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Abstract: Advanced drug delivery micro- and nanosystems have been widely explored due to their
appealing specificity/selectivity, biodegradability, biocompatibility, and low toxicity. They can be ap-
plied for the targeted delivery of pharmaceuticals, with the benefits of good biocompatibility/stability,
non-immunogenicity, large surface area, high drug loading capacity, and low leakage of drugs. Car-
diovascular diseases, as one of the primary mortalities cause worldwide with significant impacts
on the quality of patients’ life, comprise a variety of heart and circulatory system pathologies, such
as peripheral vascular diseases, myocardial infarction, heart failure, and coronary artery diseases.
Designing novel micro- and nanosystems with suitable targeting properties and smart release be-
haviors can help circumvent crucial challenges of the tolerability, low stability, high toxicity, and
possible side- and off-target effects of conventional drug delivery routes. To overcome different
challenging issues, namely physiological barriers, low efficiency of drugs, and possible adverse side
effects, various biomaterials-mediated drug delivery systems have been formulated with reduced
toxicity, improved pharmacokinetics, high bioavailability, sustained release behavior, and enhanced
therapeutic efficacy for targeted therapy of cardiovascular diseases. Despite the existing drug delivery
systems encompassing a variety of biomaterials for treating cardiovascular diseases, the number of
formulations currently approved for clinical use is limited due to the regulatory and experimental
obstacles. Herein, the most recent advancements in drug delivery micro- and nanosystems designed
from different biomaterials for the treatment of cardiovascular diseases are deliberated, with a focus
on the important challenges and future perspectives.

Keywords: cardiovascular diseases; drug delivery nanosystems; biocompatibility; targeted drug
delivery; advanced delivery systems

1. Introduction

One of the areas of interest in nanomedicine is the design of novel targeted drug
delivery systems (DDSs) with high specificity/selectivity, biodegradability, biocompat-
ibility, and low toxicity [1–4]. Cardiovascular diseases (CVDs), as one of the primary
mortalities causes worldwide with significant impacts on the quality of patients’ life, com-
prise a variety of heart and circulatory system pathologies, such as peripheral vascular
diseases, myocardial infarction (MI), heart failure, and coronary artery diseases [5–8].
Generally, conventional synthetic drugs and natural products (e.g., curcumin, garlic, and
rapamycin) have been widely employed for treating various CVDs, but they typically
suffer from disadvantages of adverse side effects, low sensitivity/selectivity, low effi-
ciency/bioavailability, and tolerance [9–13]. With the advancement of novel DDSs with
excellent targeting properties, biodegradability, biocompatibility, and low toxicity, scientists
are designing biomaterials-mediated drug delivery micro-nano systems with the benefits of
good biocompatibility/stability, none-immunogenicity, large surface area, high drug load-
ing capacity, and low leakage of drugs (Figure 1) [12,14–16]. To improve the bioavailability,
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solubility, and drug loading capacity, micro- and nanoscale DDSs have been designed with
sustained and controlled release behavior for poorly soluble pharmaceuticals [17,18]. For
instance, to improve the pharmacological properties of carvedilol (e.g., water solubility
and bioavailability), a novel DDS was developed using halloysite nanotube capsulated
in a pH-sensitive gelatin-based microsphere. This nanosystem exhibited rapid and pH-
responsive drug release behavior under acidic conditions (in vitro), representing non-toxic
DDS for oral drug delivery in CVDs [17]. Additionally, novel systems were developed
using poly(lactide) polycarboxybetaine, cardiac homing peptide, and gold (Au) nanoparti-
cles (NPs) to improve myocardial hypertrophy and fibrosis [19]. Overall, targeted micro-
or nano-delivery of therapeutic agents represents a novel tactic in the treatment of CVDs
to efficiently reduce the burden of atherosclerosis, recover the outcomes in patients with
ischemic stroke, and improve the ventricular function in patients with MI and heart failure
(Table 1) [20].

Table 1. Some selected examples of micro-/nanosystems for the treatment of CVDs.

