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Abstract The lack of efficient drug delivery to tumor
cells has led to investigations into the administration
of magnetic drugs, which use magnetic fields to tar-
get treatment to specific organs, thereby reducing side
effects compared to traditional treatments. The dynam-
ics of MTD in breast arteries are currently unknown and
can be modeled using second-order differential equa-
tions. Blood flow is generally assumed to be a non-
Newtonian fluid due to its viscosity characteristics. In
this study, we modeled the targeting efficiency of mag-
netic nanoparticles with sizes of 50 nm, 100 nm, and
200 nm under a constant magnetic field of 0.12 T using
a computational tool based on the finite element tech-
nique. Our results showed that magnetic nanoparticle
targeting efficiency was highest with simulated mag-
netic fields located 5 cm, 7.5 cm, and 15 cm away from
the tumor when using nanoparticles of 50 nm and 100
nm.
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1 Introduction

Magnetically targeted drugs (MTD) are a method for
orienting and delivering drugs to a specific target using
an external magnetic field produced by a permanent
magnet [1-6]. The idea of magnetically targeted drugs
arose from the use of erythrocytes loaded with magnetic
particles or magnetic microspheres as carriers [7]. Stud-
ies, such as the one presented by Senyei et al. [7], have
indicated the need for a systemic dose that is 100 times
lower than the non-target drug in order to achieve the
same local concentration in the tumor tissue. Exper-
imental studies in animals and preclinical studies in
human patients have shown promising results for the
future [8,9].

MDT techniques are advancing due to the rapid
progress in the growth of functionalized magnetic
nanoparticles, which are used in chemotherapy, radio-
therapy, and gene therapy directly in the tumor [2, 10,
11]. They also have the potential for combined therapy,
where they can be used with multiple drugs and types of
therapy such as hyperthermia [ 12], radiotherapy, photo-
dynamic therapy [13], and chemoembolization (where
blood flow to a certain part of the body is interrupted)
[14]. Various studies have shown that MDT is a rel-
atively safe and effective method for directing drugs
to specific sites [14]. This technique can significantly
increase the specificity of certain medical treatments.

Due to the difficulty of real-time control over the tra-
jectory of magnetic nanoparticles in the bloodstream, it
is necessary to characterize the trajectories using ana-
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lytical and computational methods. Several works have
been developed with this approach. Simulations of par-
ticle movement in the bifurcation of the carotid artery
were developed by Bharai and Vajy [15] and Palmen et
al. [16], where significant potential was found for their
application in the treatment of arteriosclerosis [11,17].
Havekort et al. studied the left coronary and the carotid
arteries, finding the efficiency of particle capture favor-
able. The simulation showed that approximately a quar-
ter of the inserted 4 um particles are captured by the
blood flow of the left coronary artery when the mag-
netic field is located at a distance of 4.25 cm, and if the
distance is changed to 1 cm, all particles are captured
by the magnetic field [18].

Simulation studies of NP-red blood cell interactions
in capillaries of 11 um and 20 um, as well as NPs rang-
ing from 10 to 200 nm, have revealed that the increased
dispersion of NPs and their binding to red blood cells is
not solely due to a volume exclusion effect. The rate of
NP binding is higher when mixed with red blood cells
at the same dose and concentration compared to when
NPs are in pure form. This is because of the higher
concentration of NPs near the vessel wall, indicating
that NPs originally located in the center of blood ves-
sels migrate toward the edge during collisions with red
blood cells. The rotational motion of red blood cells
enhances the dispersion of NPs [19]. Riafio et al. devel-
oped a kinetic model of the interaction between NPs
and a red blood cell (RC) that considered an elastic col-
lision. They calculated the scattering angle as a function
of the impact parameter with respect to the symmetry
axis of the RC. They found that in frontal collisions
with values close to the center of the symmetry axis,

the NP follows the same incident trajectory, with a zero
scattering angle [20]. On the other hand, Roa et al.
demonstrated in [21] how different phases of the blood
pulse modify the trajectories of NPs through molecular
dynamics.

Despite the different advances, there is still a lack of
understanding about the dynamics of NPs. In this work,
the targeting efficiency of magnetic NPs subjected to
a constant magnetic field was estimated by simulating
the interaction processes of NPs with the hemodynamic
system using the finite element technique.

