPs
are higher for each concentration, which can be explained by the better colloidal stability
conferred by the thin silica layer. The difference in SAR values between the first two samples
occurs starting with 30 kA/m, at each concentration. In the region of high H (50–60 kA/m),
the difference increases from 450 to 600 W/gFe as the concentration decreases from 0.4 to
0.1 mgFe/mL.

Among all the samples studied, the Fe3O4@SiO2-2 MNPs display the highest SAR
values over the H range between 20 and 65 kA/m (Figure 5c). Concerning the bare
Fe3O4 MNPs, the difference between SAR values progressively increases with H (compare
Figure 5a,c), attaining a difference around 1000 W/gFe at the highest H (65 kA/m) for all
four concentrations. Similar to the previous two samples, the SAR values of Fe3O4@SiO2-2
MNPs strongly depend on the concentration: the maximum value of SAR increases from
1700 W/gFe at 0.8 mgFe/mL up to 2200 W/gFe for 0.1 mgFe/mL. The Fe3O4@SiO2-2 MNPs
exhibit a well-defined silica layer around them and the highest zeta potential (Figure 3c) as
compared to Fe3O4@SiO2-1 MNPs, which confer them excellent colloidal stability. This is
evidenced by the absence of kinks in the heating curves for the entire concentration range
(Figure S4c). Moreover, from Table S1, it can be observed that the exponent n—which
indicates how steep is the dependence of SAR on H—presents the highest values among
all samples for each concentration. This suggests that the heating behavior of these types
of MNP is closer to an ideal Stoner Wohlfarth model [61]. In other words, the silica layer
protects the clusters of MNPs from aggregation and reduces considerably the magnetic
dipolar interactions among them, mainly at lower concentrations where the mean inter-
clusters distance is high.

A thicker layer of silica around Fe3O4 MNPs, as in the case of Fe3O4@SiO2-3 MNPs,
offers a completely different picture of heating capabilities. As can be seen in Figure 5d, the
SAR values decrease with respect to those recorded for bare Fe3O4 MNPs for each concen-
tration. The reduction in SAR values is explained by the sedimentation of Fe3O4@SiO2-3
MNPs at the bottom of the vial, as observed during measurements. The small value of the
zeta potential (Figure 3c) leads to the aggregation of Fe3O4@SiO2-3 MNPs, thus reducing
their Brownian mobility and increasing their dipolar interactions.

We also performed SAR measurements with the MNPs dispersed in a solid matrix.
Polyethylene glycol 8000 (PEG *K) with a melting point above 50 ◦C was used as a solvent.
PEG 8K was heated to 90 ◦C and the MNPs were dispersed in the solved under sonication.
The sample was allowed to cool at room temperature and afterward was submitted to the
various AMF. As can be seen from Figure S6 panel a, the best SAR performances were
recorded again for the sample Fe3O4@SiO2-2 with a maximum SAR around 1200 W/gFe.
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In addition, for this sample, we calculated the maximum drop in the SAR (from 1800 to
1200 W/g). This result indicates also that this sample has the largest mobility among all
samples. Interestingly, when the SAR values were recorded as a function of the concen-
tration (Figure S6 panel b) it appeared that the heating performances of these NPs do not
depend on concentration. This result can be explained by the fact that the NPs are well
dispersed in the matrix and after solidification, the solid matrix hinders the clusterization
of the MNPs under the influence of the AMF field.

Among the four samples, the Fe3O4@SiO2-2 MNPs, both dispersed in an aqueous
solution or in a solid matrix, exhibited the best MH performance. In this regard, to verify
their potential in MH applications, this class of MNPs was further tested in vitro on cancer
and normal cell lines.

3.5. Cytocompatibility of Fe3O4@SiO2-2 MNPs and Intracellular Modifications

The evaluation of in vitro cytocompatibility of Fe3O4@SiO2-2 MNPs represents an
essential step in their validation for MH therapy applications. Alamar Blue (AB) and
Neutral Red (NR) assays were employed for cytocompatibility evaluation on two types of
cancer cell lines (human pulmonary cancer cells—A549 and melanoma cancer cells—A375)
and one normal cell line (human foreskin fibroblasts—BJ). Because the nanomaterials
are prone to induce interference with the biochemical assays used to evaluate viability,
leading to erroneous results [62], in a first step, the optical and biochemical interferences
of the Fe3O4@SiO2-2 MNPs with both assays were evaluated (Section S9). Similar to bare
Fe3O4 MNPs [53], the emitted fluorescence gradually decreases as the concentration of
Fe3O4@SiO2-2 MNPs increases, for both assays (Figure S7). The presence of Fe3O4@SiO2-2
MNPs quenches the emitted fluorescence, which can be optically avoided by the mea-
surement of the supernatant fluorescence after removing the MNPs by centrifugation
(Figure S7). On the contrary, no interference by reduction/oxidation or adsorption of the
dyes was recorded for both assays (Figure S8).

The Fe3O4@SiO2-2 displayed a low cytotoxicity profile towards the normal and cancer-
ous cell phenotypes. Different viabilities were recorded, depending on the assay used, with
the AB assay displaying a higher sensibility than the NR assay. In the case of the AB assay, a
statistical decrease in viability was recorded starting from an exposure dose of 62.5 µg/cm2

for A549 cells and 250 µg/cm2 for A375 and BJ cells (Figure 6). However, considering the
viability threshold of 80% for nanomaterials to be safe for biomedical applications [63], the
Fe3O4@SiO2-2 MNPs show a minor toxic behavior at the dose of 250 µg/cm2 for A549 cells
and 500 µg/cm2 for A375 cells, and were nontoxic for BJ cells over the tested dose range
(Figure 6). The results indicate that normal cells are more resilient to the toxicity elicited by
Fe3O4@SiO2-2, in agreement with our previously published results, where the toxicity of
polyhedral iron oxide magnetic nanoparticles (IOMNPs) was slightly more pronounced on
the A549 cell line than on normal human gingival fibroblast (HGF) cells [53]. In comparison
with normal cells, cancerous cells show an increased ability to uptake MNPs, resulting in a
higher cytotoxic susceptibility. The silica shell surrounding the MNPs slightly improves the
biocompatibility as compared to citric acid-coated Fe3O4 MNPs. The viability of A549 cells
decreases below 80% for a dose of 125 µg/cm2 of Fe3O4@SiO2-2 MNPs (Figure 6a), whereas
in the case of citric acid-coated Fe3O4 this happens at a dose of 600 µg/mL (equivalent to
120 µg/cm2) [53]. Conversely, in the case of NR assay, an overall increase in fluorescence
was registered (Figure 6). As the NR assay is based on the ATP-dependent incorporation of
the NR dye in the lysosomal compartment, we hypothesize that exposure to Fe3O4@SiO2-2
increases the lysosomal compartment and thus the accumulation of the dye. These differ-
ences between formazan-related assays (AB, MTT, MTS) and the NR assay were previously
reported in the literature by our group and others [53,62].

In the following, the internalization of Fe3O4@SiO2-2 MNPs in different doses (15.62,
31.25, and 62.5 µg/cm2) by all three types of cells is presented, aiming at revealing the
internalization mechanism and possible intracellular modifications. Qualitative and some
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quantitative ultrastructural aspects are reported here for each experimental group of cells
(for a detailed statistical analysis see Table 2).
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Cell Type A549 A375 BJ 
Experimental 
Conditions Control 

Internaliza-
tion 

In Vitro MH 
Treatment Control 
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In Vitro MH 
Treatment Control 
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tion 

In Vitro MH 
Treatment 
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Figure 6. Cytocompatibility of Fe3O4@SiO2-2 MNPs on (a) A549, (b) A365, and (c) BJ evaluated after 24 h exposure. Cellular
viability was measured using two complementary assays, namely Alamar Blue and Neutral Red. The values are expressed
as mean ± SD of six biological replicates. Data are expressed as relative values to the negative control. Asterisks (*) indicate
significant differences compared to the negative control (ANOVA + Dunn’s; p < 0.05). The horizontal straight line indicates
the cell viability threshold of 80% to consider MNPs as biomedical safe.

First, untreated control cells from all three types of cells were visualized by both SEM
and TEM. As shown and described in Section S10, the cells were adherent, presenting the
characteristic shapes and internal structures (Figure S9).

The A549 cells generally preserved their adherence and the flat shape with a normal
aspect and a with many filopodia still present upon incubation with Fe3O4@SiO2-2 MNPs
at doses of 15.62, 31.25, and 62.5 µg/cm2 (Figure 7a,c,e). However, a tendency of retraction
was obvious starting with a lower dose, resulting in reduced sizes of cells and prominence of
their central region (Figure 7a), visualization of thicker branches (with statistical relevance
when compared to control cells), and a progressive (significant) reduction in the number
of filopodia, with the dose (also significant) when compared to control. The number of
retracted cells increased with the exposed dose of Fe3O4@SiO2-2 MNPs. Their shapes
were almost spherical, with a low number of thin branches and almost no filopodia; those
remaining filopodia were very short and thickened (Figure 7c,e). In the regions where the
cells were fewer, the filopodia were even longer (Figure 7a). Cells during division were
also observed (Figure 7c).

TEM examination revealed the presence of high amounts of Fe3O4@SiO2-2 MNPs
inside cells even starting with the dose of 15.62 µg/cm2 (Figure 7b). A variation of the
internalized amount of Fe3O4@SiO2-2 MNPs with increasing the dose was not evident in
TEM investigations (Figure 7b,d,f). The Fe3O4@SiO2-2 MNPs were internalized in large
endosomes (electron-lucent polymorphous vesicles surrounded by a single membrane)
and released within the unstructured fraction of cytoplasm (Figures 7b and S10). However,
the number of free Fe3O4@SiO2-2 MNPs dispersed in cytoplasm increased with increasing
dose (Figure 7d,f). At a dose of 62.5 µg/cm2, a few Fe3O4@SiO2-2 MNPs were also found
inside lysosomes (homogeneous or heterogeneous electron-dense organelles, surrounded
by a single membrane, usually round, not shown—see Figure S10). The nucleus was
not affected at all and the endoplasmic reticulum (which appeared as shorter or longer
membranous channels, with or without ribosomes attached) displayed a slight enlargement
at a dose of 31.25 µg/cm2 (Figure 7d), and was difficult to detect at a higher dose (Figure
7f). The mitochondria (with double membrane—the inner one with internal foldings
called cristae) preserved a round-oval shape and their cristae had a normal ultrastructural
aspect (Figure 7b), becoming swollen, with electron-lucent matrix and altered cristae at the
dose of 62.5 µg/cm2 (inset Figure 7f). At this dose the cells were more affected by MNPs’
interaction, displaying rarefied cytoplasm, many large vacuoles, and, in rare cases, even
disrupted plasma membrane (not shown), resulting in cell death as indicated by AB and
NR assay (Figure 6a).
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Figure 7. SEM (left) and TEM (right) images of A549 cells containing Fe3O4@SiO2-2 MNPs after 24 h incubation time in a 
dose of (a,b) 15.62 μg/cm2, (c,d) 31.25 μg/cm2 and (e,f) 62.5 μg/cm2. The significance of letters is: f = filopodia, b = branch, 
np = nanoparticles, er = endoplasmic reticulum, r = ribosome, m = mitochondria, pm = plasma membrane, n = nucleus, nu 
= nucleolus, v = vacuole, dc = divided cell and lb = lamellar bodies. The insets show (b, left) mitochondria and (f, right) 
mitochondria and free nanoparticles in cytoplasm. The asterisks indicate retracted cells. 10 u = 10μm. 

Most of the A375 cells displayed a retraction process due to the interaction with the 
MNPs, appearing to be smaller in size and more prominent, and were still adherent on 
the glass substrate (Figure S11a,c,e). Their branches were significantly fewer as compared 
to the control. Similar to the case of A549 cells, the percent of retracted A375 cells increased 
by increasing the exposure dose. As compared to those of the untreated control cells (Fig-
ure S9c), the filopodia of retracted cells were shorter and in reduced number (Figure 
S11a,c,e), along with a general progressive (significant) decrease in their mean number. 
Rare structures resembling lamellipodia were noticed at the periphery of some cells, also 
bearing filopodia, but they were likely only thinned regions of the cells presenting this 

Figure 7. SEM (left) and TEM (right) images of A549 cells containing Fe3O4@SiO2-2 MNPs after 24 h incubation time in a
dose of (a,b) 15.62 µg/cm2, (c,d) 31.25 µg/cm2 and (e,f) 62.5 µg/cm2. The significance of letters is: f = filopodia, b = branch,
np = nanoparticles, er = endoplasmic reticulum, r = ribosome, m = mitochondria, pm = plasma membrane, n = nucleus,
nu = nucleolus, v = vacuole, dc = divided cell and lb = lamellar bodies. The insets show (b, left) mitochondria and (f, right)
mitochondria and free nanoparticles in cytoplasm. The asterisks indicate retracted cells. 10 u = 10 µm.

Most of the A375 cells displayed a retraction process due to the interaction with the
MNPs, appearing to be smaller in size and more prominent, and were still adherent on the
glass substrate (Figure S11a,c,e). Their branches were significantly fewer as compared to the
control. Similar to the case of A549 cells, the percent of retracted A375 cells increased by in-
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creasing the exposure dose. As compared to those of the untreated control cells (Figure S9c),
the filopodia of retracted cells were shorter and in reduced number (Figure S11a,c,e), along
with a general progressive (significant) decrease in their mean number. Rare structures
resembling lamellipodia were noticed at the periphery of some cells, also bearing filopodia,
but they were likely only thinned regions of the cells presenting this unusual aspect during
the cellular retraction (Figure S11a). Some of the filopodia had normal length establishing
contacts between the cells separated during retraction (Figure S11e).

A high quantity of internalized Fe3O4@SiO2-2 MNPs independent of the exposed
dose was observed (Figure S11b,d,f). At a dose of 15.62 µg/cm2, the Fe3O4@SiO2-2 MNPs
were seen inside endosomes, and dispersed, in direct contact with the aqueous medium
of cytoplasm (Figures S10 and S11b). By increasing the dose, clusters of Fe3O4@SiO2-2
MNPs of various sizes dispersed in cytoplasm and rare endosomes containing Fe3O4@SiO2-
2 MNPs were identified (Figure S11c,f). Neither relevant ultrastructural changes of the
nucleus nor of the endoplasmic reticulum were found for the three doses. However, starting
with a dose of 15.62 µg/cm2, a mitochondrial reaction to the presence of Fe3O4@SiO2-2
MNPs was identified, which consisted of swelling of some mitochondria, and also showed
electron-lucent matrix and cristae alteration (Figure S11b). Mitochondria had an electron-
lucent matrix and showed a tendency of cristae disorganization at the dose of 31.25 µg/cm2

(Figure S11d), whereas at the higher dose the mitochondria were polymorphous, their
matrix was rarefied, but cristae were still visible (Figure S11f). Two other important
ultrastructural reactions were noted at a dose of 31.25 µg/cm2: the presence of vacuoles
in high numbers (and of various sizes), and the presence of lamellar bodies in a relatively
high number (Figure S11d,f). It seems that the A375 cells are slightly more sensitive to the
interaction with Fe3O4@SiO2-2 MNPs than A579 cells.

The BJ cells were adherent and generally preserved their size, and filopodia were
present in high number at their surface. Between two and five branches of various sizes
were still visible when incubated with the small dose of 15.62 µg/cm2 of Fe3O4@SiO2-
2MNPs (Figure 8a), comparable to the control group. A retraction tendency of cells
(more than 30%) was observed when increasing the dose to 31.25 µg/cm2, displaying an
elongated shape with significantly fewer visible branches and reduced number of filopodia
(significant when compared to untreated control cells and to the previous dose) (Figure 8c).
At the highest dose tested, most of the BJ cells showed a normal shape and aspect; however,
many cells were visibly retracted. Normally developed filopodia were present in high
numbers at the surface of the normal-looking cells, and in the less retracted regions of the
other cells (Figure 8e).

Similar to both types of malignant cells, the Fe3O4@SiO2-2 MNPs were internalized
by the normal cells in high quantities: packed in large endosomes, dispersed freely in
cytoplasm, or captured inside lysosomes (Figure 8b,d,f). No ultrastructural reactions
were observed at the nuclear level (not shown), and in cytoplasm, a reduced number of
autophagosomes (polymorphous and heterogeneous electron-dense vesicles surrounded
by two or several membranes, belonging to the lysosomal system) was found, as compared
to the untreated control cells (Figure 8b). By increasing the dose from 15.62 to 62.5 µg/cm2,
autophagosomes were present in high numbers and no notable ultrastructural changes
were detected (Figure 8d). The only notable ultrastructural change found, at the higher
dose, was that some mitochondria appeared to be swollen and with disrupted cristae
(Figure 8f). It is quite evident that normal cells are less sensitive to the interaction with
Fe3O4@SiO2-2 MNPs than malignant cells, in agreement with the AB assay (Figure 6c).
The overall increase in fluorescence, displayed by the NR assay, for the malignant cells
(Figure 6a–c), can be explained by the increased number of autophagosomes, which enable
the accumulation of a large amount of NR dye in lysosomes.

60



Pharmaceutics 2021, 13, 2026

Pharmaceutics 2021, 13, 2026 19 of 33 
 

 

more prominent branches), up to completely spherical cells, and all cells still viable de-
spite their changes. Of course, our EM investigation revealed a low number of cells that 
responded more severely to the presence of the Fe3O4@SiO2-2 MNPs. It is very likely that 
those cells, along with other dead/fragmented cells (probably lost during repeated centrif-
ugations performed) covered a percentage of 5–15% of the cells, as also resulted from the 
cytocompatibility tests and literature data. 

 
Figure 8. SEM (left) and TEM (right) images of BJ cells containing Fe3O4@SiO2-2 MNPs after 24 h incubation time in a dose 
of (a,b) 15.62 μg/cm2, (c,d) 31.25 μg/cm2 and (e,f) 62.5 μg/cm2. The significance of letters is: f = filopodia, b = branch, np = 
nanoparticles, er = endoplasmic reticulum, r = ribosome, m = mitochondria, v = vacuole, pm = plasma membrane, e = 
endosome, ly = lysosome and a = autophagosome. The inset show (d, left) a lysosome with nanoparticles. The asterisks 
indicate retracted cells. 30 u = 30 μm. 

  

Figure 8. SEM (left) and TEM (right) images of BJ cells containing Fe3O4@SiO2-2 MNPs after 24 h incubation time in a dose
of (a,b) 15.62 µg/cm2, (c,d) 31.25 µg/cm2 and (e,f) 62.5 µg/cm2. The significance of letters is: f = filopodia, b = branch,
np = nanoparticles, er = endoplasmic reticulum, r = ribosome, m = mitochondria, v = vacuole, pm = plasma membrane,
e = endosome, ly = lysosome and a = autophagosome. The inset show (d, left) a lysosome with nanoparticles. The asterisks
indicate retracted cells. 30 u = 30 µm.

The cellular effects of the Fe3O4@SiO2-2 MNPs’ internalization in the three types of
cells tested in our study were consistent with our results proving their cytocompatibility.
We recorded moderate surface and internal ultrastructural alterations, both in the two lines
of malignant cells (A549 and A375) and in the normal cells (BJ), mostly compatible with life.
Even the percentage of the retracted cells was similar in the three lines (about 40%). It is
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worth noting here that we considered as retracted the cells ranging from those still adherent
(without or with branches) and with their central zone more prominent (or more prominent
branches), up to completely spherical cells, and all cells still viable despite their changes. Of
course, our EM investigation revealed a low number of cells that responded more severely
to the presence of the Fe3O4@SiO2-2 MNPs. It is very likely that those cells, along with
other dead/fragmented cells (probably lost during repeated centrifugations performed)
covered a percentage of 5–15% of the cells, as also resulted from the cytocompatibility tests
and literature data.

3.6. Quantitative Assessment of Fe3O4@SiO2-2 MNPs Internalization

Different internalizations were observed between the cell lines, with the normal cell
phenotype displaying the lowest internalization, independent of the dose used (Figure 9).
As a general trend, for all three types of cells, the relative internalization increased with
decreasing doses (Figure 9). For the lowest dose (7.81 µg/cm2), the relative internal-
ization for A549 cells was 95%—meaning that almost all amount of Fe3O4 MNPs was
internalized —slightly decreasing to 82% for the highest dose (62.5 µg/cm2). In the case
of A375 cells, the relative internalization ranged between 85% and 70% by increasing the
dose from 7.81 to 62.5 µg/cm2. The normal BJ cells displayed the highest drop (40%) in the
relative internalization, from 75% to 30% as the dose is increased from 7.81 to 62.5 µg/cm2.
The differences in the relative internalization are reflected in the total amount of internal-
ized Fe3+, which is the highest for the A549 cells, followed by A375 and BJ cells (Figure 9b).
For the first two doses (7.81 and 15.62 µg/cm2), the differences in the amount of Fe3+ inter-
nalized by the three types of cells are negligible (Figure 9b and Table S3). The differences
are more pronounced as the dose increases (Figure 9b and Table S3). Statistical analysis
(two-way ANOVA + Holm–Sidak) revealed that both the dose variable (p < 0.001) and
the cellular type variable (p < 0.001) had a highly significant impact on the Fe3O4@SiO2-2
cellular internalization. It is worth mentioning that, compared with citric acid-coated Fe3O4
MNPs, which exhibited a relative internalization between 37% and 21% for a dose ranging
from 10 to 100 µg/cm2 for A549 cells [53], the Fe3O4@SiO2-2 MNPs display from 2.5 to
3.2 times higher relative internalization over the same dose range. This can be because the
silica layer prevents the formation of micrometer-sized MNPs aggregates in cell culture
media, thus leading to a homogeneous dispersion of sFe3O4 clusters over the entire well
surface paved with cancer cells, which facilitate the internalization of a higher amount of
MNPs inside cells.
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tween 20 and 150 pgFe/cell (Figure 9c). Recently, Reczynska et al. [40] reported that A549 
cells treated with SPIONs coated with a non-porous and mesoporous silica layer at a dose 
of 10 μg/mL (equivalent to 6.25 μg/cm2) internalized approximately 20–25 pgFe/cell. Al-
most identical values (21, 22 pgFe/cell) were obtained in our study, at the lowest dose of 
7.81 μg/cm2 on both types of cancer cells. Similar results were also reported for zinc ferrite 
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pgFe/cell during a 12 h incubation with a dose of 200 μg/mL (equivalent to 125 μg/cm2) 
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replicas. * p < 0.05 ** p < 0.001.

A common way of expressing the cellular internalization of Fe3O4 MNPs is to nor-
malize the amount of internalized Fe3+ on the cell number. As BJ cells have a higher
volume and surface than the cancerous cells, they are less numerous in a well plate and
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hence internalized a higher amount of Fe3+ per cell (Figure 9c). Over the dose range
the BJ cells internalized between 50 to 240 pgFe/cell, whereas for the cancer cells the
values were between 20 and 150 pgFe/cell (Figure 9c). Recently, Reczynska et al. [40]
reported that A549 cells treated with SPIONs coated with a non-porous and mesoporous
silica layer at a dose of 10 µg/mL (equivalent to 6.25 µg/cm2) internalized approximately
20–25 pgFe/cell. Almost identical values (21, 22 pgFe/cell) were obtained in our study, at
the lowest dose of 7.81 µg/cm2 on both types of cancer cells. Similar results were also
reported for zinc ferrite nanoparticles coated with silica, the Fe3+/cell increasing from
approximately 5 to 60 pgFe/cell during a 12 h incubation with a dose of 200 µg/mL (equiv-
alent to 125 µg/cm2) [38]. Overall, the results obtained suggest a passive transport process,
as the amount of internalized Fe3O4 MNPs was almost linearly dependent on the exposure
dose used, and are congruent with the results reported by Matsuda et al. [64], where the
internalization of MNPs (≈10 nm) in three histological types of human mesothelioma cells
increased linearly with the dose used.

3.7. In Vitro Magnetic Hyperthermia

The in vitro MH on the three types of cells without MNPs did not induce cell death
as the temperature rise did not exceed 0.5–0.8 ◦C for H ranging from 30 to 60 kA/m at
355 kHz. On the contrary, all samples consisting of cells containing internalized MNPs
exhibited a relevant increase in the temperature in the first 5 min followed by the formation
of a plateau in the heating curves when the heat released by the internalized MNPs
equalized the dissipated heat in the environment (Figure S12). The plateau defines a
saturation temperature that strongly depends on the amount of internalized MNPs and
on H (Figure S12). A correlation between saturation temperature (Ts) and the viability
of cells can be established. For the lowest two doses (7.81 and 12.52 µg/cm2), at H of
30 kA/m, no cell death was observed for all three types of cells as evaluated with both
toxicity assays (Figure 10a–c). This is explained by the small Ts values between 40 and
41.4 ◦C obtained during MH treatment (Figure S13). At the higher doses of 31.25 and
62.5 µg/cm2, the viability of both types of cancer cells, based mainly on the AB assays, was
drastically reduced, ranging between 5 and 25%. The internalized MNPs were able to reach
Ts from 43.5 to 46.4 ◦C (Figure S13) which suffices the temperature requirements of cancer
thermal therapies. For almost the same Ts interval, the BJ cells showed a reduction in their
viability by only 50–60% (AB assays in Figure 10c), proving that they are less sensitive to
magnetic heating as compared to cancer cells.

Increasing the H at 45 kA/m resulted in increased Ts values over the entire dose
range for all types of cells (Figure 10d–f). Nonetheless, for the lowest dose of 7.81 µg/cm2,
the cancerous and normal cells were less affected by the MH treatment as Ts was around
42 ◦C (Figure S13). A considerable loss of viability to approximately 20% was recorded
starting with a dose of 15.62 µg/cm2, mainly for cancerous cells (Figure 10d,e), which is in
agreement with the Ts value of 44.6/44.7 ◦C reached during MH treatment (Figure S13).
For the same dose, the normal cells exhibited a 50% reduction in their viability (Figure 10f).
For the next two doses, the Ts increased to values between 48 and 50 ◦C, leading to cellular
death of cancer cells as evidenced by both assays (Figure 10d,e). The normal cells were also
profoundly affected by the MH treatment, exhibiting viabilities below 20% (Figure 10f).

The internalized MNPs at the lowest dose (7.81 µg/cm2) in both types of cancer cells
were able to sustain an increase in Ts up to 44 ◦C, when exposed to an H of 60 kA/m,
which resulted in a decrease in viability around 40%, as indicated by the AB assay
(Figures 10g,h and S11). A similar quantity of MNP internalized BJ cells did not substan-
tially reduce the viability as the Ts increased to 42.2 ◦C (Figures 10i and S13). The viability
dropped to near zero for the next three doses in the case of cancer cells (Figure 10g,h). The
BJ cells were less sensitive at a dose of 15.62 µg/cm2, as compared to cancer cells, however,
their viability was close to zero for the higher two doses (Figure 10i).
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For all three cell lines the viability data obtained using both assays could be fitted
with a sigmoidal function:

C(T) =
A

1 + e
T−T0

dT

(1)

where A represents the viability of control cells (95–100%) and dT quantifies the tempera-
ture width for a given decrease in cell viability. T0 represents the temperature at which the
viability reaches a value of 50%. This equation was derived [65] from a two-state model of
temperature-dependent cell damage as initially proposed by Feng et al. [66]. This simpli-
fied form was derived for comparing the magnetic hyperthermia heating with endogenous
hyperthermia heating, under the condition of having the same time of exposure to high
temperatures [65]. As in our case, in all experiments’ cells were exposed for 30 min to MH;
the experimental data were well fitted with the function depicted in Equation (1), as can
be seen in Figure 11. The temperature T0 represents the saturation temperature at which
half of the cells were killed after they were exposed for 30 min to the MH treatment or, in
other words, the temperature at which the cells were exposed for 30 min to MH receive
50% lethal dose (LD50%). As one can notice with both assays, the T0 values are higher for
BJ cells as compared to both cancer cell lines, but the difference is significantly higher in
the case of the NR assay (Table S4). For this assay, T0 is 47.3 ◦C for normal BJ cells, and
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45.2 ◦C and 44.6 ◦C for A459 and A375 cells, respectively. The difference is much smaller
for the AB assay (44.2 ◦C for normal and 43.6 ◦C for both cancer cell lines).
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Figure 11. Viability using the Neutral Red (left panel) and Alamar Blue (right panel) assays as a
function of saturation temperatures of cell cultures exposed to Fe3O4@SiO2-2 MNPs and for 30 min to
AMF (30, 45, and 60 kA/m, 355 kHz) for the three different cell lines (BJ—black squares, A459—red
circles, A375—blue triangles).

These differences between the LD50% temperature values obtained using the two
viability assays might be attributed to their different mechanisms of detection. The NR
assay is based on the ATP-dependent lysosomal incorporation of the supravital dye and
the measurement of the fluorescence of the incorporated dye. The apparent increase in
the viability given by NR assay is most probably the result of an increased lysosomal
compartment due to the IOMNPs’ exposure and intra-lysosomal incorporation, as it was
also proved by the electron microscopy study. Dissimilarities between viability assays
that evaluate different mechanisms of toxicity were previously reported, reiterating the
need for multiple viability assays when evaluating the cytocompatibility/cytotoxicity of
nanomaterials [67,68]. Similar to the results obtained in this study, a slight decrease in the
cellular viability, measured by the WST assay—an assay similar to Alamar Blue—and an
increase in the NR-dye uptake upon exposure to IOMNPs were previously reported [62].
Thus, the increased uptake of NR dye may be correlated with the accumulation of IOMNPs
in lysosomes. The higher sensitivity of either WST or Alamar Blue viability assay may
be related to mitochondrial damage by IOMNPs, which results in a decreased conversion
of formazan or resazurin by mitochondrial diaphorase. Moreover, the mitochondrial
impairment of nanomaterials is presumed to be related to their redox-active surface that
hinders the electron flow and the mitochondrial functionality [69].

Similar to HGF cells [53], the BJ normal cell line is less prone to MH treatment com-
pared to the cancer cell lines. This may be a consequence of a lesser capability to internalize
the Fe3O4@SiO2-2 MNPs compared to cancer cells, mainly in the case of the higher doses
(31.25 and 62.5 µg/cm2). There is no significant difference between the cell viabilities
exhibited by the two cancer cell types in the entire range of doses for the three values
of H. This is supported by the small differences in saturation temperatures reached dur-
ing MH, which are mainly due to the almost identical capacities of both types of cancer
cells to internalize the Fe3O4@SiO2-2 MNPs (Figure S12). At the lower doses (7.81 and
15.62 µg/cm2), for which the total amount of internalized Fe3+ by the three types of cells
does not vary significantly, the Ts recorded for cancer cells are higher than normal ones
resulting in appreciable differences between cellular viabilities. This may be explained by
the different mobility of internalized silica-coated MNPs on cancer versus normal cells.
Inside cancer cells, the silica-coated MNPs can attain higher mobility when subjected to an
AMF, as they are less numerous per cell (Figure 9c), leading to an increase in the saturation
temperatures, and thus reduced viability.
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It is also worth noting that for all cell types and all magnetic field strengths used
there is a clear tendency of saturation of the Ts (Figure S12). This behavior may be
explained by an increase in the concentration of the MNPs taken up by the cells within
endosome/lysosome closed structures which can significantly reduce their mobility and
thus their heating performance.

3.8. Cellular Modification upon MH Exposure of Cells

As in the control, and incubated but unexposed groups of cells, qualitative and some
quantitative ultrastructural aspects are presented here, and a detailed statistical analysis is
given in Table 2.

3.8.1. A549 Cells

The exposure of A549 cells, previously incubated with Fe3O4@SiO2-2 MNPs at a dose
of 15.62 µg/cm2, to an AMF of 30 kA/m for 30 min, resulted in a higher number of retracted
cells having significantly more visible branches compared with unexposed incubated cells.
Rare contracted and prominent cells showed at their surface many small blebs formed at
the level of the plasma membrane. Many other cells were normal, displaying numerous
filopodia (Figure 12a); however, the overall mean number of filopodia/cell decreased sig-
nificantly with regard to both the control group and the group of unexposed cells incubated
with the same dose of MNPs (Table 2). Inside the cells, moderate ultrastructural changes
were produced, such as mitochondrial alteration (swollen organelles, with electron-lucent
cytoplasm and fewer cristae), cytoplasmic vacuolation, and the presence of the lamellar
bodies as round or curved vesicles containing several concentric layers of membranes
(Figure 12b). The number of normal A549 cells, incubated with the next dose and exposed
to AMF of 30 kA/m for 30 min, decreased dramatically. Many other cells (more than
80% of the counted cells) showed accentuated retraction and rounding cells; more than a
third of the identified cells were almost spherical, and also very small in diameter (about
10 µm or less). Surprisingly, these round cells had an almost completely smooth surface
as seen in SEM, and only rare membrane blebs were observed. The other cells grown on
the coverslip were either still flat and completely adherent to the substrate or partially
retracted, showing 2–3 thick branches (with a significantly lower mean value than in the
cells incubated with the same dose, and the cells incubated with the smaller dose and
exposed to the magnetic field).

A similar (and also significant) response was found in this group of cells when we
analyzed the number effect of hyperthermia on the number of filopodia. Only the flattest
cells still showed filopodia and in small numbers (Figure 12c; Table 2). Cellular reactions
were more extensive, consisting of irregular nuclear outline, and enlargement of the
perinuclear space and of the endoplasmic reticulum lumen, associated with extensive
vacuolation of cytoplasm. In most cells mitochondria were not identified—most likely these
swollen organelles having no remaining cristae participated in the generation of the many
vacuoles (Figure 12d). Rare normal A549 cells were observed in the case of the 62.5 µg/cm2

dose. About a half of all identified cells (53%) were retracted (some still displaying a single
visible branch and very few filopodia—Table 2) and rounded, covered with membrane
blebs, whereas the other cells were in an advanced stage of fragmentation (Figure 12e).
TEM examination confirmed the SEM results: in the smaller pellets remained suitable
for analysis, the cells were either fragmented, with rarefied cytoplasm and disrupted
plasma membrane on extensive regions (Figure 12f), or, in the case of still-intact cells, they
were filled almost completely with numerous and large electron-dense vacuoles (inset of
Figure 12f).
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Figure 12. SEM (left) and TEM (right) images of A549 cells incubated with Fe3O4@SiO2-2 MNPs for 24 h in a dose of (a,b) 
15.62 μg/cm2, (c,d) 31.25 μg/cm2, and (e,f) 62.5 μg/cm2 and exposed for 30 min to an AFM of 30kA/m, 355 kHz. The signif-
icance of letters is: f = filopodia, b = branch, np = nanoparticles, ly = lysosome, lb = lamellar bodies, v = vacuole, m = 
mitochondria, r = ribosome, n = nucleus, er = endoplasmic reticulum, pm = plasma membrane, fc = fragmented cells and 
cd = cellular debris. The inset (f, left) show large vacuoles and free nanoparticles in cytosol. The asterisks indicate retracted 
cells. The black arrows indicate membrane blebs. 10 u = 10 μm. 
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were more extensive, consisting of irregular nuclear outline, and enlargement of the per-
inuclear space and of the endoplasmic reticulum lumen, associated with extensive vacu-
olation of cytoplasm. In most cells mitochondria were not identified—most likely these 
swollen organelles having no remaining cristae participated in the generation of the many 
vacuoles (Figure 12d). Rare normal A549 cells were observed in the case of the 62.5 μg/cm2 
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Figure 12. SEM (left) and TEM (right) images of A549 cells incubated with Fe3O4@SiO2-2 MNPs for 24 h in a dose of
(a,b) 15.62 µg/cm2, (c,d) 31.25 µg/cm2, and (e,f) 62.5 µg/cm2 and exposed for 30 min to an AFM of 30kA/m, 355 kHz. The
significance of letters is: f = filopodia, b = branch, np = nanoparticles, ly = lysosome, lb = lamellar bodies, v = vacuole,
m = mitochondria, r = ribosome, n = nucleus, er = endoplasmic reticulum, pm = plasma membrane, fc = fragmented cells
and cd = cellular debris. The inset (f, left) show large vacuoles and free nanoparticles in cytosol. The asterisks indicate
retracted cells. The black arrows indicate membrane blebs. 10 u = 10 µm.

3.8.2. A375 Cells

In the case of A375 cells, a stronger response by retraction and plasma membrane
blebbing at a dose of 15.62 µg/cm2 was found, after MH treatment (Figure S14a,b). The
most affected cells were rounded (losing their branches by retraction), and they lost almost
completely their adherence to the glass surface. Such highly affected cells were more
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numerous compared to A549 cells (see Table 2), suggesting a slightly higher sensitivity
of these cells to the AMF exposure, which was also indicated by AB assay (Figure 6a,b).
Normal-looking cells were also found at SEM examination (Figure S14a). Statistical analysis
showed a significantly lower mean number of branches and filopodia in the cells of this
group, compared to the corresponding group of unexposed cells but incubated with the
MNPs in the same dose (and of course, when compared to the control). The internal
reactions of the affected cells were represented by rarefaction of the mitochondrial matrix;
swelling of mitochondria and their cristae; cytoplasmic vacuolation; and accentuation of the
nuclear polymorphism (Figure S14b). A higher number of cells (over 60%) were rounded
and/or almost completely retracted at the dose of 31.25 µg/cm2 (Figure S14c). Some cells
were in an advanced stage of total fragmentation. A significantly low number of branches
(compared to the cells incubated with the same dose), and very few filopodia (compared
both to the cells incubated with the same dose and with the cells incubated with the lower
dose and exposed to hyperthermia), were observed (average of about 11/cell), regardless of
the general aspects of the cells. In the remaining viable cells, which were still adherent and
more or less flat, the cytoplasm was filled with vacuoles of various sizes and shapes, some
of which resulted from mitochondrial disorganization and swelling, whereas others may
result from fragmentation and vesiculation of the endoplasmic reticulum (Figure S14d).
Many lamellar bodies were also found. At the dose of 62.5 µg/cm2, many of the A375
cells observed on the coverslips were spherical (27.6%), rarely with only one branch and
very few filopodia (see Table 2), and the others were retracted and with various degrees
of fragmentation. Cellular debris was also noted on the recorded images (Figure S14e).
The A375 cells found on the sections at the TEM examination were deeply altered, with
a disrupted plasma membrane and extremely rarefied cytoplasm, and sometimes still
containing numerous vacuoles of very different sizes (Figure S14f).

3.8.3. BJ Cells

The BJ cells subjected to incubation with MNPs in the dose of 15.62 µg/cm2 and to
exposure to AMF also underwent an accentuated retraction and generation of membrane
blebs, which were in higher numbers and much smaller compared to those observed in
the malignant cells. Normal, but less branched cells (statistically not significant compared
to the group of incubated cells with the same dose) were still present (Figure 13a). Over
30% of cells were retracted, and the mean number of filopodia significantly reduced when
compared with the corresponding two groups (see Table 2). TEM examination showed
a relatively normal ultrastructure, with the presence of numerous autophagosomes and
normal profiles of the endoplasmic reticulum. Swollen mitochondria and the presence of
rare lamellar bodies were noted (Figure 13b) compared to unexposed BJ cells. At the next
dose (31.25 µg/cm2), most of the BJ cells were adherent, but appeared as very long and
thin cells (a significantly lower average number of branches/cell compared to the three
corresponding groups—see Table S2), rather than triangular or flat (Figure 13c). More than
half of the cells in this group were retracted. On the surface of their branches, the filopodia
were also present but in a significantly lower number only when compared to the control
group of BJ cells. Surface membrane blebbing was noted on almost all cells, whereas in
some cells this blebbing was extremely advanced, leading to total fragmentation of the
cells (Figure 13c). Examination using TEM showed mostly normal ultrastructure of the
cells, but mild cellular vacuolation was also found in some cells (Figure 13d), whereas
in rare regions only cellular debris was found on the sections (not shown). The BJ cells,
loaded with Fe3O4@SiO2-2 MNPs at a dose of 62.5 µg/cm2

, largely preserved their flat
shapes (although some were extremely elongated and thick—significantly fewer than in the
previous group, and in the control group, respectively) upon exposure to AMF. Filopodia
were present in distinct regions, not covering the whole plasma membrane; the average
number of these thin extensions was statistically significant only when compared to the
control group. Some of the flat cells showed a slight tendency of retraction (Figure 13e),
but overall, we recorded more than 55% of retracted cells. Moreover, 20% (24 out of 120) of
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the counted cells were fragmented. Regarding internal ultrastructural alterations, only rare
mitochondrial deep alterations, and a certain degree of cytoplasmic rarefaction, are worth
noting (Figure 13f). Basically, in the case of the BJ cell line, the effect of MH exposure had a
much-reduced amplitude as compared with those recorded in the two lines of malignant
cells, following the AB and NR assays (Figure 10a–c).
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endoplasmic reticulum, a = autophagosomes and pm = plasma membrane. The inset (d, left) show a heterogeneous lyso-
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The SAR values for the intracellular MH were calculated based on the Box–Lucas 

equation and the MNPs’ cell uptake data. As can be seen in Figure 14, for all three cell 
lines there is a clear decrease in the SAR values as the intracellular concentrations of the 
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At the lowest value of the concentration (<0.1 mg/mL), the SAR values are close to 
those recorded in water. The decrease in the SAR is more pronounced in the case of the 

Figure 13. SEM and TEM images of BJ cells incubated with Fe3O4@SiO2-2 MNPs for 24 h in a dose of (a,b) 15.62 µg/cm2,
(c,d) 31.25 µg/cm2, and (e,f) 62.5 µg/cm2 and exposed for 30 min to an AMF of 30 kA/m, 355 kHz. The significance of
letters is: f = filopodia, b = branch, np = nanoparticles, ly = lysosome, lb = lamellar bodies, m = mitochondria, r = ribosome,
er = endoplasmic reticulum, a = autophagosomes and pm = plasma membrane. The inset (d, left) show a heterogeneous
lysosome loaded with nanoparticles. The black arrows indicate membrane blebs. 30 u = 30 µm.
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The BJ cells also showed a more variable individual response to the AMF consecutive
incubation with the three doses of MNPs, by comparison with the malignant cells. In the
BJ group we found cells identical with those in the control group, in addition to others that
were highly affected or dead. The reduced average number of branches and/or filopodia
was due both to an unspecific reaction of all cells to the experimental conditions and a
relatively high number of retracted cells that were more affected. The latter explanation
may also apply to the two lines of malignant cells.

3.9. Intracellular SAR Values

The SAR values for the intracellular MH were calculated based on the Box–Lucas
equation and the MNPs’ cell uptake data. As can be seen in Figure 14, for all three cell lines
there is a clear decrease in the SAR values as the intracellular concentrations of the MNPs
increase. This type of dependence was also reported earlier in both normal and cancer cell
lines [53].
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Figure 14. SAR values of the Fe3O4@SiO2-2 MNPs calculated from the saturation temperatures reached during the
intracellular MH and the quantity of MNPs inside the cells assessed by the thiocyanate method for BJ (left panel), A549
(middle panel), and A375 (right panel) for three values of the magnetic field intensity (30, 45, and 60 kA/m) at 355 kHz.

At the lowest value of the concentration (<0.1 mg/mL), the SAR values are close
to those recorded in water. The decrease in the SAR is more pronounced in the case
of the cancer cell lines as the quantity of internalized MNPs is almost double that of
the BJ normal cancer cell line (Table S3). These results demonstrate that, at very low
internalized concentrations, the MNPs preserve mobility comparable to that in water. The
SAR decrease with the increase in the MNPs’ concentration may be explained both by
the MNPs’ agglomeration in the endosome/lysosome-like structure with a subsequent
decrease in their physical mobility (the only heat generation mechanism remaining the
magnetization reversal), or the increase in their dipolar interactions due to their proximity.

This type of dependence of SAR on concentration explains the saturation of Ts with
increasing MNPs’ intracellular concentration presented in Figure S13.

4. Conclusions

In this study, ferromagnetic polyhedral Fe3O4 MNPs were successfully coated with
silica shells of different thicknesses by varying the amount of TEOS within the reverse
microemulsion technique. The colloidal stability of sFe3O4 MNPs increased with the silica
amount up to a certain critical thickness and then decreased as the silica layer became
thicker. The applied silica coating did not affect the intrinsic magnetic properties of the
MNPs. The sFe3O4 MNPs with the highest colloidal stability presented enhanced MH
performance in water, and the SAR values increased by almost 1000 W/gFe compared to
bare Fe3O4 MNPs.

The malignant and normal cells internalized a high quantity of sFe3O4 MNPs inside
large endosomes at a low dose (15.62 µg/cm2); the sFe3O4 MNPs were dispersed in
cytoplasm or accumulated inside lysosomes as the dose increased. Cytotoxicity studies
using Alamar Blue and Neutral Red assays confirmed the SEM and TEM findings, revealing
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insignificant toxicity for normal cells over the entire dose range, whereas for A549 and
A375 cell lines a drop in cellular viability to 80% was recorded starting with doses of 125
and 250 µg/cm2, respectively.

Intracellular magnetic hyperthermia experiments revealed that the malignant cells
were more sensitive to MH treatment compared to the normal ones. More than 50% of
malignant cells, incubated at a dose of 31.25 µg/cm2, underwent cellular death starting with
an H of 30 kA/m (355 kHz). Increasing the H to 45 and 60 kA/m enabled the destruction of
a large number of malignant cells at lower doses: 15.62 and 7.81 µg/cm2, respectively. The
affected cells were retracted and rounded, and covered with membrane blebs, displaying
rarefied cytoplasm and disrupted plasma membrane on extensive regions, whereas many
others were in an advanced stage of fragmentation. In the case of still-intact cells, upon
MH treatment, they were filled almost completely with numerous and large vacuoles.

Our data demonstrate that controlled silica coating of ferromagnetic iron oxide
nanoparticles significantly increases their hyperthermia performance, cellular uptake, and
efficient destruction of cancer cells, making these MNPs excellent candidates for further
in vivo studies.
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silica-coated Fe3O4 MNPs dispersed in water at different concentrations, Figure S5: Calibration
curve for iron concentration determination, Figure S6: SAR dependence on H for MH in PEG 8K,
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Figure S8: Biochemical interferences of silica-coated Fe3O4 MNPs with Alamar Blue and Neutral
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Abstract: Since magnetic nanoparticles (MNPs) have been used as multifunctional probes to di-
agnose and treat liver diseases in recent years, this study aimed to assess how the condition of
cirrhosis-associated hepatocarcinogenesis alters the biodistribution of hepatic MNPs. Using a real-
time image acquisition approach, the distribution profile of MNPs after intravenous administration
was monitored using an AC biosusceptometry (ACB) assay. We assessed the biodistribution profile
based on the ACB images obtained through selected regions of interest (ROIs) in the heart and liver
position according to the anatomical references previously selected. The signals obtained allowed
for the quantification of pharmacokinetic parameters, indicating that the uptake of hepatic MNPs is
compromised during liver cirrhosis, since scar tissue reduces blood flow through the liver and slows
its processing function. Since liver monocytes/macrophages remained constant during the cirrhotic
stage, the increased intrahepatic vascular resistance associated with impaired hepatic sinusoidal
circulation was considered the potential reason for the change in the distribution of MNPs.

Keywords: AC biosuceptometry; magnetic nanoparticles; cirrhosis-associated rat hepatocarcinogene-
sis; nanotechnology

1. Introduction

The liver is a solid organ that is divided into two portions: (1) a parenchymal portion,
which is composed of hepatocytes and biliary cells, and (2) a non-parenchymal portion,
constituted by Kupffer cells (KCs), sinusoidal endothelial cells (LSECs), and resting hepatic
stellate cells (HSCs) [1]. The KCs are resident macrophages that specialize in phagocytosis
and cytokine release, acting as the liver’s first immune defense [2]. KCs are associated with
the LSECs that line the hepatic sinusoids. The HSCs are spread throughout the Disse space
and are responsible for storing vitamin A and secreting limited amounts of extracellular
matrix (ECM) proteins under physiological conditions [3].

The liver, under homeostasis, displays an extensive range of functions, such as the reg-
ulation of blood volume and immunity, drug detoxification, endocrine control of growth,
lipid and cholesterol homeostasis, and the metabolism of nutrients. It also features a
regenerative capacity through hepatocytes [4–6] Nonetheless, this organ may develop
several chronic diseases, including non-neoplastic and neoplastic diseases. Hepatocellular
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carcinoma (HCC), the main primary hepatic malignancy, stands out for its current epidemi-
ological burden, as it ranks fourth among the most common cancers and it is the sixth
most common cause of cancer-related deaths worldwide [7]. HCC usually emerges in the
context of hepatic fibrosis/cirrhosis (70–95% of cases) [8] and also features a poor prognosis,
with a median survival time of 11 months and survival rates of 19 to 29% at 3 years after
diagnosis [9,10]. Furthermore, a 53% to 60% growth in both the incidence of and mortality
from HCC is estimated over the next 20 years [7]. Such epidemiological data elicit the need
for new diagnostic, preventative, and therapeutic tools for this malignance.

Under the known risk conditions—i.e., chronic hepatitis B and C infections, non-
alcoholic liver disease, and alcohol intake—HCC gradually emerges in the context of
tumor-promoting inflammation/hepatocyte injury hallmarks, HSC activation, and HSC
sand macrophage pro-inflammatory crosstalk, culminating on collagen production. Colla-
gen progressively accumulates, leading to liver fibrosis, and the end stage of this process
is called cirrhosis, which is characterized by a marked impairment of liver function and
an increased risk for HCC development [11]. In order to investigate the different aspects
of cirrhosis-associated hepatocarcinogenesis, experimental models, including chemically
induced models, have been widely applied in translational research [11–14]. These models
use chemical hepatotoxins that induce (pre)neoplastic lesions in a cirrhotic background, as
in the diethylnitrosamine (DEN)-initiated and thioacetamide (TAA)-promoted model [15].
These murine models gather morphological and molecular similarities to the correspond-
ing human disease, enabling translational research on hepatocarcinogenesis [11,13] and
nanotechnology studies.

Despite liver fibrosis not having clear symptoms, its early detection is essential for
preventing the further aggravation to other diseases such as cirrhosis and HCC and for
providing beneficial future treatments [14,15]. Although a percutaneous liver biopsy is an
invasive strategy and presents several drawbacks, such as sampling error and cost, this
diagnostic procedure is usually always associated with non-invasive diagnostic methods
and serum biochemistry [16–18]. In addition to non-invasive staging of hepatic fibrosis
using magnetic resonance imaging (MRI) and computed tomography (CT), ultrasonography
is a widely used accurate diagnostic imaging tool [19–22]. This diagnostic method is also
inexpensive, supporting its practical use. Nevertheless, these imaging methods have
drawbacks that make detecting fibrosis and cirrhosis at early stages difficult, and there
are also drawbacks related to the experience level of the operator. Furthermore, these
methods are not indicated for obese patients [18,23]. Despite a routine MRI examination
presenting advantages such as its ability to reach deep tissue in the liver with a high spatial
resolution, which allows for a complete characterization of liver disease processes, it has
some limitations [14]. At the same time, the disadvantages of CTs are the need for ionizing
radiation and the existence of respiratory motion artifacts.

Several conventional approaches have been employed to suppress hepatic inflam-
mation/scar deposition using antifibrotic drugs to treat liver diseases. However, most of
these conventional therapies are ineffective because the drug delivery is not specific, since
specific hepatic cell types are responsible for hepatic inflammation/fibrosis [4,24,25]. In
this way, the difficulty of delivering a sufficient dose of pharmacological agents to the liver
is associated with the non-specificity of targeting cellular structures, indicating that treating
liver diseases remains a challenge.

Nanomaterials have attracted attention in the development of nanotechnology due
to the possibility of their use as multifunction probes for diagnoses and treatments in
recent years [26–31]. Nanoparticles have great potential for several biomedical applications
since they have interesting properties, such as a reduced size, shape manipulation, and the
possibility of conjugation with other materials and molecules. A class of nanoparticles that
has several advantages due to the intrinsic properties and biocompatibility of its members
is magnetic nanoparticles (MNPs). Over the last few years, MNPs have been used in many
theranostic applications [32–35], including diagnosing and treating hepatic diseases [32–34].
The magnetic nanoparticle-based diagnosis and treatment of liver diseases has shown
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great potential, since MNPs present advantages such as (i) easy functionalization and
conjugation with molecules and surface markers, which allows for targeting drug delivery
agents to specific cell-type agents [35]; (ii) their ability to act as magnetic vectors to specific
liver locations, since they respond strongly to an external magnetic gradient [36]; and (iii)
their ability to act as labeling and tracking agents in imaging modalities, thus enhancing
non-invasive approaches for investigating liver fibrosis conditions [37,38]. Within the pa-
rameters that determine the blood clearance pharmacokinetics of MNPs, the hydrodynamic
size of MNPs is one of the most critical parameters that affect their biodistribution kinetics
and uptake by the mononuclear phagocyte system (MPS) [39,40]. The MPS, which com-
prises dendritic cells, blood monocytes, and resident-tissue macrophages in several organs,
is a specialized and selective structure that takes up nanoparticles in general. Usually, it
has been reported through consistent evidence that nanoparticles presenting with hydrody-
namic sizes within 15–100 nm are captured mainly by the liver and the spleen [41–43]. In
comparison, nanomaterials smaller than 10 nm are likely to be eliminated through renal
clearance [44–46].

Once administered intravenously, MNPs are substantially captured and retained in
the liver, depending on physical factors such as coating, dose, and size [47]. The presence of
fenestrated vasculature (sinusoids) and many Kupffer cells supports the significant amount
of MNPs in the liver. Literature reports have indicated that the liver takes up around
30–99% of the MNPs in a dose [48–51]. Therefore, the high abundance of MNPs in the liver
after intravenous injection and their superparamagnetic properties increase the potential of
these materials to be used as a contrast agent to enhance the signal-to-noise ratio, which
makes magnetic imaging modalities feasible for diagnosing liver diseases [52–55].

Over the years, several methods have been used to detect MNPs in tissues. These
methods are classified into direct and indirect methodologies. For in vivo studies, MRI
and magnetic particle imaging (MPI) are techniques that detect and visualize particles
by their inherent properties and can contribute to determining the pharmacokinetics and
biodistribution of MNPs [56].

Despite MRI being a consolidated methodology for imaging, in general, it involves
a high cost and also has drawbacks regarding the differentiation of the position of MNPs
with a low signal [7].

MPI emerged as an alternative and promising technique for MNP detection. The
technique is based on the nonlinear magnetic response of the IONPs to an applied AC
magnetic field and presents no depth limitation when used to directly measure the MNP
concentration. However, MPI presents limitations regarding the complexity and associated
high cost, so it is not widely used [57]. Nanoparticles can be detected through their
conjugation to contrast agents or radioactive markers by using imaging methodologies
such as near-infrared (NIR) fluorescence, positron emission tomography (PET), and single-
photon emission computed tomography (SPECT) [58–60].

Electron paramagnetic resonance (EPR) and a superconducting quantum interference
device (SQUID) are magnetometry techniques that are able to carry out ex vivo assessments.

Within ex vivo methodologies, elemental analysis methodologies, such as inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) and Prussian blue analysis, show
limitations in quantifying the exclusive iron from MNPs [61,62].

An alternate current biosusceptometry (ACB) system has been employed in biological
applications involving MNPs because of its unique advantages, such as a low-cost versatil-
ity and a lack of specialized equipment required. The system also does not use ionization
radiation and works in unshielded magnetic environments [63–67]. Recently, the system
has been improved through a comprehensive mathematical and computational approach
to quantitatively reconstruct 2D distributions of MNPs [68].

In a previous study, we undertook a pharmacological approach to understand hepatic
MNP uptake through ACB imaging. However, the study was limited to quantifying the
MNP distribution, potentially minimizing future pre-clinical applications.
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We emphasize that the paper presented here represents a significant improvement
to the ACB system, mainly regarding MNP quantification in real time using high-quality
quantitative images through the inverse problem solution. In addition, this work describes
the use of a new MC-ACB system with a higher temporal resolution due to the number
and density of detector coils and an additional biodistribution analysis.

Therefore, we decided to implement the MC-ACB system associated with MNPs
to investigate a chronic liver disease that significantly impacts morbidity and mortality
worldwide.

2. Materials and Methods
2.1. Magnetic Nanoparticles

Solutions of iron (III) chloride hexahydrate (FeCl3—purity 97–100%), manganese (II)
chloride tetrahydrate (MnCl2 4H2O—purity 98–100%), iron nitrate (Fe (NO3)3—purity 98–
100%), and methylamine (CH3NH2—purity 99.5%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Acetone (purity 99.6%) and sodium citrate (Na3C6H5O7—purity
99–100%) were purchased from Cromoline, Diadema, Brazil.

We used citrate-coated manganese ferrite nanoparticles (Cit-MnFe2O4) synthesized by
co-precipitation as described before [69,70]. Dynamic light scattering (DLS, Zetasizer NanoS
Malvern Instruments, Malvern, UK) measurements showed the hydrodynamic diameter of
the particles and zeta potential. Through a Jeol transmission electron microscope, model
JEM 2100 (Tokyo, Japan), operating at 200 kV, we obtained images of the core diameter
distribution of the MNPs. The magnetization curve of the Cit-MnFe2O4 MNPs was obtained
using an ADE Vibrating Sample Magnetometer (VSM), model EV9 (MicroSense, EastLowell,
MA, USA). The Cit-MnFe2O4 composition was assessed using an energy-dispersive X-ray
spectroscopy (EDS) detector (Jeol, JSM-6610).

The X-ray diffraction patterns of the MNP powders were analyzed using a Shimadzu
6000 diffractometer (Shimadzu Corporation, Kyoto, Japan) in order to study the structural
parameters of the MNPs. To ensure the success of the coating and confirm the presence
of the magnetic nanoparticles, Fourier-transform infrared (FTIR) analysis was carried out
using Varian IR 640 equipment.

2.2. Alternate Current Biosusceptometry

The system was a magnetic material detector working as a double magnetic flux
transformer, and was composed of 19 drive and pickup coils. Both pairs were arranged on a
first-order gradiometer to provide a good signal-to-noise ratio while reducing environmen-
tal noise and leading to the cancelation of the common mode. When the magnetic sample
was near the pickup coils, the magnetic flux balance was altered, inducing an electric
current in the pickup coils proportional to the volume δv and magnetic susceptibility χ.

This signal was acquired using the same low-noise lock-in amplifier that recorded the
excitation frequency components (10 kHz). After converting into a direct current signal
(DC), the ACB signal was digitalized in real time using a National Instruments A/D board
(20 Hz of the sampling rate).

The ACB signal intensity detected by the pickup coils depended on intrinsic coil
parameters, such as the area of the detection coil, the number of turns, the magnetic flux
change rate, and the amount of magnetic material. Detailed information can be found
in [68].

We used two ACB setups for our measurements in this present study. The multichannel
ACB system (MC-ACB) was employed to acquire the real-time biodistribution of MNPs
simultaneously in blood circulation and the liver. Then, we utilized a suitable ACB sensor
to quantify the final mass accumulated in each organ collected after the animal’s death [43].
Figure 1 presents the two ACB setups used in this work.
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Figure 1. Schematic representation of both ABC setups utilized. (A) MC-ACB and (B) cavity ACB sensor.

2.3. Experimental Design of Cirrhosis-Associated Hepatocarcinogenesis Model

The current cirrhosis-associated hepatocarcinogenesis model was based on a previ-
ously published protocol [11]. In this rodent study, 36 males (Rattus norvegicus albinus,
Wistar, weighing 250–300 g) provided by the UNESP animal facility (São Paulo State Univer-
sity) were divided into two groups. The animals were maintained under suitable conditions
at 21 ◦C ± 1 ◦C with a 12 h/12 h light/dark cycle, constant air filtration, and ad libitum
feeding. All animal experiments were previously approved and performed following the
recommendations issued by the National Council for Control of Animal Experimentation
(CONCEA) and were approved by the Ethics Committee on Animal Use of the São Paulo
State University (IBB/UNESP) under protocol 7571041120.