Micro-/Nanosystems Applications Advantages/Benefits Refs.

Liposomes containing
vascular endothelial growth

factor (VEGF)

To treat MI and improve
cardiac function

High enhancement in fractional
shortening and improvement in

systolic function; excellent
improvements in cardiac function

and vascular structure

[21]

Polylactic co-glycolic acid NPs
containing VEGF To repair the heart after MI

Enhancement in the angiogenic and
therapeutic potency of VEGF for
treating ischemic heart disease.

[22]

Polymeric NPs
For the targeted delivery of

nitric oxide (NO); treatment of
portal hypertension

Non-toxicity; these NPs could
alleviate the hemodynamic disorders

in bile duct-ligated-induced portal
hypertension, evidenced by reducing
portal pressure and unchanging mean

arterial pressure.

[23]

Niosomes
For the delivery of lacidipine;

the management
of hypertension

An enhancement in skin permeation
(~2.15 times), compared to control gel;
improved reduction in blood pressure

[24]

Nano-vesicular lipid carriers For the delivery of angiotensin
II receptor blocker (valsartan)

Improved anti-hypertensive effects;
no skin toxicity [25]

Dendrimeric NPs

For selective delivery of
liver-x-receptor ligands to

atherosclerotic
plaque-associated

macrophages while limiting
hepatic uptake; modulation of

atherosclerosis

High reduction in atherosclerotic
plaque progression, plaque necrosis,

and plaque inflammation;
macrophage-specific delivery

platforms for targeted transferring
anti-atherosclerotic agents to the

plaque-associated macrophages to
reduce plaque burden

[26]

There are numerous innovatively designed micro- and nanosystems with diagnosis
and therapeutic potentials in various forms of implants, nanorobotics, real-time monitoring
systems/devices, nano-/microneedles, nanoblades, combinational therapeutic systems,
among others [27,28]. Micro- and nanostructures with their unique physiochemical prop-
erties and architectures can be loaded with various therapeutic agents to show improved
pharmacokinetics, pharmacodynamics, solubility, efficacy, and selectivity properties suit-
able for smart targeted drug delivery in treating CVDs [29,30]; the tolerability, stability, and
safety of drugs can be enhanced while their toxicity and off-target properties are reduced
by applying DDSs [31]. Additionally, other important criteria, such as size/morphology,
surface chemistry/charge, immune responses, drug-loading content/efficacy, pharma-
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cokinetics, surface functionalization, bioavailability, and biodegradability, ought to be
considered for ensuring the safe and targeted delivery of therapeutic agents [30,32]. No-
tably, innovatively designed systems inspired from natural biological systems can help
address some important clinical barriers, including cytotoxicity, valve thrombus, endothe-
lialization complexity, rapid clearance, and immune responses [33]. For instance, heart
valves cross-networked with erythrocyte membrane drug- filled NPs have been designed
from poly(lactic-co-glycolic acid) NPs for anti-calcification, endothelialization, anticoag-
ulation, and anti-inflammation activities. The modified valves exhibited tumor necrosis
factor (TNF)-α reduction and interleukin (IL)-10 enhancement results revealed superb
applicability for valvular heart disease [33]. This manuscript highlighted most recent
advancements in drug delivery micro- and nanosystems designed from various biomate-
rials for the treatment of cardiovascular diseases, focusing on important challenges and
future perspectives.
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Figure 1. Advanced drug delivery micro- and nanosystems for CVDs: properties and challeng-
ing issues.