2 Methods

The topology of the blood vessels surrounding a breast
cancer tumor was determined using the lighting adjust-
ment technique. The mammograms were obtained from
the publicly available database of the University of
South Florida, USA. Based on this, a 3D model was
developed, which served as the basis for modeling the
blood vessels [22].

The magnetic NPs were simulated to be injected
into the blood vessel in the direction of flow (direc-
tion of the blood vessel that irrigates the tumor in the
breast, in the z -direction) and directed by the appli-
cation of a constant external magnetic field generated
by a cylindrical magnet placed outside the body at a
distance d that will be estimated as the object of study
of this article. The magnet is oriented perpendicular to
the blood flow direction (in the o - direction). Figure 1
shows the diagram of the transport of NPs, with blood
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Fig. 1 Diagram of NP Transport in Blood Vessel

@ Springer



J Nanopart Res (2023) 25:225

Page30of 10 225

vessels assumed to be cylindrical tubes with laminar
flow.

The efficiency of targeting was established as the
number of NPs attracted by the magnetic field that reach
the target (Eq. 1):

CE — Number of NPs in the tumor
" Number of NPs that enter

100 (1)

The equation of motion for NPs in the fluid is con-
sidered as (Eq. 2)

d(m,v) = —

F F 2
dr D+ m ()

where, m,, is the mass of the particle, v is the velocity
of the particle, f')D is the drag force and i‘) m 1s the
magnetic force. F p is defined as (Eq. 3) [23]:

— 1
Fp=—m,u-v) (3)

Tp

where, 7, is the response time of the particle velocity, u
s the fluid velocity, and v es la velocidad de las particu-
las. Taking into account that the flow is laminar, the
response time of the particle velocity is (Eq. 4) [23]:

2

=22 4
n

where 7 is the relaxation time for dynamic viscosity, D

is the diameter of the blood vessel, and p is the density.

As properties of NPs, they are considered as solid
spheres of Fe O3, which have high magnetic suscepti-
bility and high saturation magnetization; these particles
have a density of approximately p, = 6450 Kg - m—3
[18] and hydrodynamic diameters of 50, 100, and 200
nmi.

Atthe initial position, 700 particles were introduced,
with input conditions including 10 particles per release,
q = q,, where q is the position of the particle, v = v,.

Magnetic force, Kelvin or magnetomotive force,
causes the movement of particles towards regions
where the magnetic field is stronger. The magne-
tophoretic force is applied to particles with neutral
charge and relative permeability different from the
fluid, and is given by [24]:

¥ 3 H2
F mp = 27TrpM0MrKVH (5)

where H is the magnetic field and w, is the relative
permeability of the fluid, assumed to be 1 and K is
defined as:

K = Hrp — Hr (6)
Wrp + 2y

where 1, is the relative permeability of the particle,
assumed to be 4000.

The distribution of the magnetic field around the
magnet is calculated from [25]:

— - =
B =uo(H + M) @)

—

where B is the magnetic flux density (T), o is the
—

vacuum permeability =47 x10~' NA~2, H is the mag-

netic field strength (A - m~!), and ﬁ is magnetization
(A/m).

%
H=-VV, 8)

—
V.B=0 )

The magnetic force acting on the particles is expressed
as [26]:

— — —
Fm=puoV,(M -V)H (10)

4
V,= —xr3 is the volume of the particle. The influ-

ence of the external magnetic field causes magnetic
NPs to magnetize, generating a variation in their tra-
jectory and allowing their alignment in the direction of
the field [27], [28]. Equations (11) and (12) correspond
to the components of the magnetic field, where the field
H(p,z) = Hy(p,2)p + H(p, 2)Z.

mury | (p+d)? — 2 }
H,(p,z) = = (1)
ET T [[(erd)erz?]2
mmr,%1 2(p+d)z :|
H:(p,z) = (12)
2 [[(p +dy? + 2]

where H, and H, are the magnetic field intensity of
the magnet in the p and z axes respectively, m,, is the
magnetization of the magnet, r,, is the magnet’s radius
and d is the distance between the center of the magnet
and the z axis.
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The motion of magnetic NPs is described by the
second law of Newton as:

du —
mpy—L =) Feu (13)

where m , is the mass and u , is the velocity of the mag-

netic particles, and ) F ext is the sum of all external

. . S du
forces acting on the particle. The inertial term m d_tp

is very small and can be ignored. For the magnetic field,
the properties of a cylindrical superconducting magnet
with a height of 100mm, thickness of 50mm and a max-
imum field intensity of 73) ~ 120mT were used.

