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ABSTRACT

Atherosclerotic plaques and thrombosis are chronic inflammatory complications and the main manifes-
tations of cardiovascular diseases (CVD), the leading cause of death globally. Achieving non/minimal-
invasive therapeutic means for these implications in the coronary network is vital and has become an
interdisciplinary concern. Accordingly, smart drug delivery systems, specifically based on micro- and
nanoparticles, as a promising method to offer non/minimal-invasive therapeutic mechanisms are under
active research. Notably, computational models enable us to study, design, and predict treatment strate-
gies based on smart drug delivery systems with less time and cost compared with conventional proce-
dures in interventional cardiology. Also, the optimisation and development of computational methods
and models have created a broad and practical insight into patient-specific drug design and therapeutic
interventions. This review discusses the most recent works on the transport, dynamics, and delivery of
particles as drug carriers to target thrombus, inflamed surfaces, and atherosclerotic plaques. Towards
understanding and producing optimised particle-based cardiovascular drug delivery systems, this review
conveys an original and multifaceted image on the modelling for drug carrier design.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Atherosclerosis in the arterial network surrounding the heart
elicits several cardiac conditions called CVD. The arterial walls
hardening and the reduction of the lumen cross-sectional area
are two factors that define atherosclerosis. The alteration in cardio-
vascular haemodynamic behaviour, in various degrees, is induced
by forming a thrombus which, in essence, is the result of breaking
an atherosclerotic plaque. Markedly, the aggravation of such pro-
cess can ultimately cause ischaemic strokes and myocardial infarc-
tions (MI) [1]. The conventional treatments for atherosclerotic
plaques and thrombosis have been updated and corrected contin-
uously. But the invasive character of such treatments and the sub-
stantial restenosis risk demand development of new therapeutic
plans [2-4]. Using micro- and nanoparticles as a means for delivery
of therapeutics is a promising field in modern nanomedicine which
is under active research [5-10].

According to different vascular sections, the atherosclerotic pla-
ques previously have been categorised into five major anatomical
categories, using clinical data from 13,827 patients, by Debakey
and his colleagues [11]. These anatomical regions include main,
visceral, and terminal branches of abdominal aorta, the major
arteries dividing from aortic arch, the coronary network, and the
two of the mentioned groups combined. Also, clinical autopsy
studies indicate that the development of atherosclerotic plaques
are more prone at the proximal segments of left and right main
coronary arteries [11]. Finally, it is nevertheless noteworthy that
the haemodynamic factors have been hypothesised, for many
years, as major contributions to the process of vascular remod-
elling [11].

The inflammation is considered the initiation phase of develop-
ing atherosclerotic plaques and vascular diseases in cardiac network
of vessels. Correspondingly, in this specific field, the controlled
release of drug carriers of different sizes and shapes along with their
near wall movement (margination) have been heavily studied [12-
17]. These investigations cover targeting the inflammatory or
tumour-associated antigens on surfaces of the cells and also develop
our understanding of the optimisation of targeted drug delivery
designs. In that context, the interplay of hydrodynamic forces, the
particle transport, and effectual interactions with targeted cell sur-
faces are key components of every smart vascular drug delivery sys-
tem which employ micro and nano particles. Importantly,several

factors make the in vivo analysis and measurement of targeted drug
delivery system indices very challenging ,namely, the nanoscale size
of the carriers, the complex vascular biochemical environment, the
dynamics and nonlinearity of the delivery process, the metabolism
and clearance of the drug, and extravasation among different barri-
ers [18]. However, non-invasive, lucrative, and rather accurate
means to attain this information can be within reach by using veri-
fied mathematical tools. These mathematical tools here translate to
well-established computational particulate fluid dynamic which
can simulate transport of diluted species. In fact, computer-based
modelling assists us to understand and explore the graded complex-
ity of pathophysiological phenomena across several scales. Also,
particularly in nanomedicine, this approach plays an essential role
in supporting the progress and improvement of patient-specific
therapeutic methods [19-22].

In a nutshell, this review discusses the significant works
(Table S1 in Supplementary Materials) on the use of particles as
drug carriers and/or diagnostic agents to target a thrombus,
inflamed endothelium, and atherosclerotic plaques with a focus
on the coronary arterial network. We also deliberate on flow and
geometrical characteristics involved in the transport, mechanics,
adhesion, and delivery of particles (Fig. 1) to convey an original
and multifaceted image on the modelling for micro- and nano drug
carrier design.