The animals were randomly assigned to one of two groups, of which one was sub-
jected to a NaCl 0.9% solution treatment (SAL-control group) and the other was subjected
to the chemically-induced cirrhosis-associated hepatocarcinogenesis model (DEN/TAA
group) [11].

The animals received a single intraperitoneal injection of diethylnitrosamine (DEN,
200 mg/kg in 0.9% saline solution) (Sigma-Aldrich, USA) to initiate liver carcinogenesis. Af-
ter two weeks, we assigned the animals to three cycles of thioacetamide (TAA) (200 mg/kg
in 0.9% saline solution) (Sigma-Aldrich, USA). During the fibrosis/cirrhosis induction, each
TAA cycle was achieved after two intraperitoneal injections (twice a week), with an interval
of one week without receiving treatment. The model of cirrhosis/hepatocarcinogenesis
was carried out for eight weeks.

The animals were subjected to femoral vein cannulation surgery for the intravenous
administration of MNPs (dose of 32 mg/kg) under anesthesia (99% urethane—1.5 mg/kg.)
Then, the animals were positioned on the MC-ACB detection coils to carry out the magnetic
in vivo biodistribution monitoring (further described in Section 2.4).

2.4. In Vivo Quantitative Imaging and Data Processing

We carried out quantitative MNP reconstruction by employing the MC-ACB, for
which we had recently demonstrated the mathematical and computational approaches for
improving the system’s ability to acquire quantitative information [68]. We monitored the
MNP biodistribution and recorded heart and liver signals using the MC-ACB system. We
reconstructed the MNP biodistribution from the quantitative real-time signals, represented
in sequential images (frames) at a sampling frequency of 20 Hz. Regions of interest (ROIs)
were selected for the frames corresponding to the signals from the organs of interest
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(liver and heart). We quantified a series of pharmacokinetic parameters from the MNP
distribution signals of both organs over time.

2.5. Histopathological and Immunohistochemical Analysis

Liver tissue samples were washed, fixed in formalin, embedded in paraffin, and
sequentially sectioned into 5 µm sections. Slides were stained with hematoxylin and eosin
(H&E) and Sirius red (collagen deposition) for microscopic analysis. Other sections obtained
on silane-coated slides (Starfrost, Lowestoft, UK) were subjected to immunohistochemical
reactions to evaluate the expression of placental glutathione-S-transferase (GSTP) (i.e.,
preneoplastic and neoplastic marker) and CD68 (monocyte, macrophage, and Kupffer cell
marker) antigens, as previously described [11,12].

The placental GST-P (π isoform) is expressed in initiated hepatocytes, but not in
normal or non-initiated hepatocytes, indicating their role in hepatocarcinogenesis [71].
CD68 is a glycosylated type I transmembrane glycoprotein that is considered an important
cytochemical marker for macrophages, especially in the histochemical analysis of inflamed
tissues [72,73].

We performed a morphometric analysis (lesions and nodules positive for GST-P and
collagen content) using the Leica Q-win Software, version 3.1. The H&E- and picro-Sirius-
stained sections were analyzed under a Leica DMLB 80 microscope connected to a Leica
DC300FX camera. After image digitalization, we measured each experimental liver area per
group under 20× magnification in five fields. The fibrosis degree analysis was performed
using the criteria reported previously [74].

2.6. Pharmacokinetic Study

To determine the pharmacokinetic profile of the Cit-MnFe2O4, we determined classical
pharmacokinetic parameters that are commonly used, such as T1/2 (half-life) and the area
under the curve (AUC). We adapted the concept of drug exposure to the MNP bioavail-
ability, which was calculated from the area under the liver curves of the two experimental
groups. Regarding the liver signals, we quantified the highest MNP level detected (CMax)
and the time to the highest MNP level (TMax).

Analysis of the Ex Vivo Biodistribution of the Cit-MnFe2O4

After the in vivo measurement to collect the quantitative information, the rodents
from both groups (SAL and DEN/TAA) were euthanized at 60 min by decapitation after the
MNP injection. Subsequently, the organs of interest, such as the liver, spleen, heart, lungs,
and kidneys, were collected by a laparoscopy procedure. In this experimental procedure,
we also collected a blood sample. To quantify and certify the mass of MNPs accumulated
in each organ, we randomly picked a sample (100 mg) of each organ and the blood,
which had been previously lyophilized, homogenized, and stored in a volume-controlled
flask. According to the previous protocol, the samples were positioned on the ACB sensor
for signal detection to determine the mass of MNPs using a calibration curve that was
previously constructed from an MNP batch (initially 28 mg/mL) diluted into fourteen vials
with different concentrations while controlling the volume. This procedure allowed for the
comparison of the measured ACB signals to established MNP concentrations [42].

2.7. Statistical Analyses

Data were expressed as means ± standard deviations. An unpaired Student’s t-test
was used to compare the control and the treated groups’ pharmacokinetic parameters
(T1/2, AUC, and biodistribution quantifications). The incidence data from the histological
analysis were analyzed using Fisher’s exact test. The other data were compared using the
Mann–Whitney test or Student’s t-test, considering a significance level of p < 0.05. Analyses
were performed using GraphPad Prism 6.0 software (GraphPad, San Diego, CA, USA).
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3. Results
3.1. MNP Characterization

We synthesized manganese ferrite nanoparticles coated with citrate (Cit-MnFe2O4)
through the co-precipitation method. These MNPs were applied due to their excellent
field magnetic response to the ACB system. At a concentration of 28 mg/mL, the MNPs
showed a superparamagnetic behavior. According to our TEM results, they presented a
core diameter of 24 ± 4 nm. Once the organic molecule citrate was small (from 1.5 to 10 nm),
it was assumed that the MNP core indicated by the TEM images was equal to the diameter
of the Cit-MnFe2O4 MNPs. Through the DLS Zetasizer results, the MNPs presented with a
hydrodynamic size of 65.6 ± 4 nm, a polydispersion index for the colloid sample of 0.25,
and a zeta potential of −27.8 mV. We observed a negative zeta potential for the magnetic
Cit-MnFe2O4 (−27.8 ± 1.7 mV), which resulted from their surface being coated with citrate
ions due to the effect of citrate adsorption onto bare MNPs. This value is in agreement with
literature reports [69,74].

The assessment of magnetic characterization for the powder (pure MNPs) and colloidal
solution (magnetic fluid) using an ADE Vibrating Sample Magnetometer (VSM) indicated
a magnetization saturation of 52.8 emu/g. The magnetization profile showed a quasi-static
superparamagnetic behavior (no coercive field at DC conditions) (see Figure 2C of [69]).
We also confirmed the presence of Mn and Fe in the MNPs through an EDS analysis.
The XRD analysis showed the structural characterization of the Cit-MnFe2O4 MNPs. The
XRD pattern of as-dried MnFe2O4 confirmed the ferrite phase’s formation. The diffraction
peaks matched the single crystalline MnFe2O4 (JCPDS card No. 074–2403). The XRD
results for MnFe2O4 were comparable with the previously reported results [75]. It is worth
pointing out that we did not detect any impurity phases in the ferrite group. See Figure S5,
Supplementary Materials. We confirmed the presence of the magnetic core and citrate
shell through a Fourier-transform infrared (FTIR) analysis, observing bands at 1581 and
1383 cm−1 for the Cit-MnFe2O4 MNPs (black curve), which were assigned to the citrate
due to the C-O bonds of the carboxylic group present in the molecule [76]. The absorption
peak within 500–600 cm−1 corresponded to the Fe–O vibration, which was related to the
magnetic phase [77]. All results of the MNP characterization process are described in the
Supplementary Materials.

3.2. Macroscopic Aspects of Animals Subjected to Cirrhosis Associated with Hepatocarcinogenesis

Macroscopically, the livers from animals of the SAL group (Figure 2A) presented
typical features (regular and smooth surfaces). On the other hand, the livers from animals
of the DEN/TAA group (Figure 2B) presented rough surfaces with numerous nodules.
These findings indicate that the animals subjected to the DEN/TAA protocol presented
well-defined features of cirrhosis. In addition, as expected, the DEN/TAA treatment
increased the animals’ absolute and relative liver weight (RLW) (Figure 2C,D, respectively).

3.3. Histopathological Analysis, Collagen Morphometry, and Immunostaining

The histopathological analysis revealed that 80% (p = 0.049) and 20% of animals in
the DEN/TAA group developed adenomas and HCC, respectively (Figure 3A). Compared
to the SAL (control) group, the livers from the DEN/TAA group presented with multiple
preneoplastic lesions and nodules that were positive for GSTP (Figure 3B, p = 0.0079).
Sirius red-stained DEN/TAA liver sections demonstrated extensive collagen deposition
(Figure 3C, p = 0.0079) with bridging fibrosis and cirrhotic nodules, and most were positive
for GST-P (fibrosis level 5, p = 0.0079). Figure 3D shows the data for the immunohisto-
chemical analysis of the CD68 marker. The results indicate that no statistical difference was
observed in the macrophage counts between the SAL and DEN/TAA groups (p > 0.05).

3.4. Dynamic ACB Monitoring

We acquired images that dynamically represented the biodistribution of MNPs in real
time through MC-ACB monitoring. The images were acquired sequentially, allowing for
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a video representation of the circulation and accumulation processes. Figure 4 presents
two frames showing moments of the MNP biodistribution for both experimental groups.
In the first frame, at t = 820 s, an ROI was selected in the heart. The second frame, at
t = 3600 s, corresponds to the liver region. These ROIs were applied to all the imaging
frames, generating biodistribution curves. Previously, we positioned the animals on the
MC-ACB system at the same projection to ensure the animal’s anatomical references were
kept during the biodistribution acquisition.

Consequently, Figure 4A shows the arrival of MNPs in the heart right after the MNP
injection, while Figure 4B shows the final accumulation in the liver region. In order to
demonstrate the difference between the MNP distributions, we quantified the average
distribution of MNPs in the ROIs of the images. Figure 4C shows the MNPs in the blood-
stream and liver. A high-intensity peak characterized the arrival of MNPs in the heart
shortly after MNP injection. Then, the distribution of MNPs was represented by a rapid
decay in the heart signal. Simultaneously, the liver captured and removed the MNPs from
the bloodstream due to the high blood supply and many Kupffer cells in the hepatic tissue.

The liver signal can be associated with the uptake of macrophages and the accumula-
tion of MNPs in the parenchyma. As depicted in Figure 4C (red curve), the liver showed a
saturation tendency over time after a rapid intensity increase.

Figure 2. Representative images of macroscopic aspects of livers from (A) SAL-group animals and
(B) DEN/TAA-group animals. Analyses of the absolute liver weight and relative liver weight are
shown for (C) the SAL and (D) the DEN/TAA group. The relative liver weight (LW/BW) is expressed
as the ratio between the liver weight (LW) and the body weight (BW). LW/BW ratio values are
expressed as means ± sd; for the SAL and DEN/TAA groups, they were 0.25674 ± 0.000706 and
0.066253 ± 0.003554, respectively. (** p < 0.05) and (**** p < 0.0001).
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Figure 3. (A) Representative images of H&E-stained sections of SAL (left) and DEN/TAA (center)
livers; HCC was characterized by profound cellular atypia and was composed of malignant hepa-
tocytes arranged in acinar structures in the DEN/TAA group. Data on the incidence of adenomas
and carcinomas are presented in terms of proportion (%) of affected animals and were analyzed
by Fisher’s exact test (p < 0.05) (right). (B) Collagen analysis shown with picro-Sirius red, showing
sections from the SAL (left) and DEN/TAA (center) groups. Morphometry and degree of fibrosis
data are presented in box plots and were analyzed using the Mann–Whitney test (p < 0.05) (right).
(C) Immunohistochemistry sections from the SAL group (left) and the multiple GST-P+ nodules in
the DEN/TAA group (center). The number and size of GST-P+ lesions are presented in box plots and
were analyzed using the Mann–Whitney test (p < 0.05) (right). (D) Immunohistochemistry for the
CD68 marker in sections from the SAL (left) and DEN/TAA (center) groups, showing macrophages.
Macrophage count data are presented as means and standard deviations and were analyzed using a
t-test (p < 0.05) (right).
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Figure 4. Representation of the biodistribution by frames after injection and the specific ROIs selected
to access the pharmacokinetic parameters; (A) 820 s, showing the high and low concentrations of
MNPs in the heart and the liver, respectively; (B) 3600 s, indicating the final biodistribution process,
which was characterized by a solely higher intensity signal in the liver; and (C) the average intensity
over time for ROI 1 (heart region) and ROI 2 (liver).

3.5. Pharmacokinetic Assessment and MNP Biodistribution

The kinetics of MNP accumulation were evaluated to prove the liver performance
during MNP uptake. The kinetics of MNP accumulation were assessed by plotting graphs
of the liver signals previously obtained from ROI imaging. To determine the liver’s accu-
mulation, we employed the classical concept of the AUC. We found a significant difference
(p < 0.0001) between the rates of MNP deposition in the hepatic tissue of the animal groups.
The pharmacokinetic assessment of hepatic curves also indicated significant differences
(p < 0.0001) in Cmax and Tmax for the DEN/TAA group. The evaluation of liver signals
revealed that the healthy livers reached Cmax after 26.63 min (Tmax).

On the other hand, the livers under a cirrhosis-induced process had an inversed profile,
presenting with a lower peak concentration that was reached in a shorter time (Tmax of
16.7 min) and remained constant over time. Through the plotted heart curves, we assessed
the T 1/2 of the MNPs. The exponential decay analyses of the DEN/TAA group showed
a half-life of 16.3 min compared to 28.3 min for the SAL group. All the pharmacokinetic
parameters of the DEN/TAA group were found to be significantly different from the SAL
group (Student t-test, p < 0.05). The pharmacokinetic parameters are summarized in Table 1.
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Table 1. Pharmacokinetic parameters of Cit-MnFe2O4 MNPs after intravenous administration at a
32 mg/kg dose for the SAL and DEN/TAA groups. Cmax = the highest MNP level detected; Tmax =
the time to the highest MNP level; AUC = the area under the curve; T1/2 = half-life. **** p < 0.0001.

Pharmacokinetic Parameter
Evaluation (Mean ± SD)

SAL DEN/TAA

Cmax (mg MNP/dose injected) 0.4870 ± 0.01212 0.4150 ± 0.01621 ****
Tmax (m) 26.63 ± 0.5145 16.71 ± 1.1 ****

AUC0–60min 1472.6 ± 201 1198.5 ± 152 ****
T1/2 (min) 19.6 ± 2.3 11.2 ± 3.1 ****

After acquiring the signals from the in vivo biodistribution measurements and the
euthanasia of the animals, we started the protocol to analyze the ex vivo biodistribution
from the collected organs as described in Analysis of the Ex Vivo Biodistribution of the Cit-
MnFe2O4 section. From our system’s ACB characterization, we found a limit of detection
(LOD) of 12 µg and a limit of quantification (LOQ) of 40 µg for the MNP reference. The
sensitivity was 0.9 (χ/mg (MNPs). Figure 5 presents the profile for the ex vivo MNP biodis-
tribution. In general, we noticed a similar behavior of the MNP biodistribution between
the experimental groups, where the spleen retained most of the particles, followed by the
liver and lungs. However, we found significant differences between the control and treated
groups for the same organs (spleen, liver, and lungs), indicating a higher accumulation for
the SAL group. The ACB quantification revealed that the MNP accumulation in organs
such as the heart and kidneys was minimal, with these organs presenting with very low
values of MNP deposition. Both organs do not typically specialize in MNP retention and
capture, which would explain the low signal. In addition, the two organs did not show
significant differences between the groups, suggesting that besides the MNP properties,
which would facilitate the splenic and hepatic uptake, the induced liver injury could not
influence MNP deposition in these organs.

Figure 5. ACB data for MNP biodistribution in SAL and DEN/TAA; ** p < 0.05; *** p < 0.01.
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The biodistribution analysis also indicated differences in the MNPs found in the blood
samples. At the end of 60 min, the amounts of MNPs found in the SAL group’s spleen,
liver, and lungs were significantly higher than those in the DEN/TAA group.

4. Discussion

Besides its properties such as an excellent low-field magnetic response and a high mag-
netization saturation, Cit-MnFe2O4 presents with a negative zeta potential. According to the
literature, nanomaterials with positive zeta potentials show an increased clearance [78–81].
It is generally known that positively charged nanoparticles have faster blood clearance,
while neutral and negative particles exhibit a longer circulation time [82–85]. In addition,
nanoparticles with a negative charge present with a lower Kupffer cell uptake in addition
to their higher circulation time, which contributes to an increased tumor uptake [86,87].
Furthermore, a strongly negative potential allows the particles to be stable over a variety of
pH levels and effectively prevents agglomeration due to steric and electrostatic forces from
the citrate layer. The MNPs employed in this study were selected due to their ability to act
exclusively as tracers for in vivo measurements, as the aim of this work was to assess liver
cirrhosis under the MC-ACB system. Therefore, manganese ferrite nanoparticles are not
functionalized with biotherapeutics and chemotherapeutics to work as cirrhosis treatment
vehicles based on drug delivery systems and gene therapy.

Although there have been numerous alternatives to the treatment of chronic liver
diseases such as cirrhosis and HCC, limitations such as non-specific targeting and adequate
drug delivery concentrations have reduced the chances for the successful treatment of
these illnesses. Therefore, new agents with improved therapeutic efficiencies have been
investigated. However, new translational studies assessing the pathophysiological and
pharmacokinetic profiles in liver cirrhosis are essential, as they will contribute to new
perspectives in the approach and investigation of new drugs.

In the present study, we assessed the biodistribution profile of MNPs in a rat cirrhotic
microenvironment associated with hepatocarcinogenesis, in which a complete assessment
performed by the ACB system—which included real-time monitoring and the quantification
of the accumulation of MNPs—was evaluated. It is noteworthy that the Cit-MnFe2O4 used
here exhibited great potential for the diagnosis and study of hepatic diseases such as
cirrhosis, as previously reported [33]. In addition, this magnetic particle system can be
used as an efficient agent in magnetic hyperthermia due to its unique properties [88].
Thus, our real-time in vivo study was performed through image acquisition or distribution
profiling of intravenously administered MNPs. The same system was employed to assess
the biodistribution process in normal and injured livers in a DEN/TAA protocol.

The different ACB analyses allowed for a complete pharmacokinetic assessment,
confirming that the spleen and the liver are the primary organs responsible for capturing
MNPs after intravenous injection. The higher retention of MNPs in the spleen and liver can
be attributed to the role of the MPS. According to several reports, most injected MNPs are
cleared from the bloodstream by specialized cells, such as the resident macrophages of the
liver (Kupffer cells) and spleen (red pulp macrophages) [89,90].

The in vivo results were confirmed by an ex vivo biodistribution analysis (spleen, liver,
and lungs), indicating that in the DEN/TAA group, a lower uptake of MNPs occurred
compared to that in healthy animals. The spleen plays a significant role in the clearance of
MNPs from the bloodstream. Due to its close anatomic proximity to the liver, a communi-
cation axis between the liver and spleen (“liver–spleen axis”) is commonly reported [91,92].
Furthermore, in the course of cirrhosis with portal hypertension, the spleen volume un-
dergoes an increase in volume that is proportional to the degree of damage to the liver
function [4,93]. However, the mechanisms underlying the splenic function under cirrhosis
remain unknown. In a study that addressed liver cirrhosis, the authors found a decreased
MNP accumulation in the liver. In contrast, the spleen under cirrhosis showed a higher up-
take than in non-cirrhotic animals [94]. Despite the spleen’s phagocytic activity increasing
with splenomegaly [95], another study indicated that the hepatic uptake of nanocarriers is
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affected by liver disease, whereas the splenic uptake was partially affected [96]. In addition,
another work also found that patients with liver cirrhosis presented with a decreased
liver and spleen uptake of a superparamagnetic contrast agent for magnetic resonance
imaging [97].

In this way, we believe that liver cirrhosis possibly induces a decreased uptake of the
red zone macrophages in the spleen. It is worth pointing out that the red pulp is constituted
by the macrophage population, which retains much of the administered nanoparticles.

Firstly, we also hypothesized that the DEN/TAA-induced protocol could have led to
an abrupt depletion of the KCs, which is supported by several studies after toxic hepatic
injury and infections [98,99]. However, our immunohistochemistry findings with the CD68
marker indicated no statistical differences in the counts of infiltrated macrophages and
resident Kupffer cells between the SAL and DEN/TAA groups. It is worth pointing out that
the depletion of KCs is not a mechanism related to all types of liver damage. For example,
Kessler et al. [100] performed a DEN treatment to induce severe liver damage and did not
find a significant KC loss in the short-term or long-term DEN models.

Concerning the accumulation by the liver, the IV administration of MNPs can reach
the hepatocytes. The hepatocytes represent 70% of total liver cells and are separated
from the sinusoids by the space of Disse [101]. As mentioned above, hepatic sinusoids
are constituted by endothelial cells that have a fenestrated cytoplasm associated with a
discontinuous basal lamina [101]. Through their fenestrae, the LSECs allow absorption
and secretion to take place across the narrow space of Disse, creating a unique channel
for blood–hepatocyte exchange across sinusoids [102]. In addition to being highly porous,
hepatic sinusoids are characterized by the absence of an organized basal lamina in healthy
conditions.

Nevertheless, hepatic disturbances and diseases such as fibrosis and cirrhosis induce a
capillarization process in the LSECs, which leads to the loss of their fenestrated character-
istics [103,104]. A continuous basal lamina characterizes the process of capillarization in
hepatic sinusoids, thus avoiding the bidirectional traffic of molecules in the blood and the
parenchyma, and vice versa [105,106]. Therefore, this could be considered the main reason
for the change in the MNP biodistribution.

By comparing our data for MNP accumulation in the livers of the DEN/TAA group,
the results suggest that the increases in intrahepatic vascular resistance, impaired hepatic
sinusoidal circulation, collagen deposition, and portal hypertension, which are associated
with cirrhosis [107], could influence the arrival of MNPs to the liver. When we analyzed
the data for MNP accumulation in the DEN/TAA and SAL groups, the liver presented
with a higher significant p-value, followed by the spleen and the lungs. We noticed a lower
MNP accumulation in the DEN/TAA group, suggesting a decreased hepatic uptake and
consequently more MNPs circulating, which was visualized through the statistical differ-
ences in the blood analyses (Figure 5). During the liver cirrhosis process, the hepatic tissue
undergoes chronic damage and an inflammatory process, during which a repair process
is initiated to regenerate damaged hepatocytes, resulting in scar formation. Therefore,
we also assumed that besides the capillarization process, there is a loss of hepatocytes
in the fibrosis state by connective tissue scars, which could affect MNP uptake, since an
altered obstruction of blood circulation with portal hypertension can occur in this chronic
disease [108].

Besides liver disorders, chronic liver disease can result in pulmonary complications. In
this way, hepatopulmonary syndrome (HPS) is commonly associated with cirrhosis [109].
HPS is a pulmonary disorder characterized by arterial oxygen desaturation, pulmonary
vascular vasodilation, and intrapulmonary shunts. The increased shunting associated
with pulmonary vasodilatation is responsible for the imbalance between perfusion and
ventilation, causing abnormalities in gas exchange [110,111]. This compromised lung
profile could explain the lung biodistribution results for the DEN/TAA group, in which
the MNPs did not reach the lung alveoli, and consequently did not remain in the tissue.
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The pharmacokinetic assessment results confirmed that the DEN and TAA administra-
tion model caused damage that altered the liver architecture. Besides the biodistribution
results, we noticed that the livers from the DEN/TAA group presented with a limited
uptake efficiency of MNP, as observed by the Cmax. We assumed that the altered basal
lamina in hepatic sinusoids did not allow blood extravasation towards hepatocytes. In
this way, we hypothesized that the new basal lamina in hepatic sinusoids affected the
interaction between the blood and the hepatocytes in the DEN/TAA group. In contrast to
the control group, the DEN/TAA protocol resulted in an altered blood flow in hepatocytes,
which might have decreased liver uptake. Consequently, the non-extravasation towards
hepatocytes resulted in early Kupffer cell saturation, according to our values for Tmax.
Despite the fact that hepatocytes are not specialized to retain MNPs, the possible deposition
in the hepatocytes might be attributed to the diameter of the Cit-MnFe2O4 MNPs, which
was smaller than the fenestrations of the sinusoids [112]. We noticed that the livers under
cirrhosis took less time to exhibit a saturation profile, while the healthy livers continued
the exchange between the hepatocytes and the hepatic sinusoidal blood. Therefore, we
also assumed that a part of the injected MNPs penetrated the sinusoid and reached the
hepatocytes in the SAL group. This condition would explain the significant differences in
the observed pharmacokinetic profiles, such as the MNP accumulation.

Since our biodistribution results (Figure 5) indicated a lower hepatic uptake for the
DEN/TAA group, it instantly led us to consider a longer circulation time of MNPs for this
group. As depicted in Figure 2C,D, the DEN/TAA animals presented with an increased
liver weight compared to the SAL group. However, to assess the biodistribution profile,
we employed a protocol to calculate the mass of particles per gram of lyophilized tissue.
The hepatic uptake of DEN/TAA would be higher due to its mass in a quantification using
absolute values. It was evident by the non-normalized T 1/2 values that the livers under
these conditions influenced the circulation time of MNPs.

Although the MC-ACB presented a high temporal resolution for acquiring the biodis-
tribution of MNPs dynamically, but only for the liver and heart, we believe that an improve-
ment mainly in the coil array might lead the system to detect the MNP biodistribution in
other target organs.

This study reported an application of a new and improved MC-ACB system compared
to the previous one [48], where the main progress was the acquisition of quantitative in vivo
images of the MNP distribution in healthy and neoplastic animals.

In this context, we believe this methodology is adequate for investigating several
organs and their functions, either in normal circumstances or while under dysfunction.

Nevertheless, nanotechnology-based magnetic systems are an alternative strategy
to the conventional methods for the investigation of liver diseases. These systems can
perform non-invasive imaging assessments to work towards an early diagnosis, which
might contribute to the efficient delivery of therapeutics to the liver.

5. Conclusions

As highlighted by the presented findings, the pharmacokinetic profile of MNP distri-
bution and accumulation was affected by pathophysiological factors induced by a cirrhosis
state. Since the liver monocytes and macrophages remained stable, the differences found in
the pharmacokinetic profile of cirrhotic animals strongly indicate that hepatic blood flow
is most likely responsible for altering the distribution and accumulation profile of MNPs.
Therefore, the feasibility of developing nanotechnology-based delivery platforms needs
further investigation to address strategies to improve the interaction of therapeutic agents
with injured hepatic tissue.

Through an in vivo and ex vivo information acquisition approach, the ACB system
provided the ability to monitor and quantify the MNPs in healthy and cirrhosis conditions,
providing the requirements necessary to assist in the diagnosis and therapy of hepatic
disorders. By extrapolating the possibilities of evaluation to problems found in the clinical
environment, the association of the ACB system with MNPs might offer a methodology
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with easy access, a low cost, and the absence of ionizing radiation to assess several biologic
functions under disorders. Furthermore, it is expected that through instrumental improve-
ments, the MC-ACB system will be enhanced to the level of relevant methodologies such
as magnetic particle imaging and magnetorelaxometry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14091907/s1, Figure S1: (A) Image of MNPs at
100 nm scale. (B) Image of MNPs at 50 nm scale. Figure S2: Hydrodynamic size obtained by the
dynamic light scattering experiment. Figure S3: (A) Magnetization curve of MNPs in a fluid sample
and a powder sample (B) acquired by the VSM experiment. Figure S4: EDS quantification of the MNPs
composition quantification. (A) MNPs sample used, in which the numbers (1, 2, and 3) represent
the studied region. (B) Representative example of EDS signal acquired and its quantification (region
2 of the MNPs image). Figure S5. X-ray diffractogram of Cit-MnFe2O4 MNPs. Figure S6: FTIR
measurements of citrate and the Cit-MnFe2O4 MNPs.
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Abstract: Our previous studies have revealed the ultrasmall superparamagnetic iron oxide in the
amine group USPIO-101 has an analgesic effect on inflammatory pain. Here, we further investigated
its effect on the spinal cord and brain via electrophysiological and molecular methods. We used a
mouse inflammatory pain model, induced by complete Freund’s adjuvant (CFA), and measured pain
thresholds via von Frey methods. We also investigated the effects of USPIO-101 via an extracellular
electrophysiological recording at the spinal dorsal horn synapses and hippocampal Schaffer collateral-
CA1 synapses, respectively. The mRNA expression of pro-inflammatory cytokines was detected by
quantitative real-time polymerase chain reaction (RT-qPCR). Our results showed intrathecal USPIO-
101 produces similar analgesic behavior in mice with chronic inflammatory pain via intrathecal or
intraplantar administration. The potentiated low-frequency stimulation-induced spinal cord long-
term potentiation (LTP) at the spinal cord superficial dorsal horn synapses could decrease via USPIO-
101 in mice with chronic inflammatory pain. However, the mRNA expression of cyclooxygenase-2
was enhanced with lipopolysaccharide (LPS) stimulation in microglial cells, and we also found
USPIO-101 at 30 µg/mL could decrease the magnitude of hippocampal LTP. These findings revealed
that intrathecal USPIO-101 presented an analgesia effect at the spinal cord level, but had neurotoxicity
risk at higher doses.

Keywords: ultrasmall magnetic iron oxide nanoparticles; inflammatory pain; analgesia; pro-inflammatory
cytokines; neurotoxicity; long-term potentiation

1. Introduction

The therapeutic application of iron oxide nanoparticles has been developing over
the years. Currently, the commercialized product of iron oxide nanoparticles are used
for the treatment of cancer and iron-deficiency anemia [1,2]; however, a lesser known
use for iron oxide nanoparticles is pain management. The ongoing nanoparticle-based
therapeutics in pain management [3] have several advantages for chronic pain relief, for
example, controlled release, prolonged circulation time, and limited side effects [4].

Our previous study revealed a form of amine-terminated (-NH2) ultrasmall super-
paramagnetic iron oxide (USPIO) called USPIO-101, which has an analgesic effect on
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inflammatory pain [5]. This analgesic response probably happens by attenuating inflamma-
tory cell infiltration and reducing reactive oxygen species (ROS) production in the paw [5].
However, this was the first report to demonstrate that USPIO itself could have analgesic
ability not in conjugation with other pain-relieving drugs.

Spinal cord synaptic plasticity is an in vitro, cellular, molecular model for pain [6].
Long-term potentiation (LTP) at the superficial dorsal horn synapses could also represent
the nociceptive nerve signal. On the contrary, the decreased LTP level could stand for
the analgesic effect of the treated compound or anti-allodynia signal [7]. However, less is
known about the analgesic effect of USPIO-101 in the spinal cord via electrophysiological
evidence. Here, we use in vitro extracellular recording to measure the effect of USPIO-101
on the spinal LTP to demonstrate the analgesic effect of USPIO-101 on the spinal cord.

Before developing the application of USPIO-101, one crucial indication was to lower
cell cytotoxicity. In addition, USPIO-101 in a small size could probably interfere with
normal body function via crossing the blood–brain barrier [8]. Therefore, the cytotoxicity of
USPIO-101 is unclear. However, some reports have revealed the cytotoxicity of other types
of USPIO. For example, the acute intravenous (iv.) injection of USPIO caused thrombosis,
cardiac oxidative stress, and DNA damage in mice [9]. Furthermore, USPIO also triggered
interleukin (IL)-6-related acute-phase inflammation [10] with a mechanism of endoplasmic
reticulum (ER)-mitochondria Ca2+ crosstalk, which was mediated by cyclooxygenase-2
(COX-2) [11] in hepatocytes. Finally, superparamagnetic iron oxide (SPIO) administration,
either locally or systemically, gave an acute inflammatory response [12]. These reports
inspired us to consider that USPIO-101 could probably have neurotoxicity in neuronal
cells. Thus, we investigated the toxicity of USPIO-101 in neuron-like or microglial cells via
measuring the ROS production or mRNA expression of pro-inflammatory cytokines in the
present study.

Synaptic plasticity is fundamental to many neurobiological functions, including mem-
ory and pain [13]. Moreover, the hippocampus’s long-lasting potentiated synaptic field
potentials are a proposed cellular mechanism for memory [14]. Here, we examined the
toxicity effect of USPIO-101 on hippocampal LTP, which represented a higher level of
neurobiological functions via in vitro extracellular recording at Schaffer collateral/CA1
synapses.

In this study, we revealed further analgesic evidence for using USPIO-101 at the spinal
cord and the possible neurotoxicity that should be concerned for future application.

2. Materials and Methods
2.1. Drugs and Administration

The amine-terminated (-NH2) iron oxide nanoparticles (Fe3O4 NPs) were commer-
cially purchased from TANBead (USPIO-101, Taiwan Advanced Nanotech Inc., Taoyuan,
Taiwan), and the stock concentration was 10 mg/mL. For behavioral tests, the intrathecal
or intraplantar injection, the stock solution was used in a volume of 10 µL. For in vitro
electrophysiological study, 1000X dilution was used for perfusion.

2.2. The Particle Size, Zeta Potential, and Surface Group Measurement of Iron
Oxide Nanoparticles

The particle size distribution and zeta potential were measured by dynamic light
scattering (DLS) (Beckman Coulter DelsaTM Nano instrument, CA, USA) with deionized
water (ddH2O) as the solvent. Fourier transform infrared (FTIR) spectra analyzed the
surface group of the iron oxide nanoparticles via Nicolet FTIR spectrometers (Thermo
Scientific, MA, USA) in the range 500–4000 cm−1 using a resolution of 1 cm−1 and 10 scans.
In advance of testing, the particles were placed in an oven (60 ◦C) overnight to remove
water and then ground with potassium bromide (KBr) powder to increase the absorption
of infrared light and eventually pressed to obtain self-supporting discs.
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2.3. Animal

Male ICR mice were used in all the experiments: for spinal cord slices electrophys-
iological recording, we used 4~6-week-old mice; others were 6~8-week-old mice. All
animals were purchased from Bio-LASCO Inc. (Taipei, Taiwan). Mice were housed 4~5 per
cage under 12 h light/dark controlled (AM/PM 7:00) with free access to food and water.
The animals used for electrophysiological recording were housed in the NHRI laboratory
animal center and approved by the NHRI laboratory animal center. The animals used
for the behavioral test were housed and performed in National Cheng Kung University
(NCKU) Laboratory Animal Center and approved by NCKU Medical College Animal Care
Guidelines.

2.4. CFA Inflammatory Pain Model and Behavior Tests

CFA (complete Freund’s adjuvant; Sigma-Aldrich, Saint Louis, MO, USA) or saline
10 µL were injected into the plantar surface of the left hind paw to induce an inflammatory
pain model [5]. Mice were placed in individual test boxes for the mechanical pain sensitivity
test. Mice were habituated for at least two days in the testing environment daily for one
hour. Before the examination, at least one hour of habituation was necessary. A series of
von Frey hairs with logarithmically increasing stiffness (0.02–2.56 g, Stoelting, Wood Dale,
IL, USA), perpendicular to the plantar surface of the left hind paw was applied for 1 s,
until it buckled. We marked a positive response if the animal exhibited any nocifensive
behaviors after removing the filament, including quick paw withdrawal, licking, or shaking
the paw. The first filament was chosen to be close to the 50% withdrawal threshold. If
there was no response, the next filament was a higher force; if there was a response, the
next filament was a lower force. This continued until at least four readings were obtained
after the first change of direction [15]. The analysis of the 50% paw withdrawal threshold
was determined using the Dixon up–down method and calculated using the formula: 50%
threshold (g) = 10(X+kd)/104, where X = the value (in log units) of the final von Frey filament,
k = tabular value for the response pattern (see Appendix 1 in [16]) and d = the average
increment (in log units) between von Frey filaments [16].

2.5. Electrophysiological Recordings
2.5.1. Spinal Cord Slice

Transverse spinal cord slices (350 µm) were dissected as described previously with
modifications [17,18]. Mice were sacrificed with overdose isoflurane and transcardial
perfusion with cold artificial cerebral spinal fluid (aCSF) immediately; then, the spinal cord
was removed from the spinal column. After dissection of the spinal cord pia-arachnoid
membrane in cold aCSF, the spinal cord’s lumbosacral enlargement (L1–S3) was maintained.
Then, we collected spinal cord slices from the L4~L6 region with a vibratome (DTK1000,
Dosaka) and equilibrated slices at room temperature for at least one hour before recording.
The aCSF consisted of (mM): NaCl 117, KCl 4.5, CaCl2 2.5, MgCl2 1.2, NaH2PO4 1.2,
NaHCO3 25 and glucose 11, and was oxygenated with 95% O2/5% CO2 (pH 7.4).

We recorded the field excitatory postsynaptic potentials (fEPSPs) at the spinal cord
superficial dorsal horn synapses of the mouse spinal cord slices with a continuously
perfused oxygenated aCSF at 1~2 mL/min. Glass pipettes (resistance, 5~8 MΩ) were filled
with aCSF. Then, according to Terman’s report [19], we determined the position of the
stimulating electrode and the recording glass pipette. First, the stimulating electrode was
attached to the spinal cord slice’s dorsal root remnant; second, the recording glass pipette
was placed on the superficial dorsal horn area of the spinal cord slice. Signal acquisition was
measured by Multiclamp 700B amplifier (Molecular Devices) and sampled by pCLAMP
10.2 and an analog-to-digital converter (Digidata 1322A), filtered at 2~5 kHz, digitized at
10 kHz, and stored for off-line analysis.

The stimulation signals were sequentially evoked (Grass S88) for thirty seconds, once,
with a 0.5-ms pulse. Low-frequency stimulation (2 Hz, 120 s) was applied to induce long-
term potentiation (LTP). The baseline of fEPSP was obtained 10 min from the beginning,

97



Pharmaceutics 2022, 14, 366

and the slope of fEPSPs was normalized by the calculated average slope of 20 fEPSPs. The
magnitude of LTP was the average slope of the last 20 fEPSPs recorded after high-frequency
stimulation for 30 to 40 min. Each fEPSP was collected and analyzed by Clampfit software.
Every mouse used 1~3 spinal cord slices for recording.

2.5.2. Hippocampal Slice

Coronal hippocampal slices (400 µm) were dissected as described previously with
modifications [20]. Mice were sacrificed with overdose isoflurane and decapitated immedi-
ately, then the brain was transferred to cold aCSF. After dissection, slices were equilibrated
at room temperature for two hours before recording.

The recorded fEPSPs were evoked on the Schaffer collateral fiber path and detected in
the apical dendritic field (the stratum radiatum) in the CA1 region in each hippocampal
slice. Basal stimulation was given at 0.03 Hz by constant current pulses (0.2 ms). LTP
was induced by theta-burst stimulation (TBS), which contained three trains of five bursts
separated by 300 ms, with each burst consisting of ten pulses at 100 Hz. The baseline of
fEPSP was obtained before TBS and maintained for at least 10 min. The magnitude of LTP
was calculated by the average slope of 20 fEPSPs recorded after TBS 30 to 40 min. Every
mouse used 1~3 brain slices for recording. Signal acquisition and analysis were similar to
spinal cord slices.

2.6. ROS Levels

The human neuroblastoma SH-SY5Y cells, and mouse SM826 microglia cell line, were
cultured in DMEM growth medium (Gibco) supplemented with 10% fetal bovine serum
(FBS, BI) and 0.1% penicillin/streptomycin (Gibco). Cells were incubated at 37°C in an
atmosphere containing 5% CO2.

An OxiSelect intracellular ROS assay kit (Cell Biolabs, San Diego, CA, USA) was
used to measure the ROS levels in the SH-SY5Y and SM826 cells, respectively. Cells
were seeded into 96-well plates (4 × 104 cells/well) and incubated for 16 h at 37°C. The
SH-SY5Y cells were incubated with 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA)
0.05 mM/serum-free medium for 60 min at 37°C. DCFH-DA medium was removed and
treated with USPIO-101 (10 or 30 µg/mL), H2O2 1 mM for 30 min, or H2O2 0.2 mM for
24 h stimulation. The SM826 cells were treated with USPIO-101 (10 or 30 µg/mL), or LPS
(1 µg/mL) for 24 h, and then incubated with DCFH-DA (0.05 mM, 60 min)/serum-free
medium. All cells had lysis buffer added 5 min before reading the fluorescence and were
analyzed by a fluorometric microplate reader (SpectraMax M2) at 480 nm/530 nm.

2.7. Assay of mRNA Expression

Total RNA was extracted via GENEzolTM TriRNA Pure Kit (Geneaid, New Taipei
City, Taiwan) following the manufacturer’s instructions. Total RNA (500 ng) was utilized
for the reverse-transcription polymerase chain reaction (RT-PCR) by Thermo ScientificTM

RevertAid RT Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA).
The RNA and cDNA products were stored at -80°C before the following experimental
procedure.

The mRNA expression levels were determined by real-time quantitative polymerase
chain reaction (RT-qPCR). The Applied BiosystemsTM StepOnePlus™ Real-Time PCR
System and StepOneTM Software v2.3 (Thermo Fisher Scientific, Taiwan) were used. The
reagent was Thermo ScientificTM Luminaris Color HiGreen qPCR Master Mix (2X) high
ROX and Yellow Sample Buffer (40X) (Thermo Fisher Scientific, Waltham, MA, US). The
RT-qPCR conditions were initial denaturation, 95 ◦C for 15 s; annealing, 60 ◦C for 30 s;
extension, 72 ◦C for 30 s; 40 cycles.

The primers were synthesis from MISSION BIOTECH CO., LTD., Taiwan. The relative
mRNA expression was determined by the 2−∆∆Ct method using GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) as a normalization control.
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Forward and reverse primer sets for each cDNA were used as follows: 5′-ATCTCATAC
CAGGAGAAAGTCAACCT-3′ and 5′-TGGGCTCATACCAGGGTTTG-3′ (for TNF-α); 5′-
GCTGCCAAAGAAGGACACGACA-3′ and 5′-GGCAGGCTATTGCTCATCACAG -3′ (for
NF-kB); 5′-GGCCATGGAGTGGACTTAAA-3′ and 5′-CACCTCTCCACCAATGACCT-3′

(for COX-2); 5′-TGTGTCCGTCGTGGATCTGA-3′ and 5′-GATGCCTGCTTCACCACCTT-3′

(for GAPDH).

2.8. Statistical Analysis

All results are expressed as the mean ± SEM (standard error of mean). Electrophys-
iological results, ROS level, or mRNA expression were analyzed by one-way analysis of
variance (ANOVA) followed by Newman–Keuls multiple comparisons test for post-hoc
analyses. Behavioral results were analyzed with repeated-measure two-way ANOVA fol-
lowed by Tukey tests for post-hoc analyses. The criterion for statistical significance was
p < 0.05 when compared with each group.

3. Results
3.1. The Particle Size, Zeta Potential, and Surface Group Analysis of USPIO-101

Before the following experiments, the commercialized USPIO-101 measured its par-
ticle size, zeta potential, and surface group (Figure 1). The hydrodynamic diameter of
USPIO-101 was 63.3 ± 2.3 nm; polydispersity index was 0.43 ± 0.58; zeta potential was
36.8 ± 0.6 mV (triple measurements, mean ± standard error, Figure S1). Next, we mea-
sured the surface group of USPIO-101 via FTIR. The spectra of FTIR represented that the
–NH2 group expressed in the surface of USPIO-101 at the wavelength of 3300~3500 cm−1

or 1560~1640 cm−1. In addition, we also measured the positive control of the surface
group –COOH at the wavelength of 1550~1610 cm−1 (Figure 1C). This result revealed that
USPIO-101 majorly expressed –NH2 surface group.

Figure 1. The dynamic light scattering (DLS), zeta potential analysis, and Fourier transform infrared
spectroscopy (FTIR) spectra of ultrasmall magnetic iron oxide nanoparticles. (A) number distribution
of USPIO-101, as measured by DLS. The concentration of USPIO-101 was 1 mg/mL. (B) Zeta potential
analysis of USPIO-101. (C) Fourier transform infrared (FTIR) spectra are presented for USPIO-101
(black) and USPIO-102 (red), respectively. The -NH2 and -CH2 group signals are expressed in USPIO-
101 at the wavelength of 3300~3500 cm−1, 1560~1640 cm−1, or 1405~1465 cm−1 (arrow). The -COOH
group signal is expressed in USPIO-102 at the wavelength of 1550~1610 cm−1 (arrow).

3.2. USPIO-101 Alleviated the Allodynia Behavior via Intrathecal or Intraplantar Injection in Mice
with Chronic Inflammatory Pain

The analgesic effect of USPIO-101 was measured in mice with chronic inflammatory
pain via different administration routes, intrathecal or intraplantar injection. After paw
injection of CFA for four days, the mice showed decreased paw withdrawal thresholds.
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Both intrathecal (Figure 2A, PBS: 0.28 ± 0.02, USPIO-101: 2.1 ± 0.16 at 1.5 h, p < 0.05,
two-way ANOVA and Bonferroni’s multiple comparisons) and intraplantar (Figure 2B,
PBS: 0.29 ± 0.0, USPIO-101: 2.0 ± 0.15 at 1.5 h, p < 0.05, two-way ANOVA and Bonfer-
roni’s multiple comparisons) injection of USPIO-101 (10 mg/mL, 10 µL) attenuated paw
withdrawal thresholds.
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Figure 2. USPIO-101 attenuated chronic inflammatory pain via intrathecal or intraplantar injection.
Mechanical pain sensitivity was measured using von Frey microfilaments. USPIO-101 attenuated the
analgesia behavior in both (A) intrathecal and (B) intraplantar injection (10 mg/mL, 10 µL) after CFA
paw injection for four days. The paw withdrawal thresholds were measured every 30 min until there
was no difference between the three groups. Data were analyzed by two-way ANOVA and post-hoc
with Tukey’s test. *: p < 0.05 vs. PBS sham group.

3.3. USPIO-101 Decreased the Spinal Cord LTP at Spinal Cord Superficial Dorsal Horn Synapses
in Mice with Chronic Inflammatory Pain and Naïve Mice

The potentiated spinal cord LTP at the spinal cord superficial dorsal horn synapses
could stand for hyperalgesia [21]. The mice with chronic inflammatory pain showed
the potentiated spinal cord LTP at the spinal cord superficial dorsal horn synapses was
significantly higher than the control group (p < 0.05, t-test vs. saline-treated ipsilateral)
(Figure 3A,C).

The concentration effect of USPIO-101 was tested on the LFS-evoked LTP at the su-
perficial spinal dorsal horn in the spinal cord slices of mice with chronic inflammatory
pain. USPIO-101 (10 or 30 µg/mL) was applied 7.5 min before LFS induction. The magni-
tude of LTP was significantly decreased in the treatments of 10 or 30 µg/mL (p < 0.01 or
p < 0.05, one-way ANOVA vs. control), as shown in Figure 3D~3F. However, there was
no concentration-dependent effect between 10 or 30 µg/mL (p > 0.05, t-test, 10 µg/mL vs.
30 µg/mL).

In the other part, we also tested the analgesic effect of USPIO-101 in naïve mice
with the basal transmission or LFS-evoked LTP at the superficial spinal dorsal horn slices.
No difference was observed in the basal transmission of naïve mice spinal cord slices
when 10 µg/mL USPIO-101 was applied for 15 min (Figure 4A,B). However, USPIO-101
significantly inhibited the LTP in naïve mice spinal cord slices (Figure 4C,E). For USPIO-101
(10 µg/mL) applied 7.5 min before LFS induction, the magnitude of LTP significantly
decreased in the treatment of USPIO-101 when compared with the control group (p < 0.05,
Figure 4E).
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Figure 3. The effect of USPIO-101 on spinal cord LTP in CFA paw-injected mice. (A) Time courses of
the slope of fEPSPs recorded before and after low-frequency stimulation (LFS, arrow) in spinal cord
slices from CFA- or saline-treated mice. (C) The bar graph represents the magnitudes of potentiation,
which averaged 20 fEPSPs recorded 30~40 min after LFS. **: p < 0.01 (unpaired t-tests) vs. CFA-treated
ipsilateral group. (D) Time courses of the slope of fEPSPs recorded before and after LFS (arrow) in
spinal cord slices from CFA-treated mice with USPIO-101 (10 or 30 µg/mL), respectively. USPIO-
101 (10 or 30 µg/mL) applied for 7.5 min before LFS stimulation, respectively. (F) The bar graph
represents the magnitudes of potentiation, which averaged 20 fEPSPs recorded 30~40 min after LFS
at a concentration of 10 or 30 µg/mL. * or **: p < 0.05 or p < 0.01 vs. control group (one-way ANOVA).
(B,E) Twenty recorded fEPSPs at time points a and b were averaged in each group. The slope of each
fEPSP was expressed as % of the baseline fEPSP slope, which was the average of 20 fEPSPs at the
beginning of 10 min recording. n indicates the number of slices recorded.

These results revealed that USPIO-101 had an analgesic effect on inflammatory pain
in the spinal cord through electrophysiological evidence.

3.4. Effects of USPIO-101 on Intracellular ROS Levels

The iron oxide nanoparticle penetrates the cell and produces ROS [22], and the ele-
vation of ROS induces neurotoxicity [23]. The ROS production ability of USPIO-101 was
measured in neuron-like or microglial cells (SH-SY5Y or SM826 cells). Hydrogen perox-
ide (H2O2) was used as a positive control in SH-SY5Y cells for short (1 mM, 30 min) or
long (0.2 mM, 24 h) stimulation, and compared to two USPIO-101 concentrations (10 or
30 µg/mL) as shown in Figure 5A,B. The intracellular ROS levels were only significantly
increased in the group of H2O2 (p < 0.05, one-way ANOVA, vs. control, Figure 5A,B). In
SM826 cells, USPIO-101 (10 or 30 µg/mL) did not induce significant elevation of ROS when
compared with the control (p < 0.05, one-way ANOVA, vs. control, Figure 5C). The ROS
level of co-treatment of LPS and USPIO-101 was close to the group of LPS alone (positive
control, p > 0.05, one-way ANOVA, vs. LPS, Figure 5C) and significantly higher than the
control (p < 0.05, one-way ANOVA, vs. control, Figure 5C).
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Figure 4. The effect of USPIO-101 on basal transmission (A) and spinal cord LTP (B,C) at the spinal
cord superficial dorsal horn synapses, respectively. (A) After baseline recording for 10 min, USPIO-
101 (10 µg/mL) was applied for another 15 min, then washed for 15 min. No difference was observed
in the basal transmission after application of USPIO-101 to the spinal cord superficial dorsal horn
synapses. (C) Time courses of the slope of fEPSPs recorded before and after LFS (arrow) in spinal
cord slices. Drugs: USPIO-101 (10 µg/mL) was applied for 7.5 min before LFS stimulation. (E) The
bar graph represents the magnitudes of potentiation, which averaged 20 fEPSPs recorded 30~40 min
after LFS. *: p < 0.05 vs. control group (one-way ANOVA). (B,D) The traces shown in the graph are
averaged 20 recordings of fEPSPs at times a and b in each group. The expression and analysis of the
baseline fEPSP slope are the same as Figure 2. n indicates the number of slices recorded.
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SM826 cells. (A,B) Hydrogen peroxide (H2O2) as positive control and USPIO-101 (10 or 30 µg/mL)
were used in SH-SY5Y cells for 30 min (A, H2O2 1 mM) and 24 h (B, H2O2 0.2 mM), respectively. (C)
Lipopolysaccharide (LPS) 1 µg/mL as positive control and USPIO-101 (10 or 30 µg/mL) were used
in SM826 cells for 24 h, respectively. RFU means the relative fluorescence unit in 3 × 104 cells/well
in 96-well plates. Data shown are the mean ± SEM of three independent experiments performed in
triplicate. * or ***: p < 0.05 or p < 0.001 vs. control group. ###: p < 0.001 vs. the H2O2 group (one-way
ANOVA).
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These results suggested that USPIO-101 did not elicit ROS toxicity in neuron-like or
microglial cells.

3.5. Effects of USPIO-101 on mRNA Expression with LPS Stimulation

To examine the effect of USPIO-101 on the pro-inflammatory cytokines’ mRNA ex-
pression with LPS stimulation, the RT-qPCR was used for measuring mRNA extracted
from microglia cells. USPIO-101 (10 µg/mL) was pretreated for 1 h before LPS (1 µg/mL)
stimulation, and the cells were collected after LPS stimulation for 30, 60, or 120 min. LPS
treatment for 120 min significantly upregulated the levels of transcripts encoding the
pro-inflammatory cytokines TNF-α, NF-κB, and COX-2 (p < 0.05 vs. control, one-way
ANOVA, Figure 6B–D). USPIO-101 significantly enhanced the expression of NF-κB and
COX-2 after LPS stimulation for 120 min (p < 0.05 vs. LPS, one-way ANOVA, Figure 6C,D).
USPIO-101 significantly enhanced the mRNA expression of COX-2 in the group of LPS +
USPIO-101 after LPS 30-, 60-, or 120-min treatment (p < 0.05 vs. LPS, one-way ANOVA,
Figure 6D). USPIO-101 treatment alone, for 3 h, did not affect the mRNA expression of these
pro-inflammatory cytokines (Figure 6). These results suggest that USPIO-101 enhances the
mRNA expression of pro-inflammatory cytokines, especially COX-2, when co-treated with
LPS stimulation in the microglia cells.

Pharmaceutics 2022, 14, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 5. Intracellular reactive oxygen species level after treatment with USPIO-101 in SH-SY5Y or 
SM826 cells. (A,B) Hydrogen peroxide (H2O2) as positive control and USPIO-101 (10 or 30 µg/mL) 
were used in SH-SY5Y cells for 30 min (A, H2O2 1 mM) and 24 h (B, H2O2 0.2 mM), respectively. (C) 
Lipopolysaccharide (LPS) 1 µg/mL as positive control and USPIO-101 (10 or 30 µg/mL) were used 
in SM826 cells for 24 h, respectively. RFU means the relative fluorescence unit in 3 × 104 cells/well in 
96-well plates. Data shown are the mean ± SEM of three independent experiments performed in 
triplicate. * or ***: p < 0.05 or p < 0.001 vs. control group. ###: p < 0.001 vs. the H2O2 group (one-way 
ANOVA). 

3.5. Effects of USPIO-101 on mRNA Expression with LPS Stimulation 
To examine the effect of USPIO-101 on the pro-inflammatory cytokines’ mRNA ex-

pression with LPS stimulation, the RT-qPCR was used for measuring mRNA extracted 
from microglia cells. USPIO-101 (10 µg/mL) was pretreated for 1 h before LPS (1 µg/mL) 
stimulation, and the cells were collected after LPS stimulation for 30, 60, or 120 min. LPS 
treatment for 120 min significantly upregulated the levels of transcripts encoding the pro-
inflammatory cytokines TNF-α, NF-κB, and COX-2 (p < 0.05 vs. control, one-way ANOVA, 
Figure 6B–D). USPIO-101 significantly enhanced the expression of NF-κB and COX-2 after 
LPS stimulation for 120 min (p < 0.05 vs. LPS, one-way ANOVA, Figure 6C,D). USPIO-101 
significantly enhanced the mRNA expression of COX-2 in the group of LPS + USPIO-101 
after LPS 30-, 60-, or 120-min treatment (p < 0.05 vs. LPS, one-way ANOVA, Figure 6D). 
USPIO-101 treatment alone, for 3 h, did not affect the mRNA expression of these pro-
inflammatory cytokines (Figure 6). These results suggest that USPIO-101 enhances the 
mRNA expression of pro-inflammatory cytokines, especially COX-2, when co-treated 
with LPS stimulation in the microglia cells. 

 Figure 6. USPIO-101 potentiates the LPS-induced NF-kB and COX-2 mRNA expression in SM826
microglial cells. (A) The time scale for treating USPIO-101 and LPS stimulation. (B–D) The levels
of mRNAs encoding the pro-inflammatory cytokines TNF-α (B), NF-κB (C), and COX-2 (D) were
analyzed by qRT-PCR and normalized by the expression of GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) at three time points after LPS stimulation: 30, 60, or 120 min. Data are presented as
mean ± SEM (n = 4). * or ** or ***: p < 0.05, or p < 0.01, or p < 0.001 vs. control; # or ## or ###: p < 0.05,
or p < 0.01, or p < 0.001 vs. LPS.

3.6. USPIO-101 Impaired the Hippocampal LTP at the Schaffer Collateral-CA1 Synapses

The effect of USPIO-101 on the hippocampal LTP is still unknown. Here, we investi-
gated whether the hippocampal LTP at the Schaffer collateral-CA1 synapses was affected
by USPIO-101 in naïve mice.

The concentration effect of USPIO-101 was elucidated in the hippocampal slice, and
USPIO-101 (10 or 30 µg/mL) was applied 7.5 min before TBS induction. The magnitude of
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LTP was not affected at 10 µg/mL, but significantly decreased in the treatment of 30 µg/mL
(p < 0.01, one-way ANOVA vs. control, Figure 7). These results revealed that USPIO-101
could impair hippocampal LTP at a higher concentration, and suggested the neurotoxicity
possibility of USPIO-101.
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graph are the average of 20 recorded fEPSPs at times a and b in each group. (C) The bar graph
represents the magnitudes of potentiation, with the average of 20 fEPSPs recorded 30~40 min after
TBS at a concentration of 10 or 30 µg/mL. *: p < 0.05 vs. control group. #: p < 0.05 vs. USPIO-101
group (one-way ANOVA). n indicates the number of slices recorded. The expression and analysis of
the baseline fEPSP slope are the same as Figure 3.

4. Discussions

Our results showed the dual effect of USPIO-101: one effect was the alleviation of
inflammatory pain at the spinal cord; the other was the risk of neurotoxicity.

4.1. The Analgesic Effect of USPIO-101

Our results showed USPIO-101 (10 mg/mL, 10 µL) increased the mechanical paw
withdrawal thresholds through intrathecal or intraplantar injection. Comparing intrathecal
to intraplantar injection, intrathecal injection had the higher paw withdrawal thresholds
at time 0.5 h, which suggested intrathecal injection was more potent than intraplantar
injection at the onset time.

The in vitro electrophysiological study showed that USPIO-101 (10 or 30 µg/mL)
partially decreased the potentiated spinal LTP at the spinal superficial dorsal horn synapses
in mice with chronic inflammatory pain. The USPIO-101-treated spinal LTP level in CFA-
treated mice was almost back to the level of saline-treated spinal LTP (Figure 3D). However,
the LFS-induced potentiated spinal LTP in naïve mice could be entirely abolished by USPIO-
101 (10 µg/mL) (Figure 4C). In the disease (inflammatory pain) model, the potentiated
spinal LTP was more complicated than the naïve state. Even at higher concentrations, the
potentiated spinal LTP would be no further decreased by USPIO-101 (30 µg/mL). The
reasons why USPIO-101 only partially reduced the LFS-induced LTP in mice with chronic
inflammatory pain are still unknown. However, this maintained spinal LTP in CFA-treated
mice was probably why USPIO-101 only attenuated the inflammatory pain for a short
duration (less than 3.5 h, Figure 2) in the behavioral tests.

