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Abstract: In the early years of tissue engineering, scientists focused on the generation of healthy-
like tissues and organs to replace diseased tissue areas with the aim of filling the gap between
organ demands and actual organ donations. Over time, the realization has set in that there is an
additional large unmet need for suitable disease models to study their progression and to test and
refine different treatment approaches. Increasingly, researchers have turned to tissue engineering to
address this need for controllable translational disease models. We review existing and potential uses
of tissue-engineered disease models in cardiovascular research and suggest guidelines for generating
adequate disease models, aimed both at studying disease progression mechanisms and supporting
the development of dedicated drug-delivery therapies. This involves the discussion of different
requirements for disease models to test drugs, nanoparticles, and drug-eluting devices. In addition to
realistic cellular composition, the different mechanical and structural properties that are needed to
simulate pathological reality are addressed.

Keywords: tissue engineering; disease models; atherosclerosis; nanoparticles; drug-eluting stents;
drug-coated balloons

1. Introduction

Tissue engineering was originally defined as an interdisciplinary field, aimed at
generating biological tissue to replace, maintain, or improve natural tissue function [1].

Since the dramatic demonstration by Vacanti’s group showing the ability to grow an
ear-shaped cartilage structure under the skin of a mouse [2], tissue engineering has been
focused on generating healthy tissue or organs to fill the increasing gap between organ
demand and actual donations. Despite this hyperfocus, it took about 20 years until the
first human-size organs like a heart could be generated [3] and even to date actual clinical
human trials with tissue-engineered organs are sparse [4]. As the field evolved, other
opportunities and applications came into focus. In particular, due to the lack of complexity
in simple 2D cell cultures and suitable animal models, tissue engineering expanded to a
discipline also aiming to generate suitable disease models in various biomedical research
fields [5,6].

Generating functional vascular tissue was the main goal in cardiovascular tissue
engineering in the last decades [7] in order to replace tissue affected by cardiovascular
disease (CVD).

The term “cardiovascular disease” does not refer to a single disease, but to a cluster of
different impairments of the cardiovascular system. This includes coronary heart disease
(CAD-disease affecting the vessels supplying the heart muscle), cerebrovascular disease
(disease affecting the vessels supplying the brain), and peripheral arterial disease (PAD-
disease affecting the vessels supplying arms and legs) [8].

For all those diseases, the underlying cause is arterial disease, predominantly atheroscle-
rosis. The healthy tri-layer ultrastructure, comprising of an inner intima, media, and outer
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adventitia, is disrupted by cellular infiltrates and the deposition of fat, fibrin, and minerals
to form so-called plaques or lesions [9-11] (Figure 1).

Figure 1. Histological sections of three different human lower limb arteries stained with Movat
pentachrome staining. Nuclei are colored in black, fibrin and muscle in red, collagen in yellow and
elastic fibers in blue/black. (A) vessel in early disease state with an organized layered structure
(close up) and slightly visible intimal hyperplasia (B) atherosclerotic vessel with severe stenosis
due to intimal hyperplasia (red arrow) (C) diseased vessel with disrupted vascular structure with
calcification (black arrows) and lipid core. Images were allocated by CBSET Inc., Lexington, MA, USA
(CBSET = Concord Biomedical Engineering and Emerging Technologies incorporated).

Plaque progression is characterized by the degree of luminal stenosis of the vessel [11].
Until the lesion leads to a significant stenosis that limits blood supply in the downstream
tissue, it remains clinically silent. But studies show that plaques can progress very fast
and that thin-cap atheromas (vulnerable plaques) tend to rupture, which can lead to acute
events like stroke or heart attack [11].

Delayed diagnosis and lack of treatment options that go beyond risk minimization
and inhibition of disease progression, result in an estimated death each 34 s due to CVD
only within the United States [12].

As early as 1986, the first tissue-engineered vascular grafts (TEVG) emerged as a substi-
tute to these diseased vascular areas [13]. Already extensively reviewed by others [14-16],
the field of tissue-engineered vascular structures has advanced over the past decades and
TEVG have been successfully implanted into patients in various clinical trials (Table 1). But
these artificial vessels, especially those with a small diameter, show major complications,
like risk of thrombosis and lack of patency [17].
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Table 1. Overview of recent clinical trials implementing TEBV [18-26].

Construct Study Objective Duration Enrf)lled Reference
Patients
Cavopulmonary shunts for congenital heart defect
Biodegradable scaffolds seeded with - Graft failure requiring intervention 24 month 42 patients [18,19]
bone marrow cells - Graft growth
Biodegradable scaffolds seeded with - Saf?ty and tolerability 12 month 25 patients [20]
bone marrow cells - Efficacy
Biodegradable scaffold based - Graft failure requiring intervention 36 month 4 patients [21]
vascular graft - Graft growth
Arteriovenous shunts for end-stage renal disease
Patient derived cells in cell Safet ¢
sheet-based tissue engineering ) alely assessmen 6 month 10 patients [22]
Efficacy assessment
method
Decellularized TEBV generated by Safetv and tolerabilit
culturing SCM onto a biodegradable atety and tolerabiity 16 month 60 patients [23,24]
Patency rate
scaffold
Scaffold-free TEVQ using sheets of - Safgty assessment 12-38 month 10 patients [25]
extracellular matrix - Efficacy assessment
Vascular replacement for trauma damage
- Primary patency
Human acellular vessels - Frequency and severity of advice 36 month 72 patients [26]

effects

Especially, the need for a suitable matrix for a tissue-engineered blood vessel (TEBV)
with physiological burst pressures, compliance, and mechanical properties limits the gener-
ation of implantable constructs [15]. To overcome this issue, many sophisticated approaches
were undertaken in recent years. An initial approach is to use porcine tissue to generate scaf-
folds, by decellularized pericardium or arteries with the desired diameter directly [27-29].
These decellularized scaffolds maintain physiological mechanical properties [29] and can
be recellularized with porcine vascular cells [28] or human-derived cells [27], presenting
TEBV with histological and mechanical characteristics comparable to human vasculature.

A non-xenograft approach for generating vascular matrix for tissue engineering of
small-diameter blood vessels is the use of human umbilical arteries (hUA) [30]. After
decellularization of hUA [31], the cell-free matrix shows sufficient structural protein and
biomechanical properties preservation [30] and can be repopulated, for instance, with
mesenchymal stem cells [32] or endothelial cells, resulting in TEBV with biological and
mechanical properties that withstand in vivo implantation [33].

Other synthetic approaches utilize electrospinning to generate scaffolds for TEBV
construction [27]. Atala and his group used a bilayer approach to fabricate a scaffold with
optimized pore sizes in each layer for enhanced attachment of endothelial cells in the inner
layer and enhanced attachment of smooth muscle cells in the outer layer of the construct [34].
To combat the burden of thrombogenicity of small-vascular grafts, they developed a novel
approach of combining electrospinning for scaffold generation wrapped with a layer of a
smooth muscle cell sheet fabricated with a temperature-responsive polymer [35], leading
to biological matured and biomechanical functional construct, even under physiological
flow conditions.

The ability to generate functional tissue with 3D bioprinting made it feasible to print
vascularized tissue or tissue-engineered vascular grafts [36]. After optimizing material
selection and printing conditions, 3D bioprinting enables the generation of complex TEBV
with a high throughput [37].
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Recently, 4D printing is emerging as an advancement of 3D printing, wherein the
printed materials are designed to change their properties, like size, shape, or function, over
time, triggered by an external stimulus [38]. These stimuli-responsive materials are consid-
ered as “smart materials” and find increasing application in the field of bioprinting [39-43].

Smart materials that show shape-sensitive behavior to a temperature stimulus have
been used for generating polymeric vascular grafts [44] and were successfully tested in vivo
in a mouse model [45]. The TEVG was designed to be compact at low temperature, while
expanding to its target size in response to ambient heating. To achieve this, the blood flow
was temporally restricted prior to the implantation, and the compact form of the graft was
inserted into the animal’s aorta. After successful positioning, blood flow was restored and
a rise above the threshold temperature triggered an expansion of the TEVG to its final
conformation [45].

These smart materials can also be seeded with cells and have been implanted in vivo
as patches to treat cardiac infarction [46]. Additionally, it was shown that vascular tubes
consisting of ion-responsive hydrogels and murine bone marrow stromal cells could be
generated from a 4D bioprinting approach, leading to vessel structures with a small diame-
ter of 20 um [47]. Creating these small diameter vessels to mimic the capillary vasculature
structure to perfuse bioprinted tissue-engineered organs remains a major limitation in
bioprinting of functional tissues [48]. Other novel approaches employ external biological
stimuli to trigger self-assembly of different bioprinted cellular spheroids as “bio bricks” to
mimic multilayer arteries [49].

With the increasing complexity in material selection and optimization of printing
processes the emergence of artificial intelligence (Al) based on machine learning or deep
learning algorithms can support the fabrication of 4D bioprinted constructs [50,51]. In-
deed, Al is finding use in all the key design and fabrication steps, from medical imaging
reconstruction to generating patient-specific geometries for 3D /4D bioprint blueprints [52],
through the selection of printing materials, optimization of the implementation process,
and the selection of stimulus conditions [53].

Mirroring a broad trend in tissue engineering, vascular tissue engineering underwent
an important evolution from solely focusing on generating healthy tissue substitutes to
increasingly focusing on generating and replicating diseased tissues for research and
treatment development purposes.

Particularly, the study of onset and initial progression of cardiovascular disease and
the testing of clinical treatments creates a strong demand for tissue-engineered disease
models, a need that 2D cells cultures and animal models cannot fill.

This review is aimed to serve as a guideline for the generation of adequate disease tis-
sue engineering models for testing and refinement of treatment strategies for cardiovascular
disease. For this purpose, we analyze existing tissue-engineered models of atherogene-
sis and advanced atherosclerosis and evaluate their potential use for treatment testing
according to selected complexity criteria. The relevance criteria were chosen to reflect
the necessary attributes for systemic drug treatment, nanoparticles, and endovascular
drug-delivery devices.

Here we distinguish between models that are created to study atherogenesis and the
progression of the disease in an early state, and those that focus on advanced disease state.
Models of early disease states aim to reflect the cellular, structural and mechanical properties
of healthy vessel environment as the backdrop for the emergence of pathologies. In addition,
we focus on models that aim to depict advanced stages of the disease, which could be used
to test and optimize different treatments of the disease in a clinically relevant stage.

Creating advanced disease is more challenging, since the physiological environment
of these lesions is rather complex. Instead of only native tissue cells arranged in an
organized structure, advanced diseased states show migration of immune cells and severe
disorganization in the structure of the vascular wall [54]. Additionally, various non-
cellular components accumulate within the plaque, leading to stenosis of the affected vessel.
Depending on the classification of the lesion, the core can contain a necrotic core, large lipid
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pools (lipid plaques), can be covered with a fibrous cap (fibrotic plaque) or show severe
calcification (calcified plaque) [54] (Table 2).

Table 2. Categorization of atherogenesis and advanced atherosclerosis.

Research Use Representation

Study on-set and initial Healthy arterial environment

Atherogenesis . . Only native tissue cells present
progression of the disease . .
- Organized vascular structure (Figure 1A)
- Stenosis (Figure 1B)
- Migration of immune cells
Optimize treatment of - Severe disorganization in vessel wall
Advanced . . .. .
. disease with severe clinical structure (Figure 1C)
atherosclerosis .
symptoms - Lipid pools, cholesterol crystals and

necrotic core can be present (lipid plaque)
- Fibrous cap/ calcification

Despite its globally high prevalence, the treatment options for atherosclerosis dis-
ease are very limited. The primary approach is enforcing a lifestyle change to minimize
disease progression [55].

The medical treatment of atherosclerosis is mainly limited to agents that either reduce
disease risk factors, like lowering LDL (lower density-lipoprotein) levels (e.g., Statins)
or hypertension (e.g., Angiotensin-converting enzyme Inhibitors) [56], or minimize the
risk of complication and thrombosis by applying e.g., anticoagulants or antiplatelet med-
ication [57]. More recently approaches are taken to target the progression of the disease
directly by inhibiting the inflammatory reaction within the lesion [58].

A novel attempt is the utilization of nanoparticles in the diagnosis and treatment of
CVD. On the one hand, nanoparticles are used to enhance the sensitivity of lesion imaging
with nanoprobes, improving disease detection at an early state [59-62]. On the other hand,
nanoparticles are used as drug-carriers that target the inflamed lesion tissue and inhibit the
progressing inflammatory process [63-65].

Generally, for the treatment of advanced CAD and PAD, endovascular approaches
and surgical procedures build the foundation of treatment. Often these procedures are
complementary and applied in a hybrid manner [66]. To select the most effective treatment
approach parameters like location, morphology and lesion complexity should be taken into
consideration [67]. Mostly endovascular treatments are considered as primary treatments
in patients with critical limb ischemia [68]. Endovascular procedures include stenting, drug-
eluting stenting, plain balloon angioplasty, drug-eluting balloon angioplasty, atherectomy
or a combination of multiple procedures.

Traditional models to study cardiovascular disease and potential treatments are either
simple 2D cell cultures or complex animal models. In 2D cell cultures, one or multiple
cell types (co-culture) are cultivated in a monolayer attached to a surface of a petri dish or
culture flask [69]. These cultures are extensively used for fundamental research purposes
or high throughput drug screening, because of their simple and low-cost maintenance. It is
apparent that these very simplified 2D models have several limitations and are not able to
depict the complexity of a diseased tissue on multiple levels [70].