2. Patient-specific multi-scale modelling: assumptions &
methods

Implementing a multi-scale mathematical model to study
bioadhesion, transport, and interaction of micro- and nanoparticles
with the targeted areas in coronary haemodynamics is of great
importance. Here, the integrated continuum particle-based
approaches such as computational fluid-particle dynamics is a
good example. In different flow scales, such models have been used
and proved to be a successful method to research the pathophysi-
ology of arterial networks [23-30]. Of note, reviewing such models
as well as implementing them is challenging and needs sufficient
and careful consideration regarding the pathophysiology of the tar-
geted area of study and computational haemodynamics. For
instance, Epshtein and Korin [31] have highlighted that the
reported high particle deposition at the stenotic lumen compared
to the low deposition at the post-stenotic area of the plaque in this
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Fig. 1. Particles in coronary circulation and modelling for drug carrier design (created in biorender.com).

in silico model [32] is not consistent with the experimental results
in [33]. Importantly, we believe a number of facts in the cited
experiment challenge this analogy and the subsequent conclusion.
Namely:

a) The experiment [33] was done at Newtonian and constant
flow rate and static shear rate at each scenario. Whereas
the computational model [32] simulates the particle deliv-
ery at non-Newtonian blood with dynamic flow rate and
shear rate in every simulation.

b) The experiment assumes physiological and pathological wall
shear stresses (WSS) equal to 2 and 60 Pa, respectively.
However, in consistent with experimentally reported WSS
in the left anterior descending artery (LAD) [34], the compu-
tational model simulates the pathological WSS at the plaque
lumen equal to 2.5 Pa.

c) Even in the experiment, the boosted VWF A1- nanoparticles
deposition at post-stenotic region at 60% stenosis mode in
collagen-vWF coated surface, does not occur at the 75%
stenosis. Nor does it happen at 60% stenosis scenario where
the surface was coated with collagen alone.

d) The experiment has been done considering 60 and 75% of an
idealistic concentric occlusion. Whereas the computational
model simulates 56.3% patient-specific realistic occlusion
with luminal unevenness. Further, the pathological and
physiological arterial bed in the experiment have been mod-
elled uniform. Yet, in the computational model the arterial
geometry captures luminal unevenness.

e) Finally, in a high-haematocrit (65%) non-Newtonian blood
flow where the exerted WSS in the plaque domain is higher
compared to normal (45%) haematocrit, the computational
model has simulated significant post-stenotic particle depo-
sition [35] in accord with the trend supported by the exper-
imentalists [31].

Another important factor in the development and use of com-
putational methods is the investigational domain. Based on the
scale of investigating domain, different mathematical methods
can be employed to study the flow of blood. To be specific, in arter-
ies with diameters larger than 500 pum, e.g. LAD in coronary net-
work [36], the existing high flow rate allows us to model the
fluid characteristics and fate accurately by employing continuum
methods [37]. As arterial diameters become smaller than 500 pm,
the nature of blood flow turns out to be more non-Newtonian,
nonetheless it can be modelled by continuum assumptions [37].

But as previously studied [15], for vessels less than 100 pm in
diameter, Red Blood Cells (RBC) must be explicitly modelled [38].
Despite this, various studies have been conducted to evaluate the
efficiency of targeted drug delivery systems with different
approaches, which have not explicitly modelled RBCs [23-25].
Those studies have shown that, fluid variable viscosity and the
effect of lumen unevenness have caused heterogenous distribution
of particles in the cross section of the vessel. Apart from these fac-
tors, there are two other important characteristics that can influ-
ence the particle distribution path; 1) The significant instant
variations of fluid velocity magnitude in the circulation in the
LAD artery and its effects at the site of occlusion. 2) The lumen
walls movement captured in the fluid-solid interaction (FSI)
method and the compliant vessel wall assumption. It has also been
shown that, despite the lack of explicit modelling of RBCs, if non-
spherical particles have adequate inertia, they drift laterally
toward the vessel wall, even at a linear laminar flow with a con-
stant shear rate [26,39]. Indeed, the important factors such as rapid
variation and nonlinearity in flow rate, interparticle interactions as
well as asymmetry of the geometry of the desired system cause a
unique heterogeneous distribution across the cross section of the
lumen for spheres and non-spherical particles.

As a well-established fact, at cell and organ levels, the safety of
therapeutic and clinical interventions is highly influenced by the
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patient’s specific characteristics [40,41]. Nowadays, we know that
the clinical trials outcomes do not necessarily apply to patients
in variety of conditions. More interestingly, this remains true even
for patients who participated directly in the trial [42,43]. Particu-
larly, in coronary artery diseases, the geometric features of the
arterial structure and atherosclerotic plaque vary from person to
person and depends on the patient’s pathological conditions. In
this case, the age, genetic background, and anatomical characteris-
tics of each patient can feature large in how drugs are distributed,
metabolised, consumed, and broken down in the body, and even
their biochemical effects on target cells. It is noteworthy that
multi-scale computational modelling in nanomedicine can signifi-
cantly contribute to developing and improving personal treatment
approaches [19,44-46]. Personalised computational medicine have
recently emerged as a powerful framework in disease treatment. In
this context, interdisciplinary studies on cardiovascular diseases
have addressed critical pharmaceutical, pathophysiological, and
haemodynamic indices along with calibration of high-
performance personalised computational models [47-49].

The FSI method mainly has been used to realistically describe
the fluid flow and the solid wall displacements considering the
involved interactions. Hossain et al. [50] studied the process of
nanoparticle transport and uptake in a drug delivery simulation
of a diseased superficial femoral artery (SFA). They provided new
insights into the progression of atherosclerosis. Although, in this
model [50], they used MRI-based data of fluid flow as a more real-
istic description of blood flow and assumed the arterial wall as a
non-compliant solid. Nonetheless, this model could not observe
the effects of wall displacements on particle adsorption and parti-
cle-wall interactions.

