Materials Today Bio 14 (2022) 100249

Contents lists available at ScienceDirect

Materials Today Bio

;;aterialstoday
BIO

ELSEVIER journal homepage: www.journals.elsevier.com/materials-today-bio
Polymeric nanoparticles in the diagnosis and treatment of myocardial ]

infarction: Challenges and future prospects

Check for
updates

Mia Karam ®°, Duaa Fahs 2b Batoul Maatouk *°, Brouna Safi¢, Ayad A. Jaffa b,*

Rami Mhanna®""

# Biomedical Engineering Program, Maroun Semaan Faculty of Engineering and Architecture, Lebanon
Y Department of Biochemistry and Molecular Genetics, Faculty of Medicine, American University of Beirut, P.O. Box 11-0236, Beirut, Lebanon
¢ Department of Chemical Engineering, Maroun Semaan Faculty of Engineering and Architecture, Lebanon

ARTICLE INFO ABSTRACT

Keywords:

Polymeric nanoparticles
Myocardial infarction
Diagnosis

Treatment

Theranostics

Table of contents

Myocardial infarction (MI) is the leading cause of morbidity and mortality worldwide. Despite extensive efforts to
provide early diagnosis and adequate treatment regimens, detection of MI still faces major limitations and
pathological MI complications continue to threaten the recovery of survivors. Polymeric nanoparticles (NPs)
represent novel noninvasive drug delivery systems for the diagnosis and treatment of MI and subsequent pre-
vention of fatal heart failure. In this review, we cover the recent advances in polymeric NP-based diagnostic and
therapeutic approaches for MI and their application as multifunctional theranostic tools. We also discuss the in

vivo behavior and toxicity profile of polymeric NPs, their application in noninvasive imaging, passive, and active
drug delivery, and use in cardiac regenerative therapy. We conclude with the challenges faced with polymeric
nanosystems and suggest future efforts needed for clinical translation.

1. Introduction

Myocardial infarction (MI), commonly known as a heart attack, most
often arises during the unstable period of coronary atherosclerosis when
the vascular wall is inflamed. It is responsible for irreversible myocar-
dium damage including cardiomyocyte death and extracellular matrix
(ECM) degradation due to prolonged ischemia [1]. It is the most preva-
lent type of cardiovascular diseases (CVD) and remains the leading cause
of morbidity and mortality worldwide [2]. The early and accurate
diagnosis of MI in patients is crucial for the initiation of adequate
treatments to limit morbidity and mortality rates. The diagnosis of MI not
only relies on the interpretation of the patient's history and electrocar-
diogram (ECG), but also on serum enzyme analysis and contrast
agent-based enhanced imaging techniques. However, it is challenged by
the enzyme immunoassays' low sensitivity and/or specificity and the
contrast agent's rapid renal clearance and lack of tissue specificity [3].
Moreover, despite the significant progress in MI treatments, pathological
ventricular remodeling continues to limit the recovery of survivors and
trigger fatal heart failure. Conventional treatments aim to counteract a
variety of pathological processes related to ischemia including oxidative
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stress, inflammation, and cardiomyocyte apoptosis to attenuate post-MI
pathological remodeling and prevent heart failure [3]. These therapeu-
tic approaches are challenged with the low bioavailability, stability, and
blood circulation time of the therapeutic agents, their undesirable
side-effects, and the costly procedures burdening the healthcare systems
with an average of $18,953 per patient per year [4]. The above limita-
tions and challenges can be addressed with the help of nanomedicine.

Nanomedicine is an advanced field that involves the application of
biomaterials at the nanoscale, including polymeric nanoparticles (NPs),
for imaging, sensing, and treatment of various diseases. NPs are evolving
as potential candidates for diagnostic, therapeutic, and theranostic ap-
plications for MI. They can promote noninvasive and targeted delivery of
imaging agents and/or bioactive molecules to overcome current limita-
tions facing conventional diagnostic and therapeutic techniques for MI
[5]. In this review we provide an overview of MI and polymeric NPs
focusing on the development and application of polymeric NPs for the
diagnosis, therapy, and theranostics of MI. We also discuss the clinical
potential together with the challenges and limitations of these nano-
systems and propose some needed studies required for the advancement
of this field.
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2. Myocardial infarction and nanomedicine
2.1. Myocardial infarction: epidemiology, etiology, and pathophysiology

MI is the most severe and prevalent type of CVD and remains the
leading cause of morbidity and mortality worldwide [6]. Each year, MI
affects more than 7 million men and women, heavily burdening the
economy with more than $450 billion spent annually due to patient
hospitalizations [7]. Despite substantial improvements in patient care
and lifestyle changes, MI still poses a threat to the global health ac-
counting for 15% of the yearly worldwide mortality rate [7].

MI is most often caused by a spontaneous onset of ischemia due to
partial or complete blockage in blood flow in one or more coronary ar-
teries caused by plaque erosion and/or rupture, ulceration, or fissuring.
This ultimately leads to a decreased blood supply and hence lack of ox-
ygen in the irrigated myocardium leading to myocyte necrosis [8]. This
ischemia-related MI is considered type 1 MI (Table 1) [8]. Type 2 MI also
represents a spontaneous event however; the underlying cause of the
observed ischemia is myocardial injury with necrosis due to an acute
imbalance between oxygen supply and demand [8]. Type 3 MI represents
sudden unexpected cardiac death, including cardiac arrest. It is often
accompanied by signs and symptoms suggestive of myocardial ischemia
or development of a fresh thrombus in a coronary artery detected by
angiography and/or at autopsy [8]. On the other hand, types 4 and 5 of
MI are termed periprocedural infarctions as they occur due to surgical
interventions [9]. Type 4 MI is further divided into 4a and 4b, where 4a
indicates an MI associated with percutaneous coronary intervention
(PCI) characterized by a rise in cardiac troponin levels as well as symp-
toms suggestive of myocardial ischemia, new ECG changes, or new loss of
viable myocardium among others. On the other hand, type 4b is related
to thrombotic occlusion of a coronary stent determined by angiography
or at autopsy, and accompanied by a rise and/or fall of cardiac biomarker
levels [10]. Finally, type 5 MI is associated with coronary artery bypass
grafting (CABG) distinguished by an elevation of cardiac biomarker
values, as well as new native coronary artery occlusion, new loss of viable
myocardium or new regional wall motion abnormality [10].

Immediately after MI, the ischemic insult causes severe systolic
dysfunction, due to inhibition of contractile proteins, followed by ultra-
structural changes in cardiomyocytes such as rapid depletion of adeno-
sine triphosphate, reduction of cytoplasmic glycogen granules, and
mitochondrial swelling [11]. These events lead to the loss of car-
diomyocytes by necrosis and less often by apoptosis and autophagy,
leading to the death of more than one billion cardiac cells [11]. As the
adult human heart has negligible regenerative capacity, the damaged
myocardium heals by forming a non-functional fibrotic tissue that re-
places the normal contractile tissue to maintain the structural integrity of
the left ventricle (LV). The healing process of the infarcted region follows
3 overlapping phases: acute inflammatory phase (1-7 days), pro-
liferative/fibrotic phase (1-3 weeks), and scar maturation/ventricular
remodeling phase (4 weeks or more) (Fig. 1) [11].

First, during the acute inflammatory phase, several innate immune
pathways are activated by “danger signals” released by necrotic car-
diomyocytes. These endogenous molecules termed alarmins trigger
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inflammation by activating pro-inflammatory signaling pathways such as
Toll-like receptor and interleukin (IL)-1 in surviving cardiomyocytes,
resident fibroblasts, endothelial cells, and leukocytes. For instance,
stimulation of these pro-inflammatory signaling pathways leads to the
activation of the nuclear factor kappa B which in turn promotes the
transcription of pro-inflammatory cytokines and chemokines such as IL-
1, IL-6, tumor necrosis factor alpha (TNF-a), and IL-8 [12]. The latter are
released in the infarcted myocardium to attract and recruit neutrophils
and monocytes to the injured region, and remove dead cardiomyocytes,
apoptotic  neutrophils, and matrix debris [12]. Moreover,
CD14+/CD16-monocytes are mobilized from the bone marrow to the
blood and recruited to the infarcted myocardium where they differen-
tiate towards the “classically activated” pro-inflammatory M1 macro-
phages. Accordingly, they secrete pro-inflammatory cytokines as well as
matrix metalloproteases (MMPs) to promote tissue digestion and necrotic
debris phagocytosis [13]. The inflammatory phase is also characterized
by alterations in the ECM as MMPs degrade collagen, elastin, and hya-
luronan. The degradation products of these fibers can also trigger
neutrophil, monocyte, and fibroblast infiltration further amplifying the
inflammatory response. Matrix degradation is accompanied by provi-
sional matrix deposition of fibrin/fibrinogen networks and platelet ag-
gregates which provide a supportive scaffold for infiltrating immune cells
and for migrating fibroblasts and endothelial cells [14]. The occurrence
of these steps of the inflammatory phase in a tightly orchestrated manner
is vital for the conservation of myocardial function. Defective signals
leading to a prolonged inflammatory reaction or overexpansion of the
inflamed area could result in the excessive death of cardiomyocytes and
extreme degradation of the ECM [11].

Second, the proliferative or fibrotic phase takes place a few days after
reperfusion to allow the heart to repair itself. At the beginning, the in-
flammatory reaction is suppressed and resolved to allow restoration of
the geometrical structure and function of the injured area and reestab-
lishment of the ECM. Accordingly, phagocytic cells are recruited to the
infarct to remove all apoptotic neutrophils and remains of the ECM [15].
Moreover, M1 macrophages undergo a phenotypic switch towards the
“alternatively activated” anti-inflammatory M2 macrophages. M2 cells
inhibit inflammation by secreting anti-inflammatory cytokines such as
IL-10 and transforming growth factor beta 1 (TGF-p1) [16,17]. Other
leukocyte and lymphocyte subpopulations are also involved in this pro-
liferative phase of repair. Dendritic cells, CD4" and CD8" T-cells, and
natural Kkiller cells contribute to the resolution of inflammation, scar
tissue formation, and angiogenesis [18,19]. Resident cardiac fibroblasts
are also activated to proliferate, acquire a matrix-synthetic phenotype,
and transdifferentiate towards contractile myofibroblast-like cells [20].
Accordingly, myofibroblasts synthesize excessive amounts of structural
and matricellular ECM proteins to provide physical support, regulate
fibrinogenesis, and contribute to scar tissue formation. They also secrete
anti-inflammatory molecules and pro-angiogenic factors to resolve
inflammation and irrigate the ischemic regions of the infarcted
myocardium, respectively [21]. The processes occurring during this
phase are essential for the replacement of the necrotic cardiac tissue with
a viable fibrotic scar. However, the extensive secretion and deposition of
ECM proteins and the delay of its inhibition could lead to excessive

Table 1
Classification of myocardial infarction [8].
Classification Definition
Type 1 Spontaneous MI caused by ischemia due to blood flow blockage in 1 or more coronary arteries caused by plaque erosion, rupture, ulceration, or fissuring
Type 2 Spontaneous MI caused by ischemia due to an acute imbalance between oxygen supply and demand
Type 3 Sudden unexpected cardiac death accompanied by symptoms suggestive of myocardial ischemia or development of a fresh thrombus in a coronary artery
detected by angiography and/or at autopsy
Type 4 4a MI associated with a PCI
4b MI associated with thrombotic occlusion of a coronary stent determined by angiography or at autopsy, accompanied by a rise and/or fall of cardiac
biomarker levels
Type 5 MI associated with CABG distinguished by an elevation of cardiac biomarker values, native coronary artery occlusion, loss of viable myocardium or regional

wall motion abnormality




M. Karam et al.

Materials Today Bio 14 (2022) 100249

Inflammatory phase J

Proliferative phase

Maturation phase

-

1 Immune cell response g
—

2

wn

N N . =
Resolution of inflammation o

ECM deposition, angiogenesis o

p—

o

=

S

) T ; =
Collagen cross-linking in scar tissue 5

) Ventricular remodeling .%
[$]

z

<

Fig. 1. Schematic representation of the temporal evolution of response to a myocardial infarct. Parts of the figure were drawn by using pictures from Servier Medical
Art (http://smart.servier.com/), licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

fibrosis which risks disrupting the coordination of myocardial
excitation-contraction coupling during systole and diastole, increasing
the risk of heart failure [22].

Third, the scar maturation and ventricular remodeling phase con-
cludes the healing process of the infarct by several mechanisms including
regulation of ECM composition and ventricular remodeling. The ECM is
reorganized by cross-linking of the newly synthesized collagen fibers and
decrease of matricellular protein expression while the production of anti-
fibrotic factors increases. In the scar tissue, angiogenesis is inhibited, and
infarct myofibroblasts enter quiescence, undergo apoptosis, and/or stop
secreting matrix proteins [11]. As the infarcted region undergoes a
healing phase, the viable myocardium in remote regions of the LV un-
dergoes dilatation to maintain an adequate cardiac output. However, the
healing process overloads the non-infarcted cardiac regions with added
pressure and volume promoting the re-emergence of inflammatory and
fibrotic cells and causing extensive LV remodeling, which could lead to
systolic dysfunction and fatal heart failure [23].

2.2. Current diagnostic and therapeutic approaches for MI and their
limitations

Diagnosis of an MI by physicians typically starts by assessing the full
medical history of patients and their clinical symptoms (angina pectoris,
nausea, vomiting, sweating and heart palpitation). However, while
medical history and physical examination of suspected MI patients is
necessary for accurate patient triage and treatment, further tools are
required to confer the diagnosis such as analysis of serum cardiac bio-
markers like creatine kinase MB (CK-MB) and cardiac troponins (cTn).
After an MI, serum levels of CK-MB, a cytosolic enzyme predominantly
present in the myocardium, begin to increase at 3-6 h, reaching a peak of
5 to 20-fold their normal value at 12-24 h. Typically, serum CK-MB levels
are detected by enzyme-linked immunosorbent assays, enzyme-linked
fluorescent assays, chemiluminescence immunoassays, and time-
resolved fluoroimmunoassays. While these methods have high sensi-
tivity, accuracy, and clinical applicability, they remain expensive, time-
consuming, and they are limited by their low analytical sensitivity and
the background fluorescence interference [24]. Compared to CK-MB,
cardiac troponins (cTn) are the most commonly detected enzymes as
they are more sensitive and specific to acute MI [25]. The cTn group of
proteins are regulatory proteins that control calcium-mediated actin--
myosin interactions, resulting in contraction and relaxation of the cardiac

muscle [26]. The cTn proteins are released in a biphasic manner into the
serum 2-4 h after an MI reaching a peak at 24 h then maintaining
elevated serum levels for up to 10 days. Their elevated concentrations in
the serum are indicative of myocardial cell damage or necrosis and
myofibrillar ¢cTn degradation [27]. The most widely used assays for the
detection and quantification of cTn are sandwich enzyme-linked immu-
nosorbent assays which rely on the high specificity and affinity of specific
c¢Tn antibodies [28]. This technique however requires professional
technicians, long procedures, and is limited by its detection efficiency,
low analytical sensitivity, and false positives. As such, studies have been
focused on developing rapid, reliable, and cost-effective tests for c¢Tnl
detection with improved detection limits and accuracy [29].

