Chapter 21

Magnetic Nanoparticles for Biomedical
Applications: From Diagnosis

to Treatment to Regeneration

Yu Gao, Yi Liu and Chenjie Xu

21.1 Introduction

Today, nanotechnology is one of the fastest-growing research and development
fields in the world. It brings marvelous technologies and leads revolutions in the
fields of energy, electronics, data storage, food, and health care [1-4]. One exciting
domain for development is the convergence of nanotechnology and medical
applications, or so-called Biomedical Applications of Nanotechnology. By the
year 2012, there have been at least 247 applications and products that were
approved for clinical studies [5, 6]. The applications include but are not limited to
in vitro diagnosis, in vivo imaging/diagnosis, device coating, implantable mate-
rials, surgery, drug delivery, and tissue engineering. Nano-dimensioned materials
in those applications include liposomes, micelles, inorganic and organic nano-
particles (NPs). Each has its own unique set of properties presenting only in
nanoscale, such as the tunable fluorescent emission of semiconductor nanocrystals
and switchable magnetic properties of magnetic NPs (MNPs).

Among all nanomaterials, MNPs are one of the most frequently chosen systems
for biomedical applications due to their nontoxicity, biocompatibility, and par-
ticularly their inducible magnetic moment that allows them to be directed to a
defined location or heated with an external alternating current (AC) magnetic field
[7-9]. MNPs of controlled composition, size, shape, and surface coating have been
developed for specific applications. For example, to improve the magnetic moment
and thus the sensitivity of magnetic resonance imaging, researchers have prepared
NPs, composing transition metals (e.g., Fe, Co), alloys (e.g., FePt, CoPt, FeCo),
and metal oxides (e.g., Fe30y, y-Fe,03, CoFe,0O,4) [10-12]. However, considering
the stability and biocompatibility, commercialized MNPs for biomedical
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applications are mainly iron oxide-based NPs less than 100 nm, which are coated
with either inorganic (e.g., gold, silica, hydroxyapatite) or organic (e.g., dextran,
polyvinyl alcohol, polyethylene glycol) shells [7]. The coating prevents the par-
ticle aggregation caused by both hydrophobic interaction and ferromagnetic
behavior. More importantly, NPs with a proper surface coating can be stealthy to
immune system (such as reticuloendothelial system, RES) and stay longer in
circulation [13]. In the following content, we will briefly overview the latest
achievements in the biomedical applications of MNPs (Fig. 21.1).

21.2 Separation of Biological Samples

MNPs functionalized with biologically specific components such as antibodies
offer a unique opportunity to control and extract biological samples from a mix-
ture. For the separation of large biological samples such as cells (10-100 pm),
magnetic microparticles (above 1 pum) can be used. However, to get close contact
with biological entities with smaller size, such as virus (20-450 nm), proteins
(5-50 nm), or genes (2 nm wide and 10-100 nm long), materials in the nanodi-
mension (i.e., NPs) are preferred. Moreover, the high surface-to-volume ratio of
NPs compared to microparticles allows a higher ratio of labeling with less non-
specific binding [14]. Driven by these benefits, MNPs have been utilized to isolate
and purify various different biological entities such as proteins, bacteria, and cells.

One of the earliest applications is the protein separation. In proteomics, the
purification of native and recombinant proteins is always a time-consuming task.
The job is usually performed using variety of chromatography, electrophoresis,
ultrafiltration, precipitation, etc. Among them, affinity chromatography is one of
the favorite techniques. However, this technique is unable to cope with samples
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containing particulate materials, so it is not suitable for early stages of the puri-
fication process where suspended solid and fouling components are presented in
the sample [15]. Therefore, magnetic separation is attractive because of simple
handling, low cost, and high efficiency for crude samples. For example, FePt
MNPs functionalized with Ni(II)-chelated nitrilotriacetic acid (NTA-Ni**) showed
tight binding to the 6-histidine-tagged proteins, through the 6 coordination sites of
the nickel ion. The 6-histidine-tagged protein was easily and rapidly separated
from the cell lysate without any pretreatment. Following analysis revealed a high
binding capacity of 2-3 mg proteins/1 mg of MNPs, which was about 200 times
higher than that of commercial magnetic microbeads [16—18].

