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Abstract: Magnetic nanoparticles have continuously gained importance for the purpose of
magnetically-aided drug-delivery, magnetofection, and hyperthermia. We have summarized
significant experimental approaches, as well as their advantages and disadvantages with respect to
future clinical translation. This field is alive and well and promises meaningful contributions to the
development of novel cancer therapies.
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1. Introduction

Using magnetic nanomaterials for drug delivery strategies has become a promising and effective
method in animal models for cancer and other diseases [1,2], although no clinical method has obtained
FDA approval to date [3]. The endeavor to utilize magnetic nanoparticles for the purpose of drug
delivery in humans for curing various types of diseases started in 1996 [4]. Since then, numerous
research groups have been involved in developing multiple types of approaches and tailored synthetic
techniques for diverse types of magnetic nanomaterials to meet the drug delivery requirements.
Some designs and techniques were successful, others were not [3]. In this review, we will discuss the
most important designs of magnetic nanomaterials with regard to gene and drug delivery.

Magnetic nanoparticles have specific characteristics, such as small particle size, large specific
surface area, and superparamagnetism [5]. Iron oxide nanoparticles are among the most frequently
used nanomaterials [5]. They include magnetite (Fe304) and maghemite (y-Fe,O3) nanoparticles [6].
Magnetic nanoparticles play a big role in cancer detection [7-9], drug delivery [2,3], as well as
hyperthermia treatment [10-12]. During the last decade, bi-magnetic core/shell nanoparticles featuring
an iron core and an iron oxide (Fe3O4) shell have become widely used [13-19], due to their superior
magnetic properties [20,21].

As discussed above, magnetic nanoparticles have small diameters (<100 nm) so they can effectively
extravasate [22] and target diseased areas [6], such as infected tissue (lesions) or tumor tissue.
The mechanism of extravasation has been established in mouse models [22]. However, enhanced
permeation and retention (EPR) is significantly less efficient in humans than in rodents [22-24].
Furthermore, there is significant variability of EPR among individual patients and various tumor types.
The strength of EPR is also dependent on the lengths of treatment with nanoformulations against
cancer [23,24]. Therefore, magnetic forces can be, principally, used to aid targeted drug delivery [3].
Due to their nanoscopic size, magnetic nanoparticles have very high surface areas (>100 m?/g) and are,
therefore, suitable to transport significant adsorbed or tethered payloads (>10% by weight). The general
disadvantage of the high surface areas of magnetic nanoparticles is corona formation [25,26], which is
prevalent in living systems.

Magnetic nanoparticles play a major role in tumor imaging [6]. Magnetic resonance imaging
(MRI) [27] uses superparamagnetic iron oxide nanoparticles as contrast agents [6]. Compared to
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gadolinium(Ill)-based contrast agents, iron oxide-based imaging tools have lower nephro- and
cytotoxicities, which is advantageous [28]. Until recently, iron oxide-based imaging agents were limited
to T2-based imaging (spin-spin relaxation [29]), whereas gadolinium(III)-based imaging modalities are
capable of T1-based imaging (spin-gitter relaxation [29]), which is generally perceived as advantageous,
because it provides positive imaging contrast. However, this has changed since the arrival of ultrasmall
Fe, O3 clusters, which permit T1-based imaging [30,31].

Magnetic nanoparticles as drug carriers are also becoming very important for medical applications
when the drug molecules have to target a specific location in vivo. In most published applications,
magnetic nanoparticles are used as drug carriers in conjunction with tethered antibodies and
chemotherapeutic drugs [6]. For example, antibody-conjugated fluorescent magnetic nanoparticles
were used for targeted imaging and simultaneous therapy of gastric cancer [32], and reducible
polyamidoamine-magnetic iron oxide self-assembled nanoparticles were used for doxorubicin delivery
for cancer therapy [33].

There are major advantages of magnetic nanoparticles in drug delivery systems, such as MRI
visualization and image-guided drug delivery, nanoparticle focusing by magnetic fields at the targeted
site, and A/C-magnetic or radiofrequency-based hyperthermia to release the drugs from the magnetic
carrier nanoparticle [34]. There are numerous factors that need to be considered when designing
a magnetic nanoparticle-based targeting system, such as its size, magnetic properties, surface size,
specific binding ability of drugs or genetic material, and targeting moieties (e.g., antibodies, peptide
sequences of aptamers). Important technical factors comprise the magnetic field strength and dimension.
Important physiological parameters have been identified as the targeted location, vascularization, rate
of the blood flow, total body weight, and means of nanoparticle administration (oral, IV, IP, etc.) [35].

