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Abstract: Various factors and challenges are involved in efficiently delivering drugs using nasal
sprays to the olfactory region to treat central nervous system diseases. In this study, computational
fluid dynamics was used to simulate nasal drug delivery to (1) examine effects on drug deposition
when various external magnetic fields are applied to charged particles, (2) comprehensively study
effects of multiple parameters (i.e., particle aerodynamic diameter; injection velocity magnitude,
angle, and position; magnetic force strength and direction), and (3) determine how to achieve the
optimal delivery efficiency to the olfactory epithelium. The Reynolds-averaged Navier–Stokes
equations governed airflow, with a realistic inhalation waveform implemented at the nostrils. Particle
trajectories were modeled using the one-way coupled Euler–Lagrange model. A current-carrying wire
generated a magnetic field to apply force on charged particles and direct them to the olfactory region.
Once drug particles reached the olfactory region, their diffusion through mucus to the epithelium
was calculated analytically. Particle aerodynamic diameter, injection position, and magnetic field
strength were found to be interconnected in their effects on delivery efficiency. Specific combinations
of these parameters achieved over 65-fold higher drug delivery efficiency compared with uniform
injections with no magnetic fields. The insight gained suggests how to integrate these factors to
achieve the optimal efficiency.

Keywords: nasal drug delivery; nose-to-brain drug delivery; computational fluid dynamics

1. Introduction

Central nervous system (CNS) disorders, which include neurological disorders, are
a major category of disorders worldwide. In 2019, neurological disorders resulted in
533,172 deaths among 33 countries in North and South America, as well as 7.5 million
total years of life lost [1]. Neurological disorders also caused 12% of global deaths in
2006 [2]. Examples include Alzheimer’s disease, Parkinson’s disease, and brain cancer, such
as glioblastoma multiforme, which affects over 10,000 people annually and has a typical
survival time of fewer than two years [3].

With intravenous drug delivery to treat CNS disorders, an obstacle exists, i.e., the
blood–brain barrier (BBB). The BBB consists of an endothelial cell layer around the vascula-
ture within the brain. Tight junctions exist between these endothelial cells, which limit drug
permeability through BBB in order to reach the target regions of the brain. The BBB restricts
nearly all large molecule drugs and 98% of small molecule drugs [4]. Nasal drug delivery
offers a pathway to avoid BBB. By delivering drugs to the olfactory region at the top of
the nasal cavity, drug molecules can pass through the olfactory epithelium to pathways
leading to brain tissue. This is known as nose-to-brain drug delivery [5].

Efficiently transporting drugs to the olfactory region is also a challenge that has been
studied. Multiple modes of drug delivery in the nasal cavity exist, including dry powder
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and liquid aerosol sprays. Inhaled nasal sprays, which inject particles or droplets on the
scale of nanometers or microns, are commonly used to administer drugs in a non-invasive
way, as particles can adhere to the mucus that lines the interior of the nasal cavity [6].
However, when nasal sprays have been tested on their own, low delivery efficiency has
been achieved. Previous studies often found low deposition rates, with most of the drug
depositing in other areas of the nasal cavity or exiting the nasal cavity [7,8].

Computational fluid dynamics (CFD) has been proved to be suitable to simulate the
process of nasal drug delivery, which is advantageous to test many different configurations
of drug delivery systems and accurately determine quantitative information such as airflow
velocity and pressure, as well as particle tracks [8–16]. Specifically, CFD has been used to
realistically simulate nasal airflow. A computational mesh of the airway can be generated,
and airflow can be resolved within the domain. Multiple Reynolds-averaged Navier–Stokes
(RANS) turbulence models have been used to predict the laminar-to-turbulent transitional
airflow field in the nasal cavity. Those RANS models include two-equation models such as
the k-ε and k-ω models. Zhang and Kleinstreuer [9] compared multiple RANS models with
large eddy simulation (LES) for simulations of oral airflow, which contains transitions from
laminar to turbulence. They found that there are no significant differences between the
low Reynolds number k-ω model, transition shear–stress transport (SST) model, and LES
model. Their study also concluded that the transition SST model provides good predictions
of turbulent kinetic energy distributions. Furthermore, this study also compared predicted
velocities calculated using the above-mentioned turbulence models with experimental
results. Similarly, Inthavong et al. [10] also employed the transition SST model for nasal
airflow predictions. Thus, based on the existing benchmark studies mentioned above, the
transition SST model can be employed to provide accurate airflow predictions in the nasal
cavity, especially for the predictions of transition sites between laminar and turbulence.

CFD modeling of the airflow can be coupled with a Lagrangian particle tracking model,
i.e., the discrete phase model (DPM), to simulate the motion of drug particles within the
nasal airflow. Inthavong et al. [11] used a one-way coupled DPM to simulate the transport
and delivery of therapeutic microparticles via nasal spray in the nasal cavity. This study
examined particle deposition for varying particle diameters from 1 µm to 80 µm with a
constant inhalation air flow rate of 15 L/min. They found that their results, specifically the
deposition efficiency in the nasal cavity based on an inertial parameter, were comparable
with experimental measurements.

There are several recent studies that have investigated various approaches to increase
drug delivery efficiency to the olfactory region. One technique is to use a controlled drug
release method based on the particle release map, as done by Vachhani and Kleinstreuer [12].
In this method, particle trajectories are tracked, and starting positions of particles reaching
the olfactory region are found, giving favorable locations at the nasal inlet for targeted nasal
spray injections. The study modeled drug delivery for particles with diameters from 1 nm
to 500 nm and airflow rates from 5 L/min to 20 L/min. It was found that using this targeted
injection technique resulted in significantly increased drug delivery efficiency compared
with injecting the drug uniformly across the nasal inlet. For instance, 1 nm particles reached
53.207% delivery efficiency when the particle release map was used for a targeted injection,
while only 3.728% delivery efficiency was achieved for a uniform injection.

Another method to increase olfactory delivery efficiency is magnetic drug
targeting [8,13,17–20]. Specifically, externally generated magnetic or electric fields have
been used to guide magnetic or charged drug particles to designated delivery sites, not only
in airways [18,19] but also in blood vessels [20]. Focusing on the targeted delivery in nasal
cavities, Xi et al. [17] proposed a magnetophoretic olfactory delivery device design and
found that the device can increase the olfactory delivery efficiency by 1.5-fold compared
with the baseline drug delivery strategy without using the device. Following this study, Xi
and Si [8] developed computational and experimental models to study olfactory drug deliv-
ery, using electrodes to attract charged drug particles towards the front of the nasal cavity
to improve olfactory deposition. When electric fields were applied, olfactory deposition
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increased by a factor of 5.2 compared with the deposition in the absence of external fields.
In addition to electrodes being used to generate electric fields, a current-carrying wire can
be used to create a magnetic field to guide drug particles. Pourmehran et al. [13] applied
a current-carrying wire to control the trajectories of particles in the lung and enhance the
deposition efficiency at designated locations.

Once drug particles reach the olfactory region, the drug should diffuse through the
mucus layer before reaching the olfactory epithelium, where the drug can be absorbed.
Such drug diffusion processes through the mucus have been modeled mathematically.
Shang et al. [14] used CFD and modeled drug deposition and mucociliary clearance in
the nasal cavity. They used the analytical solution for a drug diffusion model derived by
Erickson et al. [21].

Other factors that can influence drug delivery efficiency include the particle diam-
eter, injection angle, inhalation flow rate, injection velocity magnitude, and acoustic
wave [15,16,22]. When targeted injection and external fields are introduced, those parameters
mentioned above must be also optimized. Existing studies have examined the effects of
individual or several parameters, but there is not a sufficient understanding of the integration
of all these parameters. Additionally, many studies consider microparticle nasal sprays, but
more research is needed on nanoparticle delivery, especially in integrating nanoparticle drug
delivery with the previously mentioned factors. Additionally, studies have examined the ef-
fects of external magnetic fields, but more work is needed on specific magnetic field strengths
that are most suitable for particular sizes of particles and configurations of other parameters.