Bacteria separation is another exciting application, which was first demonstrated
by Gu et al. [19]. Specifically, FePt MNPs were conjugated with vancomycin (Van),
which bound to the terminal D-Ala-D-Ala dipeptide of bacterial cell wall precursors.
By mixing Van-FePt MNPs with a solution containing Van-sensitive bacteria for
10 min, bacteria—MNPs conjugates could be separated by magnet. The detection
limit was 8 cfu/mL for S. aureus, 10 cfu/mL for S. epidermidis and 4 cfu/mL for
coagulase-negative staphylococci, which was comparable to the standard but time-
consuming polymerase chain reaction (PCR) assay [19].

The last but not least one is cell capture and isolation such as the isolation of
circulating tumor cells (CTCs). CTCs are cancer cells which slough off cancerous
tissue and move through the bloodstream to a new site. Thus, they are considered as
seeds for metastasis [20]. The presence of CTCs in the peripheral blood has been
shown to be associated with decreased progression-free survival and decreased
overall survival in patients treated for metastatic breast, colorectal, or prostate
cancer. And quantification of CTCs can be used for both the prognosis of cancer
metastasis and the reliable surrogate marker of treatment response. One method for
the CTC isolation and quantification is the CellSearch® system that can specifically
and efficiently separate CTCs from other types of cells in blood samples [21].
Typically, blood sample is firstly placed in a tube and centrifuged to removal solid
blood from plasma. Then, MNPs conjugated with CTC-specific antibodies (i.e., anti
epithelial cell adhesion molecule antibody) are mixed with blood samples for a few
minutes before being magnetically separated and washed with buffers. The isolated
cells are further stained with cytokeratin monoclonal antibodies (stain CTCs), CD45
monoclonal antibodies (stained leukocytes which may contaminate the sample), and
DAPI (stain nuclei of both CTCs and leukocytes). Finally, CTCs are identified with
positive signals for both cytokeratin and DAPI [21].

21.3 Diagnosis

Early, accurate, and in-time diagnoses of diseases are critical to prevent the
deterioration, to identify the effective and efficient treatment, to evaluate the
efficacy of treatment, to improve the quality of patient life, and to reduce the cost
of treatment. With functionalized MNPs, disease progression can be examined by



570 Y. Gao et al.

using ex vivo bioassays (colorimetric immunoassay and magnetic immunoassay)
and/or in vivo imaging like magnetic resonance imaging (MRI).

21.3.1 Magnetic Immunoassay

Magnetic immunoassay (MIA) is a novel type of diagnostic assay, which utilizes
MNPs as labels instead of conventional radioisotopes (radioimmunoassay), fluo-
rescent dyes (fluorescent immunoassay), substrates and enzymes (enzyme-linked
immunosorbent assay, ELISA). MNPs are usually conjugated with an antigen or
antibody for the recognition of interested molecules. The binding between MNPs
and interested molecules causes the clustering of MNPs, which results in an
increase of magnetic moment for the detection [22, 23]. For example, Lee et al.
[23] developed a handheld diagnostic magnetic resonance (DMR) system, which
consisted of planar microcoils, microfluidic channels, and a portable magnet. It
used T, relaxation time as detection signal, and could be performed in turbid
samples (e.g., blood, urine, and sputum) with few or no preparation steps. In a
recent report, they determined the accuracy of the DMR system by comparing its
performance to a large benchtop NMR relaxometer. In addition to the smaller
sample volume required (~5 pL for DMR vs. 300 pL for NMR relaxometer), the
DMR system showed a mass detection limit improvement of two orders of mag-
nitude (1 ng vs. 80 ng for avidin detection). This technology could also be
extended for the detection of bacteria, cancer cells, and protein biomarkers with a
high mass detection sensitivity (more than 800-fold improvement relative to a
benchtop relaxometer). The sensitivity could be further improved by preparing
new classes of water-soluble MNPs with higher magnetization [23].