One strategy to analyze fluid and particle flow is by
using finite element software, such as COMSOL and
ANSYS, Inc., to solve finite volumes [18,26].

The numerical simulation requires a computational
domain of arteries, blood flow, and surrounding tissue
[29]. To verify the application, the simulation results
are compared with the results of equal simulations that
use a fluid [18]. Simulating characteristics based on
fluid flow in general geometries, and implementing the
model of viscosity and magnetization of particles will
contribute to the design of specific treatments for each
individual.

The finite element method is a numerical analysis
technique used to approximate solutions to partial dif-
ferential equations. The method divides a large prob-
lem into smaller parts, called finite elements. It then
seeks a solution to each of the differential equations
that models those small parts and assembles the solu-
tions to model the original problem in its entirety. The
use of finite element analysis allows for a more detailed
representation of the object being analyzed, enables the
integration of different materials, facilitates the obser-
vation of local effects, and ultimately yields a more
comprehensive solution.

The equations of fluid and particle flow were solved
using finite elements using COMSOL Multiphysics
software (version 5.2), [24], which facilitates the steps
in the process of modeling and simulating physics prob-
lems through an interface that allows combining var-
ious physical phenomena, modeling the object to be
analyzed, specifying the type of physical analysis to
be performed (heat transfer, electrostatics, mechanics,
etc.), and enables the type of solution and visualization
of results.

@ Springer

The blood dynamics near Newtonian flow was sim-
ulated using the finite element method implemented
by the modeling tool. The generated topology was
exported to COMSOL considering the initial arterial
pressure as p = 20Pa [30]. The simulation was per-
formed in a three-dimensional computational space,
with an approximation of laminar flow, as the veloc-
ity in the arterioles does not exceed Scm/s [30]. The
density was set as 1060K g - m~> and the dynamic vis-
cosity as 0.004 Pa - s [31].

Essentially, the solution to a problem can be divided
into three parts: first, the model description involving
the definition of the geometry or object to analyze; sec-
ond, the simulation process in which the model and the
type of physical analysis are specified; and finally, the
visualization of the results.

The model was simulated with quadratic geometric
shape order, considering the magnetic field, laminar
flow, and particle tracking, with the first two being sta-
tionary and the third being temporal. The degrees of
freedom for the numerical convergence analysis were
293437 for the magnetic field and 46620 for the laminar
flow, with 700 magnetite NPs with a density of p,, 6450
Kg - m~3, subjected to Neodymium (NdFeB) magnets
with a magnetic field magnitude of 0.12 T (see Table 1),
relative permeability of 4000, and then the number of
NPs that reach the tumor was evaluated.

3 Results

The results obtained from the simulation process
allowed us to obtain the topology of the blood vessel
and evaluate the effect of the simulated magnetic field.
Without a magnetic field acting on the NPs, 47 % of
them, both for 50 nm, 100 nm, and 200 nm, reach the
tumor as shown in Table 2. The remaining percentage
of NPs is distributed to other blood vessels that do not
irrigate the tumor, as shown in Figure 2.

Next, the trajectory of the simulated NPs along the
blood vessels is presented. Figure 3 shows the laminar
flow.

Particles of 50 nm, 100 nm, and 200 nm exhibit
similar behavior with the different distances evaluated
from the magnet at 2.5 cm. In this case, the particles are
attracted to the magnet, and they cluster near the wall of
the blood vessel, not continuing their trajectory to the
tumor, as shown in Figure 5. This could have adverse
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Table 1 Simulation parameters used in the analysis

Characteristic Symbol Unit Value Ref.
Laminar flow velocity v m-s~} 0.5 [30]
Density P Kg-m™3 1060 [32]
Pressure )4 Pa 20 [30]
Blood viscosity % Pa-s 0.004 [31]
Blood vessel diameter Dy m 0.005 [30]
Nanoparticle composition X % Iron:67.5 - Coal:32.5