The goal of this study is to simulate nasal drug delivery using a previously validated
one-way coupled Euler–Lagrange model (i.e., the one-way DPM) [23,24], while varying
particle the aerodynamic diameter; the velocity magnitude, angle, and position of nasal spray
injection; and the magnetic field strength to determine their effects on olfactory delivery
efficiency. Accordingly, this study aims to identify configurations of parameters that lead to
enhanced efficiency. As a potential factor that can influence the targeted delivery efficiency,
the acoustic wave [22] was not considered in this study. RANS equations were used to model
nasal airflow, and the transition SST model [25,26] was applied to resolve the laminar-to-
turbulence transition. Additionally, targeted injections were applied based on data collected
from uniform injections and the particle release map technique [12]. The magnetic field is
generated by a current-carrying wire near the front of the nasal cavity, to allow for the testing
of configurations to predict delivery efficiency. Potential novel contributions of this study
include (1) the investigation of how integrating the targeted injection strategy and external
magnetic field control can enhance the delivery efficiency of drug particles to the olfactory
region, and (2) the prediction of subsequent drug diffusion through the mucus at the olfactory
region using an analytical solution. Insight from this study informs future work by suggesting
connections between important factors of nasal drug delivery systems to consider in the
integration of such factors to achieve the best efficiency.

2. Materials and Methods
2.1. Geometry and Mesh

Figure 1 displays the nasal airway geometry and CFD mesh. This computer-aided
design (CAD) geometry represents the nasal passage of a healthy 53 year old, non-smoking
male [27].

The blue region in Figure 1a indicates the olfactory region, which is the target location
for drug delivery in this study. In green are the nasal inlets, or nostrils, where airflow and
nasal sprays enter the nasal cavity. The red region indicates the outlet at the base of the
trachea, where airflow exits.

Four finite volume meshes were generated using Ansys Fluent Meshing 2020 R2
(Ansys Inc., Canonsburg, PA, USA). Meshes consisted of tetrahedral cells making up the
volume mesh, as well as five layers of prism cells near the nasal cavity walls. Figure 1b and
Figure 1c display the surface and volume mesh for the mesh with 4.4 million cells.
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A mesh independence test was conducted on the four meshes. Nasal airflow was resolved
using the transition SST model. The mass flow rate at each nasal inlet was set to be constant
at 0.0002042 kg/s. Four meshes were generated with different levels of refinement for the
mesh independence test, with 1, 2, 4.4, and 8 million cells. Velocity magnitude and pressure
were recorded at 20 selected monitor points, approximately evenly spaced through the fluid
domain. Percentage differences from more refined meshes to less refined ones were calculated.
Among the 20 monitor points distributed through the computational domain, the greatest
velocity difference between meshes with 4.4 million and 8 million cells was 10.45%, and the
greatest pressure difference was 9.21%. At 11 of 20 points, pressure and velocity differed
by less than 2%, and these differed by less than 5% at 16 of 20 points. The average velocity
and pressure differences over all 20 points were 2.55% and 1.56%, respectively. Between the
meshes with 4.4 million and 8 million cells, differences in fluid flow were not significant.
Therefore, to achieve the optimal balance between computational efficiency and accuracy, the
mesh with 4.4 million cells was selected for the simulations in this study.

(a) Nasal cavity geometry (b) Surface mesh (c) Volume mesh

Figure 1. Details of the nasal airway model: (a) Geometry, (b) Surface mesh, and (c) Volume mesh.

2.2. Governing Equations
2.2.1. Continuous Phase

To model the laminar-to-turbulence transitional airflow in the nasal cavity geometry,
the RANS equations were employed and given as follows [28]:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (1a)

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) = −

∂p
∂xi

+
∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
δij

∂ul
∂xl

)]
+

∂

∂xj
(−ρu′iu

′
j) (1b)

where t is time, u is velocity, ρ is the air density, p is pressure, µ is the air viscosity, and
−ρu′iu

′
j is the Reynolds stress. To resolve the Reynolds stress and close the equation

system, the validated transition SST model [25,26] was employed. The transition SST
model consists of four equations and is based on the widely used k−ω SST model, but it
integrates two more transport equations for intermittency (γ) and transition momentum
thickness Reynolds number (R̃eθt).

2.2.2. Discrete Phase

Trajectories of drug particles carried by the airflow were modeled by a one-way
coupled Lagrangian DPM, because the particle volume fraction in the computational
domain is much lower than 10%. Trajectories were influenced by multiple forces, such as
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drag, gravity, and magnetic force. Newton’s Second Law was employed to describe the
force balance on each particle [29,30], i.e.,

mp
d~up

dt
= ~Fm + ~FD + ~FVM + ~FPG + ~FGravity (2)

where mp is particle mass and ~up is particle velocity. ~FD represents the drag force on
nanoparticles, which is defined by the Stokes–Cunningham drag law [31]. Specifically, ~FD
can be calculated by

~FD = mp
18µ

d2
pρpCc

(~u− ~up) (3)

where ~u is the airflow velocity, Cc is the Cunningham correction factor, and dp is the
particle aerodynamic diameter. ~FGravity in Equation (2) represents the gravitational force.
The remaining terms represent additional forces exerted on a particle, i.e., magnetic force,
Saffman’s lift force, virtual mass force, and pressure gradient force. Equation (4) describes
the magnetic force ~Fm exerted by the magnetic field due to the current-carrying wire, i.e.,

~Fm = q~up × ~B (4)

where q is particle charge and ~B is magnetic field. Expressions of other forces considered in
Equation (2), i.e., Saffman’s lift force ~FSa f f man [32,33], virtual mass force ~FVM and pressure
gradient force ~FPG, are defined by the following equations [28]:

~FSa f f man =
2Kv0.5ρdij

ρpdp(dlkdkl)0.25 (~u− ~up) (5a)

~FVM =
1
2

mp
ρ

ρp

d
dt

(~u− ~up) (5b)

~FPG = mp
ρ

ρp
~up · ∇~u (5c)

Since the density difference between airflow and particles is high, the virtual mass force
~FVM is negligible. In addition, since the particle density is much higher than the airflow
density, the pressure gradient force ~FPG is also negligible. To determine the interaction
between the particles as the discrete phase and the airflow as the continuous phase, a one-
way coupled Euler–Lagrangian approach was used. Only particle motion was influenced by
airflow, while the effects on airflow due to the presence of the discrete phase were neglected
because of the low particle volume and mass fractions in the computational domain.

2.2.3. Boundary Conditions

All inner walls of the nasal airway were no-slip boundaries. The discrete phase
boundary condition was set to trap all particles contacting the inner walls. The position,
time of deposition, region, particle size, injection ID, and particle ID were tracked for all
deposited particles using a customized user-defined function (UDF).

Olfactory deposition efficiency, referred to simply as deposition efficiency, was mea-
sured by the ratio of the number of particles deposited in the olfactory region to the total
number of particles per injection.

Both nasal inlets had mass flow rates normal to the boundary face. Intermittency was
set to 1.0, turbulent intensity at 2.7% [34], and turbulent viscosity ratio at 10.0. A realistic
breathing waveform was applied as the transient nasal inlet condition. The breathing
waveform is defined by the sinusoidal series given in Equation (6) [35], with coefficients
displayed in Table 1. Airflow was simulated from t = 0.20 s to t = 0.70 s.

ṁin =
7

∑
i=1

ai sin(bi(t− 0.2) + ci) (6)



Bioengineering 2022, 9, 40 6 of 22

Table 1. Coefficients of the sinusoidal series describing the nasal breathing waveform (see Equation (6)).

i ai bi ci

1 263.7 0.6369 3.015
2 330.7 0.1254 −3.727
3 73.19 4.86 −0.7755
4 48.58 7.822 −0.7588
5 16.06 13.33 0.03013
6 253.6 2.011 −0.4039
7 43.69 10.85 −1.085

2.2.4. Initial Conditions

Particles in each injection were assumed to contain particles of equal diameter and charge,
as well as uniform injection velocity. Particles were assumed to be spherical water droplets.

Uniform and targeted release injections were simulated. Uniform injections consisted
of 8935 particles evenly distributed about both nasal inlets, at a plane 1 mm deep into
the inlets. Based on the approximate starting positions of particles in uniform injections
reaching the olfactory region, release positions were selected.

Targeted injections consisted of 5000 particles injected from specific positions 1 mm
deep into the inlets, totaling 10,000 particles. A cone injection was used for targeted release,
with a constant spray cone half angle of 30◦ (see Figure 2b). The injection angle was
measured from the normal vector to the nasal inlets (i.e., the vertical axis) to the axis of the
cone. An initial targeted injection position was tested, and this position was also adjusted
by moving it back along the nasal inlets.