The activity-dependent effect was another character of USPIO-101 revealed from our
data. USPIO-101 did not affect the basal transmission but inhibited the LFS-evoked spinal
LTP (Figure 4). The LFS-evoked LTP was associated with the injury or inflammatory
situation at the spinal cord superficial dorsal horn synapses [24]. These results demonstrate

104



Pharmaceutics 2022, 14, 366

the analgesic effect of USPIO-101 on inflammatory pain, which has been reported in our
previous study [5,25] and our present study (Figure 2).

4.2. Cell Toxicity of USPIO-101

The iron oxide nanoparticles were less toxic than other ion nanoparticles, especially
USPIO [26]. However, more evidence revealed that USPIO could induce cytotoxicity due
to the size, shape, surface charge, or coating of the nanoparticles [27]. The physicochemical
character of USPIO-101 showed that USPIO-101 probably had some aggregation with the
self or other ions, but kept normal stability. Meanwhile, although USPIO-101 has proven
analgesia ability, the cytotoxicity of USPIO-101 is less known.

Our data showed that USPIO-101 (10 or 30 µg/mL) did not induce the significant
elevation of ROS in SH-SY5Y or SM826 cells for 30 min or 24 h, compared with the positive
control (Figure 5). However, after the treatment of USPIO-101 for 24 h, the production of
ROS was still high at the concentration of 10 µg/mL in a trend (SH-SY5Y or SM 826 cell:
p = 0.07 or p = 0.014, control vs. USPIO-101 10 µg/mL 24 h, unpaired t-test). This suggested
that USPIO-101 could induce ROS production with a chronic but not acute effect in neuron-
like or microglial cells.

Our mRNA data showed that COX-2 was significantly up-regulated after LFS stimu-
lation for 30~120 min in microglial cells (Figure 6D). COX-2 was an enzyme involved in
synthesizing prostaglandins (PGs), and the induction of COX-2 enhanced nociception via
increasing PG release [28]. This was controversial to our analgesic results. However, the
spinal cord and brain microglia had a different response to inflammatory stimulation for
unknown reasons [29]. The SM826 cell was derived from the brains of mice [30], which
probably could not represent the actual situation in the spinal cord. Our data suggested
that USPIO-101 could likely induce the elevation of COX-2 in brain microglial cells, but not
the spinal cord.

The cytotoxicity of USPIO has been reported [9–12], but less is known about COX-2.
Only one study has revealed that COX-2 is elevated after SPIO treatment in the liver [11].
We still do not know why USPIO-101 induces COX-2 so quickly during LPS stimulation in
the microglial cells, because phagocytic cells, such as microglia cells, are not as sensitive to
positive surface charge nanoparticles as they are to negative surface charges [31].

4.3. Hippocampal LTP Was Impaired by USPIO-101 at a Higher Concentration

We measured the effect of USPIO-101 on the hippocampal LTP to predict if USPIO-
101 has neurotoxicity in the hippocampus. Our data demonstrated USPIO-101 could
impair hippocampal LTP at a higher concentration (Figure 7). Another study revealed
that USPIO could induce neurotoxicity in the hippocampus via in vivo study. A direct
single injection of USPIO (1 µg/µL, size: 30 nm) into the mouse hippocampus for 7 or
14 days could impair the animals’ spatial memory in the Morris water maze test [32]. Other
controversial data showed no toxicity response to intranasally instilled Fe3O4 (1 mg/mL,
size: 30 nm) nanoparticles in the brain [33]. One possible explanation of neurotoxicity in
the hippocampus was that hippocampal neurons were more sensitive to SH-SY5Y cells
when applied with exogenous iron, showing higher cell death [34].

Our data showed USPIO-101 could impair hippocampal LTP, which suggests that
USPIO-101 probably has toxicity in hippocampal neurons or can antagonize some ionic
receptors which are essential for early LTP induction, such as the N-methyl-D-aspartate
(NMDA) receptor [35], the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor [36], or other targets. More evidence is needed to elucidate this.

4.4. The Effect of Surface Group

Our used TANBead® USPIO-101 was a conventional product designed to conju-
gate with target-specific molecules through the amide-bond formation with carbodiimide-
activated carboxylic acid groups. We investigated another carboxyl group product from the
same company, TANBead® USPIO-102, on the analgesic effect of hippocampal neurotoxicity.
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However, we observed that USPIO-102 had a less analgesic response and no neurotoxicity
in the hippocampal slice, compared with USPIO-101 (Figures S2 and S3). The properties
of USPIO-101 and USPIO-102 are almost the same, including size (6~10 nm), solvent (wa-
ter), and stock concentration (10 mg/mL). The only different parts are the surface, amine
group (USPIO-101), or carboxyl group (USPIO-102), as shown in Figure 1C. The surface
group for Fe3O4 nanoparticles is critical, because naked Fe3O4 has a high surface energy,
leading to aggregation and oxidation [37]. In addition, both amine and carboxyl groups are
hydrophilic groups, which strongly attract water solubility, good biological compatibility,
and biodegradability [38]. However, the physiological function of the different surfaces is
still unclear.

5. Conclusions

Our results revealed the dual effect of USPIO-101: it could relieve inflammatory pain
at the spinal cord, but also induce neurotoxicity in the central brain. These localized
administration routes (e.g., intrathecal or intraplantar administration) of USPIO-101 did
not elicit a toxicity response during our experiments; however, if the USPIO-101 leaks to
the brain, it would probably impair hippocampal LTP at higher concentrations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics14020366/s1, Figure S1: the dynamic light scattering
(DLS) and zeta potential analysis of USPIO-101. Figure S2: USPIO-101 and USPIO-102 attenuate
chronic inflammatory pain via intrathecal or intraplantar injection. Figure S3: The effect of USPIO-101
or USPIO-102 on hippocampal LTP, respectively.
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Abstract: Drug therapy for vascular disease has been promoted to inhibit angiogenesis in atheroscle-
rotic plaques and prevent restenosis following surgical intervention. This paper investigates the arte-
rial depositions and distribution of PEG-functionalized magnetic nanocomposite clusters (PEG_MNCs)
following local delivery in a stented artery model in a uniform magnetic field produced by a region-
ally positioned external permanent magnet; also, the PEG_MNCs aggregation or chain formation in
and around the implanted stent. The central concept is to employ one external permanent magnet
system, which produces enough magnetic field to magnetize and guide the magnetic nanoclusters
in the stented artery region. At room temperature (25 ◦C), optical microscopy of the suspension
model’s aggregation process was carried out in the external magnetic field. According to the optical
microscopy pictures, the PEG_MNC particles form long linear aggregates due to dipolar magnetic
interactions when there is an external magnetic field. During magnetic particle targeting, 20 mL of
the model suspensions are injected (at a constant flow rate of 39.6 mL/min for the period of 30 s) by
the syringe pump in the mean flow (flow velocity is Um = 0.25 m/s, corresponding to the Reynolds
number of Re = 232) into the stented artery model. The PEG_MNC clusters are attracted by the
magnetic forces (generated by the permanent external magnet) and captured around the stent struts
and the bottom artery wall before and inside the implanted stent. The colloidal interaction among the
MNC clusters was investigated by calculating the electrostatic repulsion, van der Waals and magnetic
dipole-dipole energies. The current work offers essential details about PEG_MNCs aggregation and
chain structure development in the presence of an external magnetic field and the process underlying
this structure formation.

Keywords: magnetoresponsive nanocomposite; functional coating; particle targeting; particle
aggregation; stent targeting; nanomedicine

1. Introduction

Although PCI (percutaneous coronary intervention) is the most widely used treatment
for those with atherosclerosis [1,2], it is invasive and has a high risk of restenosis—up to
16 percent for DES (drug-eluting stent) and 16–44 percent for BMS (bare metal stent) [2,3].
Furthermore, patients with advanced atherosclerosis commonly have complex plaques,
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which are more prone to rupture and result in coronary thrombosis, myocardial infarction,
or other potentially deadly clinical events if not caught in time. It has been proven that
nanoparticles are more beneficial for diagnosing atherosclerosis when targeted ligands are
added [3,4].

Drug therapy for vascular disease has been promoted to inhibit angiogenesis in
atherosclerotic plaques and prevent restenosis following surgical intervention [5–8]. How-
ever, when used systemically, anti-angiogenic or cytostatic medications frequently display
unfavourable side effects. To enable the local application of the compounds, the chemicals
were linked to balloons or stents [9,10] used in percutaneous transluminal angioplasty. This
technique, in particular the use of drug-eluting stents laden with anti-proliferative agents,
has resulted in restenosis rates below 10% [11,12].

To lower the risks of stent-related vascular injury or end-organ damage, our team has
developed a technique for endothelial cell repair with direct targeting of the vascular wall
under flow conditions.

Magnetic iron oxide nanoparticles and their nanocomposites, created with various
functional coatings, are the most promising magnetic carriers for use in medicine [13–17],
in particular in magnetically controlled tissue engineering [18] and cardiac regenerative
medicine [19]. This is because essential requirements are met by them, including simple
and non-toxic cellular uptake, superparamagnetic behaviour, the significant field-induced
magnetic moments of multicore particles, good response to moderate magnetic fields, inher-
ent ability to cross biological barriers, protection of the drug from rapid degradation in the
biological environment, and a sizable surface area for conjugating targeting ligands. These
features, together with characteristic sizes up to approximately 100 nm of the magnetic
core of functionalized magnetic nanoparticle clusters dispersed in a biocompatible (usually
aqueous) carrier, distinguish a category of ferrofluids as bio-ferrofluids [20,21]. These
external stimuli nanosystems synthesized and experimented with in this paper were typical
bio-ferrofluids and were designed to exploit the advantages offered by the high magnetic
moment multicore particles (magnetic carriers) towards remotely controlled therapeutic
performances in a stented artery.

Polyethylene glycols (PEGs) with the built-in EPR (enhanced permeability and reten-
tion) effect (increased permeability and retention) protected nanocomposite particle against
unwanted protein corona formation, allowing them to enter cells and be employed in
medicine. Site-specific drug delivery is the main challenge when delivering drug-carrying
particles into the bloodstream [14,15].

Since it is stable, biocompatible, and hydrophilic, the polymer polyethylene glycol (PEG)
has been the subject of extensive research for its potential in drug administration [22–24].
Furthermore, PEG reduces the immune system’s response to nanoparticles [25–27]. As a
result, fewer nanoparticles are removed from the circulation, enhancing the concentration
of nanoparticles at the target location, and lengthening the circulation duration [28–30].

Magnetic carriers can only partially reach their target areas before being recognized
and expelled from the body by the mononuclear phagocytic system (MPS2) because of their
propensity for aggregation and the presence of magnetic dipole-dipole interactions or van
der Waals forces [31].

When an artery’s stents are targeted with magnetic carriers and then coated with an
antirestenotic substance, in-stent restenosis is inhibited at drug dosages far lower than
DESs. The following goals guided the present research:

1. To investigate the arterial depositions and distribution of PEG_MNCs following
local delivery in a stented artery model in a uniform magnetic field produced by a
regionally positioned permanent magnet.

2. To create a novel concept using permanent magnet systems to guide and target the
functionalized nanocomposite around the stent to test the approach’s effectiveness for
treating coronary heart disease (CHD).

3. PEG_MNCs aggregation or chain formation in and around the implanted stent (in the
presence of the external magnetic field).
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2. Materials and Methods

The competition between the magnetic force and the drag force exerted by the moving
fluid, as well as the magnetic field gradient produced by the permanent external magnet
and the ferromagnetic stent magnetic field is what causes the capture and deposition of the
injected magnetic clusters in the flow stream (Figure 1).
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Figure 1. Flow-oriented large-scale magnetically induced aggregation of the PEG_MNC in the
targeted region (red arrows) at the end of the injection period of 30 s. Magnetic cluster depositions
correspond to the permanent magnet positions of 15 mm from the stent’s bottom wall. Ch 1 ÷ Ch
5–chain-like magnetic particles structure, generated in a different part of the stent geometry in the
presence of the external magnetic field. Particle depositions on the bottom wall of the artery model in
the stent inlet section (0.37 mm) at the end of the injection period of 30 s.

We calculated that the employed permanent magnet provided a consistent magnetic
field of about 0.18 T and 0.08 T at the different locations from the magnet surface (10 mm and
20 mm), respectively, using magnetic field measurements (according to Figures 2 and 3).
Therefore, the magnetic force could be produced because the magnetic field stayed constant.
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Figure 2. Implanted stent, particle targeting experimental setup. (A) The flowmeter, pressure
sensors, suspension injection mechanism with a syringe pump, test section with magnetic stent
model, reservoir, centrifugal pump, camera, and PC were all shown in the block diagram of the
main recirculating flow loop. A suspension is injected using a syringe pump before the stent model
enters part. (B) A general perspective of the stent geometry used and the distinctive dimension of the
expanded stent. (C) Aerial view of the model artery showing the position of the stent.
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Figure 3. A magnetic field was generated by the NbFeB50 permanent magnet used in the experimental
investigation. (A). The magnet’s dimension and axis association. A used permanent magnet has
polarization along the Z-axis. (B) The figure depicts the magnetic field measured at various Z-axis
positions with the F.W. Bell Gaussmeter, model 5080.

During magnetic particle targeting, 20 mL of the model suspensions are injected (at a
constant flow rate of 39.6 mL/min for the period of 30 s) by the syringe pump in the mean
flow (flow velocity is Um = 0.25 m/s, corresponding to the Reynolds number of Re = 232)
into the stented artery model. The PEG_MNC clusters are attracted by the magnetic forces
(generated by the permanent external magnet) and captured around the stent struts and
the bottom artery wall before and inside the implanted stent (Figure 1). The evolution of
the particle build-up is investigated using an image analysis technique.

All experimental measures are conducted in an air-conditioned chamber. The fluid is
assumed not to be recirculated and to pass through the test section just once in the direction
of flow when measurements are taken in an open circuit. This prevents the working fluid
from heating up or changing its rheological properties throughout the measurements,
with an injection time of 30 s. Furthermore, studies were conducted with a DC magnetic
field. Direct current (DC) magnetic fields, in contrast to high-frequency AC (alternating
current) magnetic fields, do not transfer thermal energy to magnetic nanoparticles or
clusters injected in the test section.

2.1. Experimental Setup

The test portions are made of acrylic glass and are precisely shaped, with an inte-
rior diameter of 3.15 mm (Figure 2C). Our earlier publication [32] provided a thorough
explanation of the stent targeting methodology, and our previous work [33] provided a
complete description of the setup’s overall concept (Figure 2A). All flow tests were carried
out in typical physiologic settings [34]. The main benefits of the acrylic glass model were
its excellent transparency and ability to examine and evaluate the hemodynamic properties
and the particle targeting process in the arterial stent segment.

The experimental setup demonstrated the removal of PEG_MNC from the flow flux
and the deposition of the nanocomposite around the implanted stent’s geometry.

As previously mentioned in our articles [30] and articles [35,36], the implanted stent
(Figure 2B) was made from magnetic 2205 duplex stainless steel (2205 SS).

It is significant to note that the Resolute Integrity Zotarolimus-Eluting Coronary Stent
System (Minneapolis, MN, USA) and the stent used in the experimental setup have nearly
identical geometrical characteristics (internal diameter of 3.15 mm, length of 15 mm, and
strut thickness of 0.09 mm) (inner diameter of 3 mm, length of 15 mm, strut thickness of
0.09 mm).
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2.2. Magnetic Field Generation

The central concept is to employ one external permanent magnet system, which
produces enough magnetic field to magnetize and guide the MNP’s in the stented artery
region, based on our prior findings [30,32,33].

We employed a Neodymium 50 type magnet (NdFeB50) with a maximum energy prod-
uct (BxH) of 50 MGOe to create the magnetic field. According to our earlier research [30],
the magnetic field produced by this neodymium magnet ranges from 0.44 T to 0.02 T or
at a magnet distance of 0 mm (from the magnet surface) to 40 mm. We investigated the
magnetic particle targeting in our studies for magnetic fields generated between 0.18 T and
0.08 T corresponding to the magnet position to the implanted stent between 10 mm and
20 mm (along with the magnet z axis—Figure 3).

2.3. Blood Analogue Fluid, Preparation, and Rheological Properties

In our studies, the carrier fluid (CF) was glycerol-water solutions, which were made
by combining estimated weights of glycerol and distilled water and having a density
(1060 kg/m3) that is identical to that of blood [30]. This CF made it easier for the experi-
mental investigations to accurately reproduce the rheological behaviour of the fluid flow
at the spot of the implanted stent. The PEG_MNC dispersed in distilled water, with a
0.1 percent mass concentration, was combined with a carrier fluid (CF) to create the model
suspension of magnetic carriers utilized in tests.

The agreement between the model suspension’s viscosity curve at T = 25 ◦C, the blood
sample (obtained from a 38-year-old female volunteer in good health), and the results
presented in the literature [37] is shown in Figure 4. During these investigations, we did
not use any blood samples. Instead, we used one example from the existing databases in
our institution. The data from the databases were used in a comparative sense with data
from the literature and prepared blood mimicking fluid.
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Figure 4. Viscosity curves for blood (values from literature and healthy volunteer), PEG −coated func-
tionalized nanocomposite (PEG_MNC), and model suspension fluid (carrier fluid + 0.1% PEG_MNC).

The Carreau model with four pertinent parameters can be used to define the rheologi-
cal values for the model suspensions, as shown in Table 1. (Equation (1)).

η
( .
γ
)
= η∞ + (ηo − η∞)

[
1 + (C

.
γ)

2
]−p

(1)

in which C [s] represents the Carreau constant (the value of the slope of the viscosity curve
in the log-log scale at high values of the shear rate

.
γ, p [-] is the Carreau exponent, ηo is the

viscosity at infinitely low shear rates, and η∞ [Pas]- viscosity at infinitely high shear rates.
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Table 1. Rheological characterization of the model suspensions.

Fluid T [◦C] B [mT] η∞ [Pas] η0 [Pas] C [s] p [-] r2

CF + 0.1%
PEG_MC 25 0 0.00154 0.095 18.08 0.664 0.999

Where: T [◦C] is the carrier fluid temperature, B [T] is magnetic field intensity, η∞ [Pas] is the viscosity at infinite
shear rates, η0 [Pas] is zero shear viscosity, C [s] is the characteristic time constant, and p [-] flows behaviour index.
The r2 values for all fits are close to unity, indicating an excellent fit (r2 is the coefficient of determination used to
evaluate the quality of the Carreau fits).

3. Results
3.1. Synthesis and Characterization of the PEG-Functionalized Magnetic Nanocomposite
Clusters (PEG_MNC)

Our earlier work [22,23,30] goes to great length about the synthesis of PEG-coated
magnetite nanoparticles, the magnetic and colloidal characteristics of the core-shell, their
biocompatibility, and their potential for use in biomedicine. Briefly, we prepared the PEG-
coated MNCs by the oil-in-water miniemulsion. As presented in our previous work [30],
PEG (1.795 g), which functions as a surfactant, was added to an aqueous solution with
a toluene-based ferrofluid (0.5 wt% Fe3O4). PEG molecules arranged themselves with
the polar end in the water phase and the nonpolar end in the oil phase, forming micelles
when they were present. The newly formed droplets included toluene-dispersed magnetic
nanoparticles. First, the two-phase mixture was homogenized using an ultrasonic finger U.P.
400S for 2 min to produce a stable miniemulsion. The second step involved evaporating the
toluene organic phase in an oil bath at 100 ◦C while being magnetically stirred at 500 rpm.
After being cleaned of any excess reactants with the methanol-water solution (50 mL),
the magnetic clusters were redispersed in distilled water. The PEG-coated MNCs were
dispersed in an aqueous carrier (blood analogue fluid). Analog was used as a carrier fluid
(CF) for blood and was made from glycerol-water solutions by combining distilled water
and glycerol at predetermined weights.

A Hitachi HD2700 microscope was used for the electron microscopy (TEM) investi-
gation into the morphology of the magnetic clusters. The magnetic nanoparticles highly
packed into spherical clusters (Figure 5) with diameters of 40 to 120 nm are depicted in the
representative TEM images of the PEG_MNC in Figure 1. The average diameter of the PEG-
coated clusters (size range 40–120 nm), according to TEM image analysis of micrographs is
62 ± 17 nm (Figure 6).
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Figure 6. TEM size distribution and lognormal fit of the PEG−coated. The TEM size distribution was
obtained by analysis of the TEM micrograph shown in Figure 1.

The PEG_MNC diameter distribution was obtained using ImageJ [https://imagej.nih.
gov/ij/ (accessed on 3 August 2022)]. A number of 195 PEG_MNCs from three TEM images
were measured. Figure 6 is presented the magnetic nanoparticles’ diameter distribution.
The diameter distribution shows positive skewness, with a 62 nm mean diameter. Due
to the clustering during the TEM sample preparation evaporation process, the question
remains whether the MNCs are soldered within the clusters or not.

A vibrating sample magnetometer (VSM 880-ADE Technologies, Massachusetts, MA,
USA) with a field range of 0 kA/m to 1000 kA/m was used to measure the magnetic
characteristics of the PEG-coated clusters. Figure 7 shows the PEG_MNCs’ (A) and its
aqueous dispersion (B) magnetization curves at room temperature.
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Figure 7. Magnetization curves for (A) a sample of dry PEG-MNCs, and (B) PEG_MNCs aqueous
dispersion at room temperature (25 ◦C).

Both samples show superparamagnetic behaviour. The PEG − MNCs have zero
remanent magnetization and 55 emu/g saturation magnetization. The PEG − MNC
aqueous dispersion has 28 Gs saturation magnetization.

3.2. Rheological Properties of the PEG_MNC Aqueous Dispersion

An Anton Paar Physica MCR 300, Graz, Austria rheometer was used. The magnetorhe-
ological cell (plate-plate geometry PP20/MRD/TI-SN18581), has a diameter of 2R = 20 mm,
and a gap fixed at h = 0.2 mm, was used for the rheological measurements in this article.
The sample layer between the plates is subjected to a perpendicular magnetic field in this
cell. The magnetic flux density of the applied magnetic field is determined using a Hall
probe inserted under the bottom plate of the MR cell.

Numerous cardiovascular illnesses have mechanical blood artery wall behaviour and
blood flow characteristics contributing to their onset and progression [31]. Blood exhibits
non-Newtonian fluid behaviour in the small/capillary arteries while acting similarly to a
Newtonian fluid in the major arteries [38]. Massive viscosity fluctuations in these blood
arteries indicate the pseudoplastic nature of flow at low shear rates (

.
γ < 100s−1) [39].

Viscosity Curves of PEG_MNC Aqueous Dispersions

Viscosity curves at different values (B = 0, 42, 52, 117, 183 mT) of applied magnetic
induction were measured in the range 0.1–1000s−1 of shear rates, at temperature value,
T = 25 ◦C (Figure 8).

A shear-thinning behaviour of the PEG_MNC suspension is observed, both in the
absence and in the presence of the magnetic field. The shear −thinning behaviour character
is accentuated in the magnetic field’s presence when the magnetic interactions’ intensi-
fication induces agglomerations of magnetite clusters. As the shear rate increases, these
cluster agglomerations are progressively destroyed, and as a result, the suspension’s
viscosity decreases.

The relative increase in viscosity induced by the magnetic field (magneto viscous
effect-MV) is already significant when applying weak fields, and this phenomenon tends to
saturate as the magnetic field intensifies [40,41].

The η = f (
.
γ) data were correlated with the Carreau model [42], Equation (1).

The values obtained for the fit parameters are listed in Table 2. As expected, in the
presence of the magnetic field, the values of the fit parameters η0, C, and p increase with
the intensification of the field.
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Table 2. The values of the fit parameters were obtained by fitting the viscosity curves with the
Carreau model for different magnetic flux density values.

T [◦C] B [mT] η∞ [Pas] η0 [Pas] C [s] p [-] r2

25 ◦C

0 0.001 0.182 7.645 0.559 0.986

42 0.001 86.6 12.20 0.478 0.996

52 0.001 98.00 12.31 0.486 0.994

117 0.001 155.35 17.00 0.513 0.996

183 0.001 322.20 21.26 0.517 0.991
Where: T [◦C] is the carrier fluid temperature, B [T] is magnetic flux density, η∞ [Pas] is the viscosity at infinite
shear rates, η0 [Pas] is zero shear viscosity, C [s] is the characteristic time constant, and p [-] flows behaviour index.
The r2 values for all fits are close to unity, indicating an excellent fit (r2 is the coefficient of determination used to
evaluate the quality of the Carreau fits).

The influence of shear rate on the MV effect at different magnetic flux density values
at T = 25 ◦C is represented in Figure 8B. It is observed that the effect of MV on the
range of low shear rates (

.
γ = (0.1 − 10) s−1)) is almost independent of the shear rate

but significantly decreases at high speeds as cluster agglomerations are destroyed. The
MNC agglomerates are destroyed for higher shear rates, and the MV effect decreases.
The observed magnetoviscous behaviour is a consequence of the multicore nature of the
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magnetic component resulting in a high induced magnetic moment of particles, favouring
their structuring in a magnetic field. The PEG-coated magnetic nanoclusters of 62 nm
mean size suspended in a glycerol-water carrier (mass concentration 50 mg/mL) show a
very high MV effect of about 104%. Commercial bio-ferrofluids with multi-core magnetic
particles of hydrodynamic diameters of 50, 100 and 200 nm were investigated in [40]. They
manifested a significant, up to 1500x increase, in the effective viscosity in the magnetic field
already at a significantly lower mass concentration of multicore magnetic particles of about
25 mg/mL. At the same time, in the case of highly concentrated aqueous ferrofluids with
predominantly single core (less than 10 nm) magnetite nanoparticles, the magnetoviscous
effect is very small and manifests only up to a 50% increase in viscosity [41]. The careful
design of the size and, implicitly, of the magnetic moment of nanoclusters is essential to
meet the optimal biomedical size window (50–150 nm) requirements and the need for
moderate magnetic fields to control the movement of particles.

Magnetorheology evidences the possibility of remote control by already a moderate
magnetic field of the motion, interaction and collection of PEG_MNC particles in the
required regions of the stent, a condition of efficient magnetic targeting.

3.3. PEG_MNC Sedimentation

The sedimentation profile of the PEG_MNC nanoclusters was also investigated during
this experiment. For 240 min, the sedimentation profile was captured as a function of time.
During the first 10 min, the PEG-coated nanocluster’s sedimentation was visible, and after
that, a steady state was attained (Figure 9). In other words, the PEG_MNC suspension’s
dispersion stability was sufficient for our experiment (suspension injection time in the
targeted region range between 20 to 120 s).
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3.4. PEG_MNC Delivery at the Targeted Site

Flow-mediated particle transport achieves the PEG_MNC delivery at the targeted site
in the present experiment.

The evolution of the functionalized magnetoresponsive clusters build-up is acquired
at a frame rate of 30 frames/s. The MP’s deposition and the magnetically induced chain
length are investigated at the end of the injections period (after 30 s) (Figure 10D). These
parameters are estimated as a function of the initial PEG_MNC quantity dispersed in the
model suspensions and the injections period.
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Figure 10. Magnetically induced large scales aggregation of the PEG_MNC around the targeted
magnetic stent. Aggregation size evolution during different time steps of the injection period of 30 s.
S1 and S2 regions where chain-like magnetic particles structure are generated (red arrows).

The PEG_MNC accumulation for the various injection time steps near the stent struts
for the fixed magnet position is shown in Figure 10 (magnet position at 15 mm from the
stent lower part and 18.15 mm from the upper part). As shown in Figure 10, the circulating
magnetic clusters eventually completely encircle the stent struts. It is crucial to note that
the magnetic cluster depositions are uneven, more robust at the last strut ring in the stent
exit section, and more uniform on the first strut ring (in the stent inlet region). This occurs
because the geometry of the stent and the strength of the applied external magnetic field
affect local magnetic cluster deposition. Figure 9 illustrates this situation clearly, showing
how the exposed portion of the struts from the distal end of the stent was typically not well
covered by magnetic clusters. The cluster deposition around the stent struts is significantly
influenced by local hemodynamics. The near-wall residence duration was prolonged,
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and the magnetic particle deposition was improved by the presence of the recirculation
flow around the struts. The balance between the hydrodynamic force produced by the
angular velocity of the recirculation region, the intensity of the magnetic field produced
by the ferromagnetic stent, and the superimposed external magnetic field also contributes
to the coverage of the struts with magnetic clusters. In particle deposition, the magnet
position is crucial. The collection of particles in the bottom part is more noticeable than the
accumulation of particles in the top part of the stent because the magnet is closer to the
stent’s lower part. The syringe’s exit part moved at the same speed as the working fluid
through the artery model during the model’s suspension injection, which was carried out at
a constant flow rate of 1.5 mL/s. Given the proximity of the PEG suspension injection point
to the stent (19 × stent diameter ∼= 60 mm), the PEG_MNC begins to deposit around the
proximal stent struts and at the stent inlet section nearly within one second (Figure 10B).

As observed in Figure 10D, the accumulation of particles in this location is more
prominent than the accumulation of particles in the top part of the stent because the magnet
is closer to the stent’s bottom part (around the stent elements). Additionally, using a single
magnet causes increased particle collection on the bottom wall of the artery due to the
magnet’s position on the stent.

Using an image-processing application (ImageJ, https://imagej.nih.gov/ij/ (accessed
on 3 August 2022)), the thickness of the particles on the artery’s lower wall was measured to
quantify the PEG_MNC deposition at the end of the injection period of 30 s. (Figure 10D).

3.5. PEG_MNC Aggregation and Chain Formation Inside the Expanded Stent

The near-wall residence duration was prolonged, and the magnetic particle deposition
was improved by the presence of the recirculation flow around the struts. However, it is
crucial to note that the magnetic cluster depositions are uneven, more robust at the last
strut ring in the stent exit section, and more uniform on the first strut ring (in the stent
inlet region).

The acceleration of the particles in the direction of the magnetic field source is caused
by the magnetic force, which is produced by an external magnetic field. Therefore, the
magnetic flux concentrations close to the target location are more significant than 110 mT
(120 mT at the distance of 15 mm) (Figure 3), sufficient to cause particle saturation.

In our experiment, magnetic particles create chain-like structures in a stented arterial
model (Figure 11). The chains are usually oriented according to the applied external
magnetic field perpendicular to the flow direction. In our case, the exception is chained Ch
2 and 4, where the geometry of the stent affects how the chains develop. Due to the strong
magnetic field, the parabolic flow profile does not bend the shape of the chains.

The chain length variations corresponding to different injection times are presented
in Table 3.

Table 3. Investigated chain length variations.

Time [s] Chain 1 [mm] Chain 2 [mm] Chain 3 [mm]

0 (start) 0 0 0

10 0.26 0.47 0.21

20 0.84 0.58 0.27

30 (end) 0.86 0.63 0.27
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Figure 11. Detail regarding the chain-like particle structure evolution during injection time of 30 s.
Data shows chain structure development and growth for chains Ch 1, Ch 2, and Ch 3 (according to
Figure 9). Additionally, the figure presents the PEG_MNC deposition evolution during the injection
period of 30 s (red arrows). All presented data are in mm.

3.6. Suspension Model’s Aggregation Process in the Magnetic Field

At room temperature (25 ◦C), optical microscopy of the suspension model’s aggre-
gation process was carried out in the external magnetic field. The microscope bench was
modified to accommodate a field generator based on permanent magnets that produced a
100 mT magnetic field and had an optical cell with a 0.1 mm thickness.

Randomly dispersed particles become magnetized by a perpendicular applied field
due to field-induced chaining.

The microscope pictures of the PEG_MNC suspension before magnetic field appli-
cation (Figure 12A) and the following 5 s of the magnetic field application are shown
in Figure 12B. According to the optical microscopy pictures (Figure 12B), these particles
form long linear aggregates due to dipolar magnetic interactions when there is an external
magnetic field.
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Figure 12. (A) PEG_MNC nanocomposite in carrier fluid without the magnetic field (optical mi-
croscopy). The figure shows the initial state with a homogeneous nanoparticle suspension when the
magnetic field is switched on (t = 0); (B) aggregation of the PEG_MNC nanocomposite in carrier fluid
under the action of the externally applied magnetic field of intensity H = 110 mT. Detail regarding
the length and thickness of different chains generated. (C) Evolution of the PEG_MNC aggregate
after turning off the magnetic field. Detail shows that the size of nanoparticle aggregates decreases
after the magnetic field is turned off.

Considering that the average sizes of the multicore particles (as determined by DLS)
are 102 ± 28 nm (size range: 70 ÷ 150 nm), these significant structures generated in the
range of several micrometres (formed under magnetic fields) assume that the behaviours
found might lead to the characteristics of the MVE discussed in the previous chapter.

To understand how the strength and length of the external magnetic field affect the
size of the chain-like structures, it is crucial to study how the formations arise.

The spindles in the final stages of the process have an average thickness of ∼= 2 µm
and a length of tens of microns (Figure 12B).

3.7. Colloidal Stability of the PEG_MNCs

The colloidal stability of the PEG_MNCs was investigated. For this purpose, an MNC
aqueous dispersion (MNC-AD) was prepared using one stage of distilled water. Then, the
MNC-AD was vigorously stirred using ultrasonication in several successive steps. After
each ultrasonication step (~1000 J/step in 10 mL MNC-AD), most MNCs sediment within
about one hour, leading to a diluted turbid supernatant.

The hydrodynamic diameter and zeta potential were measured with a Malvern Zeta-
sizer Nano instrument. Dynamic light scattering provides three crucial details about the
final PEGylated NP [43,44]: NP size, zeta potential (details on the NPs’ colloidal stability
and surface coating), and size distribution. The Malvern Zeta Sizer Nano Series (operated
at a scattering angle of 173◦) was used for the DLS measurements (1 mL of particle suspen-

122



Pharmaceutics 2022, 14, 1923

sions were deposited in a 10 × 10 mm quartz cuvette). A He-Ne laser was also included
in the setup. These clusters’ average sizes, as determined by DLS, are 102 ± 28 nm (size
range: 70–150 nm).

The DLS size distribution by the intensity of the MNC-AD did not change significantly
after six successive ultrasonication steps and was the same as after vigorous manual stirring.
Figure 13 presents the size distribution by the intensity of the manually stirred sample and
the supernatant. The Z-average hydrodynamic diameter in the manually agitated sample
was 2439 nm (PDI = 0.477) with an apparent two-mode distribution (~0.9 µm and ~3 µm).
Therefore, most MNCs are soldered in large permanent clusters due to bridge interactions
between polymer shells (Figure 12B). Even in the supernatant, the measured Z-average
hydrodynamic diameter was 199 nm (PDI = 0.172) which, compared to the TEM 62 nm
diameter, indicates a small degree of permanent clustering of the MNCs.
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Figure 13. DLS size distribution by the intensity of the manually stirred PEG_MNC sample and
the supernatant.

The ζ-potential of the MNCs measured in the supernatant was −25 mV.
The MNC-AD was investigated by optical microscopy. Vigorous manual stirring of

the sample was conducted before visual cell sample preparation. Figure 12 presents sample
images before, during, and after a 110 mT external magnetic field application. Before the
magnetic field application, the DLS data shows MNC clusters with sizes of 1 ÷ 10 µm
(Figure 12A). Under the action of the external magnetic field, filed-oriented long (~32 µm)
MNC cluster filaments are formed (Figure 12B). After removing the magnetic field, the
filaments become randomly oriented (Figure 12C) but do not spontaneously dissolve.
The filaments are dissolved, however, after mild ultrasonication or manual stirring, thus
indicating that the magnetic dipole-dipole attraction potentiated soft attraction between
the MNC clusters during the external field.

3.8. Colloidal Interactions among the PEG_MNCs

The colloidal interaction among the MNC clusters was investigated. The electrostatic
repulsion and van der Waals and magnetic dipole-dipole attraction were calculated.

The surface separation dependence (x) of the electrostatic repulsion energy is [45,46]:

Uel(x) = 64 · π · εr · ε0 · γ2 ·
(

kBT
ν · e

)2
· R2

2 · R + x
· e(−

x
lD

), (2)

where γ = Tanh
(

ν·e·UZ
4·kBT

)
and lD =

√
εr ·ε0·kBT

2·NA ·e2·IS
is the Debye length. R is the MNC radius;

Uz is the ζ-potential (measured −25 mV), ν is the electrolyte charge number (assumed
to be ν = 1), ε0 is the vacuum permittivity, εr = 78.4 is the relative permittivity of water,
e is the electron charge, kB is Boltzmann’s constant, T is the temperature (T = 300 K),
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NA is Avogadro’s number (NA = 6 × 1023 1/mol). Is the water ionic strength (expressed
in mol/mc).

To evaluate Equation (2), the ionic strength of the water needs to be determined. In
principle, the water ionic strength can be calculated if complete knowledge of the ion
content can be obtained. Unfortunately, we could only determine some of the water’s ionic
content using atomic mass spectrometry at AQUATIM S.A., Timisoara, Romania.

Moreover, due to storage conditions, our distilled water was kept in contact with
the atmosphere; therefore, dissolved carbon dioxide is very plausible, but we could not
measure it. Therefore, to compensate this missing information, we used the AQION 7.3.3
application [www.aqion.de (accessed on 27 July 2022)] to correct the ionic content of the
water to obtain the measured water electrical conductivity (Ec = 3 µS/cm) and pH (pH = 7.4)
and use the resulting ionic strength: Is = 0.0257 mol/m3.

The Van der Waals interaction energy among identical MNCs is [47]:

uvdW(z) = − A
12

·
(

2R2

(2R + z)2 +
2R2

(2R + z)2 − 4R2
+ ln

(
(2R + z)2 − 4R2

(2R + z)2

))
, (3)

The Hamaker constant A for magnetite in water is 20–40 zJ [47]. For estimation
purposes, we shall use the lower value A = 20 zJ to account for the surfactant’s presence in
the MNCs’ structure.

The calculation of the magnetic dipole−dipole attraction energy among MNCs was
made using the model developed by Socoliuc and Turcu [48]. In brief, the model describes
the magnetic dipole-dipole interaction energy among MNCs, assumed as superparamag-
netic clusters with zero remanent magnetization.

Figure 14 is presented the surface−to−surface (x) dependence of the interaction energy
(in kBT units) among two 62 nm diameter MNCs. The red line is the electrostatic repulsion
energy (Equation (2)), the blue line is the van der Waals energy (Equation (3)), and the cyan
is the magnetic dipole-dipole attraction [47]. The green line is the resultant energy U. If
U/(2kBT) is below −1, the MNC aggregates are thermodynamically stable.
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= 1), ε0 is the vacuum permittivity,  εr = 78.4 is the relative permittivity of water, e is the 

electron charge, kB is Boltzmann’s constant, T is the temperature (T = 300 K), NA is Avoga-

dro’s number (NA = 6 × 1023 1/mol). Is the water ionic strength (expressed in mol/mc). 

To evaluate Equation (2), the ionic strength of the water needs to be determined. In 

principle, the water ionic strength can be calculated if complete knowledge of the ion con-

tent can be obtained. Unfortunately, we could only determine some of the water’s ionic 

content using atomic mass spectrometry at AQUATIM S.A., Timisoara, Romania. 

Moreover, due to storage conditions, our distilled water was kept in contact with the 

atmosphere; therefore, dissolved carbon dioxide is very plausible, but we could not meas-

ure it. Therefore, to compensate this missing information, we used the AQION 7.3.3 ap-

plication [www.aqion.de (accessed on 27 July 2022)] to correct the ionic content of the 

water to obtain the measured water electrical conductivity (Ec = 3 μS/cm) and pH (pH = 

7.4) and use the resulting ionic strength: Is = 0.0257 mol/m3. 

The Van der Waals interaction energy among identical MNCs is [47]: 
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The Hamaker constant A for magnetite in water is 20–40 zJ [47]. For estimation pur-

poses, we shall use the lower value A = 20 zJ to account for the surfactant’s presence in the 

MNCs’ structure. 

The calculation of the magnetic dipole−dipole attraction energy among MNCs was 

made using the model developed by Socoliuc and Turcu [48]. In brief, the model describes 

the magnetic dipole-dipole interaction energy among MNCs, assumed as superparamag-

netic clusters with zero remanent magnetization. 

Figure 14 is presented the surface−to−surface (x) dependence of the interaction en-

ergy (in kBT units) among two 62 nm diameter MNCs. The red line is the electrostatic 

repulsion energy (Equation (2)), the blue line is the van der Waals energy (Equation (3)), 

and the cyan is the magnetic dipole-dipole attraction [47]. The green line is the resultant 

energy U. If U/(2kBT) is below −1, the MNC aggregates are thermodynamically stable. 

 

Figure 14. Electrostatic repulsion energy (red line), Van der Waals energy (blue), magnetic dipole-

dipole energy (cyan), and resultant energy (green line) for (A) B = 0 mT, and (B) B = 100 mT. 

At B = 0 mT, the electrostatic repulsion dominates the interaction. No spontaneous 

clustering should occur provided that the shell thickness is at least 0.5 nm. For x > 0.5 nm 

the resultant energy exceeds the stability threshold of −1 (Figure 14A). 

Figure 14. Electrostatic repulsion energy (red line), Van der Waals energy (blue), magnetic dipole-
dipole energy (cyan), and resultant energy (green line) for (A) B = 0 mT, and (B) B = 100 mT.

At B = 0 mT, the electrostatic repulsion dominates the interaction. No spontaneous
clustering should occur provided that the shell thickness is at least 0.5 nm. For x > 0.5 nm
the resultant energy exceeds the stability threshold of −1 (Figure 14A).

At B = 100 mT, the magnetic dipole-dipole interaction is the attracting driving force.
Once the MNCs close below the 10 nm range (much larger than the PEG polymer shell
thickness) stable clusters form. If the shell is soft, the magnetic attraction presses the MNCs
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and thus, after the field removal, the Van der Waals attraction dominates the interaction,
similarly to a “click” connection.

This explains, on the one hand, the remanence of the MNC cluster needles after the
field switch-off (Figure 12C) and, on the other hand, the ease with which these needles are
dissolved after mild manual stirring.

The electrostatic repulsion for MNCs clusters is strong enough to allow rapid dissolu-
tion after ultrasonication. The fact that this was not possible is proof for the assertion that
the MNCs are soldered in the clusters, most likely due to bridge interactions among PEG
shells or collective engulfment in PEG of multiple MNCs.

4. Discussion
4.1. Clinical Perspective

The current study shows the viability of a novel site-specific drug delivery approach
based on the uniform-field-induced magnetization effect and its application for drug-loaded
magnetic particles targeting stented arteries. PEG_MNCs, which were employed in these
proof-of-concept tests, were created with the following set of qualities that make a practical
and secure magnetic drug carrier; due to the numerous small-sized iron oxide nanocrystals
incorporated into each particle, the multicore particles exhibit the following properties:
(1) magnetic solid responsiveness in the absence of magnetic memory; (2) suitability for
intravascular delivery and targeted drug delivery; (3) functionalization with polymer,
polyethylene glycol (PEG), to enhance biocompatibility with cells, enable long-circulating
properties for systemic delivery, and reduce particle accumulation in the body.

The current findings also offer several significant insights into the mechanisms driving
the homogeneous magnetic fields of magnetic particles targeting magnetic stents. The
present work also offers essential details about PEG_MNC aggregation and chain structure
development in an external magnetic field and the process underlying this structure for-
mation. Predicting the therapeutic success of the employed treatment requires extensive
knowledge of the drug delivery process.

The medication targeting approach using functionalized magnetic nanoparticles is
particularly appealing for clinical applications since it could avoid restenosis and other
problems following invasive operations, such as plaque removal or stent placement.

4.2. Limitations

The precise and repeatable targeting of magnetic nanostructures by an external mag-
netic field and the improved production of magnetoresponsive nanocomposite particle
to enhance nanoparticle properties such as their shape, surface charge, size, ligands, and
magnetic performance remain problems in drug targeting applications.

Since the magnetic field’s force must outweigh the hydrodynamic (drag) force and
the shear effects produced by the running blood cells, magnetic capture of nanoparticles
at flow conditions typical of the medium and large vessels may be more challenging to
accomplish. The magnetic field gradients and the flow dynamics consequently govern the
behaviour of magnetic particles in circulation and the effectiveness of their aggregation in
addition to the nanoparticle features [49].

Our finding provide proof of particle depositions supporting the steady nature of
blood flow. Additionally, the blood flow’s increased velocity causes the hydrodynamic drag
force to increase, which causes variances in particle depositions. Therefore, the significance
of including more accurate arterial blood flows (pulsatile flow field) in the experimental
research of magnetic drug targeting is mandatory.

5. Conclusions

Other effects on magnetic nanoparticle use in biomedicine result from the creation of
linear aggregates. Aggregates will drastically alter the system’s magnetophoretic mobility
as they form. When paired with the acicular form and size of the aggregates, larger particles’
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generally greater magnetophoretic mobility may drastically change the behaviour of the
particles for applications in magnetically targeted drug delivery [50].

The main reason NPs aggregate is because the attraction of the particles to one another
is stronger than the attraction of the solvent [51,52].

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [53] states that NPs with
high surface energy have a propensity to assemble. The electrostatic repulsive potential and
the Van der Waals attraction potential are related to the interaction potential for spherical
NPs [54]. PEG lessens Van der Waals attraction and lowers the surface energy of NPs [55,56].

By widening the steric gap between them and boosting hydrophilicity by ether repeats
creating hydrogen bonds with solvent, PEG reduces the attraction between NPs. In addition,
the particle size can be changed using PEGylation, which has additional advantages.

Long-ranged magnetic dipolar interactions that arise in the presence of a field in this
situation would predominate over colloidal ones (Van der Waals, steric, and electrostatic forces).

The electrostatic repulsion energy, Van der Waals, and magnetic dipole-dipole attrac-
tion were calculated in the absence and presence of the external magnetic field (mag-
netic field intensity of B = 100 mT) to examine the colloidal interaction between the
PEG_MNC clusters.

This research investigated the magnetic separation and field-induced aggregation of
multicore IONPs with an average metal oxide multicore size of 62 ± 17 nm, coated by a
PEG monolayer.

Aggregation might be seen as a field-induced phenomenon as a result. The magnetic
nanoparticle chains exhibit very elongated structures that substantially outweigh the
individual nanoparticles when the field is active. More importantly, the strength and
direction of the external magnetic field govern the direction and extent of their elongation.

The current study shows the viability of a novel site-specific drug delivery approach
based on the uniform-field-induced magnetization effect and its application for drug-loaded
magnetic carriers targeting stented arteries.

The benefits of our flow phantom configuration concerning the external magnetic
field are as follows: (1) allowing for relatively high local magnetic gradients deep within
the human body; (2) allowing for multiple, targeted drug delivery and consequently
treatment modalities using handy systemic drug injections (i.e., repeated targeted drug
delivery in cancer therapy); and (3) the targeting procedure’s reproducibility for the same
flow parameters.

We are confident that our findings on site-specific placement in the vasculature utiliz-
ing a combination of magnetoresponsive particles and magnetic fields will contribute to
improving vascular disease experimental therapies.

As reported in our earlier investigations, blood smear, blood sedimentation rate,
white blood cell viability examinations, and interaction tests of PEG_MNP with human
plasma [22] indicated the theranostic potential and the hemocompatibility of the PEGylated
MNPs. Additionally, PEGylated MNP can freely flow across the vascular system and
be directed to a particular site-specific region via magnetic drug targeting processes, as
demonstrated in our previous work [57].
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Abstract: Combining therapeutic with diagnostic agents (theranostics) can revolutionize the course
of malignant diseases. Chemotherapy, hyperthermia, or radiation are used together with diag-
nostic methods such as magnetic resonance imaging (MRI). In contrast to conventional contrast
agents (CAs), which only enable non-specific visualization of tissues and organs, the theranostic
probe offers targeted diagnostic imaging and therapy simultaneously. Methods: Novel salinomycin
(Sal)-based theranostic probes comprising two different paramagnetic metal ions, gadolinium(III)
(Gd(III)) or manganese(II) (Mn(II)), as signal emitting motifs for MRI were synthesized and charac-
terized by elemental analysis, infrared spectral analysis (IR), electroparamagnetic resonance (EPR),
thermogravimetry (TG) differential scanning calorimetry (DSC) and electrospray ionization mass
spectrometry (ESI-MS). To overcome the water insolubility of the two Sal-complexes, they were
loaded into empty bacterial ghosts (BGs) cells as transport devices. The potential of the free and
BGs-loaded metal complexes as theranostics was evaluated by in vitro relaxivity measurements in
a high-field MR scanner and in cell culture studies. Results: Both the free Sal-complexes (Gd(III)
salinomycinate (Sal-Gd(III) and Mn(II) salinomycinate (Sal-Mn(II)) and loaded into BGs demonstrated
enhanced cytotoxic efficacy against three human tumor cell lines (A549, SW480, CH1/PA-1) relative
to the free salinomycinic acid (Sal-H) and its sodium complex (Sal-Na) applied as controls with
IC50 in a submicromolar concentration range. Moreover, Sal-H, Sal-Gd(III), and Sal-Mn(II) were
able to induce perturbations in the cell cycle of treated colorectal and breast human cancer cell lines
(SW480 and MCF-7, respectively). The relaxivity (r1) values of both complexes as well as of the
loaded BGs, were higher or comparable to the relaxivity values of the clinically applied contrast
agents gadopentetate dimeglumine and gadoteridol. Conclusion: This research is the first assessment
that demonstrates the potential of Gd(III) and Mn(II) complexes of Sal as theranostic agents for MRI.
Due to the remarkable selectivity and mode of action of Sal as part of the compounds, they could
revolutionize cancer therapy and allow for early diagnosis and monitoring of therapeutic follow-up.

Keywords: theranostics; paramagnetic salinomycin complexes; bacterial ghosts; gadolinium;
manganese; MRI
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1. Introduction

Cancer theranostics, the combination of a diagnostic with a therapeutic, pave the way
for personalized medicine, allowing for simultaneous and precise diagnosis and treatment
of malignant diseases. Current theranostic concepts aim at (i) facilitating the observation
and monitoring of anticancer drugs, (ii) providing targeted and personalized cancer therapy,
and (iii) realizing simultaneous diagnosis and treatment in (early-stage) cancer patients [1].
Magnetic Resonance Imaging (MRI) is a powerful non-invasive diagnostic technique,
which takes advantage of a very high spatial and temporal resolution and can provide
detailed molecular/cellular information when combined with a contrast agent with high
relaxivity to overcome the lack of sensitivity inherent to MRI [2]. In contrast to conventional
contrast agents (CAs), which enable only non-specific visualization of tissues and organs,
the theranostic probe offers targeted diagnostic imaging and therapy simultaneously [3].
Presently, there is only one clinically approved theranostic agent for the treatment of
progressive prostate cancer, recently approved by the FDA [4]. Therefore, the development
of efficient, tumor-directed drugs with good magnetic susceptibility and a higher safety
profile remains the main objective in modern oncology.

The design of new CAs plays an essential role in contrast-enhanced MRI today. Cur-
rently used CAs are predominantly low-molecular-weight gadolinium(III) (Gd(III))-based
complexes, which can provide outstanding positive MR images with high resolution [5].
Unfortunately, some investigations have shown that Gd(III) could be involved in nephro-
genic systemic fibrosis (NSF), which limits its clinical applications [6]. Newer studies,
however, report the accumulation of Gd(III) in various tissues (bone, brain, and kidneys) of
patients who were not diagnosed with renal impairment [7,8]. Recent toxicity concerns as-
sociated with the long-term use of low-molecular-weight acyclic Gd-based contrast agents
(GBCA) have resulted in the restriction of their administration by the European Medicines
Agency (EMA) and have triggered risk warnings from the U.S. Food and Drug Admin-
istration (FDA) [9,10]. Therefore, novel chelators, on the one hand, as well as alternative
paramagnetic centers, on the other, as part of the MRI CAs, are needed urgently.

Due to its favorable properties, such as high spin number, long electronic relaxation
time, and labile water exchange, manganese(II) (Mn(II)) represents an attractive alternative
metal center for the design of novel MRI CAs [11]. The natural polyether antibiotic Salino-
mycin (Sal) has attracted the attention of numerous scientists all over the world as a highly
selective cytotoxic agent and has been the subject of intense investigations during the past
few years [12–19]. The distinctive pentacyclic spiroketal ring system that characterizes the
molecule, and the ample presence of oxygen atoms from different functional groups (car-
boxylic, carbonyl, ether, hydroxyl), makes it a potential ligand able to bind paramagnetic
metal cations such as Gd(III) or Mn(II). Therefore, it is expected to provide better stability
and a safer profile. Sal has been reported to form complexes with metal(II) ions such as
Zn2+, Cu2+, Co2+, and Ni2+, which exerted superior anticancer activity in vitro compared to
the free ligand [20,21]. To the best of our knowledge, there are no data on the coordination
of the antibiotic to trivalent metal ions.

Bacterial ghost cells (BGs) represent empty cell envelopes of Gram-negative bacteria
devoid of cytoplasmic content and free of nucleic acids. They are produced by the controlled
expression of the plasmid-encoded lysis gene E. Protein E, which leads to the fusion of the
inner and outer membranes of the bacteria and the formation of a tunnel structure through
which the cytoplasmic content is expelled as a result of the osmotic pressure difference
between the cytoplasm and the exterior [22]. The BGs can be used as carriers or targeting
vehicles for active agents, which are specific to various types of tissue. Moreover, active
agents are efficiently transported to the desired destination since it is possible to prepare
BGs that contain only the desired active substance and a high degree of loading, and thus,
high efficiency of the active agent can be achieved. When BGs loaded with an active agent
(in particular, a diagnostic, therapeutic, or theranostically active agent) are administered,
they are internalized by cancer cells, followed by degradation of the BGs within the cancer
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cells. Thereupon, the active agent is released into the cytoplasm of the cancer cells, inducing
cell death of the cancer cells [23,24].

Herein, we report, for the first time, the evaluation of Sal complexes with the param-
agnetic ions Gd(III) (Sal-Gd(III)) and Mn(II) (Sal-Mn(II)) and their incorporation into BGs
as effective theranostic agents for the early diagnosis and monitoring of cancer therapy
with MRI.

2. Methods
2.1. Chemicals

The commercially available pharmaceutical-grade salinomycin sodium (C42H69O11Na;
SalNa) was provided by Biovet Ltd. (Peshtera, Bulgaria), purity of >95%. Salinomycinic acid
was prepared as previously reported [21]. Organic solvents (MeCN, MeOH, DMSO) and
metal salts of analytical grade (GdCl3 and MnCl2.4H2O) were purchased from Fisher Scien-
tific (Loughborough, UK). The tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) was bought from Sigma-Aldrich (Vienna, Austria).

2.2. Synthesis of Paramagnetic Complexes of Sal
2.2.1. Synthesis of Gd(III) Salinomycinate

The metal salt (GdCl3.6H2O, 0.1742 g, 0.47 mmol) was dissolved in 2 mL water. The
solution was added to salinomycin sodium solution (0.2561 g, 0.33 mmol, dissolved in
MeCN:MeOH = 1:5). The reaction mixture was stirred for 30 min at room temperature.
After the slow evaporation of the solvents for seven days, a white precipitate was formed.
The solid phase was washed with water, filtered off, and dried over P4O10. Yield: 221 mg,
82%. Anal. Calcd. for C126H213O36Gd (MW = 2458.25 g/mol): H, 8.65%; C, 61.43%; Gd,
6.39%. Found: H, 8.74%; C, 61.61%; Gd 6.28%. ESI-MS, m/z: 906.76 [(C42H68O11)Gd]+,
calcd: 906.40 (100%), 908.40 (88.0%), 904.40 (82.4%), 905.40 (63%); 1657.56 [C42H69O11)2Gd]+,
calcd: 1656.89 (100%); 1657.90 (90.9%); 1658.90 (88%); 1654.89 (82.4%); 1659.90 (80%); 1655.89
(74.9%); 1655.89 (63%).

2.2.2. Synthesis of Mn(II) Salinomycinate

Salinomycin sodium (0.3850 g, 0.5 mmol) was dissolved in mixed solvents (20 mL
MeOH + 2 mL MeCN). The solution of Mn(II) chloride (MnCl2.4H2O, 1 mmol, 198 mg
in 4 mL water) was added to the ligand solution. The reaction mixture was stirred at
room temperature for 30 min. The solution slowly evaporated, and the resulting light-
brownish precipitate was washed with water, filtered off, and dried over P4O10 for three
days. Yield: 329 mg, 83%. Anal. Calcd. for C84H142O24Mn (MW = 1590.94 g/mol): H,
8.93%; C, 63.36%; Mn, 3.45%. Found: H, 9.35%; C, 63.05%; Mn, 3.24%. ESI-MS, m/z: 804.76
[(C42H69O11)Mn]+, calcd.: 804.42 (100%); 805.43 (45.4%); 1578.55 [(C42H69O11)2MnNa]+,
calcd: 1576.90 (100%); 1577.90 (90.9%); 1578.90 (40.8%).

The Gd(III) and Mn(II) complexes of salinomycin are insoluble in water and soluble in
organic solvents, such as MeOH, MeCN, EtOH, CHCl3, DMSO, and hexane.

2.2.3. Loading of Gd(III)and Mn(II) Salinomycinates into Empty Bacterial Ghosts
Cells (BGs)

Non-pathogenic Escherichia coli Nissle 1917 (EcN1917) and Escherichia coli NM522 BGs
(NM522) were successfully loaded by simple resuspension of BGs (10 mg BGs were first
suspended in PBS, pH 7.4, 0.05 M) with each Sal-complex solutions (Sal-Gd(III), Sal-Mn(II),
SalNa, and SalH) in methanol. Ten mg of each Sal-based compound were used for loading
EcN1917 and 5 mg for NM522. The BGs suspensions were stirred for two hours at RT.
Subsequently, the loaded BGs were collected by centrifugation at 11 300 g for 15 min, and
the pellets were washed three times with Milli-Q® water. One mL aliquots were stored at
−20 ◦C for further analyses.
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Quantification of Sal-Gd(III)/Sal-Mn(II) Extracted from BGs

In order to determine the amount of Sal-complex within the BGs, 4 mg loaded BGs
were resuspended in 0.5 mL of 96% ethanol (Carl Roth, Vienna, Austria), followed by 5 min
of ultrasonication. Subsequently, the ethanolic extract was diluted equally with Milli-Q®

H2O (1:1) and immediately centrifuged at 11,300× g for 15 min at 4 ◦C. FPLC analysis was
performed using an AKTÄ Purifier 10 System® (GE Healthcare, Chicago, IL, USA) equipped
with a Superdex 10/300 GL column (24 mL; Cytiva, Germany), and UV and conductivity
detectors. MeOH-acetate (65:35) was used as an eluent. The quantification was carried out
using the peak area method applying free Sal-Mn(II) complex as an external standard.

2.3. Physical Measurements
2.3.1. Infrared Spectral Analysis (IR)

The infrared spectra of both compounds were recorded on a Specord-75IR (Carl-Zeiss,
Oberkochen, Germany) in a nujol mull.

2.3.2. Electroparamagnetic Resonance Analysis (EPR)

The EPR analysis was performed on a Bruker EMX PremiumX instrument (Karlsruhe,
Germany). All measurements were carried out in the X-band at a frequency of microwave
electromagnetic radiation 9.45 GHz. Quantitative analysis was performed using Bruker
software (Version 1.1b 119) equipped with a spin count option. For temperature variation,
a variable temperature unit, ER4141VTM, was used.

2.3.3. Electrospray Ionization Mass Spectrometry (ESI-MS)

ESI-MS spectra were recorded on Waters Micromass ZQ2000 Single Quadrupole Mass
spectrometer (Waters, Milford, MA, USA) in MeOH/H2O (10% H2O), positive mode, in
the range of 0–2000 m/z.

