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Background: Although direct nose-to-brain drug delivery has multiple advantages, its 

application is limited by the extremely low delivery efficiency (1%) to the olfactory region 

where drugs can enter the brain. It is crucial to developing new methods that can deliver drug 

particles more effectively to the olfactory region.

Materials and methods: We introduced a delivery method that used magnetophoresis to 

improve olfactory delivery efficiency. The performance of the proposed method was assessed 

numerically in an image-based human nose model. Influences of the magnet layout, magnet 

strength, drug-release position, and particle diameter on the olfactory dosage were examined.

Results and discussion: Results showed that particle diameter was a critical factor in con-

trolling the motion of nasally inhaled ferromagnetic drug particles. The optimal particle size 

was found to be approximately 15 µm for effective magnetophoretic guidance while avoiding 

loss of particles to the walls in the anterior nose. Olfactory delivery efficiency was shown to be 

sensitive to the position and strength of magnets and the release position of drug particles. The 

results of this study showed that clinically significant olfactory doses (up to 45%) were feasible 

using the optimal combination of magnet layout, selective drug release, and microsphere-carrier 

diameter. A 64-fold-higher delivery of dosage was predicted in the magnetized nose compared 

to the control case, which did not have a magnetic field. However, the sensitivity of olfactory 

dosage to operating conditions and the unstable nature of magnetophoresis make controlled 

guidance of nasally inhaled aerosols still highly challenging.

Keywords: direct nose–brain delivery, olfactory deposition, magnetophoretic guidance, neu-

rological nanomedicine, intranasal drug delivery, microsphere carrier

Introduction
Direct nose-to-brain drug delivery provides a noninvasive method that bypasses the 

blood–brain barrier and directly delivers medication to the brain and spinal cord.1,2 

However, its application is limited by the extremely low delivery efficiency (1%) of 

conventional devices to the olfactory region where drugs can directly enter the brain.3,4 

This poor bioavailability is mainly attributed to two reasons: 1) the complexity of the 

nasal structure that traps particles before reaching the olfactory region,5 2) the com-

plete lack of control on particle motions after their release at the nostrils. The structure 

of a human nose is highly complex, with narrow, convoluted channels (Figure 1A). 

The olfactory region is located above the superior turbinate (Figure 1A), and covers 

about 8% of the surface area of the nasal passage.6 Due to the labyrinth structure of 

the nasal passage, most inhaled particles will be trapped by the nasal wall and filtered 
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out (Figure 1B). Conventional inhalation devices depend on 

inspiratory aerodynamics to transport therapeutic agents to 

the target area.7 There is no further control on the motions 

of particles after their release. Therefore, the transport and 

deposition of these particles predominantly depend on their 

initial velocity. Due to the convoluted nasal passage, as well 

as the lack of particle control, the majority of drug particles 

are trapped in the anterior nose and cannot reach the targeted 

olfactory region.

In this study, we proposed a new delivery approach that 

used magnetophoretic forces to enhance the olfactory deliv-

ery efficiency. A conceptual diagram of this approach is dis-

played in Figure 2. We hypothesized that by the application 

of a proper magnetic field, ferromagnetic particles can be 

guided through the nasal passages with a reduced loss of 

medication to the nasal walls compared to previous deliv-

ery methods. The magnetic force required to do so can be 

achieved by carefully pairing magnet strength and particle 

properties. Recently, Dames et al proved that it is practical 

to enhance drug-delivery efficacy with magnetophoresis 

in vivo.8 After superparamagnetic iron oxide nanoparticles 

(SPIONs; 80 nm) had been mixed into drug aerosols, the 

magnetized lung received a dosage eight times higher than 

the control case.

Magnetic particles have been actively studied with such 

applications as catalysis, drug delivery, magnetic resonance 

or particle imaging, data storage, and optical filters.9 Mag-

netic drug delivery is a method used to target pharmaceu-

ticals to a specific region in the body. Magnetic particles 

that are suspended in nonmagnetic fluids are subjected to 

positive magnetophoretic forces and are attracted toward 

the highest magnetic region. The major limitation in using 

this technique is the need for high magnetic intensity and 

high magnet gradient, both of which are necessary for effec-

tive control. Stationary magnets of safe strengths can only 

focus particles about 5 cm deep under the skin. Attempts 

are also underway to target deep tissue with dynamic mag-

netic control, up to 20 cm away from the magnet surface.10 

However, until such a system is available, the magnet has 

to be placed close to the diseased region. At the moment, 

Figure 1 Human nose model and the olfactory region.
Notes: The red circle highlights where the olfactory region is located. (A). For optimal olfactory drug delivery, particles should travel along the middle plane (B) of the nasal 
passage, which exhibits complex spatial features.
Abbreviations: IM, inferior meatus; LP, lower passage; MM, middle meatus; MRI, magnetic resonance imaging; OR, olfactory region; SM, superior meatus; UP, upper passage.
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pathologies in or close to the skin are the major candidates 