For both uniform and targeted release injections tested, parameters of nasal sprays
were the particle aerodynamic diameter (1 nm≤ dp ≤ 1000 nm), injection velocity mag-
nitude (0.5 m/s ≤ uinjection ≤ 25 m/s), and injection angle (−60◦ ≤ θinjection ≤ 75◦). The
injection angle was the angle in the xz plane between the normal vector of the nasal inlets
and the injection velocity vector (see Figure 2a).

30°

(a) Diagram of magnetic field source with current-carrying 
wire and injection angle

(b) Particle cone injection 
with 30° half angle

Figure 2. Magnetic field source and spray cone: (a) Diagram of magnetic field source with current-
carrying wire and injection angle, and (b) Velocity vectors of particles injected by a spray cone.

2.2.5. External Magnetic Field

The magnetic targeting system was defined by an infinite, linear, current-carrying wire
represented by the line in Equation (7), which is also displayed in Figure 2a.

3x + 5z + 0.1 = 0 (7)
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The current traveled in the negative x direction. At the xy plane, the magnetic field ~B
induced by the current in the wire was in the positive y direction, and its magnitude can be
calculated by

||~B|| = Iµ0

2πd
(8)

where d is the distance from a particle to the wire, µ0 is the permeability of free space, and I is
the current. The magnetic force acting on the charged particles can be calculated by Equation (4).

The current through the wire was modulated from 0 A to 100,000 A. The charge q
on particles was assumed to be proportional to particle volume, similar to the correlation
in the study of Golshahi et al. [36]. A cubic relationship between the particle charge and
particle aerodynamic diameter was assumed, with particles with aerodynamic diameter
1 nm having a charge of 1 electron, i.e.,

q =
π

6
(dp)

3ρe (9)

where dp is the particle aerodynamic diameter, ρe is the particle charge density, and e is the
charge magnitude of an electron. Specifically, ρe can be given as

ρe =
1 e

(1 nm)3π/6
(10)

Thus, the magnetic force exerted on a particle was proportional to particle mass. Regardless
of size, particles experienced the same magnetic force per mass.

2.3. Analytical Solution for Drug Diffusion through the Mucus

Equation (11a)–(11c) defined drug particle diffusion through the olfactory mucus layer.
They represent the diffusion equation, boundary conditions, and initial conditions [21]:

∂u
∂t

= Dm
∂2u
∂x2 (11a)

∂u(0, t)
∂x

= 0, u(L, t) = 0 (11b)

u(x, 0) = 2 · δ(x) (11c)

where u(x, t) is the drug concentration at a depth of x in the mucus at a time of t, L is the
height of the mucus layer, x ∈ [0, L], Dm is the diffusion coefficient of the drug in mucus,
and δ(x) is the Dirac function. The analytical solution of this mucus diffusion model in
Equation (12a)–(12d) was used to model drug diffusion:

u(x, t) =
2
L

∞

∑
n=1

eλ2
nt cos

(
2n− 1

2L
πx
)

(12a)

λ2
n =

(
2n− 1

2L
π

)2
Dm (12b)

Dm = Dwe
−π

4

(
rs+r f
rg+r f

)2

(12c)

Dw =
kBT

6πµwrs
(12d)

for n = 1, 2, 3, . . . and x ∈ [0, L]. L is the mucus thickness, assumed as 10 µm [37], Dw is the
drug diffusivity in water, rg is the mucin network’s effective mesh fiber spacing of 50 nm,
r f = 3.5 nm is the mucin fiber radius [38], rs is the effective solute radius, kB is the Boltzmann
constant, and µw is water viscosity. It is worth mentioning that Equation (12c) uses the
obstruction-scaling model [39], and Equation (12d) uses the Stokes–Einstein equation [40].
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This analytical solution was evaluated and plotted using MATLAB R2021a (MathWorks,
Natick, MA, USA).

2.4. Numerical Setup

CFD simulations were performed using Ansys Fluent 2020 R2 (Ansys Inc., Canonsburg,
PA, USA) and were run on the TIGER Research Cloud (8 Intel Core Processors (Haswell,
IBRS) 2.29 GHz with 64 GB RAM) at Oklahoma State University (OSU) High Performance
Computing Center (HPCC). Each case took approximately 14 h to compute airflow and
particle trajectories for 500 flow time steps of length 0.001 s. The SIMPLE scheme was used
for pressure–velocity coupling and the least-squares cell-based scheme for the discretization
of cell gradient. The second-order scheme was applied for the discretization of pressure,
and the second-order upwind scheme was applied for the discretization of momentum,
turbulent kinetic energy, specific dissipation rate, intermittency, and momentum thickness
Re. Convergence was defined when residuals were less than 10−3.

2.5. Model Validation

The transition SST model has been extensively validated and employed in previous
research to resolve the flow field based on its ability to predict pressure drop and velocity
profiles accurately and to predict shear stress for both transitional and turbulent flows in
airways [23,24]. The one-way coupled Euler–Lagrange method was also well-proved with
in vitro and in vivo data in the previous research for accurate predictions of the aerosol
dynamics in human respiratory systems [24,41].

3. Results
3.1. Airflow in the Nasal Cavity

Figure 3 displays streamlines of airflow entering the left and right nasal inlets, colored
by the local velocity magnitude. On both sides, air entering at the anterior or middle region
of the inlet increased in velocity as it passed the angled part of the nasal cavity’s front wall.
The airflow then decreased in velocity traveling near the olfactory region and the central
regions of the nasal cavity, respectively. Air entering from the posterior of the nasal inlet
flowed along the floor of the nasal cavity and decreased in velocity. Only a few streamlines
reached the upper boundary of the nasal cavity. Figure 4a displays airflow velocity vectors
in the left side of the nasal cavity, and Figure 4b focuses on the upper regions of the left
side of the nasal cavity near the anterior of the olfactory region, where there was also a
region of slow, recirculating air, displayed by the airflow vectors traveling in the direction
back toward the nasal inlets.

0.00 10.54

Velocity [m/s]

0.00 10.54

Velocity [m/s]

(a) Left inlet streamlines (b) Right inlet streamlines

Figure 3. Streamlines of airflow velocity: (a) Left inlet streamlines, and (b) Right inlet streamlines.
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0.00 10.54

Velocity [m/s]

(a) Airflow velocity vectors in nasal cavity (b) Recirculation region

Figure 4. Velocity vectors in the nasal cavity in front of the olfactory region: (a) Airflow velocity
vectors in nasal cavity, and (b) Recirculation region.

3.2. Particle Deposition: Uniform Injections

The deposition efficiency (DE) in the olfactory region with different parameter values
is visualized and compared in this section in order to find the optimized injection strategy
to achieve the highest DE. Specifically, olfactory deposition was first recorded for varied
injection velocities and currents. Particles were injected uniformly across the nasal inlets
perpendicular to the inlet boundaries. Particles had a constant aerodynamic diameter of 50
nm. Deposition efficiencies are displayed in Figure 5.

In addition, the injection angle was then varied from −60◦ to 60◦ along with the
current, while the particle aerodynamic diameter was kept constant at 50 nm, and the
injection velocity was kept constant at 5 m/s. Accordingly, the deposition efficiencies are
displayed in Figure 6.

Injection Velocity Magnitude (m/s)

0

4

500

2500

10,000

25,000

100,000

Figure 5. Deposition efficiencies in varying magnetic fields for varying injection velocities.
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Figure 6. Deposition efficiencies in varying magnetic fields for varying injection angles.

All these injections, when injection velocity magnitude and angle were varied, corre-
sponded to extremely low olfactory DE of less than 0.2%. For 50 nm particles, injection
velocity magnitude did not have a noticeable effect on olfactory DE. Out of the injections
tested for varying injection velocity magnitudes (see Figure 5), the highest DE was achieved
when particles were injected at 5 m/s in the magnetic field produced by 500 A of cur-
rent. Nevertheless, no obvious relationships appear to exist between injection velocity
magnitude and particle DE in varying magnetic fields.

Injection angle did not have a noticeable effect on the deposition efficiency of 50 nm
particles injected at 5 m/s, as all DEs also remained less than 0.2% (see Figure 6). For each
injection angle, modulating the current did not have any significant effects on deposition
efficiency either.