Newer approaches, use “organ-on-chip” microfluidic devices to connect different
monolayered cell cultures to analyze disease behavior and drug efficiency in a multi-
cellular system [71]. Being designed to be perfused by flow, this technique is primed to
be utilized for cardiovascular mimicking. But unless, the “organ” on the chip is a suitable
vessel construct rather than a single cell monolayer, these devices lack complexity for
vascular modeling.

In contrast, animal models can serve a considerably higher level of complexity and
are adequate to study a range interaction based on biological, chemical or physical factors.
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Over the course of the last decades many sophisticated animal models have been
developed for atherosclerosis research [72-74]. Most commonly apolipoprotein E (ApoE)
knock-out mice are used to study atherogenesis and progression, since these mice are
able to express the gamut of clinically relevant advanced lesions [75]. On the other hand,
porcine models are commonly used to test interventional cardiovascular procedures and
treatment approaches, due to their similar vascular anatomy, electrophysiological signal
and flow conditions [76]. Pigs can develop spontaneous atherosclerotic lesions, which can
be accelerated by an atherogenic diet [72]. This process can be even further accelerated by
introducing mutations targeting the lipid metabolism like the LDL receptor or knockouts
of the ApoE protein [77,78]. Nevertheless, these animal models contain limitations in
holistically emulating the human vascular anatomy, disease progression or biochemical
pathways. Depending on animal species and size, reproduction and maintenance can be
labor-intensive, expensive and take time and space. Above all, animal experiments are
always accompanied by ethical considerations and regulatory requirements [79,80].

3D tissue-engineered disease models could facilitate the ideal completion between
these models, being low-maintenance, high throughput and able to simulate diverse tunable
variables.

In this review we classify the tissue attributes that need to be modelled by the tissue-
engineered construct in three different complimentary classes: biological-biochemical,
hemodynamic-microstructural, mechanical-geometrical (Figure 2). The biological-
biochemical category refers to the (multi-)cellular environment of the model, that is embed-
ded in a biochemical matrix. Also, the ability to add different biochemical components like
cytokines or oxLDL is included. With the hemodynamic-microstructural category, we are
referring to the ability to apply physiological flow and flow—disrupting components like
the plaque itself. The vascular structure around the lesion and the structure of the lesion
itself is defined as “microstructure” here. Under the category of “mechanical-geometrical”
attributes falls the mechanical properties of the lesion and the surrounding tissue, as well
as the more global vascular structure surrounding the lesion that might contain bending
or branching (Figure 2). The relevance of each attribute class varies with the treatment
approach, with the minimal set of required attributes increasing from drug screening to
testing of nanoparticles and endovascular drug-delivery devices (Table 3 and Figure 2).

Table 3. Requirements for each attribute and minimal set of attributes for testing each treatment

approach.

Drug-Eluting
Device

Drug Nanoparticl

Multicellular environment (SMC,
endothelial cells, macrophages etc.)

- Biochemical matrix v v v
- Addition of biochemical molecules (TNF-a,

oxLDL, etc.)

- Physiological flow conditions
- Pathological inclusions
X
- Flow-disrupting plaque v v
- Lesion structure

- Pathological mechanical properties (stress
and strain modules etc.)
s . X X v
- Complex vascular structure with insertion
of branches, bendings and stenosis
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Potential model attributes
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Figure 2. Upper part: Overview of key model attributes. In this review we evaluate existing tissue en-
gineering models according to their ability to mimic healthy and diseased vascular tissue focusing on
three attribute categories: biological-biochemical environment, hemodynamic-microstructural condi-
tions (blue arrows), and mechanical-geometric (orange arrows) properties. Lower part: Overview
of the minimal necessary set of attributes that a model has to represent for testing three differ-
ent treatment approaches. While testing of drugs can be performed on models that replicate the
biological-biochemical environment of the tissue, therapeutics that are based on nanoparticles need
to also include a hemodynamic-microstructural aspect of the vascular environment, since the delivery
and attachment of the particles is influenced by blood flow. Testing of therapies based on drug-
eluting endovascular devices requires models that holistically replicate the biological-biochemical,
hemodynamic—-microstructural and mechanical-geometrical structure of the vascular system, since
drug delivery is also dependent on device tracking and mechanical inflation.
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2. Material and Methods

A PubMed search was performed under the terms “disease-inspired tissue engi-
neering”, “atherosclerosis tissue engineering”, “vascular disease tissue engineering”,
“tissue-engineered blood vessel”, and “atherogenesis tissue engineering” from the years
1970 to 2023.

From the resulting 2753 publications, only publications covering the topic of tissue-
engineered models relevant for studying atherogenesis and atherosclerosis were further
investigated for this review.

This was supplemented by a manual search through the bibliographies of landmark
papers for further relevant articles. The resulting pool of publications about atherosclerotic
tissue engineering models were analyzed for including the three here-defined attributes
“biological-biochemical”, “mechanical-geometrical” and “hemodynamic-microstructural”.

Of these, 17 publications that contained relevant models were selected to be discussed
in greater detail.

3. Tissue Engineering for Systemic Drug Treatment

Drugs targeting the risk factors for CVD, e.g., statins or beta-blockers, have been
the most commonly prescribed drugs in the US for years [81]. Most of these drugs are
circulating systemically and target cells in specific organs like liver or heart cells and
modulate, for example, the blood pressure or cholesterol levels.

Novel approaches aim to target the inflamed vascular tissue directly and inhibit the
progression by downregulating the inflammatory reaction [82] (Figure 3).

Drug mechanism of action: Nanoparticles mechanism of action:
» Targeting risk factors * Drug nanocarrier for treatment
* Anticoagulants and antiplatelet * Nanoprobe for detection

* Targeting inflammation

T 0,0
2 o —
/ \ */

SMC culture EC culture R

Endocytosis
Release of load

o o

Figure 3. Overview mechanism of action of drugs and nanoparticles. Drugs targeting atherosclerosis
are designed to have a non-selective effect on specific cell types and are screened on simple cell
cultures. For studying and testing of new drugs, mimicking the biological-biochemical tissue
environment is sufficient. Nanoparticles circulate in the blood flow, approach their specific target
tissue selectively, and release their molecule of interest (drug or nanoprobe). To study and optimize
nanoparticles of atherosclerosis treatment, not only the biological-biochemical environment but
also the hemodynamic—microstructural conditions need to be simulated. Impact due to biological—-
biochemical attributes are indicated with green arrows, impact due to hemodynamic-microstructural
conditions are indicated with blue arrows.
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3.1. Model Attributes

In order to discover and screen for new drug approaches, simple tissue-engineered
models that adequately represent the biological-biochemical environment of the tissue are
used [83].

Depending on whether the model is created to screen for drugs that target atherogene-
sis or advanced disease, the biological-biochemical environment of a healthy or diseased
vessel needs to be reproduced.

In healthy blood vessels, three different cell types that are potential targets for drug
treatment can be found. The endothelia cells (EC) can be found as a monolayer in the
inner layer of the artery (so-called “intima”), covered by multilayers of circular arranged
smooth muscle cells (SMC) (“media”), which control the lumen diameter by contraction
and relaxation [84]. The third cell type are the fibroblasts that support, together with
fibro-elastic connective tissue, the vessel structure (“adventitia”) [85] and are, therefore,
rarely in focus as a potential drug target.

This ordered cellular composition of the vessel is disrupted by arterial disease as
a result of the migration of immune cells [86] and leads to the emergence of different
drug-targets and chemical requirements for the drug properties.

Early onset of atherosclerosis is histologically characterized by the occurrence of
primary intimal thickening and fatty streaks within the intima [87]. The thickening of the
intima is due to increased proliferation of SMC and migration of those cells from media
to intima, abolishing the separation of both cell types [88], making co-cultures useful for
drug screening. As an initial inflammatory response, monocytes migrate into the intima
and take up lipids (cholesterol) to form lipid-loaded macrophage, the so-called foam cells,
leading to the presence of new cell types in the vascular wall [89].

With increasing progression, the inflammatory response intensifies and other immune
cells, like T-cells or B-cells, migrate to the lesion [90], providing new drug targets, especially
for anti-inflammatory drugs [91].

3.2. Available 2D and Animal Models

The primary steps in new drug discovery are high throughput methods, starting
from compound screening on 384-well plates with simple 2D cell cultures, followed by
secondary mechanistic assays in a more complex cellular environment [92]. Only 5-10% of
the candidates make it through this process [93] and are pre-clinically tested on different
animal models [94].

In vivo models provide a more complex environment to test atherosclerosis treatment
and allow the assessment of drug metabolism, immune response, and other systemic
effects.

3.3. Tissue-Engineered Models for Atherogenesis

As described above, suitable disease models for the screening and testing of drugs
need to reflect the biological and biochemical environment to analyze, e.g., cytotoxicity, or
study drug mechanisms.

Often these studies are performed on SMCs, ECs, or a combination of both. To
meet the needs of a replenishable source of SMCs, multiple groups established protocols
to differentiate functional SMCs from induced pluripotent stem cells (iPSC) with high
yield [95-97]. This technique has also been used to generate iPSCs from individuals with
genetic mutations that lead to cardiovascular diseases [98-100]. SMCs or ECs derived from
these diseased iPSC progenitors can be used to create tissue-engineered disease models for
specific genomic conditions and are useful for simple screening of new therapeutic drugs.

More advanced models aim to not only culture the vascular cells separately, but also
culture different cell types in a layered structure to simulate the vascular wall composition.
Su et al. [101] replicated the vascular layers on a flat chip surface by culturing an EC layer
and a SMC layer separated by a subendothelial layer. This simple model could be triggered
into showing early atherosclerosis phenotypes like SMC migration and EC inflammation
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after only 48 h by adding proinflammatory cytokines like IL-18 and TNF-& or ox-LDL
to the flow cell medium. They also were able to use this early-stage disease model for
drug-screening purposes.

3.4. Tissue-Engineered Models for Advanced Atherosclerosis

Most commercially available medications targeting cardiovascular disease are solely
aiming to counteract the progression of the disease (e.g., statins) or to minimize compli-
cation in case of thrombus or plaque rupture (e.g., anticoagulants, anti-platelet agents).
Recently more efforts have been undertaken to directly target the advanced lesion with
anti-inflammatory and immunomodulating therapies [82].

In order to develop and screen for drugs targeting advanced stages of atherosclerosis,
biological-biochemical complex tissue-engineered disease models need to be utilized.

One of the few models that aim to recreate the cellular composition of a fibroatheroma
in a 3D spheroid model was published in 2018 [102]. Using a hanging drop protocol,
myeloid or THP-1 derived monocytes, which were primed with pro-inflammatory markers,
were co-cultured with myofibroblasts to form the so-called pseudo-plaques (ps-plaque). To
form the fibrotic cap, a layer of primed human umbilical vein myofibroblasts (HUVM) were
added on top of the bioengineered spheroid structure. Compared to real human plaques,
large similarities could be detected in the cellular population of the ps-plaques. Even
extracellular components like collagen depositions and lipid aggregates were observed.

While nicely approximating the cellular and biochemical environment of an advanced
plaque, containing extracellular matrix components and local immune cells, this model
lacks the involvement of blood-derived migrated immune cells.

The first real-time imaging of leucocyte recruitment was performed by a different
group, using a TEBV with ECs and SMCs separated into two layers and without taking
flow conditions into account. They were able to monitor increased monocyte adhesion
and migration due to TNF-« expression. Vice versa, they used their TEBV model to
demonstrate reduced adhesion and migration, when treated with anti-TNF-« or NF-«B
pathway inhibitor [103].

This model could be utilized to study drugs that target the inhibition of the inflamma-
tory reaction within advanced atherosclerotic lesions.

4. Tissue Engineering for Nanoparticles

In comparison to drug molecules, nanoparticles act as drug-delivery carriers with
the ability to specifically target cells and deliver drug agent or labeling for detection.
Regardless of being administered through inhalation, oral administration, transdermal or
IV injection [104], nanoparticles that are designed to target vascular tissue eventually end up
travelling through the blood stream to approach the target tissue. After reaching its target
cell, the nanoparticle enters the cell and releases its load (label or drug component) [64]
(Figure 3).

4.1. Model Attributes

To successfully test and optimize nanoparticles for the treatment of CVD, a model
needs to depict the biological-biochemical environment of the diseased tissue, to test
targeting efficiency, and mechanism of action. Modifications in the cellular and biochem-
ical composition of the tissue lead to an alteration in present nanoparticle targets and
distribution kinetics of drug in the tissue [105-108].

Since nanoparticles targeting CVD mostly travel through blood [109] and selectively
adhere to their target cell, a suitable tissue-engineered model needs also to approximate
physiological flow conditions [110]. The flow conditions determine the accumulation,
retention, and wash-out of the nanoparticles [111]. Additionally, the model needs to be
organized in a vascular wall-like multi-layered structure to test penetration capabilities.

