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Magnetic nanoparticles (MNPs) have attracted much attention in the past few decades because of their unique
magnetic responsiveness. Especially in the diagnosis and treatment of diseases, they are mostly involved in non-
invasive ways and have achieved good results. The magnetic responsiveness of MNPs is strictly controlled by the

size, crystallinity, uniformity, and surface properties of the synthesized particles.

magnetic nanoparticles vascular repair magnetic responsiveness

| 1. Magnetic Nanoparticles (MNPs) in Vascular Grafts

Vascular grafts (also called vascular scaffolds) have always been a clinically effective treatment strategy for large
vascular defects caused by vascular disease or violent invasion WE2IE! such as polyurethane (PU) &, polyester
(PET) ¥, ePTFE 8 and so on. Although these vascular grafts, when used in larger-diameter vessels (>6 mm) show
satisfactory long-term performance, they display inferior performance in small-diameter vessels (<6 mm), mainly
because they are prone to intimal hyperplasia (IH) and thrombogenesis @. Given the above-mentioned
unsatisfactory factors and the shortcomings of secondary operations caused by non-degradability, it has always
been a goal to seek natural materials with better biocompatibility to construct vascular grafts. Unfortunately, the
many properties of natural materials cannot meet the application requirements of vascular grafts, such as
mechanical strength B elasticity @, and degradation 1911 MNPs are believed to effectively improve the
performance of vascular grafts and provide more applications in other areas (such as MRI 2 or nano-modification
(23)). Ghorbani et al. 14 synthesized INOPs by co-precipitation technique and they were evenly distributed in
PLGA-gelatin scaffolds. The results showed that the added MNPs had no special effect on the pore morphology
but slightly reduced the pore size distribution. The MNPs containing the construct had enhanced mechanical
strength, but the absorption capacity and biodegradation rate were reduced. The previous study & also proved that
MNPs were evenly distributed in silk fibroin scaffolds by infiltration. The results showed that the obtained magnetic
silk fibroin scaffolds significantly delayed the degradation rate and enhanced mechanical strength. Lekakou et al.
(13 found that gelatin/elastin gels are nanocomposite scaffolds with flattened elastin nanodomains embedded in a
gelatin matrix that mimic the structure of the arterial media. They studied gelatin/*hydroxyapatite” (HA)
nanocomposite scaffolds, and “HA” was generated in situ in solution. When a magnetic field of 9.4 T was applied,
the HA particles and gelatin microfibrils in the gelatin were oriented perpendicular to the direction of the magnetic
field, which provided a basis for the preparation of arterial vascular layered scaffolds. Mertens et al. 18 prepared

three ultra-small superparamagnetic iron oxide nanoparticles (USPIO), which were subsequently directly colonized
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in collagen scaffolds by chemical cross-linking and used indirectly as imaging graft scaffolds. Imaging can also be
performed in the case of acellular implants to visualize the degradation of collagen scaffolds in vivo, which is
beneficial for analyzing the in vivo degradation cycle and mechanism of rapidly degrading natural materials.
Currently, MNP-added vascular grafts are mainly used to improve mechanical strength, mainly based on the high

modulus, abundant functional groups. and uniform dispersion of MNPs 7],

2. MNPs Regulate Vascular-Related Cell Behavior and Factor
Expression

Vascular injury repair is a highly organized engineering that mainly involves three stages, including inflammation,
neointima, and remodeling 8. For the initial acute inflammation stage, many macrophages will migrate to the
injury site and secrete various inflammatory factors (such as TNF-q, IL-6, MCP-1) to clear the damaged cell debris
and play a defensive role. When entering the late stage of inflammation and transitioning to the neointimal stage
(active re-endothelialization stage), macrophages secrete various repair cytokines (such as bFGF, VEGF, and
TGF-p) to regulate the microenvironment at the injury site. Thus, it regulates the behavior of various cells involved
in re-endothelialization, including adhesion, migration, proliferation, phenotype, and homing 1929 However,
regardless of the stage, various related cells and factors are involved, and favorable cell behavior and factor
secretion can rapidly remodel blood vessels. Numerous studies have proved that the unique magnetic properties of
MNPs can regulate cell behavior and factor secretion, thereby promoting vascular remodeling 2. MNPs regulate
cell behavior and factor secretion in the following ways: (1) MNPs through the stimulation of labeled cells; (2)
MNPs-labeled cells respond to magnetic fields; (3) MNPs bind to materials to affect adherent cell behavior and
factors; (4) MNPs indirectly affect the behavior and factor secretion of target cells by affecting related pathway.
Lshii et al. 22l assembled a magnetic cell sheet by combining Fe;O, nanoparticles with mesenchymal stem cells
(MSCs) and then transplanted them into the hind limbs of nude mice to evaluate the potential of angiogenesis. The
results showed that the magnetic cell sheet group had more angiogenesis, increased vascular endothelial growth
factor expression, and decreased apoptosis. Perea et al. [23 first labeled human smooth muscle cells (SMCs) and
human umbilical vein endothelial cells (HUVECs) with MNPs and then used radial magnetic force to drive the cells
to efficiently reach the lumen surface of tubular scaffolds, fixed the cells on the matrix surface, and adhered firmly,
which effectively promoted the process of vascular endothelialization. To overcome irreversible damage to the
endothelial cell layer caused by surgery in repairing blood vessels, resulting in impaired vascular function and
restenosis, Vosen and his team [ combined nanotechnology with gene and cell therapy for site-specific re-
endothelialization and restoration of vascular function. The researchers overexpressed the vascular protection
gene endothelial nitric oxide synthase (eNOS) in endothelial cells (ECs) using a complex of lentiviral vectors and
MNPs. MNPs-loaded and eNOS-overexpressing cells are magnetic, and even under flow conditions, they can be
positioned on the vessel wall in a radially symmetric manner by the magnetic field. The results demonstrated that
the treated vessels showed enhanced eNOS expression and activity. Furthermore, the replacement of ECs with
eNOS-overexpressing cells restored endothelial function in a mouse model of vascular injury. More interestingly,
Mattix et al. 24 added MNPs to the cell spheres through the Janus method and then manipulated the cell sphere to