Particle diameter D, nm 50, 100, 200

Nanoparticle density Pp Kg-m™3 6450 [30]
Rectangular magnet width 2w m 0.05 [33]
Rectangular magnet height 2h m 0.1 [33]
Distance from magnet d cm 2.5,5,7.5,15

Magnetic field magnitude B T 0.12

Relative permeability Ly 1 4000

Table 2 Efficiency percentage of magnetic NPs with different distances from the magnet and different NP sizes

Distance from magnet the tumor 50 nm 100 nm 200 nm
No magnet 47 % 47 % 47 %
2.5cm 0 % 0 % 0%
Scm 94 % 94 % 0 %
7.5 cm 94 % 94 % 13 %
15 cm 93 % 94 % 94 %

Fig. 2 Trajectory of 50 nm
particles when they are not
subjected to a magnetic
field. Time: 3200 s. Velocity
magnitude (m/s)
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Fig. 3 NP trajectory

L.,

effects on the endothelial cells or even affect the blood
flow at this point, as shown in Figure 4. These findings
are similar to those found for 200 nm particles with a
magnetic field located at 5 cm [6].

Ninety-seven percent of 50 nm particles reached the
tumor with a magnetic field located at 5 and 15 cm, and
94 % when the magnetic field was at 7.5 cm from the
tumor (see table 2).

For 100 nm particles, 94 % reached the tumor with
a magnetic field located at 5 cm and 15 cm, and 15 cm.
The targeting efficiency of these NPs is shown in Table
2.

The targeting efficiency for 200 nm particles improves
with the increase in the magnet’s distance, as shown in
Figure 7. When the magnet is too close, at 2.5 and 5 cm,
the NPs cluster near the wall of the blood vessel. As
the magnet moves further away, the targeting efficiency
increases from 13 % to 94 % (Fig. 5). Figure 6 shows
200 nm particles at 7.5 cm from the magnetic field.

Fig.4 Detail of the trajectory of 50 nm particles with a magnetic
field located at 2.5 cm. Time: 400 s, Magnetic field strength (T),
Velocity magnitude (m/s)
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The size of NPs and the distance from the mag-
net play a very important role in targeting efficiency.
Haverkort et al., found in simulations that approxi-
mately one quarter of 4 um particles inserted can be
captured from the left coronary artery bloodstream
when the magnet is placed at a distance of 4.25 cm.
When the same magnet is placed 1 ¢m away from a
carotid artery, almost all of the inserted 4 pum parti-
cles are captured [18]. These findings suggest that for
NPs of this size, capture is increased by decreasing
the distance from the magnet to the tumor. Zhang et
al., found that as particle size increases from 300 to
500 nm, delivery efficiency improves by nearly 9.3
% or 18.1 %, respectively [34]. In this study, NPs
of 50, 100, and 200 nm were evaluated, considering
that particles between 10 nm and 200 nm have higher
capture by the magnetic field within the bloodstream
[23].

Larimi et al., modeled the fluid flow and behavior of
magnetic nanoparticles under the influence of an exter-
nal magnetic field and found that the number of parti-
cles delivered to the target region decreases as nanopar-
ticle diameter decreases [35]. In the present study, the
magnetic field was kept constant and a decrease in the
efficiency of particles reaching the tumor was observed
for 200 nm diameter NPs when the magnet was placed
at 5 and 7.5 cm from the tumor, compared to 50 and
100 nm NPs.

Furthermore, it was found that when the magnetic
field was at 2.5 cm from the tumor, the NPs agglom-
erated on the blood vessel wall, which prevented them
from reaching the tumor. This characteristic could be
used in the future by employing thrombolytic agents
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Fig. 5 Trajectory of 50 nm
particles with a magnetic
field located at 5 cm. Time:
400 s, Magnetic field
strength (T), Velocity
magnitude (m/s)

attached to magnetic NPs to dissolve plaque deposited
on arterial walls.

The study also showed that the forces created by the
magnetic push at 15 cm are sufficient to move particles
of 50, 100, and 200 nm in the blood vessels (Fig. 7).

