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ARTICLE INFO ABSTRACT

Keywords: Since the beginning of the COVID-19 pandemic, nearly most confirmed cases develop respiratory syndromes.
Drug delivery Using targeted drug delivery by microcarriers is one of the most important noteworthy methods for delivering
Pulmonary drugs to the involved bronchi. This study aims to investigate the performance of a drug delivery that applies
EA(;Z:Z::;::“ microcarriers to each branch of the lung under the influence of a magnetic field. The results show that by

changing the inlet velocity from constant to pulsatile, the drug delivery performance to the lungs increases by
~31%. For transferring the microcarriers to the right side branches (LUL and LLL), placing the magnet at zero
height and ~30° angle yields the best outcome. Also, the microcarriers’ delivery to branch LUL improves by
placing the magnet at LUL-LLL bifurcation and the angle of ~30°. It was observed that dense (9300[%])
microcarriers show the best performance for delivering drugs to LLL and RLL&RML branches. Also, low-density

Magnetic field

(1000[%]) microcarriers are best for delivering drugs to LUL and RUL branches. The findings of this study can
improve our understanding of different factors, such as inlet velocity, the magnet’s position, and the choice of

microcarrier — that affect drug delivery to the infected parts of the lung.

1. Introduction

Since the outbreak of the COVID-19 pandemic, around 216 million
people have been infected with Coronavirus worldwide, and around 4.5
million have died because of it (https://covid19.who.int/ as of 30
August 2021). As of August 2020, according to Tzotzos et al. (2020) ~
20%of the cases required hospitalization due to respiratory problems,
and among the hospitalized patients who later died, Acute Respiratory
Distress Syndrome (ARDS) and pneumonia were the leading causes
(Hasan et al., 2020). ARDS is a condition that develops from pneumo-
nitis or inflammation in different parts of the lungs. In COVID-19,
inflammation occurs in the peripheral regions of the lungs where alveoli
are located (Chung et al., 2020). Corticosteroids which are basically
anti-inflammatory agents are widely used to treat this condition in the
disease (Liu et al., 2020). However, there has been some studies sug-
gesting that IL-6 agents and HCQ could also be beneficial to treat
pneumonitis in COVID-19 (Kavanagh et al., 2020; Zhou and Price,
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2020). Nevertheless, the ultimate drug of choice in the current study is
the class of inhaled corticosteroids (ICS) since the applied method in this
study is fundamentally based on inhalation. An ideal ICS should possess
certain characteristics including pulmonary deposition efficiency, low
oral bioavailability, high systemic clearance, optimized pulmonary
residence time and selective binding to glucocorticoid receptor. In a
targeted drug delivery system, almost all of these characteristics could
be generalized to the delivery method. Since the present developed
corticosteroids have checked the boxes of the mentioned characteristics
to their fullest potential, it can be concluded that new developments
should focus on delivery methods and devices to achieve the best results
(Hochhaus, 2004).

Targeted drug delivery is a set of mechanisms that contribute to the
aggregation of drugs in a specific part of the body (i.g. organ, tissue,
cells) that has been affected by diseases. From a theoretical perspective,
each drug delivery system has two principal goals: first, enhancing drug
efficiency, and second, inhibiting drug penetration to healthy parts of
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the body. Drug delivery process is completed using appropriate carriers
for the drugs. Type, chemical compound, size, shape, morphology and
the surface chemistry of these carriers directly affect their behavior,
distribution, and therefore the targeted drug delivery process (Sun et al.,
2008). Among other factors that affect the drug delivery process is inlet
velocity magnitude of fluid and airflow pattern in the lungs (Sohrabi
et al., 2014). Designing a proper targeted drug delivery system requires
optimizing the response of various therapeutic carriers to external fields.
Among these external fields, the magnetic field is the most commercially
used since 1970, and it has a broad scope of application (Liibbe et al.,
2001; Widder et al., 1978).

The type of drug carrier is vital, and it directly affects the distribution
of the drug in the targeted site. In terms of toxicity, the main concern is
that small-sized nanoparticles might cause injury and inflammation in
the lung. It has been shown that small-sized nanoparticles are more
likely react negatively to biological structures compared to large-size
particles. However, most experiments have investigated this matter in
vitro, and only a few in vivo studies have been carried out (Gill et al.,
2007). Microbubbles (MBs) adhere to the injured areas of the endothe-
lium, and they can be a suitable carrier for treating pulmonary injuries
caused by COVID-19 and SARS (Sirsi et al., 2013). Due to their magnetic
properties and their response to an external magnetic field, magnetic
particles can also be utilized in drug delivery. Most of these particles are
made of Fe30,4 (magnetite) or y-Fe;O3, and they are coated with poly-
mers. Because of the benefits of their unique properties, there are also
carriers made from gold or silica. For instance, particles made from iron
have a high magnetic quality, and coating them with gold or silica makes
them more stable (Sun et al., 2008). If these particles are suitably coated,
they would have a wide variety of use in medical applications such as
drug delivery (Gupta et al., 2007). As for MBs containing super-
paramagnetic iron oxide nanoparticles (SPION), some experimental
studies such as Barrefelt et al. (2013) and Chertok and Langer (2018)
have shown that they display no signs of toxicity, and they are safe to
apply. Furthermore, the biodistribution and pharmacokinetics of SPION
have been evaluated, and it has been shown that magnetic MBs (SPION
microbubbles) eventually distribute to the liver and spleen. Chertok and
Langer (2018) have expressed that the majority of these particles
distribute to the liver (68 + 11% dose/g tissue) and another fraction to
the spleen (19 + 10% dose/g tissue). However, MBs do not retain in
these organs and have a relatively low half-life. Barrefelt et al. (2013)
have also observed SPION MBs in the same organs and tracked them
until their elimination. They have also expressed that no signs of toxicity
(i.e. necrosis, inflammation, and fibrosis) were observed in these organs.
Therefore, the administration of SPION MBs does not give rise to toxicity
and adverse effects in any way.