for magnetic drug delivery. Examples that can be targeted 

with magnetic drug delivery are the skin, breast, liver, 

prostate, colon, and brain.11

Most of the previous studies of magnetic drug delivery 

concerned liquids (eg, blood flow), mucous, soft tissue, or 

skin, where the magnetic agents could suspend relatively long 

and evenly.12 This suspension cannot be readily realized in 

low-density fluids, such as air, for magnetic microspheres. 

Furthermore, the particle inertia relative to the viscous drag 

is much larger in airflow than in liquids (eg, the Reynolds 

number in the air is about 55 times greater than that of water 

at room temperature). In order to effectively guide the intra-

nasally delivered drugs to the olfactory region, it is necessary 

for the applied magnetophoretic forces to overcome both the 

particle inertia and gravitational force. Experimental studies 

exploring magnetophoretic control for applications in inhala-

tion drug delivery include 1) Brain et al who used iron oxide 

particles to improve the deposition in rabbit lungs,13 2) Stahl-

hofen and Möller who investigated the dynamics of magnetic 

microparticles in human lungs,14 3) Jang and Cao, who 

measured the deposition fraction of magnetic nanoparticles,15 

and 4) Martin and Finlay, who managed to enhance fiber 

depositions using magnetic alignment.16 More recently, Xie 

et al conducted a numerical study of magnetic aerosols in 

the range of 0.25−4.5 µm, and demonstrated that numerical 

predictions could adequately describe the complementary  

in vitro deposition experiments.17

There were three objectives in this study: 1) assess the 

feasibility of magnetophoresis to improve the olfactory dos-

age of nasally inhaled particles, 2) identify the strength of 

magnets and the sizes of drug carrier that are necessary for 

meaningful olfactory dosages, and 3) identify the synthesis 

of the magnetic and particle parameters to achieve optimal 

olfactory delivery.

Materials and methods
Magnetophoretic olfactory delivery 
protocol
The proposed device consists of two rows of permanent 

magnets positioned above the nose. In each row, there are 

multiple magnet bars, each having different strengths to 

produce a specific magnetic field within the nasal cavity. 

Once released into the nose, a drug particle will experience 

magnetic attractions and depart from its original course. With 

an appropriate magnetic field, drug particles can be guided 

to the olfactory region with reduced losses to nasal walls. 

Permanent magnets and ferromagnetic drug particles were 

tested in this study, because this combination is accepted as 

the simplest and most cost-effective manipulation method 

among magnetic controls.18

Fluid-particle transport models
The inhaled airflows were assumed to be steady, incompress-

ible, and isothermal in this study. A laminar flow model was 

adopted to resolve the flow field.19–21 A Lagrangian tracking 

Figure 2 Diagram of magnetophoretically guided drug delivery.
Notes: By the application of an appropriate magnet layout, particles can be guided through the geometry of the nasal passage with reduced contact with the wall. Point 
release of drug particles is recommended for optimal delivery efficiency.
Abbreviation: CNS, central nervous system.
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approach was implemented to simulate the trajectories of 

particles.22 The particles were assumed to be spherical, and 

ranged from 1 µm to 30 µm in diameter. The governing 

equation is:23
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 are particle velocity and fluid velocity, respec-

tively. The symbol C
c
 is the Cunningham slip-correction 

factor, τ
p
 (ie, ρ

p
d

p
2/18 µ) is the characteristic time for a par-

ticle to respond to changes in the airflow, ρ
p
 is the particle 

density, and d
p
 is the particle diameter. The drag factor (f) is 

calculated following the equation suggested by Morsi and 

Alexander.24 For micrometer particles, the Saffman lift force 

was also included.5 Diluted particle concentrations were 

assumed in this study.