2. Magnetic Nanoparticles

During the last two decades, various strategies for synthesizing magnetic nanoparticles for drug
delivery have been explored [36]. Magnetic nanoparticles consist of a core of magnetic iron oxide
(magnetite [Fe3O4] or maghemite [Fe,O3]), and a shell comprised of diamagnetic material, for instance,
silica, dextran or polyvinyl alcohol (PVA) [6,37-39]. Noble metal shells (especially Au) were used to
enable the attachment of functional groups and ligands via thiols [40,41]. However, many of these
core/shell systems prove to be chemically unstable, leading to gold-iron oxide alloys [42].

Magnetic nanoparticles can be synthesized by using ionic and non-ionic techniques [43].
There are numerous methods known to synthesize magnetic nanoparticles, such as mechanical
milling [44], co-precipitation [45], nanoreactor/microemulsion techniques [45,46], sonochemical
processing [45,46], sol-gel methods [47], flow injection [43], electrochemical production [48], supercritical
fluid techniques [49,50], thermal decomposition [13-16,22,51-55], hydrothermal routes [45], microwave
techniques [56], spray pyrolysis [45], laser pyrolysis [45], flame spray pyrolysis [45], gas phase
synthesis [45], arc discharge [57], oxidation [58,59], and microbial methods etc. [43,45,60]. Figure 1
shows a typical plot of resulting nanoparticle size distribution p(n) as a function of nucleation rate
J(t) and reaction time (t) minus time of maximal nucleation (tm), divided by the half-life time of the
nucleation burst [61]. Figures 2 and 3 give examples of the diversity of obtainable nanostructures.
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Figure 1. “As time increases toward tn, the critical nucleus size decreases (black curved arrow),
the nucleation rate increases (yellow manifold over nucleus size curve), and the earliest nuclei to form
grow in the (n,t) plane. The nucleation rate reaches a maximum at time ty, and then begins to fall.
The cumulative number of nuclei generated and carried along each characteristic gives the particle size
distribution PSD p(n). For times after the pulse, the PSD simply travels along the characteristics with no
change in shape.” n*: critical nucleus size, n: nucleus size, 20y: approximate duration of the nucleation
burst [61]. With permission from Chu, D. B. K.; Owen, J. S.; Peters, B., Nucleation and Growth Kinetics
from LaMer Burst Data. J. Phys. Chem. A 2017, 121 (40), 7511-7517, copyright American Chemical
Society 2017.

Figure 2. TEM images of (A) the as-synthesized 8 nm/2.5 nm Fe/Fe304 NPs (inset: HRTEM) and (B)
the 5 nm/5 nm Fe/Fe304 NPs prepared by controlled oxidation of Fe NPs [62]. With permission from
Peng, S.; Wang, C.; Xie, J.; Sun, S., Synthesis and stabilization of monodisperse Fe nanoparticles. JACS
2006, 128 (33), 10676-10677, copyright American Chemical Society, 2006.
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Figure 3. (A) “Synthesis of core-shell-void Fe-Fe;O,4 and hollow Fe;O4 NPs from Fe-Fe;O4 NP seeds.”;
(B) TEM images: a 13-nm Fe-Fe30,4 nanoparticle seeds, (C) 16-nm hollow Fe3O4 nanoparticles, (D) a
single hollow Fe3O, nanoparticle, and (E) a superlattice array of the hollow Fe;04 nanoparticles.” [63]
With permission from Peng, S.; Sun, S., Synthesis and characterization of monodisperse hollow
Fe304 nanoparticles. Angewandte Chemie International Edition 2007, 46 (22), 4155-4158, copyright Wiley &
Sons, 2007.