In addition, it has been found that the modelling of a non-
Newtonian blood can lead to a better results consistency with
experimental WSS data, compared with a Newtonian blood flow
assumption [37,51-53] as blood is inherently a non-Newtonian
fluid and this becomes even more significant when the haemody-
namic nature of LAD with highly rapid WSS oscillations is of
concern.

3. Indications for drug carrier design & simulation

High bioadhesion probability, the capability to move near the
vessel walls (marginate), and the proper density of particles at
the drug-cell interaction sites, have made the design of drug carri-
ers challenging. Apart from these factors, the distribution of micro-
and nanocarriers within the cross-section of the vessel, especially
at the site of the lumen plaque, is directly involved in drug delivery
success [15]. This factor depends on the biological aspects of the
human body and the structure of the particles. Explicitly, body fea-
tures including blood flow characteristics, namely, haematocrit
and vessel size can be influential. In addition, the structural prop-
erties of particles such as the size and shape of drug carriers have
significant influence on the distribution of micro- and nanoparti-
cles within the arterial and needle cross-section [36,54].

Considering blood and drug-carrying particles floating in it as a
dispersed flow can be a useful and correct assumption. This means
that the volume fraction of blood, the continuous phase, is much
greater than the volume fraction of particles which is less than
1%. In other words, the particles occupy a limited space inside
the blood and do not displace it. Consistently, this assumption is
maintained for different doses of fibrinolytic drugs administered
in the coronary circulation [55,56].

Kent et al. [42] studied the therapeutic effects of drug carriers in
clinical trials. In this study, they investigated the effects of particle
size (from nano to micro size) and geometry (from complete
spheres to nearly rod-shaped particles). In this work, they have
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considered the particle size range calculatedly different from the
standard recommended diameters for nano drug carriers (10-
200 nm [57]) since the refinement of the particles larger than
200 nm by the liver and the renal clearance of those smaller than
10 nm are not critical when delivering thrombolytics is concerned.
Another factor to consider here is the temporal features of the
treatments based on thrombolytics. In fact, in MI, thrombolytics
are administered usually within the hour of onset of symptoms
(angina pectoris). [58-60]. Secondly, due to the internal haemor-
rhage risk, it is important that these agents remain in the circula-
tory system for a short amount of time. Also, their usage is innately
different from the pharmaceuticals that developed to have a longer
half-life in the body. Furthermore, to reduce the risk of internal
bleeding due to the dissolution of healthy clots in the body, the
clot-targeting carriers are specially developed with high affinity
to the disease site as well as high site-specific action. This allows
reaching an optimal effect with minimum administered drug dose,
maintaining a minimal systemic circulation of thrombolytics.

Given the above, the migration of drug carriers toward throm-
bus and the targeted tendency of micro- and nanocarriers to the
desired sites are among the important features that should be con-
sidered in the design of this type of drug. Of note, considering
shear-activated drug carriers and their remarkable efficacy in
thrombolytic therapies [61], a variety of drug carriers have been
designed. Previously [32,36], particle sizes and shapes have been
selected to include a wide range of drug carriers, ranging from sil-
icon carriers and elongated liposomes to micron-sized shear-
activated aggregates.

Notably, in case of optimal delivery of drug carriers featuring
ligand-receptor mechanism, an interesting index of evaluation is
Particle Residence Time (PRT). To clarify, in the LAD artery and
its branches, the more slowly particles move, the longer they locate
near diseased endothelial cells, thus the higher becomes the
chance of adhesion (delivery). This index of assessment has been
studied in a patient-specific research focusing on the effect of par-
ticles material and population on the final delivery to an LAD
atherosclerotic plaque [62]. For 800 and 1000 nm particles, as
the number of injected particle increases, the surface density of
attached particles (SDA) on the plaque increased meaningfully.
However, dissimilar trends of SDA were observed when constant
number of particles were injected in different sizes. In the next
phase, the delivery and distribution of nanoparticles with metal
cores such as SiO, (2650), Fe30, (5170), NiO, (6670), Silver
(10490), and Gold (19300) were simulated with respect to their
densities (numbers in parentheses in Kg/m3). In the patient-
specific geometry of the studied LAD, the highest SDA was
observed for Fe;0,4 and Silver particles when constant number of
particles was injected. The authors also showed that the margina-
tion of those particles is significantly higher compared with the
rest using Poincare maps. Of note, the final SDA was significantly
more influenced by the ligand-receptor pairs affinity, the geomet-
rical indices, and the biophysical features involved in the adhesion
rather than different densities of particles. Ultimately, the PRT and
the SDA in the studied domain were decreased for all particles after
the inclusion of Saffman lift force [62].

