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Abstract: Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in the world.
Myocardial infraction (MI) as one of the most harmful forms of ischaemic heart disease requires rigorous
and tempestive approaches which are not met by current clinical interventions. Nanotechnology has
developed promising clinical applications for imaging, diagnostic, gene delivery and tissue engineering,
which makes this technology a potential candidate for novel therapeutic delivery approach. This review
highlights several recent research reports regarding advances in drug delivery using nanoparticle-based (NP)
strategies, as well as future challenges and opportunities.
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1. Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in the world. Hearts
damaged from CVD ultimately progress to heart failure (HF), a condition where the heart is unable to
maintain a healthy cardiac output. The high morbidity and mortality of HF has recently become a burden in
both developed and underdeveloped countries [1]. Myocardial infraction (MI) is one of the most harmful
forms of ischaemic heart disease associated with HF. MI is characterised by cardiomyocyte loss and impaired
cardiac performance [2]. Therapeutic strategies aimed at attenuating cardiomyocyte loss and preventing
cardiac remodeling of the infract zone have been developed over the past decades. The delivery of
thrombolytic agents, percutaneous coronary intervention, and bypass surgery are some of the most common
clinical interventions [3]. However, such invasive surgical interventions have several limitations associated
with the risk of reperfusion injury and bleeding [4]. The short half-life and the lack of specificity of
pharmacological therapies, such as thrombolytic agents, also represents a limitation of current clinical
protocols [5]. Stem cell therapy has been widely studied and developed to manage tissue regeneration in
order to cope with the metastasis after MI. However, cell transplantation still faces the problem of low
biocompatibility and limited cell behaviour [6].

The recent advances in the medical nanotechnology field have led to the development of novel
diagnostics therapeutic platforms. For instance, nanoparticles (NPs) have promising clinical applications for
imaging, diagnostic, gene delivery and tissue engineering [7]. Using NPs to deliver pharmacological
treatments could potentially increase target specificity, improve the modulation of drug release hence
reducing possible side effects. Moreover, the encapsulation or conjunction of therapeutic agents with NPs can
enhance the compound solubility, reduce toxicity as well as improving its chemical stability in the circulation
[8]. Surface modifications of NPs with peptides, antibodies or small molecules could further optimise the
targeted delivery and biodistribution of therapeutic molecules [9]. Moreover, NPs have applications in the
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stem cell therapy where they have been shown to improve the biocompatibility of stem cells after
transplantation [6].

Several types of NPs have been developed such as lipid-based NPs, polymeric NPs, micelles, inorganic
NPs, and exosomes [9]. Inorganic magnetic NPs, made of metal compounds, carbon or silica, have raised
great interest in the medical community. Magnetic NPs are usually made of iron oxide. The magnetic
properties of these NPs can be exploited for both drug delivery and diagnostic tools. Magnetic NPs can
interact with external magnetic fields, which could have attractive applications for diagnostic tools such as
the magnetic resonance imaging (MRI) [10]. Moreover, the magnetism of these NPs also makes them
powerful tool for magnetic resonance imaging (MRI) [11].

In this review, we presented several novel NP-based therapeutic delivery systems and discussed the
recent advances of this promising field of modern medicine.

2. Enzyme-responsive Nanoparticle

The diameter of NPs ranges from 6 to 200 nm which makes them suitable for systemic transport. In
addition, such small diameter makes them an ideal delivery system for minimally invasive injections.
However, passive delivery still lacks specific target to the infract zones [12]. One of the issues associated
with NP-based delivery systems is the rapid tissue clearance. For instance, this could become problematic in
the treatment of post-MI left ventricle remodeling as the drug retention time might not be sufficient [13]. In
order to improve the spatial specificity of the NPs to the infract zone and extend NP retention time,
researchers developed an enzyme-responsive NP made of brush peptide and polymer amphiphiles (PPAs)
[14]. The peptide has a specific sequence which is responsive to matrix metalloproteinases (MMPs). MMP-2
and MMP-9 are upregulated and overexpressed in the infract zone. Therefore, such enzyme-responsive NPs
could reliably target the infract zones and improve the bioavailability of the therapeutic compound. When
NPs interact with local MMPs, a morphological change is initiated, converting spherical nanoscale micelles
into microscale, network-like materials. These morphological changes greatly enhance NPs retention in the
infract area, with the compound being retained up to 28 days.