2.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) was
executed using a Netzsch® STA-449 F3 Jupiter instrument from 40 to 800 ◦C under airflow
of 20 mL·min−1 as carrier gas with a heating rate of 10 ◦C min−1. Simultaneous thermal
analyses allow the measurement of mass changes and thermal effects in the range of
150 ◦C to 2400 ◦C. The percentage of mass loss was estimated in the temperature range of
40–800 ◦C.

2.5. In Vitro Relaxivity Measurements

As a reference substance, pure MeOH was used as a negative control, and gadopente-
tate dimeglumine (Magnevist®) and gadoteridol (ProHance®) as positive controls. Serial
dilutions of BGs loaded with the salinomycin complexes were carried out in ultra-pure
Milli-Q® water ranging from 0.02 to 0.1 mM for Mn(II) salinomycinate or Gd(III) salino-
mycinate, respectively. For the free salinomycinate complexes, six dilutions ranging from
0.01 mM to 3.3 mM (for the Gd(III) salinomycinate) and from 0.02 mM to 1.4 mM (for the
Mn(II) salinomycinate) in MeOH with a volume of 0.5 mL were prepared. All probes were
measured in Eppendorf safe-lock polypropylene tubes with a diameter of 0.4 cm. The tubes
were placed in the center of a plastic box and measured at ambient temperature.

Relaxivity measurements were conducted on a high-field MRI scanner (9.4 Tesla,
Bruker Biospec). T1, T2, and T2* measurements of different contrast media concentrations
were performed using the T1 mapping inversion recovery RARE sequence, the T2 mapping
multislice multiecho spin echo sequence, and the T2* mapping multi gradient echo sequence
for calculation of relaxivities (R1, R2, R2*).

To determine the T1 spin-lattice relaxation times, spin echo inversion recovery (IR)
sequences with inversion times from 0 to 3500 ms (TI = 0, 60, 80, 100, 150, 200, 250, 300, 400,
500, 750, 1000, 1250, 1500, 1750, 2000, 2500, 3500 ms) were used. An adiabatic pulse was
applied for B1-insensitive inversion. The other parameters were TR/TE = 5000/8.1 ms; flip
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angle 180◦; 8 turbo factor 11; FOV 180 × 180 mm; resolution matrix 192 × 192; bandwidth
260 Hz/pixel; and slice thickness 3 mm. For all measurements, the relaxation rates (R1)
and the relaxivities (r1) were calculated for each substance. The relaxivities (r1, r2) were
calculated as the slope of the linear regression of R1 and R2 as a function of the contrast
agent concentration.

2.6. Cytotoxicity Tests
2.6.1. Cell Culture

Four adherently growing human cancer cell lines were used for this study: CH1/PA-1
(ovarian teratocarcinoma) cells were a gift from Lloyd R. Kelland (CRC Center for Cancer
Therapeutics, Institute of Cancer Research, Sutton, UK), whereas A549 (non-small-cell
lung cancer) and SW480 (colon carcinoma) cells were kindly provided by the Institute
of Cancer Research, Department of Medicine I, Medical University of Vienna, Austria,
and MCF-7 (mammary carcinoma) cells by the Department of Pharmaceutical Sciences,
University of Vienna. The first three cell lines were grown in Eagle’s minimal essential
medium (MEM) supplemented with L-glutamine (4 mM), sodium pyruvate (1 mM), 1%
(v/v) non-essential amino acid solution, and 10% (v/v) heat-inactivated fetal calf serum
(from BioWest) in 75 cm2 flasks at 37 ◦C under a humidified atmosphere containing 5%
CO2 in the air. MCF-7 cells were cultured in High Glucose Dulbecco’s Minimal Essential
Medium (DMEM) supplemented with 10% (v/v) fetal calf serum (FCS; from BioWest), L-
glutamine (4 mM) and 0.01 mg/mL of human insulin. All cell culture media, supplements,
and assay reagents were purchased from Sigma-Aldrich, and all plastic ware from Starlab
unless stated otherwise.

2.6.2. MTT Assay

The antiproliferative activity of the compounds was determined by the colorimetric
MTT assay (MTT = 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide).
The 1 × 103 CH1/PA-1, 2 × 103 SW480 and 3 × 103 A549 cells were seeded in 100 µL per
well into 96-well microculture plates. After 24 h, the tested compounds were dissolved
in DMSO (Fisher Scientific), serially diluted in supplemented MEM not to exceed a final
DMSO content of 0.5% (v/v) and added in 100 µL per well. After 96 h, the drug-containing
medium was replaced with 100 µL of an RPMI 1640/MTT mixture [six parts of RPMI
1640 medium, supplemented with 10% heat-inactivated fetal bovine serum (FBS), and
4 mM L-glutamine, with one part of MTT solution in phosphate-buffered saline (5 mg/mL)]
per well. After incubation for four hours, the MTT-containing medium was replaced
with 150 µL DMSO per well to dissolve the formazan product formed by viable cells.
Optical density at 550 nm (and at a reference wavelength of 690 nm) was measured with a
microplate reader (ELx808, Bio-Tek). The 50% inhibitory concentrations (IC50) relative to
untreated controls were interpolated from the concentration-effect curves. At least three
independent experiments were performed, each in triplicate per concentration level.

2.6.3. Cell Cycle Studies—Impact of Free Sal-H, Sal-Gd(III), and Sal-Mn(II) on the
Cell Cycle

Colon carcinoma cells (SW480) and breast adenocarcinoma cells (MCF-7) were seeded
in 12-well plates (CytoOne, tissue culture treated) in density of 8 × 104 cells per well in
1 mL of the corresponding medium. After a recovery time of 24 h, cells were treated with
different concentrations of Sal-H, Sal-Mn(II), and Sal-Gd(III). For this purpose, the test
substances were dissolved in DMSO and diluted in a medium such that the maximum
concentration of DMSO in the cells did not exceed 0.5%. For assay validation, the well-
known cell cycle inhibitors etoposide and gemcitabine were applied as positive controls.
Plates were incubated with test compounds for 24 h at 37 ◦C, 5% CO2. Following the
exposure, the medium was completely removed, and adherent cells were gently washed
twice with ice-cold PBS. Propidium iodide (PI, 1.0 mg/mL) and HFS-buffer (0.1% (v/v)
Triton X-100, 0.1% (w/v) sodium citrate in Milli-Q® water) were mixed for staining to yield
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a final PI concentration of 40 µg/mL. The ice-cold staining solution was added to the cells
(500 µL/well). The staining was carried out overnight at 4 ◦C in the dark. To prepare the
samples for measurement, the staining solution was vigorously pipetted against the surface
to achieve sufficient resuspension of the cells. For each sample, 200 µL of the stained cell
suspensions were added to a 96-well round-bottom FACS plate (Falcon®). The fluorescence
of all samples stained with a DNA-intercalating agent was measured no longer than 24 h
after staining using a flow cytometer (Guava easyCyte 8HT, Millipore®). GuavaSoft™
software was used in the InCyte-modus, and 10,000 events/probes were counted.

The flow cytometry data sets were evaluated in FlowJo software (v 10.8.1). The single-
cell populations were gated based on forward and side scatters characteristics. The Watson
Pragmatic model was applied as a standard method to analyze the resulting histograms: the
recorded red fluorescence intensities of cells in the S phase were located between normally
distributed G1/G0 and G2/M peaks. The number of cells in each phase was calculated
from the model by means of integration. Means and standard deviations were calculated
from at least three independently performed experiments. The figures were adjusted in
GIMP freeware (v 2.10.24).

3. Results
3.1. Synthesis and Characterization

The elemental analysis demonstrated that salinomycin sodium reacts with Gd(III) and
Mn(II) to form homometallic mononuclear complexes of composition [Gd(C42H69O11)3(H2O)3]
and [Mn(C42H69O11)2(H2O)2] respectively. The ESI-MS spectra of both complexes corre-
sponded to the elemental analysis and contained several signals due to the dissociation of
water molecules, ligand anions, and/or complexation with Na+ (ESI-MS Spectra, Supplemen-
tary Materials Sections S1 and S2).

In the IR spectrum of the Gd(III) salinomycinate, two characteristic bands at 1540 cm−1

and 1400 cm−1 corroborated the monodentate coordination mode of the carboxylate anion
to Gd(III). The shift of the band for the carbonyl group from 1700 cm−1 to 1690 cm−1

compared to the IR spectrum of salinomycinic acid proved the participation of the carbonyl
group of the antibiotic in weak hydrogen bonds. The strong, broadband at 3400 cm−1

confirmed the presence of hydrogen-bonded hydroxyl groups (IR Spectra, Supplementary
Materials Section S3).

The IR spectrum of Mn(II) salinomycinate consisted of four characteristic bands at
1400 cm−1, 1550 cm−1, 1690 cm−1, and 3400 cm−1. The first two bands were assigned to
symmetric and asymmetric stretching vibrations of the deprotonated carboxyl group. The
difference between both bands (∆ν ≤ 150 cm−1) [21] confirmed the monodentate coordina-
tion of the deprotonated carboxyl group to the paramagnetic metal center. Similar to the
IR spectrum of Gd(III) salinomycinate, the shift of the band for the carbonyl group from
1700 cm−1 to 1690 cm−1, compared to the IR spectrum of salinomycinic acid, confirmed
the participation of the carbonyl group of the antibiotic in weak hydrogen bonds. The
broad band at 3400 cm−1 was assigned to the stretching vibrations of hydrogen-bonded
hydroxyl groups.

The EPR spectra of the Gd(III) salinomycinate, recorded at 100 K and 295 K, are
shown in Figure 1. A series of signals, distributed from 0 to 500 mT, were registered.
The spectra of Figure 1 demonstrated that, in the whole temperature range, the spectrum
remained unchanged independent of the number and the positions of the signals, and
the temperature lowering led to an increase in signal intensities. Upon closer observation,
some prominent features of the spectra were revealed—the signals with geff ≈ 6.0, 2.8, and
2.0. This set of signals is known as the U (ubiquitous) spectrum of Gd3+ ions. It should be
mentioned that a characteristic feature of the U-spectrum is the almost equal intensity of the
signals with geff ≈ 6.0, 2.8 [25]. The regarded complex spectrum with the above-described
arrangement of the EPR signals is due to isolated Gd3+ ions in a low symmetry field with
the zero-field splitting parameter D > 0.3 cm−1. Under such a geometry, for the Gd3+ ions
(8S7/2, 4f7 electronic configuration) a multitude of electron transitions is possible between
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eight energy levels (ms = ±1/2, ms = ±3/2, ms = ±5/2 and ms = ±7/2). It is noteworthy
that the considered U-spectrum is assigned to Gd3+ ions with a coordination number higher
than six in non-crystalline materials [26].
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Figure 1. EPR spectra of Sal-Gd(III) complex (solid-state) at 295 and 100 K. The U-spectra signals
(g ≈ 6.0, g ≈ 2.8, and g ≈ 2.0) are designated.

The Mn(II) salinomycinate complex was studied by EPR analysis at 100 and 295 K
(Figure 2). At both measurement temperatures, identical spectrum features were observed.
In the central magnetic field region, a relatively broad signal with the following EPR
parameters was registered: geff ≈ 1.99, ∆Hpp ≈ 54.0 mT. Six clearly distinct narrow lines
are superimposed on it (Figure 2, inset) at a distance of approximately 9.5 mT. At a lower
magnetic field, an additional signal could be noticed with a g-factor around 5.0. The
signal with g ≈ 1.99, as well as the six narrower lines located on it, were assigned to
Mn2+ ions, which are characterized by ground state 6S5/2 and electron and nuclear spin
number—S = 5/2, I = 5/2. The registered sextet of lines was attributed to the hyperfine
structure of Mn2+ ions. Principally, the hyperfine structure possessed a unique value of a
hyperfine splitting constant, Ahfs, depending on the closest surrounding Mn2+ ions. The
experimentally determined constant (Ahfs) for Mn(II) salinomycinate in this study was
9.5 mT. For comparison, the hyperfine splitting constant of the aqua complex [Mn(H2O)6]2+

was known to be 9.4 mT and, thus, approximated the corresponding constant found for the
Mn(II) salinomycinate complex [27]. This similarity implies the coordination of Mn2+ to
water molecules and OH groups in the studied complex.

The registration of the EPR signal with g≈ 5 suggests the presence of a large zero-field
splitting constant, D > 0.3 cm−1. Therefore, the EPR spectrum of the Mn(II) salinomycinate
complex showed the presence of isolated Mn2+ ions in a low-symmetry ligand field.

3.2. Thermogravimetric Analysis (TGA)

TGA and DSC analysis of the two Sal metal complexes were studied. The heating rates
were suitably controlled at 10 ◦C min−1 under airflow of 20 mL·min−1, and the weight loss
was measured from ambient temperature to 800 ◦C, depicted in Figure 3.
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The two Sal metal complexes were thermally stable up to 55 ◦C (TGA; Figure 3A,B). A
mass loss in percentage was observed with a broad and flat endothermic peak at 100 ◦C in
the DSC curve for Sal-Mn(II) (Figure 3A) and a more defined endothermic peak at 70 ◦C
for Sal-Gd(III) (Figure 3B). This may be due to the removal of coordinated and absorbed
water as depicted in the light green color (3% for the Sal-Mn(II) complex, Figure 3A and 5%
for the Sal-Gd(III) one, Figure 3B). The second drop in the masses starting from 150 ◦C to
475 ◦C (Figure 3A) and from 150 ◦C to 440 ◦C (Figure 3B), highlighted in dark green, can be
assigned to the two-step decomposition of the bis- or trisalinomycinates (corresponding
to 73% and 72% mass loss respectively (Figure 3A,B). This thermal process is associated
with two small exothermic peaks for each Sal complex at 190 ◦C and 370 ◦C and at 260 ◦C
and 380 ◦C in the DSC curve (Figure 3A,B; red-orange line on the right). The final and last
step, with a mass loss of 15% between 480–540 ◦C for the Sal-Mn(II) and 450–540 ◦C for
the Sal-Gd(III) compound, correlated with a strong exothermic signal at 500 ◦C in the DSC
curve. This was most probably due to the oxidation and combustion of the rest of organic
matter and the formation of MnO or Gd2O3 as final residues. All these findings are in good
correlation with published characterizations of metal complexes using TGA-DSC analyses
under air atmosphere [28,29].

3.3. In Vitro MRI

The magnetic susceptibility of the free Sal-complexes and the loaded ones into BGs was
determined in a dilution series in MeOH or in Milli-Q® water, respectively, and compared
to two clinically used contrast agents, the linear gadopentetate dimeglumine (Magnevist®)
and cyclic gadoteridol (ProHance®). A steep signal increase with increasing concentrations
has been observed for the prepared contrast agents (Figure 4).
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Figure 4. Plots of relaxation rates (R1/R2, [1/s]) to concentration (mM) curves for Sal-Gd(III), Sal-
Mn(II), and EcN1917-BGs loaded with both Sal complexes compared to clinically applied gadopente-
tate dimeglumine (Magnevist®, linear, grey line) and gadoteridol (ProHance®, cyclic, yellow line). For
better comparison, one point from the Sal-Gd(III) graph corresponding to 0.33 mM concentration has
been omitted. A strong signal increase in MRI using either the non-loaded Sal-Gd(III) and Sal-Mn(II)
or the loaded complexes was shown, comparable with or superior to the effect caused by the clinically
most applied CAs, gadopentetate dimeglumine and gadoteridol. The Sal-Gd(III) compound caused a
predominant T1 effect only; thus, just the R1 dependence with increasing concentration is shown.
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4. Cell Culture Studies
4.1. Cytotoxicity Studies

The cytotoxic activity of the salinomycinate complexes alone and when loaded into
EcN1917 and NM522 was tested against three human cell lines and showed pronounced
anticancer potency (Figures 5 and 6 and Table 1). Our results for the cytotoxicity of the
paramagnetic complexes of Sal with Mn(II) and Gd(III), and loaded into BGs were compared
with those for the cytotoxic activity of four Pt-containing conventional chemotherapeutic
drugs and are summarized in Table 3 [30,31]. Data for the cytotoxicity of salinomycin
(SalH) and salinomycin-sodium (SalNa) are also given. The results revealed that both
paramagnetic complexes of salinomycin are more cytotoxic against the tested tumor cell
lines compared to salinomycin and its sodium complex. The effect was more pronounced
on SW480 and CH1/PA-1 cell lines. Both paramagnetic complexes of salinomycin showed
dose-dependent cytotoxicity against the tested tumor cell lines (Figures 5 and 6).
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Figure 5. Concentration-effect curves of the Sal-Gd(III) complex in A549 (yellow), CH1/PA-1 (green),
and SW480 (blue) cells, determined by the MTT assay after 96 h treatment. Values are normal-
ized relative to untreated controls and represent means and standard deviations of at least three
independent experiments.

Table 1. Cytotoxicity evaluation of SalH, SalNa, free Gd(III) and Mn(II) salinomycinates, and with
loaded BGs: mean IC50 values (in µM) ± standard deviations from at least three independent MTT
assays in each of three human cancer cell lines.

Sample
Cell Line

A549 SW480 CH1/PA-1

1. Sal-H 0.23 ± 0.06 1.1 ± 0.6 0.32 ± 0.12

2. Sal-Na 0.27 ± 0.02 0.88 ± 0.44 0.43 ± 0.11

3. [Mn(Sal)2(H2O)2] = Sal-Mn(II) 0.19 ± 0.11 * 0.52 ± 0.22 0.17 ± 0.05

4. [Gd(Sal)3(H2O)3] = Sal-Gd(III) 0.15 ± 0.12 * 0.36 ± 0.12 0.093 ± 0.025

5. EcN1917 + 10 mg/mL Sal-Mn(II) 0.22 ± 0.09 0.55 ± 0.06 0.12 ± 0.03

6. EcN1917 + 10 mg/mL Sal-Gd(III) 0.093 ± 0.043 0.28 ± 0.14 0.086 ± 0.021

7. NM522 + 5 mg/mL Sal-Mn(II) 0.28 ± 0.17 * 0.54 ± 0.27 0.12 ± 0.02

8. NM522 + 5 mg/mL Sal-Gd(III) 0.092 ± 0.041 0.31 ± 0.15 0.088 ± 0.008

* The bigger standard deviation is due to a flatter curve.
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Figure 6. Concentration-effect curves of the Sal-Mn(II) complex in A549 (yellow), CH1/PA-1 (green),
and SW480 (blue) cells, determined by the MTT assay after 96 h treatment. Values are normal-
ized relative to untreated controls and represent means and standard deviations of at least three
independent experiments.

After incorporation into empty bacterial envelopes, both Sal complexes retained
their antitumor activity. Notably, both NM522 formulations loaded with half the amount
of the Sal complex as that for the EcN1917 exhibited similar cytotoxic efficacy at lower
concentrations (Figures 7 and 8). The non-loaded EcN1917 and NM522 show no activity.
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Figure 7. Concentration-effect curves of Sal-H, Sal-Na, Sal-Mn(II), NM522 + Sal-Mn(II), and
EcN1917 + Sal-Mn(II) in A549 (top), CH1/PA-1 (middle), and SW480 (bottom) cells, determined
by the MTT assay after 96 h treatment. Values are normalized relative to untreated controls and
represent means and standard deviations of at least three independent experiments.
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Figure 8. Concentration-effect curves of SalH, SalNa, Sal-Gd(III), NM522 + Sal-Gd(III) and
EcN1917 + Sal-Gd(III) in A549 (top), CH1/PA-1 (middle) and SW480 (bottom) cells, determined
by the MTT assay after 96 h treatment. Values are normalized relative to untreated controls and
represent means and standard deviations of at least three independent experiments.

Surprisingly, some of the loaded BGs exerted higher cytotoxic efficacy than the free
Sal-Mn(II) and Sal-Gd(III). In particular, EcN 1917 loaded with Sal-Gd(III) possessed an IC50
of only 0.09 µM against A549 and 0.12 µM for Ec NM522 loaded with half the starting Sal
complex as that for EcN 1917. The cytotoxic effect of both loaded BGs on SW480 was also
more pronounced, with an IC50 of 0.27 µM and 0.40 µM relative to the 0.36 µM of the Sal-
Gd(III) alone. Tumor cell eradication of CH1/PA-1 cells was similar after the application
of both free and loaded Sal-Gd(III). Control Sal-Na exerted less cytotoxic activity after
entrapment into BGs. For both A549 and SW480, cancer cell line cytotoxicity decreased
after loading of Sal-Mn(II), with IC50 values of 0.33 and 0.75 µM, while the effect remained
unchanged for CH1/PA-1. Altogether, the prepared free and loaded compounds possessed
a superior cytotoxic efficacy on all three cancer cell lines tested (Table 1).

4.2. Cell Cycle Studies

In general, the SW480 cell line was more sensitive to tested compounds than the MCF-7
cell line. The concentrations of 4–8 µM were sufficient for altering the cell cycle distribution
in colon cancer cells upon 24 h treatment (Figure S1). Salinomycinic acid (Figure S1A) and
its metal complexes (Figure S1C,E) diminished the SW480 cell fraction in the G0/G1-phase
(by 8–17%) and correspondingly increased the cell fraction in the S-phase (by 9–10%),
followed by a G2/M-phase increase at the highest concentrations (by 7–8%). Effects on
the cell cycle distribution of MCF-7 breast cancer cells were more pronounced at higher
(16–32 µM) concentrations (Figure S1B,D,F). The tested compounds mainly decreased the
number of cells in the G0/G1-phase (by 15–18%) and increased the number of cells in the
G2/M-phase (5–13%), with a minor effect on the S-phase fraction (±6%).

The concentration-dependent effect of the individual compounds on SW480 and MCF-
7 cells is exemplified in Figures S2 and S3, respectively. Sal-H was the least active compound
in both cell lines, with moderate activity at the highest concentrations applied. Sal-Mn(II)
and Sal-Gd(III) demonstrated a more pronounced effect on the cell cycle in both colon and
breast cancer cells. The direct correlation between the number of salinomycin ligands in the
complex and the potency to induce cell cycle perturbations could be observed. Sal-Gd(III)
demonstrated the highest activity in both cell lines (Figures S2 and S3C).
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5. Discussion

Pilot clinical trials have demonstrated that salinomycin inhibited the disease progres-
sion in patients diagnosed with invasive carcinoma. Data revealed antibiotic-induced
apoptosis in the metastatic cancer cells, and no severe, long-lasting side effects were
observed [32]. These promising results demonstrated the remarkable potency of salino-
mycin for cancer treatment. Coordination of the antibiotic to divalent metal ions can further
enhance its cytotoxicity and diminish its toxicity [21,32,33]. Chelated metal ions can also
provide a convenient handle for bioconjugation with other molecules via axial coordina-
tion. Herein, we explored the structures of two paramagnetic complexes of salinomycin
and demonstrated, for the first time, their potency as theranostic probes. Moreover, the
loading of the novel potent theranostics into BGs may provide a targeted drug delivery
that can circumvent the water insolubility of the free Sal-complexes and pave the way to
clinical translation.

The IR spectra of salinomycin with Mn(II) and Gd(III) reported in this study were simi-
lar to the IR spectra of [Co(C42H69O11)2(H2O)2], [Ni(C42H69O11)2(H2O)2], [Cu(C42H69O11)2
(H2O)2], [Zn(C42H69O11)2(H2O)2], and [Cd(C42H69O11)2(H2O)2] discussed previously [33,34].
The literature spectroscopic data for M(II) salinomycinates have suggested that the organic
ligand was coordinated to the metal center via a terminal deprotonated carboxyl group and
a terminal secondary hydroxyl group [21,34]. A distorted octahedral molecular geometry
of the complexes of salinomycin with M(II) has been proposed [21,34].

Herein, we applied a solid-state EPR spectroscopy to obtain more detailed information
about the structures of salinomycin complexes with Gd(III) and Mn(II). The complex EPR
spectrum of Gd(III) salinomycinate is due to Gd3+ ions placed in a crystal field with low
symmetry and characterized by a high splitting constant at zero magnetic field [35,36]. For
the Mn(II) salinomycinate, the described broad signal consists of six superimposed lines,
which are attributable to the ultrafine interaction characteristics of Mn(II) ions (nuclear spin
I = 5/2). The calculated superfine interaction constant Ahfs is ca. 9.5 mT. For comparison,
the superfine interaction constant for [Mn(H2O)6]2+ is 9.4 mT [27]. The additional signal at
g ≈ 5.0 suggests that the cleavage constant of Cramer doublets in a zero magnetic field is
significant (above 0.3 cm−1). A quantitative EPR analysis was additionally applied for the
estimation of the metal ion to ligand ratio. The ratio Gd3+ to salinomycin was established to
be 1:5. The discrepancy to the formula obtained via elemental analysis could be explained
by some loss of EPR signal as a result of the large zero-field splittings constant value. The
experimentally evaluated ratio Mn2+ to salinomycin was found to be 1:2.5 showing a good
agreement with the results from elemental analysis. The presence of aqua ligands in the
coordination sphere of the Sal-Mn(II) complex was also supposed by the EPR analysis.

When taken together, the data from the elemental analysis and spectroscopic studies
(IR, ESI-MS, EPR) allowed us to conclude that the complexes of salinomycin with Gd(III)
and Mn(II) possess a tricapped, trigonal, prismatic geometry (Figure 9) and an octahedral
molecular geometry (Figure 10) respectively. The salinomycinate monoanions are coor-
dinated to the metal center via a deprotonated carboxyl group and a terminal secondary
hydroxyl group. The water molecules coordinated to the metal center stabilize the pseudo-
cyclization of the complex by hydrogen bonds with the organic ligand. In addition, TGA
and DCS studies confirmed coordinated water molecules for both Gd(III) and Mn(II).

Relaxivity (r1 or r2) in MRI is defined as the paramagnetic enhancement of the water
protons relaxation rates (R1 and R2) caused by 1 mM contrast agent concentration. It thus
directly relates to the MRI efficiency of the contrast agent. The majority of CAs are based
on paramagnetic ions (predominately Gd(III)) chelated in stable complexes, which reduce
the longitudinal relaxation time (T1) of water protons in the body. Consequently, positive
(bright) T1-weighted MR images can be seen (T1-enhancers).
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As new MRI contrast agents, both the free and the loaded into BGs Gd(III) salino-
mycinate and Mn(II) salinomycinate were evaluated for their ability to modify the R1 of
water protons on a high-field scanner (9.4 Tesla; BioSpec 94/30USR, Bruker, Germany).
The measured relaxivity values (r1) of Gd(III) salinomycinate and Mn(II) salinomycinate,
5.4 and 2.5 1/mM*s, respectively, are higher than or as high as the most clinically applied
probes (Figure 4). Even though the r1 of Mn(II) salinomycinate is not as high as that of the
salinomycin complex with Gd(III), Sal-Mn(II) causes an excellent contrast in MRI and may
serve as a good alternative to the Gd-based contrast agents (GBCA). Moreover, Mn-based
agents have shown a better diagnostic performance than Gd-based agents in certain disease
areas, such as pancreatic lesions [37]. Compared to other Mn-based small molecular MRI
contrast agents, Mn(II) salinomycinate (r1 = 2.5 1/mM*s) shows a relaxivity as high as that
recently reported by Wang et al. for Mn-PyC3A-3-OBn (r1 = 2.6 1/mM·s, in Tris buffer at
1.4 T), a novel Mn(II)-based complex designed for liver-specific imaging [38]. The only
Mn(II)-based complex that was clinically available for some time was the liver-specific
Mangafodipir® or Teslascan® ([Mn(dpdp)]4−), in which the relaxation enhancement arises
from the Mn(II) ion released from the complex in vivo [39]. The Mn(II) complex of salino-
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mycin, described in this study, exerts a higher relaxivity than Teslascan® generates in vivo
(r1 = 2.3 1/mM·s, at 1 T, MRI-relaxivity MR-TIP: Database) and a comparable strong signal
increase compared to the aqueous solutions of Teslascan® (r1 = 2.8 1/mM·s) [39].

All Sal-complexes loaded into BGs showed a superior signal enhancement in MRI,
with r1 = 2.578 1/mM·s and a pronounced r2 = 36.74 1/mM·s for the bacterial cells, carrying
Sal-Mn and an increased r1 = 6.674 1/mM·s for those with entrapped Sal-Gd(III). This is
comparable with the r1 of clinically used Magnevist® and ProHance® and about ten times
higher when compared to the r2 = 3.70 [1/mM·s] reported for Mangafodipir®. The contrast
efficiency of the loaded BGs with Sal-Gd(III) (r1 = 6.674 1/mM·s) improved approximately
1.8 times compared to the clinically applied Magnevist® (r1 = 3.76 [1/mM·s]).

The summarized proton relaxivities of our Gd(III) and Mn(II) complexes of salino-
mycin with regard to various published low-molecular-weight paramagnetic complexes
ere shown in Table 2.

Table 2. Comparison of proton relaxivity r1 in [1/mM·s] for Sal-Gd(III), Sal-Mn(II), and E. coli
Nissle 1917 loaded with the two Sal complexes with various low-molecular-weight Gd(III) and
Mn(II) complexes.

Complex Relaxivity Values r1/r2, [1/mM·s]
(RT/20 ◦C/37 ◦C) Magnetic Field Strength, [T]

Gd-DTPA2− (Magnevist®) 3.76/n.d. 9.4

Gd-HPDO3A (ProHance®) 3.37/n.d. 9.4

JTIP1/[Mn(Sal)2(H2O)2] 2.50/n.d. 9.4

JTIP3/[Gd(Sal)3(H2O)3] 5.40/n.d. 9.4

E. coli Nissle 1917 loaded with
JTIP1/[Mn(Sal)2(H2O)2] 2.58/36.74 9.4

E. coli Nissle 1917 loaded with
JTIP3/[Gd(Sal)3(H2O)3] 6.67/n.a. 9.4

[Mn(DPDP)]4− (Teslascan®) [39] 2.80/3.70 4.7

Mn-PyC3A [40] 3.4/n.d. 3

Mn-EDTA-BTA [41] 3.50 0.47

Mn(HBET-NO2)]2− [42] 2.33 1.4

Mn-CDTA2− [43] 2.99 0.47

Mn-EDTA2− [43] 2.12 0.47

Mn-DTPA3− [43] 1.57 0.47

With regard to the T1 values and the calculated relaxivities (r1), it is known that, at
higher field strength, the relaxivity values tend to decrease slightly [44]. Nevertheless,
the table above truly illustrates the great potential of the newly prepared salinomycinates
as contrast agents for MRI. In addition, r1 is always influenced by several physical and
chemical parameters, such as the strength and homogeneity of the applied magnetic field,
the hydration state of the contrast agent, its molecular size, internal and anisotropic rotation,
water exchange rates, and molecular tumbling [45].

Notably, the chemical composition of Gd(III) salinomycinate and Mn(II) salinomyci-
nate comprises three and two inner-sphere water molecules, respectively, which presumably
contributes to higher relaxivity values and, in turn, to an increased contrast in MRI. It
is known that the interaction dynamics between water and Gd(III) or Mn(II) complexes
highly affect the relaxivity, while the mechanism remains unclear. Based on Solomon-
Bloembergen-Morgan (SBM) theory, the direct water coordination to the paramagnetic
metal centers is the major contributor to T1 inner-sphere relaxivity [40].

As expected, the signal enhancement in MRI caused by the Sal-complexes loaded
within the bacterial cells was superior compared to the non-loaded free Sal-Gd(III) and
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Sal-Mn(II), even at lower Gd(III) or Mn(II) concentrations (0.06–0.1 mM Gd(III) and 0.05–0.1
mM Mn(II) applied). This fact could be explained by a slowed molecular tumbling of
the macromolecular constructs and a more effective water exchange rate provided by the
aqueous media in which the BGs were resuspended.

Remarkably, the complexes of salinomycin with Gd(III) and Mn(II) and the loaded BGs
exerted superior cytotoxicity on A549 compared to all conventional Pt-containing clinical
chemotherapeutics (Table 3) [30,31]. All compounds demonstrated much higher antitumor
activity against SW480 than did satraplatin, cisplatin, and carboplatin, and comparable
cytotoxicity to oxaliplatin [30,31]. The cytotoxicity of salinomycin with Mn(II) against
CH1/PA-1 was similar to that of oxaliplatin and satraplatin, more pronounced in contrast
to carboplatin, and lower compared to cisplatin. The cytotoxicity of the Gd(III) complex
of salinomycin against CH1/PA-1 was either much more elevated set against clinical
chemotherapeutics (carboplatin, oxaliplatin) or comparable (satraplatin, cisplatin) [30,31].

Table 3. Cytotoxic activity of paramagnetic complexes of salinomycin with Gd(III) and Mn(II), loaded
BGs and Pt-containing clinical chemotherapeutics: mean IC50 values (in µM) ± standard deviations
from at least three independent MTT assays in each of three human cancer cell lines.

Sample
Cell Line

A549 SW480 CH1/PA-1

1. Sal-H 0.23 ± 0.06 1.06 ± 0.58 0.32 ± 0.12

2. Sal-Na 0.27 ± 0.02 0.88 ± 0.44 0.43 ± 0.11

3. [Mn(Sal)2(H2O)2] = Sal-Mn(II) 0.19 ± 0.11 0.52 ± 0.22 0.17 ± 0.05

4. [Gd(Sal)3(H2O)3] = Sal-Gd(III) 0.15 ± 0.12 0.36 ± 0.12 0.09 ± 0.03

5. EcN1917 + 10 mg/mL Sal-Mn(II) 0.33 ± 0.14 0.82 ± 0.10 0.19 ± 0.04

6. EcN1917 + 10 mg/mL Sal-Gd(III) 0.09 ± 0.04 0.27 ± 0.13 0.082 ± 0.020

7. NM522 + 5 mg/mL Sal-Mn(II) 0.75 ± 0.46 1.44 ± 0.74 0.32 ± 0.054

8. NM522 + 5 mg/mL Sal-Gd(III) 0.12 ± 0.05 0.40 ± 0.19 0.112 ± 0.010

Satraplatin [30] Pt(NH3)(cha)Cl2(OAc)2 6.4 ± 0.4 1.5 ± 0.1 0.10 ± 0.12

Cisplatin [30] Pt(NH3)2Cl2 6.2 ± 1.2 3.3 ± 0.2 0.077 ± 0.006

Carboplatin [46] Pt(NH3)2(CBDCA) 91 ± 102 37 ± 1 0.81 ± 0.17

Oxaliplatin [31] Pt(DACH)(ox) 0.98 ± 0.21 0.29 ± 0.05 0.18 ± 0.01

The antiproliferative activity of Mn(II) salinomycinate against the more chemo-resistant
A549 cell line was much more pronounced compared to that of Mn(II) with other
ligands [47–51]. The IC50 value for [Mn(Sal)2(H2O)2] was from eight to 984 times lower
compared to IC50 values for the other Mn(II) complexes. This enormous difference in the
cytotoxicity of Mn(II) complexes against the A549 cell line could not be attributed to the
differences in the experimental protocols. We found only one study where the cytotoxicity
data for Gd(III) complexes with other ligands against A549 were reported [52]. The cyto-
toxicity of the Sal-Gd(III) complex against the A549 cell line was superior compared to the
Gd(III) complex described in the literature (the IC50 value was 733 times lower compared
to the value for the published complex) [53].

The results demonstrate that salinomycinic acid and its metal-based complexes Sal-
Gd(III) and Sal-Mn(II) may induce cell cycle perturbations in both breast cancer MCF-7 and
colon cancer SW480 cells, shifting the cell number distribution from G1/G0- towards the S-
and G2/M-phases. In line with our data, Niwa et al. reported that a 24 h treatment of MCF-
7 cells with 20 µM salinomycin significantly increased cell numbers in the G2/M-phase at
the expense of cells in the G0/G1-phase [54].

The combination of MRI contrast agents and a highly effective anticancer drug into a
single construct, such as a Sal-based theranostic complex formulated within bacterial ghosts
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as a transport and targeting device, may offer a powerful “all in one” tool for diagnosis,
therapy, and monitoring of various cancers.

6. Conclusions

In this study, we synthesized and characterized, for the first time, the Gd(III) complex
of salinomycin. We provide new data about the structure and cytotoxicity of Mn(II)
salinomycinate. Further loading of both Sal-complexes into EcN1917 and NM522 BGs as
transport vehicles was successfully carried out. The higher payload of paramagnetic metal
ions and an anticancer drug within the BGs may provide better biocompatibility, as well
as low/no toxicity or undesired side effects, making these new formulations suitable for
clinical applications. To the best of our knowledge, this is the first study that demonstrates
the potential use of salinomycin complexes with Gd(III) and Mn(II) as theranostic agents
for MRI. This is the first report that a natural, polyether ionophorous antibiotic can act as
a chelator of paramagnetic metals and an anticancer drug, exerting a superior cytotoxic
effect and favorable MRI properties.
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Abstract: The advancement of biomedicine in a socioeconomically sustainable manner while achiev-
ing efficient patient-care is imperative to the health and well-being of society. Magnetic systems
consisting of iron based nanosized components have gained prominence among researchers in a
multitude of biomedical applications. This review focuses on recent trends in the areas of diagnostic
imaging and drug delivery that have benefited from iron-incorporated nanosystems, especially in
cancer treatment, diagnosis and wound care applications. Discussion on imaging will emphasise
on developments in MRI technology and hyperthermia based diagnosis, while advanced material
synthesis and targeted, triggered transport will be the focus for drug delivery. Insights onto the
challenges in transforming these technologies into day-to-day applications will also be explored with
perceptions onto potential for patient-centred healthcare.

Keywords: magnetic hyperthermia; MRI technology; patient-centred healthcare; iron oxide nanopar-
ticles; nanotechnology

1. Introduction
1.1. Introduction to Iron Based Magnetic Nano Systems

The manipulation of magnetic properties to develop advanced technologies in
biomedicine was first used clinically in the early 1980s with magnetic resonance imaging
(MRI) as a diagnostic tool [1]. This technology utilized superparamagnetic nanoparticles
(SPIONS) as contrasting agents to enhance the MR signals, of which various types of iron
oxides were the prime agents [2]. Since then the usage of magnetic iron-based components
for imaging and drug delivery has become prominent and steadily expanding areas in
biomedical research. Iron is ideal for such applications as it is a ferromagnetic metal (i.e.,
permanently magnetic) that can form oxides such as magnetite (Fe3O4) and maghemite
(γ-Fe2O3), which are considered superparamagnetic or display enhanced magnetic proper-
ties in the presence of external magnetic fields (Figure 1) [3]. It must be noted that not all
forms of iron are magnetic or suitable for biomedical applications. Hematite (α-Fe2O3) for
example, is very weakly magnetic and Wüstite (FeO) is magnetic but is unstable at ambient
conditions and is thus nonviable for biomedicinal purposes.
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Figure 1. Representation of crystallographic unit cells of four major iron oxides species: (a) Hema-
tite—α-Fe2O3, (b) maghemite—γ-Fe2O3, (c) magnetite—Fe3O4, and (d) wüstite—FeO. Image taken 
with permission from Zhu et al., 2016 [3]. 

Iron-based magnetic materials have currently become significant in many applica-
tions in nanotechnology, including biomedicine [4] and far beyond. The term nanotech-
nology is defined by the European commission as “…areas of science and engineering
where phenomena that take place at dimensions in the nanometre scale are utilised in the
design, characterisation, production and application of materials, structures, devices and 
systems” [5]. This term is rapidly gaining public attention and significant global economic 
investments due to explosive achievement of technological advances that affect almost
every area of life, ranging from electronics [6] such as smart phones and televisions to 
building materials [7] such as concrete. The materials used in nanotechnology applica-
tions, i.e., nanomaterials, can be broadly defined as those that have individual units with 
at least one Cartesian dimension within 1–100 nm [8]. This definition, however, is not uni-
versal and may vary according to the specific field and/or context in which it is used [9,10]. 
Iron oxide species have been utilized in various formats including nanoparticles, nano-
fibres [11], sol-gels [12] or as nanoparticle-incorporated composite materials such as hy-
drogels [13–15], core–shell structures [16], liposomes [17,18], etc., which will be discussed 
throughout this review with respect to materials development and modes and scope of 
applications.  

1.2. Advantages of Iron Based Magnetic Systems 
Iron oxide nanomaterials have key advantages that make them particularly attractive 

for biomedical applications. They have shown to have biocompatibility as proven via 
many toxicological studies [19] and in vivo applications such as MRI contrast agents for 
imaging [20], and therapeutic applications such as magnetic hyperthermia and targeted 
drug delivery, mostly but not limited to cancer treatment [21]. They have been success-
fully used in multiple clinical trials with hyperthermia based cancer treatment [22,23], that
utilizes alternating magnetic fields on a magnetically responsive fluid. This allows for tis-
sue-specific localization of heat in tissues that located deep within the body with high
intensity and in a noninvasive manner to treat cancers such as prostate carcinoma and 
glioblastoma, among others [22], thus illustrating the potential to transform such thera-
peutics in to safer, more efficient procedures.

Sustainable approaches to synthesis of magnetic iron oxide nanoparticles have seen 
parallel and rapid growth in recent years, along with biocompatibility studies [24–27]. 
One strategy of avoiding or minimizing toxicity in vivo is coating and stabilizing the na-
noparticle surface with biocompatible materials such as lauric acid and proteins such as 
serum albumin [28]. Investigations have also been carried out to customize nanoparticle 
size, shape, surface morphologies, crystallinity, uniformity, etc. in order to optimize bio-
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Iron-based magnetic materials have currently become significant in many applications
in nanotechnology, including biomedicine [4] and far beyond. The term nanotechnology
is defined by the European commission as “ . . . areas of science and engineering where
phenomena that take place at dimensions in the nanometre scale are utilised in the de-
sign, characterisation, production and application of materials, structures, devices and
systems” [5]. This term is rapidly gaining public attention and significant global economic
investments due to explosive achievement of technological advances that affect almost
every area of life, ranging from electronics [6] such as smart phones and televisions to
building materials [7] such as concrete. The materials used in nanotechnology applications,
i.e., nanomaterials, can be broadly defined as those that have individual units with at least
one Cartesian dimension within 1–100 nm [8]. This definition, however, is not universal
and may vary according to the specific field and/or context in which it is used [9,10]. Iron
oxide species have been utilized in various formats including nanoparticles, nanofibres [11],
sol-gels [12] or as nanoparticle-incorporated composite materials such as hydrogels [13–15],
core–shell structures [16], liposomes [17,18], etc., which will be discussed throughout this
review with respect to materials development and modes and scope of applications.

1.2. Advantages of Iron Based Magnetic Systems

Iron oxide nanomaterials have key advantages that make them particularly attractive
for biomedical applications. They have shown to have biocompatibility as proven via
many toxicological studies [19] and in vivo applications such as MRI contrast agents for
imaging [20], and therapeutic applications such as magnetic hyperthermia and targeted
drug delivery, mostly but not limited to cancer treatment [21]. They have been successfully
used in multiple clinical trials with hyperthermia based cancer treatment [22,23], that
utilizes alternating magnetic fields on a magnetically responsive fluid. This allows for tissue-
specific localization of heat in tissues that located deep within the body with high intensity
and in a noninvasive manner to treat cancers such as prostate carcinoma and glioblastoma,
among others [22], thus illustrating the potential to transform such therapeutics in to safer,
more efficient procedures.

Sustainable approaches to synthesis of magnetic iron oxide nanoparticles have seen
parallel and rapid growth in recent years, along with biocompatibility studies [24–27].
One strategy of avoiding or minimizing toxicity in vivo is coating and stabilizing the
nanoparticle surface with biocompatible materials such as lauric acid and proteins such as
serum albumin [28]. Investigations have also been carried out to customize nanoparticle
size, shape, surface morphologies, crystallinity, uniformity, etc. in order to optimize
biocompatibility [16,21]. Another promising approach with increasing interest is greener
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synthesis using biological components and species such as plant extracts, bacteria, fungi
and algae. Such techniques are found to be biologically safer and can be achieved in a
myriad of shapes such as cubes, tetragonal crystals, spheres, cylinder, and hexagonal rods,
etc., among others [29]. Additionally, such biological synthesis has embedded processes
that can replace chemicals needed for reduction, capping and stabilization in conventional
synthesis, leading to cost-effectiveness [29–32].

1.3. Review Overview

This review aims to discuss key materials and mode of applications of magnetic
systems that incorporate one or more nanosized materials containing iron, along two key
branches: (1) diagnostic imaging and (2) drug delivery (Figure 2). Insights will be given on
the enormous possibilities as well as significant challenges in transforming these materials
and technologies for real world applications in biomedicine.
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2. Diagnostic Imaging
2.1. Asset of IONPs to Different Modalities

Iron oxide nanoparticles have ready application towards magnetic resonance imaging
as a contrast agent to depress the relaxation rate of tissues where they are accumulated.
However, the usage of IONPs can extend beyond its application as a contrast agent for
MRI alone. Correctly coupled or functionalized with fluorophores or radiotracers the
usage of IONPs can be extended for use in photo-acoustic imaging (PAI), positron emission
tomography (PET), and single photon emission computed tomography (SPECT), computing
tomography (CT), and magnetic particle imaging (MPI) in addition to its natural contrast
agent application in MRI [33]. This can allow for both qualitative and quantitative imaging
by combining modalities which enable quantification of iron content in additional to
anatomical information.

2.2. IONPs as MRI Contrast Agents

Iron oxide nanoparticles are common contrast agents for detecting and tracking cells.
They have been shown to retain overall cell viability with rare detrimental effects on pro-
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liferation, apoptosis, or necrosis over a wide range of iron concentrations, and can label a
wide variety of cell types from stem cells, cancer cells, immune cells, and more [34]. Their
adaptability in size, the ability to perform surface modification, and renal clearance capabil-
ities leads to a safer contrast agent that can remain visible for longer periods of time with
fewer risks than gadolinium-based agents (GBCA) [35] images. These nanoparticles cause
a decrease in the transverse (T2) relaxation by creating magnetic field inhomogeneity [34].
This creates signal loss surrounding the iron oxide nanoparticle, commonly referred to as
the “blooming artifact,” which is detectable within an image. Comparison of a T1 and T2
contrast agent can be seen in Figure 3. Iron oxide nanoparticles are viewed indirectly where
regions of signal loss vary in size depending upon their target, application, and size of iron
oxide nanoparticles used.
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Figure 3. Two classes of MRI contrast agents. (a) Pre- and (b) post-GBCA T1-weighted MRI on a brain
metastasis in a melanoma patient. (c) T1 contrast agents decrease the spin-lattice (T1) relaxation time,
increasing signal with increasing agent concentration, and produce brighter contrast images. (d) Pre-
and (e) post-IONP-based contrast agent T2-weighted MRI on inflamed mouse mammary gland
tumours. (f) T2 contrast agents decrease the spin-spin (T2) relaxation time, decreasing signal with
increased agent concentration, and produce darker contrast images. Image taken with permission
from Jeon et al., 2021 [35].

2.3. Contrast Agent Application in MRI

Iron oxide nanoparticles are incredibly sensitive to the pulse sequence used in image
acquisition. These nanoparticles cause a decrease in the transverse (T2) relaxation by
creating magnetic field inhomogeneity [36]. This creates signal loss surrounding the iron
oxide nanoparticle, commonly referred to as the “blooming artefact,” which is detectable
within an image (Figure 4). Regions of signal loss vary in size depending upon their
target, application, and the particular size of iron oxide nanoparticle used. Iron oxide
nanoparticles are viewed indirectly, where the decreased relaxivity depends on the contrast
agent concentration.
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Figure 4. The T2 and T2* effect of ultra-small paramagnetic iron oxide nanoparticles: Corresponding
T2-weighted (a) two-dimensional Spin Echo (SE) images and T2*-weighted (b) three-dimensional
Spoiled Gradient Recalled Acquisition in the Steady State (SPGR) images of an arthritic knee joint
before and two hours after injection. The USPIO results in hypointense regions with marked signal
loss. Image taken with permission from Simon et al., 2006 [36].

In vivo cell tracking can be performed with either an intravenous injection of the
nanoparticle or initial incubation with the cells for later injection. For innately phagocytic
cells, simple co-incubation will traditionally prompt sufficient labelling; however, for other
cell types, efficient labelling may require the use of additional agents such as transfection
agents or electroporation [37]. However, upon cell-labelling, it is possible to utilize labelled
cells for therapeutic information, such as monitoring the migration and survival of cells and
confirming appropriate administration allowing for optimization of treatments to occur
in real-time. Labelled cells can also be utilized to image cancer cells with the potential to
detect singular cancer cells and monitor metastatic spread. The ability to monitor singular
cancer cells is only possible through the blooming artefact making a 20-micron cell present
as hypo-intense voids visible in 300-micron slices [36]. A common compound of interest in
current clinical trials, Feraheme (Ferumoxytol) is presumed to have a half-life in humans of
24–36 h, allowing a larger window for imaging, and repeat imaging, compared to GBCAs.
Ferumoxytol is the leading agent referenced in a majority of clinical trials utilizing iron
oxide as an MRI contrast agent. There had been a surge in repurposing this FDA-approved
drug initially developed for iron replacement in anemia for chronic kidney disease, yet
it had come under scrutiny for off-label use as a contrast agent when a small population
of users (not associated with clinical studies for MR imaging) suffered from a series of
anaphylactic reactions [38]. Thus, it has now been labeled with an FDA black box warning
which initially caused a lull or the termination of ongoing research projects. Fortunately,
new safety assessments have indicated that there are less than 1% incidences of moderate
to severe toxicities [32] and future research outlooks are promising and excitement over its
application has grown.

A study by Corwin et al. investigated the improvement in image quality with steady
state MR-angiography (SS-MRA) with ferumoxytol in comparison to conventional first
pass MRA. They cited the primary advantage with iron oxide contrast agents was the
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possibility of administration to patients with renal failure, as with gadolinium-based
contrast agents they face the risk of nephrogenic systemic fibrosis. In their analysis they
were able to increase the average vessel sharpness significantly, increase resolution, and
maintain a comparable signal to noise ratio of the external iliac artery with ferumoxytol
assisted SS-MRA with an SNR of 42.2 for first pass MRA and 41.8 for SS-MRA. The use of
ferumoxytol provided superior vessel sharpness but also allows for prolonged imaging
times, as gadolinium-based contrast agents rapid clearance limits acquisition to first pass
-MRA methods [38,39]. While the possibility for high levels of intravascular concentrations
of the iron oxide agent can induce artifacts due to the inherent signal lass from a T2-based
contrast agent, the utilization of lower concentrations can circumvent this shortcoming.

Pan et al. further adapted the iron oxide nanoparticle through the utilization of
hyaluronic acid and iron oxide nanoparticles to generate a molecular MRI probe with the
ability to adapt and switch from a T1 and T2 contrast agent for evaluation of atherosclerotic
plaques. The overall structure uses HA as the core of the nanomaterials with IONP-P
nanoparticles on the surface of the HA platform. These nanoparticles are presumed to by
phagocytosed by macrophages where the IONP-HP were found to target macrophages
likely due to the CD44 receptor-targeted HA, and form clusters where the particle size of
the IONP-HP before clustering is 153 nm and after clustering increases to 562 nm. An initial
simulation of the iron oxide nanoparticles and hyaluronic acid nanoparticles (IONP-HP)
tested the clusters admission into macrophages in acidic environments with pH’s similar to
that of the lysosomes they would inhabit by creating a series of solutions with pH values
between 4 to 7.4 and incubated these solutions for a week as they formed clusters. This
cluster formation would encourage the T2 contrast effect postulated by researchers. TEM
results confirmed that when pH levels decrease below 5, the nanoparticles become more
compact, and the MRI results confirmed that this produces a T2 contrast effect. MR signal
demonstrated an increase with incubation time for T1-weighted images and a decrease
in T2-weighted images with the SNR in the T1 images decreasing slowly with time with
peak signal at 12 h with no T2 enhancement happening concurrently. The ability of the
nanoparticles to present T1 or T2 enhancement was found to depend upon the particle
size, although the aggregation of the nanoparticles was found to affect both transverse and
longitudinal relaxation in MRI [40]. It is postulated that the IONP-HP clusters aggravate
the proton dephasing of surrounding water molecules; thus, the T2 contrast effect is
enhanced by the variety of sizes within the cluster. Animal studies with mice to determine
if MRI would be able to identify stable versus vulnerable plaques determined that MRI
identification of stable vs. vulnerable plaques was possible upon obtaining T1 and T2
weighted images. The signal intensity of vulnerable plaques has an apparent increase at
2 h post-injection for T1 weighted images, whereas the stable plaque does not, likely due to
poor infiltration of macrophages into the stable plaques. This confirms the generation of a
“switchable” MRI probe where the IONP-HP can be “turned on” through macrophages as
engulfing time increases, thus providing a novel molecular MRI probe for future uses built
upon a hyaluronic acid platform.

Current clinical trials include studies such as those performed at the M.D. Anderson
Cancer Center which recently completed a clinical trial assessing the use of Feraheme to
enable researchers in visualizing cancerous lymph nodes and perform liver imaging with
MRI. It involved the intravenous administration of Feraheme at 6 mg of iron/kg and then
repeat MR scans over a series of 3 days. The initial scan was taken without the application
of the contrast agent and then 38 and 72 h post ferumoxytol injection. Following suite, the
Allegheny Singer Research Institute conducted a study to investigate radiotherapy with
iron oxide nanoparticles and MRI-Guided Linear Accelerator (MRI-Linac) for primary and
metastatic hepatic cancers. Imaging was performed on a 1.5 T instrument to investigate if
the use of ferumoxytol for MR-SPION radiotherapy will assist in the detection and avoid-
ance of functional liver tissue to increase the safety of liver stereotactic body radiotherapy.
Furthermore, the National Institute of Neurological Disorders and Stroke and National
Institutes of Health Clinical Center recently completed a study of in vivo characterization
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of inflammation with ferumoxytol on 7 T instruments. Researchers focused on assessing if
ferumoxytol caused prolonged changes in the brain in MRI, investigated if iron collected in
the globus pallidus, and if the iron oxide contrast agent could assist in the identification of
inflammation caused by multiple sclerosis. Participants partook in five clinical visits where
ferumoxytol was delivered intravenously on the second with the following three including
brain imaging on a 7 T MRI and blood draws. These clinical trials are a small segment of
the work being done to test and establish iron oxide nanoparticles as a potential contrast
agent to enhance and further the diagnostic capabilities of MRI. Future work is likely to
build upon these findings as the number of available iron oxide nanoparticles increase, and
enhanced surface modification of them allows for more efficient targeting and applicability.

Overall, iron oxide nanoparticles are a promising contrast agent which can allow for
increased sensitivity of MRI detection of small lesions and tissue boundaries. There are a
broad variety of synthesis routes possible with extensive surface modifications possible
that can increase the targetability and sensitivity of these emerging contrast agent alterna-
tives [41]. Through their increased biocompatibility and tunability it may be possible to
generate a selective molecular MR probe that would enable enhanced imaging without
impacting overall cell viability or exposing patients to potential toxicity allowing for more
accurate diagnostic testing and analysis of disease genesis and progression.

2.4. Multimodal Imaging Applications

Blood circulation time was investigated by injections of 100 µL of IONP-HP solution
into the tail vein of C57BL/6j mice. Blood samples were then collected at various time
points as well as prior to injection, and the iron content was monitored through inductively
coupled plasma optical emission spectrometry.

Through Equation (1), where ta and tb are the two time points of blood collection and
Ca and Cb are the elevated Fe concentration in the circulation at the two time points after
the injection of IONP-HP solution, the blood circulation half-life was determined. Overall
cytotoxicity and biocompatibility were tested using an MTT assay with RAR264.7 cells and
15 BALB/c mice. Within the mouse group, the 15 mice were separated into two groups
where one subset was injected with 80 µL of IONHP-HP and the other 80 µL of saline.
Overall behaviors and body weight were carefully observed, and mice were sacrificed with
inspection of the heart, liver, spleen, kidneys, and lungs was performed. For biodistribution,
a third group of 10 BALB/c mice were injected with 150 µL of IONP-HP in the tail vein,
and major organs were harvested at 24- and 48-h time points. The biodistribution of the
IONP-HP was analysed through ICP-OES. Overall, there was no death, weight loss, or
behavioural changes in mice after injection and H&E staining demonstrated no significant
changes to the major organs. There were slight iron increases in the liver and kidneys at
the 24-h time point.

t1/2 =
tb − tax0.693
lnCa − lnCb

(1)

Initial in vitro MRI studies to examine the relaxation properties of the nanoparticles
included obtaining T1 and T2 weighted images of different variations of the iron oxide
nanoparticles, including the hyaluronic acid-iron oxide nanoparticle, with varying concen-
trations of iron ranging from 0.062 to 2 mm (0.062, 0.125, 0.25, 0.5, 1, and 2 mM) on a 1.5 T
scanner. T1 and T2 weighted images were acquired through a turbo spin-echo sequence
with the T1 having a variation of repetitions times (TR) from 200 to 600 ms in 100 ms incre-
ments and an echo time (TE) of 6.5 ms, while the T2 imaging used a constant TR of 200 ms
and a variety of echo times from 13 to 91 ms in 13 ms increments. The longitudinal and
transverse relaxation times were then determined for each of the nanoparticle variations,
as well as the signal-to-noise ratios. The ability of the nanoparticles to present T1 or T2
enhancement was found to depend upon the particle size, although the aggregation of the
nanoparticles was found to affect both transverse and longitudinal relaxation in MRI [15].
It is postulated that the IONP-HP clusters aggravate the proton dephasing of surrounding
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water molecules; thus, the T2 contrast effect is enhanced by the variety of sizes within the
cluster.

Mice were separated into vulnerable and stable groups, placed as such depending
upon the feeding strategies used in their development. MR imaging of mice in the vul-
nerable plaque group was used to acquire T1 weighted images of the abdomen with a
9.4 T Bruker instrument. Upon intravenous injection of IONP-HP, T1 and T2 weighted
images of both stable and vulnerable plaque groups before and at various time points
post-injection. Initially, at the 30-min time point post-injection, the vulnerable plaques
showed no signal change. However, between 1- and 2-h post-injection, the vulnerable
plaque mice demonstrated substantial T1 enhancement indicating the IONP-HP had been
phagocytosed by the macrophages yet maintained a “loose” structure. Upon 24 h and
up to 43 h post-injection, the signals became very low indicated that the IONP-HP in the
macrophages had entered the vulnerable plaques and caused the contrast agent to move
from T1 to T2 enhancement. Presumably, the switch from T1 to T2 mode is due to the loose
structure of the IONP-HP collapsing in the secondary lysosome of macrophages. Due
to the poor solubility of PAA on the surface of IONPs, the NPs form a cluster structure,
thereby switching from T1 to T2 enhancement. Overall, MRI identification of stable vs.
while iron oxide nanoparticles have firmly established a space as potential contrast agents
for MRI, ongoing work has also investigated their applicability in other regions of imag-
ing. These tactics allow for increased specificity of imaging while retaining the ability to
localize regions within anatomical MRI scans. While these tactics often require additional
functionalization of iron oxide nanoparticles, they pose a variety of benefits and uses.

Gholipour et al. developed a PET/MRI probe through a biotinylated thiosemicar-
bazone dextran-coated iron oxide nanoparticle. Biotin was used to functionalize the
nanoparticle and increase delivery of the Ga-69 radiolabeled nanoparticles to tumor re-
gions. These nanoparticles were then tested against subcutaneous 4T1 tumors in BALB/c
mice. After tail vein administration, biodistribution studies were conducted and found
that while there was a sizeable accumulation of the NP in the liver and spleen, the uptake
in the tumor was higher than in other organs (excluding liver and spleen). Overall, the
tumor uptake of the injected dose was 5.5% dose/g which was determined to be a middle
ground when compared to other studies [41]. However, this multimodal nanoparticle
comes with the remarkable benefits of being cheaper to synthesis due to the availability
of thiosemicarbazone which was used as the chelator and the aldehyde platform which
was used in conjugation of both the chelator and biotin targeting agent. When combined
with the increased colloidal stability, this work demonstrates the potential application for
usages of iron oxide nanoparticles as dual PET/MRI nanoparticles which can be further
modified for optimal tumor targeting.