Table 2 summarizes the results of the study with
the sizes of NPs and distance of the magnet evaluated,
which correspond to NPs of 50 nm, 100 nm, and 200
nm. Particles smaller than 50 nm are eliminated by the
liver, while particles larger than 200 nm in diameter are
retained in the spleen. Additionally, particles between
20 nm and 200 nm in diameter are more effectively
absorbed by most non-phagocytic cells. The majority
of commercially available magnetic particles approved
by the Food and Drug Administration (FDA) for imag-
ing applications are within this range of 20 to 200 nm.
Particles of 100 nm can have long circulation times in
the blood [36,37].

Fig. 6 Trajectory of 200
nm NPs, magnetic field
located at 7.5 cm. Time: 400
s, Magnetic field strength
(T), Velocity magnitude
(m/s)

It should be noted that the magnitude of the force
behaves inversely proportional to the distance between
the magnet and the NPs, and this force is closely related
to the size of the NPs. When the generated force mag-
netic significantly exceeds the drag force of the blood
plasma, a clustering phenomenon is manifested, illus-
trated in Fig. 4. For example, this process occurs at a
distance of 2.5 cm for all nanoparticle scales.

In addition, the size of the nanoparticles determines
the magnetic force, which is cubed with respect to its
diameter, following the relationship V = %n(‘%f (see
eq. 10). In this way, the clustering phenomenon is more
intense in larger NPs, due to their greater amount of
material. It is relevant to note that, at a separation of 15
cm between the magnet and the nanoparticles (NPs),
the clustering phenomenon does not occur, regardless
of the size of the NPs. In the case of 200 nm NPs, it
is observed that at a distance of 7.5 cm, clustering still
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Efficiency of target of 200 nm magnetic nanoparticles

0 r—r——

Distance [cm] =—+—25cm = Scm

Time

15cm == Without magnetic field

Fig.7 Percentage of 200 nm NPs that reach the target with a magnetic field located at 2.5, 5, 7.5, and 15 cm from the tumor and without

a magnetic field

occurs, although not as intensely as at distances less
than 5 cm.

In the scenario where the magnetic force fails to
induce clustering, it is observed that the nanoparticles
tend to move near the wall of the blood vessels adjacent
to the tumor. In this case, the dynamics of the nanopar-
ticles is dominated by the drag force of the blood flow,
as reflected in Fig. 6. Under these circumstances, the
efficiency approaches 100% as can be seen in Table 2.

4 Conclusion

The numerical model for the kinetics of magnetic
nanoparticles (MNPs) of 50, 100, and 200 nm in size
subjected to a constant magnetic field of 0.12 T was
developed. The magnetic field was placed at distances
of 2.5cm, 5¢cm, 7.5 cm, and 15 cm from the tumor in a
breast cancer case. The results indicate that MNPs sub-
jected to a constant magnetic field located 2.5 cm away
adhere to the vessel wall, preventing NPs from reach-
ing the target. This behavior is also observed in 200
nm nanoparticles subjected to magnetic fields located
2.5 and 5 cm away. The targeting efficiency of 200 nm
magnetic nanoparticles subjected to a constant mag-
netic field increases when the magnet is placed 5 to 15
cm away from the tumor. In the case of 50 and 100
nm NPs, the targeting efficiency is > 90% when the
magnet is placed at 5, 7.5, and 15 cm away from the
target.

@ Springer

Computational simulations are a crucial tool for
assessing the feasibility and practicality of magnetic
drug targeting (MDT) before clinical trials. By enabling
the investigation of various factors independently and
for optimization, they also offer valuable insights for
the design of MDT systems. Our simulation results sug-
gest that particles ranging from microns to nanometers
in size, including paramagnetic particles, can be effec-
tively captured by cancer tumors. These findings under-
score the importance of further research in MDT. Future
studies should involve experimental investigations of
MDT in artificial arteries to validate and confirm the
results presented here.

Funding Open Access funding provided by Colombia Consor-
tium.

Declarations

Conflicts of interest The authors declare no competing inter-
ests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium
or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit
line to the material. If material is not included in the article’s Cre-
ative Commons licence and your intended use is not permitted by



J Nanopart Res (2023) 25:225

Page90of 10 225

statutory regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright holder. To view
a copy of this licence, visit http://creativecommons.org/licenses/
by/4.0/.