In targeted drug delivery for pulmonary diseases, mostly, inhaler
drugs are used (Kannan et al., 2018). Type and size of drug carriers, air
passage geometry, flow regime, and considering the ligand-receptor
binding are all effective on the quality of the drug delivery (Saadat
et al., 2020; Shamloo et al., 2020). Also, velocity magnitude and its time
dependency affect particle deposition and adhesion. According to a
previous study, particle aggregation in bifurcations increases in cases
with time variable velocities (Sohrabi et al., 2014). Moreover, Most
coarse particles deposit in the upper airways while many smaller par-
ticles pass the lower airways, and some of them even reach the alveoli
(Islam et al., 2017). In terms of flow regime, the flow is laminar in all
parts of the lung except for the upper airways (Islam et al., 2017).

A lot of in vivo and in vitro studies have surveyed the delivery
biocompatibility and efficiency of drug carriers while using magnetic
fields. Verma et al. (2013) have evaluated the biocompatibility of Fe304
magnetic nanoparticles containing quercetin and coated by PLGA by
their effects on glutathione and IL6 secretion. Their results demonstrate
that the mice in the experiment did not show any symptoms of pulmo-
nary disorders. After culturing cancer cells in mice lungs (male c57bl/6
mice), Alvizo-Baez et al. (2016) injected chitosan-coated nanoparticles
into mice tails and pulled the nanoparticles towards the lung by a
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magnet placed above the mice rib casge. They observed that in addition
to pulling nanoparticles into lungs, the magnetic field caused morpho-
logical changes in cells — that lead to the activation of some promoters
and controlling the gene expression of TRAIL protein which eventually
caused a considerable reduction in the number of pulmonary tumors.
Surveying pulmonary drug delivery to mice using Triptolide-loaded li-
posomes, Lin et al. (2017) observed in the fluorescence images that li-
posomes were only seen in the lungs and resided there 96 h. Price et al.
(2017) placed a ~0.58T cylindrical permanent magnet above the upper
left side of a mouse’s lungs (a male Balb/c mouse). The results of their
study demonstrated that the left side of the lungs absorbed higher level
of drugs in presence of a magnetic field than its absence. They concluded
that because of structural characteristics of the lungs such as large sur-
face, permeable membrane and long capillaries, it is possible that the
drugs are locally absorbed, and targeted drug delivery along the impo-
sition of a magnetic field leads to drug aggregation in the target site —
which helps recovering the organ from the disease and reducing toxicity
in healthy tissues. In their in vitro study aimed at evaluating targeted
drug delivery using a magnetic field, Poh et al. (2019) applied a setup
consisting of a hollow tube (simulating the lungs), a smart inhaler, an
actuator and four permanent magnets adjacent to the tube. The particles
were released from the smart inhaler to the tube controllably and in a
pulsatile pattern, and the bottom of the tube was connected to a fume
hood. Moreover, the magnets were placed in different positions of ~0,
~10, and ~20millimeters from the tube. In all positions, the particles
moved towards the magnets and deposited in their proximity. The re-
sults showed by an increase in the magnetic force to gravity ratio par-
ticle deposition rate increases.

Since a magnetic field can encourage drug concentration in places
most needed and prevent drug penetration to healthy tissues — thus
reducing side effects to the least, magnetic field utilization in targeted
drug delivery is recognized as a unique approach (Ostrovski et al., 2021,
2016; Saadat et al., 2020). This approach is used for the treatment of a
lot of pulmonary diseases and syndromes such as SARS, MERS, COVID-
19, COPD, etc. The most important of all, utilizing magnetism has the
advantage of being non-invasive to the body (Saadat et al., 2020). As it
was mentioned earlier, due to certain limitations, experimental surveys
focus on biocompatibility and efficiency of drug carrier delivery in an-
imals with pulmonary injuries whereas Poh’s in vitro study (Poh et al.,
2019) showed the importance of magnet position effect on drug delivery
rate. Therefore, surveying magnet position effect on the rate of drugs
delivered to human lungs can generate more realistic results through a
genuine modeling of human lungs with accurate dimension and geom-
etry. Numerical modeling can be a robust means with the least limita-
tions and costs in this field of study. In previous numerical studies
(Faizal et al., 2020; Huang et al., 2021), drug carriers were only assumed
solid particles, and no ligand-receptor binding were considered. As it
was mentioned earlier, the type of drug carrier is very determining in
drug delivery processes; thus, in order to accurately model a drug de-
livery system ligand-receptor binding should be included. Moreover,
studying the effects of drug carrier type on drugs delivered to each
branch of the lungs could be worth noticing which has never been
evaluated in previous numerical and experimental studies. In addition,
while magnet position with respect to the patient’s body is crucial in
drug delivery results and in the process itself, the distance between the
magnet and the patient’s chest has also never been determined in pre-
vious studies.