Imaging techniques are also adopted for accurate diagnosis of MI
when the clinical symptoms of a suspected MI patient overlap with those
of other conditions that lead to myocardial injury, risking an inadequate
diagnosis. Imaging techniques include cardiovascular magnetic reso-
nance (CMR), computed tomography (CT), and multimodal imaging.
CMR offers a noninvasive approach to detect microvasculature stenosis,
assess myocardial necrosis, and quantify the infarct size in acute ML It
also permits an adequate evaluation of the distinct stages of MI, post-MI
LV remodeling, and other complications. CMR uses strong magnetic
fields and relies on the body's natural magnetic properties to produce
images of the heart. It has high spatiotemporal and contrast resolution
that permits accurate and reproducible tissue characterization and mul-
tiplanar reconstruction, as well as differentiation between acute and
chronic myocardial injury when coupled with delayed-enhancement
technique [30]. However, CMR is associated with a high false-negative
rate (~16%) which risks a misleading diagnosis [31]. Moreover, con-
ventional contrast agents have several limitations such as low specificity,
inconsistencies, and safety concerns. Due to their non-targeted nature,
conventional contrast agents are passively absorbed into the damaged
regions of the myocardium which translates into an enhancement that is
not specific to MI but can be caused by other pathologies which may lead
to misinterpretation and misdiagnosis [32]. Also, these gadolinium
(Gd)-based contrast agents offer suboptimal reproducibility in the
assessment and quantification of the infarct size [32]. Gd-based contrast
agents are also labeled as unsafe for use in patients with renal disease as
they have been linked to a rare but severe medical condition termed
“nephrogenic systemic fibrosis” [33]. CMR is also a method with limited
analysis of coronary artery stenosis and only allows a limited spatial
coverage of the LV [34]. Another imaging modality widely requested by
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physicians is CT. CT scan relies on delivering X-ray beams to the organ of
interest and taking images from several angles to generate cross-sectional
computerized images of the scanned bones, blood vessels, and soft tis-
sues. Cardiac CT scan has evolved from diagnosis of coronary athero-
sclerosis to assessment of myocardial perfusion, ventricular function, as
well as structural heart disease. When coupled with iodinated-based
imaging agents, CT scan termed delayed enhancement CT can accu-
rately diagnose both acute and chronic ML In fact, delayed enhancement
CT detects ischemic and viable myocardial regions as well as early
perfusion defects which are evident by the reduced distribution of the
contrast agent [35,36]. Nevertheless, CT scan is a costly procedure
requiring exposure to high doses of ionizing radiation with a significant
biological risk [37]. The intravenous (IV) exposure to the iodine-based
contrast material has been associated with acute renal failure [38].
Moreover, CT scan has a low sensitivity for small vessels, and due to false
positives, it is often associated with greater intervention rate for PCI and
CABG without decreased MI [39]. Finally, multimodal imaging is adop-
ted in MI diagnosis as it combines various techniques to simultaneously
acquire different images and gather information regarding the func-
tionality and morphology of the heart tissue [40]. For instance,
single-photon emission computerized tomography (SPECT) can be com-
bined with CT scan (SPECT-CT) to study MMP activity post-MI in the
infarct and remote cardiac regions. This noninvasive technique helps
track and quantify MMP activation in the injured myocardium and assess
as such post-MI LV remodeling [41]. Moreover, positron emission to-
mography (PET)-CT and PET-MRI take advantage of PET's high sensi-
tivity for cell tracking, MRI's excellent structural and functional tissue
characterization, and CT's anatomical precision. PET-CT relying on '°F-
or 11C-labeled molecular probes can help elucidate the pathophysiology
underlying cardiac remodeling as well as study angiotensin II type I re-
ceptor expression in patients with chronic MI [42]. Moreover, PET-MRI
has been adopted as a hybrid imaging technique which combines
18F_fluorodeoxyglucose uptake and late gadolinium enhancement trans-
murality for better assessment of cardiomyocytes viability after an acute
MI [43]. Multimodal imaging techniques are associated with some lim-
itations such as low image quality, limited quantification of myocardial
perfusion, exposure to high radiation dosages, limited spatial resolution,
and limited visual assessment [44-46] (Table 2).

Conventional treatments for acute MI consist of reducing the risk of
recurrent coronary thrombotic events and restoring vascular perfusion to

Table 2
Major limitations of MI diagnostic imaging techniques.
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the ischemic myocardium. Platelet activation, degranulation, and ag-
gregation are important events that are complementary to the blood
coagulation cascade and hence are tightly involved in thrombus forma-
tion. Antiplatelet drugs such as adenosine diphosphate P2Y12 receptor
blockers and glycoprotein IIb/Illa receptor blockers are typically pre-
scribed to MI patients to disrupt the platelet aggregation pathway.
Platelet aggregation disruption prevents thrombus formation and
expansion of existing clots thus reducing the risk of a secondary ischemic
event by 32% [47]. However, P2Y12 and glycoprotein IIb/Illa receptor
blockers are both costly medications with several limitations. The former
shows a relatively slow onset of action following initiation of therapy
[48]. Also, certain agents such as Cangrelor have a short half-life leading
to the immediate abrogation of their inhibitory effects within minutes
following IV administration [49]. These drugs have also been associated
with a significant increase in the incidence of fatal or major bleeding
[50]. Glycoprotein IIb/Illa receptor blockers have also been associated
with increased risk of minor and major bleeding as well as adverse re-
actions affecting the cardiovascular system by inducing hypotension and
bradycardia, and the circulatory system by causing thrombocytopenia
[51]. As patients having experienced an MI event are likely to experience
a secondary MI even after antiplatelet treatment, a dual treatment of
antiplatelet and anticoagulant drugs has been recommended for sec-
ondary prevention [52]. Oral anticoagulants target different mediators in
the coagulation cascade, and they include vitamin K antagonists, direct
factor Xa inhibitors, and direct thrombin inhibitors. However, antico-
agulants have limited therapeutic potential due to their many disad-
vantages such as their narrow therapeutic window, low bioavailability,
and associated side effects. Warfarin, a vitamin K antagonist, has a nar-
row therapeutic window requiring regular coagulation monitoring. It has
been associated with several drug and food interactions, as well as an
increased risk of bleeding [53], bruising, fatigue, and gastrointestinal
adverse effects [54]. Direct factor Xa inhibitors such as Apixaban have
been associated with dose-dependent increase in bleeding including
bruising and hematoma [55]. Rivaroxaban has also been linked to some
adverse reactions including hepatobiliary disorders, allergy and hyper-
sensitivity reactions [56]. Direct thrombin inhibitors were also shown to
increase hepatic enzyme levels which could be potentially harmful to
patients. They are also limited by relatively low bioavailability, subop-
timal pharmacokinetic properties, and inapplicability to patients with
severe renal insufficiencies [57-59]. Other traditional pharmacological

Imaging technique Limitations

Ref.

Creatine kinase MB assays Expensive

Time-consuming

[24]

Low analytical sensitivity
Background fluorescence interference

Cardiac troponin enzyme-linked immunosorbent assays
Long procedure

Professional technicians

[29]

Limited detection efficiency
Low analytical sensitivity
Risk of false positive results

Cardiovascular magnetic resonance

High false-negative rate

[31-34]

Untargeted conventional contrast agents

Suboptimal reproducibility of Gd-based contrast agents
Toxicity of Gd contrast agents

Limited analysis of coronary artery stenosis

Limited spatial coverage of the left ventricle

Computed tomography Costly procedure

[37-39]

Exposure to high radiation dose

Association of contrast material with acute renal failure

Low sensitivity for small vessels

Association of CT with greater intervention rate for PCI and CABG without decreased MI

Multimodal imaging

Low image quality

[44-46]

Limited quantification of myocardial perfusion
Exposure to high radiation dose

Limited spatial resolution

Limited visual assessment
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approaches adopted to treat MI patients include p-blockers, angiotensin
converting enzyme (ACE) inhibitors, and statins. Beta-blockers decrease
myocardial oxygen consumption by lowering blood pressure and heart
rate and reduce the infarct size and arrhythmogenesis by diminishing the
neural and humoral sympathetic systems. They can also exert beneficial
actions on the remote myocardium by reducing ventricular remodeling
due to their anti-apoptotic, anti-inflammatory, and anti-fibrotic proper-
ties [60,61]. p-blockers’ therapeutic effects are restricted by their low
bioavailability, relatively short half-life, poor permeability, and adverse
reactions which include irregular heart rate, bronchitis, and hepatitis
[62,63]. Moreover, ACE inhibitors can reverse post-MI ventricular
remodeling, decrease blood pressure, reduce cardiac hypertrophy and
interstitial fibrosis, and overall decrease the mortality rate. Their bene-
ficial effects are mediated by the decreased degradation of the potent
vasodilator bradykinin and the decreased conversion of angiotensin I into
angiotensin II, which further help attenuate their pro-apoptotic and
pro-inflammatory activities [11]. Furthermore, statins mediate their ef-
fects mainly by reducing the production of low-density lipoproteins,
which helps to prevent plaque formation and reduce mortality in MI
patients. Statins also mediate their cardioprotective effects through
attenuation of inflammation and suppression of MMP expression [64,65].
The use of ACE inhibitors and statins is however limited by several in-
conveniences. Ace inhibitors were found to be poorly tolerated by pa-
tients and linked to several side effects including angioedema, renal
failure, and hypotension [66]. Statins exhibit limited water solubility and
low bioavailability as they undergo extensive first-pass metabolism in the
liver [67]. Studies also showed that treatment regimens with statins in-
crease the risk of developing myopathy, type 2 diabetes mellitus, and
hemorrhagic stroke. Statins also have several side effects such as memory
loss, neuropathy, and an overall decrease of the quality of life [68].

Additionally, there are therapeutic strategies adopted to provide
rapid and sustained restoration of blood flow in the coronary artery
irrigating the ischemic myocardium to restore cardiac function and
viability and relieve anginal symptoms. Thrombolytic therapy, also
termed as fibrinolysis, has revolutionized the way patients with ST-
elevation MI (STEMI) are treated and has been linked to a significant
decrease in cardiovascular mortality. Thrombolytics including strepto-
kinase and urokinase can rapidly lyse blood clots by cleaving plasmin-
ogen into the serine protease plasmin, which in turn cleaves the fibrin
cross-links into soluble degradation products leading to complete
thrombi dissolution [69,70]. Thrombolytic therapy is contraindicated
however to 10.3% of patients who have been subjects of recent cardio-
pulmonary resuscitation, prior stroke or transient ischemic attack, or
trauma. Moreover, certain fibrinolytic agents such as Lanetoplase and
Saruplase have been linked to an increased risk of hemorrhagic strokes as
well as increased reinfarction rates [69]. PCI, also known as coronary
angioplasty, is a nonsurgical procedure which requires cardiac cathe-
terization, where a guide catheter is introduced into the coronary artery
in which a contrast agent is injected to visualize the blockage. Another
catheter is then introduced with a balloon at its tip which is inflated to
unclog the narrowed artery and restore blood flow. A stent implantation
may also be required in order to relieve stenosis for a longer time [71].
PCI has become the preferred treatment modality for STEMI patients
however, for patients whose coronary anatomy renders them ineligible
for such an intervention, CABG surgery is adopted as the primary
reperfusion modality [72]. CABG is a surgical intervention which in-
volves bypassing an atheromatous blockage in coronary arteries with
harvested arterial or venous conduits [73]. PCI and CABG are associated
with several drawbacks. PCI is limited by its high costs, high in-hospital
mortality, and lack of trained personnel [74]. Moreover, PClI is associated
with severe post-surgical complications such as restenosis and stent
thrombosis [75,76]. CABG is a costly procedure with several post-
operative complications [77] such as atrial fibrillation, secondary sur-
gical site infection, and neuropsychiatric complications [78-81]
(Table 3).
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2.3. Polymeric NPs: synthesis, in vivo behavior, and toxicity

Nanomedicine, defined as the application of nanotechnology in the
healthcare system, has emerged to address unmet medical needs with a
focus on cancer and CVDs. NPs, nanoemulsions, nanovesicles among
others, have proven to be effective nanosystems for the safe and efficient
treatment of CVDs such as MI as they help overcome limitations
encountered in conventional drug delivery systems such as low drug
bioavailability, undesired side effects, and systemic drug exposure.
Accordingly, nanomedicine is proving to be the new solution for age-old
problems [5].

NPs are solid colloidal particles with a size range of 10-1000 nm.
They can be engineered with different compositions, sizes, shapes, and
surface chemistries to enable their use in drug delivery applications, di-
agnostics, and imaging techniques. Active molecules such as pharmaco-
logical and imaging agents can be encapsulated or adsorbed onto the NPs'
matrix. The advantage of designing NPs as delivery systems emerges
from the ability to control their morphology, surface chemistry, phar-
macokinetic and release properties [82-84]. NPs’ characteristic small
size helps them evade the immune system, reach specific tissues by
size-dependent passive targeting, and extend their retention times within
biological tissues [85].

Polymeric NPs are typically composed of biocompatible and/or
biodegradable or inert materials such that the end-products are harmo-
nious with the human body in terms of adaptability, lack of toxicity,
carcinogenicity, and immunogenicity [86]. In general, polymeric NPs are
characterized by their small size at the nanoscale, their relatively simple
synthesis, and their high stability. They are also known for their ability to
increase the stability of any volatile pharmaceutical agent with minimal
alteration to its chemical composition and protect the carried drug as
they are less reactive to enzymatic degradation [87]. Polymeric NPs are
classified as nanospheres or nanocapsules based on their structure and
preparation technique (Fig. 2). Nanospheres are matrix particles meaning
that their entire mass is solid and molecules such as drugs or dyes can be
covalently conjugated or adsorbed on their surface or uniformly
dispersed within the NP. They tend to have a spherical shape however;
“nanospheres” with an aspherical shape have also been described in the
literature [88]. Nanocapsules on the other hand are vesicular systems
with a core-shell structure. They consist of either oil or aqueous liquid
cavity or “core” which can entrap the molecules of choice and a solid
polymeric membrane or “shell” surrounding the core. As such, they act as
“reservoirs” for the embedded molecules and serve as drug delivery
systems (DDS) [89]. The term “polymeric nanoparticles” is also used to
refer to polymeric micelles, drug-polymer conjugates, dendrimers (den-
dritic or branched NPs), polymersomes, and polyplexes, all of which are
most often prepared from synthetic polymers [90].