References

10.

12.

13.

. Morsi

. Alexiou C, Arnold W, Klein RJ, Parak FG, Hulin P, Berge-

mann C, Erhardt W, Wagenpfeil S, Lubbe AS (2002) Locore-
gional cancer treatment with magnetic drug targeting. Can-
cer Res 60(23):6641-6648

. Alexiou C, Schmidt A, Klein R, Hulin P, Bergemann C,

Arnold W (2002) Magnetic drug targeting: biodistribution
and dependency on magnetic field strength. ] Magn Magn
Mater 252(1-3 SPEC. ISS): 363-366. https://doi.org/10.
1016/S0304-8853(02)00605-4-11

. Berry CC, Curtis ASG (2003) Functionalisation of magnetic

nanoparticles for applications in biomedicine. ] Phys D Appl
Phys 36(13). https://doi.org/10.1088/0022-3727/36/13/203

. Grief AD, Richardson G (2005) Mathematical modelling of

magnetically targeted drug delivery. ] Magn Magn Mater
293(1):455-463. https://doi.org/10.1016/j.jmmm.2005.02.
040

. Nacev A, Beni C, Bruno O, Shapiro B (2011) The behaviors

of ferromagnetic nano-particles in and around blood vessels
under applied magnetic fields. J Magn Magn Mater. https://
doi.org/10.1016/j.jmmm.2010.09.008

. Chen J, Yuan M, Madison CA, Eitan S, Wang Y (2022)

Blood-brain barrier crossing using magnetic stimulated
nanoparticles. J Control Release 345(March):557-571.
https://doi.org/10.1016/j.jconrel.2022.03.007

. Senyei AE, Widder KJ, Reich SD, Gonczy C (1981) In

vivo kinetics of magnetically targeted low-dose doxoru-
bicin. J Pharm Sci 70(4):389-391. https://doi.org/10.1002/
jps.2600700412

SA, Alexander AJ (1972) An investigation
of particle trajectories in two-phase flow systems. J
Fluid Mech 55(2):193-208 (1972) https://doi.org/10.1017/
S0022112072001806

. Lubbe AS, Alexiou C, Bergemann C (2001) Clinical applica-

tions of magnetic drug targeting. J Surg Res 95(2):200-206.
https://doi.org/10.1006/jsre.2000.6030

Chen J, Lu XY (2004) Numerical investigation of the non-
Newtonian blood flow in a bifurcation model with a non-
planar branch. J Biomech 37(12):1899-1911. https://doi.
org/10.1016/j.jbiomech.2004.02.030

. Avilés MO, Ebner AD, Chen H, Rosengart AJ, Kaminski

MD, Ritter JA (2005) Theoretical analysis of a transdermal
ferromagnetic implant for retention of magnetic drug carrier
particles. J Magn Magn Mater 293(1):605-615. https://doi.
org/10.1016/j.jmmm.2005.01.089

Maier-Hauff K, Ulrich F, Nestler D, Niehoff H, Wust P,
Thiesen B, Orawa H, Budach V, Jordan A (2011) Efficacy
and safety of intratumoral thermotherapy using magnetic
iron-oxide nanoparticles radiotherapy on patients with recur-
rent glioblastoma multiforme. J Neuro-Oncol 103(2):317-
324. https://doi.org/10.1007/s11060-010-0389-0

Wang C, Sun X, ChengL, Yin S, Yang G, Li Y, Liu Z (2014)
Multifunctional theranostic red blood cells for magnetic-

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

field-enhanced in vivo combination therapy of cancer. Adv
Mater 26(28):4794-4802. https://doi.org/10.121002/adma.
201400158

Pouponneau P, Soulez G, Beaudoin G, Leroux JC, Martel S
(2014) MR imaging of therapeutic magnetic microcarriers
guided by magnetic resonance navigation for targeted liver
chemoembolization. Cardiovasc Interv Radiol 37(3):784—
790. https://doi.org/10.1007/s00270-013-0770-4