2. Biomaterials
2.1. Natural Biomaterials

Various natural polysaccharide- and protein-based (nano)structures have been utilized
in developing smart DDSs for CVDs therapy purposes. Among them, chitosan-based
biomaterials with biocompatibility, biodegradability, and versatility advantages have been
explored for designing DDSs in cardiac therapies [34–38]. Assorted forms of chitosan-based
materials have been prepared, including nano-coatings, microcapsules, three-dimensional-
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printed materials, and nanofibrous patches or scaffolds, etc. [39–41]. The short processing
time to prepare these biomaterials, with alluring capabilities, on industrial scales makes
them promising candidates for drug delivery in CVDs [42]. Cardiac extracellular matrix-
chitosan-gelatin scaffolds, chitosan/dextran/β-glycerophosphate injectable hydrogels, chi-
tosan/silk fibroin-modified cellulose nanofibrous patches, chitosan-gelatin based systems
loaded with therapeutic/functional agents (e.g., ferulic acid), and alginate- or collagen-
chitosan hydrogels are some of these systems formulated for improving vascularization,
heart function, cell survival/proliferation, cell delivery for MI therapy, and expression
of vascular endothelial growth factor, in addition to the sustained release of therapeutic
agents [43–46]. However, there are some persistent challenges, especially pertaining to
the environmentally unfriendly techniques applied for the chemical production of these
materials; large amounts of alkaline wastes; or organic materials typically ensue [47].

In order to reduce the severe side effects of milrinone and improve its circulation time,
an albumin protein-based nanoformulation conjugated with angiotensin II peptide (the
targeting ligand) was designed for heart-targeted transferring of milrinone to improve
the myocardial contractility and heart function (in vivo) [48]. Compared to the control
non-targeted drug, milrinone lactate—the nanosystem exhibited—improved pharmacoki-
netics with efficient function for elevating the cardiac output factors. These nanosystems
could also highly improve the fractional shortening factors and ejection fraction, thereby
enhancing the cardiac function [48]. In addition, to treat cardiovascular pathologies, an
innovatively designed poly-L-arginine/dextran multi-incrusted CaCO3-centered nanosys-
tem was formulated with good biocompatibility and hemocompatibility, of which the
endothelial cells could uptake. No noticeable induction of matrix metallopeptidase 9
(MMP-9) expression could be detected, offering nanosystems with high therapeutic efficacy
in CVDs [49].

2.2. Synthetic Biomaterials

Synthetic biodegradable polymeric (nano)materials have been broadly explored for
constructing smart micro- and nanosystems for drug delivery in treating CVDs, with
biodegradability and biocompatibility advantages [50]. Hardy et al. [51] constructed a
multifunctional nanosystem with high loading capacity and sustained release behavior
from poly(glycidyl methacrylate) NPs and antioxidants (curcumin or resveratrol) for the
transport of a peptide against the L-type Ca2+ channel to simultaneously reduce the cardiac
ischemia–reperfusion injury [51]. In addition, pitavastatin could be transferred by a DDS
composed of poly(lactic-co-glycolic acid) NPs to inhibit the destabilization and rupture
of atherosclerotic plaque in mice via the regulation of the enrollment of inflammatory
monocytes, thus providing enormous opportunities for the prevention of acute MI [52].
In addition, dipyridamole-loaded biodegradable polylactide nanoplatforms were fabri-
cated via electrospinning deposition technique, with advantages of cost-effectiveness and
sustained/controllable release behavior as coatings for cardiovascular stents. Thus, these
nanosystems could be further designed with cytocompatibility advantage for antithrom-
botic and anti-atherosclerosis appliances [53].

Therapeutic angiogenesis can play important roles in atherosclerosis and cardiac
ischemic disease by creating new blood vessels, offering the auto-rhythmicity and con-
tractility of remaining cardiomyocytes, constraining cardiac remodeling, and stimulating
infarction remedial. In this context, nanomaterials can be applied for the regulation of
endothelial behavior to promote angiogenesis [54]. In one study, a DDS with no noticeable
toxicity was designed from poly (lactic-co-glycolic acid) NPs comprising adrenomedullin-2
for therapeutic angiogenesis. Accordingly, adrenomedullin-2 was sustained released from
this nanosystem for ~21 days for the induction of cell proliferation in endothelial cells
(in vitro), demonstrating the attractive angiogenic peptide delivery property of this nanosys-
tem for therapeutic angiogenesis purposes in CVDs via growth factor-based therapeutic
strategies [55]. In addition, to solve the restricted targeting properties and rapid clear-
ance of routinely applied drugs for atherosclerosis, core-shell nanosystems with improved
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targeting property and multifunctionality have been formulated using ginsenoside- and
catalase-co-loaded porous poly(lactic-co-glycolic acid) NPs, after the additional surface
functionalization with U937 cell membranes [56]. These nanosystems could escape from
phagocytosis of macrophages and specifically target atherosclerotic plaques; suitable antiox-
idant activities and H2O2-responsive drug release, as well as reactive oxygen scavenging
properties and down-regulation of some factors (e.g., IL-1β, TNF-α, and ICAM-1) could be
attained due to the loading with catalase and bioactive agents [56].