Polymeric materials utilized to formulate NPs are either natural
(extracted from bacteria, algae, plants, or animals) or synthetic (prepared
by polymerization reactions beginning with monomeric units). Different
polymers have been used to form polymeric NPs utilizing several syn-
thesis techniques based on their application and the physicochemical
attributes of the encapsulated agent [89]. The preparation techniques can
be divided into two categories, namely, the bottom-up approach and the
top-down approach [89]. The first category includes emulsion polymer-
ization (1), mini- (2) and micro-emulsion polymerization (3), interfacial
polymerization (4), and controlled radical polymerization (5) [91]. In the
first method, water is used as a dispersion medium which is advanta-
geous in terms of safety and heat removal control during the polymeri-
zation process. This general method is sub-categorized into conventional
(1a) or surfactant-free (1b) emulsion polymerization [92]. (1a) involves
the use of a continuous aqueous phase, monomers with low
water-solubility which represent the reactive organic phase, a hydro-
philic initiator typically an ion or a free radical, and an ionic surfactant.
The synthesis process occurs by the initial formation of large monomer
droplets upon dispersion of the monomers with the surfactant and water
solution. Simultaneously, the excessive amounts of surfactant form
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Table 3

Major limitations of MI therapeutic modalities.
Therapeutic modality Limitations Ref.
Antiplatelet drugs P2Y12 receptor blockers Costly medications [48-51]

Slow onset of action
Short half-life following IV administration
Increased incidence in fatal or major bleeding

Glycoprotein IIb/IIIa receptor blockers Increased risk of minor and major bleeding
Adverse effects on cardiovascular, circulatory systems
Anticoagulant drugs Vitamin K antagonists Narrow therapeutic window [53-59]

Drug and food interactions
Increased risk of bleeding
Side effects (bruising, fatigue ...)

Direct factor Xa inhibitors Dose-dependent increase in bleeding events
Adverse reactions (hepatobiliary disorders, allergy ...)
Direct thrombin inhibitors Increase hepatic enzymes levels

Low bioavailability
Suboptimal pharmacokinetic properties
Inapplicability to patients with renal insufficiencies
Beta-blockers Low bioavailability [62,63]
Short half-life
Poor permeability
Adverse reactions (irregular heart rate, bronchitis ...)

ACE inhibitors Poorly tolerated by patients [66]
Side effects (angioedema, renal failure ...)
Statins Limited water solubility [67,68]

Low bioavailability
Increased risk of myopathy, type 2 diabetes mellitus ...
Side effects (memory loss, neuropathy ...)
Decreased quality of life
Thrombolysis/fibrinolysis Contraindicated to 10.3% of patients [69]
Increased risk of hemorrhagic strokes
Increased reinfarction rates
PCI High costs [74-76]
High in-hospital mortality
Lack of trained personnel
Limitation of mortality benefits to high-risk patients
Severe complications (restenosis, stent thrombosis)
CABG Costly procedure [78-81]
Postoperative complications (atrial fibrillation, secondary surgical site infection ....)
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Fig. 2. Schematic representations of the two types of polymeric nanoparticles: nanospheres and nanocapsules. Parts of the figure were drawn by using pictures from
Servier Medical Art (http://smart.servier.com/), licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/lice
nses/by/3.0/).
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micelles in water. The polymerization reaction starts by diffusion of
monomers from the large droplets to the micelles and by collision of the
initiator molecule with these monomers in the micelles. This step of
nucleation occurs within the self-organized monomer-swollen micelles
and is then repeated continuously as more monomers migrate into the
micelles. This promotes particle growth until formation of NPs which can
then be phase-separated to obtain solid particles (Fig. 3) [92]. The size of
the NPs is controlled by the choice of the surfactant. For instance, the use
of nonionic surfactants such as Poloxamer 188, vitamin E TPGS, and
Tween 80, typically leads to smaller NPs of 300 nm [93]. Technique (1b)
emerged as a greener, faster, and simpler method for emulsion poly-
merization without the use of a surfactant. Accordingly, the stability of
the emulsion is maintained by the use of ionizable initiators or ionic
co-monomers. However, this technique still faces challenges regarding
the preparation of monodisperse particles with a precisely controlled size
[94].

The formation of mini-emulsions (2) is similar to the previous tech-
niques in that it requires the use of water, monomers, a hydrophobic
initiator, a surfactant, and a co-stabilizer. The main difference relies in
the employment of a hydrophobic co-stabilizer with a low molecular
mass and the use of a high-shear device such as ultrasound to ensure the
emulsification (Fig. 4). This technique is versatile and allows the for-
mation of core-shell NPs and nanotubes [95].

Micro-emulsion polymerization (3) consists of adding a water-soluble
initiator molecule to vinyl monomers in a thermodynamically stable
aqueous phase of micro-emulsions and relies on high quantities of sur-
factant which completely cover the formed particles and form an inter-
facial film. This leads to the formation of stable colloidal NPs termed
“latex” with a size less than 100 nm (Fig. 5) [96].

Other hetero-phase polymerization techniques are less often
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employed for the preparation of polymeric NPs. Method (4) consists of
step polymerization of two reactive monomers which are dissolved
respectively in continuous and dispersed phases. Polymerization takes
place at the interface of these two immiscible liquids and allows the
formation of nanocapsules. A membrane reactor can be used during this
process to promote size control and facilitate the separation of products
from reaction mixtures (Fig. 6) [97].

Method (5) is an environmentally friendly technique that controls the
characteristics of the obtained NPs in terms of molar mass distribution,
architecture, and function. It involves 3 steps: polymerization reaction
initiation, propagation of the growing polymer chain, and termination of
the reaction. The end-product is then subject to a disproportionation
reaction whereby it converts to two separate compounds, one of higher
and one of lower oxidation state. Otherwise, the polymer undergoes a
combination reaction whereby it is combined with other polymers to
form a new single compound (Fig. 7) [98].

The top-down approach for synthesizing polymeric NPs involves
dispersion of premade polymers to form nanostructures. It is performed
via different techniques including solvent-evaporation (1), salting-out
(2), nanoprecipitation (3), dialysis (4), and supercritical fluid technol-
ogy (SCF) (5). Technique (1) is the most widely used for synthesis of
polymeric NPs. It consists of forming single (oil-in-water or water-in-oil)
or double emulsions ((water-in-oil)-in-water or (oil-in-water)-in-oil)
where the polymer of choice is often dissolved in an organic solvent to
form the oil phase. Homogenization of the immiscible phases is attained
by high-speed homogenization or ultrasonication which breaks the
emulsions into smaller ones. Then the organic solvent is left to evaporate
and reach a point of insolubility to promote NPs solidification (Fig. 8).
The NPs are collected by ultracentrifugation, washed to remove any re-
sidual surfactant, and lyophilized. The concentration of the polymer,

Emulsified monomer droplet

Fig. 3. Schematic representation of the preparation of polymeric nanoparticles by the emulsion polymerization technique. Dispersion of monomers with the surfactant
and water solution leads to the formation of large monomer droplets. The excessive amounts of surfactant also form micelles in water. Polymerization starts by
diffusion of monomers from the large monomer droplets to the micelles. Afterwards, nucleation occurs by collision of the initiator molecule with the monomers within
the micelles and is repeated continuously as more monomers migrate into the micelles to form a polymer particle. Parts of the figure were drawn by using pictures
from Servier Medical Art (http://smart.servier.com/), licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/lice

nses/by/3.0/).
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Fig. 4. Schematic representation of the preparation of polymeric nanoparticles by the mini-emulsion polymerization technique. The reaction mixture consisting of
monomers, surfactant, co-stabilizer, and initiator, is miniemulsified by ultrasonication to form stable monomer droplets. Nucleation occurs by collision of the initiator
with the monomers within the droplets and is repeated continuously throughout polymerization. Parts of the figure were drawn by using pictures from Servier Medical
Art (http://smart.servier.com/), licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).
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Fig. 5. Schematic representation of the preparation of polymeric nanoparticles by the micro-emulsion polymerization technique. The reaction mixture of vinyl
monomers and surfactant is microemulsified to form micelles. Initiators collide with the monomers to start the nucleation and form polymer particles. The nucleated
particles continue to grow by diffusion of monomers from other inactive micelles. The polymer particles continue growing until depletion of the micelle reservoir and
formation of the final latex. Parts of the figure were drawn by using pictures from Servier Medical Art (http://smart.servier.com/), licensed under a Creative Commons

Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

organic solvent, and surfactant as well as sonication parameters affect the
NPs size distribution [93].

As organic solvents are often associated with some degree of toxicity,
an alternative method was developed which eliminates the use of chlo-
rinated solvents. This method termed “salting-out” (2) requires emulsi-
fying an organic phase, containing the polymer and solvent of choice, and
an aqueous phase, containing a stabilizer and a salting-out agent, without
the use of high-shear forces. Emulsion of the two phases occurs by the
action of high concentrations of the salting-out agent. To precipitate the
formed NPs, a reverse salting-out technique is used whereby the oil-in-
water emulsion is dissolved in an excessive volume of water. Upon
addition of water, the salting-out agent's concentration decreases
inducing the migration of the solvent from the emulsion droplets to the
aqueous phase and hence complete removal of the solvent (Fig. 9). Small
size (<500 nm) and spherical polymeric NPs can be obtained by this
method and they include poly (lactic acid) and poly (lactic-co-glycolic
acid) (PLGA) [99].

Nanoprecipitation (3) involves the formation of an oil-in-water or
water-in-oil emulsion under moderate magnetic stirring followed by

removal of the solvent under reduced pressure. In an oil-in-water emul-
sion, a lipophilic solution consisting of a polymer and a semi-polar
organic solvent is slowly added dropwise under magnetic stirring to an
aqueous solution containing a stabilizing agent (Fig. 10). NPs are formed
instantaneously by the Marangoni effect [100]. The characteristics of the
obtained NPs are influenced by the aqueous phase agitation rate, organic
phase injection rate, and the organic phase/aqueous phase ratio. Overall,
this is a relatively easy and rapid technique that produces NPs with
narrow size distribution [101].

The dialysis technique (4) is another simple and fast method for
producing polymeric NPs. It is based on the dissolution of a lipophilic
polymer in a water miscible organic solvent followed by transfer of this
solution to a dialysis membrane with adequate molecular weight cut-off.
This semi-permeable membrane is placed in a beaker containing an
aqueous solution that is miscible with the organic solvent but not with
the polymer. The organic solvent diffuses into the aqueous solution by
osmosis leading to progressive polymer aggregation due to loss of solu-
bility and hence formation of NPs (Fig. 11). The choice of organic solvent
affects the NPs’ size and morphology. Dimethylsulfoxide often allows the
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formation of spherical particles with a size less than 450 nm [102,103].

Finally, SCF technology (5) is divided into 2 subtypes: rapid expan-
sion of supercritical solution (RESS) and rapid expansion of supercritical
solution into a liquid solvent (RESOLV). SCF technology is based on the
use of supercritical fluids as safer and more environmentally friendly
solvents. Supercritical fluids combine favorable properties of liquids and
gases such as liquid-like density and gas-like viscosity and they include
water, carbon dioxide (CO,), and ammonia [104]. RESS involves
pumping supercritical fluids such as CO5 to a high-pressure stainless steel

.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

Fig. 7. Schematic representation of the preparation of
polymeric nanoparticles by the controlled radical
polymerization technique. Initiation begins as cleav-
age of the initiator generates a reactive free radical
which reacts with the monomer. The monomer is
hence activated from its dormant state. During the
propagation phase additional molecules of monomer
are added in a sequential manner to produce a
growing polymer chain. Termination occurs when two
free radicals react to form a stable non-radical adduct.
The end-product is then subject to a combination or
disproportionation reaction. Parts of the figure were
drawn by using pictures from Servier Medical Art
(http://smart.servier.com/), licensed under a Creative
Commons Attribution 3.0 Unported License (https
://creativecommons.org/licenses/by/3.0/).
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mixing cell containing the polymer of choice. SCF-CO; dissolves the
polymer, and the resulting solution is pushed via a syringe pump to a
pre-expansion unit where it is heated isobarically to the desired super-
critical temperature. The solution is then depressurized through a heated
capillary nozzle at supersonic speed from which it can expand at ambient
temperature into an expansion vessel. This rapid pressure reduction
during expansion causes a high degree of polymer supersaturation and
leads to the formation of well-dispersed particles by nucleation
(Fig. 12a). Particle size and morphology are affected by polymer's
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Fig. 8. Schematic representation of the preparation of w/o/w double emulsion nanoparticles by the solvent evaporation technique. An aqueous phase (W1) consisting
of the drug, polymer, and lipophilic surfactant is emulsified by ultrasonicaton with an oil phase (O) containing a polymer dissolved in an organic solvent. A second
aqueous phase (W2) containing a hydrophilic surfactant is then added dropwise to the primary emulsion and further emulsified by ultrasonication. The obtained
double emulsion is left on a stirrer to allow solvent evaporation and solidification of the polymeric NPs. Parts of the figure were drawn by using pictures from Servier
Medical Art (http://smart.servier.com/), licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).
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Fig. 9. Schematic representation of the preparation of o/w emulsion nanoparticles by the salting-out technique. An oil phase (O) containing the drug and polymer of
choice is emulsified with an aqueous phase (W) consisting of a surfactant and salting-out agent added at high concentration. An excessive volume of distilled water is
added to the O/W emulsion to precipitate the NPs. Parts of the figure were drawn by using pictures from Servier Medical Art (http://smart.servier.com/), licensed
under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

concentration and degree of saturation [105]. RESOLV is a variation of
the above technique where the supercritical solution is expanded into a
liquid solvent instead of ambient air. The liquid solvent is placed in a
chamber at ambient temperature and is carefully chosen such that it is
immiscible with the polymer used to allow precipitation of the NPs
(Fig. 12b) [106].

NPs intended for treatment of MI during the early stages of remod-
eling can be administered via intracoronary, intramyocardial, or IV

10

injections, depending on their cargo, blood circulation time, and tar-
geting ligands. Intramyocardial injection of polymeric NPs proved to be
the most effective route to ensure localization of NPs to the site of injury
with minimal systemic side effects. However, its invasive nature renders
it unlikely to translate to clinical applications since it is associated with
the risk of systemic embolization, tissue perforation at the injection sites
inside the LV, and tissue irritation which could lead to cardiac arrhyth-
mias [107]. Conversely, IV injection of NPs was proven to be the ultimate
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Fig. 10. Schematic representation of the preparation of o/w emulsion nanoparticles by the nanoprecipitation technique. An oil phase (O) consisting of the drug and
polymer dissolvent in a semipolar organic solvent is slowly added via a syringe pump to an aqueous solution (W) containing a surfactant. NPs are formed upon
precipitation of the polymer and diffusion of the organic solvent. Parts of the figure were drawn by using pictures from Servier Medical Art (http://smart.servier.com/
), licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).
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Fig. 11. Schematic representation of the preparation of polymeric nanoparticles by the dialysis technique. A lipophilic polymer is dissolved along with the drug of
choice in a water miscible organic solvent. The solution is then transferred to a semi-permeable dialysis tubing which is placed in an aqueous solution non-miscible
with the polymer. Upon diffusion of the organic solvent to the aqueous phase by osmosis, the polymer aggregates and allows the formation of NPs. Parts of the figure
were drawn by using pictures from Servier Medical Art (http://smart.servier.com/), licensed under a Creative Commons Attribution 3.0 Unported License (https://cre
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minimally invasive technique that promotes passive targeting of nano-
materials to the injured myocardium. Passive targeting is feasible due to
the increased vascular permeability in the post-MI myocardium, reduced
microvascular flow, loss of cardiomyocytes, and cross-linking of ECM
components. These mechanisms promote an enhanced permeability and
retention (EPR) effect. Consequently, polymeric NPs take advantage of
their small size (20-200 nm) to accumulate preferentially in the infarcted
myocardium where they are retained for a longer period compared to
other organs. Accordingly, systemic distribution and internalization of
NPs is size-dependent and organ-specific in inflammatory conditions
confirming the EPR effect in MI [108-110]. Similarly, intracoronary
infusion of nanomaterials exploits the EPR effect and allows passive
targeting towards the injured heart. While this administration route has
proven to be effective, it remains an invasive technique that requires the
use of catheters and is therefore less favorable than IV injections [107].