Magnetic field and magnetophoretic force
The relation between magnetic flux density (B), magnetic 

intensity (H), and magnetization (M) is given by:

	 B H M= µ0 ( + ) 	 (2)

where µ
0
 is the permeability of free space. M includes per-

manent magnetization and any linear and nonlinear function 

of H.25 We assume that there is no electric current flow: 

∇ × H =0. The effective magnetic dipole moment (ie, mag-

netization) induced by the magnetic field (H) is given by:

	 m d K
eff p
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4

3
3π H 	 (3)

where K is the Clausius–Mossotti factor:
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The magnetophoretic force acting on a spherical particle 

in a nonuniform magnetic field is computed by:26

	 F
i Magnetophoretic,

( )= ⋅µ
0
m H

eff
∇ 	 (5)

The symbols µ
p
 and µ

f
 are the magnetic permeability of 

particles and fluid, respectively. From the Equation 5, it is 

apparent that the magnetophoretic force is proportional to 

particle volume, the strength of the magnetic field, and the 

magnetic field gradient. In addition, the force is directed 

along the gradient of the external magnetic field.

The particle dynamics relative to applied magnetic fields 

were first studied in a simple two-plate channel. For given par-

ticle-release positions and inhalation conditions, the required 

field strengths for effective magnetic manipulation were 

computed. These computed parameters were subsequently 

used in both idealized and realistic nose models to assess the 

olfactory delivery efficiencies. The use of an idealized nose 

model could remarkably reduce the requirement of compu-

tational times relative to the realistic nose model. Influences 

of operating parameters, such as the strength and location of 

external magnets, drug-release positions, and particle size, on 

the olfactory delivery efficiency were investigated.

Numerical methods
The nose model implemented in this study was based on 

magnetic resonance scans of a 53-year-old male. Detailed 

procedures to construct this model had been reported 

in Xi  and  Longest.19 Multiphysics® software (Comsol, 

Burlington, MA, USA) was used to solve the airflow, mag-

netic field, and particle tracing. A mesh-independence test was 

undertaken by comparing predicted aerosol depositions from 

various mesh densities, which ranged from 0.4 to 2.0 million 

computational cells. The final mesh for numerical analysis 

in this study consisted of 1.1 million cells.

Results
Magnetophoretic control in a two-plate 
channel
The feasibility of magnetophoretic control of particle motions 

was first assessed in a two-plate channel (Figure 3) with various 

magnet layouts. By setting multiple permanent magnets on the 

outside edges of the two plates, the trajectory of particles could 

be modified within the channel. In this simulation, the length 

of the channel was 150 mm, and the height was 10 mm. The 

magnetic permeability of the particles was 880 µH/m, and the 

relative magnetic permeability was 700 µH/m. The particle size 

tested was in the range of 1−30 µm. The density of particles 

was 1,500 kg/m3 considering that the droplets were a mixture 

of water and iron nanoparticles. The airflow and particles were 

inhaled into the nostrils at 0.5 m/s. The magnetic field and asso-

ciated particle dynamics within the two plates are presented in 

Figure 3 for three different magnet settings.

Because magnetophoretic force is proportional to the 

particle volume (d
p

3, Equation 3), while the viscous drag 

force is proportional to the particle diameter, it is more 

difficult to control smaller particles. For a given magnetiza-

tion of 1×105 A/m, only particles larger than 10 µm show 

noticeable magnetic responses. Figure 3A shows the particle 
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trajectories of 15 µm with no magnetic field (control case), 

where particles follow parabolic path lines due to the gravi-

tational force. As expected, a particle with a release position 

that was closer to the bottom plate settled earlier (due to short 

ambient time), while a particle with a release position closer 

to the upper plate settled after traveling a longer distance. In 

order to manipulate the particle motions, the applied magne-

tophoretic force must be sufficient to overcome the effects 

of gravity and particle inertia.

In the first trial, we tested the feasibility of controlling 

particle motions by using magnetophoretic forces to coun-

teract gravity, allowing the particles to move horizontally 

instead of falling. To this purpose, we applied three magnets 

on top of the channel (Figure 3B). The resultant magnet 

field was nonuniform, being stronger at the upper plate and 

weaker at the bottom plate. The ferromagnetic particles were 

attracted upward toward the stronger magnetic field, which 

acted against gravity. When all three magnets had a volume 

magnetization of 1×105 A/m and the given particle size 

was 15 µm, the magnetophoretic force was in equilibrium 

with the gravitational force at the centerline of the channel 

(Figure 3B). However, this force had a linear dependence 

on the strength of the magnetic field. The upper part of the 

channel had a stronger magnetophoretic force, which pulled 

particles toward the top plate. On the other hand, the particles 

in the lower channel continued along their original path, 

×

Figure 3 Magnetic field and particle trajectories within a two-plate channel.
Notes: (A) control case; (B) layout 1; (C) layout 2; (D) layout 3.

because the magnetophoretic force was weaker than gravity. 