Biodegradable porous silicon NPs were functionalized with atrial natriuretic peptide
A for directed drug transport into the endocardial layer of the left ventricle with the
purpose of cardiac therapy. The prepared system exhibited improved cellular exchanges
with cardiomyocytes and non-myocytes in addition to the enhanced colloidal stability
with no noticeable toxicity, showing cardio-protective potentials (particularly ischemic
heart disease) [57]. Additionally, the amelioration of angiogenesis and cardiac operation
in infarcted heart tissue was reported via local transport of exosomes using antibody-
conjugated magnetic NPs comprising Fe3O4 (core) and silica (shell) NPs adorned with
poly (ethylene glycol). These nanosystems could successfully target CD63 antigens on
the surfaces of extracellular vesicles or myosin-light-chain surface markers on damaged
cardiomyocytes [58]; exosomes are associated with cardiac myocytes, as well as stem,
progenitor, endothelial, and vascular cells, paying crucial therapeutic and diagnostic roles
in CVDs (especially cardiac regeneration) [59].

3. Drug Delivery Micro-/Nanosystems for CVDs
3.1. Hydrogels

Various types of functional hydrogels with attributes of biocompatibility, controllable
swelling behavior, and biodegradability have been widely formulated using biomaterials
(e.g., chitosan, heparin, fibrin, collagen, gelatin, etc.) with the purpose of MI therapy [60–62].
Based on their functions and properties, these hydrogels have been categorized as matrix
metalloproteinase (MMP)-responsive, immunomodulatory, conductive, proangiogenic,
three-dimensional printed hydrogels, among others [60,63,64]. For instance, a conductive
and adhesive hydrogel without adverse liquid leakage was designed as a therapeutic
cardiac patch centered on Fe3+-initiated concurrent polymerization of covalently connected
dopamine and pyrrole to improve the cardiac function reconstruction, as well as the infarct
myocardium revascularization [65]. In addition, a self-adhesive conductive hydrogel patch
was designed based on Fe3+-stimulated ionic coordination between dopamine-gelatin
conjugates and dopamine-functionalized polypyrrole, which formed a homogeneous net-
work. The injectable and cleavable hydrogel was prepared (in situ) through a Schiff base
reaction between oxidized sodium hyaluronic acid and hydrazided hyaluronic acid. The
adhesive conductive hydrogel patch together with an injectable hydrogel could achieve
improvement of the cardiac function, providing efficient hydrogel-based systems for treat-
ing MI (Figure 2) [62]. For mesenchymal stromal cell-based therapy after MIs, several
peptide-crosslinked polyethylene glycol-based micro-/nanosystems were designed with
advantages of inherent hydrophilicity, easy functionalization with bioactive peptides, and
protein-resistance properties, thus enabling the adjustment of cell-based degradability and
promoting cell adhesion [66]. However, they may suffer from the possible immune reac-
tions (repeated sensitization), restricted degrees of functionalization, and enough flexibility
in structural design.