After IV or intracoronary infusion, polymeric NPs are transported in
blood vessels to reach their target. Studies have shown that NPs interact
with blood components including red blood cells, platelets, plasma pro-
teins, and white blood cells while migrating. Unlike inorganic NPs,

11

polymeric NPs do not significantly influence red blood cells interaction
[111]. However, plasma proteins such as albumin, fibrinogen, comple-
ment proteins, and immunoglobulins tend to bind to polymeric NPs and
have distinct effects on their in vivo fate. Binding of albumin to NPs’
surface shields them from leukocyte recognition and decreases their
uptake, while binding of other proteins to NPs promotes their opsoni-
zation, phagocytic uptake, and induces inflammatory reactions [112].
While binding of NPs to albumin helps them evade the immune system,
certain polymeric NPs activate immune cells. Chitosan NPs induce
leukocyte secretion of pro-inflammatory cytokines such as IL-18 and
IL-1p, while PLGA NPs induce neutrophils activation and degranulation
[113,114]. Upon systemic administration, polymeric NPs tend to accu-
mulate preferentially within inflammatory tissues with leaky vasculature
such as the case post-MI by EPR-mediated passive targeting. NPs bio-
distribution is not limited however to the target tissue as many get
distributed to the immune system [115]. Moreover, a study on ische-
mia/reperfusion (I/R) murine model of MI demonstrated that IV injected
poly (ethylene glycol) (PEG) coated polystyrene NPs of 20-200 nm
rapidly accumulate within the infarcted LV with significantly higher
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Fig. 12. Schematic representation of the preparation of polymeric nanoparticles by the supercritical fluid technique: RESS (a) and RESOLV (b). (a) An SCF such as CO,
is pumped to a high-pressure mixing cell containing the polymer of choice. SCF-CO; dissolves the polymer, and the solution is pushed to a pre-expansion unit where it
is heated isobarically to the supercritical temperature. The solution is then depressurized through a nozzle from which it can expand into an expansion vessel and
promote formation of NPs by nucleation. (b) An SCF such as CO is pumped to a high-pressure mixing cell containing the polymer of choice. SCF-CO,, dissolves the
polymer, and the solution is pushed to a pre-expansion unit where it is heated isobarically to the supercritical temperature. SCF is expanded into a liquid solvent
immiscible with the polymer which promotes precipitation of the NPs. Parts of the figure were drawn by using pictures from Servier Medical Art (http://smart.servier
.com/), licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

retention rate compared to sham-operated controls. Expectedly, low NPs
concentration was detected in the brain due to the blood-brain barrier.
High concentrations of NPs were retained in the spleen, liver, lungs, and
kidneys, especially larger NPs (>200 nm). This further proves that NPs
with an average size less than 200 nm are ideal for passive targeting to
the heart with minimal systemic distribution [108]. As a final step,
polymeric NPs that evaded the mononuclear phagocytic system in the
liver and spleen are excreted by the kidneys. They are then taken up by
the glomerular or peritubular capillaries and finally eliminated from the
body by renal clearance [116].

Despite the high potential of polymeric NPs in drug delivery appli-
cations, it is crucial to take into consideration their possible toxic effects.
Many factors could influence nanomaterial's toxicity and biocompati-
bility and they should be studied before applying nanomaterials in
biomedicine. These factors include the size of NPs, their shape, and their
surface properties such as surface charge and surface energy (hydro-
phobicity/hydrophilicity) [117]. Due to their small size that is compa-
rable to the size of globular proteins, NPs can penetrate capillaries and
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reach different tissues that are normally inaccessible to larger particles,
which could result in increased interaction with resident cells and po-
tential cytotoxic effects. Also, their nanosize provides them with higher
surface area to volume ratio which translates to an enhanced reactivity
and cytotoxicity as more chemical compounds can be adsorbed onto their
surface. Xu et al. developed NPs out of block copolymers (monomethoxy
(polyethylene glycol)-b-P (D,L-lactic-co-glycolic acid)-b-P (L-glutamic
acid)) (mPEG-PLGA-PGlu) for the delivery of Doxorubicin, a chemo-
therapeutic agent with known cardiotoxicity. They found that
mPEG-PLGA-PGlu NPs of 100-200 nm did not exhibit any cardiac or
hepatic toxicity [118]. On the contrary, smaller PLGA NPs of 60 nm were
found to disrupt cytosolic calcium homeostasis and trigger an inflam-
matory response [119]. NPs' morphology also affects their cytotoxicity.
Elongated rod- and needle-shaped PLGA-PEG NPs were found to induce
significant toxicity in human cell lines by disrupting the lysosomes after
endocytosis-mediated internalization and leading eventually to DNA
damage and apoptosis. On the other hand, spherical NPs safely entered
cells without causing any damage indicating their safe usage [120]. NPs
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surface charge is another important factor to be considered. Cationic NPs
are more likely to activate the immune system and cause damage to the
cell membrane than their anionic counterparts due to the electrostatic
interaction between the positively charged NPs and the negatively
charged cell membrane. Anionic and neutral NPs are more likely to enter
cells in a safe manner by clathrin- or caveolae-mediated endocytosis
without disrupting the cell membrane. Also, NPs with a neutral surface
charge are less prone to opsonization than charged NPs [117]. Other
important factors include the NPs' surface topography, crystallinity,
concentration, coating, and level of degradation products [117]. The
overall desired characteristics of NPs which confer minimal to no toxicity
are summarized in Fig. 13. Overall, bare and small NPs have higher
toxicity than modified and bulk materials, respectively. Also, NPs with a
spherical morphology are less toxic than the ones with a rod or elongated
shape [117]. Coating NPs with hydrophilic and biocompatible polymers
such as PEG and chitosan, or with natural proteins such as albumin, can
attenuate cytotoxicity by “hiding” the NPs from the immune system [82,
121].

The size of polymeric NPs strongly determines the mechanism by
which they enter cells. NPs with a size of 200 nm or less enter cells by
clathrin- and caveolae-mediated endocytosis while larger particles typi-
cally rely on macropinocytosis or phagocytosis [122]. Moreover, smaller
NPs of <25 nm penetrate cells and reach perinuclear regions via a
cholesterol-independent pathway instead of the conventional endo-
somal/lysosomal pathway [123]. However, positively charged polymeric
NPs most often penetrate cells in a more disruptive way by damaging the
phospholipid bilayer of the cell membrane and inducing nanoscale holes
that can enhance conductance through the membrane [124]. Studies also
showed that NPs used at high concentrations may disrupt cellular or-
ganelles causing malfunctions in the mitochondria and lysosomes leading
to disturbances in normal cellular metabolism and autophagy,
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respectively; inducing damages in the structure of the actin network
compromising the cytoskeleton integrity and normal cell division, or
inhibiting DNA transcription and inducing oxidative damage [125-128].
Cationic polymeric NPs such as amino-modified polystyrene NPs disrupt
the glutathione metabolism and damage the cell membrane which may
then lead to cell apoptosis [128]. Although polymeric NPs are widely
used for the delivery of anti-inflammatory drugs, some cationic polymers
such as poly (ethylene imine) (PEI) elicit an inflammatory response by
activating toll like receptor 5-mediated cytokines release and upregu-
lating IL-8 [129]. Importantly, NPs can be exploited for their toxic effects
on bacteria whereby they were found to interact with proteins and
induce their inactivation, modify their target ligands, or even eliminate
infectious proteins [130]. All the mentioned mechanisms of NPs cyto-
toxic effects are summarized in Fig. 14.

3. Polymeric NPs for the diagnosis of MI

Early detection and diagnosis of MI are crucial for the establishment
of an adequate therapeutic strategy, reduction of myocardial damage and
salvation of cardiac function. Different cardiac imaging techniques are
adopted for the diagnosis of MI however; contrast agents essential for the
accurate differentiation of the myocardium tissue from the cardiac lumen
remain a major area for improvement. To enhance diagnostic accuracy
and specificity, various molecular and cellular imaging techniques based
on polymeric NPs have been shown to provide promising results
(Table 4).

3.1. Polymeric NPs-mediated delivery of cardiac biomarkers for MI
diagnosis

Immunoassays for the detection of serum CK-MB and cTnl are still
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Fig. 13. Scheme summarizing the desired physico-chemical characteristics of polymeric nanoparticles for minimal toxicity and good biocompatibility [230-233].
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limited by their cost and low specificity. Accordingly, studies have been
focused on developing rapid, reliable, and cost-effective tests for the
detection of serum cardiac biomarkers with improved detection limits
and accuracy. Most studies adopt metal-based NPs for the detection of
CK-MB serum levels and only a few modified the surface of these NPs
with polymers such as chitosan, dextran, and poly (maleic anhydride-alt-
1-octadecene) due to their good adhesion quality and high permeability
[131-133]. Alternatively, Lai et al. developed a rapid and relatively
simple fluorescence immunochromatographic assay based on Europium
(II1) chelate carboxylate-modified polystyrene microparticles for the
detection of serum CK-MB levels. The developed test strip allowed the
quantitative detection of CK-MB levels in small volumes of serum with a
range of detection of 0.85-100.29 ng/mL and a limit of detection as low
as 0.029 ng/mL [24]. As this study showed promising results, it is vital to
explore polymeric NPs in the future for the detection of CK-MB serum
levels for rapid MI diagnosis. Cai et al. developed fluorescent core-shell
NPs to establish a new point-of-care test for the detection of cTnl. The
NPs of 500 nm consisted of a polystyrene core which efficiently entrap-
ped 400 pM of the fluorescent dye “Nile Red”, and a poly (acrylic acid)
(PAA) shell which was functionalized with carboxyl groups to allow
covalent binding of anti-cTnlI antibodies. The NPs were then tested on a
lateral flow immunoassay strip coated with capture antibodies. Their
results proved that this method can rapidly and accurately detect cTnl
levels as low as 0.016 ng/mL. This technique holds great promise as it
allows proper detection of cTnl levels in plasma samples based on an
inexpensive, simple, and reproducible method that only takes 15 min to
provide an accurate result [29]. Another study opted to improve the
sensitivity of ¢Tnl immunoassay based on upconverting NPs (UCNP).
UCNPs are inorganic NPs containing lanthanide ions as optical lumi-
nescent centers and serve as reporters in immunoassays. However,
non-specific binding of c¢Tnl antibody-UCNP conjugates on
protein-coated support leads to background signals which limit the
immunoassay sensitivity. Accordingly, UCNP were coated with PAA and
mixed with free PAA prior to adding them to cTnl antibody-coated wells.
This resulted in a significant decrease of the detection limit from 2.1 to
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Fig. 14. Scheme summarizing the mechanisms of
cellular damage induced by polymeric nanoparticles.
Physical damage of cell membrane (1), structural
changes in cytoskeleton (2), disturbance of transcrip-
tion and DNA damage (3), damage of mitochondria
(4), disturbance of lysosomal function (5), generation
of ROS (6), disturbance of membrane receptor func-
tion (7), and synthesis of inflammatory factors (8).
Parts of the figure were drawn by using pictures from
Servier Medical Art (http://smart.servier.com/),
licensed under a Creative Commons Attribution 3.0
Unported License (https://creativecommons.org/lice
nses/by/3.0/).

0.48 ng/L, which provides highly sensitive and accurate detection of cTnl
[134].

3.2. Polymeric NPs-mediated delivery of CMR and CT imaging agents for
MI diagnosis

CMR is widely used in the detection and diagnosis of MI as it provides
detailed information about myocardial anatomy, function, and flow and
permits proper delineation of the injured tissue from the normal
myocardium. One of its limitations however is caused by the contrast
agent Gd which exhibits rapid clearance from the body and lacks tissue
specificity. This has incentivized researchers to develop Gd-loaded NPs to
overcome these limitations.

Human serum albumin NPs were coupled to Gd-
diethylenetriaminepentaacetic acid (Gd-DTPA) by chemical conjuga-
tion [135]. The NPs were also coated with transferrin to achieve targeted
imaging. The obtained NPs had a spherical morphology, a size of 200 nm,
and a highly negative zeta potential indicating good colloidal stability.
The transferrin-coated and non-coated human serum albumin NPs were
visualized by MRI after injection into healthy mice and their in vivo
biodistribution was assessed. Both types of NPs provided good contrast
enhancement at lower doses of Gd-DTPA as compared to the contrast
agent injected alone, implicating the role of NPs in entrapping Gd-DTPA
and prolonging its circulation time. They also yielded contrast
enhancement in the cardiac muscle among other tissues, whereby the
transferrin-coated NPs provided significantly higher contrast enhance-
ment than their non-coated counterparts, suggesting their potential up-
take by cardiomyocytes expressing transferrin receptors on their surface.
This study offers great potential for the employment of transferrin-coated
human serum albumin NPs as heart-specific contrast agents for the
noninvasive diagnosis of cardiac diseases by CMR [135]. Wang et al. also
sought to overcome the disadvantages of small-molecule Gd chelates,
such as their poor selectivity and inability to distinguish infarcted tissue
from edema regions, by exploiting the acidic environment within the
infarcted myocardium [136]. They developed low pH-sensitive bovine
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Table 4

Diagnostic applications of polymeric NPs.
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Diagnostic tool

Type of nanosystem

Entrapped cargo

Surface modification

Diagnostic effect

Ref.