Disease-originated alteration in the structural composition can lead to varying pen-
etration and distribution behavior of nanoparticles [112]. Advanced lesions show major
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disorganization of vascular structure (Figure 1B,C)) and can contain additional elements,
e.g., a lipid core or necrotic material. Some advanced lesions can also be covered with fi-
brous capsules on the luminal side (so-called “fibroatheromas” [113]), potentially changing
the attachment behavior of nanoparticles and can be nanoparticle targets themselves [114].

4.2. Available 2D and Animal Models

The first in vitro assays for testing nanoparticles are similar to conventional drug-
screening methods. The particles are tested for cell toxicity and other safety assessments on
simple 2D cell cultures [115]. To further study targeting efficiency and mechanism of action,
more complex models are needed. Traditionally disease-induced animal models are used to
evaluated and analyze the efficiency and mechanism of nanoparticles in CVD [116]. Mostly
mouse, rat, rabbit, or pig models are used for this purpose. While each model can depict
one facet of the disease well, no animal model, so far, holistically captures the complexity
of the disease [72].

4.3. Tissue-Engineered Models for Atherogenesis

As discussed above, nanoparticles designed for atherosclerosis disease approach their
target lesion from the blood stream. Accordingly, suitable tissue-engineered disease models
need to include key hemodynamic-microstructural attributes of the blood vessel.

For this purpose, tissue-engineered blood vessels can be used, since these often multi-
layered tissue constructs are arranged in a tubular shape, with enough mechanical strength
for perfusion.

A simple construct was created by embedding human neonatal dermal fibroblasts
(hNDF) or mesenchymal stem cells (MSC) into a rat-tail collagen I matrix and formed
tissue-engineered blood vessels by plastic compression, mounted with an endothelial
layer [117]. These constructs were strong enough to be perfused with physiological shear
stress within only 3 h of fabrication. The TEBV showed physiological vasoactivity and
vascular inflammation could be stimulated by TNF-¢ administration. Additionally, the
model was used to test the effect of lovastatin on early disease state and could potentially
be used for other drug and nanoparticle screenings.

Other groups used biodegradable scaffold matrixes to generate a two-layered 3D
model consisting of a confluent endothelial monolayer supported by a base of multiple
layers of SMCs [118]. After three days, these constructs were strong enough to be perfused
with up to 10 L/min dynamic flow. To trigger initial atherogenesis and simulate early
stages of atherosclerosis, the 3D model was perfused with TNF-« or LDL to activate the
endothelium, followed by circulating monocytes, which successfully transmigrated into
the intima.

As an additional approach, various groups developed vascular structures on a chip
model [101,119]. Mallone et al. [119] used a computational fluid dynamic (CFD) simulation
approach to first compute the most probable hotspots for LDL accumulation and verified
their model on a fluidic device containing small 3D vascular grafts. They used iPSCs not
only as a source for iSMCs but also to differentiate ECs. These iECs showed no significant
difference in flow cytometry, or immunofluorescent and gene expression analysis to HU-
VEC or HBMEC cell lines. The vascular tissue engineering model was used to validate their
in silico prediction model of athero-prone regions by introducing LDL and macrophage
precursor (MPs) cells also derived from iPSCs (iMPs). After 4 weeks, they could observe
plaque-like structures in the intima region colonized by CD11b+ macrophages and matured
from the iMP source.

Being able to not only perfuse small molecules like TNF-a through the model, but
also cells, makes these models promising candidates to be used as platforms for drug and
nanoparticle screening.

To mimic an even more realistic cellular microenvironment for diseased TEBV, Zhang
et al. [120] designed a 3-layer TEBV with an additional fibroblast layer around the SMC/EC
layer by plastic compression. Being able to perfuse the model with physiological shear stress
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and addition eLDL or TNF-g, they could trigger early-stage atherosclerosis in this model.
This was characterized by atherosclerotic hallmarks like increased monocyte accumulation
and migration, foam cell formation, and general local inflammation. Additionally, the
model was utilized as a drug-testing platform and they were able to demonstrate that
the administration of lovastatin or NF157 lowered inflammation markers and foam cell
formation. The advanced cellular and structural composition and the ability to apply
physiological flow conditions make this model also fitting to test therapeutic approaches
based on nanoparticles [120].

4.4. Tissue-Engineered Models for Advanced Atherosclerosis

As atherosclerosis progresses, the formation of plaque at the luminal interface eventu-
ally becomes sufficiently pronounced to disrupt blood flow, with consequences on nanopar-
ticle targeting and cell state. This process is self-reinforcing as non-physiological shear
stress patterns are known to promote atherogenesis, disease progression [121], and lead to
leucocyte attachment and recruitment [122]. To study the influence of these hemodynamic
conditions on the interaction of SMCs and ECs that can be found in close proximity pre-
sented in advanced lesions (due to SMC migration into the plaque) [123], Chen et al. placed
a SMC-loaded collagen hydrogel co-seeded with ECs and exposed it to a vertical-step
flow (VSF) chamber [124]. Due to the geometry and a specific flow rate, they were able
to expose the matrix to a flow with the Reynolds number of 100, leading to a laminar
flow recirculation without turbulence and resulting in shear stresses between 0, 1, and
7 dyne/cm?. In their set-up, they could detect that applying varying shear stress to co-
cultured SMCs and ECs leads to an induction of adhesion molecules expression followed
by an increased adhesion and transmigration of neutrophiles, lymphocytes, and monocytes
under VSF [124].

With this VSF chamber, the behavior of nanoparticles in pathologically disturbed flow
conditions could be monitored and the effect on particle approximation and adhesion due
to changing flow conditions could be analyzed.

5. Tissue Engineering for Drug-Eluting Angioplasty Devices

Endovascular angioplasty balloons and stents offer an attractive means of propping
open stenosed arteries and re-establishing physiological blood flow. To counteract the
inflammatory and hyperplastic responses elicited by these mechanical procedures, local
drug delivery has been added to these devices [125,126]. Despite stents and balloons being
coated with the same range of anti-proliferative and anti-inflammatory drugs, the coating
technologies and mechanism of drug delivery are divergent. While drug-eluting stents
(DES) are implanted into the diseased vessel area and are able to release the drug slowly
over time [127], drug-coated balloons (DCB) are inflated at the affected area for a short
time of 1-3 min and need to transfer a sufficient amount of the drug during this time
period [128], while, subsequently, providing mechanisms for its slow release within the
target tissue [129,130]. This creates different advantages, risks, and control variables for
optimization (Figure 4).
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Figure 4. Overview mechanism of action of endovascular device drug delivery in stenosed blood
vessels. Endovascular devices are coated with cytostatic drug coating that is locally delivered.
Drug-eluting stents are permanently implanted at the target lesion and can slowly release their
drug load from rate-limiting coatings. The implantation of stents is associated with safety concerns,
since these can injure the endothelium leading to restenosis and malapposition increases the risk of
thrombosis. In contrast, drug-coated balloons transfer their drug coating during a short inflation
period and rely on slow coating dissolution to sustain local drug dosing within the tissue. For
studying and assessing both devices, the biological-biochemical (green arrows) environment for
drug effect, hemodynamic-microstructural (blue arrows) conditions for retention versus wash-out,
and mechanical-geometrical properties (orange arrows) for expansion/inflation efficiency need to be
mimicked by a tissue-engineered model.

5.1. Model Attributes

Endovascular drug delivery depends on multiple factors like lesion composition,
surface area, contact pressure, preoperative lesion treatment, and many more [131].

A suitable tissue-engineered disease model for testing drug-eluting devices should
include not only the diseased biological-biochemical environment, but has to share the
hemodynamic and geometrical features of the vascular system. The exposure to blood
flow influences the balance of drug retention and washout [132,133], and the geometrical
macrostructure of the surrounding vascular system influences device tracking and de-
ployment at the target lesion [134]. These factors are of prime importance as regions with
branches and bends are generally prone to develop atherosclerosis initially [135] and are,
therefore, common sites for angioplasty.

Also, the mechanical properties and stiffness of the target lesion area itself determine
the degree of device apposition to the vessel wall, and, thereby, the efficiency of drug
delivery. For instance, very stiff lesions like calcified lesions withhold a greater risk of
under-expansion of drug-eluting stents [136,137].

For drug-coated balloons, the coating transfer efficiency is presumed to be influenced
by the tissue mechanics due to influencing the contact pressure between the device and
the arterial wall [138]. In silico investigations show impact of vessel stiffness on contact
pressure, proposing an impact on drug delivery [139].

The mechanical properties of healthy vessels are mainly dependent on the loading
mechanics of its elastic fibers [140] and are considered to be in between a viscous liquid
and an elastic solid [141].
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With disease-caused alteration in the cellular and structural composition of the vessel
wall, changes in the mechanical properties are also observed in atherosclerosis; especially,
an increase in arterial stiffness is associated with a higher prevalence of cardiovascular
disease [142]. Kobielarz et al. [143] analyzed the mechanical properties like failure stretch,
stress, and stiffness of different human plaque and found that calcified plaques show
highest stiffness followed by fibrotic plaques, while lipid plaques are the weakest and most
stretchable plaques [143].

5.2. Available 2D and Animal Models

Due to their complex mechanism of drug delivery, most simple 2D cell cultures are not
suitable for testing drug-delivery devices. Currently, simple tests of devices are performed
on either ex vivo arteries [144] or cell-free hydrogels [145].

For more elaborate assessment and analysis of these devices, mainly animal models
are used. Rodents like mice, rats, and rabbits are widely used to study devices for coronary
applications due to their simple and affordable handling [146]. But due to the small
dimensions of their vascular systems, these models are not suitable to test larger drug-
eluting devices for peripheral arteries.

Porcine models provide a suitable geometry of the vascular structure and develop
initial lesions or restenosis due to injury or hypercholesterolemic diet or a combination of
both [147-150].

Despite showing similarities with early human atherosclerosis and in-stent restenosis,
these animal models show deviations from human pathogenesis including disease progres-
sion or vascular response and are lacking capability to mimic advanced plaques [151].

5.3. Tissue-Engineered Models for Atherogenesis

Despite the focus of the current endovascular drug-delivery devices on the treatment
of advanced atherosclerosis, their animal evaluation mostly relies on healthy models, with
similar anatomical features. It is, therefore, instructible to examine here which already
existing tissue-engineered models of early atherosclerosis disease have the potential to be
utilized as test systems for these.

For efficient drug delivery, the mechanical properties and geometrical configuration
of the global vascular system is determined [138]. Branching, bendings, and stenosis are
influencing factors for device tracking and local drug delivery, while sufficient model
diameter is necessary to test devices designed for the human vascular system.

One of the few tissue-engineered models that include branching are the branched
TEBVs (brTEBVs) published by Lee et al. These brTEBVs were constructed from a base of
iSMC mixed with collagen I and co-seeded with ECs, derived from human umbilical cord
blood. Human endothelial progenitor cells (EPCs) were used to be converted into iSMCs
by the expression of MYOCD [95].

To study the onset and simulate early stages of atherosclerosis, the engineered healthy
tissue was exposed to enzyme-modified low-density lipoprotein (eLDL) and TNF-« to in-
duce endothelial dysfunction, and trigger adhesion and transmigration of monocytes [152].

Applying pulsatile flow to the system, it could be demonstrated that the adhesion
behavior of monocytes is greater at a higher angle of branching (45° vs. 60° and 80°). Being
able to analyze the adhesion behavior of cells, this model could be utilized to not only
perform drug screening but to also study nanoparticle behavior.

To date, brTEBV still have several shortcomings to solve before being utilized as
models for evaluating angioplasty devices. In particular, their small diameter and lack of
account for mechanical properties of the surrounding tissue limit the apposition of these
devices. Nevertheless, this model holds the potential for further development into an
important model for drug-eluting device testing.

One of the most sophisticated atherosclerotic in vitro models was published by Cho
et al. [153] and consists of a complex three-layered vascular construct built from a mono-
layer of confluent endothelium and condensed SMC layer on a vascular tissue-derived
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decellularized extracellular matrix (VAECM). Due to their special in-bath coaxial bioprint-
ing technique, they were able to form constructs with tunable geometry, including varying
diameter, and the addition of stenosis or tortuous structures. Additionally, the model has
the ability to apply varying shear stresses through different flow conditions [154].

This model enabled them to study the influence of factors like hemodynamic flow,
inflammation markers (TNF-«), and hyperlipidemia (h-LDL) on endothelial dysfunction
and to recapitulate the cellular and biochemical environment of early atherosclerosis.
Triggering pathological signs of early atherosclerosis, the model was also utilized to eval-
uate the effect of cholesterol-lowering drugs on the pathogenesis and perform mechanis-
tic studies [154]. Covering biological-biochemical, hemodynamic—microstructural, and
mechanical-geometrical attributes of the physiological environment, this model contains
the necessary complexity needed to not only test drugs and nanoparticles, but also drug-
eluting devices.

5.4. Tissue-Engineered Models for Advanced Atherosclerosis

As described earlier, tissue-engineered models that could be implemented for en-
dovascular drug-delivery device testing also need to mimic the mechanical and geometrical
properties of the advanced lesion and the surrounding vascular system.

3D bioprinting techniques hold great potential for fabricating constructs that can mimic
the geometric and mechanical properties of advanced diseased vessels. Patient-specific
imaging data obtained from CT or MRI scans can be used to print a 3D phantom of the
diseased vessel. Various groups used this approach to mimic stenosed coronary or carotid
arteries and used them to validate their computational fluid dynamic models [155,156].