Bharai Vaj y BK, Mabon RF, Giddens DP (1982) Steady
flow in a model of the human carotid bifurcation. Part I-
Flow Visualization* J Biomechanics 15(5), 349-362
Palmen DEM, Gijsen FJH, Van De Vosse FN, Janssen JD,
Palmen DEM, Gijsen FJH, Janssen FN (1997) Diagnostic
minor stenoses in carotid artery bifurcation models using
the disturbed velocity field. J Vasc Investig

Ritter JA, Ebner AD, Daniel KD, Stewart KL (2004) Appli-
cation of high gradient magnetic separation principles to
magnetic drug targeting. J Magn Magn Mater 280(2-3):184—
201. https://doi.org/10.1016/j.jmmm.2004.03.012
Haverkort JW, Kenjerés S, Kleijn CR (2009) Computa-
tional simulations of magnetic particle capture in arterial
flows. Ann Biomed Eng 37(12):2436-2448. https://doi.org/
10.1007/510439-009-9786-y

Tan J, Thomas A, Liu Y (2012) Influence of red blood cells
on nanoparticle targeted delivery in microcirculation. Soft
Matter 8(6), 1934. https://doi.org/10.1039/c2sm06391c
Riafio Rivera A, Francisco PB (2019) Rodriguez Patar-
royo JD (2019) Kinetic model of the dispersive interaction
between a particle with an erythrocyte. Vision Electrénica
Visién Electrénica Mas que un estado sodlido 13(1):33-38
Roa-Barrantes LM, Rodriguez Patarroyo DJ (2022) Mag-
netic field effect on the magnetic nanoparticles trajectories
in pulsating blood flow: a computational model. BioNanoSci
12:571-581

Camargo LH, Pacheco J, Rodriguez DJ (2021) Simula-
tion of magnetic particle capture in the breast. Journal
of Physics: Conference Series 1730(1). https://doi.org/10.
1088/1742-6596/1730/1/012004

Lunnoo T, Puangmali T (2015) Capture efficiency of bio-
compatible magnetic nanoparticles in arterial flow: a com-
puter simulation for magnetic drug targeting. Nanoscale Res
Lett 10(1). https://doi.org/10.1186/s11671-015-1127-5
COMSOL I (2012) Introduction to COMSOL Multiphysics
13

Cregg PJ, Murphy K, Mardinoglu A (2012) Inclusion of
interactions in mathematical modelling of implant assisted
magnetic drug targeting. Appl Math Model 36(1):1-34.
https://doi.org/10.1016/j.apm.2011.05.036

Sharma S, Katiyar VK, Singh U (2015) Mathematical mod-
elling for trajectories of magnetic nanoparticles in a blood
vessel under magnetic field. ] Magn Magn Mater 379:102—
107. https://doi.org/10.1016/jjmmm.2014.12.012

Rukshin I, Mohrenweiser J, Yue P, Afkhami S (2017) Mod-
eling superparamagnetic particles in blood flow for applica-
tions in magnetic drug targeting. Fluids 2(2):1-12. https://
doi.org/10.3390/fluids2020029

Mohammed L, Gomaa HG, Ragab D, Zhu J (2017) Mag-
netic nanoparticles for environmental and biomedical appli-
cations: a review. Particuology 30:1-14. https://doi.org/10.
1016/j.partic.2016.06.001

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0304-8853(02)00605-4-11
https://doi.org/10.1016/S0304-8853(02)00605-4-11
https://doi.org/10.1088/0022-3727/36/13/203
https://doi.org/10.1016/j.jmmm.2005.02.040
https://doi.org/10.1016/j.jmmm.2005.02.040
https://doi.org/10.1016/j.jmmm.2010.09.008
https://doi.org/10.1016/j.jmmm.2010.09.008
https://doi.org/10.1016/j.jconrel.2022.03.007
https://doi.org/10.1002/jps.2600700412
https://doi.org/10.1002/jps.2600700412
https://doi.org/10.1017/S0022112072001806
https://doi.org/10.1017/S0022112072001806
https://doi.org/10.1006/jsre.2000.6030
https://doi.org/10.1016/j.jbiomech.2004.02.030
https://doi.org/10.1016/j.jbiomech.2004.02.030
https://doi.org/10.1016/j.jmmm.2005.01.089
https://doi.org/10.1016/j.jmmm.2005.01.089
https://doi.org/10.1007/s11060-010-0389-0
https://doi.org/10.121002/adma.201400158
https://doi.org/10.121002/adma.201400158
https://doi.org/10.1007/s00270-013-0770-4
https://doi.org/10.1016/j.jmmm.2004.03.012
https://doi.org/10.1007/s10439-009-9786-y
https://doi.org/10.1007/s10439-009-9786-y
https://doi.org/10.1039/c2sm06391c
https://doi.org/10.1088/1742-6596/1730/1/012004
https://doi.org/10.1088/1742-6596/1730/1/012004
https://doi.org/10.1186/s11671-015-1127-5
https://doi.org/10.1016/j.apm.2011.05.036
https://doi.org/10.1016/j.jmmm.2014.12.012
https://doi.org/10.3390/fluids2020029
https://doi.org/10.3390/fluids2020029
https://doi.org/10.1016/j.partic.2016.06.001
https://doi.org/10.1016/j.partic.2016.06.001