In the current study, delivering the microcarriers to the inner surface
of the lungs is surveyed. The delivery is improved by imposing an
external magnetic field, and its efficiency is measured based on the
surface density of microcarriers adhered to the inner walls of lung via
ligand-receptor binding. The air is considered a Newtonian fluid, and the
airflow is considered laminar. To investigate the effects of air velocity on
microcarrier’s adhesion to the inner surfaces of each of the lung’s
branches, airflow is considered in two different states: constant velocity
and pulsatile. The simulation is also conducted in a patient-specific
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geometry. Moreover, a permanent magnet is also placed in different
positions outside of the patient’s body so that the magnet position effect
on the delivery of the magnetic nanoparticles-coated microcarriers to
the target surfaces could be investigated. The microcarrier’s type on
delivering them to target surfaces is also studied in this survey. Different
types of microcarriers differ in their shell structures, which eventually,
results in different densities. This case is studied with and without the
presence of the magnetic field.

2. Methods and materials
2.1. Geometry reconstruction

In order to accurately study the fluid flow in the lungs and tracking
the particles in different regions of it, CT scan images (DICOM format) of
a 48-year-old male has been used. This image has been processed by
MIMICs software and then exported to a CAD software (Biglari et al.,
2019). Human lung has different branches called ‘generations’ (Patwa
and Shah, 2015). Whenever the airway splits into two branches the
number of the generation increases. In total, the lung has
~23generations, Gy being trachea and G,3 being the alveoli. There is
also another interpretation of the structure of lungs. This interpretation
categorizes lungs into five lobes: Left Lower Lobe (LLL), Left Upper Lobe
(LUL), Right Upper Lobe (RUL), Right Lower Lobe (RLL), and Right
Middle Lobe (RML). In our study, we have considered RLL and RML as a
single lobe, and this way, the whole lungs will have four main lobes
(branches) (Fig. 1). Moreover, for one of the steps of the study, a per-
manent magnet was implemented to investigate the effects of a magnetic
field on the surface density of microcarriers adhered to the inner walls of
lung. The permanent magnet was placed at a certain distance to the
lungs, as can be seen in Fig. 2.

2.2. Fluid properties and boundary conditions

In this study, air is considered as a Newtonian fluid with a constant
density and dynamic viscosity of ~1.185kg/m®and ~1.82 x 10~5Pa.s,
respectively (Sabz et al., 2019). Also, two cases of constant and variable
velocity are dedicated to the inlet’s boundary condition (Nilsestuen and
Hargett, 2005; Ostrovski et al., 2019). Intermittent Mandatory Ventila-
tion (IMV) is one of the ventilation modes that is used for coronavirus
patients. In this study, IMV has been used to simulate the variable ve-
locity as shown in Supplementary Fig. 1. Other ventilation modes can

RLL and RML f) LLL
-
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also be used since this matter is patient-specific, and the medical pro-
fessionals should decide the proper ventilation mode based on the pa-
tient’s condition (Lepper and Muellenbach, 2020). The outlet boundary
condition is constant pressure, and it is equal to zero — relative to the
atmospheric pressure (Islam et al., 2017). For the maximum inlet ve-
locity of air, the Reynolds number has been calculated and equal to
~2100; according to which the flow regime is laminar.