21.3.2 Colorimetric Inmunoassay

Colorimetric immunoassay quantifies the analytes through absorbance generated
from a color reaction between substrates and enzymes. One of the most widely
used enzymes is peroxidase, which catalyzes the oxidation of organic substrates
and produces a color change for detection. Peroxidase enzymes and their mimics
contain Fe?* and Fe** in the reaction centers, which is essential for the catalytic
activity. Although MNPs like Fe;O04 NPs have been conjugated with horseradish
peroxidase (HRP) to introduce peroxidase activity in a number of applications
including commercially available magnetic ELISA Kkits, their peroxidase-like
activity has been ignored for a long time. Until recently, Fe;0, NPs have been
reported to possess intrinsic peroxidase-like activity. In the presence of H,0O,, all
different sizes (30, 150, and 300 nm) of Fe;O04 MNPs catalyzed the reaction and
produced a blue color for substrate 3,3,5,5-tetramethylbenzidine (TMB), a brown
color for diazoaminobenzene (DAB), and an orange color for o-phenylenediamine
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Fig. 21.2 Preparation and characterization of M-HFn NPs. a Schematic showing the preparation
of M-HFn NPs and their structure. b CryoTEM image of M-HFn NPs. ¢, d TEM images of
protein shells (¢) and iron oxide cores (d). HFn protein shells were negatively stained with uranyl
acetate for TEM observations, and iron oxide cores in HFn were unstained. e Size distribution of
iron oxide cores, with a median diameter of 4.7 + 0.8 nm. f, g Characterization of peroxidase
activity of M-HFn NPs. M-HFn catalyzed the oxidation of peroxidase substrates TMB (f) and
DAB (g) in the presence of H,O, to give a colored product. Recreated with kind permission of (©
2012 Macmillan Publishers Limited) [25]

(OPD) [24]. If AH represents the substrate, which is a hydrogen donor, the
mechanism of the catalytic reaction could be written as follow:

2AH + H,0, = 2A + 2H,0 (21.1)

Through a series of studies, the peroxidase-like activity of Fe;O, MNPs was
found to be H,0O,, pH, and temperature dependent. Meanwhile, the reaction fol-
lowed Michaelis—Menten kinetics. Two formats of immunoassay based on this
concept have been performed to detect hepatitis B virus surface antigen and car-
diac troponin I (a biomarker for myocardial infarction) [24].

More recently, the peroxidase-like activity of Fe;O, MNPs was used for tar-
geting and visualizing tumor tissues. Magnetoferritin (M-HFn) NPs were prepared
by encapsulating iron oxide NPs inside a HFn shell. The schematic process is
shown in Fig. 21.2a. TEM images (Fig. 21.2b—d) are shown a core—shell structure
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with a 4.7-nm core of iron oxide (Fig. 21.2e). The color reactions are shown in
Fig. 21.2f, g. The HFn protein shell could specifically bind to tumor cells that
overexpressed transferring receptor 1 (TfR1). These M-HFn NPs allowed to the
visualization of the tumor tissue through the peroxidase-like activity of iron oxide
core without any additional recognition ligands on their surface. This strategy
simplified the modification process of conventional NPs and prevented nonspecific
binding induced by an excess of ligands on the NP surface; 474 clinical specimens
from patients with nine types of cancers were examined. They confirmed that M-
HFn NPs could distinguish cancerous cells from normal cells with a sensitivity
(positive/cases) of 98 % and a specificity (negative/cases) of 95 % [25].