These synthesized magnetic nanoparticles can be functionalized by attaching carboxyl groups,
amines, biotin, streptavidin, antibodies, etc. [64,65]. By attaching functional groups to the magnetic
nanoparticles one can change their physicochemical properties, such as solubility, reactivity, and stability
(Figure 4) [64,65].
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Figure 4. Nanoparticle surface functionalization via (A) surfactant addition and (B) surfactant exchange [64].
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3. Synthesis of Magnetic Nanoparticles

There are some main features that we need to consider when synthesizing magnetic nanoparticles.
The size of the nanoparticles, the magnetic properties, and the ability to carry biomolecules are a
few of those features. Willard and co-workers have reported that the nanoparticles can flow with
the bloodstream in blood vessels and penetrate through cell walls in order to avoid narrow blood
vessels [66]. The ferromagnetic/superparamagnetic property of magnetic nanoparticles can lead them
to the targeted organs/locations in the human body under the control of an external magnetic field [67].
Once the nanoparticles have reached the targeted area, they can release active biomolecules/drugs/genes,
depending on the application. In order to meet the requirements, magnetic nanoparticles consist of the
magnetic core, the protective coating, and the functional groups on the surface (Figure 5) [68].
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Figure 5. Consensus design of a functional magnetic nanoparticle for drug delivery [68].
With permission from McBain, S. C.; Yiu, H. H.; Dobson, J., Magnetic nanoparticles for gene and drug
delivery. International journal of nanomedicine 2008, 3 (2), 169. Copyright Dove Medical Press, 2008.

There are various types of magnetic nanoparticle synthesis methods. Each method has their own
advantages and disadvantages. Therefore, depending on the availability of facilities, instrumentation,
and regulations, the correct synthetic path for the synthesis of specific magnetic nanoparticles has to be
optimized following diverse synthetic routes [68]. The following discusses a few synthetic routes to
synthesize magnetic nanoparticles.

4. Wet Precipitation and Co-Precipitation

This is one of the simplest and the oldest synthesis methods used for the synthesis of magnetic
nanoparticles. In this method, the pH of an iron salt solution is carefully monitored and controlled
while permitting an iron oxide fine suspension to form. Usually, the particle size of this suspension
is around 5 nm [68]. There are no particular facilities or instrumentation required to follow this
synthetic approach.

Fe;O4-nanoparticles can be prepared by the coprecipitation of Fe’>* and Fe?* aqueous salts
solution by adding a base as a precipitating agent. The actual pH at which Fe3;O, is formed is strongly
dependent on the ionic strength. The point-of-zero-charge (PZT) of Fe3O4-nanoparticles is around
pH = 8. Therefore, this pH should be avoided during synthesis, because otherwise coagulation will
occur [69].

The precipitation of magnetite can be performed at the surface of montmorillonite (MMT), which
assists Fe3Oy4 nucleation during the precipitation process [69].

Fe*t + 2F3T + MMT + 80H™ — Fe30,@MMT + 4H,0

Accordingly, FesO4-nanoparticles can be found at the surface of MMT.

Wet precipitation methods are usually chosen for the synthesis of broad particle size distributions
and irregular morphologies [68]. As can be anticipated, there are a few drawbacks associated with wet
precipitation methods. Controlling the pH and ionic strength is critical for this procedure as it controls
the particle size and morphology. Therefore, upscaling is a difficult challenge.
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5. Utilizing the Reverse Micelle Mechanism for Magnetic Nanoparticle Synthesis

The reverse micelle mechanism involves the formation of micelles by surfactants, which then
provide the templates for nanoparticle synthesis (Scheme 1) [70,71]. Surfactants either consist of a
hydrophilic head and a hydrophobic tail, or they are non-ionic [70,71]. Once the surfactant molecules
reach a certain concentration in water, commonly called a critical micelle concentration (cmc), they
form micelles [70,71].
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Scheme 1. Pictorial representation of different expressions of supramolecular self-assemblies
(micelles, reverse micelles, vesicles, and gel fibers. Originating from Tailor-Made Amphiphiles) [70].
With permission from Sarkar, S.; Choudhury, P; Dinda, S.; Das, P. K., Tailor-Made Self-Assemblies
from Functionalized Amphiphiles: Diversity and Applications. Langmuir 2018, 34 (36), 10449-10468,
copyright American Chemical Society 2018.

While normal micelles form in an aqueous medium, reverse micelles form in hydrophobic
media [68,70]. The center of a normal micelle features hydrophobic tails, but the reverse micelles
contain hydrophilic heads around water-droplets in their center. Nanoparticles synthesized by reverse
micelle mechanism are very homogeneous in size, because the size of the inverse micelles used as
nanoreactors can be easily defined (Figure 6) [70].