Importantly, PRT can also demonstrate the impact of coronary
flow, specifically, on valves haemodynamics in transcatheter heart
valve leaflet (THV) thrombosis in the neo-sinus [63]. This condition
is associated with a reduced leaflet motion which poses risks of
embolism and thus holds serious clinical concern. Madukauwa-
David et al., in an experimental study using high speed particle
image velocimetry (PIV), showed that, unlike in the intra-annular
valve, the blood flow motionlessness in the supra-annular THV
neo-sinus and, apparently, thrombosis risk in the region are
reduced due to the coronary flow [63].
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4. Margination and thrombus

In physiology, the lateral movement (drift) of leukocytes toward
the endothelial walls is commonly described by a well-known
term called Margination [64,65]. Accordingly, marginating parti-
cles are particles that move specially near the luminal surface.
And the meaning of margination dynamics is the lateral movement
of particles from inside the bloodstream to the vessel walls [64]. A
variety of biochemical processes are performed to modulate the
drift of leukocytes towards the vessel wall and the tendency of
RBCs to move along the central line of blood flow in the vessel.
At the same time, the movement of inorganic drug-carrying parti-
cles generally depends on their shape and morphology [65]. It
should also be noted that the margination of drug-carrying parti-
cles is profoundly affected by gravitational forces and other similar
external fields. But the physiological margination in our bodies
operates independently of these types of fields [65].

The margination of suspended particles and cells, including
White Blood Cells (WBCc) [66,67], platelets [68,69], and rigid
microparticles [70,71] has been observed experimentally within
the microcirculation, arterioles and venules. How the geometrical
characteristics of the particles affect the efficiency of drug delivery
depends on many conditions and parameters. Particles with a char-
acteristic diameter greater than 4 pum are likely to get stuck in the
smallest capillaries in the body [72]. In addition, it has recently
been shown by microfluidic experiments that the adhesion density
of 2 pm particles is significantly higher than that of 200 nm and
500 nm particles [13]. Experimental [14,73] and theoretical
[74,75] studies of the behaviour of particles with different shapes
have shown that, in the same volume, the adhesion ability of oblate
ellipsoidal particles is higher than spherical particles. Recently, an
in vivo study has been performed to investigate the application of
drug delivery in atherosclerosis. In this study, drug-carrying spher-
ical microparticles were used. Based on the results, for better deliv-
ery and adhesion of the drugs to the arterial occlusion sites, they
emphasised that the size and shape of the drug-carrying particles
should be strongly considered in the design of drug-carrier based
systems [76]. In coronary arteries, a better understanding of the
optimal micro- and nano drug carriers delivery, the bioadhesion
strength, and the influence of particle size and shape, can be
achieved by quantitative studies in a realistic model of blood flow.

Glagov et al. reported that lumen occlusion of 40% is a critical
threshold for the manifestation of coronary heart disease (CHD)
symptoms [77]. In this condition, a restrained blood flow speed
leads to an altered haemodynamics and decrease in the volumetric
blood flow. At this stage, when the patient feels angina, throm-
bolytic drugs are administered within the first hour of the onset
of symptoms [58-60]. Therefore, unlike cancer studies, due to
the nature of the disease and the therapeutic perspective, in the
study and modelling of thrombolytic therapies, especially through
micro and nanoparticles as targeted drug carriers, the movement
of drug carriers towards the walls in areas of the lumen with high
potential of thrombus existence (PTE) is expected. Accordingly,
Forouzandehmehr and Shamloo tested and suggested this criterion
of particle margination for the design of thrombus-oriented drug
carriers [36].

5. Convection-diffusion mode and diseased endothelium

The study of diseased endothelial cells (ECs), the inflammatory
process, and its consequences are among the main concerns of
modern nanomedicine, specifically, targeted delivery of site-
specific action therapeutics. This type of dysfunction, which is
prone to myocardial infarction, is profoundly affected by the
increased density of surface adhesive molecules such as intracellu-
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lar adhesion molecule-1 (ICAM-1), E-selectin, and P-selectin in the
disease area [78]. Notably, the location of the accumulation of
these molecules can be used as targets for diagnosis and therapies
with the micro and nano drug carriers [79]. The application of non-
invasive methods in the recognising and anatomically locating the
EC dysfunctions, significantly increases the ability to diagnose and
treatment of inflammation in the cardiovascular system and
atherosclerotic plaques. Several studies have focused on targeting
components such as antibodies, natural receptors, and minimal
sequences of binding peptides. These studies have confirmed the
potential of non-invasive methods in the diagnosis and treatment
of atherosclerotic plaques, angiogenesis, as well as myocardial
ischaemic memory and organ transplant rejection [79-83].

It has been physiologically proven that in all atherosclerosis
phases from the beginning to the progression and finally until
the onset of thrombus formation the local inflammation is present
[84]. As a result, one of the most promising ways to diagnose and
treat this type of disease is to target local inflammation [84]. Cor-
respondingly, local inflammation has been proved to be a chief
cause of composition and formation of atherosclerotic plaques
[85].