Bell et al. focused on a functionalized nanoparticle to work as a multimodal agent for
optoacoustic (OA) and magnetic resonance imaging. Initial studies focused on assessing the
use of iron oxide nanoparticles functionalized with indocyanine green (ICG) and Flamma®

774 as agents to induce increased T2 relaxation rate for MR imaging while performing
as a multispectral optoacoustic tomography (MSOT) contrast agent as well [42]. The
FeO-OA dye nanoparticles were then tested in phantoms as both optoacoustic and MR
imaging agents where subsequently the most successful was further tested in vivo against
subcutaneous U87MG tumors in NCr nude mice [41]. Preliminary evidence from initial
testing and phantom studies indicated the ICG capped nanoparticles had negligible contrast
agent efficacy in MR imaging while the FeO-774 had representative peaks in MSOT imaging
at 780 nm while retaining the relaxation properties of the iron oxide in MR imaging. After
intra-tumoral injection of the FeO-774 nanoparticle the nanoparticle provided strong T2
contrast in MR scans, remained stable in the mouse model, and remained detectable in
MSOT. This study presents an alternative usage to functionalized iron oxide nanoparticles
for utilization in multiple image modalities that do not require exposure to radiation.

In an additional study with multifunctional nanoparticles, Peng et al. generated
macrophage laden gold nanoflowers which were embedded with ultrasmall iron oxide
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nanoparticles (Fe3O4/Au DSNFs). The iron oxide provided T1 contrast for MR imaging
due to their small size (USPIOs have been shown to act as a T1 contrast agent) 38 while
the gold NPs could be utilized for CT contrast enhancements. In vivo studies comparing
macrophage laden Fe3O4/Au DSNFs (MA@Fe3O4/Au DSNFs) and Fe3O4/Au DSNFs in a
breast tumor model of 4T1 implanted subcutaneously into ICR mice indicated improved
performance from the targeted Fe3O4/Au DSNFs. After tail vein injection the SNR of the
tumor region as 1.5–1.9 times greater with the MA@Fe3O4/Au DSNFs compared to the
Fe3O4/Au alone. Furthermore, after CT the MA@Fe3O4/Au DSNFs reached a summit
value of 46 HU, 1.2 times greater than that of the free nanoparticles. Ultimately, Peng
and colleagues were able to sufficiently demonstrate the effectivity of a multifunctional
nanoparticle utilizing iron oxide and gold to perform as a multimodal probe for both CT
and MRI.

While the use of iron oxide nanoparticles for use as MRI contrast agents is a common
application there are a variety of imaging modalities where iron oxide nanoparticles can be
useful to enhance diagnostic and therapeutic capabilities. The ability to functionalize iron
oxide nanoparticles with radiotracers, alternative metal nanoparticles, and targeting agents
lends itself to a multitude of applications. Through the use of additional functionalization,
iron oxide nanoparticles lend themselves as a convenient mechanism to overcome the
shortcomings of each imaging modality independently.

2.5. Potential Socio-Economic Sustainability

Medical imaging is inherently expensive. The cost to build, procure, operate, and
maintain the instrumentation is often transferred to the patients with the high cost per
scan. Additionally, those responsible for the attainment and purchasing of MRI equipment
in particular, have denoted their primary concern is patient and operator safety rather
than factors which would induce a lower economic footprint or pertain to socio-economic
sustainability [43]. This indicates that there is a large area of growth possible in develop-
ment of advanced instrumentation, since cost is often a secondary concern to its safety and
diagnostic capabilities. As the instrumentation and efficacy of contrast agents improve,
patient outcomes are likely to improve correspondingly. Little work has been done to
thoroughly investigate the cost-effectivity of iron oxide nanoparticles as contrast agents in
MRI and other imaging modalities, however a litany of clinical experiments are underway
to test FDA approved iron-oxide nanoparticles for alternative uses as a contrast agent.
Targeting the cost effectiveness towards utilizing medical imaging for early diagnosis and
intervention in patients is an arduous process which involves the quality-adjusted-life
years (QALY) gained compared to the increased cost per year along with comparison of
a willingness to pay threshold. These factors are subject to fluctuate depending upon the
disease in question, patient age, and other comorbidity factors.

While there are studies that investigate the cost and individual impact on imaging
in certain disease models, and the cost-effectivity thereof, the global accessibility and
sustainability of medical imaging is more nuanced. Pertaining towards MRI, access to
this modality of imaging and health management is relegated to the upper middle- and
high-income countries, with 90% of the world lacking access [44]. However, there is large
opportunity for growth to access these regions allowing for the full implementation of
medical imaging through advancing technologies and targeting the applicability of MRI
at lower field strengths. Some of the hurdles include developing instrumentation that
can be used in an unshielded environment, has less energy requirements, and can be
operated and analyzed via telemedicine to truly address accessibility constraints seen
presently [40]. Fortunately, work has already begun to address the need for smaller and
potentially portable MR spectrometers, with additional investigation into the utilization of
ultra-low-field, and very-low-field MRI in these underrepresented demographics. While
these instruments are likely to suffer from lower signal to noise ratios and resolutions, they
will still present an additional and capable diagnostic tool that will open doors for patients
as well as employment for maintenance, management, and operation of the spectrometers.
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While access to qualified individuals to operate the instrumentation may be difficult initially,
networks which will allow for remote training and access, combined with the possibility of
harnessing Starlink capabilities to provide internet access in remote regions, may further
assist in bridging the gap of accessibility for this diagnostic tool. With the development
of more accessible scanners at lower field strengths, it will become more pressing to find
safe and effective contrast agents that will better identify areas of malignancies to afford a
comparable level of diagnostic efficacy found at higher fields.

3. Drug Delivery

Iron-based magnetic components incorporated into various materials and composites
are being intensively explored for targeted and controlled release of drugs, towards devel-
opment of sustainable, robust and efficient platforms. This section will focus on trends in
materials development for advanced drug delivery including drug-carrying nanoparticles,
composites, fibres and hydrogels with modes of release including magnetic hyperthermia
and chemical and thermal triggers (Figure 5). Specific target applications will also be
discussed in terms of cancer treatment, wound care and smart devices/technologies.
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3.1. Advanced Materials
3.1.1. Nanoparticle-Based: Coatings, Ligands and Composite Materials

The surface of SPIONS can be readily functionalised with linkers, receptors, drug
molecules, etc., which allows them to be coated with desired drugs for targeted delivery.
This method has been investigated extensively for cancer treatment. Tagging the nanoparti-
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cles with receptors recognised by cancerous and tumour cells allows for their uptake by
these cells, and provides convenient means of using magnetic nanoparticles (MNPs) as ve-
hicles for drug delivery. Targeted drug delivery systems have used a variety of anti-cancer
drug carriers, including magnetic iron oxide nanoparticles and natural biodegradable or
non-biodegradable polymers [48]. The drugs can either be adsorbed on the surface of these
carriers or enclosed inside of them and can be delivered to a given region using an external
magnetic stimuli [49–52].

Doxorubicin is a widely investigated anticancer drug that can be delivered via MNP
coating with multiple linker molecules such as citric acid, folic acid, chitosan, etc., in order to
optimise MNP stabilisation, dispersion and effective drug delivery, typically characterised
via cytotoxicity [45,53]. Doxorubicin has also been used in conjunction with lipid materials
and MNPs to form magnetically sensitive lipocomplexes for in vivo drug delivery against
CT26 mouse colorectal carcinoma [54–56]. Results have indicated superior anticancer
activity by the magnetic lipocomplex, along with higher cell uptake, in comparison with
standard doxorubicin.

Chlorambucil, another viable candidate for MNP-based delivery, is used for the
treatment of chronic lymphocytic leukaemia, as well as both Hodgkin’s and non-Hodgkin’s
lymphoma [57,58]. In a recent study, chlorambucil was incorporated into Fe3O4 iron oxide
MNPs via a chitosan shell and showed increased efficacy in drug release onto cancer cells,
compared to the non-complexed drug [59]. Another recent investigation with anticancer
drug violamycin loaded onto 8–10 nm iron oxide nanoparticles, have shown increased
effectiveness against to MCF-7 breast cancer cell line [53,60], indicating the potential in
such SPION-based systems in drug delivery.

SPION-containing composites, i.e., materials with two or more components that dis-
play advanced chemical-physical properties to its individual components, are another area
of interest for enhanced drug delivery applications with promising results obtained from
graphene oxide-Fe3O4 and γ-Fe2O3-SBA-15 silica composites [47,53,61] among others. The
latter study indicated the formation nanostructures with “rice like grain” consistency that
displayed improved ibuprofen release in stimulated bodily fluids. A polymer-magnetic
composite consisting of poly(N-vinyl-2-pyrrolidone) and Fe3O4 iron oxide ring-shaped
nanostructure carrying doxorubicin have shown good in vivo tumour inhibition under mag-
netic hyperthermia [41,54]. Moreover, Zn-Al layered double hydroxide (LDH) nanosheets
doped with Fe3O4 MNPs carrying doxorubicin were found to be effective against HepG2
cancer cell line, according to a recent study [49,62]. This material was found to be pH
responsive, with more acidic conditions resulting in a larger doxorubicin release profile,
thus allowing scope for chemically triggered drug release.

While promising, the composite SPION-based platforms have drawbacks of being ex-
pensive, and having complex synthesis, which will affect scale-up and real life applications.
Nevertheless, their superior drug release ability warrants further research and exploration
onto counteracting such effects.

3.1.2. Hydrogels Systems

A hydrogel is a 3-dimensional polymer network, which has water entrapped within
its molecular space [63]. Thus, they are made predominantly of water, but nanoparticles
and drugs can be incorporated into the water-polymer matrix for targeted and/or trig-
gered drug delivery. Iron oxide MNPs have been particularly effective in hydrogel-based
biomedical systems, ranging from bioseperation and tissue engineering in addition to drug
delivery [60,63–65]. Recent research have significantly advanced the development of iron
oxide MNP incorporated hydrogels, providing viable options to effectively transform drug
delivery in to safer, more efficient and sustainable paths [13].

The polymers used to form hydrogels can be natural, synthetic, hybrid or bioinspired
and need to be biocompatible for applications in drug delivery. Natural polymers such as
gelatin and alginate have been used to develop hydrogels with doxorubicin loaded SPIONs
and have indicated cytotoxicity via pH triggered drug release [56]. Dextran-MNP-based
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hydrogels have also shown to be magnetic and pH stimuli sensitive drug carrier as a
dual tuneable drug delivery system [58]. Although highly biocompatible, such natural
hydrogel platforms suffer from the difficulty of high scale extraction of polymers from
natural sources.

Polyvinyl alcohol (PVA) is a synthetic biocompatible polymer which can be used to
produce hydrogels for a wide range of uses including tissue engineering, graphing [66,67]
and contact lenses [68]. One of the advantages of PVA as a hydrogel is its use in facile
production of cryogels by simply dissolving in water followed by freeze/thawing [69]. A
new study investigated the incorporation of acetaminophen and citric acid loaded Fe3O4
MNPs into various shapes of PVA hydrogels, followed by characterisation by temperature
triggered drug release and magnetic hyperthermia experiments [13]. The study also
looked at two different shapes, both a disc shape and a hemisphere shape, which is a
novel concept (Figure 6). The study showed that there was evidence of a shape selective
aspect in the magnetic hyperthermia studies, rendering a novel path for customized drug
delivery for wound care applications and has potential for in vivo applications as well.
Another synthetic polymer and Fe2O3 MNP containing hydrogel as also proven to be
promising as an anti-inflammatory drug-releasing agent [70] in a recent study. This hybrid
hydrogel system consisting of poly (ethylene glycol)-block-poly(propyleneglycol)-block-
poly (ethylene glycol) (Pluronic P123), loaded with MNPs was loaded with diclofenac
sodium and tested for pH based and temperature induced drug release, and have displayed
superior results compared to its non MNP counterpart.
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shaped and spherical cap shaped gels with and without acetaminophen coating (MNP-CA and
MNP-CA-Ac respectively) over time. The hyperthermia set up consisted of a copper coil and a
Hikvision ds-2tp21b thermal imaging camera. The coil was heated under 19.95 V with a 14 A (AC)
current at a frequency of 0.816 MHz. Gels were kept in the centre of the coil on a Teflon container
and subject to heating while thermal images were taken every 10 s for 20 min. Image taken with
permission from Perera et al., 2022 [13].
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3.1.3. Nano-Fibre Based Materials

Fibres consisting of a polymer base along with MNPs have been investigated for
numerous biomedical applications, including drug-carrying vehicles, advanced scaffolds
for tissue engineering and bases for wound dressing [71–73] (Figure 7). The morphol-
ogy of such nanoscale fibres resembles biological tissue, and as a result they are of par-
ticular interest in biomedicine. They also have high surface area, surface energy and
can be organized into porous hierarchical structures, which makes them ideal for cell
and tissue adhesion as well as the adsorption of drug molecules. Fibre dimensions
can be readily customized to adapt to different applications with techniques such as
electrospinning [74–79]. Various morphologies including hollow core−shell microparti-
cle encapsulated fibres have been achieved via this method [80,81]. Furthermore, fibre
composition have been optimized to incorporate components with biodegradable [82,83]
properties and even those that include living tissue [84–86]. Scale-up targeting industrial
applications of such materials has also been achieved [87].
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In spite of the breadth of research available, challenges still remain and prevent transla-
tion into real world biomedical applications, ranging from mass production issues to long-term
in vivo stability. For instance, lack of control over fibre diameter, pore sizes, and morpho-
logical heterogeneities in the fibres produced via electrospinning, have led to reduced cell
penetration, which is critical for long-term use as tissue scaffolds [80,82,88,89]. Nanoscale
fibre diameters have also shown to be difficult to attain, unlike those in microscale [79]
or have resulted in low yields [78]. Moreover, weaker mechanical strength and toxic
and/or non-biocompatible components used during synthesis have limited applications in
biomedicine [79]. Biospinning, has been used as an alternative technique to produce fibres
with greater mechanical strength for scaffolds for tendons or bones [81]. However, this
method is hampered by high cost, difficulty in scale-up, longer production times, and lack
of customizability. Melt spinning is another alternative and produces fibres by extruding
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a heated polymer through a spinneret with textural control for cell applications [90–93].
This too has shown to be non-viable due to high costs on energy and equipment, and
limitations in cell-penetration. One solution to address the latter issue was to encapsulate
cells via interfacial complexation, which is cheaper [94,95], yet this too was found to be
non-scalable and the fibres produced were morphologically heterogeneous, which were
significant disadvantages. A recent study detailed a technique based on infusion-gyration
to produce polyvinyl alcohol (PVA) and Fe3O4 MNP incorporated fibres, in a fast and
cost-effective manner, with controllable sizes and the potential for scale-up. The fibres
produced via this method were also found to be remotely actuated, rendering potential
for significant advancements in drug delivery for patient-centred wound care and tissue
engineering.

3.2. Advanced Applications
3.2.1. Magnetic Hyperthermia for Cancer Treatment

Hyperthermia, a phenomenon broadly defined in biomedicine as elevating tissue
temperatures by means of external stimuli beyond normal physiological values, has been
used for treatment of various diseases including Rheumatic conditions [96,97] and immuno-
suppression in management of pain and inflammation [97–99]. Cancer treatment however,
is by far the most-explored area in hyperthermia-mediated treatments with applications
in drug delivery [100–103]. It compliments conventional treatment methods including
surgery, radiation, immunotherapy or chemotherapy. Hyperthermia treatments can be
administered across either locally or the whole body, which advantageous for targeted drug
delivery [104,105]. Typical temperature ranges used for cancer treatment via hyperthermia
fall into two major categories of temperatures higher than 46 ◦C and temperatures within
41–46 ◦C.

Nanocomposites consisting of polymer matrices with SPIONS are gaining prominence
in hyperthermia-related research on drug delivery [106,107]. They are superior to con-
ventional methods which have drawbacks such as: (1) excessive heating of surrounding
tissue causing cell/tissue damage; (2) under-heating of target areas located deep in the
body or inside hard bone tissue; and (3) limited heat penetration resulting in recurrent
tumour growth or incomplete removal [92,108]. The use of SPIONs ensures convenient
thermal triggering of the nanocomposites via external magnetic fields or radiation to con-
vert dissipated magnetic energy into heat, and are hence, an effective source of inducing
hyperthermia [92,103]. Additionally, SPION-based delivery systems have advantages that
include: (1) easy absorption into cancer cells due to their small sizes; (2) efficient delivery
via multiple routes such as injection, liposomes, etc.; (3) ability to be functionalized with
drugs or target-specific binding agents to increase selectivity and efficiency of treatment;
(4) cost effective and sustainable due to requiring less trigger energy as a result of high
heating efficiency.

An effective drug delivery strategy must encompass the above features but go be-
yond them and be able to interact with complex cellular functions in new ways [93,109].
Moreover, it needs to be biodegradable, biocompatible, and comfortable for patients with
minimal adverse effects both during and after drug administration [95,110]. Furthermore,
a high drug loading capability is desired, as well as a simple and cost-effective synthesis
process [111,112]. Such desirable characteristics can be achieved through the use of SPIONS,
which have proven to be effective in delivering a variety of drugs to a specific target in
the human body via sustained or controlled release, in recent studies [113,114]. Several
clinical studies have been conducted and have shown promise [22,23], however, MNP-
or SPION-based magnetic hyperthermia are yet to enter into real world, applications in
healthcare. Nonetheless, their beneficial features offer the possibility to develop advanced
and multidimensional approaches to non-invasive and precise drug delivery, and hence,
have viable potential to effectively transform the field.
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3.2.2. Wound Care Applications

Wound care applications that utilize magnetic nanoparticle integrated hyperthermia
are emerging as a promising area for enhanced, safer and less invasive drug release to treat
surface wounds. These have been used for controlled release of broad spectrum antimicro-
bials [46,115–117], as well as providing various cues for neural regeneration [102,103,118,119].
Additionally, magnetic fields have shown to modulate mechanosensitive ion channels in
cells [120] at low frequencies (<100 Hz), providing further evidence for the potential of mag-
netic systems in wound care. Furthermore, general heating in therapeutic ranges achievable
with these approaches have been shown to act as gene expression triggers [118,121], while
systems containing MNPs in conjugation with enzymes [107] and synthetic vesicles [108]
have shown promise in enhanced wound healing. Hence, it is likely that a multimodal
approach that involves heat-mediated drug release together with systems such as magnetic
hydrogels would have a number of useful applications in regenerative medicine.

The best wound dressings should serve multiple purposes, including preventing acute
or chronic infection, preserving a balanced environment for moisture and gas exchange,
absorbing extrudates and blood from wounds, and stimulating cell migration and prolifer-
ation, which will aid in wound healing [109,110,112,114,122–125]. All these characteristics
can simultaneously be present in nanofibre wound dressings. Nanofibre dressings enable
for both oxygen permeability and wound protection against bacterial invasion owing to
their small pore sizes. Furthermore, because of the ease with which chemical and bio-
logical molecules can be encapsulated during the spinning process, nanofibres can have
wide appeal as viable vehicles for targeted and localized drug delivery [117,126]. In such
cases, therapeutic agents have been readily incorporated into nanofibres for controlled and
efficient release.

3.2.3. Magnetically Actuated Smart Devices and Microrobots

Actuation of the drug-carrying platform by an external magnetic field (i.e., magnetic
actuation), is a scarcely explored area but has enormous potential in biomedicine. Such
systems can potentially lead to remote controlled, precise, and safer pathways of drug
delivery. A recent study indicates that shape switching magnetic hydrogel bilayers can be
used to develop tubular microrobots by coupling a thermoresponsive hydrogel nanocom-
posite with a poly(ethylene glycol)diacrylate (PEGDA) layer [46]. The magnetic response
has been achieved by using graphene oxide or silica-coated superparamagnetic iron oxide
nanoparticles dispersed within the thermoresponsive hydrogel matrix, leading to magnetic
actuation capability. Results have indicated that such magnetic composite systems can
be optimized via shape (ex. helical microrobots) to enhance drug release and motility.
Other studies have shown that core–shell ZnNCs encapsulated within mesoporous silica
particles to carry and release drugs under magnetic hyperthermia, as remotely-controlled
mechanised nanosystem [118,127].

Magnetic actuation can be taken a step further in to the development of smart de-
vices and lead to advances in the rapidly evolving field of micro-robotics with a focus
on biomedical applications [45,119,128–131]. Magnetically actuated miniature robots are
able to access obscure regions of the human body and are capable of penetrating and
manipulating matter as small as subcellular entities. Research and development of these
systems have expanded rapidly over the past two decades due to high potential application
in bioengineering and biomedicine [132,133]. While there are various methods of obtaining
actuation in miniature robots, magnetic actuation offers a safe but effective approach to re-
motely control such systems via dynamic magnetic fields. Recent technologies and systems
include soft ferromagnetic robot for surgery [133,134], magnetic and optical oxygen sensor
for in situ intraocular sensing [135], magnetic microgrippers for biopsy [122,136], magnetic
spore-based microrobots for remote detection of toxins [123,137], fluorescent magnetic mi-
crorobots for single-cell manipulation [124,138], magnetotactic bacteria swarms for targeted
delivery [125,139], and magnetic scaffold to culture cells for tissue engineering [126,140].
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A summary of key applications of iron based magnetic nanomaterials and methods of
incorporation are depicted below (Table 1).

Table 1. Summary of applications, methods of incorporation and examples of iron based magnetic
nanomaterials.

Application Method Examples Example Reference(s)

MRI Contrasting agents Nanoparticles and fluids
Iron oxide nanoparticles and
hyaluronic acid nanoparticles

(IONP-HP)
Pan et al. [40]

Cancer treatments

Coating Doxorubicin, Violamycin Guo et al. [45],
Marcu et al. [53]

Ligand Chlorambucil-Chitosan Shell Rozman et al. [57]

Composite-Coating LDH-Fe3O4 (doxorubicin) Chai et al. [62]

Composite Poly(N-vinyl-2-pyrrolidone)-Fe3O4
iron oxide ring-shaped nanostructure Wang et al. [48]

Hydrogels Dextran-MNP-based hydrogel Zeng et al. [58]

Wound cleaning

Composite-Coating γ-Fe2O3-SBA-15 silica (ibuprofen) Huang et al. [47]

Hydrogels

PVA-Fe3O4 (acetaminophen and citric
acid), Poly (ethylene glycol)-block-
poly(propyleneglycol)-block-poly
(ethylene glycol) (Pluronic P123)

hybrid system with Fe2O3

Perera et al. [13],
Pandey et al. [70]

Fibre PVA Fe3O4 MNP incorporated fibres Perera et al. [11]

Magnetic smart devices and
microrobots Hydrogel-Coating

Hydrogel nanocomposite with a
poly(ethylene glycol)diacrylate

(PEG-DA) layer
Fusco et al. [46]

4. Outlook
4.1. Challenges

The use of iron-containing nanoparticles can be challenging, although the human
body has mastered the balancing act between using iron as co-factor in vital enzymes and
massive inflammation caused by reactive oxygen species (ROS). Because iron(II/III) can
easily change its redox state, it is typically catalysing or facilitating one electron oxidation-
or reduction-chemistry, thus leading to the formation of radicals (Figure 8) [12,74,141].
Complexation with glutathione and a plethora of other (bio)organic (macro)molecules is
able to shift the redox transition of Fe(II) to Fe(III) and vice versa over a broad potential
range [127,142]. The human body stores iron as Fe(II) in ferritins and hemosiderin to tightly
regulate its availability and delivers stored iron throughout the body by transferrin and
other transport proteins [129,130,143]. The total amount of iron stored in the human body
is 600 to 1000 mg in adult males and 200 to 300 mg in adult females [129,130]. One of
the problems with iron-containing nanoparticles for diagnostics and treatment is that the
iron concentration that is administered can exceed the total storage capacity of the human
body [131,144]. Smaller nanoparticles can be filtered from circulation by means of renal
excretion. The threshold for renal clearance is a particle diameter of about 5.5 nm [133],
depending on the chemical structure of the nanoparticle. Larger nanoparticles can be
excreted by means of hepatobiliary elimination via bile ducts and intestines [145,146].
Nanoparticles that are being taken up by Kupffer cells undergo long-time retention and
slow degradation. Depending on the location of the iron-containing nanoparticles and
the existence of protective coatings, biocorrosion occurs within 24 to 96 h. If nanoparticle
uptake by Kupffer cells is the dominant pathways, iron has to effectively excreted to avoid
iron overload. Otherwise, systemic damage is observed. The major iron-induced pathways
leading to the release of hydroxyl radicals (HO) and reactive oxygen species (ROS) in
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the cells, membrane damage, protein damage and aggregation, mitochondrial damage
resulting in cytochrome C release and apoptosis, as summarized in Figure 7 [12,95,143].
Therefore, iron overload has to be avoided, resulting in restrictions of using iron-containing
nanoparticles as contrast agents in several diseases, such as chronic liver diseases [136]. It
should also be mentioned that iron overload (hemochromatosis) from using iron-containing
nanoparticles as MRI contrast agents and blood transfusions is additive. Besides genetic
mutations, the blood transfusions are considered the major source of iron overload observed
in the clinic [147]. MRI imaging is a suitable method to quantitatively detect iron overload
that can be treated by means of chelation therapy [148].
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Figure 8. Pathways to iron-induced apoptosis (Ref. [127]) or ferroptosis (Refs. [149,150]). Small Iron-
containing nanoparticles (IONPs) create oxidative stress by releasing Fe(II) and Fe(III) cations and by
presenting a large assessable surface for redox cycling. In the presence of cellular hydrogen peroxide
(H2O2), Fe(II) enables the Fenton reaction, which created either the hydroxyl radical (HO., shown), or
higher valent iron-species Ref. [151] (not shown). Fe(III) is reduced by the superoxide anion (O2

−)
in the Haber-Weiss reaction (Refs. [138,151]). Oxidative stress leads to membrane damage, protein
damage and aggregation, nuclear damage, mitochondrial damage leading to cytochrome C release
and apoptosis (Ref. [150]). Ferroptosis is triggered by radical-induced membrane damage. It is
noteworthy that mitochondria do not play a part in ferroptosis (Ref. [137]).

4.2. Size-Dependence of Iron-Nanoparticle Toxicity

The bioavailability of iron-nanoparticles is strongly dependent on their size [131,144].
Fe-induced apoptosis or ferroptosis are only observed in organs, which can be reached by
the nanoformulations. In general, the ROS generated by large Fe-nanoparticles (d > 5.5 nm)
is minimal, indicating that cellular uptake (except for Kupffer cells in liver and spleen) is
minimal. In sharp contrast, ultra-small Fe-nanoparticles (d < 5.5 nm) cause significant ROS
because of their larger particle surface and faster corrosion kinetics, compared to larger
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nanoparticles. Although many types of ultrasmall nanoparticles induce the generation
of ROS (e.g., Au, SiO2, and Fe3O4), only Fe3O4 (and other Fe-containing nanoparticles)
catalyze the Fenton/Haber-Weiss-Reactions [127,131,137], that generate significantly higher
concentrations of hydroxyl radicals (HO.) and higher-valent iron-species. These conditions
favour lipid peroxidation and, ultimately, ferroptosis. When using ultrasmall iron oxide
nanoparticles are utilized for MRI contrast, Fe-toxicity is closely associated with the injection
rate. A slower injection rate will provide more time for binding of bioavailable Fe(II) to
ferritin. A typical example of Fera-heme that is injected at a rate of up to 30 mg (Fe)/s in the
clinic [138]. In mouse experiments, ultrasmall Fe-nanoparticles were preferentially taken
up by the heart, followed by liver, spleen, and lung. Uptake lead in all organs to massive
ROS-induced inflammation. Whereas effective uptake by liver and spleen could have been
anticipated, because the reticuloendothelial system is located in these organs, effective
uptake by the heart was somewhat surprising. If the dosing of Fe-nanoparticles was too
high, virtually all mice died of heart failure caused by inflammation [139]. Fe-nanoparticle
uptake by the lung is mainly caused by the very high available surface and is potentially
life-threatening as well. In contract to virtually all other organs, the iron concentration in
the mouse kidneys was found to be low. This is a clear indication that iron from ultrasmall
nanoparticles is taken up by the surrounding tissue and does, at least initially, not reach the
kidneys within 24 h.

4.3. Environmental Considerations

The environmental impact of nanoparticles is under discussion. Whereas it is well
established that small nanoparticles are a considerable health risk in high concentrations,
larger nanoparticles (d > 10 nm) in lower concentrations generally do not pose a significant
risk. However, there is not sufficient data on long-term exposure [140]. In our oxidative
atmosphere, virtually all nanoparticles undergo oxidation, with the exception of metal
oxides and silicates. These oxidation products can be enriched in the environment, for
instance in reductive regions, such as fluvial sediments and sludge from sewage treat-
ment plants [152]. It should also be noted that noble metal nanoparticles have slower
oxidation kinetics, which allows them to pass through the filters of a sewage treatment
plants into the aquifer where they constitute a health risk [142]. Iron and other d-block
metal containing small nanoparticles undergo rapid corrosion in the environment, which
releases the metals [143,147]. Depending on the pH-conditions in aquifers, metal hydroxide
precipitation can occur [144]. It should also be noted that inhaling small nanoparticles can
lead to significant lung inflammation, as discussed above [153].

4.4. Potential Impact on Real-Life Practices: Probable Trends

There is agreement in the field that we are one to two decades away from the onset
of ultra-high field MRI beyond 10 T in the clinic [146]. This field strength will be required
for truly contrast-free MRI imaging of most diseases. Until then, the use of contrast agents
will be mandatory to enhance signal-to-noise and to shorten the residence time of patients
in the MR imager. Compared to gadolinium(III) compounds, which exhibit significant
nephrotoxicity [149], Fe-containing nanoparticles can be better managed in the clinic, albeit
they also pose some risk of inflammation [147].

In addition to their clinical use as MRI contrast agents, Fe-nanoparticles are magnetic
and, therefore, suitable for magnetically aided drug delivery (including chemotherapy),
and angiogenic therapy, in which a massive inflammation is caused in the (micro) blood
vessels of the tumour microenvironment to cut off the tumour from nutrient and oxygen
supply [150]. Ferroptosis is a most promising treatment strategy of virtually all solid
tumours that is driven by iron-dependent lipid peroxidation [137,138,151]. Although
it appears that the onset of ferroptosis does not require a mitochondrial contribution,
lipid peroxidation will heavily influence mitochondrial morphology, bioenergetics, and
metabolism [138]. Ferroptosis is favoured in cancer cells vs. normal cells because of
the metabolic dysfunction of the former. When combined with targeting strategies of
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overexpressed clusters of differentiation at the surface of cancer cells, the use of ultra-small
Fe-nanoparticles may constitute a promising new strategy to eradicate primary tumours
and metastases alike [124,138].

Fe-nanoparticles can also be utilized to target and enhance the effects of hyperthermia.
They can be applied in conjunction with A/C-magnetic [151] and radiofrequency (RF)-
hyperthermia [154,155] alike. Since a pro-inflammatory tumour microenvironment is
required for a successful immune response, which can be triggered by hyperthermia [156],
the use of Fe-nanoparticles is potentially synergetic with hyperthermia and are thus likely
to be utilized in such applications in the near future.

5. Conclusions

Nanotechnology can play a major role in transforming the biomedical field with safer,
effective, more advanced, and socioeconomically sustainable materials and technologies.
This review focuses on selected recent and significand trends on magnetic nanosystems
that incorporate iron-based materials, for diagnostic MRI technology and drug delivery
for showcasing this fast-approaching transformation. Key characteristics, advantages and
versatility of magnetic iron oxide nanoparticles are emphasised. Principle features of MRI
technology, and how it can benefit by the utilization of iron oxide nanoparticles as contrast
agents, is critically discussed along with key developments. Novel material development
with advances in mode and scope if application in drug delivery are also discussed with
respect to iron oxide nanomaterials. Finally, a look at challenges to these applications along
with size-dependent iron-nanoparticle toxicity, environmental considerations and potential
on real-life practices including probable trends are highlighted.
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Abstract: Cancer is currently a leading cause of death worldwide. The World Health Organization
estimates an increase of 60% in the global cancer incidence in the next two decades. The inefficiency
of the currently available therapies has prompted an urgent effort to develop new strategies that
enable early diagnosis and improve response to treatment. Nanomedicine formulations can improve
the pharmacokinetics and pharmacodynamics of conventional therapies and result in optimized
cancer treatments. In particular, theranostic formulations aim at addressing the high heterogeneity of
tumors and metastases by integrating imaging properties that enable a non-invasive and quantitative
assessment of tumor targeting efficiency, drug delivery, and eventually the monitoring of the response
to treatment. However, in order to exploit their full potential, the promising results observed in
preclinical stages need to achieve clinical translation. Despite the significant number of available
functionalization strategies, targeting efficiency is currently one of the major limitations of advanced
nanomedicines in the oncology area, highlighting the need for more efficient nanoformulation designs
that provide them with selectivity for precise cancer types and tumoral tissue. Under this current need,
this review provides an overview of the strategies currently applied in the cancer theranostics field
using magnetic nanoparticles (MNPs) and solid lipid nanoparticles (SLNs), where both nanocarriers
have recently entered the clinical trials stage. The integration of these formulations into magnetic
solid lipid nanoparticles—with different composition and phenotypic activity—constitutes a new
generation of theranostic nanomedicines with great potential for the selective, controlled, and safe
delivery of chemotherapy.

Keywords: solid lipid nanoparticles; magnetic nanoparticles; magnetic solid lipid nanoparticles;
cancer theranostics; MRI-contrast agents

1. Introduction

Cancer is a malignant disease involving uncontrolled and rapid growth of aberrant
and nonfunctional cells as a result of epigenetic and genetic modifications. These have the
capacity to metastasize to distant organs of the body [1]. This heterogeneous disease ranks
as a principal public health concern worldwide [2]. In total, 18.1 million new cancer cases
were diagnosed in 2018, whilst 9.6 million deaths were related to the disease. Moreover, a
60% incidence increase in new global cancer cases is expected to occur over the next two
decades, according to the World Health Organization (WHO) [3].

The main tool for an efficient cancer treatment is an early diagnosis, as according
to WHO reports, 30% of patients could have successfully been considered cured if diag-
nosed at an early stage of the disease. When the tumor is identified early (in the first
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stages), combinations of surgery, chemotherapy, and radiotherapy are usually viable op-
tions as treatments with higher success rates and less side effects [4]. However, the latter
occurrence of the symptoms leads quite often to a cancer diagnosis at more advanced
stages—stage three or four. Then, the subscripted cancer treatment will be dependent on
the type and stage of the tumor/s, in addition to the patient’s condition—older and weaker
patients are normally spared treatments due to their aggressiveness—where late diagnosis
(and/or surgical tumor inaccessibility) limits the treatment of cancers to chemotherapy and
immunotherapy [4].

Several research fields are focused on finding anticancer drugs that achieve a selec-
tive phenotypic cytotoxic effect on cancer cells. These should, at the same time, stop
or slow down tumor growth whilst being less toxic (or ideally innocuous) to healthy
tissues [5]. Chemotherapeutic agents obtain different mechanisms of action depending
on their pharmacophore structure and other moieties (its chemical structure). Hence,
chemotherapeutics can be classified as alkylating agents (e.g., cisplatin and cyclophos-
phamide), anti-metabolites (e.g., methotrexate and fluorouracil), anthracyclines with DNA-
binding antibiotics (e.g., doxorubicin (DOX)), topoisomerase inhibitors (e.g., etoposide),
and microtubule stabilizers (e.g., paclitaxel, docetaxel) [4,6]. Although usually effective,
the main drawback of these drugs is their selectivity issues, as they can usually have a
phenotypic effect on the much more abundant healthy tissue as well. This can cause short
and then long-term health sequels in patients and even death [6–9].

When administered intravenously, chemotherapeutics are systemically distributed and
therefore can potentially reach all organs. Given its nature as a blood detoxifier—converting
xenobiotics into waste products—the liver is usually specially affected by the non-selective
action of the drugs [10]. Systemic distribution also reduces the in situ concentration
of the compounds in the tumor area. They may therefore require a higher posology
to achieve the desired effect, compromising their narrow therapeutic margins [5,11,12].
The poor pharmacokinetics, specificity, and the generation of cancer multidrug-resistance
(MDR) can further reduce their therapeutic margins [5–7,13]. Altogether, the treatments
available and the current poor success rates associated with them require smart targeted
strategies to achieve chemotherapeutic selectivity in addition to better early diagnosis and
in situ therapies.

Nanotechnology has evolved into a multidisciplinary field, having revolutionized
many scientific and nonscientific areas since 1970, including: applied physics, materials
chemistry, chemistry mechanics, robotics, medicine, and biological and electrical engi-
neering [14]. In the bioscience and medicine fields, nanomaterials have a wide range of
applications. In cancer therapy, for example, they have been used as diagnostic tools and
as drug delivery formulations [15,16]. Their nanoscale size (1–100 nm) makes them ideal
candidates for surface nano-engineering and the production of functionalized nanostruc-
tures [17]. Hence, they are currently being applied as drug delivery systems (DDS), sensors,
and tissue engineering catalyzers, amongst others [18]. Due to their unique physical and
optical properties and chemical stability, nanoparticles can grant selectivity to drugs for
specific body/organ/tissue targeting and even for individual recognition and targeting
of single cancer cells [15,19]. Hence, the nanoparticles’ characteristics can benefit the
bioactivity of therapeutic compounds through the reduction of the concentration needed
for a certain phenotypic outcome, potentially increasing their therapeutic margins and
pharmacokinetic properties and altogether reducing their potential harmful secondary
effects in healthy tissues (Figure 1) [14,18,19].

Many nanoformulations have been investigated pre-clinically, yet only a minor-
ity have advanced to clinic stages [20]. Currently, those approved by the U.S. FDA
and European Medicines Agency (EMA) [21] include: Abraxane [22], Doxil [23], and
Patisiran/ONPATTRO [24]. These formulations respond to the need for creating new
systems that efficiently improve drug selectivity and delivery and that help promote an
accurate and safer treatment of cancer.
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of administration (intravenous, oral, or intraperitoneal, among others).

Within the cancer field, magnetic nanoparticles (MNPs) have gained interest as highly
functionalized tools that can be applied to diagnosis, monitorization, and therapy. Their
relative straightforward synthesis, functionalization, purification, and characterization,
together with their usually good biodegradability and diagnostic platform potential, confer
major advantages for their use in cancer theranostics [25–35]. Recently, NanoTherm®, a
new platform for the intermittent glioblastoma treatment multiform, was approved by the
EMA and evidences the potential these systems have in cancer diagnosis and therapy [36].
Another type of nanoparticle, which is based on solid lipid nanoparticles (SLNs), has also
been studied abundantly and is currently applied in cancer therapy. Here, SLNs have
been used as a drug delivery system that has the potential to control the release of the
loaded chemotherapy and decrease their toxicity with an enhancement of biocompatibility
in comparison to inorganic or polymeric nanoparticles [37–40].

In this review, we provide an overview of recent developments to fight cancer using
MNPs and SLNs, alone or in combination, to yield magnetic solid lipid nanoparticles
(mSLNs), where we highlight their performance and potential application in diagnosis,
drug delivery, and other therapeutic approaches such as magnetic hyperthermia and
theranostics. Special focus will be paid to those reports offering results at the advanced
preclinical stage, both in vitro and in vivo.

2. Magnetic Nanoparticles

MNPs are being widely studied nowadays in many areas (such as in the biomedical
field), because they offer a plethora of opportunities [25]. Their physicochemical properties,
superparamagnetic behavior, small size, and capability to promote biological interactions
at the cellular and molecular level [25,26] allow MNPs to be employed as drug delivery
systems [28,29], magnetic resonance imaging contrast enhancers [30], and hyperthermia
inducers [31] for the treatment of cancer.

A key component of these MNPs is the metal used in their formulations. Thus, they
are usually ferrites (MFe2O4, NiaZn(1−a)Fe2O4, MnaZn(1−a)Fe2O4) [41], metal alloys (FeCo,
alnico, and permalloy), or iron-based magnetic oxides (hematite (α-Fe2O3), magnetite
(Fe3O4), and maghemite (γ-Fe2O3)) [31]. The most commonly used nanoparticles in the
biomedical field are superparamagnetic iron oxide nanoparticles (SPIONs), such as Fe3O4
and γ-Fe2O3, which present high biocompatibility and lower toxicity compared to other
metal structures (e.g., quantum dots, gold nanoparticles, and carbon nanotubes (CNTs) may
present lower biodegradation and body-elimination issues [25], together with increased
cytotoxicity [32,41]). Their superparamagnetic properties enable a degree of control through
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the application of an alternating magnetic field (AMF). Here, selective application of the
AMF can force the MNPs to generate local heat and promote the direct tumor ablation
and/or the drug release into the desired region, ultimately avoiding invasive diagnostic
and therapeutic techniques [32,33].

MNP performance is dependent on their composition, morphology, surface coating,
and size of the inorganic core, all of which influence their in vivo behavior [25] and po-
tential toxicity [41]. Studies performed in a mouse model with MNPs coated with DMSA
(dimercaptosuccinic acid) revealed accumulation in the liver, spleen, and lungs without
side effects [34]. Hence, the functionalization of the formulations’ surface with targeted
ligands can be a strategy to reduce toxicity in untargeted organs, whilst also increasing the
therapeutic efficacy in targeted ones [41].

2.1. Magnetic Nanoparticles as Drug Delivery Systems

MNPs have become an interesting vehicle for drug delivery in the cancer therapy field.
The MNPs’ design and formulation are part of an interdisciplinary scientific communica-
tion where bio-physicochemical interactions between MNPs and cells are optimized. As
described by Hung et al. [41], an efficient DDS should: (i) have the capacity to load the
appropriate drug/active compound, (ii) improve the biocompatibility, stability, and protect
the drug and its bioactivity, and (iii) promote drug delivery at the required site with low
toxicity for the healthy cells/tissues, [41].

As several MNP production methods have been currently described in the literature,
the process can be selected based on the ultimate purpose/objective of the MNPs, which for
most is the maximization of the desired phenotypic effect on cancer. On the one hand, the co-
precipitation of salts with stabilizing polymer/s, hydro/solvothermal procedures, thermal
decomposition, and reverse microemulsions can be considered the traditional methods of
MNPs synthesis [27]. On the other hand, newer strategies include microfluidic and biogenic
synthesis [36]. In either case, the resulting MNPs are usually constituted by a magnetic
core–shell encapsulated by a polymer coating [42], where chemotherapeutics are loaded
into (Figure 2). In this manner, the chemotherapeutics also help improve their colloidal
stability and pharmacokinetic properties for the posterior systemic administration [43].
The drug loading can also be performed by several methodologies [27,42], although the
methodology most employed makes use of the direct encapsulation of the drug or its
absorption in the MNPs through physical or chemical interactions. The drug loading
efficiency is here dependent on both the properties and compatibilities of the chemotherapy
with the MNP and its coating [1]. Hence, MNP coating selection and optimization is
the common strategy to effectively load hydrophobic [44] or hydrophilic drugs into the
nanoformulations [43]. Different coatings may also have different feasibilities for the
formulation administration [45]. Altogether, an effective coating selection will promote
the correct loading of the drugs, prevent the nanoparticle agglomeration, and promote an
efficient and controlled release at the target site. Typical coatings include lipids, surfactants,
or polymers (such as dextran or polyethylene glycol (PEG)). These organic surfactants and
polymers enhance the biocompatibility of the nanoparticles and promote opsonization
resistance. This expands their systemic circulation time and increases the fraction of
nanoparticles that ultimately reach the target (tumor cells) [25,46]. Furthermore, coatings
can also lower unwanted cytotoxicity in healthy tissues. For example, for iron oxide
nanoparticles coated with PEG, Ruiz and co-workers demonstrated an enhanced residence
time and reduced liver and spleen particle accumulation when compared to its uncoated
counterpart [35].

MNPs loaded with active agents (chemotherapy, DNA, RNA, or antibodies) can fur-
ther improve their therapeutic effects and margin whilst grating a degree of control over
their release in the biological environment [46–50]. Additional selectivity and modulation
of the MNP response can be achieved by functionalizing the MNPs [47]. For example, func-
tionalized MNPs have already been prepared to be sensitive to internal metabolic factors of
the tumor, such as pH, hypoxia, specific enzymes, and the Warburg effect [25,46–49]. MNP
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formulations have also been prepared to be sensitive to an external stimulus to be subjected
over the tumor area, such as light or temperature [16,25,30,51]. For the latter, MNPs under
either near-infrared (NIR) light or an alternating magnetic field (as the external stimuli)
have been found to further modulate the release of the loaded drug [31,52]. Hence, the
stimuli can provide an additional level of control over the drug release equilibrium [25,47].
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The sum of all of these characteristics makes MNPs very interesting tools for the safe
and selective targeting of cancer, in addition to their theranostic capabilities [48–50].

2.2. Magnetic Nanoparticles in Cancer Diagnostics

The WHO’s 2018 world cancer report predicted an increase by 2040 of 60% in cancer
incidence. Currently, early detection is the most effective way to increase the probability for
successfully overcoming most cancers. These malignancies ideally require a non-invasive,
fast, and precise diagnostic system able to provide the position, size, and characteristics of
the main tumor, in addition to that of other metastatic bodies [53].

A diagnostic tool used in clinic for tumor detection is magnetic resonance imaging
(MRI). MRI is a non-invasive, safe, and painless technique that uses magnetism and radio
pulses to produce images of different internal tissues and organs from different angles
and perspectives. The result is usually a clear depiction of soft tissues, including some
tumors [41].

MRI is based on the properties of some atoms to absorb energy in the form of radio
waves when under a magnetic field. Such an event causes a spin polarization that can
induce a signal in a radio frequency coil that can then be detected by a nearby anten-
nae/detector. Usually, hydrogen nuclei consisting of a single proton are used to create
the signals. Hydrogen is naturally abundant in all forms of life and hence can be used to
create a macroscopic polarization of hydrogen-rich tissues (rich in water and fats). The
pulses of radio waves excite the nuclear spin energy transition whilst the magnetic field
gradient localizes their polarization in space. After the excitation, the technique measures
the relaxation of the hydrogen in the longitudinal (T1-spin-lattice relaxation) and transverse
planes (T2-spin-spin relaxation) [33,53,54]. The image formed here is dependent on the
tissue’s local atomic density and the association of hydrogen to other atoms. Furthermore,
the pulse sequence can generate different contrasts between tissues, as can specific agents
that increase the capabilities of MRI. These agents shorten the relaxation times of the nearby
tissue, thus overcoming sensitivity limitations of the technique. These can be categorized by
their planar outcome, T1 and/or T2 effects (longitudinal or transverse effect on relaxation
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time of water protons, respectively [55]). Similarly, longitudinal and transverse relaxivity
(r1 and r2) are a measure of the goodness of a contrast agent for T1- and T2-weighted MR
imaging, respectively, and indicate the concentration of contrast agent (mM) that is needed
to shorten the relaxation time by one second.

MNPs are a type of MRI contrast agents with multifunctional properties that are
considered interesting probes for their co-localization in specific tissues, such as some
tumors. Guldris and co-workers [56–58] and Keasberry et al. [59] reported that proper
designs of iron oxide MNPs can significantly enhance the diagnostic capability of MRI
when compared to other nanostructured Fe-based contrast agents currently available. The
most common magnetic labels used in vivo are based on gadolinium (Gd) complexes and
iron oxide magnetic nanoparticles (Fe3O4). The latter has already been successfully used
in clinical diagnosis as an MRI contrast agent (e.g., Abdoscan®, Resovist®, Feridex®) [60].
Additionally, and in opposition to Gd complexes, iron-based contrast agents have the poten-
tial to be used in T1- or T2-weighted imaging with better biocompatibility and safety [54].
Likewise, manganese oxide nanoparticles are of growing interest as an alternative to the
Gd chelates as T1 contrast agents [61,62].

To date, several works in the literature have attempted the optimization of MNPs
as MRI contrast agents to improve their imaging capabilities for cancer diagnosis. Tse
and co-workers reported the synthesis of a prostate specific membrane antigen (PSMA)-
targeting iron oxide using a solvent evaporation method, which when directly injected
into the prostate induced negative contrast visualization in the MRI [63]. The authors
noted the great applicability of the MNPs for the detection and localization of prostate
cancer as the result of the great increase in image contrast in in vivo experiments. Sim-
ilarly, Salimi et al. synthesized iron oxide magnetic nanoparticles coated with a fourth
generation polyamidoamine dendrimer (G4@IONPs). These G4@IONPs MNPs, which
were synthesized via a co-precipitation method, significantly shortened the transverse
relaxation times (T2) in in vivo MRI imaging of the mice’s liver after the intravenous ad-
ministration of the G4@IONPs MNPs [64]. Gonzalez-Rodrigues et al. followed a different
approach and synthesized multifunctional graphene oxide magnetite (GO-Fe3O4) loaded
with doxorubicin to obtain a formulation with dual magnetic resonance and fluorescence
imaging capabilities [65]. The synthesis was here achieved via a coupling reaction between
3-aminopropyltriethoxysilane (APTES)-Fe3O4 nanoparticles and GO in the presence of the
coupling agents N’-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS). These GO-Fe3O4 MNPs exhibited a high r2/r1 ratio and great potential to be used
as a negative MRI contrast agent in vitro in both cervical and breast cancers cell lines (HeLa
and MCF-7, respectively). The authors also reported the use of MRI to study the DOX
release from the nanocarrier, together with the translocation of the GO-Fe3O4 into the
cancer cells [65]. In their study, the MRI analysis provided extensive information regarding
the drug’s spatial-temporal release and the consequent evaluation of the overall therapeu-
tic efficiency. Another study was conducted by Gallo and co-workers using eco-friendly
synthesis of MnO2_CQDs (carbon quantum dots), which showed OFF–ON responsiveness
in the presence of redox stimuli for dual MRI/fluorescence imaging applicability [66].

2.3. Magnetic Nanoparticles for Cancer Treatment

Hyperthermia. The use of heat as a treatment for cancer was first tested in 1898 by
Frans Westermark, who used hot water in an intracavitary spiral tube to treat advanced
cervical cancer [67]. In 1957, Gilchrist et al. administered magnetic nanoparticles for the
first time with the intention of generating induction heating capable of selectively killing
lymphatic metastases [68]. The authors delivered 5 mg of Fe3O4 per gram of lymph nodes
tissue and then applied an alternating magnetic field (AMF) of 15.9–19.1 kAm−1 at 1.2 MHz
to obtain a temperature rise of 14 ◦C. The results of the experiments showed a significant
cancer cell death rate without side effects to surrounding tissues [68]. Since then, different
methods have been developed to deliver heat as a system for cancer ablation.
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This effect, known as hyperthermia or overheating, is a phenomenon where an ab-
normal higher body temperature occurs (higher than the normal corporal temperature of
37 ◦C) [69]. This effect can have a variety of origins, including a natural immunological
defense mechanism (fever), designed to increase the body’s temperature when suffering an
infection [69]. Similarly, overheating can be employed for cancer therapy purposes [70].
Conventional hyperthermia, such as radiofrequency or microwave, is here applied as
an adjuvant therapy, ultimately exposing tissues to higher temperatures (up 42 ◦C) that
promote cancer cells apoptosis [71]. As mentioned before, cancer is characterized by an
intensification of the cells metabolism rate, amongst other changes, that combined with a
disorganized vascular system [1] results in an increased sensitivity to hyperthermia (since
the ability to disperse heat is diminished) [68,72]. Additionally, hyperthermia increases the
susceptibility of cancer cells to other treatments, including chemotherapy and radiother-
apy [72]. However, the main problem of classical hyperthermia is the lack of homogeneity
in the heat distribution profile, which can cause harmful side effects in the bordering
healthy tissues. Such problems highlight the need to control the temperature increase [73].

An alternative that can allow the control of the temperature is the use of tough, mag-
netic nanoparticles as generators of local heat in specific areas. When an external AMF
is applied to generate heat, the approach is called magnetic hyperthermia [74]. Magnetic
hyperthermia is a non-invasive treatment where, in the presence of an AMF, magnetic
material can transform electromagnetic radiation into thermal energy. Nearby cancer cells
heat up to ideally result in tumor ablation [51,75]. Furthermore, intravenous administration
of MNPs allows their accumulation on tumorous tissues via passive (by the enhanced
permeability and retention (EPR) effect) and potentially active mechanisms (where the
MNP surface possesses specific ligands for the surface receptors present in cancer cells) [76].
This accumulation can enable the repetition of posterior AMF treatments with no further
MNP administration [33,75]. Additionally, the incorporation of chemotherapeutic drugs
inside the formulation allows a synergistic combination of magnetic hyperthermia and
chemotherapy, which can overcome some of the concerns related to the magneto-thermal
conversion efficiency in vivo (such as degradation of magnetic susceptibility or their inher-
ent absorption under AMF) [77].

Rego et al. evaluated the performance of aminosilane-coated superparamagnetic
iron oxide nanoparticles as a magnetic hyperthermia treatment in a glioblastoma tumor
model. A C6 cell model was evaluated in vitro, whilst Wistar rats were implanted by
stereotaxis with C6 cells via stereotaxis for their in vivo evaluation. The authors applied
an AMF of 874 kHz and 200 Gauss (20 mT) and observed a 52% and 32.8% in vitro and
in vivo cancer cell death, respectively [78]. It is important to highlight that the allowed
electromagnetic field that can be applied to living organs should not exceed an upper limit
given by the product H·f = 4.5 × 108 Am−1s−1 (according to the Brezovich criterion [79])
or H·f = 5 × 109 Am−1s−1 (according to Herg et al. [80]).

Similarly, in a recent study, Kandasamy et al. synthesized hydrophilic and surface-
functionalized superparamagnetic iron oxide nanoparticles (SPIONs). The synthesized SPI-
ONs were functionalized in situ with short-chained molecules, including 1,4-diaminobenzene
(14DAB), 4-aminobenzoic acid (4ABA), and 3,4-diaminobenzoic acid (34DABA). Moreover,
their combination with terephthalic acid (TA)/2-aminoterephthalic acid (ATA)/trimesic
acid (TMA)/pyromellitic acid (PMA) molecules was explored. The results showed that
only the 4DAB-, 4ABA-, 34DABA-, and 4ABA-TA-coated SPIONs presented higher mag-
netization values than free SPIONS. More specifically, 34DABA-coated SPIONs-based
aqueous ferrofluid (AFF, 0.5 mg mL−1) showed a faster thermal response and achieved the
therapeutic temperature of 42 ◦C, ultimately having a higher cytotoxic efficiency (61–88%)
in HepG2 liver cancer cells [81]. Table 1 summarizes other representative biological studies
that have applied MNPs hyperthermia in cancer context.
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Table 1. Studies using magnetic nanoparticles (MNPs) for magnetic hyperthermia treatment in cancer.

MNP
(Particle Size) + Surface

Modification
Treatment + Cancer Model Results Ref

SPIONs
(250 nm) were coated with

targeted CXCR4.

Treatment: 869 kHz and 20 kA·m−1 for
the first 30 min of the experiment,

followed by another 30 min at 554 kHz,
and 24 kA·m−1.

Cancer model: glioblastoma (LN229) and
normal kidney cells (HK-2).

In vitro, the targeted treatment conjugated
with MH strategy showed a lethal outcome
of, approximately, 100% for LN229 cancer

cells after 72 h of treatment. The safety
profile of NPs was confirmed by the minimal

cytotoxicity observed in control group (JK
cells—HK-2 cell line).

[82]

IONPs
(not specified) were coated

with DMSA and conjugated
with Gem and the

pseudo-peptide
NucAnt (N6L).

Treatment: H = 15.4 kA m−1; f = 435 kHz.
Cancer model: pancreatic cancer model
(BxPC-3 and PANC-1 cancer cell lines).

Athymic nude mice were subcutaneously
injected with 2 × 106 BxPC-3 cells.

Combined chemotherapy and treatment with
NPs-based MH showed increased
cytotoxicity and cell death in vitro
(~90% of viable cells compared to
approximately 10% when no MH

was applied).
In vivo, Gem MNPs and the hyperthermia

therapy managed to cause an almost
complete tumor remission in mice xenografts

(at day 28) when compared to the groups
receiving only the mono-modal MNP

therapy or just the hyperthermia.

[83]

IONPs
(46 nm).

Fe3O4@Au MNPs were
prepared and loaded

with C225.

Treatment: I = 30 A; f = 230 kHz.
Cancer model: glioblastoma cancer

model (U251 cancer cell line).
Male and female Balb/c nu/nu nude

mice were subcutaneously injected with
2 × 106 U251 cells.

The combined triple therapy decreased,
in vitro, cell viability with a high rate of
apoptosis via caspase-3, caspase-8, and

caspase-9 expression upregulation.
In vivo, a significant tumor growth inhibition
(approximately 95% of tumor remission) was
measured compared to the control groups.

[84]

SPIONs
(100 nm) were modified with

anti-CD44 antibody.

Treatment: I = 50 A; f = 237 kHz.
Cancer model: head and neck squamous
cell carcinoma stem cells model (Cal-27

cancer cell line).
Male Balb/c nude mice were
subcutaneously injected with

5 × 107 Cal-27 cells.

CD44-SPIONPs exhibited good
biocompatibility and a programmed cell
death in cancer stem cells after an AMF

application. In vivo, 33.43% of tumor growth
inhibition was observed on the

treated group.

[85]

225Ac SPIONs
(10 nm) were attached the
attachment of CEPA and

transtuzumab to the surface.

Treatment: magnetic flux density from
100 to 300 G and frequency range of

386–633 kHz.
Cancer model: ovarian cancer model

(SKOV-3 cancer cell line).

225Ac@Fe3O4-CEPA-trastuzumab showed a
high cytotoxic effect towards SKOV-3

ovarian cancer cells expressing the HER2
receptor, in vitro.

[17]

IONPs: iron oxide nanoparticles; DMSA: dimercaptosuccinic acid; C225: cetuximab; MNPs: magnetic nanoparti-
cles; Gem: gemcitabine; SPIONs: superparamagnetic iron oxide nanoparticles; AMF: alternating magnetic field;
MH: magnetic hyperthermia; 225Ac: actinium-225; CEPA: 3-phosphonopropionic acid; NPs: nanoparticles; CXCR4:
chemokine cell surface receptor 4.

Chemotherapeutic drug delivery. Chemotherapeutic agents target cells at different
phases of cell cycle, which directly or indirectly inhibit the uncontrolled growth of cancer
cells [86]. However, the small molecules’ lack of specificity and selectivity towards the
cancer tissue can also promote damage to healthy cells, as stated earlier [6–10]. MNPs as
a drug delivery system are a potential solution for the delivery of drugs to the desired
specific sites. These systems can promote a controlled drug release over time, which
provides more efficient therapy for the patient [33] without promoting an overdosage of
the drug and associated side effects [87,88]. The drug release from MNPs could present
a constant profile (ultimately maintaining a constant concentration for a certain time) or
a sigmoidal drug release, reaching a maximum concentration [88]. The use of MNPs as a
chemotherapeutic vehicle has been studied [33] since the 1980s, and since then different
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formulations have been described that incorporate drugs such as DOX [89], paclitaxel
(PTX) [90], and methotrexate (MTX) [91] as safer and potential alternatives for the treatment
of different cancer types.