2.3. Magnetic field

Nowadays, the application of magnetic nanoparticles in drug de-
livery is attracting notice as a double therapeutic advantage (Hayashi
et al., 2010; Liu et al., 2008). In addition to facilitating the drug carrier
delivery to the target site, an external magnetic field can promote drug
release via a temperature increase in the cell membrane when drugs
reach their target. Induced heat emanated by magnetic nanoparticles in
the presence of a high-frequency magnetic field causes a considerable
temperature increase for a short period which eventually facilitates drug
release (Liu et al., 2008). In such a process, the frequency and intensity
of the appointed magnetic field are so effective on the generated heat
stimulating drug release that the percentage of drug release can be
controlled by regulating the governing parameters of the external
magnetic field; so much so that surveys have shown arranging a low-
frequency magnetic field can promote the acceleration of drug release
(Fang et al., 2016; Urbina et al., 2008). In the study by Cai et al. (2015)
regarding drug delivery,CoFe;04 microspheres containing Doxorubicin
Hydrochloride (DOX) were exposed to magnetic fields whose frequency
and intensity ranged respectively 0-400 Hz and 3-9 A. Their results
showed the strong response of CoFe;O4 microspheres to a changing
magnetic field which demonstrates the magnificent capability of this
kind of drug carrier in magnetic steerage and drug release. In this case,
the intended drug was released to the target site at a higher rate than
those in the other tissues. The level of released drug in the presence of a
200 Hz magnetic field was ~54.6%, whereas in the absence of a mag-
netic field, it was ~29.5%. Therefore, Cai et al. concluded that a mag-
netic field could significantly enhance drug release. An increase in the
frequency and intensity of a magnetic field contributes to a higher drug
release rate. Marin et al. (2018) compared the controlled release of
Acetaminophen (APAP) using films of gelatin/magnetite nanoparticle
composite and under the influence of magnetic fields caused by fixed
magnets (NdFeB — grade 52 N) with magnetic field strengths of ~0.3 and
~0.5Tat room temperature of ~23 °C and also in the absence of a

Fig. 1. CT scan images of the patient’s lungs in two
different cross-sections: (a) frontal plane b,d,e)
transverse planes to distinguish between different
branches of the lungs. C) extracting the 3D
geometrical model from 2D CT images using an
image processing software, generating the CAD
model by excluding the excess branches, and finally,
the segmentation of the lungs into four main lobes.
Blue) Right Upper Lobe (RUL), green) Left Upper
Lobe (LUL), red) Right Lower Lobe (RLL) and Right
Middle Lobe (RML), and yellow) Left Lower Lobe
(LLL).
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(i) (i)

(b)

magnetic field). They concluded that the percentage of drug release
changes with the field magnitude.

In this study, A permanent magnet with a size of ~4 x 4 x 2cm was
implemented. Moreover, we investigated the motion and migration of
the magnetic nanoparticles (Fe304) coated microcarriers affected by a
magnetic field. The diameter and magnetic susceptibility of magnetic
nanoparticles were ~10nm and ~1.186, respectively. The saturation
magnetization of these nanoparticles are ~448000A /m (Xu et al., 2005).
The maximum magnitude of the external magnetic field (H,) in the lung
was estimated ~15320A/m. Thus, based on Eq. S11, it is determined
that FesO,4 nanoparticles will not be magnetically saturated by the
magnetic field produced by the implemented permanent magnet. Details
of the magnetic field are given in Supplementary Note 1.

International Journal of Pharmaceutics 609 (2021) 121133

Fig. 2. placing a permanent magnet attached to the
patient’s body in a way that NP-coated micro-
carriers become affected through the magnetic field
and deviate towards the target area so that it con-
tributes to the enhancement of the drug delivery
effectiveness. (a) the magnet is placed at three
different heights, h = Ocm, h = 25¢cm, h = 50cm,
concerning the lungs’ inlet (A; = 1.0694cm?) and
two different angles = 30" and = 60’, in order to
lead the microcarriers to the first bifurcation (LUL
and LLL). The effect of the magnet’s position angle
on microcarriers’ path in a case where the magnet
was placed at the lungs’ inlet (h = Ocm) is investi-
gated. Moreover, the effect of a change in the
magnet’s height with respect to the lungs’ inlet in
the case where the magnet is placed at a constant
~30" angle is studied. In addition, the level of
microcarriers’ deviation from the target branches
was investigated by placing the magnet in front of
the bifurcation at two different angles of angles 0 =
30" and 6 = 60°. The magnet’s distance (L) from
each of the target branches was also obtained from
the CT scan images. Choosing the distance based on
the human anatomical structure makes the results of
the numerical solutions more realistic. (b) The
dimension of the magnet is set ~4 x 4 x 2cm in all
simulations. In order to model the closed lines of the
magnetic field, a hollow box is considered to be
around the magnet (the block is hidden in this
figure).

2.4. Forces

Forces exerted on the particles fall into two categories of external and
interactive forces. External forces being gravity, Brownian, lift, drag,
and the interactive forces being interaction forces between the particles.
These are further explained in Supplementary Table 1. Since the flow
regime is considered to be laminar, it is sufficient to only consider the
first three terms of the drag coefficient. Also, the gravity force is directed
towards the negative y-axis (Fig. 2.b) (Ebrahimi et al., 2021). In order to
simulate the particle’s interaction, Lennard-Jones potential is applied.
This interaction is due to the Van der Waals force that attracts particles
to each other, and the repulsive force resulted from electron cloud
overlap. Lennard-Jones potential is usually chosen because of its
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simplicity (Jorgensen and Tirado-Rives, 1988). There is also a magnetic
force that is discussed and explained comprehensively in Supplementary
Note 1. Forces imposed on the particles are schematically shown in
Fig. 3.