Guarnera et al. [157] published a novel approach using 5 different so-called digital
materials (a mixture of soft and more stiff polymers that can be printed with a PolyJet
printer) to print a phantom that mimics the mechanical properties of 5 components of the
atherosclerotic plaque (adventitia, calcification, fibrous cap, fibrotic media, media, and
lipid pool). They used this complex phantom to validate their numerical models of plaque
mechanics.

These advances in the 3D bioprinting field are promising, but the current models lack
in integration of biological component that is necessary for all types of treatment testing.
Wau et al. [158] refined the formulation of a glycidyl methacrylated poly(vinyl alcohol)
(PVAGMA) hydrogel mixed with cellulose nanocrystals (CNC) to generate a bioprintable
ink that is tunable in tensile modules and shows no cytotoxic effect in vitro. Their arterial
phantom showed stability and durability under cyclic loading with physiological flow
conditions. Additionally, they generated phantoms with soft, hard, and mixed soft and
hard segments, mimicking the mechanical properties of a diseased vessel. The acoustic
properties of their material allowed for the in situ determination of local material stiffnesses
in the phantoms using ultrasound.

All of the above-mentioned characteristics make the PVAGMA /CNC hydrogel the
optimal bioprinting material that could be utilized to print mechanical and hemodynamic
replicates of atherosclerotic disease models but have so far not included the biological—-
biochemical attributes that would render them applicable for testing of
endovascular therapies.

As an approach to mimic the biological-biochemical environment of advanced plaques,
Garcia-Sabaté et al. [159] used a 3D collagen matrix model with different collagen densities
to study the role of macrophages and monocytes and their uptake of oxLDL taking the
arterial stiffness in more advanced pathologies into account.

This was achieved by seeding human monocytic THP-1 cells in matrices with high (3
mg/mL) and low (1 mg/mL) collagen content representing stiffness of early and advanced
lesions and determining the mechanical properties in cell-free collagen matrices. Cells were
further differentiated to pro- (M1) and anti- (M2) inflammatory phenotypes and exposed to
oxLDL. The oxLDL uptake, expression of relevant receptors, and secretion of inflammatory
cytokines were analyzed. In the study, the authors found differences in cytokine expression
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of M1 macrophages, M2 macrophages, and THP-1 monocytes, as well as oxXLDL uptake
and lipid droplet size within macrophages in a matrix-dependent manner [159].

A further effort to generate advanced heterogenic plaque pathology (fibrotic plaque
with lipid core) with tunable mechanical properties due to controlled collagen composition
was published 2022 by Wissing et al. [160].

To create the model, human-derived vena spahena cells (HVSC) were seeded in a
fibrin gel and cultured for 7 days under static conditions. After 7 days, a 2 mm diameter
hole was punched out of the center of the sample and filled with fibrin to mimic the
presence of a lipid core. Afterwards, the samples underwent different dynamic cultivation
protocols, being exposed to static conditions, or intermittent or continuous conditions of 4%
strain. Subsequently, the tissue content, collagen architecture, and mechanical properties
were analyzed and showed physiological strain stiffening response and stiffness values.
Most importantly, they established a protocol to modulate the collagen composition and
organization in a controlled manner which can be used for mechanical testing or testing
drug-eluting device coating transfer.

The notable ability of these sophisticated bioengineered models to mimic the mechani-
cal properties of advanced atherosclerosis is an important step. However, in order for these
3D plaques to provide a model testing nanoparticles or drug-eluting devices they need to be
integrated into a vascular-like structure that is exposable to physiological flow conditions.

6. Conclusions

In the testing and optimization of atherosclerotic treatment approaches, there is a
growing demand for complex models that cannot sufficiently be filled by 2D cultures
or animal models. Fortunately, tissue engineering can be harnessed to fill in this gap
with stem cell-derived cell types providing a potentially limitless supply of materials for
these models.

In this review, we illuminated the different attributes which a tissue-engineered
disease model needs to incorporate in order to be adequate for atherosclerosis treatment
development. Reviewing the different models that are available to date, it is apparent that
there are already various sophisticated models which mimic the biological-biochemical
reality and are, therefore, sufficient for screening and developing drug treatments, especially
in atherogenesis (Table 4).

Table 4. Summary of available tissue engineering models for studying atherogenesis and their
applicability to be utilized for testing of drugs, nanoparticles, and drug-eluting devices.

Application Area
Model for Atherogenesis _ . Perspective
Drugs Nanoparticles Dngeslil:‘:mg

Cell cultures of iPSC derived from . .
atherosclerotic patients [98-100] % X X -Biological
Co-cultured wall on a chip model with . . . .
addition of IL-1b, TNF-a, oxLDL) [101] v X X -Biological-Biochemical
2-layered TEBV with TNF-a -Biological-Biochemical

y i i X g
administration [117] -Hemodynamic-Microstructural
2-layered scaffold based vascular graft, . . . .
exposed to flow and TNF-a, LDL and Vv Vv X -Blologmal—Blpcherpmal
HDL [118] -Hemodynamic-Microstructural
2-layered tubular wall on a chip model . . . .
with flow+ addition of LDL and Vv Vv X -Blologlcal—BlpcheI.mcal
macrophages [119] -Hemodynamic-Microstructural
3-layered TEBV with addition of eLDL . . X -Biological-Biochemical

and TNF-a [120]

-Hemodynamic-Microstructural
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Table 4. Cont.

Application Area
Model for Atherogenesis _ Drug-Eluting Perspective
Drugs Nanoparticles .
Device

2-layered TEBV with various -Biological-Biochemical
geometries + addition of TNF-a/eLDL + Vv Vv / -Hemodynamic-Microstructural
flow [152] -Macrostructural

3-layered coaxial in-bath bioprinting -Biological-Biochemical
approach with tunable geometry + Vv Vv Vv -Hemodynamic-Microstructural

flow [154] -Mechanical-Macrostructural

Available models of advanced atherosclerotic lesions are much more scarce and are
also mostly designed to mimic only the biological-biochemical attributes of diseased tissue
(Table 5). These models could be utilized for testing drugs but lack complexity which is
needed to optimize nanoparticles and, especially, drug-eluting devices.

Table 5. Summary of available tissue engineering models for studying advanced atherosclerosis and
their applicability to be utilized for testing of drugs, nanoparticles, and drug-eluting devices.

Application Area
Model for Advanced Atherosclerosis Drug-Eluting Perspective
Drugs Nanoparticles .
Devices
3D bioprinting of hydrogels with X / / -Hemodynamic-Microstructural
tunable mechanical properties [157,158] -Mechanical-Macrostructural
Hanging drop model for 3D . . . .
fibroatheroma [119] Vv X X -Biological-Biochemical
Leucocyte recruitment monitoring in n: L1 o .
with 2-layered TEBV with exposure to Vv X X -ﬁiii%gstiilc t]zlrc;clhemlcal
WBC and TNA-a [103]
Collagen hydrogel with co-cultured Y, Y. X -Biological-Biochemical
SCM/ECs under flow conditions [124] -Hemodynamic
3D macrophages loaded collagen matrix . C .
models with tunable collagen densities Vv X / :ﬁggﬁiﬁigfﬁ;&fgﬁilc tural
exposed to oxLDL [159]
Mimicking mechanical properties of
advanced fibrous cap model with Y. X / -Biological-Biochemical

myofibroblast loaded fibrin-collagen
matrix [160]

-Mechanical-Macrostructural

Most models described here only focus on simulating healthy or diseased vessels

in one or two attributes. Only the model of Goa et al. [154] aims to simulate healthy
vessels in all three attributes. If this model would be further developed on the biological—-
biochemical level to simulate diseased vessels, e.g., by incorporating the approached of Mal-
lone et al. [102] for generating an advanced fibroatheroma or from Garcia-Sabaté et al. [159]
to replicate the complex biochemical microenvironment of advance atherosclerotic plaques,
it could be utilized for testing and optimizing drug-eluting devices.

We venture to predict that these models, combined with the different tremendous
efforts that have been made in the disease-inspired vascular tissue engineering field within
the last few years, will soon provide an important complement to 2D cell cultures and
animal models.



Bioengineering 2023, 10, 1373 18 of 24

Author Contributions: Conceptualization, L.T. and A.R.T,; writing—original draft preparation, L.T.;
writing—review and editing, A.R.T.; visualization, L.T.; supervision, A.R.T. All authors have read
and agreed to the published version of the manuscript.

Funding: The project leading to this application has received funding from the European Union’s
Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant agree-
ment no. 956470.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the review.
Acknowledgments: Histology images in Figure 1 were kindly allocated by CBSET Inc.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Langer, R.; Vacanti, ].P. Tissue engineering. Science 1993, 260, 920-926. [CrossRef] [PubMed]

2. Cao, Y,; Vacanti, ].P,; Paige, K.T.; Upton, J.; Vacanti, C.A. Transplantation of chondrocytes utilizing a polymer-cell construct to
produce tissue-engineered cartilage in the shape of a human ear. Plast. Reconstr. Surg. 1997, 100, 297-302. [CrossRef] [PubMed]

3. Weymann, A.; Patil, N.P; Sabashnikov, A.; Jungebluth, P.; Korkmaz, S.; Li, S.; Veres, G.; Soos, P.; Ishtok, R.; Chaimow, N.; et al.
Bioartificial Heart: A Human-Sized Porcine Model—The Way Ahead. PLoS ONE 2014, 9, e111591. [CrossRef] [PubMed]

4.  Ikada, Y. Challenges in tissue engineering. J. R. Soc. Interface 2006, 3, 589-601. [CrossRef] [PubMed]

5. Simon, L.R.; Masters, K.S. Disease-inspired tissue engineering: Investigation of cardiovascular pathologies. ACS Biomater. Sci.
Eng. 2020, 6, 2518-2532. [CrossRef]

6. Tissue-engineered disease models. Nat. Biomed. Eng. 2018, 2, 879-880. [CrossRef]

7. Nieponice, A.; Soletti, L.; Guan, J.; Deasy, B.M.; Huard, J.; Wagner, W.R.; Vorp, D.A. Development of a tissue-engineered vascular
graft combining a biodegradable scaffold, muscle-derived stem cells and a rotational vacuum seeding technique. Biomaterials
2008, 29, 825-833. [CrossRef]

8.  Mendis, S.; Puska, P; Norrving, B.E.; World Health Organization; World Heart Federation; World Stroke Organization. Global
Atlas on Cardiovascular Disease Prevention and Control; World Health Organization: Geneva, Switzerland; World Heart Federation:
Geneva, Switzerland; World Stroke Organization: Geneva, Switzerland, 2011.

9.  O'Neill, W.C,; Han, K.H.; Schneider, T.M.; Hennigar, R.A. Prevalence of nonatheromatous lesions in peripheral arterial disease.
Arter. Thromb. Vasc. Biol. 2015, 35, 439-447. [CrossRef]

10. Libby, P; Ridker, PM.; Maseri, A. Inflammation and Atherosclerosis. Circulation 2002, 105, 1135-1143. [CrossRef]

11.  Ahmadi, A.; Argulian, E.; Leipsic, ].; Newby, D.E.; Narula, ]. From Subclinical Atherosclerosis to Plaque Progression and Acute
Coronary Events. J. Am. Coll. Cardiol. 2019, 74, 1608-1617. [CrossRef]

12.  NCHS; Centers for Disease Control and Prevention. About Multiple Cause of Death, 1999-2020; CDC WONDER Online Database
Website; Centers for Disease Control and Prevention: Atlanta, GA, USA, 2023.

13.  Weinberg, C.B.; Bell, E. A blood vessel model constructed from collagen and cultured vascular cells. Science 1986, 231, 397-400.
[CrossRef] [PubMed]

14. Chandra, P; Atala, A. Engineering blood vessels and vascularized tissues: Technology trends and potential clinical applications.
Clin. Sci. 2019, 133, 1115-1135. [CrossRef]

15.  Yow, K,; Ingram, J.; Korossis, S.A.; Ingham, E.; Homer-Vanniasinkam, S. Tissue engineering of vascular conduits. Br. J. Surg. 2006,
93, 652-661. [CrossRef]

16. Mallis, P.; Michalopoulos, E.; Stavropoulos-Giokas, C. Modern Approaches in Cardiovascular Disease Therapeutics: From
Molecular Genetics to Tissue Engineering. Bioengineering 2021, 8, 174. [CrossRef] [PubMed]

17.  Duran-Rey, D.; Cris6stomo, V.; Sanchez-Margallo, J.A.; Sanchez-Margallo, EM. Systematic Review of Tissue-Engineered Vascular
Grafts. Front. Bioeng. Biotechnol. 2021, 9, 1059. [CrossRef] [PubMed]

18.  Shin’oka, T.; Matsumura, G.; Hibino, N.; Naito, Y.; Watanabe, M.; Konuma, T.; Sakamoto, T.; Nagatsu, M.; Kurosawa, H. Midterm
clinical result of tissue-engineered vascular autografts seeded with autologous bone marrow cells. J. Thorac. Cardiovasc. Surg.
2005, 129, 1330-1338. [CrossRef] [PubMed]

19. ClinicalTrials.gov. Study Details | Two-Year Study of the Safety and Efficacy of the Second-Generation Tissue Engineered Vascular
Grafts. Available online: https://clinicaltrials.gov/study/NCT04467671?cond=Congenital %2520Heart%2520Disease&amp;intr=
Tissue%?2520Engineered%2520Vascular%2520Grafts&amp;rank=2 (accessed on 24 November 2023).