In MNPs, these therapeutics can be found either as part of the coating of the nanopar-
ticles (maintained through interactions formed with the surface-active functional groups of
the MNPs) or encapsulated/embedded inside them. Both approaches, and especially the
latter, can help protect the healthy cells and tissues against the bioactivity of the chemother-
apeutic drugs needed to combat cancer. The specific activation of the magnetic nanocarriers
under particular conditions after reaching the cancer area can then promote the release
of the loaded drugs in the tumor microenvironment. For instance, AMF-generated heat
(magnetic hyperthermia) and pH (as the tumor microenvironment has a lower pH than
normal physiological values [92]) [93] have been successfully employed as MNP-activation
stimuli. Reports of MNPs sensitive to both stimuli have also been reported by Yu et al. [94].
Here, Fe3O4@SiO2 coated with mPEG-poly(l-asparagine) MNPs showed sensitivity to both
stimuli (temperature and pH) and as a result displayed an increased DOX release in the
tumor region [94]. Similarly, a recent work developed nanocarriers based on an Fe/Mg-
carbonate apatite (Fe/Mg-CA) nanoparticles formulation, where different concentrations
of Fe+3 and Mg+2 were used under specific pH to trigger the release of the loaded DOX.
The biodistribution study was performed ex vivo; here, both nanoparticles promoted the
accumulation of DOX in breast tumors whilst also causing a bigger cytotoxic effect on the
cancer and a half-life circulation improvement when compared to the free drug [89].

Applying an AMF as a stimulus for the activation of the drug-loaded MNPs can create a
synergistic cytotoxic effect on cancer, where the sum of the parts (the chemotherapy and the
magnetic hyperthermia) can cause a bigger phenotypic effect than the individual treatments,
as demonstrated by diverse research groups. For example, for the treatment of primary
central nervous system lymphoma (PCNSL), Dai et al. [91] used six experimental groups
(control, Fe3O4, MTX, Fe3O4@MTX, Fe3O4 with hyperthermia, and Fe3O4@MTX with
hyperthermia) and observed an increase in the apoptosis rate in vitro for the combinatorial
treatment when compared to the other groups used. In their in vivo evaluation, the
same combination managed to inhibit more the tumor growth when compared to the
rest of groups used, as well as managed to decrease the overall tumor cell numbers as
measured by H&E staining (hematoxylin and eosin staining). Their results highlight the
advantages of this dual treatment in oncology [91]. Other examples are shown in Table 2,
which summarizes other similar studies involving chemotherapeutics with or without the
application of magnetic hyperthermia or photothermic conditions.

Table 2. Studies using magnetic nanoparticles (MNPs) as drug delivery systems for cancer therapy.

MNP
(Particle Size) + Surface

Modification
Treatment + Cancer Model Results Ref

SPIONs
(12 nm).

SPIONs were coated with a
DMSA, MF66, and covalently
functionalized with (i) DOX

(MF66-DOX), (ii)
pseudopeptide NuCant

(MF66-N6L), and (iii) with
both (MF66-DOX-N6L).

Treatment: DOX + AMF (H = 15.4 kA/m;
f = 435 kHz).

Cancer model: breast cancer model
(BT474 cell line).

Female athymic nude mice were
subcutaneously injected (on rear

backside) with 2.0 × 106 BT474 cells.

The thermo-chemotherapeutic treatment
favors the tumor regression in 50%

comparatively to control group in vivo
(between day 6 and day 17). MF66-DOX-N6L

plus hyperthermia application increased
their internalization in cancer cells and

enhanced in 90% the cytotoxic effect in vitro,
comparatively to control group.

[95]
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Table 2. Cont.

MNP
(Particle Size) + Surface

Modification
Treatment + Cancer Model Results Ref

IONPs
(112 nm).

MnFe2O4 MNPs were
synthesized and were

encapsulated in PTX loaded
thioether-containing

ω-hydroxyacid-co-poly(d,l-
lactic acid)

(TEHA-co-PDLLA).

Treatment: PTX + AMF (25 mT;
f = 765 kHz).

Cancer model: colorectal cancer model
(Caco-2 cell line) + human mesenchymal
stem cells derived from adipose tissue.

In vitro experiments showed that NPs were
able to sustain PTX release for up 18 days.
Moreover, NPs showed great anticancer

activity in a dose-dependent manner with
low toxicity toward the primary human stem

cells derived from adipose tissue.

[96]

IONPs
(122 nm).

IONPs were modified with a
layer of di-carboxylate

polyethylene glycol and
carboxylate-methoxy

polyethylene glycol. Then,
IONPs were coated with silica,

obtaining PEGylated
silica-coated IONs (PS-IONs).

Treatment: DOX + CDDP. Cancer model:
breast cancer model (MCF7 cell line);

mouse fibroblast cell line (L929).

NPs showed a dual stimuli-triggered release
behavior. A release rate of 69% and 84%, for
DOX and CDDP, respectively, was measured
during the first 30 h in an acidic environment

under photothermal conditions. PS-IONs
demonstrated potent antitumor activity

in vitro, which was significatively enhanced
when exposed to low-power near-IR

laser irradiation.

[97]

IONPs
(non-mentioned).

Surface modification is not
mentioned.

Treatment: ferumoxytol.
Cancer model: mouse mammary tumor

virus—polyoma middle T
antigen—MMTV-PyMT; MDA-MB-468).

Human fibrosarcoma cells (HT1080);
murine macrophages (RAW264.7);

human dermal fibroblasts (PCS-201-012);
human umbilical vein endothelial cells

(HUVECs).
Female FVB/N were injected with

2.3 × 106 MMTV-PyMT cancer cells.

Ferumoxytil NPs caused tumor growth
inhibition by increasing caspase-3 activity.

Moreover, macrophages exposed to the NPs
enhanced mRNA transcription associated

with pro-inflammatory Th1-type responses.
In vivo, IONs significantly inhibited the

growth of subcutaneous adenocarcinomas
compared to controls (tumor size reduction

of 53% at day 21), as well as the development
of liver metastasis. Additionally, NPs

allowed its use as T2-weighted image for
tumor imaging.

[98]

IONPs
(20 nm).

Surface modification is
not mentioned.

Treatment: AT.
Cancer model: lung cancer model (A549

and H1975) and human normal lung
epithelial cells (BEAS2B); mouse normal
liver cells (AML12); rat normal liver cells

(BRL3A).
Male athymic nude mice were

subcutaneously injected with 5 × 105

A549 and H1975 into the dorsal flanks.

AT-MNPs demonstrated inhibition in cancer
viability (less than 50% viable cells), whilst

displaying no toxicity in vivo.
AT-MNP treatment intensified the

non-small-cell lung cancer apoptosis,
activating the caspase-3 route and

downregulating the anti-apoptotic proteins
Bcl2 and BclXL, in addition to upregulating

the proapoptotic Bax and Bad signals.

[99]

SPIONs
(165 nm).

Surface modification is
not mentioned.

Treatment: MTX + AMF (H023.9 kA/m,
f = 410 kHz).

Cancer model: human bladder cancer cell
line (T24).

Male SCID (BALB/cJHanHsd-Prkdc)
were subcutaneously injected with 2 ×
106 T24 cancer cells dorsally between

the hindlegs.

The results revealed that the relapse-free
destruction of tumors was superior when the
combination of chemotherapy and magnetic

hyperthermia was used (13 days
post-treatment versus 15 days post-treatment

under monotherapy). The authors also
observed an impairment of proapoptotic

signaling, cell survival, and cell
cycle pathways.

[100]

SPIONs: superparamagnetic iron oxide nanoparticles; DMSA: dimercaptosuccinic acid; DOX: doxorubicin; AMF:
alternating magnetic field; IONPs: iron oxide nanoparticles; MNPs: magnetic nanoparticles; AT: actein; PTX:
paclitaxel; CDDP: cisplatin; MTX: methotrexate.
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2.4. Magnetic Nanoparticles for Theranostic Applications

MNPs have the potential to be used as theranostic platforms in the cancer research
field. A theranostic platform combines diagnostic and therapeutic capabilities in the
same formulation, enabling efficient tumor targeting, treatment, and therapy response
monitoring (or image-guided therapeutics, the visualization of tissue images before, during,
and after the treatment) [33]. This combination can help tailor the therapy requirements for
each patient within an individualized therapeutic strategy design, with a greater probability
of a positive outcome and, at the same time, reduced side effects (Figure 3) [27].
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Figure 3. MNP applications in different cancer areas. MNPs could be used as (i) contrast agents to
enhance the MRI detection in cancer diagnosis, as (ii) generators for magnetic heating in specific
regions such as solid tumors, and as (iii) nanocarriers to deliver specific drugs in cancer treatment.

Following this path, Abedi et al. [101] synthesized MNP as theranostic platforms by
combining modified magnetic mesoporous silica nanoparticles (MMSNs) with imidazoline
groups (MMSN-Imi) conjugated with cisplatin (Cis-Pt). The nanoparticles displayed high
r2/r1 reflexivity values and a growth inhibition of ovarian carcinoma cells through apopto-
sis and necrosis induction, confirming their theranostic applicability in cancer treatment
and control [97]. Zhang et al. [98] followed a similar approach by designing an LDH-Fe3O4-
HA (hyaluronic acid) core–shell loaded with encapsulated DOX. The functionalized surface
of the Fe3O4 nanoparticles granted good colloidal stability and cytocompatibility to the
nanoformulation, whilst also displaying high r1 values and control over its drug release
in a pH-dependent manner. The nanoparticles in in vitro phenotypic activity managed
to selectively target B16 melanoma cells. The authors also evaluated the nanoparticles’
theranostic efficiency in vivo, using B16 melanoma tumor-bearing C57BL/6 mice through
intravenous injection. In vivo, the data showed a reduction of tumor growth in addi-
tion to an enhanced MRI contrast in the functionalized nanoparticle-treated group [102].
Table 3 shows other recent studies where theranostic magnetic platforms were designed,
synthesized, and evaluated.
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Table 3. Studies using magnetic nanoparticles (MNPs) for cancer theranostics.

MNP
(Particle Size) + Composition Treatment + Cancer Model Results Ref

MnO2 NPs
(107 nm) loaded with

poly(N-vinylcaprolactam)
nanogels (PVCL NGs)

(DOX/MnO2@PVCL NG).

Treatment: DOX
Cancer model: melanoma cancer model

(B16 cancer cell line).
In vivo: mouse model of subcutaneous

B16 melanoma.

NPs showed interesting biocompatibility
properties in addition to redox

responsiveness in tumoral tissues. In an
in vivo tumor model (with relatively high
concentration of GSH), a release of Mn+2

from DOX/MnO2@PVCL NG occurred that
enhanced T1-weighted MRI.

In parallel, the DOX release from the NPs
inhibited the tumor growth (1 versus 14

relative tumor growth for dual-treatment
and control, respectively).

[103]

Fe3O4 IONPs
(200–300 nm) were

synthesized and
functionalized with PDA,

PEG, and cRGD
(Fe3O4@PDA-PEG-cRGD).

Treatment: DOX + photothermal effect
(1 W/cm2).

Cancer model: colon cancer model
(HCT-116 cancer cell line).

Male nude mice were subcutaneously
injected with HCT-116 cells

(5 × 106/mL).

In vitro and in vivo, NPs were capable of
targeting tumor cells and promoting the

drug internalization. The cytotoxic effect was
also significant (survival rate of 25.6%

comparatively to control group) whilst the
nanocarriers displayed good thermal

stability and photothermal conversion
efficiency, pH responsiveness, and an

enhancement of T2-MRI contrast. In vivo,
the authors observed a decrease in tumor
growth around 67% when compared the

dual-treatment with the control.

[104]

IONPs
(26 nm) were coated with

casein (CION) and
functionalized with the
tumor-targeting ATF of
urokinase plasminogen

activator and the antitumor
drug CDDP

(ATF-CNIO-CDDP).

Treatment: CDDP.
Cancer model: pancreatic cancer model

(MIA PaCa-2 cancer cell line).
Female nu/nu mice were injected with
1 × 106 MIA PaCa-2 cells (orthotopic

pancreatic tumor model).

NPs promote a T2-MRI contrast, combined
with an improvement of therapeutic

effectiveness (0.75 g versus 1.5 g of tumor
weight for treated group and control,

respectively) and a decrease on harmful side
effects in comparison to the free drug.

[105]

SPIONs
(260 nm) were coated with FA

and ACPP
(F/A-PLGA@DOX/SPIO).

Treatment: DOX.
Cancer model: human non-small cell

lung cancer model (A549 cell line).
Normal liver cell (L02 cell line).
Male BALB/c nude mice were

subcutaneously injected with 3 × 107

A549 cells into the right-rear leg.

F/A-PLGA@DOX/SPIO induced apoptosis
in the cancer cells, accelerating the

overproduction of ROS. MRI was used to
track the NPs in cancer cells (T2-weighted

MRI). In vivo, a reduction in tumor growth
was observed (around 67% comparatively to

control group), NPs showed a good
biocompatibility and long plasma stability,
with a capability to induce tumor necrosis,

whilst no significant damage or inflammation
was detected in healthy organs.

[106]

SPIONs
(6 nm) were coated with
dextran (FeDC-E NPs).

Treatment: erlotinib.
Cancer model: lung cancer model

(CL1-5-F4 cancer cell line).
Male BALB/c nude mice were

subcutaneously injected with 2.5 × 106 of
CL1-5-F4 cells.

Theranostic NPs showed a significant
therapeutic effect with targeting properties
against invasive and migrative cancer cells.
These NPs enabled their localization using

T2-weighted MRI. EGFR–ERK–NF-κB
signaling pathways were suppressed when

after tumors treatment.

[107]

SPIONs: superparamagnetic iron oxide nanoparticles; IONPs: iron oxide nanoparticles; MNPs: magnetic nanopar-
ticles; NPs: nanoparticles; DOX: doxorubicin; PDA: polydopamine; PEG: poly(ethylene glycol); cRGD: cyclic
arginine-glycine-aspartate motif; ATF: amino-terminal fragment; GSH: glutathione; MRI: magnetic resonance
imaging; CDDP: cisplatin; FA: folic acid; ACPP: activable cell-penetrating peptide; ROS: reactive oxygen species.
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To date, several MNPs are in the early stages of clinical trials or in a pre-clinal phase,
while different designs have already made it into the clinics for medical imaging and the
therapeutic application of solid tumors, such as Feridex IV® (liver and spleen), Lumiren®

(bowel), Combidex® (lymph node metastases), and NanoTherm® [36,108].

3. Solid Lipid Nanoparticles

SLNs were first remarked upon in the early 1990s [74,109–111] as an upgraded alter-
native of the polymeric, inorganic, and liposomal nanoparticles traditionally used until
then as carriers [40]. SLNs are colloidal nanoparticles composed of a lipid matrix, solid at
both room and body temperatures [112], and surfactants used as stabilizing and solvating
agents (Figure 4) [113]. Different lipid and surfactant compositions can control the size,
polydispersity, surface charge, stability, and drug release profile of the formulation [106].
The selection of the lipids can also influence the biodegradability, stability, and affinity by
drugs and other elements (metals, dyes, etc.). Commonly, fatty acids such as mono-, di-,
and triglycerides, fatty alcohols, and waxes are used for the preparation of SLNs [114]. The
small size of the formulations (ranging from 10 to 1000 nm), the large surface-to-volume
ratio, and the high drug encapsulation efficiency are the key advantages of SLNs. Addi-
tionally, these formulations can potentiate the therapeutic effectiveness of hydrophobic
pharmaceuticals [36] by improving their bioavailability, protection from biodegradation
and clearance by the reticuloendothelial system (RES), and controlling the drug release
rate [115].
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3.1. SLNs as Drug Delivery Systems

The design of the SLN is the starting point for its development as a potential nanocar-
rier. For the synthesis of the SLNs, a high-pressure homogenization technique (HPH)
methodology has been developed and amply used because of its easiness, efficacy, and
relatively low cost [37]. Microemulsions, solvent emulsification method, solvent evapora-
tion or diffusion, and double emulsion techniques have also been used for the preparation
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of the formulations [37,38,113,117]. However, some of these techniques have drawbacks
and limitations, including—for HPH methodology—the mechanic stress applied to the
final formulation. Similarly, other techniques depend on a recrystallization step that can
reduce the effectiveness of the drug loading (which, however, can be overcome using a
heterogenous lipid phase [92]) [118].

SLNs formulations are already approved by the FDA and included in the “Generally
Recognized As Safe” (GRAS) list. They are recognized as safe to be administered via
different routes including intranasal [119], by inhalation [120], intravenous [121], subcu-
taneous [122], rectal [123], oral [124], ocular [125], and intramuscular [126]. SLNs’ design
empowers the biodistribution pharmacokinetics of the intended drugs, improving the
drug treatment effectiveness by overcoming the MDR [127]. Additionally, the possibility
to modify the SLNs’ surface enhances the capability to overcome biological barriers to
target cancer cells with minimal side effects [38] and decrease the initial rapid drug release,
called the “burst effect” [37] (major drawback of the drug delivery systems since they could
expose the patient to a drug overdose [128]). Identical to what happens with MNPs, coating
the SLNs with PEG avoids the rapid immune system cell uptake of these nanocarriers and
increases their circulation time [37,38,118,128]. The effect of the functionalization with a
PEG-coating was evaluated by Arduino et al., who observed an enhanced ability of the
formulation to cross the blood–brain barrier and, consequently, the accumulation of the
encapsulated drugs in the brain [129]. Dhiman et al. applied a different approach by synthe-
sizing PEGylated SLNs to enhance the pharmacological profile of the drug in a pathological
cardiac hypertrophic model. Their data showed an increase in the circulation time of the
PEG-coated nanoparticles and a significant preclusion of the cardiac hypertrophy when
compared to the free drug [130].

The therapeutic effect of the encapsulated drug is potentially more efficient when
the SLNs selectively deliver the drug to its specific site of action. However, the effective
accumulation of nanoparticles in solid tumors depends also on the tumors’ microenviron-
ment characteristics as well as the nanoparticles’ physicochemical properties. It has been
debated that the EPR effect can hypothetically cause the passive accumulation of nanopar-
ticles, liposomes, or other carriers and macromolecules in tumors because of the enhanced
vascular permeability and poor lymphatic drainage surrounding the tumors [131]. This
is a consequence of the tumor’s growth requirements, which demands and consumes a
high and continuous supply of nutrients and oxygen to be able to sustain its uncontrolled
proliferation (Figure 5). To accomplish this, the malignant cells secrete proteins and growth
factors, such as fibroblast growth factor (FGF) and vascular endothelial growth factor
(VEGF), to induce new blood vessels in a process called angiogenesis, which is one of the
hallmarks of cancer [132,133]. The rapid generation of new capillaries in addition to a lack
of vasculature supportive tissue (basal membrane) can form an abnormal vessel architec-
ture, with endothelium gaps of diameters between 200 nm to 2 µm of size [134]. Due to
this situation, the circulating nanoparticles can easily reach the tumor region through the
gaps located in the surrounded blood vessels because of their characteristic small sizes
compared to the pore size (<200 nm) [46,131,134–136]. In conjugation with an enhanced
permeability, an enhanced retention can also be observed due to the deficiency of the lym-
phatic system. This is because the nanoparticles (characterized by a larger hydrodynamic
size) are incapable of returning to the surrounding capillaries, which ultimately increases
their retention time in the tumor [136–138].

SLNs can also accumulate in the tumor regions through active delivery mechanisms.
For this, the SLNs’ surface are functionalized with ligands that can selectively recognize
overexpressed receptors on the surface of cancer cells and, ultimately, be translocated inside
the cells [136,138]. Consequently, the selective delivery of the pharmacologically active
compounds to the tumor can reduce the toxicity and harmful side effects on other healthy
cells [46,137,138]. Using these ideas, Rosière and co-workers [139] developed an SLN based
on a folate-conjugated copolymer of PEG and chitosan (F-PEG-HTCC) with paclitaxel
encapsulated within. In vitro studies with the functionalized SLN showed a decrease of
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the IC50 (half-maximum inhibitory concentration) in overexpressed folate receptor (FR) cell
lines in comparison with healthy cell lines with a normal expression of FR. In vivo studies
were conducted using female CD1 and BALB/c mice intrapulmonary implanted with
M109-HiFR lung cells. Developed nanoparticles were administered to mice through the
endotracheal route to perform pharmacokinetic studies. Data demonstrated an enhanced
penetrability and prolonged lung residence of the drug-loaded SLNs [139]. Hyaluronic acid
is another ligand commonly used as a functionalization moiety for active targeting, as sev-
eral tumor types are characterized by the overexpression of its receptors (CD44 and CD168).
In vitro results obtained by Campos et al. [140] showed enhanced targeting cellular uptake
with time/dose-controlled delivery when using a chitosan and hyaluronan (HA)-coated
SLN. Their results pointed to an improvement of the chemotherapeutic efficiency [140].
Similarly, SLNs loaded with methotrexate and functionalized with carbohydrates (fucose)
were synthesized by Garg and co-workers [141]. In vitro results showed an increase in
cytotoxicity against the MCF-7 cancer cell line in comparison to the free drug. Furthermore,
in vivo studies were performed using DMBA-induced breast cancer in female Wistar rats.
Nanoparticles were intravenously injected into rats and results showed an accumulation of
the functionalized SLNs in the tumor microenvironment, which ultimately was associated
with an increase in the efficiency of the antitumor treatment.
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cerous tissues. EPR effect promotes an increased accumulation of nanoparticles in cancer cells facing
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3.2. Solid Lipid Nanoparticles in Cancer Treatment

As drug nanocarriers, SLNs enable the encapsulation of hydrophobic and hydrophilic
drugs (a detailed review on the hydrophilic drug encapsulation can be consulted in [142])
through three potentially distinct manners [76,138]. These can be: (i) dispersed homo-
geneously in the lipid matrix, (ii) dispersed throughout the shell (surfactant layer), and
(iii) incorporated in the core (Figure 6). Several studies have already verified the efficient
incorporation of different chemotherapeutic drug types [143–146] and their evaluation in a
wide range of cancers.
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For breast cancer, Xu and colleagues [147] studied the applicability of paclitaxel-loaded
SLNs in a drug-resistant breast cancer cell line (MCF-7), whilst Eskiler et al. observed an
enhanced anticancer activity of tamoxifen (Tam)-loaded SLNs by inducing apoptosis in
both MCF-7 and MCF-7 Tam-resistant cell lines [148]. In the latter, a healthy breast control
cell line (MCF-10A) was also used and showed no damage after treatment, validating their
use as selective formulations that can even overcome Tam resistance.

Glioma (brain cancer) has also been targeted with SLNs in some studies to improve the
treatment outcome. Marslin et al. used an SLN encapsulated with albendazole (ABZ) [149]
and observed an in vitro biphasic release of the drug, where 82% of ABZ was released
in 24 h, in addition to an increase of its cytotoxicity and drug uptake in U-87 MG cells
compared to the free drug [149].

In a similar approach for lung cancer studies, docetaxel (DTX)-loaded SLNs showed,
in in vitro studies, a better controlled drug release and an overall activity gain of 100-fold in
comparison with the free-drug-treated control in 4T1 cells. Considering the improvement
in cellular uptake, SLN-DTX significantly accumulated in cancer cells associated with an
induction of cellular apoptosis. Subsequent in vivo studies showed a reduction of tumor
growth with the SLNs treatment, without a detectable systemic toxicity in the mice model
employed [150].

Other examples can be found in Table 4, which summarizes recent SLN preparations
and uses them as potential cancer treatments.

Table 4. Solid lipid nanoparticles (SLNs) as drug delivery systems for cancer therapy.

SLN
(Particle Size) + Surface
Modification/Loading

Drug + Cancer Model Results Ref

SLNs
(200 nm).

Surface modification is
not mentioned.

Drug: DOX.
Cancer model: murine malignant

melanoma (B16F10 cells).
C57BL/6 mice (12–16 weeks old) were

intravenously injected with
1 × 105 B16F10 cells.

In vivo, mice treated with SLNs-DOX,
obtained, approximately, a 60% reduction of
tumor area when compared to mice treated

with free DOX.
No significant differences were found in the

survival rates or body weight between
different treatment groups, indicating no

detectable SLPs-DOX in vivo toxicity during
the timeframe of these tests.

[151]
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Table 4. Cont.

SLN
(Particle Size) + Surface
Modification/Loading

Drug + Cancer Model Results Ref

PTX-SLN
(<200 nm).

Surface modification is
not mentioned.

Drug: PTX.
Cancer model: breast cancer model

(MCF-7 cancer cell line).

Xu et al. observed an enhanced anticancer
activity of PTX-SLNs, which significantly
increased the intracellular uptake (almost

10 ng more of PTX per mg of protein
comparatively to control) of the drug when

compared to the free drug. The results
demonstrated that the use of SLNs could
efficiently avoid the multidrug resistance

mechanisms observed in breast cancer cells.

[147]

SLN-TMZ
(279 nm).

Surface modification is
not mentioned.

Drug: TMZ.
Cancer model: melanoma cancer model

(JR8 and A2058 cell lines; B16-F10 mouse
melanoma cell line).

Female C57BL6/J mice were
subcutaneously injected with

1 × 106 B16-F10 cells.

NPs showed in vitro and in vivo their ability
to target tumor cells and promote drug

internalization, reducing the therapeutic
dosage needed to be administered in the

in vivo model. Here, SLN-TMZ also
displayed a higher mice survival rate

compared to that obtained using the free
drug (increasing from 50 to 100%). Moreover,
the in vitro tumor angiogenesis was found to

be inhibited (HUVEC method).

[152]

Chol-CUR-SLN
(170 nm).

Surface modification is
not mentioned.

Drug: CUR.
Cancer model: breast cancer model

(MDA-MB-231 cell line).

In vitro results showed that Chol-CUR-SLN
efficiently targeted and accumulated in
cancer cells. It also exhibited a higher

inhibitory effect on cell viability (20% of
higher cytotoxicity in comparison to free

drug) and proliferation when compared to
free CUR. Chol-CUR-SLN significantly

improved the induction of apoptosis (63.87%
versus 55.4%) in MDA-MB-231 cells,

compared to free CUR.

[153]

SLN-MTX
(300 nm) loaded with an ApoE
mimicking chimera peptide to

actively target the brain.

Drug: MTX.
Cancer model: glioblastoma cancer

model (F98/Fischer glioblastoma human
primary culture).

A reduction of tumor growth (relative tumor
growth of approximately 4 versus 10 for

treated and control groups, respectively) was
observed with SLN-MTX. Moreover, an

increase of apoptosis was noted,
demonstrating that the developed SLN could

be an alternative to conventional therapy.

[154]

TAT PTX/TOS-CDDP SLNs
(100 nm) modified with
DSPE-PEG and TAT for
co-delivery of PTX and

TOS-CDDP.

Drug: PTX + TOS-CDDP.
Cancer model: cervical cancer model

(HeLa cancer cell line).
BALB/c nude mice were subcutaneously

injected with 1 × 106 of HeLa cells.

TAT PTX/TOS-CDDP SLNs had a slower
drug release in comparison with

PTX/TOS-CDDP SLNs. Here, the drug
release was greatly affected by a lower pH.

The in vitro cellular uptake study also
showed that tumor cells could uptake more
efficiently the TAT PTX/TOS-CDDP SLNs

when compared with other SLNs. Moreover,
these nanoparticles showed a synergistic
effect in the suppression of tumor growth

in vivo (inhibition rate of 72.2%) with lower
toxicity (calculated by the bodyweight loss

during the experiment). Moreover, the
formulation increased the drug accumulation

in tumor tissue in comparison to the
administration of the free drug.

[155]
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Table 4. Cont.

SLN
(Particle Size) + Surface
Modification/Loading

Drug + Cancer Model Results Ref

c-SLN
(200 nm).

Surface modification is not
mentioned.

Drug: FA+ ASP.
Cancer model: pancreatic cancer model

(PaCa-2 and Panc-1 cell lines).
Male SCID mice were subcutaneously

injected with 1 × 106 PaCa-2 cells.

In vitro studies demonstrated that NPs with
the conjugated treatment effectively

inhibited cell growth, inducing apoptosis.
The use of the dual treatment loaded in the

SLNs presented significantly better results in
cell viability assays when compared to the

cells treated with the free drugs. The in vivo
studies presented a tumor growth

suppression of 45% compared to the control
group. However, this result was not

statistically significant. By performing the
immunohistochemistry analysis, an

increased expression of pro-apoptotic
proteins was detected.

[156]

SLNs: solid lipid nanoparticles; NPs: nanoparticles; PTX: paclitaxel; TMZ: temozolomide; CUR: curcumin; Chol:
cholesterol; ApoE: very low-density lipoprotein receptor binding; MTX: methotrexate; DSPE: 1,2-distearoyl-sn-
glycero-3-phosphorylethanolamine; PEG: poly(ethylene glycol); TAT: trans-activating transcriptional activator;
TOS-CDDP: α-tocopherol succinate-cisplatin prodrug; c-SLN: chitosan-coated solid lipid nanoparticle; FA: ferulic
acid; ASP: aspirin; DOX: doxorubicin; HUVEC: human umbilical vein endothelial cells.

SLN formulations represent an advanced nanocarrier system suitable to provide safer
and more efficient anticancer treatments, since they are able to overcome many of the limita-
tions of a free-drug administration. However, SLNs with therapeutic properties are still in
the initial stages of research and show very limited clinical translation. Large-scale manufac-
turing processes (able to preserve the stability of drugs), sterilization, and other fabrication
technical issues are still challenges that need to be overcome before commercially available
SLN products become a reality [157]. For example, an optimization of the SLNs design is
still required when using recrystallization synthetic procedures where a drug expulsion
from the system can occur, reducing the drug loading capacity [158–160], and where the
lack of interactions between the drug and the lipid matrix, as well as their chemical na-
ture and state, could also contribute to the poor drug encapsulation [158]. Furthermore,
some studies noted a relatively high percentage (70–99.9%) of water content in the disper-
sion [37,161]. Despite these particular limitations, SLNs constitute simple, scalable, and
cost-efficient drug carriers able not only to encapsulate one or several drug candidates and
enable multidrug co-delivery approaches but also to provide a functionalization platform
towards specific targeting and accumulation in the tumor region, thus offering an enhanced
therapeutic index and reduced systemic toxicity. Beyond the encapsulation of anticancer
drugs [146–150,152–156], SLNs have already been used to encapsulate siRNA [162,163],
DNA [162], platelet aggregation inhibitors [164], and magnetic particles [164,165]. The
latter will be further discussed in the next section.

4. Magnetic Solid Lipid Nanoparticles

As aforementioned, SLNs present a broad variety of advantages for the treatment of
cancer. Several research groups have focused on the development of these new nanoplat-
forms, trying to exploit and maximize their benefits [164–167]. However, somewhat surpris-
ingly, the magnetic material incorporation in the SLNs was not explored until quite recently.

Different metals and metal derivatives such as iron oxide, gold, and gadolinium [74,83,95–99]
have been incorporated in the nanoformulations producing novel platforms with great
potential in cancer therapy and tissue imaging. In particular, encapsulated iron oxide
and gadolinium have been studied abundantly as magnetic delivery systems that can be
guided to tumor regions and/or activated for controlled drug release and cell ablation
(magnetic hyperthermia) via an external magnetic field or by endogenous stimuli such
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as pH changes [168–171]. In particular, iron oxide nanoparticles are considered biocom-
patible and safe materials and are the gold standard magnetic nanoparticles in medical
research, despite the fact that they are able to cause cytotoxicity from the generation of ROS
species via the Fenton reaction, which can lead to the damage of DNA, lipids, proteins, and
carbohydrates [171,172].

Magnetic solid lipid nanoparticles (mSLNs) represent a new class of functional nanoplat-
forms that usually consist of inorganic magnetic nanoparticles incorporated in solid lipid
nano-matrices and which have great applicability in the medical field [173,174]. For exam-
ple, Igartua et al. [173] synthesized a colloidal lipid nanoparticle loaded with magnetite
using a warm emulsions methodology. The preliminary small size and high entrapment
efficiency of the mSLNs managed to fuse the benefits of both types of nanocarriers (SLNs
and MNPs) and overcome their independent application issues. mSLNs have shown an
enhanced colloidal and chemical stability and caused lower toxicity in vitro compared to
the MNPs alone, as described by Müller and colleagues [175], and in vivo using a immuno-
competent mice model as described by García-Hevia L. and co-workers [176]. Other groups
developed mSLNs constituted with polylactide/glycolide (PLA/GA) and loaded with
several different quantities of magnetite to show a controlled drug release via magnetic
heating up to 42 ◦C [177].

mSLN synthesis can be achieved through different methodologies, including emulsifi-
cation ultrasonic dispersion [178], emulsification–diffusion followed by sonication [179],
chemical co-precipitation [165,180], and solvent evaporation [181]. The characterization
of the resulting mSLNs allows for the elucidation of the structure of the formulation,
where the metals can be embedded in the core and/or surface as described by several
authors [179–182]. On the one hand, the metal nanoparticles can be embedded in the lipidic
core, where the MNPs’ hydrophobic surface shows chemical affinity by the lipid matrix to
yield mSLNs. For the mSLN surface, different surfactants can be used during the synthesis
to confer colloidal stability and solvation in water. A schematic representation of mSLNs
can be seen in Figure 7.
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used for diagnostic purposes (e.g., MRI application) and cancer therapy via magnetic hyperthermia.
Moreover, magnetic hyperthermia in mSLNs offers an extra level of control over the drug release into
the region of interest, ultimately increasing the cytotoxicity for cancer cells in comparison with SLNs
or MNPs alone.

On the other hand, the metal nanoparticles can be confined in the mSLN surface.
Hsu and Su [172] synthesized a new platform that conjugated magnetic heating with a
controlled release of the encapsulated drugs (tetracaine) using lipid matrices with γ-Fe2O3
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particles on their surface. γ-Fe2O3 could then be energized using an external magnetic field,
generating enough heat to induce direct thermotherapy as well as to stimulate the release of
the loaded drugs in the surrounding tissues. They applied an alternating magnetic field of
60 kA/m at 25 kHz to obtain an increase in temperature of 13 ◦C in 20 min (up to absolute
values of 50 ◦C). Approximately 35% of the encapsulated tetracaine was released from the
mSLNs in 20 min of exposure to the alternating magnetic field [172].

Another example of MNPs loaded in SLNs with applicability in controlled drug release
was explored by Pang et al. Here, MNPs were first coated with oleic acid and then loaded in
the SLNs. Ibuprofen was chosen as a model drug to be also loaded within the mSLNs due to
its well-known pharmacological properties. They observed a drug encapsulation efficiency
of 80%, and the interaction between the encapsulated MNPs with magnetic hyperthermia
application promoted a controlled release from the nanoformulation. They concluded that
magnetite-loaded SLNs are viable alternatives as drug delivery systems [178]. Moreover,
Oliveira and colleges developed mSLNs with PTX encapsulated via the emulsification–
diffusion method. The data showed a 67% encapsulation efficiency, as well as an in vitro
drug release rate increase when the temperature was raised from 25 to 43 ◦C by magnetic
hyperthermia. They concluded that the lipid layer played a key role in the controlled drug
release mechanism in response to a temperature increase. Similarly, they demonstrated that
PTX-loaded mSLNs are promising systems to increase the drug bioavailability, potentially
improving future cancer treatments [179]. Using the same approach, Abidi et al. observed
a gradual release of albendazole from mSLNs, which reach 84% after 36 h. Their data
confirmed these mSLNs as fast and high-efficiency drug delivery systems [183].

Recently, Ahmadifard and co-workers also developed chitosan-coated mSLNs, loaded
with letrozole (LTZ), via a modified solvent evaporation–ultrasonic combination method.
With this system, 90.1% of the drug was encapsulated, whereas 50% was released after ap-
plication of a low-frequency pulsed magnetic field (LFPME) at 50 Hz for 1 h, in comparison
with the non-LFPME application where the same amount of drug was released in 12 h.
Similar to previous reports, their results demonstrated a promising strategy to induce a
localized temperature through a magnetic field and a control of chemotherapy treatment in
drug-resistant cancers via LTZ release from a nano delivery system [180].

Ghiani et al. synthesized a novel nano-sized contrast agent composed of gadolinium
(III) complexes on the surface of solid lipid nanoparticles with a particle size around 50 nm.
The developed paramagnetic solid lipid nanoparticles (pSLNs) demonstrated good stability.
For MRI studies, IGROV-1 ovarian carcinoma-bearing BALB/c nu/nu mice were used.
In vivo MRI revealed an enhancement of the T1 signal in the tumor region, in particular
when folate, used as a targeting ligand, was used to functionalize the nanoparticles’ surface
(through intravenous injection). Biodistribution studies in C57BL/6 mice showed an
accumulation of pSLNs in the liver, highlighting the need for adjusting the approach in
order to enhance the rate of hepatic clearance [184].

A recent published work by Rocha et al. describe the synthesis of a novel hybrid
magnetic nanocomposite (mHNCs-DOX) which simultaneously incorporates a chemother-
apeutic drug (DOX), superparamagnetic iron oxide NPs as a T2-contrast agent (Fe3O4) and
paramagnetic manganese oxide NPs (MnO) as a T1-MRI contrast agent [185]. Dual T1/T2
MRI performance and additional thermo-chemotherapy capability were observed in vitro
in triple-negative breast carcinoma cells (Hs578t cancer cell line) [185]. Table 5 further
summarizes representative studies involving mSLNs for cancer treatment/theranostics.

Altogether, the mSLNs have been demonstrated to be promising tools because of their
good biocompatibility [171,172,179], improvement of thermo-responsiveness compared
to SLNs [168], efficiency in targeting tumors [174,181], and their high drug encapsulation
efficiency. Furthermore, these nanosystems allow the application of magnetic hyperthermia
as a means to provide thermal therapy and control drug release [164,172,181], in addition
to being used as MRI contrast agents [174,181]. Still, there are only few studies involving
tests in vivo, highlighting the need to validate the performance of these nanocarriers in
more biological complex systems.
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Table 5. Magnetic solid lipid nanoparticles (mSLNs) as drug delivery systems and theranostic agents
against cancer.

mSLN
(Particle Size) + Surface

Modification
Drug + Cancer Model Results Ref

Wax-mSLNs
(200 nm).

Surface modification is
not mentioned.

Drug: DOX.
Cancer model: murine melanoma B16f10,
Hs578t, and Dox-resistance cell lines (t84

and HCT-15).

Efficacy studies showed that DOX delivery in
combination with 1 h of MH promoted a

significant cytotoxic effect in vitro in melanoma
cell lines compared to a treatment in which no
MH was supplied (~5% vs. ~50%, respectively,
when using 1 µg DOX/mL of DOX-mSLNs).
Similar results were obtained in 3D in vitro
using melanoma spheroids. The same dual

treatment approach was applied to
DOX-resistant cell lines obtaining approximately

40% of cell viability reduction.

[186]

Wax-mSLNs
(250–300 nm).

Surface modification is
not mentioned.

Drug: OncoA.
Cancer model: human lung carcinoma

cell line (A549 cell line).

mSLNs showed an outstanding performance as a
T2-contrast agent in MRI (r2 > 800 mm−1 s−1).
In vitro, the combination of co-loaded MNPs

and OncoA with MH greatly decreased the cell
viability (virtually 0% vs. 53% when performed

without MH application) at the same 40 µg
OncoA/mL and 25 µg Fe/mL doses).

[187]

Wax-mSLNs
(200 nm).

Surface modification is
not mentioned.

Drug: DOX.
MH: 224 kHz, 13 A, 27.6 W for 1 h for

in vitro
174.5 kHz, 23 mT for 1 h for in vivo.

Cancer model: murine malignant
melanoma cells (B16F10 cell line);

C57BL/6 mice (8–10 weeks old) were
subcutaneously injected in interscapular
region of mice with 5 × 105 B16F10 cells.

mSLNs-DOX showed higher cytotoxicity activity
than free DOX in the whole range of DOX

concentration tested both in vitro and in vivo.
In vitro, a remarkable enhanced cytotoxicity was

obtained when cells were exposed to the
combination of chemotherapy (0.5 µ/mL) and
1 h MH (40% of viable cells vs. 85% without

MH). Under a higher incubation concentration of
mLNVs-DOX (1 µg DOX/mL), the results

showed a cytotoxicity virtually to 100% under a
combination of mLNVs-DOX with MH. In vivo,
the dual treatment promoted the slowest tumor
growth and smallest tumor volume, which was
on average 3 and 2.1-fold smaller than the saline

and free-DOX groups. Regarding imaging
capability, T2-MRI relaxation times of animal
tumors treated with mSLNs were on average

over 15% shorter than those of control animals
injected only with saline.

[176]

Sor-mag-SLN
(250 nm).

Surface modification is
not mentioned.

Drug: Sor.
Cancer model: liver cancer model

(HepG2 cell line).

The nanocarriers showed a loading efficiency of
90% and stability in an aqueous environment.

Moreover, the developed nanoparticles
presented a good cytocompatibility with a high
antiproliferative effect against the cancer cells
(40% higher in comparison to control group).

This effect was associated with the capability of
these nanocarriers to be specifically accumulated

in the tumor region and the application of a
local AMF.

[188]
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Table 5. Cont.

mSLN
(Particle Size) + Surface

Modification
Drug + Cancer Model Results Ref

Mag-SLN
(150 nm).

Surface modification is
not mentioned.

Cancer model: myeloid leukemia cancer
model (HL-60/wt cell lines; L-60/adr
with MRP1 = ABCC1 over-expression;

HL-60/vinc with
P-glycoprotein = ABCB1

over-expression),
leukemia cancer model (Jurkat

T-cells), and
glioblastoma cancer model (U251

cell line).

The developed nanoparticles showed promising
results in the context of cancer therapy, in

particular against drug-resistant cell lines. The
mag-SLN revealed higher cytotoxicity against

resistance cell lines in comparison to DOX alone
when under an AMF. Moreover, the data showed

that the cells treated with a dual treatment
presented an increase of nuclei fragmentation

and condensed chromatin. The mag-SLNs plus
MH presented apoptotic and necrotic activities.

The authors proposed that the production of
ROS was the cause of the higher cytotoxicity

observed in the cells treated with the particles.

[168]

LMNV
(100 nm).

Surface modification is
not mentioned.

Drug: TMZ.
Cancer model: glioblastoma cancer

model (U-87 cell line) and
brain-endothelial cell model (bEnd.3 cell
lines, an immortalized mouse BEC line).

In vitro results showed that lipid-based
magnetic nanovectors presented a good loading
capacity with a sustained release profile of the

encapsulated chemotherapeutic drug. Moreover,
a complete drug release was observed after the

exposure to (i) low pH (4.5), (ii) increased
concentration of hydrogen peroxide (50 µM),

and (iii) increased temperature achieved through
the application of an AMF. The authors noted

that these nanovectors could be used as a
potential hyperthermia agent, since they
managed to increase apoptotic levels and

decrease proliferative rates when a magnetic
field of 20 mT and 750 kHz was applied,

increasing the temperature to 43 ◦C. During
in vitro tests, the capacity of LMNVs to cross the
BBB was observed, where after 24 h of exposure,
40% of LMNVs were able to translocate inside

the glioblastoma cells.

[189]

Gd(III)-loaded pSLNs
were modified with with

cellular receptors,
DSPE-PEG2000-folate.

Cancer model: murine macrophage
model (Raw 264.7 cell line),

lymphoma cancer model (U937 cell
line), and

human ovarian adenocarcinoma
(IGROV-1 cell line).

Female Balb/C nu/nu were
subcutaneously injected with 1 × 107 of

IGROV-1 cells.

The data showed that pSLNs could effectively
internalize in in vitro and in vivo models.

Moreover, the authors detected the nanoparticles’
T1-MRI signal, at least after 30 min post-injection.
The cytotoxic studies showed a decrease in cell
viability when the loaded Gd(III) concentration
increased within the pSLN (below 50% of viable

cells). The results also demonstrated that
Gd(III)-loaded pSLNs could efficiently target the

cancer cells and due to the EPR effect in
conjunction with its targeting properties allowed
a higher internalization capacity. Moreover, they

could be used as a molecular imaging tool. A
macrophage uptake experiment in vivo showed

that the nanoparticles could avoid the
macrophage internalization and circulate for at

least 6 h, increasing altogether the tumor uptake.
However, the authors noted an excessive

accumulation in the liver with slow elimination
rates after performing the biodistribution study.

[184]
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Table 5. Cont.

mSLN
(Particle Size) + Surface

Modification
Drug + Cancer Model Results Ref

Sor-Mag-SLNs
(300 nm).

Surface modification is
not mentioned.

Drug: Sor.
Cancer model: liver cancer model

(HepG2 cell line).

The results showed an increase of the cytotoxic
effects of sorafenib. Using an external magnetic
field, it was possible to guide and improve the

drug effect in the desired area. Quantitative
evaluation of cell mortality indicated 95% of cell
death compared to the control (5%). Moreover,

the authors mentioned that the nanocarriers
could be an effective approach to reduce the

undesired side effects of chemotherapeutic drugs
and improve their pharmacokinetic properties.

[190]

Nut-Mag-SLNs
(180 nm) were loaded with

fluorescenin-PEG-DSPE
(FITC-PEG-DSPE).

Drug: Nut.
Cancer model: glioblastoma cancer
model (U-87 cancer cell line) and

brain endothelial cell model (bEnd.3 cell
lines, an immortalized mouse BEC line).

Nut-Mag-SLNs presented a good colloidal
stability and could efficiently cross an in vitro

blood–brain barrier model. The authors
observed that the nanovectors were magnetically
activated, enabling their pass through the BBB,

and could also deliver the drug loads to
glioblastoma cells. Moreover, they observed an
enhanced antitumor activity as they obtained a

50% reduction in the metabolic activity with
lower drug concentrations. Increased

pro-apoptotic activity was also noted. These
nanocarriers presented several advantages

compared to the free drug in overcoming several
limitations in glioblastoma treatments, for

instance, (i) Nut-Mag-SLNs could cross the BBB,
(ii) Nut-Mag-SLNs had the ability to be

magnetically guided to the tumor region, and
(iii) the nanoparticles showed a powerful

inhibition of cancer cell proliferation while
increasing the pro-apoptotic activity.

[181]

mSLNs
(180 nm).

Surface modification is
not mentioned.

Cancer model: colon cancer model
(HT-29 cell line).

By applying magnetic hyperthermia, results
showed that mSLNs could constantly maintain
the maximum temperature achieved (46 ◦C, in
40 min) during 1 h of exposure to a magnetic

field (250 kHz and 4 kA/m). These results
translated into a decrease in cell viability after

magnetic treatment (up to 52% comparatively to
100% of control group). Interestingly, no

cytotoxic effect was observed if only one (but not
both) of the components was used alone

for treatment.

[165]

Mag-SLN (mSLN): magnetic solid lipid nanoparticles; Sor: sorafenib; MRP1: multidrug resistance-associated
protein 1; TMZ: temozolomide; BBB: blood–brain barrier; pSLNs: paramagnetic solid lipid nanoparticles; AMF:
alternating magnetic field; DSPE: 1,2-distearoyl-sn-glycero-3-phosphorylethanolamine; PEG: poly(ethylene glycol);
EPR effect: enhanced permeability and retention effect; Nut: Nutlin; DOX: doxorubicin; OncoA: oncocalyxone A.

5. Conclusions

In the last decades, medical nanoformulations have gained value in the biomedical
field. Over these years, different materials have been used to form nanoparticle-based
carriers including inorganics, organics, hydrogels, micelles, dendrimers, solid lipids, and
other materials or combinations of them. Depending on the material, a variety of properties
for diverse purposes can be achieved. Cancer theranostics is a ceaselessly growing field and
clear target of nanoparticle applications, where numerous nanomaterial-related fabrication
and functionalization techniques have been developed with relative success.
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In this review, we analyzed the state-of-the-art MNPs, SLNs, and mSLNs, including
their features, advantages, and disadvantages, as well as the most recent works concerning
their application in several cancer types. The main objective in this area has been to
improve cancer diagnosis and treatment by maximizing the efficiency of contrast agents
and therapeutic agents.
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Abstract: Targeted delivery of pharmaceuticals is promising for efficient disease treatment and
reduction in adverse effects. Nano or microstructured magnetic materials with strong magnetic
momentum can be noninvasively controlled via magnetic forces within living beings. These magnetic
carriers open perspectives in controlling the delivery of different types of bioagents in humans,
including small molecules, nucleic acids, and cells. In the present review, we describe different
types of magnetic carriers that can serve as drug delivery platforms, and we show different ways
to apply them to magnetic targeted delivery of bioagents. We discuss the magnetic guidance of
nano/microsystems or labeled cells upon injection into the systemic circulation or in the tissue; we
then highlight emergent applications in tissue engineering, and finally, we show how magnetic
targeting can integrate with imaging technologies that serve to assist drug delivery.

Keywords: magnetic targeting; micro-systems; nano-systems; drug delivery; nanoparticles; micropar-
ticles; targeted delivery; magnetic guidance; theranostics; imaging

1. Introduction

Over the last decades, therapeutics have been developed in the form of proteins,
peptides, nucleic acids, small molecules, and even cells [1–4]. Designing effective strategies
for targeted delivery of these bio-active agents (bioagents) has emerged as a cornerstone for
future pharmaceutical research [5]. Large efforts in drug development are currently dedi-
cated to engineering systems that can spatiotemporally control drug activity and address
specific therapeutic needs [3,4,6–9]. In particular, drug carriers have to overcome biological
barriers at systemic, microenvironmental, and cellular levels that are heterogeneous across
patient populations and diseases. Micro and nano-sized delivery systems have largely
proved to be advantageous in controlled drug delivery [5,10–12], and are optimized in
increasingly specified ways and a more personalized fashion, confirming that controlling
drug dosing and targeting has become essential in the era of precision medicine [5].

Among the multitude of micro/nanocarriers developed thus far, those endowed with
magnetic responsiveness stand out from the crowd as they display remarkable abilities
stemming from their magnetic nature. These magnetic carriers (MCs) can be formulated by
enriching or combining conventional constituents of micro/nanocarriers (lipids, proteins,
polymers, or inorganic materials) with magnetically active components with ferromagnetic,
paramagnetic, or superparamagnetic nature. For example, one magnetic component that
is typically used is iron oxide, extensively applied in the form of particulate material, like
iron oxide nanoparticles (IONPs).
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The resulting MCs are popularly customized for disease detection and treatment,
as they can be loaded with large amounts of drugs, nucleic acids, or imaging contrast
agents [13], and chemically modified to present targeting vectors to localize into the target
sites with high precision. In addition, under the application of external magnetic fields, they
can be physically displaced allowing one to remotely control their position and movements.
Moreover, MCs can locally release energy in the form of heat that can destruct the cells
in the surroundings, a strategy known as “hyperthermic therapy” that is widely applied
in cancer treatment. Interestingly, in recent years, it has been also demonstrated that,
when exposed to external magnetic fields, MCs can apply localized mechanical stimuli on
cells and control their behavior by affecting the molecular signaling involved in various
cellular processes, such as proliferation, adhesion, and differentiation. Finally, MCs can be
visualized via in vivo imaging techniques. MCs can serve as contrast agents in magnetic
resonance imaging (MRI), but as they can be functionalized with diverse imaging tags,
they can be also visualized by other imaging techniques. Therefore, the magnetic nature
of the MCs offers the unique chance to remotely control the localization and therapeutic
action of bioagents, while visually monitoring the targeted delivery process. In addition,
the micro and nano-capacities of these systems make it possible to load therapeutics of
various types, ranging from small molecules to nucleic acids and cells. Sensitive bioagents
can be protected by encapsulation within internal compartments of larger systems, like
microcapsules. Nanosized MCs, like nanoparticles, can be surrounded with surface coatings
that provide accessible sites for conjugation with functional molecules.

Such versatility has promoted the use of MCs in a plethora of advanced biomedical
applications that include genetic engineering, gene therapy, cell therapy, microrobotics, and
tissue engineering. For these applications, MCs have been engineered as multifunctional
platforms that combine mechanisms of controlled drug release, activatable cytotoxicity,
spatial guidance, and multimodal imaging. In particular, the magnetic guidance can
minimize drug dissemination to unspecific tissues, and can therefore substantially improve
the bioagent efficiency and decrease the required dosage.

Even though the potential benefits of MCs are remarkable, certain critical aspects
have to be considered in view of their full integration into the biomedical practice. For
example, the constituent materials that impart magnetic properties to these systems are
typically associated with biocompatibility issues. Moreover, the magnetic responsiveness
and controllability of MCs depend not only on the nature of the magnetic component but
also on the design parameters (such as the carrier geometry and size). The understanding
and prediction of the magnetic behavior of MCs, therefore, requires the simultaneous as-
sessment of their composition, molecular structure, and overall morphology. The magnetic
and morphological characterization must then be put into the context of using MCs within
biological environments. Only this way, one can identify those parameters that affect the
magnetic properties and potentially alter the efficacy of the MCs in biomedical applications.

MCs can become the next generation of multimodal systems for advanced magneti-
cally targeted delivery as they can act under the remote, high penetration, and non-invasive
guidance mediated by magnetic forces. However, to fully realize the MCs’ potential, their
movement, affinity to the target sites, and cargo release ability have to be assessed while
taking into account the specific magnetic behavior of the carrier. The design of magnetic
devices has been extensively reviewed by Liu et al., and will not be discussed here [14]. In
this review, we will discuss the utility of MCs in the magnetically-aided targeted delivery
of various bioagents (Figure 1). We will first introduce the most widely used categories
of MCs, and briefly illustrate their properties and association with diverse types of bioa-
gents. Second, we will provide an overview of the application of MCs to drug delivery,
highlighting those advantageous features that have caused the recent breakthrough of
MCs in this field. Furthermore, we will describe the combination of MCs with external
magnetic forces for the spatial guidance of cells and microrobotic systems, and discuss the
imaging trackability of MCs within the context of drug delivery. Finally, we will critically
point out the core challenges that have to be addressed to make these systems effective in
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specific medical applications and translatable to human use and propose future directions
in advancing control delivery of pharmaceutics via MCs.
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2. Magnetic Micro/Nanosystems for Biomedicine

Micro/nano-carriers can store large payloads of drugs, and protect them during ve-
hiculation within physiological systems [11,15,16]. These platforms can have a myriad of
different morphologies, in which drugs can be physically entrapped in the matrix, encap-
sulated in inner cavities, or attached to the platform’s structure via different mechanisms
of adhesion. Hollow architectures offer large inner compartments where bioagents can
be stored. These systems include, for instance, microspheres or nanovesicles made of
lipids, dendrimers [17–20], polymers [21], proteins [22,23], natural membranes, or other
structures of biological origin (e.g., exosomes, extracellular vesicles, or yeast and bacterial
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capsules) [24–27]. Solid particles typically consist of inorganic materials, polymers, or
proteins, and can entrap drugs within the matrix or carry them as attached to the surface
(Figure 2).
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Albeit with some differences depending on the shape and composition of the carriers,
their nano- or micro-size guarantees an optimal interaction with various biological entities
present in the biosystems, which range from small molecules to macromolecules, organelles,
and cells (Figure 3) [28]. Nevertheless, the size difference between nano- and microparticles
proffers several effects on the drug loading, permeability across the biological membranes,
intracellular processing, and kinetics of physiological distribution and tissue retention [29].
On the one hand, being much smaller than human cells, nanosystems can penetrate the
mucosa, safely circulate into the bloodstream, and interact with cellular and subcellular
targets. As such, nanomaterials can be applied to intracellular or intranuclear drug delivery,
as well as to modulation of biochemical cell pathways by interacting with membrane
molecules. On the other hand, microparticles could be most useful as reservoir systems for
controlled drug release and protection of bioagents from enzymatic degradation.
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Figure 3. Nano to micro-scale. Comparison among the typical size of nanosystems, microsystems,
and cells: nanoparticles have diameters comprised between 1 and 100 nm; microparticles have
diameters ranging from 1 µm to 1000 µm, whereas the diameter of cells can vary from 10 to 100 µm.

Nano/micro drug carriers can be provided through all administration routes, however,
there are some limitations for the systemic administration of microcarriers that depend
on the size. When drug carriers are released into the bloodstream, they move in the body
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following kinetics and distribution patterns that mostly depend on the specific physico-
chemical properties of the carrier (passive targeting) [30]. However, nano/micro-platforms
can also carry and accurately deliver their content to desired destinations (active targeting).
Targeted carriers can be produced by molecular functionalization of the nano/micro-
systems with targeting vectors that home preferentially into target tissues [10,15,30]. Such
targeting moieties provide the systems with the ability to localize into precise areas of the
body, leading to improved therapeutic efficacy and reduction in off-target toxicity [3,31].
Stimuli-responsive or biodegradable materials can be used to exert spatiotemporal control
over the delivery of the bioactive agents [9,32–35]. Nevertheless, these systems have be
to designed through criteria that depend on the unique structure of the target tissue and
organs [4].

The functionality of micro/nano-carriers can be augmented with remote control-
lability by imparting magnetic responsiveness to the platform structure. Carriers can
be magnetized by using magnetic materials as structural bulk components or additive
constituents. Magnetic targeting is based on the general assumption that MCs can be
spatially controlled within living beings via magnetic fields. In particular, when the MCs
are intravenously/endovascularly administered, they can accumulate within the area to
which the magnetic field is applied. In addition, the local magnetic agglomeration can
provide detectable imaging signals to track the local drug delivery. Structural features of
the carriers, physiological parameters of the environment, and technical parameters of the
experimental setting determine how effectively the MCs accumulate. Particle size, surface
characteristics, as well as field strength, and features of the circulation system (like the
blood flow rate) can influence the distribution of MCs at various extents. Local magnetic
fields generated by permanent magnets are applied to facilitate the extravasation of carriers
into the targeted area.

In the following sections, the most commonly used in MC design magnetic materials
will be identified, and the classes and properties of the resulting carriers will be described.
Innovative and more conventional applications of MCs will be exemplified to show how
the versatility of MCs spans various domains of biomedical research and practice. Finally,
the utility of MCs in targeted delivery will be discussed in view of their biophysical and
magnetic properties.

2.1. Material and Properties of Micro/Nanosystems

Biomedical MCs can be obtained by incorporating a magnetically active phase in the
structure of the delivery platform. As a key aspect, MCs display a magnetic fingerprint with
peculiar features, such as saturation magnetization, magnetic anisotropy, and magnetic
behavior in the presence of applied magnetic fields [36–39]. These features greatly vary
according to the particle size and magnetic structure that can account for a single- or multi-
domains organization [37,40–43]. For a better understanding of magnetism in micro and
nanosystems, the reader is referred to extensive, specialized reviews on the topic [38,44]. In
the following paragraphs, we will briefly survey the composition of MCs and their relevant
properties for biomedical applications.