The applied model in this study is the Lagrangian-Eulerian model.
The air and microcarriers are considered continuous and discrete, and
the Eulerian and Lagrangian frameworks are utilized corresponding to
each, respectively (Forouzandehmehr and Shamloo, 2018; Shamloo and
Forouzandehmehr, 2019; Tan et al., 2013). Through this method, the
position and velocity of each particle with respect to time is extracted by
solving for the second law of Newton (Amani et al., 2021; Shamloo et al.,
2020). Also, one-way coupling is assumed since the fluid is air, having a
low particle concentration - based on drug dosage distribution. The
models in which the particle volume fraction is less than ~1% are
referred to as dilute models (Umbarkar and Kleinstreuer, 2015).

Lift Force

Brownian Force
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2.5. Drug carrier adhesive dynamics model

In this study, we focus on micro-scale particles (~1 —4um diameter)
as drug carriers. Also, 20nm difference due to magnetic nanoparticles
diameter is somewhat negligible, and therefore, the magnetic MBs
diameter is finally considered to be the same as the diameter of micro-
carriers. Optison is a suitable MB for this application (Shamloo et al.,
2020). Physical properties of the microcarriers can be seen in Supple-
mentary Table 2. The simulations were carried out in four seconds, and
at the beginning of each second, ~1250 numbers of particles were
released into the airway (Ostrovski et al., 2019).

Probability of particle adhesion to the walls is extracted and calcu-
lated by the ligand-receptor model (Nowak et al., 2003). The probability
and intensity of adhesion depends on the surface molecules of the par-
ticles and the wall. Dislodge forces are affected by physiological factors
such as wall shear stress and particle shape and size. Drag force (F) and

Fig. 3. Effective drug delivery to the lungs with
the help of magnetic force among the patients
suffering from respiratory syndromes is of the
COVID-19 side effects. (a) to treat the remaining
side effects in patients whose lungs have been
affected by this disease, one of the therapies is
done through targeted drug delivery. This treat-
ment is initialized by loading the drugs into the
microcarriers and the microcarriers entering the
lungs by inhalation. Magnetic nanoparticles also
coat the carriers. Adherence of the carriers to the
receptors existing on the inner surface of the
lungs’ walls occurs through the ligands attached
to the carrier’s outer surface. Eventually, the drug
reaches the target site more effectively, and the
drug delivery process will be accomplished. (b) In
addition to the magnetic force, other forces are
also imposed on the microcarriers, which result
from their presence in the airflow inside the
lungs. The direction of the drag force (Fp)
imposed on microcarriers is aligned with airflow
and causes the microcarriers’ forward motion.
The lift force (F;) caused by the air inside the
lungs is imposed on the microcarriers in a direc-
tion perpendicular to that of the airflow and
promotes the microcarriers’ lateral motion. Due

iy to the random collision of the microcarriers with

other atoms or molecules, the Brownian force
(Fp) is caused. Lennard-Jones potential facilitates
the calculation of the interactions between
microcarriers. Moreover, the imposition of the

Air Flow
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torque (T) depend on the separation distance from the substrate (1),
particle’s diameter (dp), and shear stress (uS).

F = 6nluSF* (@]
T = 0.52d,uST® 2
the coefficients FS and T for spherical particles are 1.668 and 0.944,
respectively.
Adhesion probability is also defined as:
AdpusS d2

P. — momi KOt _ ol 2+ 8eg ) FS + 2278

W = mum K Oexp{ ST, |:6(dp/ +5¢q) + . H 3)

in which m, and m; are the receptor’s and the legand’s surface density,
respectively. When particles are close enough to the target surface the
ligand-receptor binding occurs. K9 is association constant while the
binding force is zero. Values of KO and m; depend on the particle type
and chemical conditions (Sohrabi et al., 2014). & and kT are the
equilibrium separation distance between the particle and the substrate
and thermal energy of Boltzmann, respectively. ry is the the radius of the
interaction surface. The values of other parameters are given in Sup-
plementary Table 3.

Based on our previous studies (Forouzandehmehr and Shamloo,
2018; Shamloo et al., 2020, 2019), governing partial differential equa-
tions in the simulations of the current study were solved with the
assistance of a laboratory-made unsteady nonlinear finite element code.
The equations regarding the physics of the laminar flow are transient
and solved by the Algebraic Multigrid (AMG) algorithm using Backward
Differentiation Formula (BDF) time solver featuring second degree ac-
curacy and tolerance termination tech. Moreover, For tracking the
particles, the generalized minimal residual (GMRES) solver was applied.
For damped Newton iterations, a constant damping factor was utilized
as a nonlinear method (Anderson, 1965; Curtiss and Hirschfelder, 2006;
Dhamacharoen, 2016; Manzoori et al., n.d.; Toth et al., 2015). For
obtaining the surface density of particles adhered to the inner wall of the
lung, a certain variable was dedicated to each element of the lung air-
ways. This variable was affected by every particle attached to the
boundary element. Every time a particle is attached to the boundary
element, the variable’s value — which was initially set to ~1 by the
source term — increased. Afterward, the source term was divided by the
area of the boundary element.