Prompt therapeutic intervention is essential in minimising the adverse consequences of MI on left
ventricular (LV) remodeling. However, therapeutic agents are currently delivered by intramyocardial
injection which could damage the thin walls of the infract area. The newly developed enzyme-responsive NP
is an ideal delivery system for intravenous injection as it can avoid the risk of ventricular rupture. The ability
of these spherical nanoscale micelles to mutate morphology has great translational value and it is a significant
advance in the field of NP-based therapeutics.

3. Magnetic Antibody-linked Nanomatchmaker

Compared to other nanocarriers, iron oxide nanoparticles (IONPs) are relatively stable, biocompatible
an environmentally safe [15]. These features make them more suitable for certain medical applications, such
as contrast agents in MRI [11] and drug delivery [10]. However, cell toxicity and oxidation could potentially
be an issue when using IONPs as a drug carrier. With the involvement of the coating of some organic and
inorganic materials, iron-based NPs can be protected from environmental stimuli [16].

Stem cell therapy has been widely studied for its promising applications in tissue regeneration
engineering, however, the complex interaction between therapeutic cells and injured tissue renders the
application of such technology very challenging [17]. Antibody therapy have been approved by the Food and
Drug Administration (FDA). Therefore, researchers developed a magnetic bifunctional cell engager
(MagBICE) by conjugating anti-CD45 and anti-MLC antibodies to Ferumoxytol (trade name: Feraheme (FH))
[18]. This magnetic antibody-linked nanomatchmaker facilitates the interaction between the antibody and the
antigen in therapeutic stem cells. After intravenous injection, MagBICEs capture endogenous CD34-positive
cells during blood infusion and then specifically binds to the injured myocardium. This process is facilitated by
anti-MLC antibodies. The intravenous infusion of MagBICE and BMCs not only reduces scar mass and size in
the infarct zone, but also preserves wall thickness and promotes angiogenesis. It has been observed that
MagBICE-BMC treatment preserves cardiac function and increases cell viability in the injured heart [18].

The iron core of these compounds allows MagBICE delivery and retention to be monitored by MRI.
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MagBICE targeting is specific to the heart with little off target effects on the lungs. A similar targeting
specificity outcome has been observed between infarcted and non-infarcted areas. This was observed by
analysing MagBICE biodistribution using MRI [18]. Although the use of MagBICE alone has therapeutic
benefits, when used in combination with magnetic fields, its therapeutic value dramatically increases.

There are still limitations in this stem cell delivery system such as MRI image distortion and insufficient
therapeutic stem cells to capture in blood circulation. Because of the wide clinical use of both ferumoxytol and
recombinant human antibodies, these magnetic nanomatchmaker may easily be translated to clinical practice.

Exosomes are signal carriers mediating systemic information exchange and long-distance cell
interactions, also known as nanoscale extracellular vesicles (EVs) [19]. Through transfer of membrane
proteins, mRNAs, microRNAs and other molecules, exosomes have rather crucial effect on tissue
homeostasis maintenance and pathological process [20]. According to previous studies on exosome
modulation, it has been shown that exosomes may contribute to restoring cardiac function following MI.
Therefore, exosome biodistribution manipulation can be a guilder of therapeutic delivery in MI
management [17].

Jin and colleagues designed an inorganic-based nanoparticle ‘vesicle shuttle’ specialized in accurate
targeting and selective release of ‘vesicle shuttle’ by combining the magnetic field technology and the
microenvironment pH, as shown in Figure 1 [19]. This vesicle shuttle consists of an iron core, a silica (SiO,)
shell and a poly (ethylene glycol) (PEG) corona. The iron core functions for the magnetic-field-induced
targeting, and the SiO, shell not only protects the metallic core from acid corrosion but also creates a proper
base for the corona modification. After the vesicle shuttles are injected intravenously into the MI model,
exosomes will be captured by anti-CD63 conjugated to the nanoparticle corona in the blood circulation. The
other antibody conjugated to the corona is the anti-MLC, which plays a crucial role in precisely targeting the
infract area. This is facilitated by the local magnetic field for physical enrichment of the vesicle shuttles.
Infract areas are characterised by acidosis with pH values lower than 6.8. Acidic pH induces the cleavage of
hydrazone bonds and shedding of the corona, resulting in exosome release.