21.3.3 Magnetic Resonance Imaging

MRI is a noninvasive imaging modality that has been widely used in clinical
diagnosis [26]. This technique is based on the property that the magnetization of
hydrogen protons in human body will be aligned around an applied external
magnetic field. The presence of MNPs shortens the spin—spin relaxation time and
thus produces a negative (decreased) signal in T,- and T,*-weighted MR images
[27]. Therefore, by labeling the interested cells/tissues with MNPs, we can visu-
alize them noninvasively. So far, MNPs have been applied as MRI contrast agents
to improve the sensitivity of detection and diagnosis of major diseases including
cancers, cardiovascular diseases, and diabetes which in total account for nearly 2
of every 3 deaths in the USA—close to 1.5 million people in the year 2001.

In cancer prognosis, the status of lymph node is an independent adverse prog-
nostic factor. The enlargement of lymph node usually indicates the potential
malignancy or metastasis [28]. Given that intravenously or subcutaneously injected
MNPs would be taken up by lymph nodes by means of interstitial-lymphatic fluid
transport, we can label lymph nodes with MNPs for cancer diagnosis with MRI. In
2003, 80 patients with presurgical clinical stages T1, T2, or T3 prostate cancer were
examined by MRI before and 24 h after the intravenous administration of MNPs.
The imaging results were correlated with histological findings; 71.4 % of nodes did
not fulfill the usual imaging criteria for malignancy. MNPs have effectively iden-
tified small (with a diameter of 5-10 mm) and otherwise undetectable lymph node
metastases in patients with prostate cancer [28].

Besides cancer, MNPs are also used in the diagnosis of the cardiovascular
diseases such as myocardial injury, atherosclerosis, and vascular disease [29]. The
wash-in kinetics of MNPs, which are normally confined to the intravascular space,
can be used to demarcate the area of myocardium at risk. The hyperacute stage of
myocardial injury increases the capillary permeability and hyperemia, which
finally enhances the contrast of the injured areas [30]. To prevent the wash-out of
MNPs from acutely injured myocardium, an active ligand binding which achieves
specific targeted imaging is also highly promising [31]. Atherosclerosis is another
cardiovascular condition in which an artery wall thickens as a result of the
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accumulation of fatty materials and formation of multiple plaques within the
arteries. Long-circulating MNPs are able to penetrate an atherosclerotic plaque and
then taken up by the macrophage [32]. Thus, plaque macrophage content could be
gauged by MRI for atherosclerosis diagnosis. In addition, MNPs labeled with
linear peptides (screened by phage display) can specifically bind to the vascular
adhesion molecule-1 (VCAM-1), which is expressed on vascular endothelium.
These VCAM-1-targeted MNPs have been demonstrated as sensitive contrast
agents for detection of VCAM-1 expression in the aortic roots of statin-treated
mice [33].

Diabetes is another major health and development challenge of the twenty-first
century. Worldwide, there are already more than 360 million people with diabetes
and another 280 million at identifiably high risk of developing diabetes. One major
type of diabetes is type 1 diabetes (3—5 % of diabetes globally) is an autoimmune
disease that destroys the insulin-producing cells (beta cells) of the pancreas. The
initial immune infiltration, termed insulitis, starts many years before the devel-
opment of type 1 diabetes (T1D) and progresses slowly until a critical mass of beta
cells has been annihilated. In the progress of immune infiltration, lymphocytes
migrate to the pancreas and destroy beta cells. Thus, pancreatic biopsy is one
approach to diagnose insulitis but has been resisted by patients due to its inva-
siveness. A more attractive alternative to biopsy is provided by noninvasive MRI
imaging, in which microvascular leakage was taken as an indicator of inflam-
mation [34]. Specifically, Denis and colleagues developed long-circulating mag-
netofluorescent NPs with half-lives of over 10 h in blood vessel for both
fluorescent and MR imaging, which could follow the microvascular changes
accompanying inflammation. Results from mouse showed a positive correlation in
magnetofluorescent NPs accumulation in the pancreas and insulitis aggressivity
[34]. With this technology, the same group could predict the onset of diabetes
(from 6 to 10 weeks) in nonobese diabetic (NOD) mice [35]. In general, MNPs-
based imaging holds potential as a useful tool for performing long-term, longi-
tudinal studies of the progression of diabetes in humans.