To further investigate the influence of particle size on the delivery efficiency, olfactory
deposition was recorded when injection velocity was constant at 5 m/s, and injections with
varying particle aerodynamic diameters were tested in varying magnetic fields. Particles
were injected perpendicular to the nasal inlets, and particle aerodynamic diameters ranged
from 1 to 1000 nm. Figure 7 shows the DEs for these cases.

When particle aerodynamic diameters were small, changes in diameter did not sig-
nificantly affect olfactory DE, and magnetic field strength did not have a noticeable effect
either. However, for 250 nm particles, the magnetic field generated by 100,000 A of current
corresponded to a significant increase in DE, at 4.08 times of the DE when no current was
present. Additionally, when 500 nm and 1000 nm particles were injected with magnetic
fields generated by currents of 25,000 A and 10,000 A, respectively, the olfactory DE was
multiplied by 3.06 and 4.00, respectively, compared with the control cases without current.
Using a 2500 A current with 1000 nm particles also corresponded to a rate of olfactory DE
multiplied by 3.50 compared with the control case. When nanoparticles with greater aero-
dynamic diameters and charges, such as particles with diameters of 500 nm and 1000 nm,
were paired with stronger magnetic fields (i.e., generated by 100,000 A), the olfactory DE
decreased accordingly. It was observed in three-dimensional plots of particle positions that,
in these cases, many particles deposited on the front wall of the nasal cavity.
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Particles reaching the olfactory region had original positions located near the front of
the nasal inlets. Based on the approximate locations of these positions, the initial targeted
injection points were selected.

Particle Diameter (nm)
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2500
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Figure 7. Deposition efficiencies of particles of varying size injected at 5 m/s and in varying magnetic
fields.

The positions for the adjusted targeted injections were shifted several millimeters back
from initial positions. Figure 8 shows the targeted injection positions.

Figure 8. Initial and adjusted positions for targeted injections.
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3.3. Particle Deposition: Targeted Injections
3.3.1. Initial Targeted Injections

Particles were released using spray cone injections from designated positions at each
nasal inlet. Olfactory depositions were recorded when the injection velocity magnitude
was modulated from 1 m/s to 25 m/s and varying currents, from 0 A to 100,000 A, were
run through the wire. All particles had a diameter of 250 nm, and the cone injection’s
central axis was angled perpendicular to the boundary surface of the nasal inlet. Figure 9
visualizes and compares the DEs in the olfactory region for these cases.

Deposition efficiency was also recorded when the injection angle was modulated from
0◦ to 45◦. The particle diameter and injection velocity magnitude were held constant at
250 nm and 1 m/s, respectively (see Figure 10 for the DEs of these cases).
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Figure 9. Deposition efficiencies in varying magnetic fields for different injection velocity magnitudes
of targeted injections.

Injection velocity magnitude had no significant effect on the deposition efficiency for
250 nm particles. However, varying magnetic field strengths did noticeably influence olfac-
tory deposition. Out of the currents tested, 500 A corresponded to the highest deposition
efficiency for varying injection velocity magnitudes (see Figure 9), while further increasing
the current corresponded to noticeable decreases in deposition efficiency. With currents of
50,000 A and 100,000 A, nearly no particles deposited in the olfactory region.

Injecting particles from the targeted release point corresponded to significant increases
in DE, compared with uniform injections. Most uniform injections achieved less than 0.2%
DE, with the highest DE being less than 0.6%. With the targeted release strategy, olfactory
DEs of approximately 4% were achieved with 500 A of current.

For targeted injections, injection angle also did not have a significant effect on the DE
of 250 nm particles injected at 1 m/s (see Figure 10). For each injection angle out of these
cases, increasing the current generally resulted in lower DE, while the highest DE achieved
in these cases with a varying injection angle was slightly higher than 4% when the current
was 2500 A and the injection angle was 45◦.

Olfactory DE was also recorded for targeted injections with particles of varying sizes,
from 1 nm in diameter to 1000 nm, injected at a constant velocity magnitude of 1 m/s
perpendicular to the inlet boundaries and in varying magnetic fields. Figure 11 shows the
DEs for these cases.
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When no external magnetic field was present, particle diameter did not significantly
influence the DE in the olfactory region when the targeted release strategy was used. However,
when greater currents were run through the wire, increasing particle diameter corresponded
with decreased DE. When the particle diameter was small, the current did not have a signifi-
cant effect on deposition. However, as the particle size increased, the differences in DE for
differing currents began to increase. A greater particle diameter appears to correlate with
more significant decreases in DE when greater currents were applied.

Out of all cases tested, the highest DE of 4.24% was achieved when 100 nm particles
were injected using a targeted injection and the current was at 500 A. DEs when targeted
injections were applied were generally much greater than uniform injections, excluding
cases with very high currents. For cases with higher currents, it was also observed in plots of
DEs that many particles deposited in the front of the nasal cavity before the olfactory region.

Injection Angle (degrees)
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Figure 10. Deposition efficiencies in varying magnetic fields for different injection angles of tar-
geted injections.
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Figure 11. Olfactory deposition efficiencies of particles of varying size injected at 1 m/s in varying
magnetic fields using targeted injections.
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3.3.2. Adjusted Targeted Injections

Adjusted positions of release for targeted injections were also tested. The same trials
were conducted as with initial targeted injections, with only the position of injection
differing. Figure 12 shows deposition efficiencies for varying injection velocity magnitudes
and particle diameters.

(a) Injection Velocity Magnitude (m/s) (b) Particle Diameter (nm)

D
ep

o
si

ti
o

n
 E

ff
ic

ie
n

cy
 in

 O
lf

ac
to

ry
 R

eg
io

n
 (

%
)

D
ep

o
si

ti
o

n
 E

ff
ic

ie
n

cy
 in

 O
lf

ac
to

ry
 R

eg
io

n
 (

%
)

0

100,000
0

100,000

Figure 12. Deposition efficiency with varying magnetic fields for varying injection velocity magni-
tudes and diameters for targeted injections: (a) Deposition efficiency vs. injection velocity, and (b)
Deposition efficiency vs. injection angle.

When particles were released from the adjusted injection position, injection velocity
magnitude did not significantly affect deposition efficiency. When no magnetic fields were
applied, no particles reached the olfactory region. However, when 100,000 A of current was
applied, the DE was above 8%.

Particle diameter influenced particle delivery efficiency. When no current was present,
olfactory deposition remained at zero. However, when 100,000 A of current was applied
and the particle diameter was at 250 nm, a DE above 8% was achieved—the highest out of
any of the diameters tested.

With the adjusted position for targeted injections, the injection angle was modulated
from −30◦ to 75◦ while the particle diameter and injection velocity were held constant
at 250 nm and 1 m/s. The recorded deposition efficiencies are displayed in Figure 13. In
Figure 14, the deposition of particles in the nasal cavity and olfactory region is displayed.
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Figure 13. Deposition efficiency in varying magnetic fields for varying injection angles for targeted
injections.
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Figure 14. Particle deposition positions with varying injection angles for 100,000 A current.

For angles from −30◦ to 75◦, there seems to exist a positive correlation in Figure 13
between injection angle and deposition efficiency, specifically for 250 nm particles injected
from the adjusted position of targeted injections when the current was at 100,000 A. When
no current was present, deposition remained at zero for all angles. However, for large
injection angles, deposition efficiency reached up to 11.32%. This correlation is visible in
Figure 14. Greater injection angles (i.e., angled more toward the back of the nasal cavity)
corresponded to more deposition in the olfactory region.

3.4. Drug Diffusion through Mucus

Based on the DE found from CFD simulations, the percentage of injected drug ab-
sorbed at the olfactory epithelium was also calculated.