In order to discretize magnetic field components in this study,
second-order elements have been applied. For surveying the accuracy
level of different discretization methods, three different methods of
linear (first-order elements), quadratic (second-order elements), and
cubic (third-order elements) have been used so that the amount of
magnetic flux density in ~2cm proximity of the magnet is determined,
and then, compared to that of analytical solution. In Supplementary
Table 4, the obtained values of magnetic flux density from the simula-
tions are gathered.

The magnetic flux density value surrounding the magnet is calcu-
lated through the analytical relation down below (Camacho and Sosa,
2013):

ab ab
arctan

(z+c)y/@+b+(z+c)’
4

In the above expression, y,M= 1.5(T), and a, b and c relate to the
magnet’s dimensions, which according to the applied magnet in this
study, are ~2, ~2, and ~1cm. Z is the distance from the magnet, which
corresponds to ~3cm in this study. The amount of magnetic flux density
in the distance of ~2cm from the magnet was extracted analytically to be
~0.1158T. A noticeable discrepancy between the results of the simu-
lations and those of theoretical solutions concerning magnetic flux

M
B(y) :”07 [arctan

(z—c)\/ @+b>+(z—c)
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density were observed in first-order elements (~5.01%) rather than
second-order elements (~0.69%) and third-order elements (~0.78%).
This is an acceptable outcome since higher-order-element estimations
are more accurate than lower-order-element ones. In addition to the
results of second-order elements being more close to the analytical so-
lution than third-order elements, the time required for third-order ele-
ments to solve is longer. Thus, second-order elements are a suitable
choice to solve for the magnetic field.

In this targeted drug delivery system, the drugs are encapsulated in
magnetic nanoparticles coated microcarriers and inhaled into the res-
piratory system. Then, through the pulmonary flow, the microcarriers
reach the inflammation sites. The external force which can cause
transverse movement in the motion of microcarriers is the magnetic
force. The magnetic force directs the microcarriers toward the target site
through the magnetic nanoparticles on their surface. Moreover, ligands
on the surface of the microcarriers promote their adhesion to the target
wall. They efficiently guide microcarriers to the target site through an
external force, and cause small-dose drug transfer to the airways
downstream the pulmonary flow.

3. Results and discussions

3.1. Particle transports and effect of inlet velocity on microcarrier
adhesion

One of the effective parameters in microcarrier motion is the inlet
velocity of air. Investigating this parameter could also be important in
microcarriers’ transfer and their adhesion to the inner surface of each
branch. In this section, we study the effects of some parameters on the
microcarrier adhesion to the inner walls. First, a schematic view of the
particles’ situation will be presented at different times. Second, the ef-
fects of flow velocity magnitude and its type (in terms of constant or
pulsatile) on microcarrier adhesion to the inner surface of each branch
will be investigated.

Deposition map for colored MBs based on their velocity magnitude
for three states, ~1um-diameter MBs with and without ligand and
~4um-diameter MBs with ligand at multiple times is shown in the
Supplementary Fig. 2. It can be seen that in t = 0.5s some MBs with
~4um diameter have not reached the secondary airways while all of
~1pym-diameter MBs have reached the them at this time. This is
explained by the fact that the particles’ mass directly influences their
motion (Eq. (3)). With comparison between the density of the
~1um-diameter MBs with ligands in the last second (t = 4s) and that of
without ligand, it can be seen that the MBs with ligands have higher
density in bifurcations. This phenomenon implies the importance of the
ligand-receptor binding in the adhesion of MBs to the walls of target
branches.

In the current study, four velocities of ~0.05m/s, ~0.345m/s,
~0.574m/s, ~0.69m/s were used for investigating the effect of inlet
velocity magnitude on the adhesion of the MBs. Fig. 4a shows the surface
density of MBs adhered to the inner walls of each four main branches at
each constant inlet velocity. According to this figure, it can be seen that
by velocity decrease, the surface density of MBs adhered to the LLL and
RLL&RML branches also considerably decreases. Although the surface
density of MBs adhered to the branches LUL and RUL does not have a
specific trend, it reaches its maximum value with ~0.574m/svelocity.
Sohrabi et al. (2014) have observed in their numerical study that the
increase in the inlet velocity does not cause an increase in the surface
density of the ligand-coated particles adhered to the whole inner walls.
This phenomenon is also observed in the current study and validates the
results of particle simulations inside the lung. Fig. 4b shows the surface
density of MBs adhered to the inner wall of branches for two states of
constant (~0.345m/s) and pulsatile (with a mean of ~0.345m/s) inlet
velocity. It is shown that a shift in the inlet airflow pattern from constant
to pulsatile causes an increase in the surface density of MBs adhered to
the whole walls. Considering all branches of the lungs, the surface
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density of MBs adhered to the walls in case of constant inlet airflow is
~9.77 x 10%, and in the case of pulsatile inlet airflow, it is ~12.8 x 105.
Therefore, when the inlet airflow pattern shifts from constant to pulsa-
tile, the surface density of MBs adhered to the whole walls increases by
~31%. This effect is depicted in Supplementary Fig. 3 which shows the
Average Particle Residence Time in all branches of the lung for both two
cases of constant and pulsatile inlet airflow. The figure also shows ~32%
increase in average MB residence time when the flow is pulsatile rather
than constant. The higher the MBs residence time, the more probable it
is for the particles to adhere to the walls, as shown in Fig. 4b.