21.4 Therapeutics
21.4.1 MNPs as Carriers for Drugs and Genes

Targeted drug delivery using MNPs was first proposed in the late 1970s and has
been one of the most desirable applications of MNPs for chemotherapy [14].
Following the early studies of Widder and Senyi, the efficacy of this approach was
demonstrated in numerous small animal studies and even resulted in a small
number of clinical trials. However, despite these efforts and achievements, this
technique has yet to develop into a workable clinical application.
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One of the reasons is the low payload capacity of existing MNPs because
payload (i.e., drugs) can only be attached on the surface or embedded in the
double-layer coating around MNPs. To address this issue, a novel platform of
engineered Fe;0,4 porous hollow NPs (HMNPs) was designed for the controlled
release of cisplatin. Specifically, cisplatin was encapsulated in the interior cavities,
and the targeting agent, Herceptin, was attached on the surface of MNPs. These
NPs could then efficiently target and deliver cisplatin to ErbB2-/Neu-positive
breast cancer cells (SK-BR-3). The percentage of loaded cisplatin was improved
from 4.82 % of Fe;0, MNPs to 24.8 % of Fe;0, HMNPs. Meanwhile, the pores
were subject to acid etching in low pH environment and subsequently facilitated
cisplatin release. The amount of cisplatin released when pH < 6 was more than 3
times compared to a release in neutral physiological conditions. Once HMNPs
were internalized to the endosomes/lysosomes, pH-sensitive pores were further
opened up to accelerate the cisplatin release and finally kill the cancer cells [36].

Besides the effort of improving the drug loading efficiency, another focus is to
integrate drug delivery and molecular imaging into the same system. For example,
dumbbell-shaped Au-Fe;O04 NPs were synthesized (Fig. 21.3a, b) and conjugated
with cisplatin complexes to serve as a multifunctional platform for targeted cisplatin
delivery (Fe;O4 part) and optical imaging (Au part) [37, 38]. Herceptin was
immobilized onto Fe;0,4 through PEG3000-CONH-Herceptin to offer specific SK-
BR-3 cell targeting ability. While cisplatin complexes were attached onto Au side
by reacting with Au-S-CH,CH,N(CH,COOH),. Reflection images of SK-BR-3 and
MCEF-7 cells after incubation with the same concentration of cisplatin-Au-Fe3;04-
Herceptin NPs (Fig. 21.3d, e) showed the specificity and efficacy of these NPs. Au-
Fe;04 NPs did not inhibit cell growth at tested Fe concentration. However, once
coupled with cisplatin, these NPs showed remarkable cytotoxicity with a low half-
maximal inhibitory concentration (ICsy) toward SK-BR-3 cells of 1.76 pg/mL of Pt
(Fig. 21.3f) compared to free cisplatin needed (3.5 pg/mL of Pt). This methodology
was expected to have a great potential to function as nanovehicles for highly sen-
sitive diagnostic and highly efficient therapeutic applications [38].