Hydrophilic head

e N
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Organic phase Inorganic phase

Figure 6. Use of the reverse micelle mechanism in synthesizing magnetic nanoparticles [68].
With permission from McBain, S. C.; Yiu, H. H.; Dobson, J., Magnetic nanoparticles for gene and drug
delivery. International journal of nanomedicine 2008, 3 (2), 169. Copyright Dove Medical Press, 2008.

6. Thermal Decomposition and Reduction

In this procedure, metal oxy-salts are heated to a specific temperature, so they can decompose and
form metal oxides. By heating these metal oxides under a reducing gas, such as hydrogen or carbon
monoxide, metal oxide nanoparticles can be reduced to metal or metal oxides. The main obstacle of
this procedure is the control of nanoparticle size and polydispersity. One of the major advantages is
the opportunity to synthesize composite materials [72-75].
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7. Iron/Iron Oxide Core/Shell Nanoparticles

Bossmann and co-workers have developed fluorescence-based nanobiosensors for the detection
of solid tumors in liquid biopsies and protease detection in blood [18,22,76-78]. These nanobiosensors
feature Fe/Fe3;O4 core/shell nanoparticles, which were synthesized by using thermal decomposition
of Fe(CO)s5 in the presence of oleylamine and hexadecylammonium chloride (HADxHCI) using
1-octadecene (ODE) as solvent [79]. The nanoparticles have a well-defined core/shell structure.
These nanoparticles are characterized by a Fe(0) core diameter of 13 + 0.5 nm, and the Fe30y shell
thickness of 2.0 + 0.5 nm (Figure 7). They are coated with dopamine, which enhances the water
solubility of the nanoparticles. To these dopamine-coated core/shell nanoparticles a FRET (Forster
resonance energy transfer) pair is attached. While the FRET donor is attached by means of a protease
or arginase-modifiable peptide sequence, the FRET acceptor is tethered by a stable amide bond to the
dopamine ligands. The result is enzymatic activation of nanoplatform fluorescence, which enables the
detection of protease activity down to sub-femtomolar limits of detection.

Figure 7. TEM (1a,1b) and HRTEM (1c) images of Fe/Fe3O4-core/shell nanoparticles that are forming
the inorganic core of the nanoplatforms for protease detection [79]. With permission from Wang,
H.; Udukala, D. N.; Samarakoon, T. N.; Basel, M. T.; Kalita, M.; Abayaweera, G.; Manawadu, H.;
Malalasekera, A.; Robinson, C.; Villanueva, D., Nanoplatforms for highly sensitive fluorescence
detection of cancer-related proteases. Photochemical & Photobiological Sciences 2014, 13 (2), 231-240.
Copyright Royal Society of Chemistry, 2014.

8. Chemical Vapor Condensation Method

The chemical vapor condensation method involves heating volatile metal compounds in an inert
gas. Then these compounds can be decomposed and create metal nanoparticles. Choi and co-workers
have used the chemical vapor condensation method and reported that the metallic iron nanoparticles
can be prepared by using iron pentacarbonyl, Fe(CO)s, as a precursor. The particle size was in the range
of 5-13 nm [80]. Needing specialized facilities is the major drawback associated with this method.

9. Drug Delivery

Drug delivery using magnetic nanoparticles has become a very popular topic due to the
enhancement of performances in therapeutic drugs and their delivery to the targeted locations
without side effects. Commonly, antibodies, chemotherapeutic drugs, and other disease-associated
drugs are bound to the magnetic nanoparticles, and are directed to the targeted diseased areas in the
human body [23].

Researchers have been studying the use of magnetic nano- and micro-materials for targeted drug
delivery since the late 1970s. It has been noted that Lubbe and co-workers in 1996 did a Phase 1 clinical
trial of magnetically targeted drug delivery for the first time [4]. Since then, different research groups
have been using different strategies to synthesize magnetic drug carriers for drug delivery.

Magnetic nanoparticles loaded with doxorubicin were produced by FeRx, Inc., (Wheat Ridge,
CO, USA) [1,81]. TargetMAG-doxorubicin nanoparticles involving a multidomain magnetite core
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and a cross-linked starch matrix with terminal cations are currently commercialized by Chemicell
GmbH, Berlin, Germany [82]. Alnis Biosciences, Berkely, CA, produces a magnetic nanoparticle
hydrogel, which comprises chemotherapeutic agents, Fe oxide colloids, and different types of targeting
ligands [83].