It was also noted that compared with the trajectory in the 

control case (no magnetic field), the particles fell at a much 

slower rate, due to the upward magnetophoretic force.

The second trial tested how the particle trajectories 

changed when stronger magnets were applied (Figure 3C). 

In this trial, the left two magnets were kept at 1×105 A/m, 

while the right magnet was increased to 1×106 A/m. Since 

the magnetic field was much stronger at the right side, all 

particles that passed through the left half of the channel 

turned their direction upward and deposited in the area sur-

rounding the third magnet. This trial demonstrated that when 

the magnetophoretic force was strong enough, the particle 

motion could be manipulated to reach the desired area. With 

an even stronger magnet (eg, 5×106 A/m), nearly all particles 

were attracted to it, as illustrated in Figure 3D. These results 

show promising enhancement of the delivery dose to the nasal 

olfactory region by using magnetophoretic guidance.

Two-dimensional nose geometry
The performance of the magnetophoretic guidance was fur-

ther assessed in an idealized 2-D nose model. The airflow 

field within the nose is shown in Figure 4A. Only a small 

portion of the inhaled airflow is conveyed to the upper nasal 

cavity, indicating a low probability of particle transport to this 

region. From Figure 4A and B, streamlines that initiate from 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1216

Xi et al

the nostril tip travel toward the upper nasal passage and those 

from the nostril base travel toward the inferior nasal passage. 

As a result, particles that are released from the nostril tip will 

be more likely to travel to the olfactory vicinity.

The magnet layout in the 2-D nose model consisted of 

three permanent magnets that were placed close to the nose. 

The size of the magnets was 5×20 mm. The first two magnets 

had zero-volume magnetizations. For the third magnet, which 

was above the olfactory region, three volume magnetizations 

were tested, with case 1 being 4×104 A/m, case 2 2×105 A/m, 

and case 3 1×106 A/m (Figure 4C). The resulting magnetic 

field is shown in Figure 4C in terms of both contour and 

darkness of the gray color. The strength of the magnetic field 

was observed to decrease quickly with increasing distance 

from the permanent magnet, as evidenced by the contrast 

between the deep-gray color near the magnet and the light-

gray color 3–5 mm from the magnet (Figure 4C). Similarly, 

the magnetic gradient also dissipated quickly, as indicated 

by the highly condensed contour near the magnet versus the 

sparsely distributed contours away from the magnet. Con-

sidering that the magnetophoretic force is proportional to the 

product of the intensity and gradient of the magnetic field 

(Equation 5), its impact would decrease even more quickly 

(with an exponent of 2) as it moves away from the magnet.

In our previous studies, it had been shown that selective 

particle release could led to enhanced olfactory dosages com-

pared to releasing drugs into the entire nostril.4,27 To reduce 

unwanted drug waste in the nose, particles were only released 

from the anterior nostril. Figure 4C shows the particle transport 

and deposition after releasing the particles from one point at 

the tip of the nostril with a different magnet layout. It is shown 

that particle trajectories deviate upward, due to the presence 

of magnets above the nose (Figure 4C). Furthermore, with 

appropriate magnet strength (1×106 A/m in case 3), the major-

ity of magnetophoretic-driven particles from this point (~92%) 

deposit in the olfactory region. By contrast, an inadequate 

magnet field yields less pronounced magnetic responsiveness 

(cases 1 and 2). In the absence of magnets, nearly no particles 

deposit in the olfactory region, even though the particles will 

pass by the olfactory region (Figure 4B).

Figure 5 shows the olfactory dosages for 15 µm particles 

at both logarithmic and linear scales. For the given magnetic 

layouts, as shown in Figure 4, particles smaller than 15 µm 

cannot be drawn upward, and those larger than 15 µm will be 

more likely to deposit in the nasal valve region. As observed 

in Figure 5, applying magnetophoretic forces significantly 

increases the olfactory dosage. The magnetized olfactory 

dosages are more than one order of magnitude higher than 

those without magnetophoretic control. In addition, releasing 

particles from a selective point at the nostril (point release) 

results in more effective performance than releasing particles 

from the entire nostril (Figure 5).