Among magnetizing materials, the magnetic spinel ferrites MxFe3−xO4 (M = Mg,
Mn, Fe, Co, Ni, Cu, Zn) have been extensively used to produce drug delivery systems
that could overcome the major limitations found in nonmagnetic carriers, namely the
poor site-specific localization and the high recognition and clearance by the effector cells
of the reticuloendothelial system. Various preparations of microspheres with porous or
hollow/porous architectures, as well as solid nano-sized particles were formulated from
ferrites. In fact, the high magnetism of ferrites imparts high magnetic responsiveness to
carriers, so that these compounds can create micro/nano-objects that can be controlled
during navigation within blood vessels. Ferrite-based carriers can be irradiated with mi-
crowaves and produce heat that triggers the release of the loaded drugs [45]. Nevertheless,
iron oxide, typically formulated as IONPs, has been the most extensively involved in the
production of biomedical micro and nanosystems. Magnetite (Fe3O4) and maghemite
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(γ-Fe2O3) are biocompatible forms of iron oxide that have been intensively exploited to
produce biomedical IONPs. These nanoparticulate materials are composed of a magnetic
core further surrounded by external coatings that cover the surface of the nanoparticle
to increase its biocompatibility or provide suitable sites for functionalization. Coatings
typically consist of inorganic materials, phospholipids, or biocompatible polymers. For
example, the dextran-based coating has been employed in a variety of MCs and many
of these formulations have reached advanced clinical trials or are already marketed. The
magnetic core has paramagnetic or superparamagnetic properties, which render these
objects visible by MRI. The popularity of IONPs derives highly tunable properties (such as
size and surface characteristics) that simplify the engineering of systems customized for
specific applications or endowed with smart behavior, and multifunctionality. Moreover,
iron oxide is generally regarded as a biocompatible material suitable for cell experiments
and safe use in living beings. In fact, iron is an essential element in human or animal
bodies. As such, within relatively wide ranges of dosage and exposure, iron oxide can
be efficiently processed through the physiological biochemical activities of the cells and
enter the healthy metabolism of organisms. The stability of IONPs varies depending on
the specific features of the system (e.g., the robustness of the coating) and the conditions of
the biological environment in which the nanosystem is used. However, in general, IONPs
are considered stable particles that can remain inside the cells for long time ranges (even
months). As a consequence, after being administered to cells and living beings, IONPs can
be safely decomposed, but typically through slow degradation kinetics. In recent years,
experimental evidence has raised novel doubts in regards to toxicity. Cellular damage was
observed in response to contact with IONPs and attributed to the generation of reactive
species of oxygen (ROS).

2.2. Classes of Magnetic Micro/Nanosystems

The magnetic systems, which are being explored for magnetic targeting, can be
categorized into various classes according to their size and morphology. In regards to
drug loading/release and magnetic manipulation, the most promising classes of MCs are:
nanoparticles, microspheres, microcapsules, microbubbles, fibers, nanoparticle clusters,
and nanocomposite matrices (Figure 4). The following paragraphs will survey the prop-
erties of MC classes and how these characteristics can be exploited for the optimal use of
MCs as bioprobes in therapeutic delivery.

2.2.1. Magnetic Nanoparticles

Magnetic nanoparticles (MNPs) are magnetic materials on the nanometer scale that
have remarkable properties that evoked enormous interest in life sciences in the last decade.
In particular, IONPs have emerged as diagnostic and therapeutic tools as their fundamental
properties as nanomagnets, defined at the nanoscale, can be extremely useful in biological
applications. IONPs are composed of magnetite or its oxidized form maghemite and have
diameters ranging between about 1 and 100 nm. According to their physical properties,
IONPs show different magnetic natures. Ferromagnetic particles are characterized by a per-
manent mean magnetic moment [46]. This comes together with a large effective magnetic
anisotropy, which suppresses the thermally activated motion of the magnetic moments
within the particle core. These features distinguish the ferromagnetic particles from the
superparamagnetic ones. Superparamagnetism is found in MNPs with particle size smaller
than a certain critical size (typically particle diameter less than 30 nm in IONPs). Below this
size limit, IONPs are single-domain; namely, they are composed of one magnetic domain
only. In such a condition, the overall magnetization of the MNP acts as a single giant
magnetic moment that derives from summing the totality of individual magnetic moments
carried by the MNP atoms. This assumption is referred to as “macro-spin approximation”.
The magnetization of the superparamagnetic IONPs (SPIONs) randomly flips direction un-
der the influence of temperature, but it can also be aligned using an external magnet. In the
absence of an external magnetic field, the measured magnetization of superparamagnetic
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nanoparticles is null (superparamagnetic state). External magnetic fields can magnetize the
nanoparticles similarly to a paramagnet, but with a larger magnetic susceptibility. Once
the external magnetic field is removed, the SPIONs lose their magnetization. The expla-
nation is that, in superparamagnetism, thermal excitation causes the dipole moment of a
single-domain particle to fluctuate so rapidly that no magnetic moment for macroscopic
time scales can be observed. As such, superparamagnetic particles are non-magnetic in
the absence of external magnetic fields but do develop a mean magnetic moment when
magnetic fields are applied.
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Superparamagnetism is one of the most attractive properties in the use of MNPs. In
fact, the reversible magnetization ability of SPIONs has proven to be very useful to guide
and manipulate them from distance through magnetic fields. This ability was transferred
to cell applications, making it feasible to manipulate cells that have associated with MNPs
or have internalized them. As such, SPIONs have been used for: labeling cells; separating
them from complex samples or preparations; spatially guiding them; conditioning the
release of drugs; remotely controlling actuatable microsystems (microactuators).

Whereas MNPs manufactured from other highly magnetic materials (like Co and
Ni) are limited in their biological applicability by issues of toxicity and easy oxidiza-
tion, the IONPs have instead found extensive application in gene and drug delivery,
bioimaging (MRI and magnetic particle imaging), and magnetic ferrofluid hyperther-
mia, thus emerging in medical diagnosis and therapy. Moreover, IONPs are also used
in the production of terabit magnetic storage devices and sensors, as well as for cataly-
sis, separation of cells and biomolecules (protein separation, DNA/RNA fishing), and
superparamagnetic relaxometry.
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IONPs can be produced via different wet chemical, microbiological, and dry processes
that can be classified as chemical, biological and physical methods [47,48]. Each technique
provides manufacturers with different abilities to tailor the geometry, stability, crystallinity,
dispersion trends, and magnetic properties of the nanoparticles [41]. Chemical synthesis
can occur in many ways in techniques such as the chemical coprecipitation, electrochemical
method, sol-gel method, flow injection method, supercritical fluid method, hydrothermal
reaction, thermal and sonochemical decomposition, and nanoreactor techniques [43,47,49].
Whereas biological synthesis is based on the activity of fungi, bacteria, plants, and pro-
teins [50,51], physical synthetic methods include: pulsed laser ablation, laser-induced pyrol-
ysis, aerosol, power ball milling, gas-phase deposition, and electron beam lithography [47].
Physical methods are often complex procedures that guarantee only limited control of the
size of particles in the nanometer range [52]. Although ensuring low cost, reproducibility,
scalability, and high yield, the biological methods are time-consuming [51,53,54]. For these
reasons, chemical synthesis has been the most widely employed approach as it provides a
simple and reproducible route to synthesize IONPs with controlled size, composition, and
morphology [55,56]. For example, in the co-precipitation method, IONPs are generated
from the co-precipitation of Fe2+ and Fe3+ by the addition of a base, a process that can be
controlled by varying the type of salt used, or adjusting the conditions such as the Fe3+/2+

ions ratio, pH, and ionic strength [41].
Coating the IONPs primarily aims at protecting the core from oxidation, so that mag-

netism can be maintained for longer times. In addition, the nanoparticulate is also protected
from aggregation, biodegradation, structural alteration, or co-assembly with components of
biological systems. SPIONs are typically coated with biocompatible polymers of synthetic
or natural origin, that include dextran, starch, polyethylene glycol (PEG), polyvinyl alcohol
(PVA), and poly(L-lysine) (PLL) among others. These polymers offer chemical binding sites
to attach drugs or receptors/ligands enabling them to recognize molecules exposed on
the membrane of specific cell types. IONP surface functionalization through organic and
inorganic corona shells, grafted ligands, and selective-site moieties facilitates the bonding
of the nanomagnets to natural biomolecules [48]. Moreover, certain coatings enable avoid
accelerated blood clearance of injectable nanomaterials and extend their circulation times,
resulting in improved performances in both disease imaging and treatment. In fact, coatings
can be made of some polymers escaping from the identification by effectors of the immune
system. Alternatively, biomimetic delivery systems are also available, that exploit the cell
membrane-based coating technology.

Even though SPIONs are generally regarded as safe biomaterials, in the past many
formulations approved for clinical use were withdrawn shortly after approval [57–60]. In
fact, it has to be mentioned that the cellular response to the exposure to these particles
can modulate cell behavior in complex ways, and an understanding of the underlying
mechanisms is still required from a generic point of view, namely about the bioeffects
that are dependent on common constituents (iron oxide). In addition, the specific features
of the various formulations also have to be carefully considered, as the size and surface
functionalization of SPIONs can strikingly affect the toxicity. Therefore, studies focusing
on the biological distribution and metabolic pathways of the MNPs in cells or bodies will
lead the future evolution of research in this field [61].

2.2.2. Magnetic Clusters of Nanoparticles

Since the poor magnetization shown by individual SPIONs is unfavorable to drag-
ging them through the body, clustering strategies were proposed to enhance the magnetic
responsiveness. When combined with other materials, MNPs can be grouped to form nano-
metric assemblies with higher magnetic controllability and responsiveness. For instance,
multilayered magnetovesicles carrying cargos in the hollow cavities can be prepared by self-
assembly of IONPs grafted with poly(styrene)-b-poly(acrylic acid) block copolymers [62].
In such platforms, IONPs can be packed at a high density, substantially increasing their
magnetization and the transverse relaxivity rate, an essential property that induces MRI to
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signal variations that eventually result in generating negative contrast. Moreover, magne-
tovesicles can efficiently accumulate in tumors by magnetic targeting. Clusters of magnetite
nanoparticles were developed by Wang et al. to perform synergic photothermal and
chemotherapy with controlled localization and drug delivery abilities [63]. The accumu-
lation of these bioprobes at the tumor site was enhanced by directing them through an
external magnetic field. Intriguingly, the clusters, which were intended for mitochondrial
targeting, were enclosed into a double shell system. Briefly, an inner coating made of
polydopamine functionalized with triphenylphosphonium (TPP) was conjugated to an
outer shell of methoxy PEG through disulfide bonds. When entering cells, these clusters
lost their external shell due to a redox reaction that exposed the TPP sites to mitochondrial
recognition. Polydopamine in the inner shell acted as a photosensitizer, causing the mito-
chondrial membrane potential to decrease. The simultaneous release of doxorubicin (DOX),
an anticancer drug, damaged the mitochondrial DNA inducing cell death.

The aggregating materials within the MNP-clusters can have specific properties that
impart additional functionalities to the clusters. One example is represented by the multi-
functional micelles developed by Zheng et al. This platform was composed of hyaluronic
acid-C16 copolymers synthesized via peptide formation process. After synthesis, SPIONs
and therapeutic agent docetaxel (DTX) were co-encapsulated. The resulting systems were
highly biocompatible and biodegradable clusters capable of binding to the CD-44 receptor
(overexpressed in various cancer types) through the hyaluronic acid and promoting the
uptake via receptor-mediated endocytosis. In another work, IONPs and polydopamine
were combined to realize platforms for combined diagnostics and therapy (theranostics)
of tumors [64]. These clusters displayed an enhanced magnetic response for the better
delivery of anticancer drugs via magnetic targeting. In addition, polydopamine on the
surface enabled near-infrared (NIR) photothermal tumor treatment.

2.2.3. Magnetic Microparticles

Microparticles are defined as particles with a diameter of 1–1000 µm, irrespective of
their architecture. Such a term does not identify any precise interior or exterior structure,
while more information in this regard is provided by microparticles subcategorization.
For instance, the term “microspheres” precisely indicates microparticles with spherical
morphology, whereas “microcapsules” are defined as micro-objects comprising of a core
that is surrounded by a material that is distinctly different from core constituents [65].
The following paragraphs survey the main classes of magnetic microparticles that include
microspheres, microcapsules, microbubbles, and microfibers.

2.2.4. Magnetic Microspheres

Microspheres are spherical particles with diameters ranging from 1 to 1000 µm [29,66,67]
that have been used for decades in the field of drug delivery in vivo [68–71]. Biomedical
microspheres have been traditionally used to load therapeutic substances and deliver
them to the target sites. In time, they have evoked increasing interest in releasing drugs
in a sustained and controlled fashion. For such a purpose, they can be prepared from
biodegradable proteins or synthetic polymers with tunable chemical properties and con-
trollable deterioration rates [72–74]. Drug-incorporating microspheres can be generated via
different approaches based on: emulsion solvent evaporation; emulsion cross-linking; coac-
ervation method; spray drying technique; emulsion-solvent diffusion; multiple emulsions;
ionic gelation; and self-assembly techniques including layer-by-layer formation [75].

Microspheres can be easily administered through a syringe needle, and carry several
pharmaceutical types, like drugs, vaccines, antibiotics, and hormones. In addition, micro-
spheres have an important additional feature: they can entrap and protect cells, therefore
serving also as a platform for cell applications in vitro and in vivo. The components of the
microspheres can mimic the 3D matrix found in the native cell environment. Moreover,
their high surface area-to-volume ratio increases the cell loading ability. Microspheres are
well-characterized systems, and many of their properties can be easily modeled. Diffusion
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and mass transfer behavior of the encapsulated molecules can be understood and predicted
to define the precise kinetics to control the drug escape and entry into the body fluid. Vari-
ous commercial microsphere-based formulations are already available (including Lupron
Depot® and Nutropin Depot®).

Micron- and submicron-sized polystyrene [76] and porous mineral [77] spheres can
effectively penetrate hair follicles due to the “geared pump” effect [78] and deliver the
payload to the deep layers of skin and the blood vessels supplying these layers [77]. In
addition to biodegradable microspheres for sustained drug release, also bio-adhesive
microspheres have been proposed. These systems can adhere to the mucosal membranes
(such as buccal, ocular, rectal, nasal, etc.) and transfer drugs during long residence times.
Another example is represented by the floating microspheres that remain buoyant in the
stomach, as their bulk density is lower than the one of the gastric fluids. From these
systems, the drug release occurs slowly at the desired rate, minimizing the risk of striking
and dose dumping. More recently, activatable microspheres that respond to external
stimulation have offered smart strategies to achieve localized therapeutic responses in
specific organs, improved drug utilization and bioavailability, reduced adverse effects, and
prolonged release in situ. In this context, magnetic microspheres with a ferromagnetic
nature have emerged for various reasons. In general, magnetic forces and materials are
well tolerated by living beings, and magnetic fields have high penetration depth. The
factors render the magnetic control safe and effective in whole-body applications of drug
release. Moreover, magnetic microspheres can be synthesized as small enough to circulate
through capillaries without causing embolic occlusion, namely with size <4 µm. These
microspheres retain sufficient magnetic susceptibility to be controlled by external magnetic
forces while circulating in the bloodstream. Through magnetic fields with flux densities
in the range of 0.5–0.8 T, microspheres can be captured within micro-vessels and dragged
into the adjacent tissues. However, it has to be considered that, as magnetic microspheres
typically contain magnetite, a large fraction of this substance can remain deposited for long
times or permanently in tissues. For example, Genina et al. delivered MNP-loaded CaCO3
microcarriers in vivo using fractional laser microablation (FLMA). Even if a complete
degradation of the microcarriers was observed, seven days after FLMA the released MNPs
were still present in dermis [79].

2.2.5. Magnetic Microcapsules

Polyelectrolyte capsules are micro- or submicron-sized drug delivery systems manu-
factured via sequential adsorption of oppositely charged polyelectrolytes (so-called layer-
by-layer assembly, LbL) onto liquid droplets [80,81] air microbubbles [82], cells [83,84], or
solid templates with subsequent decomposition of this template [85,86], ease of prepara-
tion, control over the shell thickness, and flexibility in the choice of constituents granted
the application of polyelectrolyte capsules in materials and life sciences [87–89]. In mi-
crocapsules, the core can be used to load substances to be concentrated, protected, and
delivered [90,91]. However, the LbL technique enables the assembling of therapeutics in
between layers of polyelectrolytes as well, allowing one to customize the system. Multi-
functional vehicles can be created utilizing the ability to vary the components, incorporate
different inorganic nanoparticles and modify the shell with various organic molecules and
antibodies [92,93]. Microcapsules can be readily internalized by cells and then retained
for weeks or months [86]. As microcapsules can be loaded with IONPs either into the
shell [94–97] or the core [98–100], they have been proposed as a novel strategy to create high
local concentrations of magnetic materials [101]. Micro-encapsulation not only reduces the
cytotoxicity of IONPs, but also improves their incorporation into cells, extends their reten-
tion, and notably enhances their magnetic properties [102]. NPs are in fact characterized by
more rapid washout after cell internalization, while microcapsules can remain inside cells
for longer time ranges. The inclusion of MNPs in LbL microcapsules grants a more rapid
sedimentation rate for the capsules in turn and improves their contact with cells promoting
the delivery of bioactive molecules to cells. For example, Pavlov et al. demonstrated that
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additional modification of poly-L-arginine/dextran sulfate microcapsules has significantly
improved intracellular luciferase enzyme activity (25 fold) and increased transfection effi-
ciency with plasmid DNA (3.4 fold) [103]. Moreover, magnetic LbL-assembled capsules
present a strong magnetic response that derives from the coherent effect of thousands of
MNPs tied in one entity [29,104]. In such a manner, they represent a unique delivery system
allowing for remote navigation or holding with an external magnet not only in vitro [105],
but in complex dynamics of in vivo as well. For instance, Voronin et al. prepared mag-
netic multilayered microcapsules via LbL deposition of poly(allylamine hydrochloride)
and poly(sodium 4-styrenesulfonate), and then demonstrated that these systems could be
effectively controlled in a blood flow [104]. In fact, the microcapsules were guided and
trapped by external magnetic fields in precise locations of mesenteric vessels in rats, and
their position could be maintained when the magnetic field was turned off. Such a concept
of magnetic targeting utilizing the external magnetic field has been recently proven to
selectively deliver biodegradable submicron capsules to the tumor in a mouse breast cancer
model [100]. Further improvement of magnetic targeting for LbL-assembled capsules is
required to better overcome the physiological barriers that every drug-carrying platform
faces after its intravenous injection (e.g., flow and shear forces, aggregation, protein corona
adsorption, phagocytosis, and blood clearance) [106]. Endovascular addressing has been
proposed to be combined with external magnetic navigation of polyelectrolyte capsules
to enhance the effectiveness of their delivery to a specific site [107]. Comparison of intra-
venous and intra-arterial administration of biodegradable microcapsules containing MNPs
in their shell targeted in the hind paw vessels using an external magnet have demonstrated
four times higher efficiency of the latter.

Importantly, the high payload capability offered by microcapsules enables applications
where stronger dragging forces are needed, such as in spatial control of cells [108,109]. For
instance, IONP-loaded polymeric microcapsules have been recently used to magnetize
cells assembled into spheroids, which could be then used for magnetic patterning and
biofabrication of tissue-engineering constructs [110]. Magnetic microcapsules are therefore
valuable tools for magnetic tissue engineering, in which magnetic forces serve as temporary
supports to assemble biological structures from individual cells or spheroids.

In addition to the remote navigation property, magnetic microcapsules possess the
ability to activate their functionalities (including the payload release) by responding to
specific chemical (e.g., enzymes, decreased pH) or physical triggering stimuli (e.g., light,
heat, ultrasound, electric or magnetic fields) [92,111,112]. It is well-illustrated, that the func-
tionalization of LbL-assembled capsules with MNPs enables their controlled opening under
ultrasound irradiation and magnetic field. In particular, Shchukin et al. demonstrated
that Fe3O4-containing poly(allylamine)/poly(styrene sulfonate) capsules can be disrupted
under 20 kHz-ultrasound irradiation even at short (5 s) sonication times [113]. Importantly,
the payload liberation from these capsules was induced at an ultrasonic power of 100 W,
comparable to those of ultrasonic generators applied in medicine. Carregal-Romero et al.
have demonstrated the magnetically triggered cargo release from the polyelectrolyte cap-
sules decorated with iron oxide nanocubes [114]. The authors used an alternated magnetic
field (AMF) to locally heat nanoparticles embedded into the polyelectrolyte shell, thus
causing its destruction. Besides spherical polymeric capsules, anisotropic LbL-assembled
particles of micrometer and nanometer sizes have gained great attention. Kozlovskaya V.
and Kharlampieva E. have recently summarized the most interesting results in the field
demonstrating that anisotropy in shape results in shape-dependent chemical or physi-
cal properties of the vehicle and plays a crucial role in its interaction with various cell
types [115]. Obviously, anisotropic LbL constructs are characterized by a more pronounced
bio-mimetic behavior, improved deformation, and recovery properties, as well as by a
shaped-directed flow, surface adhesion, and motion. These advantages open up broad
prospects for their application in biomedicine as artificial micro/nanomotors or intelligent
drug carriers.
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Microcapsules showed promises for the design of the next generation of smart drug de-
livery systems with integrated propulsion. Recently, controllable magnetic microcapsules,
named iMushbots, were prepared from fragments of a mesoporous mushroom (Agaricus
bisporus) coated with magnetite NPs. These intelligent and biocompatible vehicles were
capable of autonomous motion based on chemotactic processes and were tested for tar-
geted drug delivery [116]. The magnetite not only enabled the remote motion control of
the iMushbots, but also had a powering reaction. In fact, iron oxide promoted a reaction
of heterogeneous catalytic decomposition of the peroxide fuel powering a pH-induced
chemotaxis process. In addition to inherent propulsion, these microcapsules-based ma-
chines smartly associated with the loaded cargos, as they were capable of steadily retaining
cationic anticancer drugs in environments with alkaline pH and readily release them at low
pH values. This conditioned behavior is very promising for the realization of advanced
drug micro-formulations, in which the carriers are highly stable during circulation into
human blood, while drug release is instead facilitated in sensitive areas characterized by
acidic environments (like the cancerous tissue).

2.2.6. Magnetic Microbubbles

Microbubbles are clinical contrast agents for ultrasound imaging consisting of mi-
crosystems with sizes of ∼1–10 µm. Microbubbles have coatings that can be functional-
ized with ligands or targeting vectors, to create targeted systems recognizing biomarkers
expressed in diseased tissues [117]. Magnetized microbubbles can be produced by incor-
porating MNPs in microbubbles’ coating. The magnetic material can be loaded on the
outside surface of the microbubbles within the coating, or within an oil layer underneath
the coating [118,119]. To properly interact with the shell constituents of the microbubbles
and to be efficiently loaded, the MNPs have to be coated with different phospholipids
or dendrons, which eventually affect the physical properties and stability of the over-
all microsystems. Then, the incorporation of MNPs into the microbubble shell can be
accomplished by sonication [120].

Magnetic microbubbles are visible by ultrasonography, but also responsive to physi-
cal triggers delivered by both magnetic and acoustic field changes [121]. Optimal use of
magnetic microbubbles in targeted drug delivery requires specialized hardware, such as
combined systems for magnetic-acoustic stimulation that guarantee improved performance
in vitro and in vivo as compared to the use of two separate devices [122]. It was demon-
strated that probes combining a magnetic array and ultrasound transducer in a single unit
could simultaneously concentrate and activate the microbubbles at the target site. The
co-alignment of ultrasound and magnetic fields led to enhanced anticancer drug deposition
in gel phantoms and tumor growth inhibition in mice.

The potential of magnetized microbubbles is well highlighted in one recent study show-
ing that drug release in tumors could be finely controlled by optimizing applied magnetic
and acoustic fields, while in real-time monitoring the carriers via ultrasonography [123].
By mixing heparinized MNPs with a suspension of protamine-functionalized microbub-
bles, the authors prepared magnetic microbubbles that evaded pulmonary entrapment
but could be selectively gathered in lung tumors and visualized by ultrasound imaging.
In addition, under stimulation with focused ultrasound, the microbubbles collapsed and
locally released the carried model drug.

Magnetic liposomes are another useful system for magnetic drug targeting. Lipo-
somes are biocompatible lipid-based vesicles ranging in size from 50 nm to 1 µm, that can
carry drugs or other compounds. They share some analogies with microbubbles, like a
vesicular architecture that can be differentially functionalized to attach targeting vectors
and load therapeutics of different kinds. MNPs can be encapsulated by liposomes. It
was shown that liposomes containing γ-Fe2O3 nanoparticles doped with anethole ditho-
lethione can accumulate in tumor sites when spatiotemporally navigated by an external
magnetic field [124]. This nanoscaled delivery platform could intratumorally convert to
microsized bubbles based on hydrogen sulfide pro-drug (H2S), through a process that could
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be dynamically monitored by magnetic resonance and ultrasound dual-modal imaging.
Importantly, the H2S microbubbles were able to ablate the tumor tissue when exposed
to higher acoustic intensity. The H2S molecules localized at a high concentration during
this process could then diffuse as gasotransmitters into the inner tumor regions providing
further antitumor functions.

2.2.7. Magnetic Fibers

Magnetically responsive drug delivery systems can also be designed with non-spherical
particle morphology. One anisotropic design that recently became popular for specific drug
delivery applications is the fiber. Magnetic fibers are fabricated by combining polymeric
fibers with MNPs. One example is found in the work of Perera et al., where PVA fibers
with rough 100–300 nm diameter and filled with MNPs were synthesized via infusion
gyration [125]. Controlled release of drugs could be achieved by magnetic actuation. A
model drug (acetaminophen) was uploaded via impregnation and rapidly released by
applying magnetic fields, with 90% cumulative release achieved in 15 min only during
magnetic actuation.

Drug release on demand from a fiber-shaped delivery system was triggered in re-
sponse to varying pH and temperatures [126]. In such a case, magnetic bioactive glasses
complexed with the antitumor drug Cisplatin were doped into the chitosan-grafted poly(ε-
caprolactone) (PCL) nanofibers. Compared with control fibers kept under physiological
conditions, the fibers exposed to a pH value of 5.5 and a temperature of 43 ◦C displayed
augmented Cisplatin release rates. Following these observations, MG-63 osteosarcoma
cells were treated with simultaneous chemotherapy and hyperthermia by exposure to an
alternating magnetic field that activated the magnetic fibers.

Core-shell nanofibers of approximatively 300 nm in diameter were developed by
coaxial electrospinning of N-carboxymethyl chitosan-PVA and PCL for the core and the
shell, respectively [127]. The antitumor drug DOX and nickel ferrite nanoparticles were
incorporated into the nanofibers for extended and controlled release of DOX against MCF-7
breast cancer. DOX release was studied under physiological and acidic pH in the absence or
presence of applied magnetic fields, respectively, revealing that the maximum cytotoxicity
on cancer cells (83%) could be obtained at day seven by magnetically stimulating nanofibers
with chitosan/PCL/nickel ferrite 10 wt.% composition. Another group fabricated a mag-
netic nanofibrous mat-based bandage for the treatment of skin cancer by non-invasive
induction of hyperthermia [128]. PCL fibers incorporating magnetite nanoparticles were
obtained by electrospinning and then magnetically stimulated with an external alternating
current magnetic field. The fibers locally dissipated heat energy, thus rapidly augmenting
the surrounding temperature up to 45 ◦C. This bandage killed both parental and DOX
hydrochloride-resistant HeLa cells, demonstrating enhanced DOX activity caused by in-
creased temperatures. Mice with chemically induced skin tumors fully recovered within
one month after five hyperthermic sessions of 15 min.

Due to their peculiar morphology, fibers have attracted considerable interest for drug
release within specific environments and applications. Fibers are promising for the treat-
ment of tubular or ductal anatomical structures (e.g., lung airways, blood vessels) or the
construction of implantable tissue grafts. For instance, they can be used in controlled pul-
monary drug delivery as they may travel deep into the lung airways. In this location, fibers
facilitate the accumulation of pharmaceuticals at the target site and enable their sustained
release [129]. In this context, electrospun superparamagnetic polymer-based biodegradable
microrods were recently proposed. These fibers consisted of a polymeric phase of poly(l-
lactide) (PLLA) and polyethylene oxide (PEO), enriched with oleic acid-coated magnetite
nanoparticles. Microrods were prepared by exposing the electrospun fibers to ultraviolet
(UV) irradiation and sonication, before incorporating methyl 4-hydroxybenzoate as a model
drug. The authors showed that the magnetic properties of the microrods were responsible
for inducing hyperthermia under AMF. Moreover, airborne microrods could be manipu-
lated by direct current magnetic fields, thus enhancing targeted delivery to lower airways.
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Scaffolds for release on demand of bioagents have been typically generated as porous
structures but, in such an architecture the drugs freely diffuse, especially during long-
term studies. Having good potential for better drug retention and controllable behavior,
activatable magnetic fibers could have preferable morphology and profile to construct
scaffolds for tissue engineering or cancer therapies. Wang et al. recently developed
scaffolds from hollow fibers composed of alginate/IONPs by coaxial 3D printing [130].
Drugs, proteins, or living cells were encapsulated in the core part of the fibers that was
characterized by a lower alginate gel concentration. Magnetic actuation of the fibers resulted
in physical deformation of the scaffold under magnetic field exposure and subsequent
release of loaded therapeutics. Moreover, due to their elongated structure, the fibers
acted as diffusion barriers and minimized the uncontrolled diffusion of bioagents from the
non-stimulated scaffolds. Under intermittently magnetic stimulation, a formulation with
optimized composition (10 wt.% of alginate, 13% of IONPs) and crosslinking conditions
(0.1 M CaCl2, 10 s) displayed repeated on-demand release capability in both cell and
animal experiments.

2.3. Compositing Materials with Magnetic Particles

Magnetic systems at both nano- and micro-scale can be used to create composite
matrices with various applications [131–134]. Magnetic nano- and micromaterials are typi-
cally added to polymeric hydrogels or scaffolds to generate multifunctional materials that
combine the properties of the polymers and the magnetic materials. Briefly, to fabricate
magneto-polymeric materials, ferri, and/or ferromagnetic particles can be mixed or em-
bedded in a polymeric matrix, and then different strategies can be followed to incorporate
the particle phase either transiently or permanently [133,135].

Magnetic microcomposites include magnetic microparticles, and as such, they incorpo-
rate magnetic materials clustered in microsize sites of accumulation. Incorporating micro
MCs, however, imparts a high magnetization to composites that display microscale struc-
tural heterogeneities, which might lead to gross alterations of the mechanical behavior and
affect their suitability for specific applications. For instance, in additive manufacturing (e.g.,
deposition-based printing) a careful evaluation of the ink’s mechanical properties is neces-
sary to maintain shape fidelity and printability of the deposited material. Spangeberg et al.
realized a magnetic bioink based on alginate and methylcellulose (3 and 9%, respectively)
that was incorporated with magnetite microparticles [136]. While shear-thinning properties
remain unaltered, viscosity and magnetization of the composite material strongly increased
with the magnetic microsystem concentration. Upon optimizing the magnetic microparticle
concentration (25% w/w), scaffolds were fabricated, which could deform under the applica-
tion of an external magnetic field and represent a promising platform for cell mechanical
stimulation and improvement of stem cell differentiation in cell-laden scaffolds.

Due to the high integrability of nanomaterials with macromolecular structures like
polymers, nanocomposites display structural homogeneity, monophasic mechanical be-
havior, and improved physico-chemical properties that let nanocomposites emerge in
biomedical applications, such as reinforcement of engineered tissue grafts [131,134,137,138].
In particular, the magnetic responsiveness renders magnetic nanocomposites particularly
attractive to realize controllable cell culture models and improve cell functionality within bi-
ological tissue artifacts [138]. To include MNPs into polymeric matrices, different strategies
can be applied, which include: (i) co-precipitation during the matrices synthesis [139,140];
(ii) adsorption on pre-formed matrices [141]; (iii) adsorption during the freezing pro-
cess [142]; (iv) hydrothermal method [143]; (v) sol-gel method [144]. These approaches are
based on different technical principles and have their advantages and disadvantages. For
instance, the procedure for co-precipitation is a facile and convenient synthetic method,
with low environmental impact, as it is carried out in aqueous solution with relatively
low reaction temperatures. However, this procedure can affect the synthesis process and
requires special conditions, such as high stirring speeds, controlled atmospheres, reaction
medium and drying temperatures. On the other hand, the adsorption method is more
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predictable but limited concerning the loading amount and affected by the physical and
chemical properties of the matrices, such as surface chemistry, charges as well as pore size.
The recently developed method of freezing incorporation (method iii) is labor-intensive but
provides four times higher loading efficiency than the coprecipitation or adsorption method.
In simultaneous adsorption-freezing, the repetitive adsorption of the magnetite particles
occurs in a water-based solution at a negative temperature. In such conditions, the ice
crystallization provides additional pressure onto MNPs, which improves their adsorption
efficiency. The hydrothermal method (iv), which uses an autoclave or microwave to reach
high pressure and temperature, allows the preparation of a stoichiometric compound with
appropriate crystallinity. Although this method is rather specific, the high temperature
can affect the matrix stability. In the sol-gel method (v), the gel molecules stick together
with the MNPs and the porous matrices. In addition to being fast and efficient, this strategy
does not require any specific equipment. However, additional compounds (such as the gel
molecules) are present in the final composition, which can influence the surface chemistry
properties of the particles.

Besides responding to magnetic fields, the MNPs can enhance the matrix properties,
by conferring for instance additional structural stability. For example, adding MNPs to
the calcium carbonate particles can stabilize the unstable calcium carbonate in the vaterite
phase and delay its recrystallization to calcite from hours to several days [145].

3. Magnetic Targeted Drug Delivery

Magnetic drug targeting can be realized through different approaches [121]. In the
majority of cases, an external magnetic field is applied to control the localization and the
functional activity (e.g., drug release) of the MCs [63,104,146–149]. External magnetic fields
can be generated from various kinds of stationary magnets or via electromagnetic coils [121].
For clinical implementation, one has to take into account that, according to the guidelines
provided by the International Commission of Non-ionizing Radiation Protection [150],
patients could not be subjected to the magnetic flux densities that exceed 400 mT in any
part of their body. In clinical practice, one to two T magnets are used to achieve local
magnetic field intensities of around 400 mT. In preclinical research, magnetic drug delivery
is realized in the presence of applied magnetic fields with intensities varying between 0.1 T
and 1.5 T [151,152]. The distance between the magnet and the target site for delivery, as
well as the geometry of the magnets, crucially affect the effectiveness of delivery [63,148].
One of the major challenges in magnetic drug delivery is delivering therapeutics within
deep tissues in vivo. In particular, one common approach consists of placing stationary
magnets on the skin. This way, the MCs can be efficiently guided and controlled within
superficial tissue layers, but the target sites below a few centimeters (5 cm) under the skin
remain not accessible. In order to drag and focus the MCs into deep tissue, a sequence
of actuations can be realized by dynamically controlling magnets according to schemes
defined by first-principles magneto-statics and ferrofluid transport models [153]. Such a
strategy pushed magnetic nanoparticles to a deep target location.

Nevertheless, our ability to control the MCs from distance through external magnetic
fields remains limited. As an alternative, magnetized implantable scaffolds can be used to
attract the MCs into the target organs. In particular, nanodrugs can be delivered in a targeted
fashion through implants endowed with high magnetism. Recently, poly(lactic-co-glycolic
acid) (PLGA) composited with Fe3O4 was used to produce durable, biocompatible, and
highly magnetic implant scaffolds that can locally attract magnetized chemotherapeutics
and destroy cancer cells [154]. Although challenging, such approaches can facilitate more
precise treatments and show promise in bone cancer, obesity, and deterioration of the inner
ear [155].

3.1. MNPs for Systemic Circulation

MNPs are widely designed for the site-specific delivery of therapeutic molecules in
the presence of an external magnetic field [156,157]. Chemotherapeutics [158,159], anti-
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inflammatory drugs [160], immunosuppressants [161], antibiotics [162,163], and antiviral
agents [164] can be targeted on the diseased tissue by their use owing to sufficient surface
area of MNPs and the possibility to control the payload release with or without a specific
trigger. Drug molecules are generally incorporated into the carrying matrix via adsorption
and encapsulation approaches or directly linked to the surface of MNPs through the
covalent bonding or electrostatic attraction [157,165]. Liberation of the drug then occurs
through its leakage from the matrix or as a result of the nanocarrier degradation. This
process can be triggered by alternating magnetic fields [166,167] or such stimuli as pH [168],
enzymatic destruction [169], and heat [170,171] utilizing linkers that are sensitive to them.
Realization of such an approach should guarantee a drastic enhancement of the local drug
concentration in the targeted site resulting in therapeutic efficacy increasing.

Site-specific targeting of the payload is provided either passively based on the vas-
cular bursts [172] and enhanced permeability and retention (EPR) effect of pathologic
tissue [173,174] or initiated actively via specific ligand attachment [175,176] or exploiting
superparamagnetic properties of the system (magnetic targeting) [14,177]. The latter is
an important advantage of MNP-based delivery systems that sets them apart from other
nanotechnology-based drugs. The success of such addressing depends on the particle
size, surface chemistry, magnetic polarization, and magnetophoretic movability under an
external magnetic field [156]. In addition, it requires a good magnet system to guide the
drug carriers to the target site [14]. The transport of MNPs in the bloodstream is defined by
a dynamic equilibrium between the magnetic and hydrodynamic forces acting on them.
Thus, such physical properties as the strength and gradients of the magnetic field, the
volumetric and magnetic properties (magnetization) of the carriers, as well as the hydrody-
namic parameters (blood flow, hematocrit, viscosity, and the particle concentration in the
blood) significantly affects the efficacy of magnetic navigation [151].

The possibility of magnetic targeting of drugs has been widely demonstrated utilizing
MNP-based carries systemically injected in vivo in different animal models. However,
to the moment, no magnetic targeting protocol has successfully passed the regulatory
approval to be translated to clinics. Only one MNP-based nanosystem (DOX-loaded MCs)
was studied in patients and did not demonstrate convincing results, thus, the study was
terminated in phase II/III of clinical development [178]. According to the clinicaltrials.gov
database (the website was accessed on 26 February 2022), there is one ongoing clinical trial
intended to evaluate the safety, efficacy, and tolerability of intratumorally injected SPIONs
accompanied by the spinning magnetic field application in combination with neoadjuvant
chemotherapy in osteosarcoma patients (identifying number NCT04316091). However, in
this study, MNPs are administered separately from the drug, and their systemic circulation
is excluded from consideration. At the same time, the ability to safely and effectively
deliver therapeutic moieties to the deep tissue using MNP-based carriers and external
magnetic fields remains limited. The main challenges associated with this addressing
approach include the design and selection of an appropriate MC considering specific
clinical indications, as well as magnet design for deep and precise addressing through the
tissue taking into account the anatomical barriers [152].

A ligand-receptor-mediated targeting strategy is based on the conjugation of the MNP-
based delivery systems with such segments as antibodies, aptamers, endogenous proteins
(like, transferrin), hyaluronic acid, folate, and targeting peptides [175,179]. The carrier func-
tionalization with targeting ligands enables their recognition by specific receptors that are
overexpressed on the surface of target cells, and thus provides the enhanced accumulation
at the desired sites. However, when the modified particles (as well as the non-modified
ones) are introduced into a complex biological environment of the circulatory system,
the targeting often fails due to rapid clearance by macrophages of the reticuloendothelial
system (RES) [180]. This protective mechanism is so potent that the majority of the injected
nanocarriers are generally cleared after a few passes through the liver and spleen [181].

The process of MNPs blood clearance depends on the injection conditions (e.g., particle
injection dose and repetition time of administration), nanoparticle properties (e.g., particle
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size, charge, and coating structure), and animal model (mice strain, absence/presence of
tumors, tumor size) was comprehensively studied by Zelepukin et al. (Figure 5) [182]. To
register the MCs circulation kinetics, they placed the animal’s tail inside a coil generating a
magnetic field on two frequencies and measured the magnetic response of the injected MCs
at a combinatorial frequency detecting the particle concentration in tail veins and arteries.
This research demonstrated that the injection of low MNP doses (less than 1 mg per mouse
meaning 50 µg/g tissue) granted an almost constant half-life time (1–1.6 min), while further
dosage enhancement substantially prolonged the particle circulation up to 45 ± 14 min for
the 10 mg per mouse dose. This effect was attributed to the saturation of the RES in the
organism, which could not eliminate such large nanoparticle doses. Multiple successive
administrations of MNPs also resulted in prolonged circulation, starting from the second
injection (each additional dose enhanced the effect). At the same time, a one-day pause
between the administrations evened out the difference in particle circulation time compared
to a single injection. The negatively charged particles demonstrated a slight prolongation
of the clearance process. Comparison of the circulation time for 50-, 100- and 250-nm
particles coated with glucuronic acid demonstrated a well-established trend: the smaller
was the carrier size, the longer its circulation occurred. However, the time difference in
clearance between the 50- and 100-nm particles substantially exceeded that between 250-
and 100-nm. The effect was again explained by the limited number of receptors on the
surface of macrophages that bound nanoparticles, as well as by the overall saturation of
the endocytosis process.

Surface modification of the drug-delivering carriers with various coatings (PEG or
other hydrophilic polymers) is commonly used to decrease their opsonization and prevent
recognition by the immune system, thus inhibiting the non-specific distribution of these car-
riers [183]. For instance, it was shown that the PEGylated single-core MNPs, which are used
in magnetic particle imaging (LS-008 tracer), persisted in the bloodstream of the rats with a
half-life of 4.2 ± 0.5 h when injected at the dose of 5 mg of Fe/kg [184]. The PEG-silane
coating of SPIONs provided further prolongation of the blood circulation half-life (up to
7 h) [185]. It should be noted that the coating material has a strong effect on blood kinetics
depending on the ionic character of the coating material as it influences the particle uptake
by macrophages. Obviously, the higher efficiency of particle capture by macrophages is
observed, the faster those are cleared from the blood. It was well-demonstrated that phago-
cytic activity inhibited by decreasing the ionic strength of the coating material deposited on
the SPIONs’ surface: the starch, polyacrylic acid, and carboxydextran provided the higher
uptake (thus shorter circulation in the blood) of SPIONs than PEG coating [186].

Despite the highly valuable advantage of prolonged blood circulation for stealth
nanoparticles, the surface coating might bring some negative aspects, like the development
of immune response enhancing opsonization for repeated injections (so-called, acceler-
ated blood clearance) [187], inhibiting of the endosomal escape [188] and complication
of the cellular penetration of the carriers resulting in a significant loss of delivery system
activity [189]. Even though one can guarantee that targeting receptors are not disguised by
the protein corona, the coatings can reduce targeting efficiency by hiding the receptor in its
own bulky structure [181]. The alternative approaches towards the blood-circulation time
enhancement have been proposed so far. Namely, cellular hitchhiking meaning the use of
various cells as the particle carriers [190] or the RES blockade (saturation) induced before
the MNPs injection [191,192] are exploited to delay the blood clearing and increase target-
ing capability. Although the suppression of mononuclear phagocyte function is generally
achieved by injecting large doses of various nanoparticles [193,194], it can be blocked by
the organism’s own intact cells as well. In particular, Nikitin et al. elegantly demonstrated
that the pre-induced macrophage saturation with antibody-sensitized erythrocytes (so-
called, cytoblockade of mononuclear phagocyte system) increased the circulation half-life
of nanoparticles by up to 32-fold [181]. Such cytoblockade was also shown to significantly
enhance the therapeutic potential for magnetically-guided drug delivery systems.
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The long-term fate of MNPs needs to be addressed when studying their in vivo
behavior and effectiveness [156,195]. Comprehensive reviews on their pharmacokinetics,
biodistribution, and toxicity have been previously published [196,197]. Briefly, upon the
intravenous injection, the MNPs are mostly accumulated within the liver and spleen, which
is logical as these organs are responsible for blood purification [156]. The behavior of
MNPs in living organisms is significantly influenced by their surface functionalization and
physicochemical properties, like the hydrodynamic size, polydispersity index, shape, aspect
ratio, stability, and surface charge. In addition, the surface roughness, ζ-potential, and the
size of nanoparticles also determine the thickness and composition of the plasma protein
corona forming at their surface that, in turn, defines such pharmacokinetic parameters as
plasma half-life, distribution, and elimination of the carriers [196,198]. Recently, Zhang et al.
have proposed a magnetothermal regulation approach towards the control of protein
corona formation on iron oxide nanocarriers in vivo to improve their pharmacokinetics
and therapeutic efficacy [199]. They demonstrated that the relative levels of major opsonins
and dysopsonins in the corona could be tuned quantitatively by means of heat induction
mediated by MNPs under AMF.

Biodegradability of the MNPs is another important issue to be investigated when
designing the MNP-based drug carriers aiming at further clinical translation [177], and safe
biomedical application of nanoparticles requires a clear understanding of their metabolism [200].

A broad study of the one-year fate of 17 types of MNPs performed by Zelepukin et al.
demonstrated a long-lasting effect of the injected dose, hydrodynamic size, ζ-potential,
surface coating, and internal architecture of MNPs on their degradation half-life [195]. The
authors introduced a magnetic spectral approach for non-invasive in vivo monitoring of
MC degradation based on magnetic particle quantification (MPQ) technique (Figure 5).
Faster particle degradation was observed for the MNPs of smaller size and negative ζ-
potential. In addition, the type and structure of the surface coating were demonstrated
again to play a crucial role in their biodegradability.

3.2. MNPs for Scaffold Enrichment and Release of Drug/Cells

MCs at the nano- and microscale are useful for drug delivery, as conceived as injectable
formulations and cell-interactive materials. For instance, drug-loaded MNPs can be sys-
temically administered via intravenous injection and then magnetically guided to a target
site through locally applied magnetic fields. Once at the desired site, the drug liberation
can be triggered by different mechanisms. Shen et al. used NIR irradiation to release
the antitumor drug DOX and the calcium ion channel blocker verapamil from injectable
MNPs. The nanosystems were systemically administered and then targeted to the tumor
by exposing them for a few hours to a magnetic field (about 2000 Oe) laid outside the skin
in close proximity to the tumor (Figure 6A) [201]. Larger MCs realized at the microscale
are also useful in drug release application, and their advantageous potential relies on two
aspects. First, magnetic microsystems retain higher magnetization than MNPs, resulting in
more controllable during remote navigation. The responsiveness to stationary magnetic
fields of the magnetic microsystems is in general expected to be large enough to counteract
the hemodynamic forces during circulatory distribution. Second, microsystems support
higher payloads of bioagents and can optimally interact with cell membranes, adhering
and adapting to the surface morphology of cells (Figure 6B) [202].

In addition to injectable formulation, the MCs can be used in targeted delivery as em-
bedded in matrices that act as static platforms to control drug release or accumulation [203].
The MCs are typically used to enrich the matrices that serve as scaffolds for tissue re-
pair [132]. The resulting nanocomposites can be magnetized under the application of
magnetic fields and have increasingly been applied to tissue regeneration, especially for
hard tissue repair [2,204]. This interest is justified by multiple reasons. In general, enriching
the scaffolds with nanoparticulate material positively affects cell adhesion, viability, and
proliferation [205]. This aspect is often reported for IONPs but not unique to them, as
many other kinds of nanomaterials can provide topographical cues that modulate cell
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behavior [206–209]. However, using MNPs makes it possible to have remote control over
cellular processes [131]. The dispersed MNPs entrapped in the scaffold matrix can be stim-
ulated by a static or alternated external magnetic field, and the effects that such stimulation
has on the cells can be different [131,138,210,211]. Magnetic cell stimulation is typically me-
diated by the action of mechanical forces that apply to the cell membrane and activate spe-
cific molecular signaling pathways in a process known as mechano-transduction [131,212].
For remote cell mechanostimulation through externally applied magnetic fields and mag-
netic nano-transducers, magnetic fields of moderate intensities (ranging from 1mT to 1T)
are sufficient to trigger specific cell responses, which can be used to guide the process of
tissue repair [131]. Common magnetic materials for tissue regeneration include: nanopar-
ticles, polymers, bioceramic materials, and alloys [213,214]. Magnetic actuation of the
scaffolds can improve their performance in tissue repair, impacting positively on new tissue
formation. This especially applies to bone tissue engineering [213], in which novel methods
combining scaffolds and stem cells with MNPs and magnetic fields have shown the ability
to enhance cell osteogenic differentiation, as well as bone regeneration and angiogenesis
by 2–3 folds over the controls [213,215,216]. In fact, magnetic actuation activates essential
signaling pathways in osteogenesis, such as MAPK, integrin, BMP, and NF-κB. Augmenting
bone repair and regeneration efficacy, magnetic actuation holds clinical potential for dental,
craniofacial, and orthopedic treatments.
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the blood circulation and the organ distribution of magnetic particles. (A) Influence of repetitive
injections of 100-nm MCs on their circulation. Multiple injections of MCs (300 µg) were provided
immediately after the clearance of the previous dose. (B) Dependence of the half-life time of 100-nm
nanoparticles on polymer coating. The data are provided for a dose of 300 µg nanoparticles per
mouse. (C) Influence of the presence and size of tumors (B16-F1 in C57Bl/6 and EMT6/P in BALB/c
mice) on clearance of 50-nm MCs from the bloodstream. The data are provided for a dose of 300 µg
nanoparticles per mouse. (A–C) The experiments were performed on BALB/c mice (blue and red
bars) and on C57Bl/6 mice (green bars), n = 3 for each bar. Asterisks indicate significant difference
from the control: Welch’s t-test, *—p < 0.05; **—p < 0.01; ***—p < 0.001. Adapted with permission
from Ref. [182]. (D) The degradation of magnetic particles is investigated with the MPQ approach
noninvasively in a setup where the magnetic signal from the particles is measured by a magnetic coil
placed under the mouse liver and spleen. (E) MPQ data of accumulation and degradation kinetics in
the liver of 100 µg of citrate-stabilized MPs, and (F) representative MRI of the two-month evolution
studies in the liver (cyan lines) and spleen (red). (G) Dependence of degradation kinetics on particle
size for 50, 100, 200 nm MPs coated with carboxymethyldextran. (D–G). Adapted with permission
from Ref. [195]. Copyright 2021 American Chemical Society.

Although the magnetic scaffolds are proven to trigger osteogenic differentiation and
therefore have been mostly involved in bone tissue engineering, they have also shown
utility for the repair of other tissue types [137,217–221], and in relation to specific uses
other than the direct modulation of cellular processes (e.g., bioimaging, cell patterning,
robotics, drug delivery) [215,222]. In particular, magnetic actuation of scaffolds can serve
to localize and control drug delivery [223]. Porous and fibrous scaffolds have been widely
used to deliver drugs, proteins, and living cells for both tissue regeneration and cancer
therapies [224–228]. However, in conventional scaffolds the release of bioagents is typically
governed by the intrinsic chemical and structural properties of the matrix, that determine
the kinetics of crucial processes, such as the diffusion of dispersed molecules, the scaf-
fold material degradation, and the cell migration. Conventional scaffolds, therefore, do
not permit dynamic external regulation of the topical therapy [224]. As a consequence,
different routes to release biofactors on-demand from implantable scaffolds have been
investigated [223,229]. In this context, magnetically driven approaches are emerging due to
the favorable properties of magnetism, such as the remote controllability of materials, the
high tissue penetration depth of magnetic fields, and the versatility of magnetic actuation
mechanisms [213,216,230]. As an example, scaffolds can be enriched with magnetic material
and loaded with biofactors. Then, externally applied magnetic fields can modulate the re-
lease of the biofactors via different mechanisms, which depend on the method for magnetic
stimulation, the properties of the scaffold matrix, and the strategy of drug incorporation. If
MNPs are stably conjugated to the scaffold matrix, they can induce physical deformations
of the structure, so that the included substances are extruded. By subjecting MNPs to
AMF, it is possible to locally increase the temperature, thus altering the structure of the sur-
rounding matrix and the drug release kinetics. In such systems, bioactive molecules can be
directly loaded into the scaffolds and conjugated to the polymeric structure. Alternatively,
drugs can be loaded onto the MNPs which are then incorporated into the scaffold. When a
magnetic field is applied, the MNPs vibrate detaching the coupled drugs and accelerating
their release.

Magnetic nanocomposites (especially in the form of hydrogels) are typically investi-
gated as controllable drug delivery systems, although only a minority of them have been
proposed for tissue regeneration applications. Magnetized scaffolds for tissue repair are
typically loaded with factors that affect the three most crucial processes in implantology,
namely tissue regeneration, graft vascularization, and fusion with the host tissue [224,231].
Growth factors are often applied to support these processes, as they play a pivotal role in
directing regenerative pathways for many cell populations [223]. Magnetic nanocomposite
scaffolds can be loaded with the growth factors that are necessary to stimulate cells over
time, leading to complete biological and histomorphological tissue maturation. One of
the first studies in this area was reported in 2011. Luo et al. loaded plasmid genes of

230



Pharmaceutics 2022, 14, 1132

the Vascular Endothelial Growth Factor (VEGF) onto chitosan/gelatin microspheres that
were enriched with superparamagnetic magnetite crystals [206,208,224,232]. The magnetic
microspheres were then incorporated into a scaffold for bone tissue repair. Oscillating and
static magnetic fields induced local micro-movements of the microspheres, resulting in the
release of the plasmids and transfection of the surrounding cells. The group demonstrated
improved angiogenesis and osteogenesis within the scaffold, as well as enhanced scaffold
vascularization and large bone defect repair. Magnetized scaffolds have been also proposed
for wound dressing. In a recent study, itaconic acid was copolymerized onto starch and
alginic acid in the presence of graphene sheets and magnetite nanoparticles [233]. The
resulting magnetic composite hydrogel was loaded with guaifenesin to enhance wound
healing. Guaifenesin could be released in a controlled manner by modulating the applied
magnetic fields.

Exposing MNPs entrapped into the scaffolds’ matrix to AMF causes the temperature
to locally increase. The resulting thermal variations can affect the release kinetics of drugs
loaded onto the scaffolds. For instance, when magnetite nanoparticles (NPs) were incor-
porated into PLGA scaffolds and then exposed to magnetic fields as per hyperthermia
treatment protocol, heat was generated [234]. The heat varied proportionally to the con-
centration of MNPs and affected the release of minocycline, a drug for the treatment of
glioblastoma. At temperatures close to the polymer’s glass transition temperature, the
polymer’s chain becomes more mobile resulting in enhanced drug diffusion out of the
scaffold. The same paradigm was adopted by Amini et al., who proposed magnetized
nanofibers as a device to be implanted in the proximity of bone tumors for topic cancer
therapy. In this system, magnetic bioactive glasses and the antitumor drug cisplatin were
loaded onto chitosan-grafted PCL nanofibers [126]. These fibers were used to test the
efficacy of the simultaneous application of chemotherapy and hyperthermia on MG-63
osteosarcoma cells. While no initial burst release of cisplatin occurred from the fibers, the
release rate was accelerated under increased temperature (43 ◦C) as compared with the
physiological condition.

Controlling drug release from scaffolds is crucial for tissue regeneration. In fact, many
tissue engineering approaches aim to recapitulate the sequences of events that drive tissue
development in nature, and that are regulated by growth factors. For example, the sequence
and timing of delivery of growth factors play a pivotal role in bone regeneration [235].
Although various biomaterials that deliver multiple factors have been presented, there still
exists a strong demand for strategies to control the sequential drug delivery and replicate
the key steps of tissue development to improve regenerative outcomes. To address this
issue, Madani et al. presented a bone tissue regenerative biomaterial that could rapidly
recruit stem cells and expose them to the Bone Morphogenetic Protein 2 (BMP-2, a potent
inducer of osteogenic differentiation) with programmed timing [236]. BMP-2 can inhibit
cell proliferation, resulting in a poor cell population of the scaffold. Therefore, BMP-2 has
to be provided only when the scaffold has intensely been invaded by cells and a robust
cell population is established. To delay the BMP-2 release after implantation, the group
proposed a biphasic biomaterial that consisted of an outer porous gelatin compartment
and an inner ferrogel compartment. The outer layer served to harbor stem cells and was
therefore loaded with a stem cell recruitment factor, the stromal cell-derived factor 1-α,
(SDF-1α). The core of the system contained the BMP-2. By applying external magnetic
fields (0.56 T), the BMP-2 could be released from immediate to a delay of up to 11 days
after implantation.

In 2011, Zhao et al. described a porous magnetic scaffold that could macroscopically
deform under the application of an external magnetic field, and they proposed that the
volume variation could serve to extrude different bioagents (Figure 6C,D), including
mitoxantrone, plasmid DNA, and a chemokine from the scaffold [203]. Moreover, the
scaffold could serve as a depot of various cells, whose release can be magnetically controlled.
More recently, hollow fibers composed of alginate and enriched with IONPs were prepared
by coaxial 3D printing [130]. The fibers also encapsulated drugs, proteins, or living cells in
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the core, in which a lower alginate concentration was used. When an external magnetic field
was applied, the resulting scaffolds deformed, causing the various biofactors to be extruded.
A formulation consisting of 10 wt.% of alginate and 13% of MNPs displayed repeated on-
demand release capability in vitro and in vivo under intermittent magnetic stimulation.
Cells loaded onto magnetized scaffolds can also be stimulated by the magnetoactive
components of the substrate (Figure 6E) [237], and be then released in the proximity of
the scaffold. This perspective holds promise for future drug-free strategies to control cell
therapy in vivo.

Even if intense efforts have been devoted to magnetic targeted drug delivery, fixing
drugs after targeting is also extremely important in local therapies, such as tissue implanta-
tion. Research has therefore intensified on devices that guarantee the residence of delivered
bioagents to the target site. A wearable drug fixation device was presented for cartilage
repair via stem cell therapy [238]. An array of permanent magnets was mounted on a
wearable band capable of wrapping the region of interest. The magnet configuration was
determined through univariate search optimization and 3D simulation. Yielding a strong
magnetic flux density (>40 mT) at the target site, the band could immobilize magnetic
carriers at the cartilage defect sites in a rat model. In particular, the system’s retention
action was tested on a stem cell spheroid made from cells labeled with MNPs, and a micro-
scaffold composed of PLGA functionalized with MNPs via amino bond formation. The
next research steps in magnetic therapy fixation are expected to generate devices matching
the criteria for clinical translatability.

Even in the absence of magnetic fields, doping the scaffolds with MNPs can alter
their activity as a drug delivery system. For instance, the addition of MNPs reduced the
degradation of silk fibroin scaffolds that have been proposed as multifunctional composite
for tissue engineering [239]. In particular, the degradation rate of these sponges was
strongly affected by the presence of the MNPs and correlated with the availability of active
sites for proteases’ binding. First, hydrogen bonds formed between fibroin and MNPs,
which strengthened the matrix structure. In addition, the complexation of iron atoms and
tyrosines decreased the activity of hydrolases. These two processes synergized to delay the
degradation of the system, in which cell viability was preserved.

In summary, magnetized scaffolds can be used not only to control the release of
pharmaceuticals via different mechanisms (such as thermo-responsive disassociation and
physical extrusion via structural deformation), but they can also serve to modulate the
behavior of loaded cells, and also to affect the kinetics of material degradation, thus
prolonging the permanence of bioagents in the desired site.
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Figure 6. MCs for drug delivery as injectable agents or magnetizing agents for scaffolds. (A) Drug
delivery via injectable MNPs: Shen et al. synthesized MNPs loaded with DOX and verapamil and
coated with PLGA. Soon after the injection the mice were treated with a constant magnetic field (about
2000 Oe) laid outside the skin near the tumor site at 25 ◦C for 3 h. Drug release was then obtained by
NIR irradiation. Right: TEM (up) and SEM (bottom) images of the developed MNPs. Reproduced
with permission from Ref. [201]. (B) SEM images of iron oxide mesoporous microparticles (left)
and cells incubated with particles (right). Microparticles (indicated by red arrows) associated with
breast cancer MCF7 cells, both as attached to the periphery, and internalized inside. Adapted and
Reproduced with permission from Ref. [202] (C) Drug release from magnetized scaffold in response
to macroscopic structural deformation. (D) A cylinder of a macroporous ferrogel reduced its height
∼70% when subjected to a vertical magnetic-field gradient of ∼38 A/m2, and SEM images of a freeze-
dried sample in the undeformed and deformed states. (Scale bar: 500 µm.) Adapted and Reproduced
with permission from Ref. [203] (E) SEM images of a magnetized scaffold made of a piezoelectric
polymer, poly(vinylidene fluoride) (PVDF), and magnetostrictive particles of CoFe2O4. Preosteoblast
cells were cultured for four days on scaffolds with different pore sizes. When magnetically stimulated,
cells grew around the pores, probably guided by the magnetomechanical and magnetoelectrical
stimuli. Adapted and Reproduced with permission from Ref. [240].