3.2. Effect of magnetic field on delivery of microcarriers

Using magnetic force resulting from the magnetic field could be an
effective strategy for making the drug delivered to the inflamed parts,
especially for COVID-19 treatment. Although many numerical surveys
(Saadat et al., 2020) concerning particle transfer towards a target site
using a magnetic field have been carried out, their authors have used
point magnetic fields, or they have considered the position of the magnet
far too close to the lung - which is neither realistic nor applicable. Also,
in the previous studies, there were no use of the ligand-receptor binding
alongside the use of a magnetic field, which could be a practical option
(Saadat et al., 2020). Investigating the drug delivery performance using
the magnetic nanoparticles-coated ligand-attached microcarriers can
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clinically improve our understanding of the effect of the magnet’s po-
sition on the whole process of drug delivery to target branches. In order
to study the performance of the microcarrier delivery to the right-side
branches (LUL and LLL), the magnet was placed in different positions,
and the amount of surface density of microcarriers adhered to the inner
walls was obtained. Fig. 5a shows the amount of the surface density of
MBs adhered to the inner walls for delivering MBs to the right-side
branches in different magnet positions. It is observed that the adhe-
sion increase of MBs affected by a magnetic field produced by a magnet
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placed at zero height and orientation angle of ~30° was ~19.5% and
~37.6% more than the case without the presence of the magnetic field
for LUL and LLL branches, respectively. The negative influence of the
magnet in delivering MBs to LUL and LLL branches is also observed by
placing the magnet at zero height and orientation angle of ~60°. It is
observed that although an increase in the magnet’s height to ~ 25mm
and ~50mm (becoming closer to the branches) causes an increase in the
amount of surface density of MBs adhered to branch LUL by ~7.7% and
~2.9%, respectively, and to branch LLL by ~17.0% and ~8.83%,
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respectively, it contributes to lower efficacy compared to the position in
which the magnet is at zero height (close to the neck). With regards to
the results, it is observed that placing the magnet at zero height (close to
the neck) in ~30° angle contributes to the highest performance of MB
delivery to the target branches LUL and LLL. This phenomenon could
have been caused by the high magnitude of magnetic field and its di-
rection at the mentioned position concerning the other magnet positions
(Supplementary Fig. 4).

By comparing the magnet’s effect using the best position for LUL and
LLL branches (zero height, angle of ~30°), the MB delivery level to
branch LLL is higher than to branch LUL. The microcarriers were pushed
towards branch LUL by placing the magnet at LUL-LLL bifurcation.
Hence, we placed a magnet at LUL-LLL bifurcation at two angles of ~30°
and ~60° Fig. 5b shows the surface density of MBs adhered to the inner
walls of the lungs for two angles of ~30° and ~60°. It was observed that
by placing the magnet at the angle of ~30° for delivering to the target
branch LUL, the amount of the surface density of MBs adhered to the
inner walls of target branch LUL increases by ~31.5% than that without
the presence of the magnetic field. While for the magnet position in
which it is placed at ~60° angle, this enhancement is only ~4.1% -
which is meager. This phenomenon happens due to the considerable
decrease in the magnitude of the magnetic field at the angle of
~60°which is discussed further in Supplementary Note 4. It can be said
that compared to the position close to the neck, in which the magnet is at
zero height, placing the magnet at LUL-LLL bifurcation and angle of
~30° contributes to a far better performance in delivering drugs to
branch LUL.

The simulation results show that by placing the magnet at the angle
of ~30° and ~60°, the amount of the surface density of MBs adhered to
the inner walls of LLL, RLL, RML and RUL than the decreases compared
to the absence of the magnetic field. The cause of this phenomenon is the
higher transfer rate of MBs entering the lung and moving towards the
LUL branch under the influence of the magnetic field. It also decreases
the number of MBs migrating towards the other branches and causes the
adhesion to other branches (LLL, RLL, RML, and RUL) to decrease — in
the presence of the magnetic field in the situation mentioned above.

The clinical and experimental surveys show the importance of
toxicity and dose control of pulmonary drugs by studying the absorption
level of inhaled microcarriers containing drugs through the lung’s inner
walls. Therefore, surveying the amount of drug absorption in the pres-
ence and absence of a magnetic field can improve our understanding
towards the effect of a magnet’s presence and its position on the ab-
sorption of drug carriers inhaled into the lungs. The effect of the mag-
netic field’s presence and absence on the surface density of microcarriers
(diameter = 2um) adhered to whole inner walls of the lung are shown in
Fig. 6., in cases where the fixed magnet is placed at h = 0 cm and 6 = 30°
(Fig. 6a), and at LUL-LLL bifurcation in 30° angle (Fig. 6b). It is observed
that the presence of a magnet contributes to an increase in the surface
density of MBs adhered to the whole inner walls of the lung in a way that
a magnet position corresponding to h =0 cm and 6 = 30° causes an
increase of ~18%. Moreover, in a magnet position placed 6 = 30° to the
LUL-LLL bifurcation, the surface density of MBs adhered to the whole
inner wall is increased by ~12%. This increase could be the cause of MBs
attraction towards the walls and the cause of decrease in MB velocity
due to the magnetic force overcoming drag forces caused by the airflow
inside the lung. An increase in the surface density of MBs in the presence
of amagnetic field causes an increase in their absorption to the walls and
prevents further MB migration to farther sub-branches — which is an
affecting factor in toxicity.