The site-specific delivery of particles covered with special pro-
teins to a LAD atherosclerotic plaque has been also simulated
[32]. For different particle sizes and covering ligands the final SDAs
were computed. In this patient-specific study, authors showed that
the affinity constant and the specific diffusivity of ligand-receptor
bonds, in the dynamic ligand-receptor adhesion, directly affect the
final amount and homogeneous density of adsorbed particles on
the surface. The modelling also shows that depending on the type
of ligand-receptor bonds, the results obtained do not depend sig-
nificantly on the different sizes of drug-carrying particles. In addi-
tion, for the studied LAD artery, an optimal state of the ligand-
specific dual-targeting arrangement of 800 nm particles on the pla-
que surface is presented. The proposed ligand arrangement
resulted in a homogeneous distribution and a significant SDA.

Correspondingly, in another patient-specific study, adhesion of
micro and nanoparticles on a LAD atherosclerotic plaque has been
investigated in high haematocrit (Hct) blood flow [35]. To study
delivery of particles ranging from 200 to 3200 nm, a LAD arterial
geometry capturing the luminal unevenness was made and
meshed by the finite element method. The cell adhesion model
proposed in [75] was adopted to model the binding kinetics of par-
ticles decorated with P-selectins. In compare with the particles
travelled in normal blood Hct (45%), distribution of adhered parti-
cles on the targeted cells was significantly more homogenous in
high blood Hct. Of note, the homogeneity index used for the eval-
uation was defined based on the concentration gradients in Carte-
sian directions at the last time step of the simulations [35]. From
800 nm particles onwards, the increase in the SDA over the tar-
geted surfaces was significantly more influenced by increase in
particle diameter in normal level of blood Hct. Remarkably, dissim-
ilar to the results of normal Hct, a momentous distribution of
deposited particles was observed in the post-stenotic area of the
atherosclerotic plaque in the high blood Hct (65%).

6. Magnetic drug carriers

The process of releasing the drug from the carrier particles can
be triggered by environmental factors inside and outside the body
such as pH, temperature or magnetic field [23]. The ability of mag-
netic fields to penetrate the human body to remotely detect and
control the magnetic materials in it, have been studied in medicine
for centuries [86]. Magnetic Drug Targeting (MDT) is one of the
best ways to overcome the problems of efficiently transporting
and delivering drugs to any desired location of the body to treat
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diseases; the goal that scientists of nanomedicine have been pursu-
ing from the beginning [87-90].

Magnetic nanoparticles as a therapeutic tool for targeted drug
delivery [91] have been extensively studied and evaluated, mainly
with the aim of enhancing the ligand-receptor bindings with high
affinity [92,93]. Hitherto, many studies have been conducted
regarding the applications and effects of magnetic fields on arterial
drug delivery and atherosclerotic plaques [28,94-97]. It should be
noted that, the use of disease biomarkers combined with the mag-
netic impact is among promising capabilities is considered an out-
standing capability in targeted drug delivery. These capabilities
make magnetic nanoparticles a viable option for remotely directing
therapeutic agents exactly to the site of disease, and also make it
possible to use lower doses of drugs. At the same time, it reduces
the adverse side effects of cytotoxic drugs on the healthy tissues
around the diseased site. Also, the use of colloidal iron oxide parti-
cles as targeted drug carriers in early clinical trials has been some-
what successful and faced satisfactory toleration from the patients
[98].

Numerical evaluation of the distribution of targeted drug carri-
ers in the vascular system of the brain was performed by Kenjere$
and Righolt [28]. This study demonstrates the superiority of the
MDT method in the non-invasive treatment for brain tumors. Fur-
thermore, in MDT studies on bifurcations, Larimi et al. showed that
the magnetic field can cause magnetic particles to accumulate at
the targeted site, but the higher the Reynolds number in the blood-
stream, the lower the efficiency of the method [96]. In addition,
they found that using the MDT method increased the number of
settled nanoparticles in the carotid artery [95]. In another study,
they showed that under the influence of various factors, using
the MDT method in bifurcations is more effective for a diabetic
patient than a healthy person. Apart from that, they reported that
due to the biophysical nature of blood, the magnetic field does not
affect it [99]. Control and guidance of drug-carrying particles by
magnetic field in realistic and Y-shaped models of brain vessels
was studied in [97]. They developed a field-based method for dis-
tancing particles from walls and transporting them to the desired
location, which increases separation efficiency. Krafkick et al. com-
putationally investigated the behaviour of nanoparticles in the
lung alveolus [98]. In this research, the effects of magnetic, gravita-
tional, and drag forces on nanoparticles have been evaluated. Con-
sidering the low viscosity of the blood flow in the lungs, they
reproted that the magnetic force overcomes drag and gravitational
forces and has a greater effect on the behaviour of nanoparticles.
The problem of drug delivery with drug-carrying particles affected
by the magnetic field was also studied by Boghi et al [100]. This
study showed that when using the MDT method to achieve optimal
therapeutic conditions, the distance of the magnetic field source
from the desired location in the coeliac trunk should be considered
[100]. Treatment of diseases in a realistic geometry of the lower
[98], central, and upper [101] respiratory systems of the human
body has been evaluated through targeted delivery of magnetic
aerosols drug carriers. Studies show that the two main factors that
increase the particles adhesion to the desired surface are the mag-
nitude of the applied magnetic field and the size of the particles.