Three-dimensional realistic nose model
Figure 6A shows the airflow fields and particle trajec-

tories of 15 µm particles in the 3-D nose model at an 

× ×

Figure 4 Airflow (A) and particle trajectories in the 2-D nose without magnets (B) and with magnets (C).
Note: Darker color in (C) represents a stronger magnetic field.
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inhalation velocity of 0.5 m/s. The inhaled airflow moves 

faster in the medial passage and slower in the fin-like 

meatus regions. Only streamlines seeded from the nostril 

tip reach the olfactory region. Without magnetophoretic 

guidance, a negligible fraction of particles deposits in 

the upper passage; even fewer particles deposit in the olfac-

tory receptor (Figure 6A).

Two designs of the magnet layouts (layouts A and B) 

are shown in Figure 6B and C, respectively. Layout A is 

the baseline design, while layout B is an improved design. 

Figure 5 Comparison of olfactory dosages among different magnet layouts in the 2-D model at (A) logarithmic scale and (B) linear scale.

×

×

Figure 6 Comparison of particle motions in an image-based 3-D nose model among different magnet layouts.
Notes: The airflow and particle trajectories without magnets are shown in (A). The magnet layout and strength of two protocols are shown in (B) layout A and (C) layout B. 
Their magnetic fields and particle trajectories are also shown.
Abbreviations: M, magnetization, M-field, magnetic field.
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With regard to layout A (Figure 6B), one row of magnets are 

positioned along the ridge of the left nasal passage (Table 1), 

which generate a magnetic field that is strong in the olfac-

tory region and weak in other nasal regions. In this study, 

particles are released from a 1.5 mm-diameter nozzle (point 

release) into the left nostril (Figure 6B). These particles are 

assumed to be ferromagnetic, with a relative permeability of 

700, uniform in diameter, and have a density of 1.5 g/cm3.

A comparison of particle trajectories with and without 

magnetophoretic guidance is shown in Figure 6B versus A. 

In the absence of magnetophoretic guidance, most particles 

deposited on the nasal valve and side walls of the nasal tur-

binates, as illustrated in Figure 6A. For those particles that 

passed through the upper nasal cavity, the downward convec-

tive drag force prevented them from reaching the olfactory 

region. To remedy this, one row of magnets was applied on 

the top of the nasal airway. In accordance with the parameters 

obtained in the 2-D nose model, magnets with a volume 

magnetization of 1×106 A/m were employed. However, the 

olfactory delivery in this trial did not show promising results, 

presumably due to inadequate upward magnetophoretic force 

to reverse the particle motion. This inadequacy could be 

attributed to the unique airflow and pressure distributions in 

the realistic 3-D nose model, which were far more complex 

than those in the idealized 2-D nose model. The predicted 

discrepancy between the 2-D and 3-D models also suggested 

that a physiologically realistic model was indispensable in 

order to develop clinically relevant protocols.

To identify the appropriate magnet strength for effec-

tive olfactory delivery, a variety of volume magnetizations 

were tested by progressively increasing magnetization 

from 1×106  A/m by an increment of 1×105 A/m. It was 

observed that after an increase in maximum magnetization to 

7.1×107 A/m (detailed magnet strength listed in Figure 6B), 

about 33% of the administered particles reached and depos-

ited in the olfactory region (Figures 6B and 7B). About 48% 

of the released particles deposited around the nasal valve, 

which should be avoided ideally.

To further enhance olfactory dosages, we modified the 

magnet layout to minimize drug losses to the nasal valve 

and to the outside of the olfactory region. A careful inspec-

tion of the nasal valve deposition (Figure 6B) revealed that 

particles were deposited on the outer wall (left); therefore, by 

applying a lateral force to the right, the deposition loss could 

be reduced. Similarly, the depositions anterior to the olfactory 

boundary were caused by a strong, upward magnetic force, 

which caused an early particle deposition. This loss could be 

reduced by either decreasing the magnet strength or moving 

the magnet further away from the nose (Figure 6C, layout B). 