Figure 15 displays the proportion of the total injected drug that was absorbed at
the olfactory region over time for two injections. For example, if the current was at
100,000 A and injections were uniform, there were more 250 nm particles deposited in the
olfactory region compared with 100 nm particles, but for the smaller 100 nm particles, drug
absorption occurred at a higher rate.
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Figure 15. Proportion of total injected drug absorbed through olfactory epithelium over time.
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4. Discussion
4.1. Airflow Dynamics in the Nasal Cavity

Airflow was a prominent factor for particle trajectories, especially for nanoparticles.
Due to complex local airflow velocity distributions in the nasal cavity, the position a particle
was injected at was important for determining its trajectory and whether it reached the
olfactory region. With the small size of the nano-/micro- particles, they tended to follow
the nasal airflow well with small Stokes numbers [42]. Particles injected at the front of the
nasal inlets often traveled along airflow streamlines to reach upper areas of the nasal cavity,
such as the olfactory region. Particles injected in the middle of the nasal inlets traveled
through the middle regions of the nasal cavity, and particles injected at the back of the
middle cavity traveled near the bottom of the nasal cavity. The trajectories of these small
particles indeed conformed well with paths of nasal airflow. Many particle trajectories even
entered the olfactory region but followed the airflow to exit the region.

The conformity of particle trajectories to airflow streamlines, in addition to drag, offers
a reason for the often negligible influence of injection velocity magnitude on deposition
efficiency. For uniform injections and initial targeted injections, injection velocity did not
play a significant role. Because drag force relates to the velocity difference between the
airflow and the particle, and due to the strong effect of drag on small particles, of which the
surface area to volume ratio is larger than that of particles with large diameters, injecting
particles at higher velocities leads to stronger opposing drag forces initially. The velocity
difference between small particles and airflow will reach zero quickly. Therefore, the initial
injection velocity of small particles, especially nanoparticles, has a negligible influence on
their transport and deposition in the nasal cavity.

Regions of air recirculation in front of the olfactory region, revealed by visualizations
of airflow velocity, also influenced particle trajectories and deposition. Bates et al. [43]
also observed similar airflow recirculation patterns in the right side of the nasal cavity. As
air flowed through the inlets, it accelerated as it passed over angled portions of the inner
walls, which was evident in the high airflow velocities in the front of the nasal cavity. This
resulted in flow separation in the top of the nasal cavity in front of the olfactory region,
causing air to flow back and form a recirculation zone. During the 0.5 s period simulated, a
fraction of particles remained in the recirculation and did not deposit. This further shows
the significant influence of airflow on particles.

4.2. External Magnetic Field and Particle Trajectories

CFD simulations with varying levels of current modeled effects of magnetic forces,
generated by the current-carrying wire, on particles. Control cases corresponded to very
low olfactory deposition rates. Even with magnetic forces, deposition efficiency remained
below 0.2% in many cases. However, for larger nanoparticles with diameters of 250 nm,
500 nm, and 1000 nm, certain levels of current led to over three-fold increases in deposition
efficiency. Thus, external magnetic fields have the potential to improve olfactory delivery
efficiency. Moreover, there may exist a relationship between particle diameter and the
magnetic field strength needed to enhance efficiency.

For smaller nanoparticles of 100 nm or less in diameter, there were no significant
influences on deposition efficiency for the tested levels of current. Based on the assumptions
for particle charges, the magnetic force per mass exerted on each particle was equal,
regardless of particle size. This lack of response may be explained by drag forces. Smaller
nanoparticles have a greater ratio of surface area to volume, and drag directly relates to an
object’s area. Thus, smaller particles experience a greater force per mass due to drag [44].
Thus, particles with smaller diameters experienced greater drag force per mass. This offers
an explanation of the lack of influence of the tested magnetic fields on smaller nanoparticles.
Specifically, all particles experienced equal magnetic forces per mass, but smaller particles
experienced greater drag forces per mass.

This principle of drag provides a reason for certain levels of current significantly im-
proving deposition efficiency for particles of a certain diameter, but not of other diameters.
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For 250 nm, 500 nm, and 1000 nm particles, it was observed in uniform injection cases that
larger particles corresponded to lower levels of current necessary to enhance deposition
efficiency. Since the drag force is inversely proportional to d2

p, larger particles experienced
less drag force per mass. Thus, for larger particles, weaker magnetic fields were needed for
the magnetic force exerted on a particle to overcome drag.

Along with the fact that less current was needed to redirect larger nanoparticles, higher
levels of current also corresponded to lower deposition efficiency for some cases with larger
nanoparticles. This was due to many particles traveling up the front of the nasal cavity
being redirected by the magnetic force to deposit on the front walls of the nasal cavity. This
was evident in cases with larger nanoparticles when the initial targeted injection was used,
as many 250 nm, 500 nm, and 1000 nm particles were drawn toward the front walls of
the nasal cavity by the magnetic field. Similarly, 500 nm and 1000 nm particles had low
deposition efficiencies when 100,000 A of current was applied, as they deposited before
reaching the olfactory region.

The relation between particle size and magnetic force per mass needed to overcome
drag forces suggests a balance that can be achieved with particle size and current in order
to successfully redirect particle trajectories but avoid magnetic forces that lead particles to
deposit on the front walls of the nasal cavity. The position of injection and airflow velocity
also influenced the trajectories of the particle and the magnitude and direction of drag.
Thus, drag forces are not constant. However, it can be roughly approximated that the
magnetic force per mass needed to overcome drag force and further redirect the particle is
also inversely proportional to d2

p. For instance, 100,000 A of current significantly enhanced
delivery efficiency for uniform injections of 250 nm particles. Doubling the diameter to
500 nm, 100,000 A of current led to low deposition, but 25,000 A of current resulted in
significantly increased deposition efficiency. Doubling the diameter to 1000 nm, 25,000 A of
current resulted in low deposition, but a lower current of 10,000 A resulted in enhanced
efficiency. While 10,000 A is not exactly 0.25 of 25,000 A, it is possible that some current
less than 10,000 A leads to even higher delivery efficiency for 1000 nm particles.

4.3. Targeted Injections

The positions for targeted spray cone injections were selected based on approximate
starting positions of particles in uniform injections that reached the olfactory region. When
lower levels of current were applied, deposition efficiency significantly increased when
targeted injections were used. When 500 A of current was applied, deposition efficiencies
above 4% were achieved—up to an 20-fold increase from the majority of uniform injections
tested. With no magnetic field, efficiencies reached 3% to 4%, which was still much
higher than deposition efficiencies for uniform injections. Thus, targeted injections led to
significant increases in deposition efficiency.

The airflow streamlines offer an explanation for such improvements. Air entering
the nasal cavity at the front of the nasal inlets traveled along the front of the nasal cavity,
near the front walls. Some of these airflow streamlines reached the top of the nasal cavity.
Particles injected at the front of the inlets and traveling along these streamlines were more
likely to land in the olfactory region.

The targeted injection at the very front of the nasal cavity enhanced deposition effi-
ciency. However, it is important to consider that, realistically, nasal sprays do not inject
particles in a perfectly straight line, but often inject particles in a cone-shaped plume [45].
Spray cone injections were used in this study, and with the spread of injected particles,
as well as the constricted region at the front of the nasal inlet where particles are injected,
many particles ended up depositing in the nasal vestibules or front walls of the nasal cavity.
While increasing the injection angle led to less particle deposition in the vestibules, it did
not significantly improve deposition efficiency, as the angled injection may have caused
more particles to follow airflow streamlines below the olfactory region.

Injecting particles at the adjusted positions, further back on the nasal inlets, led to no
olfactory deposition when no magnetic fields were applied. This suggests that, when only
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injection position was considered without magnetic fields, using the particle release map
technique and targeted injections led to increased olfactory deposition.

Nevertheless, when magnetic fields were introduced, especially stronger magnetic
fields, deposition efficiency decreased in some cases. For small nanoparticles, with diame-
ters such as 1 nm and 5 nm, increasing magnetic field strength did not greatly influence
deposition efficiency. However, for larger particles, increases in magnetic field strength re-
sulted in increasingly drastic reductions in deposition efficiency, with no 1000 nm particles
reaching the olfactory region when 100,000 A of current was applied. Since particles were
released at the front of the nasal inlet, many of them likely traveled close to the front walls
of the nasal cavity along the airflow in the front of the nasal cavity. Thus, increasing current
led many particles to deposit on the front walls of the nasal cavity.

While targeted injections alone did enhance deposition efficiency, the large number
of particles deposited in the vestibules and on the front wall were not ideal. Furthermore,
when magnetic forces were applied to draw particles closer to the front of the nasal cavity
for higher likelihood of depositing in the olfactory region, many particles deposited on the
front walls before reaching the olfactory region. Thus, only using targeted injections still
comes with limitations.