3.3. Effect of properties of microcarriers on their delivery

The microcarrier shell can be composed of inorganic material,
affecting their density and stability during drug delivery (Huang et al.,
2011; Liong et al., 2008; Tom et al., 2004). A change in microcarrier
density directly affects the magnitude of gravity force and forces
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h = 25cmand h = 50cm (b) the bifurcation at two angles of § = 30" and 6 =
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non-magnet

imposed by the surrounding fluid - namely, drag and lift forces. This
factor can make a change in microcarrier motion inside the lungs. Pre-
vious studies on targeted drug delivery for arterial disease and cancer
have shown the significance of microcarrier density on delivering drugs
to target surfaces (Amani et al., 2021; Ta et al., 2018; Toy et al., 2011).
However, the effect of microcarrier density on its adhesion to the inner
walls of the lung has not yet been studied. The effect of a magnetic field
on each of the microcarriers with different shell properties inside the
lung has not been studied as well. Investigating these effects on deliv-
ering drugs to the lung can improve our insight into the choice of
microcarriers.

By releasing ~2um diameter microcarriers into the lungs — which
possess ligand bonds and are different from each other in terms of
density (Silica dioxide:2650[%}, Iron oxide:5170[%], Nickel diox-
ide:6670 [%], and Gold: 9300 [%]), we have studied the surface density of
those adhered to the inner walls of lung branches, with and without the
presence of the magnetic field. Fig. 7a shows the surface density of
microcarriers with different densities adhered to the inner branch walls,
in two states in which the magnetic field is present and in the other is
not. If the magnetic field exists, the magnet is placed at zero height and
orientation angle of ~30°. It should also be noted that the target
branches of these microcarriers are LUL and LLL. In the case where no
magnet is present, it is observed that an increase in microcarrier density
causes a considerable decrease in the surface density of microcarriers
adhered to LUL and RUL branches whereas the opposite occurs for LLL
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and RUL branches.

and RLL&RML branches. As it was previously mentioned, appointing a
magnetic field affects microcarrier path towards the target branches
(LUL and LLL) whereas increasing microarrier density attenuates such
an effect. This is also seen when the target branch is LUL, and the magnet
is placed at LUL-LLL bifurcation in ~30°angle, (Fig. 7b). The reason for
this phenomenon is that the higher the density of microcarriers, the

10

more the magnitude of the imposed forces are (Supplementary Table 1).
Hoever, since the force resulting from the magnetic field is independent
from the microcarriers density, its magnitude remains the same as
before (Eq. S8). The presence of the magnetic field stabilizes the
microcarriers in their path and decreases their deflection at high den-
sities. Therefore, it can be concluded that the performance of the
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magnetic field in the delivery process becomes higher for low-density
microcarriers. It is notcible that the same behavior has been observed
with microcarrier diameters of ~1, ~3, and ~4um in the results of the
simulations.

4. Conclusion

In our previous studies, we recruited computational techniques for
modeling some biological phenomena (Ebrahimi et al.,, 2021; For-
ouzandehmehr & Shamloo, 2018; Shamloo et al., 2015, 2018; Shamloo
et al., 2015, 2016, 2017). In this study, we investigated targeted pul-
monary drug delivery using magnetic nanoparticles-coated micro-
carriers. We have shown that an increase in the inlet velocity magnitude
causes an increase in the microcarrier adhesion to LLL and RLL&RML
branches. Nonetheless, for LUL and RUL branches, an inlet velocity of
~0.574m/s yields the maximum adhesion. It was observed that chang-
ing the inlet velocity from constant to pulsatile can considerably
enhance the drug delivery performance to the lungs. The results showed
that for transferring the microcarriers to the right side branches (LUL
and LLL), placing the magnet at zero height and ~30° angle yields the
best outcome. Also, by placing the magnet at LUL-LLL bifurcation and
angle of ~30°, the microcarriers delivery to branch LUL improves. By
applying different microcarrier densities, either with and without the
presence of a magnetic field, it was observed that dense microcarriers
show the best performance for delivering drugs to LLL and RLL&RML
branches. Also, low-density microcarriers are best for delivering drugs to
LUL and RUL branches. Moreover, it was shown that increasing the
density of the magnetic nanoparticles-coated microcarriers prevents
their deviation towards target branches and causes a slump in magnetic
field effect on drug delivery performance.
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