After extensive testing, an optimized delivery protocol was 

identified, as shown in Figure 7C. In this optimized case, 

about 45% of therapeutic agents deposited in the olfactory 

region, while drug losses to the nasal valve and to the outside 

of the olfactory boundary were remarkably reduced. This is 

illustrated by the red arrow (Figure 7A and B versus C) and 

purple circle (Figure 7B versus C), respectively.

Figure 7D shows the time evolution of olfactory deposi-

tion for the three magnet layouts. For the given inhalation rate 

(0.5 m/s) and particle size (15 µm), it took about 0.1 seconds 

for the particles to first reach the olfactory region. However, 

due to the highly heterogeneous flow field, it took another 

0.2 seconds for the remaining particles to deposit in the 

olfactory receptor. When layouts A and B are compared, 

moving magnets further from the nose led to a more desirable 

deposition pattern (Figure 7A versus B), but also reduced 

the total olfactory dosage by 25% (Figure 7D). This reduced 

dosage was mainly caused by a decreased magnetophoretic 

force; therefore, fewer particles were drawn to the olfactory 

region. Noticing that such particles were from certain regions 

of the release orifice, we refined the shape and size of the 

orifice (layout C in Figure 7C), which substantially reduced 

unwanted depositions and enhanced the olfactory dosage.

The benefits of point release of drugs are demonstrated 

in Figure 8 by its much-elevated delivery efficiency (~45%) 

than releasing drugs into the entire nostril, which has very 

low delivery efficiency (1.205%) even with magnetopho-

retic guidance. Due to the high inertia of 15 µm droplets, 

drugs released from the whole nostril will mostly deposit 

in the anterior nose. Therefore, point release should be 

implemented to deliver clinically significant dosages to the 

olfactory receptor.

The predicted olfactory dosages of 15 µm aerosols 

with and without magnetophoretic guidance are shown 

in Figure  9A and B, at logarithmic and linear scales, 

respectively. The predicted depositions in the realistic 

3-D model are consistent with the 2-D results, such that 

magnetophoretic guidance significantly improves olfactory 

dosages, and that point release is superior to conventional 

release from the entire nostril. With appropriate mag-

netophoretic guidance, the delivered olfactory dose can 

be one or even two orders of magnitude higher than that 

Table 1 Volume magnetization (M) of the magnet bars

M (105 A/m) 1 2 3 4

Layout A 0 1 1 7.1
Layout B 1 1 1 8.1
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Figure 7 Comparison of surface depositions among various magnet layouts.
Notes: (A) Layout A; (B) layout B; (C) layout C. The only difference between layouts B and C is that the latter has a smaller release area. The time evolution of olfactory 
deposition for the three magnet layouts is shown in (D). Red arrow indicate the nasal valve.
Abbreviation: M, magnetization.

Figure 8 Surface deposition with entire-nostril release.
Notes: Benefits of point release of drugs are demonstrated by its superiority to releasing drugs into the entire nostril, which delivers insignificant dosage to the olfactory 
region even with magnetophoretic guidance (1.205%). Pink circle indicates the olfactory region.
Abbreviations: L, left; R, right.
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reduce drug waste. The location of the magnets will also 

noticeably affect particle transport and deposition.

A major limitation of drug delivery with permanent 

magnets and ferromagnetic particles lies within the mag-

netophoretic force on the particle, which depends on the 

magnetic moment of the particle and the gradient of the 

magnetic field. Magnetic fields of safe ranges are only strong 

enough to control particle motions a few millimeters from 

the edge of a magnet, which fortunately is still applicable 

for intranasal drug delivery.28 Theoretically, there are two 

options to increase the magnetic response of the particles: 

enhance the magnetic moment of the particles, or increase the 

magnetic field gradients. The magnetic moment of a particle 

depends on both its material and size. Using larger particles 

will increase the magnetic response, but will also increase the 

chance of wall loss, due to larger inertial impaction. There is a 

chance of increased rates of agglomeration for ferromagnetic 

particles.29 However, this effect can be advantageous in this 

application, as it increases the magnetophoretic force.