fuse into a vascular tissue structure with a diameter of 5 mm through the magnetic force generated by the external
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magnetic field (EMF). For the binding of MNPs to materials, Filippi et al. 28 prepared novel magnetic
nanocomposite hydrogels by incorporating MNPs into PEG-based hydrogels containing cells from the stromal
vascular fraction (SVF) of human adipose tissue; the stimulation of an external static magnetic field (SMF) on the
angiogenic properties of the constructs were investigated. The results showed that endothelial cells, pericytes, and
perivascular genes were strongly activated, and the expressions of VEGF and CD31(+) were increased. After
subcutaneous transplantation in mice, the magnetic drive structure showed denser, more mineralized, and faster-
vascularized tissue. Gu et al. [28 studied iron oxide nanoparticles to regulate macrophage phenotype toward M1
polarization and down-regulate M2-related arginase 1 (Arg-1) by affecting the interferon regulatory factor 5 (IRF5)
signaling pathway, in which iron-based MNPs are anti-cancer and inhibit tumor angiogenesis, providing new
insights. However, MNPs have a concentration-dependent effect on the phenotypic polarization of macrophages.
Many studies have shown that low-dose MNPs also can promote M2 polarization, but the related pathway
mechanism is rarely studied (2728 The aforementioned favorable behaviors based on cell and factor secretion

regulation by MNPs can effectively participate in vascular repair.

| 3. MNPs as Carriers for Targeted Drug Delivery

MNPs have unique advantages in the construction of drug delivery systems (magnetic drug delivery, MDD), such
as inherent magnetic targeting, magnetocaloric drug release, and accessible surface modification, which can
maximize drug delivery. By applying a permanent magnet near the target tissue, the accumulation of MNPs at the
target site can be induced, reducing the drug’s distribution in the whole body, thereby improving the therapeutic
effect and reducing the toxic and side effects 2. When using MNPs as drug delivery systems, the magnetic
properties of nanoparticles are size-dependent, and magnetic nanoparticles with excellent performance can be
obtained by adjusting the size. The charge and hydrophobic properties of MNPs affect their interactions with
plasma proteins, the immune system, extracellular matrix, or non-targeted cells and determine their biological
distribution. Hydrophobic MNPs readily adsorb plasma proteins, leading to recognition by the reticuloendothelial
system and eventual clearance from the circulatory system under opsonization, resulting in a short circulating half-
life. After modifying its surface with hydrophilic PEG and other molecules, its circulating half-life can be increased.
Positively charged MNPs easily bind to non-targeted cells and undergo a nonspecific internalization process.
Compared with negatively charged MNPs, positively charged MNPs generally exhibit higher cellular internalization
effects BUBL, |n recent years, MDD systems have been widely developed to treat various diseases (3233
including tumors, such as designing Fe;O4 nanoparticles-based targeted drug delivery systems to enhance cancer
targeting to suppress tumors under static magnetic fields and laser irradiation growth, and the system proved
effective for in situ transdermal drug delivery, magnetic fields, and synchronization of laser and biological targeting.
Demonstrated in breast cancer models, this system is an effective alternative for the treatment of superficial
cancers [24: bone, for example, has developed an exosome derived from neutrophils modified by sub-5 nm ultra-
small PBNP (uPB) engineering through click chemistry, which can target deep into cartilage, significantly improve
the joint injury of CIA mice, and inhibit the overall severity of arthritis, showing considerable potential in the clinical
diagnosis and treatment of arthritis 31; in vascular structures, a developed nanoparticle (MMB-PLGA-PTX) can be