There are several good reasons to use nano-biotechnology in drug delivery such as its capability
of targeting more specific drugs, biocompatibility, safety, and less toxicity. There are major factors that
need to be considered when designing carriers for drug delivery. The incorporation of the drug to
the carrier, stability, biocompatibility, biodistribution, targeting, and drug release, are just a few of
them. It is very important to know the biodegradability of the nanoparticles, and the effect of residual
materials as well.

The main advantages of magnetic nanoparticles are high surface-area-to-volume ratios so it is
easy to attach a large number of therapeutic molecules, and the magnetic properties of nanoparticles
help to image the drug delivery through MRI [84].

As stated above, magnetic nanoparticles have been used as chemotherapeutic drug carriers.
At the same time, MNPs have been used to carry drugs such as doxorubicin, methotrexate [85]
by attaching or encapsulating. Yang and co-workers have discovered the synthesis and release
characteristics of magnetic PECA nanoparticles as drug carriers for targeted delivery [86]. In this study,
magnetic poly(ethyl-2-cyanoacrylate) (PECA) nanoparticles containing anti-cancer drugs (Cisplatin
and Gemcitabine) were prepared by inter-facial polymerization. It was also found that the amount of
Cisplatin in MNPs is higher compared to the Gemcitabine. The reason is due to the hydrophobicity of
Cisplatin. It has a high solubility in the oil phase and is well encapsulated in MNPs [86].

Zhou and co-workers developed magnetic nanoparticles coated with poly((2-dimethylamino) ethyl
methacrylate) (PDMAEMA) for drug delivery and release [87]. These FesO4/PDMAEMA nanoparticles
contain a core/shell structure and capable of loading drugs into the polymer shell. By altering the pH,
the release rate of the drug can be effectively controlled [87]. They have synthesized nanoparticles
with biodegradability, superparamagnetism, and fluorescence as well [88].

They used an external magnetic field to deliver the drug-loaded nanoparticles to the target organs.
The release of the drug at the targeted location was slow and steady [88].

By modifying the drugs with antibodies, proteins, or ligands, it is possible to improve the drug
delivery in vitro. Chitosan coated Fe,O3; magnetic nanoparticles were suggested by Kumar and
co-workers [89]. These nanoparticles are safe to transport to the targeted organs and became one of the
most useful tools in drug delivery [89]. Sun and co-workers prepared magnetic targeting chitosan
nanoparticles and were used as a drug delivery system [90]. This nanoparticle based drug delivery
system was targeting photodynamic therapy [90]. In photodynamic therapy, a tumor localizing
photosensitizing agent would be administered and activated by light of a particular wavelength [91].

In the study carried out by the Jain and co-workers, they investigated the drug delivery
and magnetic resonance imaging (MRI) properties of novel oleic acid-coated iron-oxide and
pluronic-stabilized magnetic nanoparticles [92]. It has been recorded that the drug loading efficiency
for doxorubicin and paclitaxel in magnetic nanoparticles was 74-95% [92]. The combination of drugs
incorporated in magnetic nanoparticles showed a high antiproliferative activity in MCF-7 breast cancer
cells [92].

Kohler and co-workers reported the development of a methotrexate-immobilized iron oxide
nanoparticle drug carrier which is biostable, and that may be used for real-time monitoring of drug
delivery through magnetic resonance imaging [93]. Methotrexate was attached to the nanoparticle via
a poly(ethylene glycol) self-assembled monolayer. Cytotoxicity was studied by using 9L glioma cells.
Experiments showed that the uptake of methotrexate attached nanoparticles by glioma cells higher
compared to the control nanoparticles [93].
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10. Superparamagnetism vs. Ferromagnetism in Magnetic Nanoparticles

The magnetic behavior and size dependence of magnetic nanoparticles is controlled by their
domain structures [94,95]. The critical size of single domains is governed by the shape of the particle,
the strength of the crystal anisotropy, magnetic saturation, and the domain wall energy. As shown in
Figure 8, superparamagnetic, single-domain and multi-domain nanoparticles can be discerned with
increasing radius. The domain walls in magnetic particles have a major impact on the magnetization
of the particles. Magnetic moments will scale with the volume of the nanoparticle. However, because
of the presence of domain walls, this scaling is abruptly halted when multiple magnetic domains are
formed in a single (nano) particle. The critical radius (r.) represents the size where it is energetically
favored for the magnetic nanoparticle to exist without a domain wall [96].