The diameter of the carrier droplet is also a critical param-

eter for effective olfactory deliveries. Larger droplet diameter 

will provide greater magnetic responsiveness. Dames et al 

theoretically showed that for a single SPION (80 nm), the 

magnetophoretic force was not large enough to control its 

motions.8 However, when SPIONs were assembled into a 

microsphere droplet or particle, they became guidable, due to 

an increased size and associated magnetophoretic responsive-

ness. The optimal diameter of the carrier particle was found to 

be around 15 µm for the given magnets. In practice, this size 

can be readily generated from a liquid suspension containing 

SPIONs. Our numerical experiments in this study showed that 

clinically significant olfactory doses (up to 45%) were feasible 

using the optimal combination of magnet layout, selective 

without magnetophoretic guidance (Figure 9A). However, 

lower olfactory dosages were predicted in the realistic 

3-D model (45%, Figure 9B) compared to that of the 2-D 

model (90%, Figure 5B). This finding was not surprising, 

because the olfactory dosage had been noted to be highly 

sensitive to geometrical details and operating variables 

(eg, magnetization).4

The variation of the 3-D olfactory dosage as a function 

of carrier-droplet size is shown in Figure 9C. The magnet 

configuration implemented is layout C (the optimal design in 

this study) and the aerosol size (d
p
) ranges from 1 to 30 µm. 

From Figure 9C, there is negligible olfactory deposition for  

d
p
 10 µm or d

p
 20 µm; the former is due to weak magnetic 

responsiveness, while the latter is due to the high inertia loss 

to the anterior nose. The optimal olfactory deposition comes 

from aerosols in the range of 13−17 µm, with a median size 

of 15 µm.

Discussion and summary
Results of this study show that with a proper magnetic field, 

significantly improved olfactory delivery can be achieved by 

guiding nasally inhaled particles toward the olfactory region. 

In this study, it was demonstrated that with magnets of 

strength of 8×106 A/m outside the nose, the optimal particle 

size should be around 15 µm, in order to effectively steer 

drug particles to the olfactory region. Smaller particles will 

not change their path, due to small magnetophoretic forces, 

while larger particles will most likely deposit in the anterior 

nose, due to large inertial impaction. Results in the 3-D 

realistic nose model showed significantly enhanced olfactory 

dosage (45%) with magnetophoretic guidance compared to 

that without guidance (0.7%). Also, releasing drug particles 

from selected points instead of the entire nostril can further 

Figure 9 Olfactory dosages in the realistic 3-D nose model.
Notes: Comparison of olfactory dosages among various magnet layouts is shown at (A) logarithmic scale and (B) linear scale. The variation of 3-D olfactory dosages versus 
carrier-droplet size is shown in (C).
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drug release, and carrier-droplet diameter. A 64-fold-higher 

dose was predicted in the magnetized nose compared to the 

control case (0.7%), which was without a magnetic field.

The major challenge with magnetophoretic-guided drug 

delivery is the quick decay of the magnetic field away from 

the magnet. For instance, the magnetic intensity decreases 

by 90% at a distance of 5 mm from the magnet. There are 

several alternatives to improve the magnetic manipulation 

in this study. Elongated particles have a larger magnetic 

moment compared to spherical particles, and therefore could 

be more suitable for magnetic drug delivery.30 A charged par-

ticle moving in a magnetic field will experience acceleration 

normal to its motion, which can be used to manipulate particle 

motion in regions of weak magnetic gradients. Furthermore, 

dynamic magnetic control can be used to achieve deeper 

drug-target delivery, due to the large, ever-changing magnetic 

gradients.10 Still another alternative is to use nonmagnetic 

drug particles in a ferrofluid (eg, airflow with a colloidal 

suspension of superparamagnetic nanoparticles). In this case, 

the nonmagnetic particles in a nonuniform magnetic field will 

experience repulsive forces; hence, they will be trapped in 

the minima regions of magnetic intensity.26,31

In summary, performances of the proposed magnetopho-

retic guidance were numerically assessed using both 2-D and 

3-D nose models. Design parameters, such as magnet loca-

tion, drug-release position, and particle size, were examined 

regarding their impacts on olfactory delivery efficiency. 

Specific findings are:

1.	 It is feasible to guide ferromagnetic particles by means 

of permanent magnets to achieve clinically significant 

olfactory dosages. With an optimal synthesis of proper 

magnet layout, particle-release position, and carrier 

size, an  olfactory delivery efficiency of 45% can be 

achieved.

2.	 The optimal particle size for magnetophoretic guidance 

to the olfactory region is around 15 µm.

3.	 Magnetophoretic olfactory delivery is highly sensitive to 

drug-release positions. Point release of drugs is essential 

for effective olfactory deliveries.

4.	 Due to the unstable nature of magnetophoresis and the 

quick decay of magnetic field intensity, precise control of 

particle motion in the human nose is still challenging.
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