CK-MB immunochromatographic
assay

cTnl immunoassay

Cardiac magnetic resonance

Computed tomography

Polystyrene microparticles

Polystyrene/Poly (acrylic
acid) core-shell NPs

Upconverting NPs

Human serum albumin NPs

Bovine serum albumin NPs

Polymeric nanoreactor

N1177 (poloxamer 338/poly

(ethylene glycol) NPs)

Poly (styrene)-block-poly

(acrylic acid) NPs

Polylysine/poly (ethylene
glycol) dendrimer

ExiTron MyoC 8000
(polymeric nanocapsules)

Dextran NPs for PET

Europium (III) chelate

Red fluorescent dye “Nile

Red”
Anti-cTnl antibodies

Lanthanide ions
Anti-cTnl antibodies

Gadolinium-
diethylenetriamine-
pentaacetic acid

MnO, motifs

Acid phosphatase
Glucose-1-phosphate
Gadolinium chloride

Iodinated aroyloxy ester

Radio-opaque
organometallic iodine
atoms

Triiodophthalamide
moieties

Iodine atoms
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Carboxylate

Poly (acrylic acid)

Transferrin

Low pH-sensitive motifs

Polyguanylic acid

Rapid simple quantitative
detection of CK-MB levels

No requirement for large volumes
of serum

Range of detection: 0.85-100.29
ng/mL

Limit of detection: 0.029 ng/mL
Effective for early screening and
diagnosis of acute MI
Inexpensive, accurate rapid
detection of cTnl levels

Range of detection: 0-40 ng/mL
Limit of detection: 0.016 ng/mL
Effective for diagnosis of MI
Sensitive detection of cTnl levels
Range of detection: 0-100 ng/mL
Limit of detection: 0.00048 ng/mL
Allowed loading of lower doses of
Gadolinium

Improved Gadolinium
enhancement and circulation time
Enhanced imaging of cardiac
muscle via transferrin-mediated
targeting

Enhanced T1 relaxivity

Induced rapid NPs accumulation,
increased contrast enhancement in
infarcted myocardium of MI
rabbits

Improved diagnostic accuracy
compared to Gd-DTPA

Induced precipitation of
gadolinium phosphate NPs within
nanoreactor

Induced selective uptake by
macrophages

Effective for detection of high-risk
atherosclerotic plaques

Promoted selective uptake of NPs
by macrophages

Promoted high iodine
concentration in macrophage-rich
tissues

Prolonged iodine's half-life
Allowed delayed enhanced
imaging

Entrapped high iodine payload
Promoted homing of NPs to
vascular targets

Prolonged iodine's half-life
Allowed enhanced imaging of LV
and intra vena cava

Entrapped high iodine content
Increased NPs' molecular weight
and water solubility

Prolonged iodine's circulation
half-life

Allowed CT enhancement of
inferior vena cava and hepatic
veins

Applicable for CT angiography
and quantitative microvascular
studies

Entrapped high iodine content
Prolonged iodine's circulation
half-life

Delayed blood elimination
Allowed signal enhancement in
blood and healthy myocardium
Allowed longitudinal monitoring
of cardiac functions and
quantification of infarct size in
small animal MI models
Entrapped high yield of®°Zr

(continued on next page)

[24]

[29]

[134]

[135]

[136]

[137]

[139]

[140]

[141]

[142]

[143]
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Table 4 (continued)
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Diagnostic tool

Type of nanosystem

Entrapped cargo

Surface modification

Diagnostic effect

Ref.

Other diagnostic techniques and
multimodal imaging

Chitosan NPs for PET

Poly (methyl methacrylate)/
poly (ethylene glycol) NPs for
PET

Dendritic poly (ethylene
oxide) NPs for PET

Carboxymethylated
polyglucose/lysine NPs for
PET-MR

Porphysome NPs for PET-CT
and FMT

Radio-isotope [3°Zr]-Zr
oxalate

897r or®Cu

DOTA radiometal
chelators
640y

Radiohalogens

18F

Porphysome
64Cu

C-type atrial natriuretic
factor targeting moieties

Cyclic
arginine-glycine-aspartic
acid motifs

Folate

Enhanced PET imaging of
inflammatory macrophages
Applicable for selective
macrophage imaging and
quantification

89Zr NPs induced highest
radiolabeling efficiency and
retention of radioactivity with
human leukocytes

Enhanced circulatory retention,
decreased accumulation in liver
and spleen, reduced renal
clearance

Increased radiotracer
accumulation within
atherosclerotic and angiogenic
regions

Enhanced endocytosis by cells
expressing o,ps integrins
Enhanced PET imaging of
angiogenic muscles in ischemic
conditions

Increased cell uptake by cardiac
and plaque macrophages
Enhanced detection and
quantification of macrophages in
MI and atherosclerosis models
Promoted detection of
macrophages

[144]

[146,
234]

[147]

[148]

[149]

Allowed discrimination of
different macrophage phenotypes

serum albumin NPs with manganese oxide motifs for improved
T1-weighted CMR imaging of acute ML In vitro studies demonstrated the
safety of the NPs and their efficient uptake by macrophages which lead to
increased T1 relaxivity due to low pH-triggered release of Mn>" within
macrophages (pH = 5.0). Moreover, upon their IV administration to
rabbit MI models, the NPs were found to accumulate rapidly and pref-
erentially in the infarcted myocardium (pH = 6.5) and increase contrast
enhancement. Overall, the authors demonstrated a promising alternative
approach to conventional Gd-DTPA which has great implication for
specific imaging of acute MI for early and accurate diagnosis [136].
Nano-sized self-assembled polymeric vesicles can serve as bioreactors
with chemically modifiable surfaces. Broz et al. used water-soluble
enzyme nanoreactors self-assembled from amphiphilic triblock co-
polymers to entrap acid phosphatase enzyme, its substrate
glucose-1-phosphate, and Gd chloride [137]. Upon hydrolysis of the
substrate by acid phosphatase, phosphoric acid is produced. The latter
reacts with Gd chloride and results in the precipitation of the water
insoluble hydrated Gd phosphate. These enzyme nanoreactors were then
rendered macrophage-specific by surface functionalization with poly-
guanylic acid, a macrophage scavenger receptor Al ligand; they were
also fluorescently labeled with Streptavidin-Alexa Fluor. As a result, the
developed nanoreactor was successfully applied in MRI and fluorescent
imaging whereby the vesicles were effectively and selectively taken up by
macrophages and allowed local and temporal control of Gd precipitation.
This study holds great potential for imaging macrophages and detecting
inflammation within the infarcted myocardium in MI patients [137].
CT is yet another widely used noninvasive imaging technique for the
detection and diagnosis of acute MI. However, like CMR, it is still facing
some limitations which require new technology for overcoming them.
Early and accurate imaging of macrophages is vital for the detection of
post-MI inflammatory phase and for the detection of high macrophage
densities, characteristic of vulnerable atherosclerotic plaques whose
rupture can lead to thrombus formation and subsequent acute type 1 MI
[138]. Hyafil et al. designed an iodinated nanoparticulate contrast agent,
N1177, for the selective detection of macrophages. N1177 consisted of an
iodinated aroyloxy ester combined with poloxamer 338 as the surfactant
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agent and PEG as the polymer of choice for stabilizing the NP size. The
NPs entrapped 67 mg/mL of iodine which were concentrated in the
electron-dense granules. Their small size of 259 nm allowed the NPs to be
taken up by macrophages in vitro after only 1 h of incubation. In vivo
studies conducted in non-atherosclerotic rabbits showed that densities
measured by CT were significantly higher in macrophage-rich tissues (i.e.
liver and spleen) 2 h after N1177 IV injection as compared to
pre-injection, and were not detected upon injection of the conventional
contrast agent or in organs devoid of macrophages. This study success-
fully proved that iodinated nanoparticulate contrast agents can selec-
tively infiltrate macrophages and prolong the imaging agent's half-life
permitting delayed enhanced imaging. Accordingly, N1177 may be
useful for the clinical evaluation of inflamed coronary arteries during MI
[139]. Moreover, Pan et al. developed novel polymeric NPs for the tar-
geted delivery of imaging agents towards the vasculature. The NPs con-
sisted of radio-opaque organometallic imaging elements entrapped
within a colloidal poly (styrene)-block-poly (acrylic acid) copolymer
which self-assembles due to its amphiphilic nature. This di-block copol-
ymer had a double function of encapsulating high payloads of the metals
reaching 96% efficiency and permitting homing of the NPs to vascular
targets while preventing them from extravasating into tissues. By sub-
jecting the formed NPs to carbodiimide, the NPs were intramolecularly
cross-linked which enhanced their shelf-life stability and integrity.
Furthermore, upon IV administration of the NPs in a rat model, CT im-
aging showed that they had a half-life up to 6 times longer than com-
mercial iodinated agents and allowed enhanced imaging of the LV and
intra vena cava for 3.5 h, suggesting their potential application for the
detection and diagnosis of MI [140]. Moreover, Fu et al. developed novel
macromolecular CT contrast agents for microvasculature imaging. The
NPs consisted of a hydrophilic and biocompatible PEG core from which
two symmetrical polylysine dendrimers were initiated, generating
several free amino groups on the NPs surface. These groups were used to
conjugate highly soluble and stable reactive triiodophthalamide moi-
eties, representing the contrast agent of choice. The generated iodinated
NPs had a large molecular weight (>30 kDa), high iodine content
(>27%), and high-water solubility (>550 mg/mL at 25 °C). In vivo CT
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contrast enhancement in normal rats showed that the NPs possessed a
prolonged blood circulation half-life of 35 min compared to the con-
ventional small-molecular contrast media that only allows vascular
enhancement for 5 min. These intravenously-injected NPs also demon-
strated strong and persistent intravascular enhancement of the inferior
vena cava and hepatic veins within the liver, suggesting their potential
application in angiography and quantitative microvascular character-
ization of ischemic cardiac injury such as MI [141]. Finally, a novel
micro-CT technique was developed for longitudinal monitoring of car-
diac functions and quantification of infarct size in in vivo MI murine
models. This technique involved a new blood pool agent designated as
ExiTron MyoC 8000 which consists of polymeric biocompatible nano-
capsules of 300 nm with high iodine content of 210 mg/mL. Kinetic
studies showed that it had prolonged blood circulation half-life and
delayed elimination, suggesting that it can be used for extended imaging
of the LV. Moreover, ExiTron MyoC 8000 not only allowed signal
enhancement in the blood, but also in the myocardium even when
administered at a low dose of 420 mg of iodine/kg. Moreover, it was
found that the NPs were specifically taken up by healthy intact cardiac
cells but not by injured ones, which allowed an accurate quantification of
the infarct size. Accordingly, this low-dose microCT method allowed the
construction of images with superior spatiotemporal resolution,
extended cardiac imaging time, and quantification of the infarct size in
small animal MI models [142].

3.3. Polymeric NPs in other MI diagnostic techniques and multimodal
imaging

While diagnosis of MI is most often achieved by detection of serum
cardiac biomarkers levels, and cardiac anatomical and functional char-
acteristics by CMR and CT, other imaging techniques such as PET scan
and fluorescence molecular tomography (FMT) are also employed by
physicians. PET scan helps estimate the infarct size and detect markers of
inflammation and angiogenesis within unstable atherosclerotic plaques
and the infarcted region of the myocardium. However, there is still
critical need for specific PET imaging agents that allow quantitative and
specific detection of biomarkers within the desired tissue.

Keliher et al. developed cross-linked dextran NPs radiolabeled with
897r—Zr oxalate for imaging of inflammatory macrophages. The NPs were
highly stable and entrapped a high yield of 89Zr. In vivo studies showed
that the NPs had a long half-life of 3.9 h and accumulated primarily
within the lymph nodes where macrophages are known to reside. The
NPs were then tested in a mouse xenograft cancer model by applying
PET-CT imaging where they were detected in macrophages within the
tumor tissue and delineated as such the inflammatory region. These NPs
can later be tested on a murine MI model to visualize the inflammatory
region within the myocardium [143]. Leukocytes are also important
immune cells involved in the inflammatory phase occurring after a car-
diac infarct and represent crucial cells for imaging and diagnosis of MI.
Fairclough et al. synthesized spherical chitosan NPs radiolabeled with
either ®9Zr or ®¥Cu to allow PET imaging of leukocytes. Their results
showed that the highest radiolabeling efficiency and retention of radio-
activity over 24 h of incubation with mixed human leukocytes were
obtained with 8°Zr-labeled NPs. These NPs can later be applied in in vivo
inflammatory models to test their potential to enhance the signaling for
PET imaging and promote precise quantification of inflammation [144].
Other studies aimed at providing targeted imaging of atherosclerotic and
angiogenic lesions by using NPs labeled with C-type atrial natriuretic
factor (CANF) fragment for detecting the upregulation of CANF receptor
termed as natriuretic peptide clearance receptor (NPRC). The core-shell
comb NPs consisted of DOTA radiometal chelators attached to a poly
(methyl methacrylate) core, and CANF-targeting moieties linked to PEG
chains in the NPs' shell. To render them specific for NPRC PET imaging,
they were labeled with ®*Cu. The obtained NPs demonstrated an
improved biodistribution profile as compared to their non-targeted
counterparts whereby they showed improved circulatory retention,
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minimal accumulation within the liver and spleen, and reduced renal
clearance. Furthermore, when the NPs were administered in murine
models of atherosclerosis and hind limb ischemia-induced angiogenesis,
PET imaging showed higher radiotracer accumulation and confirmed the
high specificity and sensitivity of the NPs towards tissues with high
expression of NPRC. As such, ®*Cu-DOTA-CANF-comb NPs seem prom-
ising PET imaging agents for the detection of atherosclerosis and
angiogenesis [145,146]. In a similar fashion, Almutairi et al. aimed at
imaging angiogenesis by PET scan using dendritic NPs to target o3
integrin, a known marker of angiogenesis. The nanoprobe consisted of a
dendritic core labeled with radiohalogens and functionalized with
polyethylene oxide (PEO) which formed a protective outer shell. Cyclic
arginine-glycine-aspartic acid (RGD) motifs were linked to PEO chains
to ensure their specific binding to the oy f3 integrin receptors. Both in vitro
and in vivo studies showed that the labeled and targeted nanoprobes
increased NPs’ uptake by ayps-positive cells by 6-fold and enhanced se-
lective PET imaging of angiogenic muscles in a hind limb ischemia
model, demonstrating the role of the targeted NPs for selective imaging
of angiogenesis in ischemic conditions [147].

Multimodal imaging has been applied as well for the diagnosis of MI
as it combines the unique and complementary strengths of distinct im-
aging techniques to provide more curated diagnosis. Accordingly, PET-
CT, FMT-CT, and PET-MR among others have been adopted for these
mentioned purposes. However, studies are ongoing for the development
of imaging agents that can promote enhanced and targeted signaling of
events leading towards MI and occurring post-MI such as atherosclerosis
and inflammation, respectively.

Polymeric NPs consisting of carboxymethylated polyglucose and
lysine were synthesized for the entrapment of the radiotracer '°F for
enhanced PET-MR imaging of inflammatory diseases. Indeed, the NPs
were specifically taken up by cardiac and plaque macrophages and pro-
moted the detection and quantification of macrophages by PET-MR in
animal MI and atherosclerosis models [148]. Finally, porphysome NPs
were developed for the noninvasive multimodal imaging and detection of
macrophages behavior at different stages post-MI. The NPs consisted of
porphysome, which can emit near infrared fluorescence, and %*Cu for
concomitant nuclear and fluorescent imaging. The NPs were also con-
jugated to folate to ensure macrophage-specific targeting. Indeed, upon
administering the NPs in a murine model of MI, macrophages were easily
detected by PET-CT and FMT whereby inflammatory macrophages were
found to reside in the entire LV area at day 1 post-MI while
anti-inflammatory cells were dominant in the scar tissue at day 7.
Accordingly, folate-conjugated porphysome NPs are suitable
nano-imaging agents for the detection of macrophages in an infarcted
heart [149].

4. Polymeric NPs for the treatment of MI

Discovering a drug and introducing it into the market is a laborious
and expensive process where often one out of thousands of initially
considered compounds gets approved. Therefore, exploiting existing
drugs and increasing their bioavailability by shielding them using
adequate DDS can enhance their efficacy and mitigate their accumulation
in off-target sites [150]. MI harbors niche microenvironments that vary
with time and dictate as such the drug targeting method. Drug-containing
NPs avail their small size and enter the damaged myocardium passively
via the EPR effect. However, the EPR effect starts diminishing 48 h
post-infarction where active targeting should override [151-153]. Active
targeting can be based on the elevated and tissue-specific expression of
cell receptors, pro-inflammatory cytokines, matrix proteins, and MMPs
that can be targeted using ligands [154-156].