4.4. Integration of Magnetic Fields and Targeted Injections

Initial targeted injections resulted in many particles depositing in the vestibules and
front walls of the nasal cavity. When magnetic fields were combined with the initial targeted
injections, increasing magnetic field strength had negative effects on deposition efficiency.
However, the influence of magnetic fields on particle deposition was also dependent on the
injection position of the particles.

When targeted injection positions were adjusted by several millimeters toward the
middle of the nasal inlets, no particles reached the olfactory region when no current was
applied. However, by injecting 250 nm particles from the adjusted targeted injection
position and applying 100,000 A of current, significant increases in deposition efficiency
were achieved. Compared with the initial targeted injections, this integration of magnetic
force with the adjusted targeted injections resulted in deposition efficiencies that were two
to nearly three times higher.

By shifting the targeted injection position back from the very front of the nasal inlets,
less particle deposition in the vestibules occurred, allowing more particles to be injected
deeper into the nasal cavity. Additionally, this adjusted injection position meant that more
particles traveled slightly further away from the front walls of the nasal cavity. This allowed
the magnetic field to draw more particles to the olfactory region, rather than causing them
to deposit too early. In addition, deposition efficiency increased as the injection angle
increased toward 75◦. This could also be explained by angled injections releasing more
particles at a farther distance from the front walls of the nasal cavity, allowing the magnetic
force to guide more particles to the olfactory region instead of to the front walls.

Therefore, while using the initial targeted injection alone led to greatly increased
deposition efficiency in the olfactory region, further adjusting the targeted injection position
and angle to account for the magnetic force and spread of the spray cone led to even greater
deposition efficiencies.

4.5. Drug Diffusion and Absorption

A larger particle size corresponds to a lower diffusion coefficient, meaning slower
diffusion through the mucus layer covering the olfactory epithelium. On the other hand,
larger particles experience less drag force, meaning weaker magnetic forces can more easily
draw more particles toward the olfactory region. In some cases, there exists a trade-off
between deposition efficiency and the time needed for the drug to diffuse through the
mucus layer before it is actually absorbed through the olfactory epithelium. In other words,
it may be easier to achieve higher deposition efficiency using magnetic fields on larger
nanoparticles, but these particles would take longer to be absorbed compared to smaller
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nanoparticles. Depending on the intention of medical treatment, whether a small amount
of a drug must be absorbed quickly, or a larger amount must be absorbed gradually, specific
particle diameters would be more suitable.

It is not enough to only consider deposition efficiency, as factors playing a role in
efficiency also influence other steps in the drug delivery process. Drug diffusion through
the mucus layer is a factor that must be weighed when configuring nasal drug delivery.
The amount of drug absorbed, as well as the absorption rate, depends on particle di-
ameter, as well as deposition efficiency, which relates to the particle diameter, magnetic
force, and injection position. Calibration between the components is necessary to achieve
desired outcomes.

4.6. Implications

These findings display the roles that fluid flow, particle diameter, magnetic forces,
and targeted injections play in drug delivery efficiency. Moreover, insights are revealed
regarding the meaningful connections between these factors, which allow for better integra-
tion to achieve enhanced delivery efficiency. While initial positions for targeted injections
allowed for spray cone injections that led to improvements in olfactory delivery efficiency,
more factors must be considered when combining targeted injections and magnetic fields
to achieve even higher efficiencies.

This study elucidates the relationships between such aspects of drug delivery and
reveals that they do not independently affect drug deposition efficiency but are intercon-
nected with other variables. Ideal magnetic fields that improve efficiency relate to drag
forces, which are connected to particle diameter. A suitable magnetic field strength also
relates to the position and angle of targeted injections. Furthermore, the particle diameter
also affects its diffusion rate through mucus.

In addition, realistic factors, such as the inhalation waveform and spray cone injections,
further add to the comprehensiveness of insight provided by the simulations. For example,
applying the spray cone injection led to results suggesting that the initial targeted injection
position may have caused many particles to deposit in the vestibules. This explains why
the adjusted targeted injection, in use with the magnetic field, achieved over twice the
deposition efficiency of the initial targeted injection and over 65 times the efficiency of the
uniform injection of 250 nm particles with no magnetic field.

The findings of this study can inform designers of nasal drug delivery systems re-
garding how to effectively integrate magnetic fields, targeted injections, and nasal sprays
with specific properties to achieve more efficient olfactory drug delivery. The many factors
considered, including drug diffusion through nasal mucus and absorption at the olfactory
epithelium, capture a broad view of drug delivery. This can lead to more complex analyses
of drug delivery models that are even more comprehensive and physiologically realistic.

4.7. Limitations and Future Work

Only an infinite linear wire was tested in this study. Other configurations of mag-
netic targeting systems may reveal alternative ways to further improve olfactory drug
delivery [46–48]. Such systems can be further examined in future work.

Particles remaining in the recirculation region also present a limitation of this study. If
simulations were extended to include airflow through the end of inhalation and into the
exhalation period, more insight would be gained on where the particles in the recirculation
region might deposit. This suggests future work to simulate full breathing cycles, multiple
breathing cycles, or an aspect of randomness in breathing patterns.

The inhalation flow rate used in this study is based on a realistic breathing waveform.
However, there is a possibility of variation in the inhalation rate, which may influence
drug deposition. Future work with various inhalation waveforms may provide a more
comprehensive understanding of olfactory drug delivery.

Magnetic fields simulated in this study may not be able to be directly created in
physical experiments, due to unfeasible currents and magnetic field strengths that could be
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unsafe for humans. However, the understanding gained still reveals the levels of magnetic
forces that are suitable to enhance efficiency, which can be applied in future work to develop
and improve drug targeting using externally generated forces.

It is also worth mentioning that the nasal cavity geometry selected for this study does
not contain sinuses [22]. To increase the realism of the numerical simulation, influences
of the sinuses on airflow and drug particle trajectories as well as the targeted delivery
efficiency will be investigated in the future.

5. Conclusions

In this study, the delivery of charged nasal spray nanoparticles with magnetic drug
targeting was simulated using computational fluid dynamics, with the RANS model for
nasal airflow and the discrete phase model for particle trajectories. The magnetic field
generated by a current-carrying wire was modeled to determine its influence on particle
deposition. Experiments examined the effects of parameters—namely particle size, the
velocity magnitude, angle, and position of injection, and magnetic field strength—on drug
delivery efficiency to the olfactory region and drug diffusion through the mucus layer,
with the aim of determining how the olfactory delivery efficiency of nanoparticles can be
enhanced. Findings support the idea that, due to drag forces, the combination of particle
diameter, injection position, and magnetic field strength is the deciding factor in olfactory
delivery efficiency. The inverse relationship between particle size and ideal magnetic field
strength that enhances efficiency, as well as ideal injection positions based on magnetic
field strength, suggests how to integrate the three factors to achieve the best efficiency. With
a 100,000 A wire current and adjusted positions for targeted spray injections, the delivery
efficiency of 250 nm nanoparticles was enhanced by over 65-fold compared with control
cases with uniform injections and no magnetic field. This study provides insight that
can inform physical drug delivery experiments on combinations of particle size, injection
position, and external guiding forces that significantly increase efficiency, as well as future
experiments and clinical studies that integrate even more factors of nasal drug delivery.

Author Contributions: Conceptualization, B.L., Y.F.; methodology, B.L.; software, Y.F., B.L.; valida-
tion, B.L., Y.F.; formal analysis, B.L.; investigation, B.L.; resources, Y.F.; data curation, B.L.; writing—
original draft preparation, B.L.; writing—review and editing, Y.F.; visualization, B.L.; supervision, Y.F.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The use of Ansys software (Ansys Inc., Canonsburg, PA, USA) as part of the
Ansys-CBBL academic partnership is gratefully acknowledged. Some of the computing for this
project was performed at the OSU High Performance Computing Center (Jesse Schafer, Head of
Operations, OSU-HPCC) at Oklahoma State University supported in part through the National
Science Foundation grant OAC-1531128.