Although magnetic fields have so far been utilised to effectively
treat human diseases, the magnetic targeting with external mag-
nets have mostly been used for targets located at superficial tissues
[102]. Nonetheless, recently, noteworthy efforts have been made to
provide reliable methods for overcoming the challenges of deep-
focusing in targeted sites, resulting from homogeneous magnetic
fields [87,88]. In the meantime, Nacev et al. proposed an experi-
mental procedure to produce deep-focusing therapy based on a
magnetic field controlled by externally placed magnets [88].

As an experimental combined therapy, a deep-penetrating
delivery approach has been tested for a stented coronary artery
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using ultrasound stimulation and magnetic guidance to overcome
in-stent restenosis (ISR) [103]. In this study, the PLGA nanoparti-
cles loaded with antiproliferative drug is surrounded by shells
which are coated microbubbles with magnetic nanoparticles. Also,
a focused ultrasound with low intensity was applied to stimulate
steady oscillations of microbubble. This, as a trigger, leads to
PLGA-PTX release when being targeted to the stent influenced by
the magnetic field. Interestingly, the generated microstreaming
improved the smooth muscle cells (SMCs) internalization of
released PLGA-PTX, thus decreasing the clearance due to the blood
flow. Importantly, the drug accumulation at the stented region was
improved by 10 folds due to the magnetic targeting. Furthermore,
cellular uptake, drug penetration, and the drug retention time were
enhanced due to the applied low intensity focused ultrasound
[103].

On the computational side, specifically guided magnetic fields
can considerably influence the particles to marginate in a non-
Newtonian solved blood flow and subsequently elevate the binding
chance of particles to the targeted receptors [104]. In this study,
the effect of inclusion of Brownian forces were reported significant
(4 folds increase) on the delivery of 400 nm particles. On the other
hand, the effect of accounting for the gravitational force on the SDA
of 1000 nm particles was reported insignificant. Finally, the mag-
netic field most significantly improved the SDA of 600 nm particles
and adversely affected the SDA of 800 and 1000 nm particles.

Moreover, the application of continuous, rapidly shaped mag-
netic pulses to ferromagnetic rods creates an internal stable
quasi-static magnetic field. The generated magnetic field allows
the ferromagnetic rods to be concentrated in the desired location
by external magnets [88]. Likewise in this regard, the investiga-
tions on drug-carrying magnetic particles under magnetic fields
controlled by external magnets are outstandingly increasing in
various parts of the human body, including carotid arteries and
intracranial vasculature [89,90,95].

7. Site-specific action and adhesive dynamics simulations

There are number of models for calculation of the general adhe-
sion strength [105-108]. The bioadhesion model articulated by
Decuzzi and Ferrari [75], is one of the most famous, in which the
general adhesion strength, P, directly correlates with the higher
chance of successful bonds of particles to the designated receptors.
For particles of spherical shape, it yields:

. a? a us
P= nr?,exp{ {G(a + 0eq)F° + SETS} x 7 H] (m,leS) (1)

r

12 =a {1 - (1 —@)2} )

where the F° and T° are coefficients that hinge upon the aspect ratio
of particles (y = a/b), for spheres (y =1) according to Goldman
etal. [109] F° =~ 1.668 and T® = 0.944. Here, the probability of form-
ing at least one ligand-receptor bond is defined as the probability of
adhesion P. In the Eqs (1) and (2), a represents the spherical particle
radius, the equilibrium parting distance between the vascular sub-
strate and the particle is denoted by d.q, ho represents the maximum
distance a particle can have from the lumen at which a specific
bond forms, K? represents the association factor for ligand-receptor
bonds bearing no load, ry represents the circular section radius of
the spherical particle placed at a separation distance denoted by
ho from the substrate, . represents the reactive compliance, KT is
the thermal energy of Boltzmann, and pS denotes the wall shear
stress.

A
KsT
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Outstandingly, the strength of adhesion for spherical particles
increases by the increase in the surface density of the receptors

m,, the ligands m,, and the affinity constant K2 [110-113]. One of
the prominent features of inflammation and atherosclerotic plaque
formation is the difference in the expression level of specific recep-
tor molecules in the disease area. Specifically in such pathologies,
the most prevalent receptors involved in transient and firm adhe-
sion of circulating immune cells to the inflamed endothelium are
E-selectins, P-selectins, and intracellular adhesion molecule-1
(ICAM-1) [114]. Inspired by this fact, the antibodies able to react
to molecular markers of the disease molecular markers can be P-
selectin aptamer (PSA), Sialyl Lewis* (sLe*), and ICAM-1 antibody
(abICAM). Given, the targeting drug carriers covered with such
ligands can be designed as a promising step towards site-specific
delivery/diagnostic method [32,78]. Hence, in the simulations, m,
must be set according to the quantity of these expressions over
the inflamed endothelium.