20. Hibino, N.; McGillicuddy, E.; Matsumura, G.; Ichihara, Y.; Naito, Y.; Breuer, C.; Shinoka, T. Late-term results of tissue-engineered
vascular grafts in humans. J. Thorac. Cardiovasc. Surg. 2010, 139, 431-436.e2. [CrossRef]

21. ClinicalTrials.gov. Study Details | A Pilot Study Investigating the Clinical Use of Tissue Engineered Vascular Grafts in Congenital

Heart Surgery. Available online: https://clinicaltrials.gov/study/NCT01034007#study-plan (accessed on 24 November 2023).


https://doi.org/10.1126/science.8493529
https://www.ncbi.nlm.nih.gov/pubmed/8493529
https://doi.org/10.1097/00006534-199708000-00001
https://www.ncbi.nlm.nih.gov/pubmed/9252594
https://doi.org/10.1371/journal.pone.0111591
https://www.ncbi.nlm.nih.gov/pubmed/25365554
https://doi.org/10.1098/rsif.2006.0124
https://www.ncbi.nlm.nih.gov/pubmed/16971328
https://doi.org/10.1021/acsbiomaterials.9b01067
https://doi.org/10.1038/s41551-018-0339-2
https://doi.org/10.1016/j.biomaterials.2007.10.044
https://doi.org/10.1161/ATVBAHA.114.304764
https://doi.org/10.1161/hc0902.104353
https://doi.org/10.1016/j.jacc.2019.08.012
https://doi.org/10.1126/science.2934816
https://www.ncbi.nlm.nih.gov/pubmed/2934816
https://doi.org/10.1042/CS20180155
https://doi.org/10.1002/bjs.5343
https://doi.org/10.3390/bioengineering8110174
https://www.ncbi.nlm.nih.gov/pubmed/34821740
https://doi.org/10.3389/fbioe.2021.771400
https://www.ncbi.nlm.nih.gov/pubmed/34805124
https://doi.org/10.1016/j.jtcvs.2004.12.047
https://www.ncbi.nlm.nih.gov/pubmed/15942574
https://clinicaltrials.gov/study/NCT04467671?cond=Congenital%2520Heart%2520Disease&amp;intr=Tissue%2520Engineered%2520Vascular%2520Grafts&amp;rank=2
https://clinicaltrials.gov/study/NCT04467671?cond=Congenital%2520Heart%2520Disease&amp;intr=Tissue%2520Engineered%2520Vascular%2520Grafts&amp;rank=2
https://doi.org/10.1016/j.jtcvs.2009.09.057
https://clinicaltrials.gov/study/NCT01034007#study-plan

Bioengineering 2023, 10, 1373 19 of 24

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

McAllister, T.N.; Maruszewski, M.; A Garrido, S.; Wystrychowski, W.; Dusserre, N.; Marini, A.; Zagalski, K.; Fiorillo, A.; Avila, H,;
Manglano, X.; et al. Effectiveness of haemodialysis access with an autologous tissue-engineered vascular graft: A multicentre
cohort study. Lancet 2009, 373, 1440-1446. [CrossRef]

Lawson, ].H.; Glickman, M.H.; llzecki, M.; Jakimowicz, T.; Jaroszynski, A.; Peden, E.K,; Pilgrim, A J.; Prichard, H.L.; Guziewicz,
M.; Przywara, S.; et al. Bioengineered human acellular vessels for dialysis access in patients with end-stage renal disease: Two
phase 2 single-arm trials. Lancet 2016, 387, 2026-2034. [CrossRef]

ClinicalTrials.gov. Study Details | Evaluation of the Safety and Efficacy of a Vascular Prosthesis for Hemodialysis Access in
Patients with ESRD. Available online: https:/ /clinicaltrials.gov/study/NCT01744418#study-plan (accessed on 24 November
2023).

Wystrychowski, W.; A Garrido, S.; Marini, A.; Dusserre, N.; Radochonski, S.; Zagalski, K.; Antonelli, J.; Canalis, M.; Sammartino,
A.; Darocha, Z.; et al. Long-term results of autologous scaffold-free tissue-engineered vascular graft for hemodialysis access. J.
Vasc. Access 2022. [CrossRef]

ClinicalTrials.gov. Study Details | Humacyte Human Acellular Vessel (HAV) in Patients with Vascular Trauma. Available online:
https://clinicaltrials.gov /study/NCT03005418 (accessed on 23 November 2023).

Stitzel, J.; Liu, J.; Lee, S.J.; Komura, M.; Berry, J.; Soker, S.; Lim, G.; Van Dyke, M.; Czerw, R.; Yoo, ].].; et al. Controlled fabrication
of a biological vascular substitute. Biomaterials 2006, 27, 1088-1094. [CrossRef] [PubMed]

Quint, C.; Kondo, Y.; Manson, R.J.; Lawson, ].H.; Dardik, A.; Niklason, L.E. Decellularized tissue-engineered blood vessel as an
arterial conduit. Proc. Natl. Acad. Sci. USA 2011, 108, 9214-9219. [CrossRef] [PubMed]

Mallis, P.; Michalopoulos, E.; Dimitriou, C.; Kostomitsopoulos, N.; Stavropoulos-Giokas, C. Histological and biomechanical
characterization of decellularized porcine pericardium as a potential scaffold for tissue engineering applications. Bio-Med. Mater.
Eng. 2017, 28, 477-488. [CrossRef] [PubMed]

Mallis, P; Sokolis, D.P.; Makridakis, M.; Zoidakis, J.; Velentzas, A.D.; Katsimpoulas, M.; Vlahou, A.; Kostakis, A.; Stavropoulos-
Giokas, C.; Michalopoulos, E. Insights into Biomechanical and Proteomic Characteristics of Small Diameter Vascular Grafts
Utilizing the Human Umbilical Artery. Biomedicines 2020, 8, 280. [CrossRef] [PubMed]

Mallis, P.; Gontika, I.; Poulogiannopoulos, T.; Zoidakis, J.; Vlahou, A.; Michalopoulos, E.; Chatzistamatiou, T.; Papassavas, A.;
Stavropoulos-Giokas, C. Evaluation of decellularization in umbilical cord artery. Transplant. Proc. 2014, 46, 3232-3239. [CrossRef]
[PubMed]

Mallis, P.; Michalopoulos, E.; Pantsios, P.; Kozaniti, F.; Deligianni, D.; Papapanagiotou, A.; Giokas, C.S. Recellularization potential
of small diameter vascular grafts derived from human umbilical artery. Bio-Med. Mater. Eng. 2019, 30, 61-71. [CrossRef]

Gui, L.; Muto, A.; Chan, S.A.; Breuer, C.K.; Niklason, L.E. Development of decellularized human umbilical arteries as small-
diameter vascular grafts. Tissue Eng. Part A 2009, 15, 2665-2676. [CrossRef]

Ju, YM,; Choi, ].S.; Atala, A.; Yoo, ].].; Lee, S.J. Bilayered scaffold for engineering cellularized blood vessels. Biomaterials 2010, 31,
4313-4321. [CrossRef]

Ahn, H.; Ju, YM.; Takahashi, H.; Williams, D.E,; Yoo, ].].; Lee, S.J.; Okano, T.; Atala, A. Engineered small diameter vascular grafts
by combining cell sheet engineering and electrospinning technology. Acta Biomater. 2015, 16, 14-22. [CrossRef]

Zhu, J.; Wang, X.; Lin, L.; Zeng, W. 3D bioprinting for vascular grafts and microvasculature. Int. J. Bioprint. 2023, 9, 12. [CrossRef]
Kacarevi¢, P; Rider, PM.; Alkildani, S.; Retnasingh, S.; Smeets, R.; Jung, O.; IvaniSevi¢, Z.; Barbeck, M. An Introduction to 3D
Bioprinting: Possibilities, Challenges and Future Aspects. Materials 2018, 11, 2199. [CrossRef]

Quanjin, M.; Rejab, M; Idris, M.; Kumar, N.M.; Abdullah, M.; Reddy, G.R. Recent 3D and 4D intelligent printing technologies: A
comparative review and future perspective. Procedia Comput. Sci. 2020, 167, 1210-1219. [CrossRef]

Zhou, Z.; Tang, W.; Yang, J.; Fan, C. Application of 4D printing and bioprinting in cardiovascular tissue engineering. Biomater. Sci.
2023, 11, 6403-6420. [CrossRef]

Arif, 7.U.; Khalid, M.Y.; Ahmed, W.; Arshad, H. A review on four-dimensional (4D) bioprinting in pursuit of advanced tissue
engineering applications. Bioprinting 2022, 27, e00203. [CrossRef]

Ashammakhi, N.; Ahadian, S.; Zengjie, F.; Suthiwanich, K.; Lorestani, F.; Orive, G.; Ostrovidov, S.; Khademhosseini, A. Advances
and Future Perspectives in 4D Bioprinting. Biotechnol. J. 2018, 13, €1800148. [CrossRef]

Wan, Z.; Zhang, P; Liu, Y,; Lv, L.; Zhou, Y. Four-dimensional bioprinting: Current developments and applications in bone tissue
engineering. Acta Biomater. 2020, 101, 26—42. [CrossRef]

Saska, S.; Pilatti, L.; Blay, A.; Shibli, J.A. Bioresorbable Polymers: Advanced Materials and 4D Printing for Tissue Engineering.
Polymers 2021, 13, 563. [CrossRef]

Kuang, X.; Chen, K; Dunn, C.K.; Wu, J.; Li, V.C.E; Qi, H.J. 3D Printing of Highly Stretchable, Shape-Memory, and Self-Healing
Elastomer toward Novel 4D Printing. ACS Appl. Mater. Interfaces 2018, 10, 7381-7388. [CrossRef]

Zhang, C.; Cai, D.; Liao, P;; Su, ].-W.; Deng, H.; Vardhanabhuti, B.; Ulery, B.D.; Chen, S.-Y.; Lin, J. 4D Printing of shape-memory
polymeric scaffolds for adaptive biomedical implantation. Acta Biomater. 2021, 122, 101-110. [CrossRef]

Cui, H.; Liu, C,; Esworthy, T.; Huang, Y.; Yu, Z.-X.; Zhou, X,; San, H.; Lee, S.-].; Hann, S.Y.; Boehm, M.; et al. 4D physiologically
adaptable cardiac patch: A 4-month in vivo study for the treatment of myocardial infarction. Sci. Adv. 2020, 6, eabb5067.
[CrossRef]

Kirillova, A.; Maxson, R.; Stoychev, G.; Gomillion, C.T.; Ionov, L. 4D Biofabrication Using Shape-Morphing Hydrogels. Adv. Mater.
2017, 29, 1703443. [CrossRef]


https://doi.org/10.1016/S0140-6736(09)60248-8
https://doi.org/10.1016/S0140-6736(16)00557-2
https://clinicaltrials.gov/study/NCT01744418#study-plan
https://doi.org/10.1177/11297298221095994
https://clinicaltrials.gov/study/NCT03005418
https://doi.org/10.1016/j.biomaterials.2005.07.048
https://www.ncbi.nlm.nih.gov/pubmed/16131465
https://doi.org/10.1073/pnas.1019506108
https://www.ncbi.nlm.nih.gov/pubmed/21571635
https://doi.org/10.3233/BME-171689
https://www.ncbi.nlm.nih.gov/pubmed/28854488
https://doi.org/10.3390/biomedicines8080280
https://www.ncbi.nlm.nih.gov/pubmed/32785189
https://doi.org/10.1016/j.transproceed.2014.10.027
https://www.ncbi.nlm.nih.gov/pubmed/25420867
https://doi.org/10.3233/BME-181033
https://doi.org/10.1089/ten.tea.2008.0526
https://doi.org/10.1016/j.biomaterials.2010.02.002
https://doi.org/10.1016/j.actbio.2015.01.030
https://doi.org/10.36922/ijb.0012
https://doi.org/10.3390/ma11112199
https://doi.org/10.1016/j.procs.2020.03.434
https://doi.org/10.1039/D3BM00312D
https://doi.org/10.1016/j.bprint.2022.e00203
https://doi.org/10.1002/biot.201800148
https://doi.org/10.1016/j.actbio.2019.10.038
https://doi.org/10.3390/polym13040563
https://doi.org/10.1021/acsami.7b18265
https://doi.org/10.1016/j.actbio.2020.12.042
https://doi.org/10.1126/sciadv.abb5067
https://doi.org/10.1002/adma.201703443

Bioengineering 2023, 10, 1373 20 of 24

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

Tomasina, C.; Bodet, T.; Mota, C.; Moroni, L.; Camarero-Espinosa, S. Bioprinting Vasculature: Materials, Cells and Emergent
Techniques. Materials 2019, 12, 2701. [CrossRef]

Norotte, C.; Marga, ES.; Niklason, L.E.; Forgacs, G. Scaffold-free vascular tissue engineering using bioprinting. Biomaterials 2009,
30,5910-5917. [CrossRef] [PubMed]

Faruque, O.; Lee, Y.; Wyckoff, G.J.; Lee, C.H. Application of 4D printing and Al to cardiovascular devices. |. Drug Deliv. Sci.
Technol. 2023, 80, 104162. [CrossRef]