Finally, MNPs could also deliver peptide/protein, oligonucleotide, plasmid, etc.
One example is magnetofection which uses magnetic field to concentrate MNPs
containing nucleic acids into cells. MNPs can be incorporated into viral or nonviral
platforms to facilitate gene delivery. Recently, recombinant adeno-associated virus
2 (rAAV) was conjugated onto MNPs to achieve therapeutic levels of transgene
expression. This platform enhanced the transfection efficacy. The same level of
transfection seen with free vector can be achieved using 1 % of vector conjugated
MNPs [39]. For nonviral deliver systems, MNPs can be coated with polyethyl-
eneimine (PEI) or polyethylene glycol-grafted PEI (to reduce cytotoxicity of PEI),
which allows the efficient loading and protection of genes and holds a great
potential for advanced gene delivery and therapy [40].
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Fig. 21.3 a, b TEM images of the 8—20 nm dumbbell-like Au-Fe;04 NPs before (a) and after
(b) surface modification. ¢ Schematic illustration of dumbbell-like NPs coupled with Herceptin
and a cisplatin complex for target-specific cisplatin delivery. d, e Reflection images of SK-BR-3
(d) and MCF-7 cells (e) after incubation with the same concentration of cisplatin-Au-Fe;O,4-
Herceptin NPs. f Viability of Sk-Br3 cells after incubation with platin-Au-Fe;0,4 NPs, platin-Au-
Fe304-Herceptin NPs, and free cisplatin. Recreated with kind permission of (© 2008 Wiley-VCH
Verlag GmbH and Co. KGaA, Weinheim), [37] and (© 2009 American Chemical Society) [38]
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21.4.2 MNPs for Iron Deficiency

Deficiencies of iron (Fe) and zinc (Zn) are major health problems globally,
affecting 2 billion populations [41]. Fe deficiency causes anemia, while Zn defi-
ciency impairs the growth and immune function. As Fe and Zn deficiencies usually
coexist, therapeutics containing two elements are suitable for both nutritional
addition and anemia treatment [41].

Currently, the only iron powder recommended by World Health Organization
(WHO) for anemia is electrolytic iron. However, the bioavailability still need to be
further improved [42]. Reducing the size of low-solubility Fe-containing com-
pounds to nanoscale is a promising way to improve their bioavailability. A type of
poorly water-soluble nanosized Fe and Fe/Zn compounds (~ 11 nm) was made by
scalable flame aerosol technology. They were demonstrated to be approximately
40-80 % more bioavailable than electrolytic iron in rat without tissue accumula-
tion. Meanwhile, their low solubility reduces the unpleasant color and taste of
conventional ferrous sulfate. The mixed Fe/Zn ratio could be further adjusted to
meet the specific need of individual patients [42].

Another type of MNPs for the treatment of iron deficiency anemia is ferum-
oxytol, which is used in both Europe and the USA for the adult patients with
chronic kidney disease (CKD). This intravenously administered drug was prepared
by coating carbohydrate shell onto superparamagnetic iron oxide NPs. In a phase
IIT clinical trails, ferumoxytol was more effective than oral iron in patients with
CKD, with mild or moderate adverse effects. Local injection-site reactions were
considered as the most common adverse effects, while serious hypersensitivity or
hypotensive reactions were uncommon [43].

21.4.3 Hyperthermia with MNPs for Cancer Therapy

Hyperthermia is a method that uses heat to treat cancer. Cancer cells undergo
apoptosis or necrosis after the heat treatment above 41 °C [44]. It has been
demonstrated that cancer cells are more susceptible to heat due to their high
metabolism rates. Hence, hyperthermia is very promising for cancer therapy [7].

MNPs can generate heat under an alternating magnetic filed based on Brown
relaxation (friction generated from particle oscillation) and Neél relaxation
(rotation of magnetic moment with each field oscillation) [45]. MNP-aided
hyperthermia for cancer therapy is particular promising due to noninvasiveness
and no limitation of penetration depth of magnetic field. This method also provides
MR imaging for particle tracking and platform for combined chemotherapy
(MNPs conjugated with other medicines). Numerous laboratory research works
have been published in this field [45, 46].
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In 2007, a clinical study of MNP-aided hyperthermia for glioblastoma multi-
forme therapy was conducted by Maier-Hauff and colleagues [47]. The aminosi-
lane-coated superparamagnetic iron oxide (SPIO) NPs (diameter of 15 nm) were
dispersed in water with an iron concentration of 112 mg/mL and then intratu-
morally injected to the tumor at doses of 0.1-0.7 mL per mL tumor volume. Then,
patients received the heat treatment at magnetic field strengths of 3.8-13.5 kA/m
using an alternating magnetic field applicator MFH® 300 F. MRI and computed
tomography (CT) were used to calculate the heat distribution within the tumor
accompanying applied magnetic field strength. All patients in this study could
tolerate the injection of NPs without any complication. The researchers believed
that deep cranial hyperthermia therapy using MNPs could be safely applied on
glioblastoma multiforme patients [47].