225 Page 100f 10

J Nanopart Res (2023) 25:225

29.

30.

31

32.

33.

34.

Morega AM, Dobre AA, Morega M (2010) Numerical simu-
lation of magnetic drug targeting with flow - structural inter-
action in an arterial branchin. Romania

Cherry E, Eaton J (2013) Simulation of magnetic particles
in the bloodstream for magnetic drug targeting applications.
8th International Conference on Multiphase Flow, 12
Calvo Plaza FJ (2006) Simulacién del flujo sanguineo y
su interaccion con la pared arterial mediante modelos de
elementos finitos. PhD thesis, Universidad Politécnica de
Madrid

Apostolidis AJ, Moyer AP, Beris AN (2015) Non-Newtonian
effects in simulations of coronary arterial blood flow. J
Non-Newtonian Fluid Mech 233:155-165. https://doi.org/
10.1016/j.jnnfm.2016.03.008

Kayal S, Bandyopadhyay D, Mandal TK, Ramanujan RV
(2011) The flow of magnetic nanoparticles in magnetic
drug targeting. RSC Adv 1(2):238. https://doi.org/10.1039/
c1ra00023c

Zhang X, Zheng L, Luo M, Shu C, Wang E (2020) Eval-
uation of particle shape, size and magnetic field intensity
for targeted delivery efficiency and plaque injury in treating
atherosclerosis. Powder Technol 366:63—72. https://doi.org/
10.1016/j.powtec.2020.02.003

@ Springer

35.

36.

37.

Larimi MM, Ramiar A, Ranjbar AA (2014) Numerical sim-
ulation of magnetic nanoparticles targeting in a bifurcation
vessel. J] Magn Magn Mater 362:58-71. https://doi.org/10.
1016/j.jmmm.2014.03.002

Gupta AK, Gupta M (2005) Synthesis and surface engi-
neering of iron oxide nanoparticles for biomedical appli-
cations. Biomaterials 26(18):3995-4021. https://doi.org/10.
1016/j.biomaterials.2004.10.012

Socoliuc V, Peddis D, Petrenko V, Avdeev M, Susan-Resiga
D, Szabé T, Turcu R, Tombécz E, Vékas L (2020) Mag-
netic nanoparticle systems for nanomedicine-a materials sci-
ence perspective. Magnetochemistry 6(1):2. https://doi.org/
10.3390/magnetochemistry6010002

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional affil-
iations.


https://doi.org/10.1016/j.jnnfm.2016.03.008
https://doi.org/10.1016/j.jnnfm.2016.03.008
https://doi.org/10.1039/c1ra00023c
https://doi.org/10.1039/c1ra00023c
https://doi.org/10.1016/j.powtec.2020.02.003
https://doi.org/10.1016/j.powtec.2020.02.003
https://doi.org/10.1016/j.jmmm.2014.03.002
https://doi.org/10.1016/j.jmmm.2014.03.002
https://doi.org/10.1016/j.biomaterials.2004.10.012
https://doi.org/10.1016/j.biomaterials.2004.10.012
https://doi.org/10.3390/magnetochemistry6010002
https://doi.org/10.3390/magnetochemistry6010002

	Quantification of the efficiency of magnetic targeting  of nanoparticles using finite element analysis
	Abstract
	1 Introduction
	2 Methods
	3 Results
	4 Conclusion
	References