An, J.; Chua, C.K,; Mironov, V. Application of Machine Learning in 3D Bioprinting: Focus on Development of Big Data and
Digital Twin. Int. J. Bioprint. 2021, 7, 342. [CrossRef]

Lin, D.J.; Johnson, PM.; Knoll, E; Lui, Y.W. Artificial Intelligence for MR Image Reconstruction: An Overview for Clinicians. J.
Magn. Reson. Imaging 2021, 53, 1015-1028. [CrossRef]

Pugliese, R.; Regondi, S. Artificial Intelligence-Empowered 3D and 4D Printing Technologies toward Smarter Biomedical Materials
and Approaches. Polymers 2022, 14, 2794. [CrossRef]

Stary, H.C.; Chandler, A.B.; Dinsmore, R.E.; Fuster, V.; Glagov, S.; Insull, W,, Jr.; Rosenfeld, M.E.; Schwartz, C.J.; Wagner, W.D.;
Wissler, R.W. A Definition of Advanced Types of Atherosclerotic Lesions and a Histological Classification of Atherosclerosis.
Circulation 1995, 92, 1355-1374. [CrossRef]

Rippe, ]. M. Lifestyle Strategies for Risk Factor Reduction, Prevention, and Treatment of Cardiovascular Disease. Am. |. Lifestyle
Med. 2019, 13, 204-212. [CrossRef]

Gupta, K.K,; Alj, S.; Sanghera, R.S. Pharmacological Options in Atherosclerosis: A Review of the Existing Evidence. Cardiol. Ther.
2019, 8, 5-20. [CrossRef]

Mackman, N.; Spronk, H.M.; Stouffer, G.A.; Cate, H.T. Dual anticoagulant and antiplatelet therapy for coronary artery disease
and peripheral artery disease patients. Arter. Thromb. Vasc. Biol. 2018, 38, 726-732. [CrossRef]

Soehnlein, O.; Libby, P. Targeting inflammation in atherosclerosis—From experimental insights to the clinic. Nat. Rev. Drug Discov.
2021, 20, 589-610. [CrossRef] [PubMed]

Nasr, S.H.; Huang, X. Nanotechnology for Targeted Therapy of Atherosclerosis. Front. Pharmacol. 2021, 12, 755569. [CrossRef]
[PubMed]

di Polidoro, A.C.; Grassia, A.; De Sarno, F,; Bevilacqua, P.; Mollo, V.; Romano, E.; Di Taranto, M.D.; Fortunato, G.; Bracale, UM.;
Tramontano, L.; et al. Targeting Nanostrategies for Imaging of Atherosclerosis. Contrast Media Mol. Imaging 2021, 2021, 6664471.
[CrossRef]

Palekar, R.U.; Jallouk, A.P.,; Lanza, G.M.; Pan, H.; Wickline, S.A. Molecular imaging of atherosclerosis with nanoparticle-based
fluorinated MRI contrast agents. Nanomedicine 2015, 10, 1817-1832. [CrossRef]

Li, J.; Centurion, E; Chen, R.; Gu, Z. Intravascular Imaging of Atherosclerosis by Using Engineered Nanoparticles. Biosensors
2023, 13, 319. [CrossRef] [PubMed]

Choi, K.-A.; Kim, J.H.; Ryu, K.; Kaushik, N. Current Nanomedicine for Targeted Vascular Disease Treatment: Trends and
Perspectives. Int. J. Mol. Sci. 2022, 23, 12397. [CrossRef] [PubMed]

Prilepskii, A.Y.; Serov, N.S.; Kladko, D.V.; Vinogradov, V.V. Nanoparticle-Based Approaches towards the Treatment of Atheroscle-
rosis. Pharmaceutics 2020, 12, 1056. [CrossRef]

Gao, C.; Huang, Q.; Liu, C.; Kwong, C.H.T;; Yue, L.; Wan, J.-B.; Lee, SM.Y.; Wang, R. Treatment of atherosclerosis by macrophage-
biomimetic nanoparticles via targeted pharmacotherapy and sequestration of proinflammatory cytokines. Nat. Commun. 2020, 11,
2622. [CrossRef]

Kersting, J.; Kamper, L.; Das, M.; Haage, P. Guideline-Oriented Therapy of Lower Extremity Peripheral Artery Disease (PAD)—
Current Data and Perspectives. Rofo 2019, 191, 311-322. [CrossRef]

Lawall, H.; Huppert, P.; Zemmrich, C.S. S3-Leitlinie PAVK—Diagnostik, Therapie und Nachsorge der peripheren arteriellen
Verschlusskrankheit. Vasa 2016, 45, 1-96. [CrossRef]

Gerhard-Herman, M.D.; Gornik, H.L.; Barrett, C.; Barshes, N.R.; Corriere, M.A.; Drachman, D.E.; Fleisher, L.A.; Fowkes, EG.;
Hamburg, N.M.; Kinlay, S.; et al. 2016 AHA /ACC Guideline on the Management of Patients with Lower Extremity Peripheral
Artery Disease: Executive Summary. Vasc. Med. 2017, 22, NP1-NP43. [CrossRef]

Breslin, S.; O’driscoll, L. Three-dimensional cell culture: The missing link in drug discovery. Drug Discov. Today 2013, 18, 240-249.
[CrossRef]

Duval, K.; Grover, H.; Han, L.-H.; Mou, Y.; Pegoraro, A.F; Fredberg, J.; Chen, Z. Modeling Physiological Events in 2D vs. 3D Cell
Culture. Physiology 2017, 32, 266-277. [CrossRef]

Ingber, D.E. Human organs-on-chips for disease modelling, drug development and personalized medicine. Nat. Rev. Genet. 2022,
23, 467-491. [CrossRef]

Getz, G.S.; Reardon, C.A. Animal Models of Atherosclerosis. Arter. Thromb. Vasc. Biol. 2012, 32, 1104-1115. [CrossRef] [PubMed]
Veseli, B.E.; Perrotta, P.; De Meyer, G.R.; Roth, L.; Van der Donckt, C.; Martinet, W.; De Meyer, G.R. Animal models of
atherosclerosis. Eur. J. Pharmacol. 2017, 816, 3-13. [CrossRef] [PubMed]

Gisterd, A.; Ketelhuth, D.F,; Malin, S.G.; Hansson, G.K. Animal Models of Atherosclerosis-Supportive Notes and Tricks of the
Trade. Circ. Res. 2022, 130, 1869-1887. [CrossRef] [PubMed]

Nakashima, Y.; Plump, A.S.; Raines, E.W.; Breslow, J.L.; Ross, R. ApoE-deficient mice develop lesions of all phases of atherosclero-
sis throughout the arterial tree. Arter. Thromb. A ]. Vasc. Biol. 1994, 14, 133-140. [CrossRef]


https://doi.org/10.3390/ma12172701
https://doi.org/10.1016/j.biomaterials.2009.06.034
https://www.ncbi.nlm.nih.gov/pubmed/19664819
https://doi.org/10.1016/j.jddst.2023.104162
https://doi.org/10.18063/ijb.v7i1.342
https://doi.org/10.1002/jmri.27078
https://doi.org/10.3390/polym14142794
https://doi.org/10.1161/01.CIR.92.5.1355
https://doi.org/10.1177/1559827618812395
https://doi.org/10.1007/s40119-018-0123-0
https://doi.org/10.1161/ATVBAHA.117.310048
https://doi.org/10.1038/s41573-021-00198-1
https://www.ncbi.nlm.nih.gov/pubmed/33976384
https://doi.org/10.3389/fphar.2021.755569
https://www.ncbi.nlm.nih.gov/pubmed/34867370
https://doi.org/10.1155/2021/6664471
https://doi.org/10.2217/nnm.15.26
https://doi.org/10.3390/bios13030319
https://www.ncbi.nlm.nih.gov/pubmed/36979531
https://doi.org/10.3390/ijms232012397
https://www.ncbi.nlm.nih.gov/pubmed/36293254
https://doi.org/10.3390/pharmaceutics12111056
https://doi.org/10.1038/s41467-020-16439-7
https://doi.org/10.1055/a-0690-9365
https://doi.org/10.1024/0301-1526/a000579
https://doi.org/10.1016/j.jacc.2016.11.008
https://doi.org/10.1016/j.drudis.2012.10.003
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1038/s41576-022-00466-9
https://doi.org/10.1161/ATVBAHA.111.237693
https://www.ncbi.nlm.nih.gov/pubmed/22383700
https://doi.org/10.1016/j.ejphar.2017.05.010
https://www.ncbi.nlm.nih.gov/pubmed/28483459
https://doi.org/10.1161/CIRCRESAHA.122.320263
https://www.ncbi.nlm.nih.gov/pubmed/35679358
https://doi.org/10.1161/01.ATV.14.1.133

Bioengineering 2023, 10, 1373 21 of 24

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Osada, H.; Murata, K.; Masumoto, H.; Osada, H.; Murata, K.; Masumoto, H. Large Animal Models in Cardiovascular Research.
In Animal Models and Experimental Research in Medicine; IntechOpen: London, UK, 2022. [CrossRef]

Amuzie, C.; Swart, ].R.; Rogers, C.S.; Vihtelic, T.; Denham, S.; Mais, D.E. A Translational Model for Diet-related Atherosclerosis:
Effect of Statins on Hypercholesterolemia and Atherosclerosis in a Minipig. Toxicol. Pathol. 2016, 44, 442-449. [CrossRef]

Fang, B.; Ren, X.Y.; Wang, Y.; Li, Z.; Zhao, L.H.; Zhang, M.L.; Li, C.; Zhang, ZW.; Chen, L.; Li, X.X; et al. Apolipoprotein E
deficiency accelerates atherosclerosis development in miniature pigs. Dis. Model. Mech. 2018, 11, dmm036632. [CrossRef]

Levy, N. The use of animal as models: Ethical considerations. Int. ]. Stroke 2012, 7, 440-442. [CrossRef]

National Research Council (US) Committee to Update Science, Medicine, and Animals. Regulation of Animal Research; National
Academies Press: Washington, DC, USA, 2004. Available online: https://www.ncbi.nlm.nih.gov/books/NBK24650/ (accessed
on 10 September 2023).

Fuentes, A.V,; Pineda, M.D.; Venkata, K.C.N. Comprehension of Top 200 Prescribed Drugs in the US as a Resource for Pharmacy
Teaching, Training and Practice. Pharmacy 2018, 6, 43. [CrossRef]

Hetherington, I.; Totary-Jain, H. Anti-atherosclerotic therapies: Milestones, challenges, and emerging innovations. Mol. Ther.
2022, 30, 3106-3117. [CrossRef] [PubMed]

Khalil, A.S.; Jaenisch, R.; Mooney, D.]J. Engineered tissues and strategies to overcome challenges in drug development. Adv. Drug
Deliv. Rev. 2020, 158, 116-139. [CrossRef]

Pugsley, M.K,; Tabrizchi, R. The vascular system: An overview of structure and function. J. Pharmacol. Toxicol. Methods 2000, 44,
333-340. [CrossRef] [PubMed]

Tennant, M.; McGeachie, ] K. Blood Vessel Structure and Function: A Brief Update on Recent Advances. ANZ J. Surg. 1990, 60,
747-753. [CrossRef]

Stary, H.C. The histological classification of atherosclerotic lesions in human coronary arteries. In Atherosclerosis and Coronary
Artery Disease; Lippincott-Raven Publishers: Philadelphia, PA, USA, 1996; pp. 463-474. Available online: http://ci.nii.ac.jp/naid/
10005902525/en/ (accessed on 21 February 2022).