In 2010, Maul et al. [78] have used a range of values for surface
density of some endothelial receptors, namely, E-Selectin, P-
Selectin, and ICAM-1 which was 3.5 to 2.7 x 10'> m~2 according
to a study done by Weller et al. [115]. In fact, m, becomes signifi-
cantly higher over the inflamed or activated endothelial cells. Con-
sequently, Shamloo and Forouzandehmehr [32] used the highest
value of the range (2.7 x 10'> m~2) as the value representing an
abnormally high receptor surface density on an inflamed lumen.
Correspondingly, the selected value for m, is analogous to E-
Selectin surface density on the inflamed ECs (3.7 x 10'* m2)
according to [116]. In a recent study [32], the surface of an
atherosclerotic plaque, as a uniformly inflamed surface, has been
assumed to have a pathologically high surface density of receptors
expression denoting inflamed or activated ECs; consistent with
previous studies on different kinds of inflammatory luminal dis-
eases [78,116].

Finally, in protein targeting, the particle adhesion to the inflam-
matory markers and optimising the ultrasound contrast agents are

0
heavily influenced by the affinity components (KS = ’;io and forward

and backward intrinsic kinetic rates) [32,78]. Thus, the values for
Kg and m, can properly be selected and used depending upon the

Inlet A

(@)
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atherosclerotic plaque surface chemistry and the specific kinetics
of the ligand-receptor pairs.

Specific diffusivity and reactive compliances of ligand-receptor
bonds have also been the parameters which were considered in
simulations and experiments [32,78]. The effects of which on the
final distribution of adhered mono and dual-targeting drug carriers
on a LAD athersclortic plaque have been stduied recently [32].
Notably, specific diffusivity of bonds in dual-targeting carriers
can have a signficant influence on the final homogenity of distribu-
tion of adsorbed particles on the targeted location. In a patient-
specific study, Shamloo and Forouzandehmehr introduced
800 nm spherical carriers with 4.9% PSA and 95.1% sLex covering
ligands as the optimal ligand arrangement that results in a signif-
icant SDA and meaningfuly imporved particle deposition homo-
geneity over the plaque [32]. Fig. 2 illustrates different
computational approaches taken on studding a patient-specific
LAD coronary artery.

8. Forces exerting on particles in motion

Lagrangian Particle Tracking (LPT) is a capable and applicable
tool in studying the fate of released particles in simulated blood
flow. In the LPT simulations, the forces applied on particles are sep-
arated into two collections, the external forces and those due to
interparticle interactions. To calculate the formers researchers
widely use the finite element methods. Explicitly, for each direc-
tion of the position vector, there is a second order ordinary differ-
ential equation (ODE) needed to solve for each particle. Moreover,
at the present position of the particle, for each time step, the exter-
nal forces are calculated and included. Lastly, the interparticle
forces are added to the total calculated force. Consequently, the
position of particle will be updated. This process repeats until
the simulation reaches its designated end time. The nanoparticles
trajectories and velocities can be calculated by integrating:

d

a(m,,v) =Fp +F +Fs +Fg +Fpyp (3)

where m, denotes the mass of particles, v is the vector of velocity of
each particle, Fp represents the drag force, F; is the Lift force, Fy is

C
]

E

(

Fig. 2. Computational modelling of a pathological LAD, (A) a displacement map of the arterial wall in FSI simulations, (B) particle-particle interactions and density of drug
carrier particles in the plaque domain, (C) a deposition map of adhered particles on the plaque lumen, (D) injection of particles into the pulsatile fluid flow, and (E) Poincare

map of dense presence of drug-carrying particles in the cross-sectionof plaque domain.

7
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Fluid Flow

Fig. 3. Several types of forces (Fp; Drag force, Fy; Lift force, Fg, Brownian force, Fg; Gravitational force, F,,p; Magnetophoretic force) applying on the particles in the fluid flow.

Table 1

The values for the drag coefficients in a range of Reynolds number (Re;) [118].
Range Relationship
Rer <0.01 Cp = 4.5+ 24Re, !

0.01 < Re; <20
20 < Re; < 260
260 < Re, < 1500

Cp = 24Re, ™! + 3.156Re; 18-0.05logRer
Cp = 24Re, ™! + 4.644Re; 0369
log Cp = 1.6435 — 1.1242 log Re; + 0.1558(log Re,)*

the Brownian forceF; represents the Gravitational force and Fy,
denotes the Magnetophoretic force. In the fluid flow, the forces that
affect the path of the drug-carrying particles are shown in Fig. 3.
These forces are briefly described below.

8.1. Drag force

The drag force applying on each particle in the flow is given as
[117]:
1

Fp = (E)mp(u -v) (4)

where 1, is the relaxation time of particles, defined as:

4p,d,

= PP 5
3NgppCoRer ()

Tp
where p, is the particle density, d, is the diameter of particles, Cp
denotes the drag coefficient, #qpprepresents the apparent dynamic
viscosity of blood, and Re, represents the relative Reynolds number
of particles:

_ plu—vid,

Re, (6)

napp

where p represents the fluid density encompassing the particles.
The drag coefficient calculation can be based on standard drag cor-
relations. These correlations depend on the relative Reynolds num-
ber as reported in [118], shown in Table 1.