used for in-stent restenosis (ISR) treatment that is responsive to external magnetic fields and LIFU. The results
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showed that magnetic targeting increased the accumulation of MMP-PLGA-PTX 10-fold, while LIFU facilitated the
penetration of the released PLGA-PTX into the arterial tissue, thereby increasing the retention time of the released
PTX in the stented vascular tissue. Combined with efficacy, this strategy holds great promise for the precise
delivery of antiproliferative drugs to stented vascular tissue for ISR therapy 8 skin, such as heme-modified
prussian blue nanoparticles (PBNP, an iron-based magnetic nanoparticle) forms a colloid with NO, which is locally
dropped at the skin wound site in response to NIR light and releases NO in a targeted and controllable manner to
enhance blood Microcirculation, thereby effectively enhancing angiogenesis and collagen deposition during skin
wound healing B | In the treatment of vascular injury, the main focus is on treating the etiology 8. For example,
arterial occlusion caused by external force injury or cardiovascular disease can cause severe mortality 249 s
the rapid recanalization strategy can effectively reduce the risk of death. Intravenous injection of tissue
plasminogen activator (tPA) at a fixed dose is the main method to dredge arterial occlusion 2421 Sl it will
produce complications such as insufficient curative effect and bleeding. Therefore, magnetic drug targeting (MDT)
is an effective therapeutic method, which uses an EMF to enhance the specific accumulation of drugs bound to
MNPs in the diseased vascular system 43, Ma et al. 44! first studied the possibility of local thrombolysis with MDT.
MNPs combined with tPA (tPA equivalent is 0.2 mg/kg) were used in the rat embolism model. Herein, MNPs
administered intravascularly moved and accumulated along the iliac artery affected by thrombus under the action
of an external magnet, which resulted in effective targeted thrombolysis and was only less than 20% of the free tPA
dose. Atherosclerosis (AS) is also a severe disease that can cause vascular damage 4348, Although many drugs
can treat atherosclerosis 47481491 theijr systemic administration has serious disadvantages. In particular, the
proportion of therapeutic dose reaching atherosclerotic lesions is small, resulting in poor therapeutic effect.
Increasing the dose is often impossible in many cases because it can cause serious side effects and drug
tolerance. Since the existing treatment strategies for AS are far from ideal, there is an urgent need for targeted
therapy as an alternative strategy to exert better therapeutic effects. Cicha et al. BY developed the combination of
dexamethasone on MNPs, which magnetically targeted the balloon injury area in rabbits as well as advanced
atherosclerotic plaques. Although the desired effect was not achieved, this may also be due to the selection of
candidate drugs. In addition, myocardial infarction caused by coronary plaque rupture can also cause severe
inflammation and even heart failure BUB253] Zhang et al. 24 studied in a rat myocardial infarction model, using an
in vitro epicardial magnet to accumulate MNPs that bind to the human VEGF gene encoded by an adenovirus
vector in the ischemic area. Results showed that targeting MNPs resulted in higher VEGF gene expression in the
affected area and better cardiac repair. Currently, the treatment of myocardial infarction with stem cell preparations
promises to improve myocardial tissue recovery, but this is still limited due to poor accumulation and retention of
therapeutic agents at target sites. Cheng et al. B3 used MNPs to enhance the targeted delivery of cardiac-derived
stem cells (CDCs) in female rats with myocardial infarction. Then, a 1.3 T circular magnet was placed about 1 cm
above the apex of the heart for 10 min, starting with an intramuscular injection of CDCs. During this process, the
naked eye can see slight discoloration of adjacent tissues, suggesting that magnetic particle-labeled CDCs could
prevent coronary washout. After 24 h, histology confirmed the retention of magnetic particle-labeled CDCs. Semi-
guantitative fluorescence imaging showed that cells spread more in a subgroup of rats injected with non-magnetic
or magnetically labeled CDCs without magnets than in rats that received labeled cells and additional magnetically

targeted therapy to their lungs and spleen. Subsequently, the SRY gene that was decisively differentiated was
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analyzed by polymerase chain reaction (PCR). The results showed that CDCs implantation was three times higher
in the myocardial tissue of rats in the magnetic target group. Therefore, it was concluded that magnetic targeting
could effectively attenuate the flushing of magnetic-particle-labeled CDCs at the injection site and significantly
increase short-term CDCs engraftment in just 10 min. As targeted carriers, MNPs can effectively participate in the
treatment of vascular injury. More applications can also be used as magnetic resonance contrast agents for MRI,

which can accurately evaluate vascular functional and structural parameters to diagnose and treat.