Stary, H.C.; Chandler, A.B.; Glagov, S.; Guyton, ].R.; Insull, W.; Rosenfeld, M.E.; Schaffer, S.A.; Schwartz, C.J.; Wagner, W.D.;
Wissler, RW. A definition of initial, fatty streak, and intermediate lesions of atherosclerosis. A report from the Committee on
Vascular Lesions of the Council on Arteriosclerosis, American Heart Association. Circulation 1994, 89, 2462-2478. [CrossRef]
Sakakura, K.; Nakano, M.; Otsuka, F.; Ladich, E.; Kolodgie, ED.; Virmani, R. Pathophysiology of Atherosclerosis Plaque
Progression. Heart Lung Circ. 2013, 22, 399—411. [CrossRef]

Chistiakov, D.A.; Melnichenko, A.A.; Myasoedova, V.A.; Grechko, A.V.; Orekhov, A.N. Mechanisms of foam cell formation in
atherosclerosis. |. Mol. Med. 2017, 95, 1153-1165. [CrossRef] [PubMed]

Wolf, D.; Ley, K. Immunity and Inflammation in Atherosclerosis. Circ. Res. 2019, 124, 315-327. [CrossRef] [PubMed]

Poznyak, A.V.; Bharadwaj, D.; Prasad, G.; Grechko, A.V.; Sazonova, M.A.; Orekhov, A.N. Anti-Inflammatory Therapy for
Atherosclerosis: Focusing on Cytokines. Int. ]. Mol. Sci. 2021, 22, 7061. [CrossRef] [PubMed]

Hughes, ].P; Rees, S.; Kalindjian, S.B.; Philpott, K.L. Principles of early drug discovery. Br. |. Pharmacol. 2011, 162, 1239-1249.
[CrossRef] [PubMed]

Kamb, A.; Wee, S.; Lengauer, C. Why is cancer drug discovery so difficult? Nat. Rev. Drug Discov. 2007, 6, 115-120. [CrossRef]
[PubMed]

Huang, W.; Sert, N.P.D.; Vollert, J.; Rice, A.S.C. General Principles of Preclinical Study Design. Handb. Exp. Pharmacol. 2020, 257,
55. [CrossRef] [PubMed]

Ji, H; Atchison, L.; Chen, Z.; Chakraborty, S.; Jung, Y.; Truskey, G.A.; Christoforou, N.; Leong, K.W. Transdifferentiation of human
endothelial progenitors into smooth muscle cells. Biomaterials 2016, 85, 180-194. [CrossRef]

Wang, Y.; Hu, J.; Jiao, J.; Liu, Z.; Zhou, Z.; Zhao, C.; Chang, L.-J.; Chen, Y.E.; Ma, P.X.; Yang, B. Engineering vascular tissue
with functional smooth muscle cells derived from human iPS cells and nanofibrous scaffolds. Biomaterials 2014, 35, 8960-8969.
[CrossRef]

Gui, L.; Dash, B.C.; Luo, J.; Qin, L.; Zhao, L.; Yamamoto, K.; Hashimoto, T.; Wu, H.; Dardik, A; Tellides, G.; et al. Implantable
tissue-engineered blood vessels from human induced pluripotent stem cells. Biomaterials 2016, 102, 120-129. [CrossRef]
Granata, A.; Serrano, F; Bernard, W.G.; McNamara, M.; Low, L.; Sastry, P; Sinha, S. An iPSC-derived vascular model of Marfan
syndrome identifies key mediators of smooth muscle cell death. Nat. Genet. 2017, 49, 97-109. [CrossRef]

Atchison, L.; Zhang, H.; Cao, K.; Truskey, G.A. A Tissue Engineered Blood Vessel Model of Hutchinson-Gilford Progeria Syndrome
Using Human iPSC-derived Smooth Muscle Cells. Sci. Rep. 2017, 7, 8168. [CrossRef]

Ge, X.; Ren, Y,; Bartulos, O.; Lee, M.Y;; Yue, Z.; Kim, K.-Y,; Li, W.; Amos, PJ.; Bozkulak, E.C.; Iyer, A.; et al. Modeling Supravalvular
Aortic Stenosis Syndrome With Human Induced Pluripotent Stem Cells. Circulation 2012, 126, 1695-1704. [CrossRef]

Su, C.; Menon, N.V; Xu, X,; Teo, Y.R.; Cao, H.; Dalan, R.; Tay, C.Y.; Hou, H.W. A novel human arterial wall-on-a-chip to study
endothelial inflammation and vascular smooth muscle cell migration in early atherosclerosis. Lab Chip 2021, 21, 2359-2371.
[CrossRef]

Mallone, A.; Stenger, C.; Von Eckardstein, A.; Hoerstrup, S.P.; Weber, B. Biofabricating atherosclerotic plaques: In vitro engineering
of a three-dimensional human fibroatheroma model. Biomaterials 2017, 150, 49-59. [CrossRef]

Chen, Z.; Tang, M.; Huang, D.; Jiang, W.; Li, M.; Ji, H.; Park, J.; Xu, B.; Atchison, L.J.; Truskey, G.A ; et al. Real-time observation of
leukocyte—endothelium interactions in tissue-engineered blood vessel. Lab Chip 2018, 18, 2047-2054. [CrossRef]


https://doi.org/10.5772/INTECHOPEN.105754
https://doi.org/10.1177/0192623315622304
https://doi.org/10.1242/dmm.036632
https://doi.org/10.1111/j.1747-4949.2012.00772.x
https://www.ncbi.nlm.nih.gov/books/NBK24650/
https://doi.org/10.3390/pharmacy6020043
https://doi.org/10.1016/j.ymthe.2022.08.024
https://www.ncbi.nlm.nih.gov/pubmed/36065464
https://doi.org/10.1016/j.addr.2020.09.012
https://doi.org/10.1016/S1056-8719(00)00125-8
https://www.ncbi.nlm.nih.gov/pubmed/11325577
https://doi.org/10.1111/j.1445-2197.1990.tb07468.x
http://ci.nii.ac.jp/naid/10005902525/en/
http://ci.nii.ac.jp/naid/10005902525/en/
https://doi.org/10.1161/01.CIR.89.5.2462
https://doi.org/10.1016/j.hlc.2013.03.001
https://doi.org/10.1007/s00109-017-1575-8
https://www.ncbi.nlm.nih.gov/pubmed/28785870
https://doi.org/10.1161/CIRCRESAHA.118.313591
https://www.ncbi.nlm.nih.gov/pubmed/30653442
https://doi.org/10.3390/ijms22137061
https://www.ncbi.nlm.nih.gov/pubmed/34209109
https://doi.org/10.1111/j.1476-5381.2010.01127.x
https://www.ncbi.nlm.nih.gov/pubmed/21091654
https://doi.org/10.1038/nrd2155
https://www.ncbi.nlm.nih.gov/pubmed/17159925
https://doi.org/10.1007/164_2019_277
https://www.ncbi.nlm.nih.gov/pubmed/31707471
https://doi.org/10.1016/j.biomaterials.2016.01.066
https://doi.org/10.1016/j.biomaterials.2014.07.011
https://doi.org/10.1016/j.biomaterials.2016.06.010
https://doi.org/10.1038/ng.3723
https://doi.org/10.1038/s41598-017-08632-4
https://doi.org/10.1161/CIRCULATIONAHA.112.116996
https://doi.org/10.1039/D1LC00131K
https://doi.org/10.1016/j.biomaterials.2017.09.034
https://doi.org/10.1039/C8LC00202A

Bioengineering 2023, 10, 1373 22 of 24

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Chenthamara, D.; Subramaniam, S.; Ramakrishnan, S.G.; Krishnaswamy, S.; Essa, M.M.; Lin, EH.; Qoronfleh, M.W. Therapeutic
efficacy of nanoparticles and routes of administration. Biomater. Res. 2019, 23, 20. [CrossRef]

Tzafriri, A.R.; Vukmirovic, N.; Kolachalama, V.B.; Astafieva, I.; Edelman, E.R. Lesion complexity determines arterial drug
distribution after local drug delivery. J. Control. Release 2010, 142, 332-338. [CrossRef]

Levin, A.D.; Vukmirovic, N.; Hwang, C.-W.; Edelman, E.R. Specific binding to intracellular proteins determines arterial transport
properties for rapamycin and paclitaxel. Proc. Natl. Acad. Sci. USA 2004, 101, 9463-9467. [CrossRef]

Hwang, C.-W.; Levin, A.D,; Jonas, M.; Li, PH.; Edelman, E.R. Thrombosis modulates arterial drug distribution for drug-eluting
stents. Circulation 2005, 111, 1619-1626. [CrossRef]

Tzafriri, A.R.; Garcia-Polite, F.; Zani, B.; Stanley, J.; Muraj, B.; Knutson, J.; Kohler, R.; Markham, P.; Nikanorov, A.; Edelman, E.R.
Calcified plaque modification alters local drug delivery in the treatment of peripheral atherosclerosis. J. Control. Release 2017, 264,
203-210. [CrossRef]

Pala, R.; Anju, V.; Dyavaiah, M.; Busi, S.; Nauli, S.M. Nanoparticle-Mediated Drug Delivery for the Treatment of Cardiovascular
Diseases. Int. |. Nanomed. 2020, 15, 3741-3769. [CrossRef]

Saqr, KM.; Tupin, S.; Rashad, S.; Endo, T.; Niizuma, K.; Tominaga, T.; Ohta, M. Physiologic blood flow is turbulent. Sci. Rep. 2020,
10, 15492. [CrossRef]

Gomez-Garcia, M.J.; Doiron, A.L.; Steele, RR.M.; Labouta, H.I.; Vafadar, B.; Shepherd, R.D.; Gates, I.D.; Cramb, D.T.; Childs, S.J.;
Rinker, K.D. Nanoparticle localization in blood vessels: Dependence on fluid shear stress, flow disturbances, and flow-induced
changes in endothelial physiology. Nanoscale 2018, 10, 15249-15261. [CrossRef]

Barua, S.; Mitragotri, S. Challenges associated with Penetration of Nanoparticles across Cell and Tissue Barriers: A Review of
Current Status and Future Prospects. Nano Today 2014, 9, 223-243. [CrossRef]

dos Santos, V.P; Pozzan, G.; Junior, V.C.; Caffaro, R.A. Arteriosclerose, aterosclerose, arteriolosclerose e esclerose calcificante da
média de Monckeberg: Qual a diferenca? J. Vasc. Bras. 2021, 20, e20200211. [CrossRef]

Li, X.;; Wu, M,; Lj, J.; Guo, Q.; Zhao, Y.; Zhang, X. Advanced targeted nanomedicines for vulnerable atherosclerosis plaque
imaging and their potential clinical implications. Front. Pharmacol. 2022, 13, 906512. [CrossRef]

Savage, D.T.; Hilt, ].Z.; Dziubla, T.D. In Vitro Methods for Assessing Nanoparticle Toxicity. Methods Mol. Biol. 2019, 1894, 1.
[CrossRef]

Dong, C.; Ma, A.; Shang, L. Animal models used in the research of nanoparticles for cardiovascular diseases. J. Nanopart. Res.
2021, 23, 172. [CrossRef]

Fernandez, C.E.; Yen, RW.,; Perez, S.M.; Bedell, H.W.; Povsic, T.].; Reichert, W.M.; Truskey, G.A. Human Vascular Microphysiolog-
ical System for in vitro Drug Screening. Sci. Rep. 2016, 6, 21579. [CrossRef]

Robert, J.; Weber, B.; Frese, L.; Emmert, M.Y.; Schmidt, D.; von Eckardstein, A.; Rohrer, L.; Hoerstrup, S.P. A Three-Dimensional
Engineered Artery Model for In Vitro Atherosclerosis Research. PLoS ONE 2013, 8, €79821. [CrossRef]

Mallone, A.; Gericke, C.; Hosseini, V.; Chahbi, K.; Haenseler, W.; Emmert, M.Y.; von Eckardstein, A.; Walther, J.H.; Vogel, V,;
Weber, B.; et al. Human induced pluripotent stem cell-derived vessels as dynamic atherosclerosis model on a chip. bioRxiv 2020.
[CrossRef]

Zhang, X.; Bishawi, M.; Zhang, G.; Prasad, V.; Salmon, E.; Breithaupt, J.J.; Zhang, Q.; Truskey, G.A. Modeling early stage
atherosclerosis in a primary human vascular microphysiological system. Nat. Commun. 2020, 11, 5426. [CrossRef]
Cunningham, K.S.; Gotlieb, A.L. The role of shear stress in the pathogenesis of atherosclerosis. Lab. Investig. 2004, 85, 9-23.
[CrossRef]

Ku, D.N; Giddens, D.P;; Zarins, C.K.; Glagov, S. Pulsatile flow and atherosclerosis in the human carotid bifurcation. Positive
correlation between plaque location and low oscillating shear stress. Arter. Off. |. Am. Heart Assoc. Inc. 1985, 5,293-302. [CrossRef]
Owens, G.K.; Kumar, M.S.; Wamhoff, B.R.; Franco, P.N.; Durrant, L.M.; Carreon, D.; Haddad, E.; Vergara, A.; Cascavita, C.;
Obenaus, A.; et al. Molecular regulation of vascular smooth muscle cell differentiation in development and disease. Physiol. Rev.
2004, 84, 767-801. [CrossRef]

Chen, C.-N.; Chang, S.-E; Lee, P-L.; Chang, K.; Chen, L.-].; Usami, S.; Chien, S.; Chiu, J.-J. Neutrophils, lymphocytes, and
monocytes exhibit diverse behaviors in transendothelial and subendothelial migrations under coculture with smooth muscle cells
in disturbed flow. Blood 2006, 107, 1933-1942. [CrossRef]

Speck, U.; Scheller, B.; Abramjuk, C.; Grossmann, S.; Mahnkopf, D.; Simon, O. Inhibition of restenosis in stented porcine coronary
arteries: Uptake of Paclitaxel from angiographic contrast media. Investig. Radiol. 2004, 39, 182-186. [CrossRef]

Htay, T.; Liu, M.W. Drug-Eluting Stent: A Review and Update. Vasc. Health Risk Manag. 2005, 1, 263-276. [CrossRef]

Hu, T; Yang, J.; Cui, K,; Rao, Q.; Yin, T,; Tan, L.; Zhang, Y.; Li, Z.; Wang, G. Controlled Slow-Release Drug-Eluting Stents for
the Prevention of Coronary Restenosis: Recent Progress and Future Prospects. ACS Appl. Mater. Interfaces 2015, 7, 11695-11712.
[CrossRef]

Speck, U.; Stolzenburg, N.; Peters, D.; Scheller, B. How does a drug-coated balloon work? Overview of coating techniques and
their impact. J. Cardiovasc. Surg. 2016, 57, 3-11.