4.1. Polymeric NPs as drug delivery agents

Targeting the ischemic tissue passively requires the drug vehicle to
possess specific physicochemical properties with respect to size, shape,
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and surface modification and to be administered shortly after the
infarction occurs. Treating MI is most effective 24 h after its occurrence
where cell apoptosis reaches its peak. Importantly, prolonged circulation
of certain growth factors can lead to undesirable effects, hence their
immediate release is required [157,158]. For instance, insulin-like
growth factor-1 (IGF-I) protects cardiomyocytes from apoptosis but can
reduce cardiac functional recovery when overexpressed. Therefore,
negatively charged IGF-I was conjugated to negatively charged PLGA
NPs, of different sizes, after modifying them with positively charged PEI
to create the necessary electrostatic binding and preserve IGF-I. PLGA
NPs were only detected in the damaged tissue, unlike when IGF-I was
administered freely. The 60 nm NPs showed the highest IGF-I binding
affinity and retention after 24 h which resulted in preserving cardiac
function, reducing the infarct size while preventing ventricular remod-
eling [158].

Angiogenesis is crucial to retrieve normal blood flow to the ischemic
tissue. Proangiogenic cytokines, e.g., vascular endothelial growth factor
(VEGF), have dose-dependent effects; thus, controlled, and sustained
delivery from a DDS is required. VEGF was encapsulated in PLGA NPs
and as a result, the vasculature density increased and the infarct size
decreased accompanied by improved LV contractile force [159,160].
PLGA NPs were also used for the encapsulation of a novel angiogenic
peptide, adrenomedullin-2 (ADM-2), to promote angiogenesis. The
developed NPs containing ADM-2 were able to significantly induce
proliferation in endothelial cells compared to freely administered ADM-2
[161].

Alleviating persistent inflammation in the infarcted heart can help
abrogate cardiomyocytes apoptosis. Indeed, delivery of pitavastatin

Table 5
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passively in PLGA NPs successfully activated the phosphatidylinositol 3-
kinase/protein kinase B pathway and prevented as such cell death in
hypoxic cells and subsequently in reoxygenated cells [162,163]. Reactive
oxygen species (ROS) generated during I/R injuries are yet another factor
of the niche microenvironment of an ischemic tissue [164-166]. Nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidases also impose
oxidative stresses during inflammation and are elevated in MI. Accord-
ingly, lysine-based NPs encapsulating NADPH oxidase 2 (NOX2)-target-
ing small interfering ribonucleic acid (siRNA) were developed. When
locally delivered in an in vivo atherosclerotic model, ROS production was
decreased and neointimal hyperplasia was inhibited [167]. Moreover,
alginate/chitosan NPs protected placental growth factor from degrada-
tion while delivering it to the ischemic myocardium and promoting its
release in a sustained manner. Treatment with placental growth
factor-loaded NPs was able to increase capillary and arteriole densities,
enhance the release of anti-inflammatory cytokine IL-10, and decrease
that of pro-inflammatory cytokines TNF-a and IL-6 [168].

Additionally, dendrimers have been used as DDS since their high
charge density grants them the ability to cross membranes and barriers to
deliver drugs effectively. PAMAM dendrimers embedded with a PEG
cross-linker to ensure biocompatibility were further modified with cell
penetrating peptides (R9 and TAT) for the delivery of angiotensin II type
1 receptor (AT1R) siRNA. ATI1R is upregulated in MI and enhances the
ischemic injury thus, suppressing its expression using siRNA is more
effective for preserving cardiac function than receptor blockers that
might increase AT1 release. R9-modified dendrimers induced signifi-
cantly higher internalization compared to TAT-modified NPs due to
TAT's smaller size and higher arginine content. Accordingly, R9-modified

Therapeutic applications of drug-loaded polymeric NPs for passively-targeted therapy.

Type of nanosystem Entrapped cargo Surface modifications

Therapeutic effect Ref.

Poly (lactic-co- IGF-I

glycolic acid) NPs

Polyethylene-imine

VEGF -

Adrenomedullin-2 -

Pitavastatin -
Lysine-based NPs NOX2 siRNA -
Alginate NPs PIGF Chitosan coating
PAMAM dendrimers AT1R siRNA Poly (ethylene glycol) cross-linker

Hyaluronan-sulfate miRNA-21 mimic -

NPs

Polyethylene-imine SHP-1 siRNA Deoxycholic acid
Poly (glycidyl Curcumin Polyethylene-imine
methacrylate) AID targeting peptide

In vivo MI model

Induced NPs cardiac retention

Preserved cardiac function

Prevented LV remodeling

Reduced infarct size

In vivo MI model

Increased vascular density

Reduced infarct size

Improved LV contractile force

In vitro

Induced proliferation of endothelial cells

In vitro

Activated PIBK/AKT pathway

Reduced the rate of cardiomyocytes apoptosis
In vivo atherosclerotic model

Decreased ROS production

Inhibited neointimal hyperplasia

In vivo MI model

Increased capillary and arteriole densities
Decreased pro-inflammatory cytokines release
Increased anti-inflammatory cytokines release
In vitro

Induced AT1R silencing in cardiomyoblasts
In vivo MI model

Decreased infarct size

In vivo MI model

Switched pro-inflammatory macrophages into reparative phenotype
Enhanced angiogenesis

Limited fibrosis, cell apoptosis, cardiac hypertrophy
In vitro

Silenced SHP1 gene expression

Inhibited cardiomyocytes apoptosis

In vivo I/R model

Inhibited apoptosis

Reduced infarct size

Ex vivo I/R model

Reduced muscle damage

Reduced oxidative stress

Decreased ROS levels in cardiomyocytes

[158]

[159,160]

[161]

[162,163]

[167]

[168]

[169]

[170]

[171]

[172]
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dendrimers loaded with AT1R siRNA promoted a decrease in the infarct
size [169]. Beside dendrimers, other polymeric NPs were utilized to
deliver small RNA molecules to reduce inflammation and inhibit
apoptosis within the damaged myocardium. As a method to switch the
macrophages phenotype from pro- to anti-inflammatory in the infarct
region, Bejerano et al. aimed to boost the levels of microRNA-21
(miRNA-21), typically expressed in macrophage-rich areas with peak
levels at day 7 post-MI. Accordingly, they delivered self-assembled NPs of
miRNA-21 mimic complexed with hyaluronan-sulfate and calcium
bridges to the injured area where they were able to enhance angiogen-
esis, limit fibrosis and cell apoptosis, and ultimately reduced cardiac
hypertrophy [170]. Genetic material can also be delivered to inhibit
cardiomyocytes hypoxia-induced apoptosis in an infarcted heart. Low
molecular weight PEI modified with deoxycholic acid for enhanced
cellular uptake was employed to electrostatically conjugate siRNA tar-
geting Src homology region 2 domain-containing tyrosine phosphatase-1
(SHP-1), a gene involved in cell apoptosis. After successfully silencing the
corresponding gene and inhibiting apoptosis of cardiomyocytes in vitro,
the effects of these NPs were assessed in a rat model of I/R. SHP-1 loaded
NPs were found to significantly reduce apoptosis which in turn decreased
the infarct size [171].

Finally, as the characteristics of an infarcted heart microenvironment
are governed by intertwined factors, it is of great interest to load nano-
carriers with multiple bioactive agents to effectively eliminate these
synergistic repercussions. Poly (glycidyl methacrylate) NPs were syn-
thesized for the simultaneous delivery of the antioxidant agent curcumin
and a peptide targeting the alpha interacting domain L-type Ca>" channel
(AID) to decrease ROS and prevent their generation through mitochon-
drial activity. The NPs entrapped curcumin within their core and were
modified with PEI to promote electrostatic adsorption to the AID peptide.
The resulting NPs were able to reduce muscle damage, oxidative stress,
and ROS levels in cardiomyocytes of an ex vivo I/R model [172]
(Table 5).

4.2. Polymeric NPs for the targeted treatment of MI

Smart drug delivery can be achieved by active targeting that guides
the DDS to the target using biological moieties such as receptors over-
expressed on target cells or by the aid of external magnetic fields that can
guide iron-containing carriers within the body [173,174]. DDS modified
with ligands that bind to cell-specific receptors or moieties overexpressed
in pathophysiological conditions initially employ EPR-mediated passive
targeting to enter the tissue. Subsequently, they exploit ligands including
sugars, peptides, folic acid, and antibodies, to improve their residence
time and cellular internalization [175-177].

Myocardium-specific molecules such as fibrin and atrial natriuretic
peptide (ANP) have been commonly exploited for MI targeting applica-
tions. Fibrin is a target molecule in MI due to its rare presence in healthy
myocardium and the instant formation of fibrin matrices post-MI
[178-181]. The Cys-Arg-Glu-Lys-Ala (CREKA) peptide sequence was
covalently conjugated onto PEG/PLLA NPs to target MI fibrin. The
CREKA modified NPs loaded with thymosin beta-4 had high localization
in the damaged heart and were able to improve cardiac function and
survival, enhance angiogenesis, and revitalize the dormant adult
epicardium [178]. Another myocardium-specific molecule is ANP pro-
duced by the myocardium to stimulate repair within the infarct. Besides,
ANP communicates paracrine signals by binding to natriuretic peptide
receptors (NPRs) expressed on cardiomyocytes and fibroblasts [182].
Multifunctional PEGylated porous silicone NPs modified with ANP and a
metal chelator were used to deliver the cardioprotective novel molecule,
trisubstituted-3,4,5-isoxazole, to the damaged myocardium. The target-
ing ligand increased the NPs infiltration into the heart by 3-fold, whereby
they effectively attenuated extracellular signal-regulated kinases’ phos-
phorylation which play a key role in cardiac hypertrophy [182-184].

ATIR is highly expressed in the infarcted heart, as mentioned earlier,
as a result of hypoxic conditions accompanying the ischemic tissue [164].
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PEG-modified dendri-grafted poly-l-lysine (PLL) dendrimer conjugated
to AT1R targeting ligand had significantly higher accumulation in the
infarcted heart compared to bare NPs. This drug carrier was utilized to
deliver microRNA-1 inhibitor that exerts anti-apoptotic effects. Accord-
ingly, it reduced apoptotic cell death significantly across the infarcted
border and decreased the infarct size [164].

Active targeting also comprises stimuli-responsive carriers governed
by endogenous or exogenous factors that can precipitate, degrade, swell,
or change the carriers’ shape to release the encapsulated molecules [185,
186]. Since MI has its distinct microenvironments, and different treat-
ments are merely effective at specific stages, active targeting and trig-
gered release can be employed to release the desired drug when
necessary and attain sustained release.

Cardiac hypertrophy post-MI can be induced by NOX2-NADPH which
contributes to ROS generation in the infarcted heart. Therefore, silencing
NOX2-NADPH expression in neutrophils, macrophages, and myocytes
can mitigate their effects on cardiac function [187,188]. Heffernan et al.
developed pH-responsive polyketal NPs to enhance the transfection ef-
ficiency of siRNAs and promote their internalization into lysosomes
where the acidic pH promotes NPs degradation. Accordingly, NOX2
levels were downregulated within the infarct which aided in retrieving
cardiac function [188,189]. Polyketal NPs can be further modified by
sugars such as N-acetylglucosamine (GlcNAc) to facilitate cellular up-
take. GlcNAc-coated poly (cyclohexane-1,4-diyl acetone dimethylene
ketal) NPs were used to encapsulate p38 MAPK inhibitor to reduce
apoptotic events post-MI. The decorated NPs showed significant uptake
accompanied by p38 inhibition when tested in vitro on cardiomyocytes.
Accordingly, they were tested in an in vivo MI model to confirm their
therapeutic effect where they decreased apoptosis, reduced infarct size,
and improved cardiac function [190].

The reductive environment of the cytoplasm represents an ideal arena
for responsive bioreducible carriers to release their genetic content.
Many genes are implicated in cardiomyocytes apoptosis following MI
including the cell surface death receptor Fas gene. In order to down-
regulate its expression, Fas siRNA were delivered in poly (cystamine
bisacrylamide-diaminohexane) = NPs, decorated with  primary
cardiomyocyte-specific targeting peptide, to hypoxic cardiomyocytes in
order to evaluate their effectiveness. The polyplexes were found to
induce significantly higher transfection efficiency in hypoxia-induced
cardiomyocytes as compared to fibroblasts. Consequently, the viability
of transfected cardiomyocytes was significantly higher than non-
transfected ones as they were protected from hypoxia-induced
apoptosis [191].

Overproduction of ROS, as indicated earlier, is a distinct feature of
severe inflammation. Therefore, besides targeting ROS to eliminate its
detrimental effects, an infarcted myocardium rich in ROS, namely Hy0,
can act as a stimulating environment that prompts HyOs-responsive
nanocarriers to release their content. Copolyxalate NPs were loaded with
the bioactive agent vanillyl alcohol and conjugated to HoO»-responsive
peroxalate ester linkages to render the NPs degradable in the presence of
H505, The vanillyl alcohol-loaded NPs reduced ROS generation, exhibi-
ted anti-inflammatory and anti-apoptotic activities, and thus reduced
cellular damage in hind-limb and liver I/R models [192].

Another endogenous factor is the upregulation of MMP-2/9 in the
infarcted heart. MMP-specific recognition peptide sequences were con-
jugated to polymer amphiphiles with poly (norbornene) backbone
forming peptide-polymer amphiphile NPs. When the NPs were internal-
ized by the myocardium via the EPR effect, they transformed into a mesh-
like scaffold, upon MMP recognition, that was retained in the myocar-
dium for 7 days post-treatment unlike non-responsive NPs. This study
encourages further researchers to entrap drugs within these peptide-
polymer amphiphile NPs for active targeting of the heart post-MI [189]
(Table 6).
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Table 6
Therapeutic applications of drug-loaded polymeric NPs for actively targeted therapy.
Type of nanosystem Entrapped cargo Surface modifications Therapeutic effect Ref.
Poly (ethylene glycol)/poly-L-lactic acid ~ Thymosine p4 Poly (ethylene glycol) In vivo ischemic model [178]
CREKA peptide sequence Improved cardiac function, survival
Enhanced angiogenesis
Revitalized dormant epicardium
Porous silicone NPs Trisubstituted-3,4,5- Poly (ethylene glycol) In vivo MI model [182-184]
isoxazole ANP peptide Infiltrated into the heart
Metal chelator Attenuated ERK1/2 phosphorylation
Dendri-grafted poly-l-lysine NPs microRNA-1 inhibitor Poly (ethylene glycol) In vivo MI model [164]
(AMO-1) AT1R targeting ligand Reduced apoptotic cell death
Decreased infarct size
Polyketal NPs NOX2 siRNA pH-responsive linkages In vivo MI model [188,189]
Downregulated NOX2 expression
Retrieved cardiac function
p38 MAPK inhibitor N-acetylglucos-amine In vitro [190]
Increased uptake by cardiomyocytes
Induced p38 inhibition
In vivo MI model
Reduced apoptosis
Decreased infarct size
Improved cardiac function
Poly (cystamine bisacrylamide Fas siRNA Primary cardiomyocyte specific In vitro [191]
diaminohexane NPs peptide Increased cardiomyocytes' uptake and transfection
Redox responsive bonds efficiency
Inhibited cardiomyocytes' apoptosis under hypoxia
Copolyxalate NPs Vanillyl alcohol H,0,-responsive peroxalate ester  In vivo hind-limb and liver I/R model [192]
linkages Reduced ROS generation
Exhibited anti-inflammatory and anti-apoptotic effects
Reduced cellular damages
Peptide-polymer amphiphile NPs - MMPs recognition peptide In vivo MI model [189]

sequence

Enhanced accumulation of NPs within infarcted
myocardium

Transformed from discrete spheres into a scaffold upon
MMP recognition

4.3. Polymeric NPs for the regeneration of the infarcted heart

Upon injury of the myocardium post-MI, and because of the limited
regenerative capacity of the heart, the infarcted tissue is replaced by a
non-contractile scar tissue [193]. Accordingly, researchers have opted for
regenerative therapy based on the delivery of stem cells to the infarcted
myocardium with the help of tissue engineering approaches to restore
cardiac function and prevent heart failure. Stem cells have the ability to
self-renew and differentiate towards specialized cell lineages under the
appropriate environmental cues. However, their direct delivery to the
injured tissue is limited by their low retention and survival rate and
limited differentiation potential [193]. Accordingly, nanotechnology has
paved the way for delivering stem cells and their progenitors within
biocompatible NPs and scaffolds.