Several explorations have been conducted on designing micro-/nanosystems loaded
with cardiac stem cells (CSCs) in CVDs. As an example, vascularized cardiac patches
containing biomimetic microvessels encapsulated in a fibrin gel spiked with human CSCs
were constructed for promoting the proliferation of cardiomyocytes and neovasculariza-
tion after acute MI, providing vast opportunities for treating ischemic heart injuries [67].
In one study, Hua et al. [68] reported an injectable hydrogel constructed from chitosan,
dextran, and β-glycerophosphate loaded with human mesenchymal stem cells for cardiac
healing after acute MI. The designed nanosystem exhibited significant stability with unique
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physicochemical properties suitable for cardiac regeneration appliances. After in vitro
evaluations, it was established that the cell survival rate was improved and the expression
of pro-inflammatory factors was increased. The analysis of pro-angiogenic factors illus-
trated promising outcomes regarding the fibrosis area, vessel density with reduced size
of infractions, and ejection fraction, providing superb opportunities for healing cardiac
function after MIs [68]. Impressively, biodegradable poly(2-alkyl-2-oxazoline) hydrogels
with high tissue adhesive features and advantages of rapid healing property (<2 min) after
photo-irradiation, owing to the di-cysteine cell degradable peptides, could enable the cell
protrusion regulation in three-dimensional matrices, regulating the secretory phenotype
of mesenchymal stromal cells [69]. These bioactive hydrogels with controlled mechanical
properties could stimulate the regaining of cardiac function/structure including recovered
neovascular generation and decreased interstitial fibrosis, in vivo. Notably, cell-degradable
and mechanical features of these hydrogels could be enhanced to adjust the secretory phe-
notype of mesenchymal stromal cells, especially for accelerating the secretion of cytokines
and stimulating growth factors for additional vascularization [69].
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3.2. Liposomes

Liposomes with unique physicochemical and biophysical characteristics have shown
suitable biocompatibility, self-assembly potentials, high drug loading, and encapsulating
capacity, and their controllable/sustained release behavior can be considered for designing
smart DDSs in treating CVDs [70]. Various target-specific liposomes have been devel-
oped for the delivery of small molecule drugs in CVDs, especially after reperfused MI.
For instance, specific peptides with high affinity to the cells existed in the post-infarct
myocardium (e.g., endothelial cells, myofibroblasts, and cardiomyocytes) were conjugated
with liposomes for delivering poly [ADP-ribose] polymerase 1 inhibitor, demonstrating an
efficient DDS for targeted therapy in the infarct border zone [71]. Furthermore, microRNA-
21 with responsibility to the pathophysiological effects of acute MI by affecting downstream
vital regulators was encapsulated into liposome functionalized with the cardiac troponin T
antibody for specific transfer to the ischemic myocardium, thus resolving the inadequate
cellular uptake and poor stability challenges [72]. The nanosystem exhibited improved tar-
geting features to hypoxia primary cardiomyocytes (in vitro) and enhanced accumulations
in the ischemic heart of rats with acute MI after injecting in the tail vein because of specific
targeting to the overexpressed troponin, consequently improving the cardiac function and
decreasing the infarct size, together with the viability maintenance in cardiomyocytes [72].
Despite the clinical potentials of these formulations, several important challenges and pit-
falls persist, namely the possible interactions of liposomes with the immune system, as well
as the possibility of antibody formation against surface-functionalized/modified liposomes
as various components or encapsulated cargos may restrict their clinical translation [73,74].
Santos et al. [75] developed liposome-based systems constructed via the lipid thin film
hydration technique followed by sonication for cardiac drug delivery (in vivo). After as-
sessment of these nanosystems in MI induced by isoproterenol in mice, it was revealed that
the cytotoxic and inflammatory effects of them were size dependent (Figure 3) [75].
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3.3. Dendrimers

Dendrimers with drug delivery capability along with the availability of multiple func-
tional groups can be employed for stabilizing drugs, enhancing the solubility of therapeutic
agents, and improving the sustained/controllable release of drugs/bioactive agents [76,77].
For instance, dendrimer NPs loaded with simvastatin acid were designed with adsorp-
tion ability to the surface of red blood cells, providing reactive oxygen stress (ROS) and
shear stress dual-sensitive bionic systems for treating atherosclerosis. Consequently, the
prepared systems with sustained release behavior exhibited better therapeutic effects to-
ward atherosclerosis and high in vivo safety [78]. Dendrimer-N-acetylcysteine conjugate
nanosystems were developed for targeting activated microglial cells subsequent to cardiac
arrest to provide improvements in survival rate, neurological recovery, and short-term
motor shortfalls. These nanosystems offer as promising strategies for the treatment of
post-cardiac arrest syndrome [79].