Tzafriri, A.R.; Parikh, S.A.; Edelman, E.R. Taking paclitaxel coated balloons to a higher level: Predicting coating dissolution
kinetics, tissue retention and dosing dynamics. J. Control. Release 2019, 310, 94-102. [CrossRef]


https://doi.org/10.1186/s40824-019-0166-x
https://doi.org/10.1016/j.jconrel.2009.11.007
https://doi.org/10.1073/pnas.0400918101
https://doi.org/10.1161/01.CIR.0000160363.30639.37
https://doi.org/10.1016/j.jconrel.2017.08.037
https://doi.org/10.2147/IJN.S250872
https://doi.org/10.1038/s41598-020-72309-8
https://doi.org/10.1039/C8NR03440K
https://doi.org/10.1016/j.nantod.2014.04.008
https://doi.org/10.1590/1677-5449.200211
https://doi.org/10.3389/fphar.2022.906512
https://doi.org/10.1007/978-1-4939-8916-4_1
https://doi.org/10.1007/s11051-021-05289-z
https://doi.org/10.1038/srep21579
https://doi.org/10.1371/journal.pone.0079821
https://doi.org/10.1101/2020.11.27.401034
https://doi.org/10.1038/s41467-020-19197-8
https://doi.org/10.1038/labinvest.3700215
https://doi.org/10.1161/01.ATV.5.3.293
https://doi.org/10.1152/physrev.00041.2003
https://doi.org/10.1182/blood-2005-08-3137
https://doi.org/10.1097/01.rli.0000116125.96544.64
https://doi.org/10.2147/vhrm.2005.1.4.263
https://doi.org/10.1021/acsami.5b01993
https://doi.org/10.1016/j.jconrel.2019.08.019

Bioengineering 2023, 10, 1373 23 of 24

130.

131.

132.

133.

134.

135.
136.

137.

138.

139.

140.

141.
142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Tzafriri, A.R.; Muraj, B.; Garcia-Polite, F.; Salazar-Martin, A.G.; Markham, P; Zani, B.; Spognardi, A.; Albaghdadi, M.; Alston, S.;
Edelman, E.R. Balloon-based drug coating delivery to the artery wall is dictated by coating micro-morphology and angioplasty
pressure gradients. Biomaterials 2020, 260, 120337. [CrossRef]

Cao, Z,; Li, J.; Fang, Z.; Feierkaiti, Y.; Zheng, X.; Jiang, X. The factors influencing the efficiency of drug-coated balloons. Front.
Cardiovasc. Med. 2022, 9, 947776. [CrossRef]

Colombo, M.; Corti, A.; Berceli, S.; Migliavacca, F.; McGinty, S.; Chiastra, C. 3D modelling of drug-coated balloons for the
treatment of calcified superficial femoral arteries. PLoS ONE 2021, 16, e0256783. [CrossRef]

Rikhtegar, F.; Edelman, E.R.; Olgac, U.; Poulikakos, D.; Kurtcuoglu, V. Drug deposition in coronary arteries with overlapping
drug-eluting stents. . Control. Release 2016, 238, 1-9. [CrossRef]

Zheng, Y.; Li, ].; Wang, L.; Yu, P,; Shi, H.; Wu, L.; Chen, J. Effect of Drug-Coated Balloon in Side Branch Protection for de novo
Coronary Bifurcation Lesions: A Systematic Review and Meta-Analysis. Front. Cardiovasc. Med. 2021, 8, 758560. [CrossRef]
Frangos, S.G.; Gahtan, V.; Sumpio, B. Localization of Atherosclerosis. Arch. Surg. 1999, 134, 1142-1149. [CrossRef]

Forero, M.N.T.; Van Mieghem, N.M.; Daemen, J. Stent underexpansion due to heavy coronary calcification resistant to rotational
atherectomy: A case for coronary lithoplasty? Catheter. Cardiovasc. Interv. 2020, 96, 598—600. [CrossRef]

Parikh, K.; Chandra, P.; Choksi, N.; Khanna, P.; Chambers, ]J. Safety and feasibility of orbital atherectomy for the treatment of
calcified coronary lesions. Catheter. Cardiovasc. Interv. 2013, 81, 1134-1139. [CrossRef]

Shazly, T.; Torres, W.M.; Secemsky, E.A.; Chitalia, V.C.; Jaffer, F.A.; Kolachalama, V.B. Understudied factors in drug-coated balloon
design and evaluation: A biophysical perspective. Bioeng. Transl. Med. 2023, 8, €10370. [CrossRef]

Stratakos, E.; Antonini, L.; Poletti, G.; Berti, F.; Tzafriri, A.R.; Petrini, L.; Pennati, G. Investigating Balloon-Vessel Contact Pressure
Patterns in Angioplasty: In Silico Insights for Drug-Coated Balloons. Ann. Biomed. Eng. 2023, 51, 2908-2922. [CrossRef]
McCormack, P.D. Prediction of arterial wall failure under acceleration stress in high-performance aircraft. Aviat. Space Environ.
Med. 1984, 55, 620-631.

Nerem, R.M. Tissue engineering a blood vessel substitute: The role of biomechanics. Yonsei Med. ]. 2000, 41, 735-739. [CrossRef]
Dijk, J.; van der Graaf, Y.; Grobbee, D.; Banga, ].; Bots, M. Increased arterial stiffness is independently related to cerebrovascular
disease and aneurysms of the abdominal aorta. Stroke 2004, 35, 1642-1646. [CrossRef]

Kobielarz, M.; Kozun, M.; Gasior-Glogowska, M.; Chwitkowska, A. Mechanical and structural properties of different types of
human aortic atherosclerotic plaques. J. Mech. Behav. Biomed. Mater. 2020, 109, 103837. [CrossRef]

Turner, E.; Erwin, M.; Atigh, M.; Christians, U.; Saul, ].M.; Yazdani, S.K. In vitro and in vivo Assessment of Keratose as a Novel
Excipient of Paclitaxel Coated Balloons. Front. Pharmacol. 2018, 9, 808. [CrossRef]

Semmling, B.; Nagel, S.; Sternberg, K.; Weitschies, W.; Seidlitz, A. Development of hydrophobized alginate hydrogels for the
vessel-simulating flow-through cell and their usage for biorelevant drug-eluting stent testing. AAPS PharmSciTech 2013, 14,
1209-1218. [CrossRef]

Zaragoza, C.; Gomez-Guerrero, C.; Martin-Ventura, J.L.; Blanco-Colio, L.; Lavin, B.; Mallavia, B.; Tarin, C.; Mas, S.; Ortiz, A,;
Egido, J. Animal Models of Cardiovascular Diseases. . Biomed. Biotechnol. 2011, 2011, 497841. [CrossRef]

Suzuki, Y; Yeung, A.C.; Ikeno, F. The Representative Porcine Model for Human Cardiovascular Disease. |. Biomed. Biotechnol.
2011, 2011, 195483. [CrossRef]

Schwartz, R.S.; Huber, K.C.; Murphy, J.G.; Edwards, W.D.; Camrud, A R.; Vlietstra, R.E.; Holmes, D.R. Restenosis and the
proportional neointimal response to coronary artery injury: Results in a porcine model. J. Am. Coll. Cardiol. 1992, 19, 267-274.
[CrossRef]

Rodgers, G.P; Minor, S.T.; Robinson, K.; Cromeens, D.; Stephens, L.; Woolbert, S.C.; Guyton, J.R.; Wright, K.; Siegel, R.;
Roubin, G.S.; et al. The coronary artery response to implantation of a balloon-expandable flexible stent in the aspirin- and
non-aspirin-treated swine model. Am. Heart |. 1991, 122, 640-647. [CrossRef]

Rodgers, G.P.; Minor, S.T.; Robinson, K.; Cromeens, D.; Woolbert, S.C.; Stephens, L.C.; Guyton, J.R.; Wright, K.; Roubin, G.S.;
Raizner, A.E. Adjuvant therapy for intracoronary stents. Investigations in atherosclerotic swine. Circulation 1990, 82, 560-569.
[CrossRef]

Virmani, R.; Kolodgie, ED.; Farb, A.; Lafont, A. Drug eluting stents: Are human and animal studies comparable? Heart 2003, 89,
133-138. [CrossRef]

Lee, ]. H.; Chen, Z.; He, S.; Zhou, ] K,; Tsai, A.; Truskey, G.A.; Leong, K.W. Emulating Early Atherosclerosis in a Vascular
Microphysiological System Using Branched Tissue-Engineered Blood Vessels. Adv. Biol. 2021, 5, 2000428. [CrossRef]

Cho, M; Park, J.-K. Modular 3D In vitro artery-mimicking multichannel system for recapitulating vascular stenosis and inflam-
mation. Micromachines 2021, 12, 1528. [CrossRef]

Gao, G,; Park, W,; Kim, B.S.; Ahn, M.; Chae, S.; Cho, W.; Kim, ].; Lee, ].Y,; Jang, J.; Cho, D. Construction of a Novel In Vitro
Atherosclerotic Model from Geometry-Tunable Artery Equivalents Engineered via In-Bath Coaxial Cell Printing. Adv. Funct.
Mater. 2021, 31, 2008878. [CrossRef]

Yang, Y,; Liu, X.; Xia, Y.; Wu, W,; Xiong, H.; Zhang, H.; Xu, L; Wong, KK.L.; Ouyang, H.; Huang, W. Impact of spatial
characteristics in the left stenotic coronary artery on the hemodynamics and visualization of 3D replica models. Sci. Rep. 2017, 7,
15452. [CrossRef]

Song, Z.; Zhu, P; Yang, L.; Liu, Z,; Li, H.; Zhu, W. Study on the radial sectional velocity distribution and wall shear stress
associated with carotid artery stenosis. Phys. Fluids 2022, 34, 051904. [CrossRef]


https://doi.org/10.1016/j.biomaterials.2020.120337
https://doi.org/10.3389/fcvm.2022.947776
https://doi.org/10.1371/journal.pone.0256783
https://doi.org/10.1016/j.jconrel.2016.07.023
https://doi.org/10.3389/fcvm.2021.758560
https://doi.org/10.1001/archsurg.134.10.1142
https://doi.org/10.1002/ccd.28641
https://doi.org/10.1002/ccd.24700
https://doi.org/10.1002/btm2.10370
https://doi.org/10.1007/s10439-023-03359-y
https://doi.org/10.3349/ymj.2000.41.6.735
https://doi.org/10.1161/01.STR.0000130513.77186.26
https://doi.org/10.1016/j.jmbbm.2020.103837
https://doi.org/10.3389/fphar.2018.00808
https://doi.org/10.1208/s12249-013-0011-9
https://doi.org/10.1155/2011/497841
https://doi.org/10.1155/2011/195483
https://doi.org/10.1016/0735-1097(92)90476-4
https://doi.org/10.1016/0002-8703(91)90506-D
https://doi.org/10.1161/01.CIR.82.2.560
https://doi.org/10.1136/heart.89.2.133
https://doi.org/10.1002/adbi.202000428
https://doi.org/10.3390/mi12121528
https://doi.org/10.1002/adfm.202008878
https://doi.org/10.1038/s41598-017-15620-1
https://doi.org/10.1063/5.0085796

Bioengineering 2023, 10, 1373 24 of 24

157.

158.

159.

160.

Guarnera, D.; Carrera, E.; Hansen, C.J.; Maiart, M. Mechanical characterization of 3D printed mimic of human artery affected
by atherosclerotic plaque through numerical and experimental methods. Biomech. Model. Mechanobiol. 2021, 20, 1969-1980.
[CrossRef]

Wu, Y.; Chee, AJ.Y.; Golzar, H.; Yu, A.C.H.; Tang, X. Embedded 3D Printing of Ultrasound-Compatible Arterial Phantoms with
Biomimetic Elasticity. Adv. Funct. Mater. 2022, 32, 2110153. [CrossRef]

Garcia-Sabaté, A.; Mohamed, W.K.E.; Sapudom, J.; Alatoom, A.; Al Safadi, L.; Teo, ].C.M. Biomimetic 3D Models for Investigating
the Role of Monocytes and Macrophages in Atherosclerosis. Bioengineering 2020, 7, 113. [CrossRef]

Wissing, T.B.; Van der Heiden, K.; Serra, S.M.; Smits, A.LP.M.; Bouten, C.V.C.; Gijsen, FJ.H. Tissue-engineered collagenous fibrous
cap models to systematically elucidate atherosclerotic plaque rupture. Sci. Rep. 2022, 12, 5434. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10237-021-01487-9
https://doi.org/10.1002/adfm.202110153
https://doi.org/10.3390/bioengineering7030113
https://doi.org/10.1038/s41598-022-08425-4
https://www.ncbi.nlm.nih.gov/pubmed/35361847

	Introduction 
	Material and Methods 
	Tissue Engineering for Systemic Drug Treatment 
	Model Attributes 
	Available 2D and Animal Models 
	Tissue-Engineered Models for Atherogenesis 
	Tissue-Engineered Models for Advanced Atherosclerosis 

	Tissue Engineering for Nanoparticles 
	Model Attributes 
	Available 2D and Animal Models 
	Tissue-Engineered Models for Atherogenesis 
	Tissue-Engineered Models for Advanced Atherosclerosis 

	Tissue Engineering for Drug-Eluting Angioplasty Devices 
	Model Attributes 
	Available 2D and Animal Models 
	Tissue-Engineered Models for Atherogenesis 
	Tissue-Engineered Models for Advanced Atherosclerosis 

	Conclusions 
	References