PLGA NPs conjugated to Simvastatin were found to be internalized by
adipose-derived stem cells (ASCs) in vitro, promote ASCs migration in
response to gradual drug release from degrading PLGA NPs, induce the
expression of pro-angiogenic and anti-apoptotic factors, and enhance
their differentiation towards smooth muscle and endothelial cells. These
results were translated in vivo in a murine MI model whereby
Simvastatin-NPs treated stem cells were recruited and retained in the
ischemic region, improved cardiac function, and induced regeneration of
the infarcted heart [194]. Moreover, core-shell NPs of 270 nm consisting
of lecithin/VEGF core and Pluronic F-127 shell were prepared for the
regeneration of the MI heart. The NPs were able to release VEGF in a
sustained manner over a period of 42 days. In vivo, the NPs significantly
enhanced capillary density and improved the overall cardiac function.
NPs gelation was achieved by adding Capryol 90, a non-ionic water--
insoluble surfactant, which resulted in the formation of a gel network
containing VEGF-loaded NPs. The hydrogel was found to have more
significant effects on restoring cardiac function as compared to the
loaded NPs, suggesting the advantage of the hydrogel in improving NPs’
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localization within the ischemic heart [195].

Transdifferentiation of cardiac fibroblasts towards cardiomyocyte-
like cells is yet another way to regenerate the infarcted heart. PEG-
coated and ANP-modified acetylated dextran NPs were synthesized for
the delivery of two small water-insoluble drugs involved in the direct
reprogramming of fibroblasts into cardiomyocytes (SB431542 and
CHIR99021). In vitro studies revealed that the NPs promoted triggered
release of both drugs in an acidic environment and allowed sustained
release over 24 h. The NPs also enhanced the drugs' reprogramming
activity as evident by the stabilization of f-catenin and prevention of
Smad3 translocation to the nucleus of myofibroblasts [196]. Similarly,
PEI-coated carboxymethylcellulose NPs encapsulating
cardiomyocyte-specific transcription factors (GATA4, MEF2C, and TBX5)
along with 5-azacytidine, a nucleoside that inhibits proliferation and
promotes differentiation, were found to induce transdifferentiation of
dermal fibroblasts into cardiomyocyte-like cells. Indeed, the reprog-
rammed cells expressed cardiac markers (cTnl and o-actinin) and
exhibited cardiac beating properties upon transplantation into murine
hearts [197]. Moreover, various hydrogels synthesized from naphthalene
molecules and p-galactose caged nitric oxide (NO) donors (NapFF-NO),
gelatin methacrylate (GelMA) complexed with nanosilicates, and agarose
supplemented with integrin-binding proteins, were all used to encapsu-
late ASCs, mesenchymal stem cells-derived secretome, and cardiac stem
cells (CSC), respectively. NapFF-NO hydrogel improved stem cell survival
and enhanced cardiac function upon NO-stimulated expression of
pro-angiogenic factors. Also, the secretome-rich nanocomposite hydrogel
of GelMA/nanosilicates played pro-angiogenic and cardioprotective roles
and enhanced cardiomyocytes' survival upon hypoxia-induced apoptosis.
Lastly the CSC-encapsulated agarose hydrogel retained the cells' viability
under hypoxic conditions, promoted the production of pro-angiogenic
and cardioprotective cytokines, and restored cardiac structure and
function post-MI [198-200]. Overall, hydrogels made from
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Table 7
Therapeutic applications of polymeric NPs for cardiac regeneration.
Type of nanosystem Entrapped cargo Surface modification Therapeutic effect Ref.
Poly (lactic-co-glycolic acid) NPs Adipose-derived stem - In vitro [194]
cells Promoted cells' migration
Simvastatin Promoted cells' expression of pro-angiogenic and anti-apoptotic
factors
Promoted cells' differentiation towards smooth muscle and
endothelial cells
In vivo MI model
Retained cells in ischemic region
Improved cardiac function
Induced endogenous cardiac regeneration
Lecithin/Pluronic F-127 core-shell VEGF - In vitro [195]
NPs Sustained release of VEGF over 42 days
In vivo MI model
Enhanced capillary density
Improved cardiac function
Acetylated dextran NPs SB431542 Poly (ethylene glycol) In vitro [196]
CHIR99021 ANP peptide Induced pH-triggered release of drugs over 24 h
Enhanced the drugs' reprogramming activities
Carboxymethyl-cellulose NPs GMT plasmid DNA Poly (ethylene imine) In vitro [197]
(GATA4, MEF2C, TBX5) Transdifferentiated dermal fibroblasts into cardiomyocyte-like cells
5-azacytidine In vivo MI model
Promoted beating properties of cardiomyocyte-like cells at injection
site
Naphthalene/Nitric oxide donor Adipose-derived stem - In vitro [198]
hydrogel cells Induced expression of pro-angiogenic factors
In vivo MI model
Enhanced stem cells' survival
Improved cardiac function
Gelatin methacrylate/ Mesenchymal stem cell- - In vitro [199]
nanosilicates hydrogel derived secretome Increased endothelial cells' proliferation
Protected cardiomyocytes from hypoxia-induced apoptosis
Agarose hydrogel Cardiac stem cells Integrin-binding proteins In vivo MI model [200]

Retained cells' viability
Induced production of pro-angiogenic and cardioprotective cytokines
Restored cardiac structure and function

biocompatible polymers which mimic the ECM are adequate candidates
for the delivery, retention, and differentiation of stem cells and their
progenitor and hold great promise for cardiac tissue regeneration post-MI
(Table 7). Polymeric NPs are widely used in tissue engineering scaffolds
for their ability to fine-tune the scaffolds’ mechanical strength as well as
entrap and deliver stem cells, growth factors, and other bioactive agents
required for the regeneration of the infarcted myocardium post-MI and
for the endothelialization of synthetic scaffolds [201].

Self-assembled polymeric NPs consisting of heparin and chitosan
were developed for the sustained release of VEGF and were immobilized
to the nanofibers of decellularized buffalo bovine jugular vein scaffolds
to accelerate their vascularization. Indeed, the NPs successfully promoted
higher fibroblast infiltration, ECM production, and new capillary for-
mation in a mouse subcutaneous implantation model in vivo, showing
promising results for future MI applications [202]. Moreover, bilayered
NPs composed of a PLGA core and PLLA shell were found to induce
sequential release of platelet-derived growth factor following co-release
of VEGF and bFGF. Upon incorporation in a fibrin matrix, they were
found to promote angiogenesis in an ex vivo rat aortic ring assay, sug-
gesting their potential application within scaffolds for MI repair [203].
Furthermore, Wang et al. used an HyOs-sensitive injectable hydrogel
strengthened with the self-assembled nanodrug tanshinone IIA. The NPs
were coated with polydopamine to ensure their entrapment within the
hydrogel through chemical cross-linking. The hydrogel exhibited slow
degradation upon injection in a rat MI model which prompted the sus-
tained release of the drug within the infarct and resulted in increased LV
ejection fraction, decreased infarct size, and inhibition of inflammatory
factors [204]. Another injectable hydrogel with shear-thinning proper-
ties was synthesized for the localization of miRNA-loaded polymeric NPs.
The miR-199a-3p is a microRNA that had already demonstrated a po-
tential for treating CVDs. Accordingly, it was entrapped in core-shell NPs
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of poly (9,9-dioctylfluorene-alt-benzothiadiazole)/PEG. The NPs showed
great potential in inducing proliferation of cardiac and endothelial cells,
as well as promoting angiogenesis in hypoxic conditions. In vivo, the
NPs/hydrogel system successfully improved cardiac function and
enhanced capillary density in the infarct border zone [205].

Other researchers focused on synthesizing polymeric NPs to func-
tionalize conductive engineered cardiac patches (ECP) as substitutes for
the infarcted tissue since they can bridge electrical signals of healthy
myocardium across the scar obstacle and activate living cardiomyocytes.
Conductive NPs made of gelatin methacrylate/polypyrrole (GelMA/Ppy)
were cross-linked on an electrospun-GelMA/polycaprolactone nano-
fibrous membrane via a mussel-inspired cross-linker. Upon trans-
plantation of this biocompatible ECP in a rat MI model for 4 weeks, the
infarcted myocardium was repaired by enhancing cardiac function and
promoting revascularization [206]. Similarly, Wang et al. developed Ppy
NPs and incorporated them into a GelMA/PEG cryogel using a
mussel-inspired cross-linker to obtain optimal mechanical and supere-
lastic properties for the ECP. In an in vivo rat MI model, the GelMA/PEG
NPs were shown to migrate from the ECP, fuse to the surface of car-
diomyocytes, and promote their synchronous contraction which resulted
in improved cardiac function [207]. Overall, polymeric NPs have shown
to be adequate DDS for the delivery of drugs and/or growth factors
within various scaffolds for the treatment of the injured heart after MI
(Table 8).

5. Implication of polymeric NPs in theranostic approaches for MI

Theranostics is an emerging scientific discipline that combines diag-
nostic techniques and targeted therapy to achieve a personalized clinical
approach for every patient. Polymeric biodegradable NPs have been used
for the past two decades in nanotheranostics as they represent optimal
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Table 8
Therapeutic applications of polymeric NPs in cardiac scaffolds.
Type of nanosystem Entrapped cargo Therapeutic effect Ref.
Heparin/Chitosan NPs - immobilized VEGF In vitro [202]
decellularized buffalo bovine jugular Promoted effective localization and sustained release of VEGF over several weeks
vein scaffold In vivo subcutaneous implantation
Promoted higher fibroblast infiltration
Enhanced ECM production
Induced new capillary formation
Poly (lactic-co-glycolic acid)/Poly-L-lactic PDGF In vitro [203]
acid NPs incorporated in a fibrin matrix VEGF bFGF Promoted sequential release of PDGF following co-release of VEGF and bFGF
Ex vivo rat aortic ring assay
Promoted angiogenesis
Tanshinone IIA NPs - immobilized Hy05- Tanshinone 1A In vivo I/R model [204]
sensitive injectable hydrogel Promoted retention of hydrogel within rat hearts for 4 weeks
Sustained release of Tanshinone IIA within the infarct
Inhibition of inflammation
Decreased infarct size
Improved cardiac function
Poly (9,9-dioctylfluorene-alt- miR-199a-3p In vitro [205]
benzothiadiazole)/poly (ethylene glycol) Induced proliferation of cardiac and endothelial cells
NPs — immobilized in shear-thinning Promoted angiogenesis in hypoxic conditions
injectable hydrogel In vivo MI model
Improved cardiac function
Doubled capillary density in the border zone
Gelatin methacrylate/Polypyrrole NPs - GelMA/Ppy NPs In vitro [206]
crosslinked Gelatin methacrylate/ NPs produced high conductivity of ECP
Polycaprolactone membrane In vivo MI model
Improved cardiac function
Promoted revascularization
Polypyrrole NPs - crosslinked Gelatin Ppy NPs In vivo MI model [207]

methacrylate/Poly (ethylene glycole)
cryogel

Promoted NPs' migration to cardiomyocytes and induced their synchronous
contraction

Improved cardiac function

candidates for the simultaneous delivery of therapeutic and imaging
agents to promote monitoring of drug release and to evaluate in real time
its therapeutic efficacy for various diseases (Fig. 15) [208].

Stem cell transplantation is a novel approach for regenerating the lost
myocardium after MI and restoring proper cardiac function within the
infarct. However, as mentioned earlier, it remains challenging to main-
tain stem cells’ viability after transplantation and increase their retention
rate within the myocardium which is currently no more than 0.1-15%.
Accordingly, Gomez-Mauricio et al. developed a new theranostic
approach to promote cardiac repair post-MI by delivering and tracking
ASCs encapsulated within magnetic resonance-labeled microcapsules.
The particles consisted of a mixture of alginate solution, Endorem
(commercially available superparamagnetic iron oxide NPs), and ASCs
cell pellet, extruded into a calcium chloride solution to form magnetic
alginate beads. The magnetic alginate beads were then cross-linked with
solutions of PLL followed by another alginate solution to obtain the final
particles of magnetic resonance-labeled alginate-PLL-alginate microcap-
sules termed as “magnetocapsules”. These capsules were able to maintain
high cellular viability of ASCs for 21 days in culture and the magnetic
labeling did not affect their viability. In vivo MRI imaging showed that
ASCs-encapsulated magnetocapsules were detected within the infarcted
myocardium of a porcine MI model up to 30 days post-injection without
any loss of the iron oxide label intensity, indicating that ASCs were
efficiently retained within the myocardium. Furthermore, these stem
cells-laden magnetocapsules were able to improve cardiac function by
decreasing the infarct size and increasing the LV ejection fraction as
determined by MRI [209]. Another study also utilized polymeric NPsin a
theranostic approach for cardiac regeneration. A lipid-based copolymer
of DSPE-PEG-Maleimide was synthesized for the entrapment of a semi-
conductor polymeric contrast agent (PCPDTBT). The NPs were further
functionalized with cell-penetrating peptides which increased their la-
beling efficiency for human embryonic stem cell-derived car-
diomyocytes. Upon transplantation of the labeled cells into living murine
hearts, both ultrasound and photoacoustic imaging permitted real-time
monitoring of the delivery, engraftment, and localization of the labeled
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cells with high spatial resolution. This study highlighted the advantages
of integrating polymeric NPs for photoacoustic imaging as a method to
monitor the fate of transplanted cardiac cells in regenerative therapies
[210].