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

Abbreviations
The following abbreviations are used in this manuscript:

BBB Blood–brain barrier
CAD Computer-aided design
CFD Computational fluid dynamics
CNS Central nervous system
DE Deposition efficiency



Bioengineering 2022, 9, 40 21 of 22

DPM Discrete phase model
HPCC High Performance Computing Center
LES Large eddy simulation
OSU Oklahoma State University
RANS Reynolds-averaged Navier–Stokes
SST Shear–stress transport
UDF User-defined function

References
1. PAHO. The Burden of Neurological Conditions in the Region of the Americas, 2000–2019; Pan American Health Organization:

Washington, DC, USA, 2021.
2. WHO. Neurological Disorders: Public Health Challenges; World Health Organization: Geneva, Switzerland, 2006.
3. Alifieris, C.; Trafalis, D. Glioblastoma Multiforme: Pathogenesis and Treatment. Pharmacol. Ther. 2015, 152, 63–82. [CrossRef]

[PubMed]
4. Pardridge, W. The Blood-Brain Barrier: Bottleneck in Brain Drug Development. NeuroRx J. Am. Soc. Exp. Neurother. 2005, 2, 3–14.

[CrossRef] [PubMed]
5. Crowe, T.; Greenlee, M.H.; Kanthasamy, A.; Hsu, W. Mechanism of intranasal drug delivery directly to the brain. Life Sci. 2017,

195, 44–52. [CrossRef] [PubMed]
6. Djupesland, P. Nasal drug delivery devices: Characteristics and performance in a clinical perspective—A review. Drug Deliv.

Transl. Res. 2013, 3, 42–62. [CrossRef] [PubMed]
7. Shi, H.; Kleinstreuer, C.; Zhang, Z. Laminar Airflow and Nanoparticle or Vapor Deposition in a Human Nasal Cavity Model. J.

Biomech. Eng. 2006, 128, 697–706. [CrossRef] [PubMed]
8. Xi, J.; Si, X. Numerical Simulation and Experimental Testing to Improve Olfactory Drug Delivery with Electric Field Guidance of

Charged Particles. Adv. Technol. Deliv. Ther. 2017, 5, 89-109. [CrossRef]
9. Zhang, Z.; Kleinstreuer, C. Laminar-to-turbulent fluid–nanoparticle dynamics simulations: Model comparisons and nanoparticle-

deposition applications. Int. J. Numer. Methods Biomed. Eng. 2011, 27, 1930–1950. [CrossRef]
10. Inthavong, K.; Ge, Q.J.; Li, X.D.; Tu, J.Y. Detailed predictions of particle aspiration affected by respiratory inhalation and airflow.

Atmos. Environ. 2012, 62, 107–117. [CrossRef]
11. Inthavong, K.; Tian, Z.; Tu, J.; Yang, W.; Xue, C. Optimising nasal spray parameters for efficient drug delivery using computational

fluid dynamics. Comput. Biol. Med. 2008, 38, 713–726. [CrossRef]
12. Vachhani, S.; Kleinstreuer, C. Comparison of micron- and nano-particle transport in the human nasal cavity with a focus on the

olfactory region. Comput. Biol. Med. 2021, 128, 104103. [CrossRef]
13. Pourmehran, O.; Gorji, T.; Gorji-Bandpy, M. Magnetic drug targeting through a realistic model of human tracheobronchial

airways using computational fluid and particle dynamics. Biomech. Model. Mechanobiol. 2016, 15, 1355-1374 . [CrossRef]
14. Shang, Y.; Inthavong, K.; Qiu, D.; Singh, N.; He, F.; Tu, J. Prediction of nasal spray drug absorption influenced by mucociliary

clearance. PLoS ONE 2021, 16, e0246007. [CrossRef] [PubMed]
15. Kiaee, M.; Wachtel, H.; Noga, M.; Martin, A.; Finlay, W. Regional Deposition of Nasal Sprays in Adults: A Wide Ranging

Computational Study. Int. J. Numer. Methods Biomed. Eng. 2018, 34, e2968. [CrossRef]
16. Gao, M.; Shen, X.; Mao, S. Factors influencing drug deposition in the nasal cavity upon delivery via nasal sprays. J. Pharm.

Investig. 2020, 50, 251–259. [CrossRef]
17. Xi, J.; Zhang, Z.; Si, X.A.; Yang, J.; Deng, W. Optimization of magnetophoretic-guided drug delivery to the olfactory region in a

human nose model. Biomech. Model. Mechanobiol. 2016, 15, 877–891. [CrossRef]
18. Kenjereš, S.; Tjin, J.L. Numerical simulations of targeted delivery of magnetic drug aerosols in the human upper and central

respiratory system: A validation study. R. Soc. Open Sci. 2017, 4, 170873. [CrossRef]
19. Taheri, M.H.; Pourmehran, O.; Sarafraz, M.M.; Ahookhosh, K.; Farnoud, A.; Cui, X. Effect of swirling flow and particle-release

pattern on drug delivery to human tracheobronchial airways. Biomech. Model. Mechanobiol. 2021, 20, 2451–2469. [CrossRef]
[PubMed]

20. Teimouri, K.; Tavakoli, M.R.; Ghafari, A.; Kim, K.C. Effect of plaque geometry on targeted delivery of stem cells containing
magnetic particles in a rigid and elastic curved artery with stenosis. J. Magn. Magn. Mater. 2022, 542, 168580. [CrossRef]

21. Erickson, A.M.; Henry, B.I.; Murray, J.M.; Klasse, P.J.; Angstmann, C.N. Predicting First Traversal Times for Virions and
Nanoparticles in Mucus with Slowed Diffusion. Biophys. J. 2015, 109, 164–172. [CrossRef]

22. Pourmehran, O.; Arjomandi, M.; Cazzolato, B.; Tian, Z.; Vreugde, S.; Javadiyan, S.; Psaltis, A.J.; Wormald, P.J. Acoustic drug
delivery to the maxillary sinus. Int. J. Pharm. 2021, 606, 120927. [CrossRef]

23. Feng, Y.; Zhao, J.; Chen, X.; Lin, J. An in silico subject-variability study of upper airway morphological influence on the airflow
regime in a tracheobronchial tree. Bioengineering 2017, 4, 90. [CrossRef]

24. Zhao, J.; Feng, Y.; Koshiyama, K.; Wu, H. Prediction of airway deformation effect on pulmonary air-particle dynamics: A
numerical study. Phys. Fluids 2021, 33, 101906. [CrossRef]

25. Menter, F.; Langtry, R.; Likki, S.; Suzen, Y.; Huang, P.; Völker, S. A Correlation-Based Transition Model Using Local Variables—Part
I: Model Formulation. ASME J. Turbomach. 2006, 128, 413–422. [CrossRef]

http://doi.org/10.1016/j.pharmthera.2015.05.005
http://www.ncbi.nlm.nih.gov/pubmed/25944528
http://dx.doi.org/10.1602/neurorx.2.1.3
http://www.ncbi.nlm.nih.gov/pubmed/15717053
http://dx.doi.org/10.1016/j.lfs.2017.12.025
http://www.ncbi.nlm.nih.gov/pubmed/29277310
http://dx.doi.org/10.1007/s13346-012-0108-9
http://www.ncbi.nlm.nih.gov/pubmed/23316447
http://dx.doi.org/10.1115/1.2244574
http://www.ncbi.nlm.nih.gov/pubmed/16995756
http://dx.doi.org/10.5772/65858
http://dx.doi.org/10.1002/cnm.1447
http://dx.doi.org/10.1016/j.atmosenv.2012.07.071
http://dx.doi.org/10.1016/j.compbiomed.2008.03.008
http://dx.doi.org/10.1016/j.compbiomed.2020.104103
http://dx.doi.org/10.1007/s10237-016-0768-3
http://dx.doi.org/10.1371/journal.pone.0246007
http://www.ncbi.nlm.nih.gov/pubmed/33507973
http://dx.doi.org/10.1002/cnm.2968
http://dx.doi.org/10.1007/s40005-020-00482-z
http://dx.doi.org/10.1007/s10237-015-0730-9
http://dx.doi.org/10.1098/rsos.170873
http://dx.doi.org/10.1007/s10237-021-01518-5
http://www.ncbi.nlm.nih.gov/pubmed/34515918
http://dx.doi.org/10.1016/j.jmmm.2021.168580
http://dx.doi.org/10.1016/j.bpj.2015.05.034
http://dx.doi.org/10.1016/j.ijpharm.2021.120927
http://dx.doi.org/10.3390/bioengineering4040090
http://dx.doi.org/10.1063/5.0065309
http://dx.doi.org/10.1115/1.2184352


Bioengineering 2022, 9, 40 22 of 22

26. Menter, F.; Langtry, R.; Völker, S. Transition Modelling for General Purpose CFD Codes. Flow Turbul. Combust. 2006, 77, 277–303.
[CrossRef]

27. Shi, H.; Kleinstreuer, C.; Zhang, Z. Modeling of inertial particle transport and deposition in human nasal cavities with wall
roughness. J. Aerosol Sci. 2007, 38, 398–419. [CrossRef]

28. ANSYS FLUENT 12.0 Theory Guide, Section 15.2.1: Equations of Motion for Particles. Available online: https://www.afs.enea.
it/project/neptunius/docs/fluent/html/th/node241.htm (accessed on 21 April 2021).