4. MNPs as Contrast Agents for Vascular Microenvironment
Imaging

Magnetic Resonance Imaging (MRI) is one of the most effective diagnostic imaging tools in medicine, providing
clinicians with a high spatial and temporal resolution of biological anatomy and metabolic/functional information in a
non-invasive manner. Tissue necrosis, ischemia, and other malignant diseases are of great significance. Under the
action of an EMF, different tissues and organs of the organism can generate different resonance signals to form
MR images. The strength of the resonance signal is determined by the water content of each part of the body and
the relaxation time of water protons. The contrast agent is an image-enhancing contrast agent that can change the
body’s relaxation rate of water protons, improve imaging contrast, and display lesions [B8I57IE8] MNPs are
considered to have promising applications in T2 MRI contrast agents, and especially iron-based MNPs exhibit
longer half-lives than clinically used gadolinium-based contrast agents B2. At present, a variety of iron-based
MNPs have been developed as clinical MRI contrast agents for imaging various tissues. For example, the FDA
approved Feridex to detect liver lesions, and Combidex has entered the phase lll clinical trial stage for the imaging
of lymph node metastasis 9. In terms of vascular structures, in addition to participating in vascular repair in the
above ways, MNPs can also be used as vascular microenvironment imaging contrast agents to observe the
dynamic changes of vascular graft contour, stenosis or occlusion, and other abnormalities through image
visualization to evaluate the process and effect of repair 6. Flores et al. [¢2 demonstrated the feasibility of MRI to
assess the in vivo performance of tissue-engineered vascular grafts (TEVG) by labeling human aortic smooth
muscle cells (HASMCs) with USPIO nanoparticles, which were then seeded into a TEVG and implanted in mice in
vivo. The results showed that USPIO-labeled TEVG consistently had sharper boundaries and lowered T2
relaxation time values than unlabeled control scaffolds. In addition, MNPs labeled cells were also used to observe
the behavior of related vascular cells by MRI. Perea et al. (63 Labeled HUVECs with clinically approved SPIO, then
drove cells to the lumen of polytetrafluoroethylene (PTFE) tubular grafts through a particular electromagnet and

then detected endothelial cells with a 1.5 T magnetic resonance scanner to evaluate vascular endothelialization.

| 5. Other Role of MNPs in Vascular Repair

MNPs are exposed to alternating EMF, which triggers particle movement and local heating, which produces a high-
temperature effect that causes tissue damage in the area around the nanoparticles and have been applied to tumor
treatment. The main mechanism of action is to raise the temperature above 42 °C through magnetic heating and

lead to protein denaturation, which leads to cell death. At present, this method has also been an effective means to
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treat tumor vascular injury. Higher thermal stimulation based on physiological temperature can effectively Kill
intravascular tumor cells 64185 and inhibit blood flow to promote the recovery of vascular function 88, In recent
years, studies have also found that MNPs also have biological effects, such as promoting the polarization of
macrophages and producing ROS effects. These effects will also have a significant impact on the vascular repair.
Zanganeh et al. [¢7 found that high concentrations of ferumoxytol can promote macrophage polarization to M1,
thereby enhancing the regulation of cancer immunotherapy, including breast cancer, liver cancer, and lung cancer.
However, some scholars pointed out that a low concentration of MNPs can also promote the growth of blood
vessels 28 There is no more evidence to prove whether it may regulate the polarization of macrophages at the
injured site to M2 type to promote repair.

MNPs participate in vascular injury repair based on their unique physicochemical properties. However, no matter
how it participates in vascular repair, MNPs will pass through the blood circulatory system, affecting the vascular
wall’s function, blood pressure, or hemodynamics. The most typical is that when INOPs are less than 7 nm, they
will leak out of the vascular structures and be discharged by the kidney, while 200 nm—4 uM particles are easily
phagocytized by macrophages of the mononuclear phagocytosis system (MPS). Therefore, the development of
INOPs for vascular usually needs to be at 10-200 nm 88169 Secondly, it was known that the endothelial cell layer
is the innermost layer of the vascular wall, which can maintain the hemostasis and smooth blood flow of vascular
structures by releasing NO, heparin, plasmin, and other regulatory molecules 97 The instability of INOPs
sometimes leads to the release of iron ions, resulting in the dysfunction of most organelles in endothelial cells,
such as lysosome, golgi apparatus, endoplasmic reticulum, and mitochondria, which in turn induces oxidative
stress, inflammation, and gene mutation, and finally leads to the destruction of the endothelial cell layer, the
impairment of vascular wall function, and thrombosis 22, In addition, usually naked INOPs are prone to aggregate
in complex saline solutions (such as blood), adversely affecting living tissue or occluding vascular structures.
Stable anti-aggregation coatings, such as serum albumin, can greatly improve IONP dispersibility 3741751 More
importantly, studies have shown that the concentration of ions also significantly affects blood pressure and
hemodynamics.
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