A

where ¢ represents the magnetic moment per unit mass and M? is the saturation magnetization.
In Figure 8, itis shown that the coercivity (=resistance of a magnetic material to changes in magnetization)
is a function of nanoparticle diameter. In the multi-domain region, coercivity decreases with increasing
particle diameter (due to subdivision into domains), while in the single-domain region it increases with
the radius of the particle. The calculated critical radii for some common magnetic material are Fe3O4
(4 nm), Co (8 nm), Fe (1 nm) and Ni (35 nm) [94]. The single-domain region contains subregions: “the
superparamagnetic region, where the coercivity is 0 due to the randomizing effects of the thermal energy,
and the ferromagnetic region, where the coercivity increases dramatically with the particle diameter.
In the absence of a magnetic field, the net magnetic moment is 0 for superparamagnetic nanoparticles,
while in an applied magnetic field there will be a net alignment of the magnetic moments.” [94].
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Figure 8. The change in coercivity of magnetic particles as a function of size. rc: critical parametet, rsp:
threshold radius for superparamagnetism. With permission from Podaru, G.; Chikan, V., Magnetism
in Nanomaterials: Heat and Force from Colloidal Magnetic Particles. In Magnetic Nanomaterials:
Applications in Catalysis and Life Sciences, Bossmann, S. H.; Wang, H., Eds. Royal Society of Chemistry:
London/UK, 2017; Vol. 26, 1-21. Copyright Royal Society of Chemistry, 2017.

11. Magnetic Nanoparticles in Preclinical Studies

There are two main factors that need to be considered when MNPs are used in clinical
settings: biological challenges and chemical challenges [97]. Biodistribution of MNPs, biological
barriers and pharmacokinetics are a few biological challenges [97]. Chemical challenges
include optimizing physicochemical properties, intrinsic toxicities, and drug loading and release.
Further, MNPs should be biologically inert and should be composed of biodegradable and
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non-toxic materials [97]. Most of the research groups have used Fe3O4 or y-Fe;Oz coated
with different materials for clinical purposes [35]. Iron-oxide nanoparticles doped with Gd(III)
has been used to treat tumors via magnetic fluid hyperthermia (MFH). Jiang and co-workers
have found that the mouse models treated with GdggpFe; 9304 show slower tumor growth after
the first treatment cycle [98]. Xie and co-workers synthesized Mn-Zn ferrite MNCs coated
with PEG-phospholipids (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy(polyethylene
glycol) copolymers, DSPE-PEG2000) to treat tumors, and they were able to use them to induce the
apoptosis of tumor cells and inhibit the angiogenesis of tumor vessels. This enables the suppression of
tumor growth within a certain period of time [99].

Lee and co-workers have developed versatile nanocomposite nanoparticles by decorating the
surface of mesoporous silica nanoparticles with magnetite nanocrystals. These nanoparticles were
able to be used in magnetic resonance (MR) imaging (Figure 9). The authors found that doxorubicin
(DOX), which is an anticancer drug, can be loaded in the pores of the nanoparticles and induce cell
death. In-vivo passive targeting and nanoparticle accumulation at tumor sites were confirmed using
T2 magnetic resonance imaging and fluorescence imaging [100].

Figure 9. “Uniform mesoporous dye-doped silica nanoparticles immobilized with multiple magnetite
nanocrystals on the surface (designated as Fe;O4-MSN)” [100]: (a) cartoon of the nanoplatform, (b)
TEM images of the carrier MSN, (¢) TEM image of the Fe304-MSN, with permission from Lee, J. E.; Lee,
N.; Kim, H.; Kim, J.; Choi, S. H.; Kim, J. H.; Kim, T; Song, L. C.; Park, S. P.; Moon, W. K.; Hyeon, T,
Uniform mesoporous dye-doped silica nanoparticles decorated with multiple magnetite nanocrystals
for simultaneous enhanced magnetic resonance imaging, fluorescence imaging, and drug delivery.
JACS 2009, 132 (2), 552-557. Copyright American Chemical Society 2009.