29. Chen, X.; Zhong, W.; Sun, B.; Jin, B.; Zhou, X. Study on gas/solid flow in an obstructed pulmonary airway with transient flow
based on CFD–DPM approach. Powder Technol. 2011, 217, 252–260. [CrossRef]

30. Chen, X.; Feng, Y.; Zhong, W.; Kleinstreuer, C. Numerical investigation of the interaction, transport and deposition of multicom-
ponent droplets in a simple mouth-throat model. J. Aerosol Sci. 2017, 105, 108–127. [CrossRef]

31. Ounis, H.; Ahmadi, G.; Mclaughlin, J. Brownian diffusion of submicrometer particles in the viscous sublayer. J. Colloid Interface
Sci. 1991, 143, 266–277. [CrossRef]

32. Li, A.; Ahmadi, G. Dispersion and Deposition of Spherical Particles from Point Sources in a Turbulent Channel Flow. Aerosol Sci.
Technol. 1992, 16, 209–226. [CrossRef]

33. Saffman, P. The Lift on a Small Sphere in a Slow Shear. J. Fluid Mech. 1965, 22, 385–400. [CrossRef]
34. Li, C.; Jiang, J.; Dong, H.; Zhao, K. Computational modeling and validation of human nasal airflow under various breathing

conditions. J. Biomech. 2017, 64, 59–68. [CrossRef] [PubMed]
35. Haghnegahdar, A.; Zhao, J.; Feng, Y. Lung Aerosol Dynamics of Airborne Influenza A Virus-Laden Droplets and the Resultant

Immune System Responses: An In Silico Study. J. Aerosol Sci. 2019, 134, 34–55. [CrossRef] [PubMed]
36. Golshahi, L.; Longest, P.; Holbrook, L.; Snead, J.; Hindle, M. Production of Highly Charged Pharmaceutical Aerosols Using a

New Aerosol Induction Charger. Pharm. Res. 2015, 32, 9. [CrossRef]
37. Leal, J.; Smyth, H.D.; Ghosh, D. Physicochemical properties of mucus and their impact on transmucosal drug delivery. Int. J.

Pharm. 2017, 532, 555–572. [CrossRef] [PubMed]
38. Cu, Y.; Saltzman, W. Mathematical modeling of molecular diffusion through mucus. Adv. Drug Deliv. Rev. 2009, 61, 101–114.

[CrossRef]
39. Amsden, B. An Obstruction-Scaling Model for Diffusion in Homogeneous Hydrogels. Macromolecules 1999, 32, 874–879.

[CrossRef]
40. Einstein, A. Investigations on the Theory of the Brownian Movement. Ann. Phys. 1905, 17, 549. [CrossRef]
41. Haghnegahdar, A.; Feng, Y.; Chen, X.; Lin, J. Computational analysis of deposition and translocation of inhaled nicotine and

acrolein in the human body with e-cigarette puffing topographies. Aerosol Sci. Technol. 2018, 52, 483–493. [CrossRef]
42. Brennen, C. Fundamentals of Multiphase Flow; Cambridge University Press: Cambridg, UK, 2005. [CrossRef]
43. Bates, A.J.; Doorly, D.J.; Cetto, R., Calmet, H.; Gambaruto, A.M.; Tolley, N.S.; Houzeaux, G.; Schroter, R.C. Dynamics of airflow in

a short inhalation. J. R. Soc. Interface 2015, 12, 1–15. [CrossRef]
44. Particle Professor: The Truth about Particles and Drag Forces. Available online: https://www.powderbulk.com/article/particle-

professor-the-truth-about-particles-and-drag-forces/ (accessed on 29 April 2021).
45. Inthavong, K.; Fung, M.C.; Tong, X.; Yang, W.; Tu, J. High Resolution Visualization and Analysis of Nasal Spray Drug Delivery.

Pharm. Res. 2014, 31, 1930–1937. [CrossRef]
46. Liu, Y.L.; Chen, D.; Shang, P.; Yin, D.C. A review of magnet systems for targeted drug delivery. J. Control. Release 2019, 302, 90–104.

[CrossRef] [PubMed]
47. Hoshiar, A.K.; Le, T.A.; Amin, F.U.; Kim, M.O.; Yoon, J. Studies of aggregated nanoparticles steering during magnetic-guided

drug delivery in the blood vessels. J. Magn. Magn. Mater. 2017, 427, 181–187. [CrossRef]
48. Le, T.A.; Zhang, X.; Kafash Hoshiar, A.; Kim, M.; Yoon, J. Simulation studies of a novel electromagnetic actuation scheme for

focusing magnetic micro/nano-carriers into a deep target region. AIP Adv. 2017, 7, 056724. [CrossRef]

http://dx.doi.org/10.1007/s10494-006-9047-1
http://dx.doi.org/10.1016/j.jaerosci.2007.02.002
https://www.afs.enea.it/project/neptunius/docs/fluent/html/th/node241.htm
https://www.afs.enea.it/project/neptunius/docs/fluent/html/th/node241.htm
http://dx.doi.org/10.1016/j.powtec.2011.10.034
http://dx.doi.org/10.1016/j.jaerosci.2016.12.001
http://dx.doi.org/10.1016/0021-9797(91)90458-K
http://dx.doi.org/10.1080/02786829208959550
http://dx.doi.org/10.1017/S0022112065000824
http://dx.doi.org/10.1016/j.jbiomech.2017.08.031
http://www.ncbi.nlm.nih.gov/pubmed/28893392
http://dx.doi.org/10.1016/j.jaerosci.2019.04.009
http://www.ncbi.nlm.nih.gov/pubmed/31983771
http://dx.doi.org/10.1007/s11095-015-1682-6
http://dx.doi.org/10.1016/j.ijpharm.2017.09.018
http://www.ncbi.nlm.nih.gov/pubmed/28917986
http://dx.doi.org/10.1016/j.addr.2008.09.006
http://dx.doi.org/10.1021/ma980922a
http://dx.doi.org/10.1002/andp.19053220806
http://dx.doi.org/10.1080/02786826.2018.1447644
http://dx.doi.org/10.1017/CBO9780511807169
http://dx.doi.org/10.1098/rsif.2014.0880
https://www.powderbulk.com/article/particle-professor-the-truth-about-particles-and-drag-forces/
https://www.powderbulk.com/article/particle-professor-the-truth-about-particles-and-drag-forces/
http://dx.doi.org/10.1007/s11095-013-1294-y
http://dx.doi.org/10.1016/j.jconrel.2019.03.031
http://www.ncbi.nlm.nih.gov/pubmed/30946854
http://dx.doi.org/10.1016/j.jmmm.2016.11.016
http://dx.doi.org/10.1063/1.4977018

	Introduction
	Materials and Methods
	Geometry and Mesh
	Governing Equations
	Continuous Phase
	Discrete Phase
	Boundary Conditions
	Initial Conditions
	External Magnetic Field

	Analytical Solution for Drug Diffusion through the Mucus
	Numerical Setup
	Model Validation

	Results
	Airflow in the Nasal Cavity
	Particle Deposition: Uniform Injections
	Particle Deposition: Targeted Injections
	Initial Targeted Injections
	Adjusted Targeted Injections

	Drug Diffusion through Mucus

	Discussion
	Airflow Dynamics in the Nasal Cavity
	External Magnetic Field and Particle Trajectories
	Targeted Injections
	Integration of Magnetic Fields and Targeted Injections
	Drug Diffusion and Absorption
	Implications
	Limitations and Future Work

	Conclusions
	References