3.4. Niosomes

Niosomes have shown some salient advantages, compared to liposomes, including
the suitable physicochemical stability, cost-effectiveness, simple formulation processes, and
up-scalable potentials. They have been utilized for constructing a variety of formulations
in treating CVDs. In one study, to solve the broad pre-systemic disposition and low rate of
dissolution, chitosan-encapsulated niosomes were formulated to improve the oral delivery
of atorvastatin, providing enhanced anti-hyperlipidemic effects [80]. Additionally, to
improve the poor oral bioavailability of rosuvastatin, the niosome-based systems were
developed via the film hydration technique and sonication utilizing Span 40 and cholesterol.
As a result, the permeation of rosuvastatin was significantly enhanced (~95.5% after 2 h)
and its oral bioavailability was improved [81]. Simvastatin-loaded nano-niosomes were
designed to improve water solubility, half-life, and bioavailability of this drug against
myocardial ischemia and reperfusion injury. These nanosystems could efficiently improve
cardiac function and inhibit the necroptosis trail [35].

3.5. Solid Lipid NPs

Lipid-based nanosystems have shown alluring benefits, such as up-scalable produc-
tion, biocompatibility, biodegradability, low toxicity, controllable/sustained drug release
behavior, and possibility of drug solubility improvements [82]. For instance, daidzein-
loaded solid lipid NPs with sustained release behavior, improved the pharmacokinetics, and
significant increase in circulation time can be employed for treating cardio-cerebrovascular
diseases [83]. In addition, solid lipid nanosystems were designed for the delivery of phy-
tostanols for the management of hypercholesterolemia, signifying the potentials of these
NPs in treating CVDs [84]. However, limited studies have been focused on this field of
science, and more elaborative works ought to be planned for constructing novel solid lipid
NPs for CVDs therapy.

3.6. Nanocapsules

Nanocapsules have been widely prepared for controlled drug release to specifically tar-
get the sites with a variety of drugs, bioactive agents, and protein/peptide compounds [85].
Chaves et al. [86] introduced nanocapsules for improving oral bioavailability of carvedilol.
These nanosystems exhibited controlled drug release behavior with mucoadhesive fea-
tures and enhanced retention time, offering suitable sublingual dosage forms in treating
CVDs [86]. Further, shear-sensitive nanocapsules have been developed for the site-specific
drug release with inhibitory effects against occlusive thrombus generation. Consequently,
thrombus generation was selectively inhibited (in vitro) under stenotic and excessive shear
flow circumstances. Future explorations need to focus on in vivo and clinical applicability
of these nanosystems [87].
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4. Cardiovascular Organ-on-Chip Platforms