21.5 Antibacterial Application

Medical device-related infections occur frequently and have raised deep concerns
due to an increasing prevalence world widely. One cause is the formation of
biofilm that is due to the adherence of bacteria onto medical devices followed by
the formation of a matrix of proteins, DNA, and extra polysaccharide. The gen-
eration of biofilm protects pathogenic bacteria from antibiotics and causes chronic
infections [48]. Ideal antibacterial agents must locally destroy bacteria without
being toxic to the surrounding tissue. Silver NPs are recognized as promising
antimicrobial agents due to their significant antibacterial activity. However, there
are two drawbacks with these particles: their toxic effects on human cells and their
low yield for penetration through the bacterial biofilms. Hence, researchers believe
that using MNPs to carry antibacterial agents (such as TiO,, ZnO, MgO, silver,
and copper) will achieve targeted antibacterial (by external magnetic field) effect
and eradication of bacterial biofilms.

Silver NPs are promising candidates to fight against resistant pathogens. Two
types of core—shell NPs, Ag@Fe;0,, and y-Fe,0;@Ag, were synthesized [49].
Both NPs exhibited significant antibacterial and antifungal activities, with mini-
mum inhibition concentrations (MIC) from 15.6 mg/L to 125 mg/L against ten
tested bacterial strains, and from 1.9 to 31.3 mg/L against four candida species.
Moreover, the cytotoxicity against mice embryonic fibroblasts was relative low,
with MIC of 430 mg/L for Ag@Fe;0,4 and 292 mg/L for y-Fe,O;@Ag. These NPs
have been proposed for targeted magnetic delivery of silver NPs for disinfection
applications. Recently, SPIO NPs conjugated with Fe, Zn, and Ag, respectively,
through a chelation process (involving dimercaptosuccinic acid and metal irons)
were found to reduce biofilm formation and planktonic growth [49]. Successful
fighting against antibacterial resistance has also been demonstrated in an engineered
nanocrystal comprising a magnetic core and a silver ring with a ligand gap [50].
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21.6 Tissue Engineering

Organ shortage has been a growing problem globally due to the increasing inci-
dences of organ failure and the scarcity of organ donors. Recent advances in tissue
engineering (TE) provide a promising technology to overcome this problem for
organ transplantations. TE strategy consists of multidisciplinary fields that inte-
grate knowledge of engineering, biology, and medicine. It aims to replace, repair,
restore diseased tissues, and improve the quality of lives of patients [51].

The idea of using MNPs for bone tissue engineering was first explored by
Pareta et al. [52]. First, different MNPs with drug coatings were synthesized and
injected into porous bone sites. The drug-coated MNPs were then directed to and
attached on the bone tissue under an applied magnetic field. Results showed that y-
Fe,O5; NPs significantly promoted osteoblast density (cell per well) after five and
eight days compared to Fe;O, NPs and control groups. When coated with
hydroxyapatite (HA, the main inorganic component of bone), y-Fe,O; NPs
effectively promoted the osteoblast proliferation after 1 day [52]. Although the
mechanism was still not well understood, the researchers believed that adsorption
of some specific proteins (such as vitronectin and fibronectin) on nanoscale sur-
faces enhanced the adhesion of osteoblast, which might be essential for promoting
cell functions.