4. Magnetic Guidance

Magnetic materials and forces enable us to target different classes of therapeutic agents
to the site of disease, feeding the interest in developing approaches that can overcome the
inherent limitations in human use. One of the main challenges in the magnetic targeting
of bioagents is that it limits targeting in deep tissue in human subjects, therefore making
the translation into clinic arduous. Nevertheless, in recent years, novel approaches have
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emerged as a clinically viable solution for the site-specific delivery of small-molecule
pharmaceuticals, biotherapeutics, and cells in patients. For example, the effects of deep-
penetrating uniform magnetic fields can be exploited to accurately provide antirestenotic
therapy to vascular targets and prevent injury-triggered re-obstruction of stented blood
vessels [241]. The magnetization and guidance of cells can serve for different applications,
including: magnetophoresis, cell-sorting, tissue engineering, and cell vectorization to
target sites in vivo. Magnetic materials and forces can also control the motion of dynamic
devices at the microscale, called micro-robots. In the following paragraphs, we will describe
the use of magnetic forces to control the movement of cells and microrobots in different
environments, highlighting their potential in biomedical applications.

4.1. Magnetic Guidance of Cells
4.1.1. Magnetic Cell Manipulation

Up to several million MNPs can concentrate within endosomes and lysosomes of
labeled cells, rendering these cells responsive to inhomogeneous magnetic fields. MNPs can
therefore mediate controlled and contactless movements of cells and subcellular structure.
Cell magnetophoresis describes the motion of cells, which is caused by their loading
with magnetic materials and their subsequent exposure to a nonuniform magnetic field
created either by electromagnets or a permanent magnet [242]. In the last two decades,
magnetophoresis of cells has been investigated for applications like cell separation, localized
cell therapy, and tissue engineering. Within a unidirectional magnetic field gradient, the
labeled cells experience a magnetic force, which can be defined as M(B) ∆B, where M(B) is
the magnetic moment of the cell in the field B and ∆B is the magnetic field gradient. The
magnetic moment of the cell can be approximated as the magnetic moment of one MNP
multiplied by the number of MNPs per cell. The magnetic force that the cell experiences
can drag it to a precise direction, but it is counteracted by several factors, like adhesivity
of cells to substrates, the architecture of surroundings (e.g., porous or compact matrices),
and viscosity of the medium. For cells suspended in liquids, the viscous force is defined
as 6πηRV, where R is the cell radius, V is the cell velocity and η is the viscosity of the
medium. Magnetophoresis of cells within more complex 3D environments (like tissues,
scaffolds, or hydrogels) is also strongly affected by the physicochemical features of the
embedding matrix.

The magnetic fields generated by permanent magnets typically vary in the range of
10–50 T/m over a distance of approximately 1 cm. Labeled cells with an average iron load
of 5 to 15 pg/cell therefore experience magnetic forces that range from 1 pN to a few nN. It
is possible to deduce the iron load through magnetophoresis by determining the cell radius
and velocity from video-microscopy. To label the cells with MCs in a quantifiable and
reproducible way, the MNP formulation must be stable in the conditions selected for cell
incubation. Importantly, magnetophoresis can detect potential nanoparticle aggregation
and non-specific particle attachment to the cell membrane. If the cells are covered with
particle aggregates, the outcome of the magnetophoretic assay will not lead to calculating
the correct value of the intracellular iron load, as the obtained value will be higher due
to extracellular aggregate pods. Magnetophoresis will instead reflect the cell velocity
that is due to both internalized and membrane-attached nanoparticles. Therefore, as an
iron dosage method, single-cell magnetophoresis allows one to identify potential artifacts
that alter the quantification of iron, which is internalized by the cells [243]. Moreover,
magnetophoretic cell sorting can serve multiple purposes, such as: (i) obtaining a fraction
of labeled cells with a precise and homogenous iron load; (ii) separating magnetic cells
from complex mixtures; or (iii) sorting them according to their endocytosis ability.

In 2009, Wilhelm et al. demonstrated the ability to control cell migration with external
magnetic forces [244]. In this study, the magnetic field created by a thin magnetic tip,
with forces as low as 30 pN, was sufficient to control the movements of aggregated and
magnetized cells from the early developmental stage of Dictyostelium discoideum. The effects
of magnetotaxis on cells in the presence of chemical gradients were studied in a competitive
assay, where cAMP was slowly injected through a micropipette. Cells initially aggregated
around the pipette, but when the injection was terminated, the cells were found to move
towards the magnetic tip forming streams that were observable under the microscope.
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Blümler et al. presented a system of permanent magnets in a cylindrical arrangement,
which allows not only for steering the SPIONs on arbitrary trajectories but also for drag-
ging labeled cells in suspensions along with predetermined directions (Figure 7A) [245].
Control over the movements of intracellular structures within individual cells was also
demonstrated. In this work, the researchers combined a strong, homogeneous dipolar
magnetic field with a constantly graded quadrupolar field, which was superimposed on
the first. Whereas the homogeneous field aligned the nanoparticles’ magnetic moments,
the quadrupolar gradient field exerted a force on the particles, predominantly guiding
them with constant force and in a single direction. In a setup with a coaxial arrangement
of two Halbach cylinders, the force direction could be simply adjusted by varying the
angle between quadrupole and dipole. Furthermore, the force strength can be additionally
scaled by adding another quadrupole, even doubling that of a single quadrupole upon
mutual field rotation. The authors showed that magnetized macrophages could form
needle-shaped aggregates of cells containing intra- and extracellular SPIONs, and that
this aggregation tendency increased while increasing SPION-loading per cell, and can be
reversed by removing the magnetic fields. Long pole-ladder-like structures might be useful
to model or engineering structures with unidirectional cellular growth, having potential
for research in cellular barriers, capillaries, and neural communication pathways [246].
Cells labeled with SPIONs were placed in the magnetic arena and then guided on a square
path by changing the direction of the quadrupole by 45◦ every minute. This caused the
cells to move at twice that angle. The direction and velocity of cells were analyzed based
on the recorded videos, proving that labeled cells have increased magnetically induced
average velocity that depends not only on the SPION concentration but also on the cell type.
Moreover, SPIONs inside the cells strictly followed the dipole’s rotation, and the stirring
effect could move the SPIONs-loaded endosomes inside the cells. Guryanov et al. used
polyelectrolyte-stabilized IONPs to label neuronal progenitor cells and neurons differenti-
ated from fibroblast-derived induced pluripotent stem cells. Then, they spatially guided
these cells by using a permanent magnet, opening a new perspective on the future cell
therapy for the treatment of neurodegenerative diseases [247]. In this regard, Marcus et al.
published a thorough study on the optimal type and concentration of particles, as well
as optimized incubation time, for magnetic manipulation of neuronal cells. Uncoated
maghemite IONPs were efficiently internalized in neurons, without reported cytotoxic-
ity. Furthermore, the MNP amount, which increased with the incubation time, reached a
plateau after 24 h of exposure [248].

Magnetophoresis of cells can also be used to characterize and separate cells for bio-
chemical analysis. For instance, this technique enabled the differential migration of red
blood cells exposed to a high magnetic field, based on the content of deoxy and methe-
moglobins, which have paramagnetic properties as contrasted to the diamagnetic character
of oxyhemoglobin [249]. Having a high hemoglobin concentration, human erythrocytes
were ideal candidates to measure their migration velocity in cell tracking velocimetry.
Under a magnetic field of 1.40 T and a gradient of 0.131 T/mm, erythrocytes with 100%
deoxygenated hemoglobin or methemoglobins displayed similar magnetophoretic mobility
of 3.86 and 3.66× 10−6 mm3 s/kg. In contrast, the magnetophoretic mobility of oxygenated
erythrocytes (from −0.2 to 0.3 × 10−6 mm3 s/kg) revealed a significant diamagnetic com-
ponent relative to the suspension medium.

In 2009, mesenchymal stromal cells from human bone marrow were magnetically
targeted to fragments of degenerated human cartilage in vitro. Briefly, cells were injected
into tissue culture flasks, in which osteochondral fragments were attached to the sidewall,
and a magnetic force was applied for 6 h to the direction of the cartilage, resulting in the
formation of a cell layer inclusive of extracellular matrix on the degenerated cartilage,
suggesting that the method has applicative potential in tissue regeneration [250].

Magnetic cell manipulation has also several other applications in tissue engineering.
Engineered tissue grafts are typically generated from biocompatible porous or fibrous
scaffolds that are seeded with cells. Local seeding of cells in 3D scaffolds can result in
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inhomogeneous cell dispersion over the construct volume, but magnetic field gradients can
drag magnetized cells through the constructs to distribute them more homogeneously. In
addition, magnetic attraction can serve to induce, through magnetic tweezers, a defined
3-D cellular patterning. Damien et al. labeled mesenchymal stem cells with anionic MNPs
and applied magnetic micro-manipulation not only to enhance the cell seeding process into
pullulan/dextran scaffolds, but also to confine the cells into specific positions to achieve a
well-defined spatial cellular organization (Figure 7B) [251].

Alternatively, magnetized cells can be manipulated for scaffold-free 3D cell culture
systems [252]. In this case, the process of cellular assembly in multicellular aggregates
occurs via magnetic levitation of labeled cells within the culture environment. This bio-
fabrication technique is based on the ability of the magnetic force acting on the cells to be
equilibrated with the gravitational force. Optimal levitation of cells leads to the aggregation
and condensation of cells, which then form complex 3D cellular structures (Figure 7C) [108].
Magnetic levitation enables the production of spheroids with higher densities and more
symmetrical structures than those obtained from traditional techniques (like the centrifuga-
tion method) [108]. Moreover, by differently patterning the magnetic fields, it is possible
to modulate the morphology of cell constructs, and also to improve the fusion among
spheroids, opening perspectives in creating larger and more complex structures in tissue
substitutes [253]. Magnetic cell levitation is typically performed by labeling the cells with
MNPs, and scaffold-free tissue constructs with different morphologies have been generated
in this way from endothelial cells [254], fibroblasts, preadipocytes [108], stem cells, muscle
cells [255], epithelial cells [256], tumors [257], and others.

Contactless magnetic assembly of cell clusters has been primarily proposed to bypass
the need for artificial scaffolds. Nevertheless, magnetic levitation can also apply to mag-
netized matrices. For example, Souza et al. levitated human glioblastoma cells within
magnetized phage-based hydrogels consisting of gold nanoparticles, MNPs, and filamen-
tous bacteriophage. By spatially controlling the magnetic field, the authors modulated the
geometry of the mass of seeded cells and also obtained multicellular clustering of different
cell types [258].

When submitted to remote magnetic forces, the cells suspended in liquids can move
more freely than those that are adherent to substrates or those embedded in viscous or
more solid matrices. Adherent and embedded cells cannot move if the magnetic forces do
not overcome the adhesion constraints or if physical entities (like solid structures of the
matrix) obstruct the movement. In such cases, the magnetic force acts on the organelles
(i.e., endo-lysosomes) that have internalized the MCs. Wilhelm et al. demonstrated that
magneto-manipulation of physically constrained cells allowed for the formation of vascular
networks within an ECM-like matrix (Matrigel) [259]. Briefly, endothelial progenitor cells
were labeled with uncoated anionic iron oxide nanoparticles, seeded on Matrigel, and
magnetically manipulated at a distance by applying a magnetic field gradient that served
to pilot different phases of tubulogenesis. In the first 14 h after seeding, cells migrated
towards the magnetic tip to form dense tissue just around and below the tip (Figure 7D,
top left). After 18 h, the magnet tip was applied, and local connections of vascular tubes
started to form towards it. Lines of cells perpendicular to the direction of the magnetic tip
were deformed due to the attraction force to the tip (Figure 7D, top right). In addition, the
magnetic guidance of cell homing was demonstrated in vivo. Labeled cells were injected
into matrigels implanted in subcutaneous pockets on the flanks of mice. A permanent
magnet was placed on the opposite side of the injection site, resulting in a magnetic field
gradient that guided the cells towards the magnetic pole, as shown by the elongated
hypointense signal detected by MRI (Figure 7D, bottom).
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Figure 7. Magnetic guidance of cells. (A) Magnetic guidance for the formation of aligned cell clusters
that are largely reversible upon removal of the magnet system. Magnetically induced velocities of
SPION-labeled fibroblasts, endothelial cells, and cell clusters, guided on a square path by changing
the direction of the quadrupole. Statistical significances between SPION-loaded HUVEC and NHDF
cells are indicated with * and **. The respective confidential intervals are p ≤ 0.05 and p ≤ 0.0005,
respectively, and were calculated via Student’s t-test. Confocal laser microscopy of macrophages labeled
with fluorescent SPIONs guiding the intracellular organization of SPION-loaded endosomes upon
varying magnet orientations. Adapted and Reproduced with permission from Ref. [245]. (B) Photograph
of a scaffold seeded with magnetic Mesenchymal Stem Cells (MSCs), under the influence of the magnetic
fields created by the tips. Magnetic fields induced precise cell patterning creating hexagonal multicellular
assemblies within the scaffold. Adapted and Reproduced with permission from Ref. [251]. (C) Formation
of pre-adipocyte cell spheroids in the presence (+MF) and absence (-MF) of an applied magnetic field
over time (scale bars: 300 µm). Adapted and Reproduced with permission from Ref. [108]. (D) Top:
endothelial cells magnetized with MNPs form dense tissue around the magnetic tip 14 h after seeding
onto Matrigel, and ex novo formation of tubular structures connecting to the magnetic tip in 2 h.
Bottom: MRI of in vivo guidance of magnetized endothelial cells injected into Matrigel, implanted
subcutaneously in mice. After 18 h of application of gradient magnetic field, negative enhancement is
diluted on Matrigel submitted to the magnet, whereas controls still show a localized area of hypointense
signal (not shown). Adapted and reproduced with permission from Ref. [259].
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This experiment was an example of vectorizing magnetic cells in vivo following their
topical injection within tissue or tissue substitutes. Nevertheless, in vivo cell targeting
experiments are typically performed by releasing the magnetized cells into the systemic
circulation, before applying a magnetic gradient that guides or retains them to the desired
locations. In the following section, we will survey the use of MCs to direct cells to a specific
target after their injection into the circulatory system.

4.1.2. Magnetic Targeting of Cells In Vivo

The successful outcome of cell-based therapies primarily depends on the effective
cell delivery to the target site. As certain lesions are located in sites that are difficult to
reach (such as the spinal cord and the joints), novel strategies to localize and maintain
the position of curative cells are demanded. Magnetic vectorization of cells in vivo is
an emergent approach that holds promise for cell therapy, regenerative medicine, and
tumor treatment [260]. Briefly, cells with a therapeutic function are labeled with magnetic
materials (like the MNPs) and injected into the circulation of living beings. Then, a static
magnetic field is used to retain the cells within specific locations in the body. Magnetic
targeting can promote more effective or focused cell delivery to areas that cells usually do
not reach after systemic administration. Being compatible with use in biological systems
and noninvasive control of cells in vivo, magnetic cell targeting is an attractive solution to
improve the localization and the beneficial effects of stem cells used for tissue regeneration,
as well as immune cells exploited for tumor treatment [261].

For magnetic cell targeting in vivo, cells must be loaded with MNPs following some
general observations. The labeling procedure must ensure that cell viability and functions
are preserved, but also that a sufficient amount of particles are internalized. Whereas MNPs
with large size (>200 nm in diameter) and a neutral charge are readily internalized by
macrophages, the particles with small size (<200 nm in diameter) and positive or negative
charges can be efficiently taken up by nonphagocytic cells, like the stem cells [262]. Several
reports of stem cell magnetic targeting have used MNPs with sizes ranging between 20 and
100 nm, which is considered as an optimal size range for uptake by stem cells. Nevertheless,
it was also demonstrated that larger MNPs (with a diameter above 0.9 µm), if positively
charged, can also be well incorporated by both cardiac-derived stem cells and endothelial
cells, and then used for magnetic targeting in vivo [263–266].

Another fundamental requirement in magnetic cell targeting is that the MNPs are
noncytotoxic at the needed concentrations. The toxicity of MNPs strongly depends on
the physicochemical profile of the particles, which accounts for the type of coating, the
tendency to aggregation, and the overall stability. Moreover, other factors that define the
interaction of the MNPs with the biological systems contribute to the toxicity of the particle
formulation (e.g., pathways of internalization and stability within the cells, as well as their
interaction with membranes and cytoskeleton). It has to be noted that the suitability of
MNPs for magnetic targeting is not directly related to their performance as imaging agents,
namely as contrast agents for MRI or other imaging technologies. As an example, the
commercial formulation “FluidMAG” performs better than Ferumoxides (Feridex in the
USA, Endorem in Europe) as a cell-targeting vector, since FluidMAG is better taken up by
cells and displays improved magnetic properties helping the spatial guidance [267,268].

Once the cells are labeled and injected into the living system, their localization to the
desired region occurs in response to the interaction between their magnetic cargo, and
the magnetic field which is applied. Most studies have used externally placed magnets,
including permanent magnets [259,264,265,269–272], electromagnets [250,273], and even
MRI systems [267]. Some in vivo studies of magnetic cell targeting are listed in Table 1 and
categorized in relation to the target organ.
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One typical application is to guide transplanted stem or progenitor cells to the injured
tissues, where they are held by the magnetic fields [260]. Once in the lesion site, stem
cells can restore the damaged cell population by differentiating into specific cell types or
by acting as localized immune modulators [299,300]. In particular, stem cells can secrete
vesicles and soluble factors with immunoregulatory or reparative effects. Kobayashi et al.
investigated the opportunity to accumulate Mesenchymal Stem Cells (MSCs) in osteochon-
dral defects of the patellae in rabbits and pigs after intra-articular injection [286]. In the
rabbits, the magnetized cells localized to the osteochondral defect when exposed to an
external magnetic field, as shown by macroscopic and histological observation. In the
pigs, cells attached to the chondral defect were observed arthroscopically. By proving that
labeled MSCs can be magnetically guided from a local injection site to the desired place in
the knee joint, the authors proposed that the magnetic targeting of locally injected therapies
is applicable to repair the human cartilage defects caused by osteoarthritis or trauma by
means of a scarcely invasive technique [219,286,301].

Magnetic cell targeting has widely been investigated for applications within the cardiocir-
culatory system. For example, it was used for intracoronary delivery of cardiosphere-derived
cells or endothelial progenitor cells in a rat model of acute ischemia/reperfusion [265,272].
In these studies, magnetized cells were guided through permanent magnets to the heart
tissue. The magnetic setup used by Cheng et al. relied on an actual flux intensity of
0.3 Tesla that was generated by a 1.3 T magnet placed ~1 cm above the heart [264,265].
A four-times greater cell retention was observed in the hearts of animals receiving the
magnetically targeted cell therapy. Chaudeurge et al. implanted a 0.1 T magnet into the
subcutaneous layer, producing an actual working intensity that was far less than 0.1 T.
Magnetic targeting at these conditions failed to augment the cell retention as quantified by
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) [274]. Another group showed
that cell capture efficiency positively related to the magnetic flux density between 10 and
640 mT, reaching around 90% of cell retention with a magnetic flux density of 640 mT, a
magnetic intensity gradient of 38.4 T/m, and a flow velocity of 0.8 mm/s [278].

Riegler et al. targeted magnetized MSCs in a rabbit model of vascular injury treated
with interventional balloon angioplasty [268]. By using a clinically applicable permanent
magnet, it was possible to increase cell localization up to six folds as compared to the
controls. Augmented cell retention led to a reduction in restenosis three weeks after cell
delivery [268]. Magnetic targeting of mesenchymal stromal cells (MSCs) in the lungs was
recently investigated [302]. In this study, MSCs were made magnetically responsive by
incubation with citrate functionalized magnetic nanoparticles. After being intravenously
injected into murine models of experimental silicosis, the magnetized cells were retained
in the lungs with the aid of a pair of circular magnets attached to the chest of each mouse
through a surgical tape jacket. The higher fraction of retained cells was associated with
enhanced beneficial effects for the treatment of silicosis in mice, holding promise for the
cure of chronic lung disease. Magnetic cell targeting in the respiratory system has not been
well explored, as most cells that are administered systemically might remain trapped in
the narrow capillaries of the lungs. In this study, the technique was investigated in the
perspective to rather prolong than improve the MSC retention on site. Nevertheless, the
investigations were inconclusive in explaining how the cells are cleared from the capillaries,
a process that remains incompletely understood.

Magnetic targeting can be followed by the imaging technologies that are typically
used for the visualization of MCs in vivo, such as MRI. Intriguingly, clinical MRI scanners
are able not only to track the location of magnetized cells but also to act on the process of
the targeted vectorization. This integration between imaging and guidance is referred to as
magnetic resonance targeting. In 2010, Riegler et al. applied magnetic field gradients inherent
to the MRI system, to steer ferromagnetic particles to their target region [267]. This work
proved the feasibility of imaging-integrated magnetic cell targeting in a vascular bifurcation
phantom while varying the flow rates and testing different types of particles. In conclusion,
75% of labeled cells could be guided within the vascular bifurcation. Muthana et al. labeled
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macrophages with SPIONs and then apply pulsed magnetic field gradients to guide the
magnetized cells to tumors and metastatic sites in vivo [295]. This way, the authors steered
the circulating macrophages from the bloodstream to the tumor site and the lungs in
orthotopic prostate xenograft murine models. The enhanced macrophage tumor infiltration
was accompanied by a reduction in the tumor burden and metastasis to the lungs (Figure 8),
being promising for future theranostic development of magnetic cell guidance.
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Other examples of immune cells that were magnetically targeted against the tumors
include cytotoxic lymphocytes and natural killer cells (Table 1). These reports demonstrated
that systemically administered immune cells can be retained at the tumor and metastasis
sites upon magnetic attraction.

Although magnetic cell retention is very promising for cell therapy, to date it is still
uncertain if magnetic forces can efficiently allow the cells to reach the target site in many
applications. In fact, for successful delivery, magnetic forces then need to overcome the
force that opposes the movement of cells under guidance. When cells are systemically
injected, the magnetic drag has to overcome the force of the bloodstream flow. When
cells are locally transplanted into the tissue, the magnetic drag must exceed the physical
hindrance of the materials that build up the matrix surrounding the cells. Moreover, after
engrafting to the target site, the cells might not persist in that location after removing the
magnetic forces. Therefore, magnetically guided systems endowed with intrinsic mobility
are promising to develop effective magnetic guidance of cell therapy, as well as drug
release. The next section describes dynamic devices under magnetic guidance that have
the potential to improve the efficacy of magnetically targeted therapy.

4.2. Magnetic Guidance of Microrobots

The MCs can be used to confer controllability to microscaled materials that are en-
dowed with intrinsic motion abilities or designs that improve motion dynamics. Such
devices referred to as microrobots, are typically involved in biomedical applications, due
to their size, which renders them effective to interact with cells and tissues, and move
through anatomical structures. In microrobotics, magnetic actuation provides the intrinsic
advantage of using magnetic fields, which are safe for biological tissues and can penetrate
them. Moreover, as microsystems have limited space for onboard energy storage, magnetic
fields are also advantageous as they wirelessly transfer actuation power to the microrobots.

Microrobots based on MCs can be classified into two major classes based on their com-
position: purely synthetic microrobots and bio-hybrid robots. Purely synthetic microrobots
are made of synthetic materials only, and their actuation results from a combination of
applied magnetic forces and propellant designs. Bio-hybrid robots are robots that contain a
biological living component [303,304]. In bio-hybrid robots, this component is represented
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by cells endowed with self-propulsion ability. In the next paragraphs, we will describe
these two main categories of magnetic microrobots.

4.2.1. Synthetic Microrobots

Synthetic microrobots use the MCs as a platform to release a therapeutic cargo to
a specific destination. Magnetic microrobots can be guided to the target sites through
contactless magnetic control, and deliver bioagents like cells or drugs. The microrobot
body can be made of hard or soft magnetic materials [305]. Microparticles made of NdFeB,
SPIONs, CrO2 powder, and FePt nanoparticles are the most typically used materials, but
also other magnetic micro/nanoscale entities (such as molecules, discs, or wires) can be
embedded inside the robot, absorbed, or sputtered onto the robot to form a nanofilm
coating [305].

Using microrobots for biomedical applications requires locomotion in fluids. Mi-
crorobots that can controllably move in liquid environments have been designed and
developed by mimicking the natural locomotion of the swimming microorganisms [306].
These propulsion strategies have been of great inspiration to realize specific types of loco-
motion under magnetic control [306]. As an example, micropropellers with a helical design
are inspired by bacterial flagella (Figure 9A) [307,308]. To drive helical microrobots, external
rotating magnetic fields are typically used in order to avoid the need for an on–board rotary
micromotor. In addition, the steering of these robots is achieved by varying the axis of
rotation of the magnetic field, whereas the overall speed mostly depends on their helical
shape [309]. Another bioinspired design for magnetic microrobots resembles the anatomy
of sperm cells and other unicellular eukaryotes swimming through flexible flagella that
are at least ten times larger and longer than bacterial flagella [310]. Such flexible filaments
can propagate bending waves that provide propulsion to the whole cell body. Magnetic
microrobots with flexible tails have been proposed, which move similarly to eukaryotic
flagellated propellers [311–314]. For example, Pak et al. demonstrated a microrobot with
a magnetic head and a flexible nanowire tail that can move in liquids as actuated by a
magnetic rotating field [315]. Moreover, flexible structures with distributed magnetization
can be used to achieve the propagation of bending waves leading to the undulation of
artificial structures under magnetic actuation. Undulatory motion enabling locomotion
in fluids can also be realized in the form of oscillating sheet-like structures [316,317]. One
example is represented by milliscaled magnetoelastic robots [316,318]. By applying an
external rotating magnetic field, a sheet with a periodic magnetization profile can be ac-
tuated in a way that propagating bending waves run along the axis of the magnetization
gradient [319]. Magnetic flexible composites can be produced at the microscale as well if
SPIONs are loaded onto the elastomeric structure [317].

MCs-based microrobots can be loaded with molecules, drugs, and cells. When reaching
the target site, the delivery of the bioagents can occur via a passive or an active mechanism.
In fact, magnetic microrobots can spontaneously release their cargo in response to a specific
environmental condition. The most typical example is the pH variation, which is a hallmark
of inflamed tissue or tumors. Chitosan hydrogels for instance have been proposed for
conditional localized drug delivery upon acidic conditions, as they undergo physical
deformations that can induce the release of loaded molecules [320]. Fusco et al. covered
their magnetic microrobots with a chitosan gel layer and demonstrated the sustained and
efficient release of a model drug [321,322]. The delivery of the payload from magnetic
microrobots can also be controlled and triggered in response to an external trigger or an
environmental cue [306]. For instance, thermoresponsive hydrogels containing MNPs can
release molecules on demand from microrobots via heating by magnetic induction [323].

Magnetic microrobots can also be used to manipulate cells or carry them to a spe-
cific destination (Figure 9B) [324,325]. Breger et al. reported Poly(N-isopropylacrylamide)
(PNIPAM)-based thermoresponsive microrobots with a gripper design [326]. They em-
bedded iron oxide NPs into the porous hydrogel layer used to fabricate the microrobots,
and showed that they could command them remotely through magnetic fields to actuate
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some conformational change. Through these movements, their microrobots could excise
and capture cells from a live cell fibroblast clump. Microrobots are increasingly studied
for their potential in the delivery of cells for targeted cell therapy. Li et al. proposed a
magnetic microrobot for the delivery of stem cells [324]. They fabricated magnetic skeletons
with burr-like porous spherical structures to improve the magnetic driving capability and
maximize the cell-carrying capacity. Jeon et al. presented a helix-shaped microrobot where
hippocampal neural stem cells could attach, proliferate, and differentiate into various
mature neural phenotypes [327]. These microrobots were also loaded with MSCs derived
from the human nose and then manipulated in vivo, inside the intraperitoneal cavity of a
nude mouse. Go et al. used magnetic microrobots to control the localization and delivery
of human adipose-derived MSCs for knee cartilage regeneration in a rabbit model [328].
The robot’s scaffold consisted of a spherical PLGA microstructure decorated with MNPs
(Ferumoxytol), and the stem cells could grow over its surface. Following injection into
the wounded-knee of the animal, the microrobots were actuated through an oscillating
magnetic field. The robots accumulated in the target injured site within the knee, and then
were retained in place through a permanent magnet. This way, the cells were facilitated
in adhering to the surrounding tissue and proliferating there. Magnetically propelled
spherical microrobots with burr-like designs have already been tested for transporting
cells in different animal models [324]. For instance, MC3T3-E1 cells have been transported
within the yolk of zebrafish embryos. Although the successful use of these cell-carrying
machines in vivo was recently demonstrated [285,324], controlling them while they move
noninvasively through the body to a target site is still an open challenge.

4.2.2. Bio-Hybrid Microrobots

Robots with a biological living component that actively contributes to the movement
of the whole assembly are referred to as bio-hybrid robots [304]. Bio-hybrid microrobots
use natural biological actuation for propulsion. They integrate motile cells (such as bacteria,
algae, sperm cells, or leukocytes), and are typically controlled via magnetic actuation [329].
Park et al. proved that multifunctional bacteria-driven MCs enable enhanced drug transfer
as compared to passive microparticles (Figure 9C) [330]. The authors prepared stochastic
microswimmers by loading Escherichia coli (E. coli) bacteria with polyelectrolyte-based
DOX-loaded microparticles embedded with MNPs. The microrobots moved at average
speeds of up to 22.5 µm/s, and their dynamic control was demonstrated by applying a
chemoattractant gradient and a magnetic field to induce biased and directional motion,
respectively. In another work, bio-hybrid microrobots targeting infectious biofilms were
generated by combining the magnetotactic bacteria Magnetosopirrillum gryphiswalense with
mesoporous silica microtubes loaded with antibiotics [331]. Through magnetic guidance,
the particles were delivered to the matured E. coli biofilm, where they released the drug
and caused the biofilm disruption.

Microrobots based on sperm cells have been intensely investigated for their multifunc-
tionality, actuation efficiency, and their controllability (Figure 9D) [311,312,332]. A magnetic
bio-hybrid microrobot based on flagellate propulsion for drug delivery was developed by
Xu et al. [333]. They created a sperm-hybrid micromotor consisting of a motile sperm cell
that serves both as a propulsion source and a drug carrier. The synthetic component of the
bio-hybrid was a 3D-printed magnetic tetrapod, namely a tubular microstructure made of
a polymer and coated with 10 nm Fe and 2 nm Ti. The tetrapod could release the sperm
cell in situ, as it consisted of four arms that could deform upon mechanical input. The arms
could bend externally and open the tetrapod to liberate the sperm when the robot hit the
tumor wall. This microrobotic platform was not only endowed with high drug loading
capacity and self-propulsion, but it could also be magnetically guided to the target site and
release its cargo upon mechanical trigger while exploiting the sperm penetration ability.

The cellular component of the bio-hybrid microrobots contributes to their biodegrad-
ability and structural compliance, which helps for safe interaction with biological structures
and circulation within living environments. Moreover, the small size and swimming abili-
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ties of the integrated microorganisms and motile cells turn helpful to efficiently navigate
within biological fluids and/or through intricated anatomical structures (e.g., vessel net-
works), which are a prerogative for most biomedical applications, like targeted delivery
and cell/tissue manipulation. These abilities combine with the capability of self-repair,
flexibility, and even multiple degrees of freedom [334]. Thus, bio-hybrid robots at the
microscale have a great potential for biological applications.
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Figure 9. Magnetic microrobots. (A) SEM image of Spirulina-templated magnetic helical microswim-
mers. Adapted and Reproduced with permission from Ref. [308]; (B) Cell-carrying magnetic mi-
crorobots with bioactive nanostructured titanate surface for enhanced cell adhesion. SEM image of
HEK-293T cells on microrobot after 1 day of incubation with (B1) and without (B2) nanostructured
titanate surface; (B3) high-magnification SEM image of HEK-293T cells on microrobot with NTS; (B4)
High-magnification SEM image of single HEK-293T cell with protrusive pseudopodia on microrobot
with NTS. Adapted and Reproduced with permission from Ref. [325]; (C) Bacteria-driven microswim-
mers for targeted active drug delivery. Adapted and Reproduced with permission from Ref. [330];
(D) Magnetic guidance of microrobots based on sperm cells from a chamber containing a mixture
of microtubes and sperm cells (left chamber) into a clean chamber (right) of an ibidi-chip. Scale bar:
3 mm. Adapted and reproduced with permission from Ref. [332].
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5. Imaging of Magnetic Micro/Nano-Systems

MCs can be visualized via various imaging techniques (Figure 10). This makes them
extremely attractive as delivery systems, as they enable one to monitor the delivery of
bioagents in real-time. In Section 5.1, the main imaging techniques allowing for the visual-
ization of MCs will be presented, describing the basic principles and enabling technologies,
as well as the properties that are needed in the MCs to be detected via a specific technique.
In Section 5.2, we will discuss the opportunity to combine mechanisms of imaging and
therapy within one MC and realize multifunctional platforms.

5.1. Imaging Techniques to Visualize MCs

MRI is by far the most popular imaging modality to track magnetic systems. MRI
uses powerful magnets and radiofrequency pulses to visualize soft tissues within the body.
In principle, during an MR scan, a living subject is exposed to an intense magnetic field
(1.5 or 3 T for clinical MRI; and 1, 3, 7, 9.4, or 11.7 T for preclinical MRI) that induces the
alignment of magnetically active atomic nuclei in the matter [335,336]. In biological tissues,
these nuclei are mostly protons (namely hydrogen nuclei) of fat and water molecules.
Nuclei can be aligned parallelly or anti-parallelly to the magnetic field direction. The net
difference in the number of nuclei aligning in the opposite directions is what generates
the MR signal [337]. A pulsed radiofrequency can be then used to temporarily disturb the
alignment distribution of the nuclei, which subsequently returns to the original state in a
process known as relaxation. Relaxation occurs through two concomitant processes, termed
longitudinal and transverse relaxation and characterized by specific kinetics. In these two
processes, the time required to restore the equilibrium state is referred to as relaxation time,
with T1 and T2 indicating the longitudinal and transverse relaxation times, respectively.
The relaxation rates in the two processes depend on the physico-chemical environment
surrounding the nuclei [338].

In MRI, the relaxation times are therefore assessed to gain information about the
investigated matter. To increase the sensitivity of the technique, the relaxation processes
can be altered by administering contrast agents, namely materials with the capability to
vary the local magnetism experienced by the tissue nuclei. In particular, these compounds
work by augmenting the longitudinal or transverse relaxation rates (R1 and R2) [339,340].
For instance, the MCs based on iron oxide predominately shorten the transverse relaxation
time, therefore acting as T2 contrast agents [42,341]. Iron oxide-based MCs include: SPIOs
(superparamagnetic iron oxide nanoparticles); USPIOs (ultrasmall superparamagnetic iron
oxide nanoparticles); and MPIOs (microparticles of iron oxide). Although MCs are typically
used to accelerate the transverse relaxation, some IONPs can also serve as T1 contrast agents,
primarily reducing the longitudinal relaxation time [61,342–344]. The most commonly used
MCs in the clinics are the USPIOs, which have typical diameters ranging from 20 to 50 nm
and are characterized by a long circulation half-life. In contrast, as compared to USPIOs,
MPIOs display a larger size and contrast-to-noise value per particle, and higher ligand
valency, but also a shorter half-life (<5 min). As such, MPIOs are extremely suitable for
cell labeling procedures (including in vivo labeling) but less performant in applications
that require direct systemic administration of the particles [345]. In general, MCs for MRI
are composed of a metallic core surrounded by a biocompatible coating, which varies in
composition, total net charge, and surface functionalization. In micro/nanocomposites, the
magnetic NPs can be loaded not only in the system’s core but also inside the shell. Detailed
reviews about iron oxide-based MR contrast agents are available in the literature [346–348].

The main advantages of MRI are the absence of ionizing radiations, the high spatial reso-
lution (preclinical: micrometers, clinical: ~1 mm), and unlimited tissue penetration [349,350].
The major limitation is a low sensitivity, which derives from the fact that the difference
between the nuclei populations that, under the application of a magnetic field distribute in
the two possible alignment states, is very small. The low sensitivity then makes it necessary
to provide highly concentrated contrast agents (10−3 to 10−5 mol/L) [335,336]. In view of
visualizing the bioagents delivery, an important consideration is that the MRI signal is not
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directly associated with the contrast agent itself, but it represents changes in environmental
magnetic properties induced by the contrast agents. As such, this signal lacks information
in terms of contrast agent localization at a high spatial resolution.

A more recent and likewise appealing technique is Magnetic Particle Imaging (MPI).
MPI was firstly proposed in the early 2000s to track magnetic systems with an extremely
high spatio-temporal resolution and without any background signal [351]. In MPI, a mag-
netic system (like a MC) is administered to a living subject exposed to a magnetic field
similar to that used for MRI. However, in contrast to MRI, the magnetic systems them-
selves are detected, rather than the effects that they induce in their local environment [352].
Changing magnetic fields are applied to produce a single magnetic-field free region (the
field-free point, FFP) in the imaged sample, and, if any magnetic material is located at
the position of FFP, it will generate a signal. By steering this region across the sample, an
image of the magnetic tracer is generated. As only information about the magnetic tracer is
provided, anatomical images have to be co-acquired with a structural imaging technique
(e.g., Computed Tomography (CT) or MRI) to precisely localize the MPI signal [353]. Nev-
ertheless, MPI offers several advantages including high spatial resolution, fast acquisition
times, unlimited tissue penetration depth, and high sensitivity [354]. As such, MPI is likely
to become crucial for imaging MCs in the near future. MPI contrast agents are typically
IONPs with size-dependent magnetic relaxation properties and designs that are tuned to
maximize signal generation [355]. Available SPIOs are grossly inadequate for MPI and do
not translate well in vivo. In fact, ideal MPI contrast agents should be extremely uniform in
size (monodispersity of the core and hydrodynamic sizes of NPs), as for a given excitation
field frequency there is a single particle diameter associated with a resonant, or perfectly
in-phase, magnetization response for maximum signal intensity. For example, a diameter
of ∼25 nm represents the optimum core diameter for a 25 kHz excitation frequency [356].
However, nanosystems were not the only systems to be developed for MPI. In fact, certain
magnetic microcarriers have also found applications as MPI agents [357]. Zahn et al. de-
signed magnetic microspheres with a size that could be tuned between 1 and 2 µm, which
displayed MNPs onto the surface [358]. Co-loading a drug onto such microsystems opens
perspectives in MPI-monitored targeted drug delivery.

Another emerging technology that uses MCs as contrast agents is magnetomotive
ultrasounds (MMUs) [359]. MMUs use the vibration induced in the adjacent tissues by
SPIONs, or other magnetic systems, subjected to an external magnetic field. MCs can be
systemically administered to patients or living beings; then electromagnets, permanent
magnets, or a combination of the two, are applied on the surface of the body. The MCs are
displaced within the tissue through their immediate surrounding. When the magnetic field
is removed, the MCs tend to return to their initial position [360]. This movement is then
detected with ultrasound imaging by using a frequency- or time-domain analysis of echo
data. MMUs can also be combined with photoacoustic (PA) imaging, a biomedical imaging
technique that relies on the generation of sound waves as a result of light absorption [361].
These sound waves are then detected by ultrasound transducers and analyzed to produce
images. PA and MMUs can be combined by merging IONPs with nanorods in larger MCs,
with the advantage of PA background noise suppression [361].

Similar to MMUs, magnetomotive optical coherence tomography (MMOCT) exploits
the movement of a magnetic contrast agent induced by an external magnetic field [362].
The resulting motion is then tracked by using low-coherence NIR light and interferometry.
In comparison to MMUs, the penetration depth of MMOCT is limited [360].

Molecular imaging techniques using ionizing radiations, such as Positron Emission
Tomography (PET) and Single-Photon Emission Computed Tomography (SPECT), can
also be employed to track the delivery of MCs and the release of bioagents, but in such a
case one needs to add a radioactive isotope to the MC [363]. The hybrid systems can be
employed for multimodal imaging, with a wide range of applications.
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Figure 10. Advantages and limitations of the imaging techniques for tracking of MCs. MCs can
be tracked by various imaging techniques (PET/SPECT; magnetic particle imaging, magnetomotive
ultrasounds, magnetic resonance imaging, and magnetomotive optical coherence tomography).
The selection of a precise technique is based on the assessment of the associated advantages and
disadvantages. Adapted with permission from Refs. [364–368].

5.2. Theranostic Applications of MCs

Since its first outbreak at the end of the 1990s, the word “theranostics” has become
increasingly popular among scientists. This term derives from the combination of the words
“therapy” and “diagnostics” [369,370], and refers to the use of systems that deliver an imag-
ing and a therapeutic agent at the same time [371]. Theranostic systems can be exploited
in a variety of fields [372], including: drug discovery [373]; real-time assessment of drug
pharmacokinetics [374]; therapy screening/selection [375]; imaging drug delivery [376];
and imaging triggered drug release [377]. For these purposes, the contrast agents should be
designed to combine capabilities of diagnosis and treatment in one platform. MCs are ideal
candidates for such an application, as they can be used in MRI, MPI, magnetic targeting,
hyperthermia, cell labeling, and controlled drug release. The following paragraphs briefly
survey the use of MCs in different fields of theranostics.

5.2.1. Magnetic Fluid Hyperthermia

Magnetic fluid hyperthermia (MFH) is a technique in which a biocompatible magnetic
fluid suspension is locally or systemically administered and then heated up, above 37 ◦C.
The temperature increase (to about 41–46 ◦C) causes cell apoptosis, and/or enhances
the susceptibility of the target tissue to other therapies such as radiation and chemother-
apy [378–380]. Heating can be induced through high intensity focused ultrasounds (HIFU),
radiofrequency heating, microwave radiation, and laser photocoagulation [381], with high
tissue penetration and specificity, and minimal heating of the surrounding tissues. The heat-
ing ability of the magnetic nanoparticles depends on their specific absorption rate (SAR), a
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property that is a function of particle size, shape, coating, surface charge, aggregation state,
interaction with proteins corona, and even the dispersion medium [382]. The magnetic
properties of the suspensions used for MFH allow for imaging during hyperthermia by both
MRI and MPI. This enables the selective heating of pathological tissue, without affecting the
organs where MCs tend to non-specifically accumulate (i.e., spleen and liver). In order to
design the ideal nanoagent for simultaneous MRI and MFH, the T1 and T2 relaxivities and
the SAR should be maximized [383]. For this purpose, iron/platinum (FePt) nanoparticles
were combined with kaolinite and cetyltrimethylammonium bromide, and loaded with
DOX, to serve as MFH agents. These nanoparticles presented a transversal relaxivity r2 of
29.32 mM−1 s−1 and a SAR of 36.91 W/g and were used as a multifunctional drug deliv-
ery system for MRI, magnetically guided targeting, and therapeutic treatment [384]. As
compared to Fe3O4, metallic Fe, Au–Fe3O4, and FeCo nanoparticles, the FePt nanoparticles
for combined MRI and MFH, demonstrated higher chemical stability, and better perfor-
mance as contrast agents for MRI [385]. Following stereotactical administration of IONPs
in patients bearing recurrent glioblastomas, the particle distribution could be imaged by
MRI and the heating boundaries could be estimated by applying a forward model [386].
The combined MFH and radiation therapy significantly increased the overall survival of
patients [386].

Zahn et al., instead, prepared PLGA microspheres loaded with magnetic multicore
NPs and the anticancer drug Camptothecin to investigate the hyperthermia-induced drug
release [357]. SAR measurements showed a promising heating power of the microspheres
(161 W/g) that led to the release of around 80% Camptothecin at 43 ◦C. Similar results were
obtained by Zhang et al. who used nano-in-micro thermo-responsive microspheres loaded
with Methotrexate or 5-Fluorouracil [387]. Stocke et al. developed inhalable magnetic
nanocomposite microparticles for targeted pulmonary delivery via spray drying [388]. This
magnetic nanocomposite displayed excellent thermal properties (SAR > 200 W/g), holding
promise for innovative bronchial lung cancer treatment.

More recently, MFH was co-performed with real-time MPI [389]. A combined MPI–
MFH scanner was developed, in which seamless switching between imaging and therapy
while the subject remains in the scanner was possible. This system is capable of selectively
heating SPIO particles separated by a distance of 7 mm, and providing imaging at a high
spatial resolution. As a proof of concept in vivo, mice bearing two tumor xenografts
of human origin each were injected with SPIONs, which were then visualized by MPI
(Figure 11A–C) [364]. One only tumor in the couples was selectively heated by MFH, while
the other tumor served as the negative control. Ex vivo studies proved that heat damage
was indeed localized to the target tumor, while the off-target tumor or off-target healthy
clearance organs were spared.

MCs for simultaneous MPI and MFH must have a high SAR and reach magnetization
saturation at a small magnetic field. Even if IONPs are promising as MFH agents, they
have not yet been translated to the clinical practice of this application due to the following
reasons: (i) the low heating power of the clinically approved IONPs; (ii) their limited ability
to target tumor cells; and (iii) their inhomogeneous distribution in the tumor tissue. The
direct injection of magnetic nanoparticles into the tumor is necessary to achieve sufficient
local concentrations of particles that make the MFH treatments effective [390].

5.2.2. Imaging of Targeted Drug Delivery from Smart Systems

Magnetically targeted drug delivery has been already reviewed in paragraph three,
however, the possibility to image this process has not been thoroughly treated yet. One of
the great advantages of using MCs resides not only in the possibility of driving them from
the external, but also in the possibility of tracking this process [391]. The basic requirement
is the stability of the co-loading of the drug and the imaging agent. If the drug is released
before the imaging agent, in fact, the information gained is not reliable. This does not apply
to MCs employed for MFH, as the magnetic system is the therapeutic agent itself. Moreover,
as mentioned in paragraph three, MCs used for drug delivery should be biocompatible and
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their clearance should be quite fast, in order to allow multiple drug delivery administrations
in a selected period of time. Among the imaging techniques employed to follow drug
delivery from MCs, MRI is the most exploited, however, also PAI, OI, and MPI can be
employed. Svenskaya et al., for example, recently developed and optimized biodegradable
capsules sensitive to magnet navigation, demonstrating the possibility of tracking their
delivery by MRI in a breast cancer murine model. For this purpose, an external magnet was
applied for one hour on the mouse tumor, then the MRI contrast was followed up 48 h post-
injection [100]. Guo et al. endowed methotrexate thermosensitive magnetoliposomes with
both the lipophilic fluorescent dye Cy5.5 and magnetic nanoparticles in the bilayer, and
DOX in the core. By the combination of magnetic and receptor targeting, the administered
nanosystem reached the tumor, and thanks to the application of an alternating magnetic
field the drug can be selectively released. Drug delivery was tracked both by MRI and
Optical Imaging (OI) [392]. Foy et al. demonstrated the possibility of combining magnetic
targeting with OI to track drug delivery of a hydrophobic anticancer drug to breast cancer
tumors, using magnetic nanoparticles [393,394]. Recently, MPI was also employed to track
magnetic guided delivery, even if this field is still in its infancy. Zhang et al. proposed a real-
time imaging-based guidance system for simultaneous monitoring and actuation of MCs.
However, this system was limited to 1D monitoring [395,396]. Le et al. later developed
a 2D monitoring system that rendered magnetic particle imaging-based navigation more
feasible [397]. Meantime Yu et al. demonstrated for the first time the use of MPI for
in vivo cancer imaging with systemic drug-free tracer administration [398], while Jung et al.
reported the MPI tracking of SPIO-labeled therapeutic exosomes distribution in vivo in
breast cancer-affected mice [399]. However, simultaneous magnetic guidance and drug
targeting imaging by MPI has not been reported yet. Interestingly, while monitoring
the intratumoral release of Doxorubicin from Fe3O4-PLGA core-shell nanocomposites,
Zhu et al. found a strong correlation between the MPI signal and the % of doxorubicin
release, and demonstrated that ∼67% of doxorubicin molecules in nanocomposites was
released in the tumor site within the first 48 h after injection [400]. Concerning PAI of
magnetically controlled drug delivery, only a few papers have been published [396]. Huang
et al. designed a “yolk-shell” structure, confining movable gold nanorods in iron oxide
nanoshells loaded with DOX and functionalized with hyaluronic acid. The obtained system
was injected intravenously and magnetically driven to a 4T1 tumor. Drug delivery was
successfully imaged by both PAI and MRI (Figure 11D,E) [401].

5.2.3. Imaging of Cell Therapy In Situ

The use of cell therapies in clinical trials is constantly increasing [402]. The success
of these therapies depends entirely on the accurate delivery of cells to the target organs.
Therefore, having the ability of labeling cells and tracking them directly in vivo with high
spatial resolution and high sensitivity is of utmost importance to predict the therapy
outcome. The main cell therapies adopted employ two different kinds of cells: immune
and stem cells [403]. The most diffuse and sensitive method to track them makes use of
magnetic systems [346]. It consists of labeling them with SPIO and monitoring them by
MRI after the administration [346,404,405]. The advantages of using MRI are represented by
the high spatial resolution, the co-registration of anatomical images that allow to spatially
locate administered cells, the excellent soft tissues contrast, and the absence of ionizing
radiations [406]. The first effective MRI tracking of ex vivo MCs labeled cells in human
patients was reported in 2005 by I. de Vries et al. [403]. In more detail, they labeled
autologous dendritic cells with SPIO and tracked them after ultrasound-guided intranodal
administration in melanoma patients. As a result, MRI allowed the assessment of the
accuracy of dendritic cell delivery and inter- and intra-nodal cell migration patterns. They
estimated that 1.5 × 105 migrated cells and ∼2 × 103 cells/voxel could be visualized.
In this case, the immature dendritic cells naturally endocytosed SPIO, but in the case of
non-phagocytic cells, the addition of transfection agents is generally required [407]. Of
course, both the imaging and the transfection agents should not affect the cell function,
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viability, phenotype, and receptor expression. The advantage of labeling cells with MCs
resides also in the possibility of guiding them to the pathological site selectively using
pulsed magnetic field gradients or applying a local external magnet [269,281,295]. Besides
the possibility of controlling cells remotely, moreover, labeling cells with MCs allows for
cell function modulation, by external magnetic fields application [131,137,205]. This chance
is of the utmost importance, especially in the field of cell therapy for tissue regeneration, as
already reviewed in Section 3.2.

Even if MRI is undoubtedly the main imaging technique employed to track MCs
labeled cells, MPI, PAI, and US have also been recently proposed. MPI cell tracking
displays great potential for overcoming the challenges of MRI-based cell tracking allowing
for both high cellular sensitivity and high specificity and quantification of SPIO labeled
cell numbers, even if the technique still needs to be fine-tuned (Figure 11F–H) [408,409].
Dhada et al. developed ROS-sensitive gold nanorods for mesenchymal stem cells tracking
by PAI, with the possibility of discerning between viable and dead stem cells with high
spatiotemporal resolution. They found that, after transplantation of mesenchymal stem
cells into the lower limb of a mouse, a significant cell death occurred within 24 h, with an
estimated 5% viability after 10 days [410]. Donnelly et al. used gold nanospheres to label
MSCs and track them during and after the injection in the spinal cord by both PAI and
US, detecting as few as 1 × 103 cells [411]. CT can also be employed to track MCs labeled
cells [412], but with a great limit on the use of ionizing radiations, which hampers assiduous
monitoring. Of course in the present paragraph, only some of most representative studies
about cell tracking, combined with MCs cell labeling, were reported, just to give to the
reader the idea of the great significance of this topic for future medical applications.
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experiment. (A) MPI images provided quantitative information of SAR estimate at the tumor site,
(B) MPI image of the dual tumor MDA-MB-231-luc xenograft mice. The bottom tumor is targeted
during gradient-localized heating, as described in the graph. (C) Luciferase bioluminescence activity
of the tumor was measured before and after treatment. The results show a greater than six-fold
decrease in activity for the treated bottom tumor, while the untreated tumor had almost no change in
bioluminescence activity. Thus, this demonstrates the utility of MPI gradients in localizing tumor
therapy. Adapted with permission from Ref. [364], Copyright 2018 American Chemical Society.
(D,E): magnetic nanocapsules for multimodal-imaging and magnetically guided combination cancer
therapy. (D) Schematic illustration of the gold-silica nanocapsules loaded with DOX and of the
employed combination therapy. (E) (a,c) In vivo T2 -weighted MR images of 4T1 tumor-bearing
mice at various time points postinjection of magnetic nanocapsules without (a) or with (c) magnetic
tumor targeting. White circles indicate the positions of tumors. (b,d) In vivo PA images of the tumor
sites at different time points, postinjection of the magnetic capsules without (b) or with (d) magnetic
targeting. Reprinted with permission from Ref. [401], Copyright 2016 American Chemical Society.
(F,G) MRI and MPI of 1 × 106 ferumoxytol-labeled MSCs implanted within the hind limb muscle of
mice; imaging was performed 1 day (F) or 12 days (G) post implantation. Yellow and blue arrows
indicate the transplantation site, while red triangles indicate misleading signal coming from the
bone (in MRI) or from the iron in the gut of the mice (in MPI). (H) Prussian Blue staining with
nuclear fast red counterstain confirms the presence of iron within MSCs. Adapted with permission
from Ref. [409].

6. Perspectives

Targeting bioagents via magnetic forces has several key advantages. First, magnetic
targeting uses a strong targeting power with high penetration depth, which can facilitate
the administration of medications in the human body [153]. Second, it is safe and compliant
with use in living systems, as the side effects of MCs are limited. Third, it has the potential
for high therapeutic selectivity. The therapeutic selectivity refers not only to the ability to
reach targets at a high molecular resolution (e.g., recognition of specific disease-associated
molecules) and with patient-specificity (e.g., targeting of molecular fingerprints of tumors)
but also to the opportunity to establish mechanisms for conditional and controlled release
of the bioagents within the pathological site. As such, not only MCs are more promising
for drug delivery as compared to other vehicles and vehiculation mechanisms, but they
also are helpful in other in vivo applications, such as biosensing. For instance, MCs
can serve as bioprobes to image malignancies and diseases, or to detect biomolecular
interactions [158,384,396].

In the future, MCs will continue to gain medical relevance as applied to various uses,
including theranostics, separation of biomolecules, sorting of diseased cells, manipulation
of genetic material, and control of bioagents in vivo. Nevertheless, to render MCs successful
delivery platforms, several requirements need to be addressed [121]. One first important
assumption is that MCs are developed to possess sufficient magnetization making them
responsive to the application of external magnetic fields. This property of MCs largely
depends on their size, which in turn affects the applicability within living systems [157].
Another important feature in MC-based pharmaceutical vehicles is the long-circulation,
which can be realized by implementing stealthy systems that avoid the clearance operated
by the phagocyte system [184,195]. Magnetic controllability and stability in vivo are vital
prerequisites for the future development of MCs as multifunctional platforms. In this regard,
the most promising directions for next generation MCs are effective mechanisms to control
the drug uptake and release, as well as designs that permit theranostic functions [157]. An
essential aspect that still requires intense development is the interaction of the MCs with
living environments. Ideal MCs should be able to efficiently move within the bodies of
living systems. Depending on the application and the used MCs type, guiding magnetic
materials within the body requires one to overcome several issues [325,413–415]. Among
them, the anatomical structures represent a major physical barrier that hinders controlled
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movement at different levels (from micro to macro scale). The physical properties of
injectable formulations of MCs must be compliant with the purpose of navigation within
the vascular networks. As an example, not only the size and morphology of the MCs
must be optimized for safe circulation within vessels, but also the systems’ stability has
to be maximized to reach both long circulation time and reduced risk of releasing unsafe
degradation products into the circulation. Stealthy designs can dramatically extend the
circulation time while masking the carriers from clearance cell effectors and protecting
them from excretion [416,417]. At the same time, successful intravascular guidance of the
MCs must win the forces generated by the hemodynamics [418]. To guide MCs through
compact tissues, the magnetic attraction must overcome the physical barriers of the matrix
and other tissue components. In addition, as cells are responsive to chemotactic cues
(such as the chemokine gradients generated by other cells within pathological sites), fully
controllable dragging of magnetized cells should also overcome the natural chemophoretic
tendency that cells experience in their specific microenvironment [419,420]. As far as we
can argue from the literature, the trend in research points out the sophistication of MCs for
the targeted delivery of bioagents [157]. MCs are in fact increasingly designed to become
multifunctional, while at the same time being performant in relation to their basic abilities
as carriers that, as mentioned above, mostly refer to their in vivo structural stability and
controllability of the bioagent liberation [157,169,202].

Even if tremendous progress was recently achieved in the MCs’ development, the
actual applicability of these systems needs to be discussed. MNPs have received FDA
approval and have been commercialized for use as MRI contrast agents and hyperther-
mia [211,380]. Nevertheless, their use in magnetic targeting is not yet at a stage of clinical
relevance. Some limited clinical trials (even in Phase III) have already started, but none of
them has yet resulted in FDA approval or commercialization [421,422]. One example is a
recent study from Kamei et al., which concluded that magnetic targeting of ferucarbotran-
labeled MSCs could be performed safely in five patients with cartilage defects in the knee
joint [301]. A compact magnet (one T) was placed around the knee joint of patients to
allow the magnetic force to be as perpendicular to the surface of the lesion as possible. The
magnet was maintained in position for 10 min after the injection of 1× 107 magnetized cells
into the knee joint. Upon magnetic targeting, the injured sites were completely refilled with
cartilage-like tissues and the patients displayed improved clinical outcomes 48 weeks after
treatment. Hence, magnetic cell guidance might represent a minimally invasive treatment
for cartilage repair.

Magnetic cell guidance is a peculiar instance of magnetic targeting. In the last years,
magnetic materials have attracted much attention for other applications in addition to spe-
cific drug release [423]. For instance, an interesting use of magnetic actuation is to control
the process of the self-assembly of multicellular aggregates. Cells, cells spheroids, or matri-
ces containing cells can be modified with magnetic particles and then, under the application
of a magnetic field, can be induced to assemble into morphologies that mimic the structure
of target organs (e.g., rings for vessels, sheets for skin, etc.) [110,424]. Thus, magnetic tissue
engineering emerges as an important tool to enhance bioprinting functionality and realize
future multiplex bioconstructs and organ replicas. Moreover, MCs are also promising for
robotics as applied to drug delivery and regenerative medicine [305,323,324,327]. Thus far,
microrobotic MCs have been widely studied in vitro and scarcely in animal models, with
no reported use in humans [305,425–428]. Nevertheless, more and more reports validate
the performance of their robot in phantoms that replicate the anatomical structures of
patients as realized from imaging data [426,429]. Although this field is moving forward
in the direction of clinical applicability, consistent efforts are still needed before starting
experimentation in humans [426].

One of the major problems is to magnetically control the delivery of bioagents in-depth
in the body as realized with the practical implementation of the magnetic fields. In-body
sources of magnetic fields (like magnetized or magnetic scaffolds) have been proposed as a
solution for portability [279,425,430], which might enhance the targeting efficiency when
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vehiculating drugs or guiding the homing of medical cells. However, the use of magnetic
implants requires surgical intervention and it is not always possible. Hence, more research
effort is needed to expand the applicability spectrum of magnetic targeting, as well as its
implementation in real-life use.
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