Organ-on-chip platforms comprising microfluidics, cell tissue/organ, stimulation, and
sensor systems can be applied in the development and discovery of new drugs for treating
CVDs due to their excellent potentials in achieving a physiological resemblance in vitro,
offering new opportunities to evaluate the efficiency and toxicity of drugs and study the
cardiovascular pathophysiology instead of using traditional in vitro cell cultures [88–90].
In addition, these platforms can be employed for evaluating the progression of CVDs (e.g.,
heart-on-chip and blood vessels-on-a-chip). Notably, the cardiotoxicity induced by drugs
is one of the important concerns in drug development pipelines [91,92]. However, the
routinely applied in vitro and in vivo assessments may suffer from higher costs, lack of
reliability/accuracy in cardiotoxicity prediction, and inter-species differences. Microfluidic
heart-on-chip devices can recapitulate the functionality levels of cardiac tissue and the
communication between cells and extracellular matrices, thus providing suitable platforms
for measurement of cellular dynamics along with the computational modeling for clinical
purposes [91,93]. Moreover, they can be applied for drug analysis/monitoring due to
their excellent functionality and sensing capabilities to assess the disease-specific pheno-
typic, genotypic, and electrophysiological details in real-time. The electrophysiology and
mechanobiology of the evaluations can be used for better mimicking the in vivo conditions
using these platforms with unique electrical and mechanical properties [93,94]. In one
study, a cardiac chip was designed for recording cardiac tissue adhesion, electrophysiol-
ogy, and contractility [95]. This platform applied the transplantation of cardiomyocytes
derived from human-induced pluripotent stem cells to evaluate the electrophysiology
and contractility of myocardial cells under physiological conditions and drug stimulation,
respectively. In addition, it was deployed for testing the effects of norepinephrine clinically
deployed for the treatment of hypotension and heart failure. The electrical stimulation
using micro-fabricated electrodes could highly improve the structure and arrangement of
cardiac cells [95]. Furthermore, a heart/liver-on-a-chip was developed using the HepG2
hepatocellular carcinoma cells and H9c2 rat cardiomyocytes to reproduce the cardiotoxicity
stimulated by doxorubicin (in vitro) [96]. As a result, more significant damage to heart
cells could be detected within the heart/liver-on-a-chip than conventional static three-
dimensional culture used for cancer therapy by doxorubicin, because of the disclosure
of cells to both the main drug and its cardio-toxic metabolites (doxorubicinol) [96]. By
designing novel organ-on-chip platforms, the currently applied preclinical assessments
can be improved; moreover, the efficiency and possible off-target toxicity/side effects of
micro-/nanosystems designed for the treatment of CVDs can be better evaluated [97].
However, several challenges regarding the vascularization of tissues, controlling the cell
density, reproducibility, cell viability assessments, cell–cell interactions monitoring, suitable
organ scaling, sterility maintenance, incorporation of cultured organoids, and sensing
modules, among others. [90].

Generally, several materials have been explored for manufacturing different organ-
on-chip platforms, such as poly(dimethylsiloxane) and poly(methyl methacrylate) [98,99].
Some other materials, such as poly(acrylic acid), have been deployed for promoting the ad-
hesion between the two parts; polycarbonate, poly(ethylene terephthalate), and polystyrene
were also utilized for improving the connection between the poly (methyl methacrylate)
substrates [100]. Overall, poly(dimethylsiloxane) exhibited some advantages, such as low
cost, easy-to-manufacture, optical transparency, biocompatibility, non-toxicity, permeability
to gases, chemical inertness, thermal stability, ultraviolet resistance, and no treatment
required for long-term storage. However, it may suffer from some limitations, including
non-specific absorption of molecules or incompatibility with specific reagents. In addition,
hydrogels have been applied for manufacturing organ-on-chip platforms, with advantages
of cost-effectiveness and biocompatibility but with some drawbacks of weak mechanical
strength and the need for freezing/drying for long-term storage [98]. In one study, a blood
vessel/tissue model was developed utilizing poly(methyl methacrylate) and poly(ethylene
terephthalate) to analyze the procedure of leucocyte infiltration, in addition to their possible
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interactions with macrophages from the blood vessel [101]. Notably, an ultrathin layer
of polycaprolactone was electrospun on the poly(methyl methacrylate) substrate. The
endothelial cells were seeded to recreate the blood vessel in one side of the membrane
and also a collagen gel layer integrated with macrophages was located on the other side,
thus offering a promising model for observing leucocyte infiltration and interaction with
perivascular macrophages [101]. In addition, Annabi et al. [102] introduced a technique
for coating microfluidic channels inside a closed poly(dimethylsiloxane) device with a cell-
compatible hydrogel layer; these tropoelastin-based hydrogels can be applied as coating
materials for organ-on-chip purposes [102].