Markedly, to include the influence of shape of particles in the
targeted drug delivery simulations researchers have used drag
coefficients with empirical correlations for particle sphericity [36].

8.2. Lift force

When particles are transported in a fluid with an inhomoge-
neous velocity field, lift forces are applicable. The wall induced
and Saffman lift forces are at play when particles move in a creep-
ing flow. In fact, the particles positioned far from walls are influ-

enced by Saffman lift force. The Saffman lift force [119], is
calculated by Eq. (7) and the parameter L, is defined by Eq. (8)

F - —81.2rgL\,1/up‘u“jv“,‘ (7)

L, = (u—v)x[Vx (u-v) (8)

where r, denotes the particle radius, u represents the fluid viscos-
ity, v is the velocity of particles and u denotes the fluid velocity.
Saffman lift force becomes zero when particles attain an equilib-
rium with the neighbouring fluid velocity. Notably, the inclusion
of lift forces in a patient-specific study focusing on population of
particles and their delivery to an atherosclerotic plaque, resulted
in significantly lower SDAs and PRT compared with the simulations
without considering lift forces [62].

8.3. Brownian force

In microscale, in comparison to the drag force, the Brownian
forces responsible for the Brownian movement of particles can
be neglected in the analyses [120]. But for nanoscale particles,
the Brownian force can be more dramatic than the tensile force.
Also, near the walls of the vessels, the Brownian force can be the
dominant force for the mobility and displacement of the nanopar-
ticles. Notably, there is an approved interval for the diffusion coef-
ficient order i.e. between 107"t06 x 107" (m2/s) [121,122]. The
Brownian Force, as a force with random nature, applies on each
particle and it is represented by a Gaussian noise process at each
time step [123,124]:

67kpn,,,Td,
Fp =y~ o ©)

where kg is Boltzmann’s constant, T represents the fluid tempera-
ture, At represents the magnitude of time step which solver takes,
and { represents a random vector with a unit standard variation
and a mean of zero which is normally distributed. To simulate the
randomness, for each Brownian force component, a different value
of { is made at each time step for each particle.

8.4. Gravitational force

The gravitational force applying on each particle travelling in
the fluid can be calculated by the following equation [125]:

F, = myg P2 (10)
’

where, g represents the acceleration caused by gravity.
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Selecting a proper direction for the gravitational force on the
particles depends on the geometry of the problem and is based
on CT scan images of the LAD artery. Depending upon the patient’s
configuration while implementing the magnetic field, the direction
of F; can be selected. For instance, in [104], this direction has been
chosen to be along the y-axis; considering that the magnetic force
would be applied on the patient when they are located in flat
position.

8.5. Magnetophoretic force

Magnetic forces can be applied to the particles due to the mag-
netic permeability difference between the background fluid and
the particles. These magnetic forces are included in the simulations
in this way and they are responsible for movement of permeable
particles towards the regions with a stronger magnetic field. Tar-
geted delivery methods based on charge neutral particles can
employ magnetophoretic force as long as there is a difference in
the relative permeability between the background fluid and the
particles. The magnetophoretic force is defined as [126]:

Fop = %nd; ot K VH? (11)

where H is the magnetic field intensity, and K is given as

.urp — M

K=1re Tr
:ur.p + 2#1‘

(12)

U, , denotes the magnetic permeability of particles which is dimen-
sionless [127].

9. Solvers and algorithms

Solving governing partial differential equations usually in com-
bination with a finite element code or software are usually used to
simulate continuum-particulate systems. The FSI simulations can
be performed adopting a coupled solver that uses a direct version
of MUMPS algorithm [128], a BDF time-stepping technique
[129,130] and a tolerance-based termination approach. Also, a sol-
ver featuring a backward Euler with consistent initialisation incor-
porating the generalized alpha time-stepping technique has been
used in studying particle transport simulations [131,132].

10. Conclusion

In our previous studies, different modeling techniques have
been implemented for studying biological phenomena [133-136].
In this review paper, the modeling techniques for drug carrier
design were discussed focusing on coronary circulation. Despite
recent clinical breakthroughs, cardiovascular diseases (CVD)
remain the leading cause of death and disability worldwide.
Atherosclerosis, an inflammatory disease of the vascular wall, is
the most common form of CVD and a major cause of ischaemic
heart problem. Targeted delivery of therapeutics based on micro-
and nanoparticles is a capable tactic for devising new policies in
treating atherosclerotic plaques and thrombosis. In this review,
the key works aimed at modelling the transport, dynamics, and
delivery of particles in the coronary blood flow were discussed.
We glanced at the most recent works dedicated to using particles
as drug carriers to target a thrombus, inflamed surfaces, and
atherosclerotic plaques. Considering manufacturing optimised
and efficient drug delivery systems, the key multi-scale compre-
hensive modelling investigations addressing the modern
approaches in the treatment of coronary network diseases were
discussed in this article.
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