Although CD63 is capable of capturing exosomes, it is expressed in EVs [21]. Therefore, increased
therapeutic benefits could be achieved by designing unique antibody markers. The concept of in vivo
manipulation of exosome biodistribution can be extended to other disease management. Overall, this vesicle
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Figure 1. Schematic diagram of the vesicle shuttle delivery system. The anti-CD63 antibodies conjugated to the
vesicle shuttle capture and attach to endogenous circulating exosomes. Dual targeting of this strategy using both an
external magnet, which attracts the magnetic vesicle shuttle to the infarct area, and a conjugated anti-MLC antibody,
which targets MLC on damaged cardiomyocytes. Release of the exosomes triggered by the infarct environment of pH <
6.8, acidosis-induced cleavage of hydrazone bonds and shedding the corona leads to the selective release of exosomes.
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shuttle still needs further investigation, because different pathological microenvironments could have
different effects on transferred exosomes and NPs functions.

4. EV Therapy Combined Nanoparticle

While EV signal transfer offers promising drug delivery system, it remains unclear how this endogenous
biodistribution is regulated [19]. It is crucial to further investigate how systemic distribution, uptake and
excretion of EVs can be monitored. Moreover, a novel strategy to encapsulate superparamagnetic iron oxide
(SPIO) NPs into EVs have been developed, which results in an optimised MRI detection [22]. Such
mechanism has not been reported in the literature before. Studies on in vivo MRI-based EV are limited by the
low sensitivity of MRI and SPIO nanoparticles aggregation [23]. This research has highlighted on optimized
electroporation with high efficiency of labelling and purification. The surface modulation of SPIO
nanoparticles was achieved through conjugation with hexa-histidine peptides. These SPIO nanoparticles
bound to His-tag can selectively bind to Ni2+ immobilized nitrilotriacetic acid (NTA) agarose resins (Ni-
NTA) columns. This contributes to the high purification efficiency of unloaded free SPIO-His after
encapsulation (up to 97.4%). SPIOs labelled successfully and ensure an adequate sensitivity for MRI
detection, with the high removal rate of free SPIO-His, a sufficient specificity of MRI detection can be
achieved without interferences from free NPs.

This research takes iPSC-derived EVs as a functional therapeutic EVs with no nuclei. Therefore, they
can be applied clinically without any concern for genetic instability and tumorigenicity. The therapeutic EVs
can be individualized from autologous iPSCs of the same patients, which also avoids immunogenicity and
ethical concerns. This technology is capable of in vivo quantitative assessment of spatial-temporal
distribution of magnetically labelled EVs in the system. Both maximized encapsulation rate and convenient
purification approaches contribute to a good balance of purification against yield. This generates a powerful
tool for large scale applications in the future.

5. Challenges and Opportunities

With the development of nanotechnology and its combination with therapeutic delivery system,
researchers have overcome several limitations related to the bioavailability and the biocompatibility of drug
delivery in CVDs. MI requires rather rigorous and tempestive approaches which are not met by current
clinical interventions. Current pharmacotherapy exhibits low absorption, rapid excretion, and toxicity if
administrated at high dose. However, with the encapsulation of NPs and NP surface modification, these
issues could be solved readily. Traditional Chinese Medications are also characterised by low solubility and
bioavailability. Although the safety aspects and the effects of NPs at different disease stages need further
investigation, magnetic NPs and stem cell regeneration therapy have been widely used clinically. This could
perhaps suggest that NP-based stem cell therapy will translate to clinical practice in the near future.
Moreover, several Chinese herbal medicines (TCM) have been shown to improve cardiac function after MI
[24,25]. NP-based delivery system can be a novel option for researchers to study TCM and perhaps have
positive clinical effects in the management of MI and CVDs in the future.
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