5. Clinical Studies

One of the most important challenging issues in designing advanced DDSs for treating
CVDs is clinical trials/studies. Since limited studies have been introduced on micro-
/nanosystems for targeted drug delivery in CVDs, future explorations ought to focus
on this crucial step [103–105]. There are some patents describing the therapeutic cardiac
patches, such as the ultraviolet-crosslinkable gelatin methacrylate-based cardiac patch
with high surface area and electrical conductivity, which was filled with gold nanorods
(US20170143871 A1). Moreover, solid lipid NPs with clinical potentials could be applied
for treating coronary heart disease (CN103027981B). However, only a few of these ex-
plorations/patents have entered into clinical trials because of the stringent regulatory
necessities [103,104]. As an example, a study was designed to evaluate the effects of li-
posomal glucocorticoids administered intravenously in patients with an increased risk of
atherosclerotic disease, aiming to reduce vessel wall inflammation (NCT01601106); addi-
tional clinical trials/studies can be found at https://clinicaltrials.gov/ (9 August 2022).

6. Conclusions and Future Outlooks

To overcome several challenges, such as physiological barriers, off-target effects, low
efficiency of drugs, and possible adverse side effects, various biomaterials-mediated DDSs
have been formulated with reduced toxicity, improved pharmacokinetics, high bioavailabil-
ity, sustained release behavior, and increased therapeutic efficacy for targeted therapy of
CVDs. Despite the pervasiveness of numerous micro- and nano-DDSs comprising various
biomaterials introduced for treating CVDs, the number of formulations currently approved
for clinical use is rather limited due to the regulatory and experimental obstacles. Inde-
terminate toxicity (study on mechanisms of toxicity) and the lack of systematical analysis
of these materials restrict their further applications. There is limited relevant research
evidence on the biological endpoints to evaluate the relationship between the physico-
chemical features of micro- and nano-DDSs, such as morphology, size, size distribution,
chemical/surface structure, and electrochemical features, with their inflammatory and
toxic effects. Comprehensive toxicological evaluations and cost benefits of designed DDSs
are essential for their future clinical applicability. In addition, several issues pertaining to
the good manufacturing practice (GMP), biosafety/tolerability, stability, immune reactions,
biocompatibility/biodegradability, drug clearance, drug release/loading, pharmacoki-
netics/pharmacodynamics, and scaling up processes should be systematically studied
to translate micro- and nano-DDSs from laboratory and preclinical phases into clinical
stages. In this context, smart stimuli-responsive biomaterials-mediated DDSs should be
further designed that can respond to the modified environmental signals with alterations
in their morphologies and physicochemical characteristics, thus offering targeted therapy
opportunities. One of the most important challenges is to simultaneously improve the
multifunctionality, biocompatibility, and targeting properties of micro- and nano-DDSs,
which need to be explored in future.

For clinical applications of nanomedicine in treating CVDs, there are still limited
studies performed. Future explorations should be planned in both pre- and clinical trial
stages for designing smart micro-/nanosystems for treating atherosclerosis, thrombosis,
stroke, MI, hypertension, and pulmonary arterial hypertension with improved body cir-

https://clinicaltrials.gov/
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culation and drug solubility, as well as reduced amount of drugs and low cytotoxicity.
Notably, some grant challenges, such as understanding the related mechanisms of actions,
designing smart micro-/nano-DDSs with personalized therapy purposes, improving drug
bioavailability and circulation time, and evaluating clinical safety and translation, are
still remained. Controlled and sustained delivery of pharmaceuticals/therapeutic agents
with advantages of disease-specific treatment can reduce off-target influences by a stimuli-
mediated drug release in the affected area (especially in atherosclerosis and thrombosis). In
this context, cardiovascular organ-on-chip platforms can help to specifically evaluate the
efficiency and possible off-target toxicity of new drugs and their metabolites, thus offering
new opportunities for better pre-clinical evaluations, drug discovery/development, and
personalized medicine.
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