Theranostic nanosystems can also be applied for the controlled de-
livery of therapeutic agents as well as accurate imaging and diagnosis of
I/R diseases. Kang et al. developed micellar NPs from near-infrared
fluorescent dye-conjugated HoO5-scavenging boronate polymers for im-
aging obstructive thrombus and inhibiting further thrombus formation.
Not only does boronate scavenge HpO, but it releases the antioxidant
agent hydroxybenzyl alcohol (HBA) upon HyO>-mediated oxidation. As
fibrin is one of the most important and abundant components of thrombi,
the NPs were further decorated with fibrin-targeting lipopeptides on
their surface to achieve site specific delivery and minimize off-target
effects. These NPs, termed fibrin-targeted imaging and antithrombotic
nanomedicine (FTIAN), used at 100 pg/mL were able to suppress cyto-
toxicity and exert antioxidant and anti-inflammatory activities in HyO»-
stimulated macrophages and arterial endothelial cells. They also
exhibited antiplatelet activities by significantly suppressing the expres-
sion of soluble CD40 ligand (sCD40L) on activated platelets. Importantly,
all these mentioned effects were significantly higher upon using FTIAN as
compared to HBA alone. Moreover, in vivo studies conducted on murine
carotid thrombosis model injected with FTIAN NPs demonstrated sig-
nificant reduction of inflammation and platelet activation as evidenced
by the decrease in the levels of TNF-a and sCD40L, respectively. Also,
upon loading these NPs with the anti-thrombotic drug tirofiban, they
were able to remarkably inhibit thrombus formation and suppress ROS
generation at a reduced dose of the drug. Lastly, the NPs also served as
dual imaging agents as they enhanced the fluorescence and photo-
acoustic intensity of fibrin-rich clots obstructing arteries. Overall, these
novel NPs represent promising thrombus-specific theranostic agents that
could be applied for different CVDs caused primarily by thrombosis such
as type 1 MI [211]. Another study also applied polymeric NPs for the
entrapment of therapeutic agents and monitoring their delivery and
dosage via imaging techniques. Chitosan hydrogel NPs radiolabeled with
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Fig. 15. Scheme summarizing the functions of polymeric NPs as nanotheranostic agents.
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Table 9
Theranostic applications of polymeric NPs.
Type of nanosystem Entrapped bioactive Entrapped imaging Surface Theranostic effect Ref.
agents agents modification
Alginate/poly-L-lysine Adipose-derived stem Endorem (Iron oxide NPs) - In vitro [209]
NPs cells Maintained high cell viability of stem cells
VEGF In vivo MI model

Retained stem cells within infarcted myocardium
Maintained high magnetic labeling intensity
Improved cardiac function

DSPE-poly (ethylene - Semiconductor polymeric Cell-penetrating In vitro [210]
glycol)-Maleimide NPs contrast agent peptides Provided efficient labeling of human embryonic stem cells-
(PCPDTBT) derived cardiomyocytes

In vivo mouse model
Allowed tracking and monitoring of transplanted human
embryonic stem cells-derived cardiomyocytes with high
spatial resolution
Boronate NPs Tirofiban Near-infrared fluorescent Fibrin-targeting In vitro [211]

dye (IR820) lipopeptides Inhibited cytotoxicity, inflammation, and ROS generation in
H,0,-stimulated cells
Exhibited antiplatelet activities
In vivo carotid thrombosis model
Reduced inflammation and platelet activation
Inhibited thrombus formation and ROS generation
Enhanced fluorescence and photoacoustic intensity of fibrin-

rich clots
Chitosan hydrogel NPs VEGF peptides Radionuclide technetium - In vivo I/R model [212]
99 m Reduced perfusion defects

Induced angiogenesis
Retained radionuclide and allowed image-guided drug
dosage control

technetium 99 m and entrapping VEGFg;_9; peptides were tested in a of applying polymeric NPs for the concomitant delivery of drugs and

murine model of cardiac I/R. They were found to reduce perfusion de- imaging agents for theranostic applications in MI (Table 9).

fects and increase vascular density in the ischemic region of the

myocardium and promote retention of the radionuclide of up to 9.2% as 6. Discussion, conclusion, and future prospects

evidenced by SPECT. Accordingly, these NPs are good candidates for the

controlled delivery of VEGF peptides as well as for quantitative radio- Polymeric NPs have been explored extensively in the past decades for
nuclide imaging which can help customize treatment of myocardial their ability to entrap and deliver imaging agents and therapeutic mol-
ischemia [212]. In conclusion, studies have demonstrated the feasibility ecules to diseased tissues. They most often achieve this delivery via EPR-
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mediated passive targeting whereby they tend to accumulate preferen-
tially in an inflamed region with leaky vasculature such as in a tumor and
MI microenvironment. While the small size of polymeric NPs is the most
important property driving this EPR effect, their synthesis must be ach-
ieved meticulously as sizes less than 10 nm will inevitably lead to rapid
and undesired renal clearance. Accordingly, coating NPs with biocom-
patible polymers and proteins is advantageous to increase their size and
molecular weight and promote prolonged circulation in the blood and
delayed clearance. Also, the extremely small size of NPs causes them to
enter non-specifically into different cell types or lengthen their circula-
tion time without reaching their specific target [110,213,214]. There-
fore, releasing NPs from larger particles or different carriers like
hydrogels and scaffolds may increase the probability of margination and
adhesion to endothelial walls. Another way to overcome non-specific cell
targeting is by adding targeting ligands to the surface of NPs.

Research has been ongoing towards active targeted delivery of NPs to
ensure higher accumulation within the infarcted myocardium, prolonged
retention time, and enhanced imaging and/or therapeutic effect. To
achieve active targeting, it is vital to uncover proteins, receptors, and
glycosaminoglycans among others that are highly expressed on the sur-
face of targeted cells. For diagnosis, detection, and monitoring of MI,
enhanced imaging is advised for CT, CMR, and other imaging techniques
following ECG and troponin level analysis [215]. Accordingly, contrast
agents entrapped in appropriate polymeric NPs with optical and mag-
netic properties can provide better assessment of myocardial patho-
physiological changes and quantification of infarct size. To promote
selective uptake of these NPs by cardiac-specific inflammatory cells and
viable cardiomyocytes, NPs must be coated with ligands that can
recognize receptors exclusive to the damaged area and highly expressed
during the time of administration. Scavenger receptor Al, C-reactive
protein, and fibrin are molecules widely expressed on the surface of
macrophages and in the inflammatory MI microenvironment. Hence,
their appropriate ligands can be adsorbed onto the surface of NPs to
promote active targeting and accurate detection of myocarditis. Simi-
larly, ANP, AT1R, GlcNAc receptor, and ayp3 integrin are some of the
molecules highly expressed and secreted within the infarcted myocar-
dium to stimulate cardiac repair and angiogenesis. Accordingly,
adsorbing their ligands to NPs’ surface can be exploited to achieve tar-
geted imaging of the infarct size and neoangiogenesis. In a similar
fashion, active targeting can be employed to deliver drug-loaded poly-
meric NPs to the injured myocardium, avoiding NPs distribution in
non-specific tissues. Endogenous factors can also be exploited to induce
triggered release of the bioactive agents from the NPs once present in the
targeted infarct region. Accordingly, polymeric NPs can be engineered to
possess stimuli-responsive properties. Hence, they can be stimulated to
degrade and release the entrapped drug upon the presence of MI-specific
factors such as low pH, redox and hypoxic environment, or the over-
expression of MMP-2/9.

Various types of NPs, made from natural or synthetic polymers, were
explored for their potential as diagnostic, therapeutic, and theranostic
tools for MI. Biodegradable polymers have hydrolytically or enzymati-
cally labile bonds that break and exhibit a triggered functionality in a
physiologic environment, and they are ideal in the field of drug delivery
[216]. Indeed, we found that PLGA is the most commonly used polymer
involved in the synthesis of NPs as it promotes biodegradability,
biocompatibility, and sustained release of the entrapped drug. While PEG
is non-biodegradable, it is also widely used in NPs, mostly due to its high
hydrophilicity, high molecular size, and low immunogenicity and anti-
genicity. Accordingly, PEGylation of NPs increases their solubility, ex-
tends their half-life, and shields them from recognition by antibodies and
proteases. Natural polymers such as polysaccharides (alginate, chitosan,
dextran, hyaluronan, f-cyclodextrin) and proteins (serum albumin, PLL)
are also implicated in NPs synthesis. They are often utilized to deliver
drugs, sequester inflammatory factors, and promote signaling in the
infarcted area due to their favorable biocompatibility and biodegrad-
ability properties [217,218]. They are also more susceptible to be
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translated into biological mimics that serve as ECM entities or signaling
molecules [219,220]. Moreover, dendrimers, which strongly resemble
proteins in their structure, have proved to be successful NPs for imaging
of MI as they formed macromolecular contrast enhancement agents
which allowed them to overcome the rapid clearance of conventional low
molecular weight imaging dyes. Also, these NPs can be versatile; by
modifying their dendritic branching and PEO length, they can adsorb
different radiotracers as well as therapeutic agents and hence may have
great potential for theranostic applications [221].

The studies covered in this review highlight the great potential of
polymeric NPs to provide personalized and accurate detection, diagnosis,
and treatment for MI patients. However, there are several limitations and
challenges which need to be addressed. As a consequence of the NPs
small size and large surface area, particle-particle aggregation brings
about difficulties in the physical handling of the NPs in liquid and dry
form [222]. Coating NPs with positively or negatively charged polymers
is widely used to enhance the NPs biocompatibility, cellular uptake, or
adsorption to genetic material; however, their concentration must be
well thought-out to avoid undesired effects. PAA-coated upconverting
NPs were shown to be good candidates for reducing background signals
in cTnl immunoassays. However, the highly negative charge of PAA may
lead to non-specific binding and reduced stability of UCNPs which
compromises the sensitivity of the immunoassay. Conjugation of PEG
along with PAA to UCNPs may be considered as a solution to reduce
undesired non-specific binding [223]. Also, coating NPs with PEI is
favorable for adsorption of cell-reprogramming genes in regenerative
therapy. However, as previously mentioned, PEI must be used with
caution as it can trigger an inflammatory response and as such further
studies are needed to confirm the inertness of the NPs. In this case
replacing PEI coating with positively charged natural polymers such as
chitosan or polymers made from natural amino acids such as PLL may be
a safer approach [224,225]. Moreover, regarding nuclear imaging of MI,
most studies focused on providing accurate delivery of the contrast
agent-loaded NPs to the injured myocardium but did not attempt to
reduce radiation exposure. This can be achieved by inducing modifica-
tions to the NPs such as using %8Ga tracer instead of 8°Zr. Also, the NPs
can be further modified to prolong their human blood half-life by
modification of residuals amines with alternative capping agents.
Moreover, while several studies indicated that imaging agent-loaded
polymeric NPs can produce higher contrast enhancement in murine
heart muscle compared to other organs, additional NPs surface modifi-
cation and further studies in CVD models are required to evaluate the NPs
potential to promote selective targeting to the injured area and hence,
produce infarct-specific contrast enhancement by CMR to allow proper
MI diagnosis.

Furthermore, regarding therapeutic approaches, we found that
polymeric hydrogels hold great potential in delivering and maintaining
cardiac stem cells viability and retaining them within the ischemic
myocardium. However, significant numbers of transplanted stem cells
were progressively lost which underlines the need for improving the
hydrogel constituents. This can be achieved by supplementing polymeric
hydrogels with ECM constituents to help enhance CSC proliferation and
impregnating the hydrogel with supportive cytokines to pre-condition
CSC for survival and promote indirect cardiac repair. Polymeric NPs
were also involved within various scaffolds to promote sustained delivery
of growth factors and other biological molecules. Importantly, they
showed great potential to incorporate 3D patterned hydrogels and ach-
ieve spatiotemporal control of the entrapped bioactive agents, which is
vital for the treatment of MI. However, certain studies showed discrep-
ancies between the in vitro and in vivo hydrogel degradation rate, and
hence it is important to seriously consider these distinct behaviors when
designing polymeric hydrogels intended for human use in MI patients.
Another limitation worth mentioning is that most studies did not inves-
tigate the possible immunomodulatory effects of the utilized polymeric
NPs. While macrophage recruitment to the implanted scaffolds is
required to promote their biological degradation and their replacement
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with endogenous ECM, extensive immune cell infiltration should be
avoided as it can prevent, delay, or complicate adequate cardiac repair
post-MI. Furthermore, while polymeric NPs designed as theranostic tools
allowed monitoring and tracking of the entrapped cells’ delivery and
engraftment, they did not provide information on cells fate such as cell
death by necrosis or apoptosis. This is important to monitor the survival
and differentiation of transplanted stem cells and their progenitors and
keep track of their fate in vivo.

In conclusion, current advances in nanomedicine have paved the way
for rapid diagnosis and treatment of MI which is crucial for the recovery
and survival of patients. The development of these versatile polymeric
NPs and new theranostic strategies possess great potential in enhancing
and personalizing imaging and treatment of MI patients. Further works
are however needed to allow the evolution of polymeric NPs towards
clinical applications. Future studies should focus more on active and
triggered targeting approaches and accordingly more research is needed
to: (1) identify markers of MI to differentiate between injured and intact
cardiomyocytes, (2) uncover polymers with intrinsic optical, magnetic,
and conductive properties as well as thermal-, enzymatic-, and pH-

&

¥

Fig. 16. Scheme summarizing the main suggested future directions.
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sensitivities to improve targeted delivery, and (3) optimize the coating
techniques of NPs to ensure proper adsorption of the targeting moieties
without overloading the NPs and creating steric hindrance. Also, more
research should be focused on exploiting natural polymers as they are
more biocompatible than their synthetic counterparts, more likely to be
biodegradable and cause fewer toxic effects. Moreover, further studies
should investigate new conductive materials for use within NPs and/or
scaffolds for the regeneration of the heart post-MI since the loss of electric
unification between the infarcted tissue and the remote myocardium is
known to lead to ventricular dysfunction as well as heart failure [226].
The electroactive polymers presently used such as polypyrrole, polyani-
line, and polythiophene are limited by their poor electrical conductivity
especially in neutral and high pH environments [227,228].

While various polymeric NPs for cancer therapy are already in clinical
trial phases, those applied for CVD in general, and for MI in particular,
are still far behind [229]. Further studies are needed before their trans-
lation to clinical applications. Additional in vitro studies need to be car-
ried out to determine the stability of NPs with time and environmental
factors such as temperature and humidity and their effect on the
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entrapped cargo as well as on the overall physicochemical properties of
the NPs. These stability studies are especially required when NPs are
developed in one center and then transported to a different one where in
vitro and in vivo studies are carried out as this might affect the results and
cause discrepancies. Also, further works are required to help improve the
loading capacity and targeting potential of NPs, as well as determine the
exact mechanisms underlying their drug release. Moreover, preclinical
research is required to determine the optimal formulation, pharma-
cology, safety profile, and the full range of diagnostic/therapeutic ap-
plications of polymeric NPs. Besides, the concentration of administered
NPs and the route of administration are important parameters that need
to be optimized on animal models. Long-term studies with a prolonged
follow-up period are also needed to determine the bioavailability of NPs
in plasma, their entrapment in other non-targeted tissues, their efficacy,
as well as potential toxic effects on the tissue, cellular, and molecular
level (Fig. 16).

Polymeric NPs are promising delivery systems for overcoming the
limitations of current diagnostic and therapeutic approaches of MI. These
versatile NPs hold great potential in providing rapid and personalized
imaging and treatment of not only MI, but any given disease. Research on
polymeric NPs is continuously growing and shaping the field of nano-
medicine and we anticipate that in the near future polymeric NPs will be
used extensively in the clinic, improving the quality of life of the
population.
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