To date, the main problem of tissue-engineered constructs is lack of structural
complexity. In order to reproduce complex tissues with functional constructs, well-
defined spatial cell organization is required. Although cell patterning methods such
as microcontact printing and lithography have been developed, they need spe-
cialized surfaces and prolonged procedures. Consequently, using an external force
such as electric field, optical trap, and magnetic field for spatial cell patterning may
be an alternative and simple approach. Ino and colleagues labeled cells with 10 nm
magnetite NPs using cationic liposomes as carriers. When steel plates placed on a
magnet were positioned under a cell culture surface, the magnetically labeled cells
aligned with the steel plates. Complex cell patterns (curved, parallel, or crossing
patterns) were successfully fabricated, and human umbilical vein endothelial cells
were patterned on matrigel, thereby forming patterned capillaries [53]. Based on
the same concept, a three-dimensional multicellular assembly of tunable size and
controlled geometry for tissue engineering was constructed using magnetic pat-
terning. Human endothelial progenitor cells and mouse macrophages were labeled
with anionic citrate-coated iron oxide NPs. By tuning the magnetic field gradient
geometry and intensity, the magnetic cellular load, and the number of cells, they
demonstrated that magnetic force-assisted cell seeding provided effective cell
seeding into 3D porous scaffolds [54].
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21.7 Regenerative Medicine

Stem cell-based cell therapy holds great promise for patients living with serious
and currently incurable diseases including cancers, Alzheimer’s disease, Parkin-
son’s disease, and diabetes. These potentials of stem cells rely on their remarkable
properties of self-renewal and differentiation into diverse specialized cells, offering
hopes for the regeneration of tissues/organs for replacing diseased and damaged
areas in the body. While preclinical results are promising, few treatments have
been translated to humans due to conflicting results. It is in part due to the lack of a
comprehensive understanding of the fate, distribution, and the function of trans-
planted stem cells in the local microenvironment [55]. Thus, noninvasive imaging
methods are highly needed to monitor transplanted stem cells qualitatively and
quantitatively.

The application of MNPs for regenerative medicine is based on the noninvasive
nature of MRI for transplanted stem cells. MRI provides excellent soft tissue
contrast with high resolution and can be used for visualization of single cells
against a homogeneous background. Usually, iron oxide NPs were loaded into
stem cells by passive internalization. The introduction of surface coatings or target
ligands may further increase the uptake by cells. There are plenty of researches on
stem cell tracking by MNP-aided MRI methodology [56, 57]. However, the main
drawback of this technology is lack of information of cellular function after
transplantation. This is common for all imaging techniques employing exogenous
labeling agents that continue to display contrast when cells are dying. Hence, a
nanosensor based on MNPs for detecting cellular function as well as tracking by
MRI will be highly attractive.

21.8 Challenges

Although holding great promise of MNPs in biomedical applications, there are still
problems should be addressed before translating into clinical settings. First, cur-
rently most magnetic controllers consist of a permanent magnet, which is placed
near the target site. As reported, this method can only penetrate a tissue depth of
8—12 cm [58]. The development of new type of magnetic control system as well as
synthesis of MNPs with high magnetic moment may solve this problem. To
improve the magnetic moment, other metal ions (Mn**, Co?*, or Ni**) are doped
into the spinel structure of ferrite. High magnetic moment metallic MNPs (alloys)
are also promising to achieve large magnetic moment. Second, clinical MRI
diagnosis is restricted to its low resolution and sensitivity. Other NP components
such as Au NPs and carbon nanotubes responsible for different imaging modalities
should also be combined into one MNP unit to improve the sensitivity and
accuracy of MRI. Third, to improve the therapeutic efficacy, hollow MNPs are
designed to load more drugs both inside and outside the NPs. At last, before MNPs



580

Y. Gao et al.

can be used practically as probes or carriers for diagnostic and therapeutic
applications, their biodistribution and metabolism need to be better understood.
Once they complete the task, MNPs should be eliminated by biological system
without any other bad effects. The long-term effect of MNPs on biological system
should also be studied.
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