In order to monitor if DOX was successfully delivered to the tumor sites, tumor tissue of mice
treated with DOX was analyzed and compared to a control group. Apoptosis was detected in treated
tissue by means of a TUNEL assay (Terminal deoxynucleotidyl transferase-mediated nick end labeling).
This confirmed the delivery of the anticancer drug to the tumor sites, and that its activity was retained
during the process (Figure 10) [100].
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Figure 10. “In-vivo accumulation of Fe3O4-MSN at tumor site. (a) In-vivo T2 weighted MR images
(upper) and color mapped (lower) images of tumor site before and 3 h after intravenous injection of
Fe304-MSN (arrows indicate tumor site). (b) Confocal laser scanning microscopic images of sectioned
tumor tissue harvested 24 h after injection. Left: Red fluorescence showing Fe3O4-MSN internalized
cells. Right: Merged image with DAPI stained nuclei (blue) (scale bar) 10 um).” [100], with permission
from Lee, J. E.; Lee, N.; Kim, H.; Kim, J.; Choi, S. H.; Kim, J. H.; Kim, T.; Song, L. C.; Park, S. P.; Moon, W.
K.; Hyeon, T., Uniform mesoporous dye-doped silica nanoparticles decorated with multiple magnetite
nanocrystals for simultaneous enhanced magnetic resonance imaging, fluorescence imaging, and drug
delivery. JACS 2009, 132 (2), 552-557. Copyright American Chemical Society 2009.

Yang and co-workers have developed a multifunctional system in order to deliver drugs
intracellularly, while they monitor this process with simultaneous fluorescent imaging. This system is
composed of histidine-tagged, cyan fluorescent protein (CFP)-capped, magnetic mesoporous silica
nanoparticles (MMSNSs). As often found with mesoporous silica nanoparticles, this multifunctional
nanostructure is excellently biocompatible. Histidine replacement at the surface of the MMSNs
activates the nano-assembly and facilitates the release of the drug molecules. These bi-functional
nanoplatforms are very useful in biomedical applications as they contain both drug delivery and
cell-imaging abilities [101].

Hwu and co-workers have developed three paclitaxel-conjugated nanoparticles using Fe3O4
shells (Scheme 2) and gold cores (not shown). Fe304 nanoparticles were conjugated with paclitaxel
that was attached by means of a poly(ethylene glycol) (PEG) spacer through a phosphodiester moiety
at the (C-2")-OH position. In the presence of phosphodiesterase, these nanoparticles release paclitaxel.
These nanoparticles have magnetic tracking capability. Different methods were discussed to synthesize
Au-NPs in order to produce both hydrophilic and hydrophobic paclitaxel conjugates [102].
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Scheme 2. Synthesis of Fe3O4 nanoparticles with tethered paclitaxel units. The linker can be cleaved by
a phosphodiesterase, facilitating the release of paclitaxel. This scheme was inspired by reference [102].
Copyright American Chemical Society 2008.

Bai and co-workers found that the gold nanorods modified with carboxylated bovine serum
albumin showed both anti-tumor and anti-angiogenesis effects under near-infrared laser irradiation.
Magnetic resonance imaging (MRI) and near-infrared fluorescence (NIRF) imaging showed that
the Den-RGD (nanoprobe, Dendrimer-arginine-glycine-aspartic acid) visualized the tumors with
high target-to-background ratio, and the ability to evaluate the therapeutic response by monitoring
the tumor neovasculature [103]. Jaiswal and co-workers have synthesized dual stimuli pH and
temperature-responsive magnetic nanohydrogels based on poly(N-isopropylacrylamide)-chitosan for
thermo-chemotherapy [104]. They have incorporated Fe3O4 magnetic nanoparticles into hydrogels to
achieve temperature optimized magnetic nanohydrogel (MNHG) for magnetic hyperthermia with
lower critical solution temperature which is less than 42 °C [104].

12. Conclusions

During the past few years, the development of magnetic nanoparticles for drug delivery and
imaging has accelerated. Various types of magnetic nanoparticles have been synthesized and coated
with different types of coatings in order to enhance the biocompatibility, non-toxicity, safety, stability,
bio-distribution, etc. Enormous attention to magnetic nanoparticles was given, as they can be used for
early cancer detection and as a contrast agent for MRI imaging and, thus, provide new opportunities
to diagnose and cure cancer and various types of other diseases.
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