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1. Introduction

Targeted drug delivery is becoming increasingly important for
noninvasive treatment[1,2] because it enables targeted release

of therapeutics at the site of disease.[3]

Targeted drug delivery can involve in vivo
biomedical[4] and physical drug-release
mechanisms,[5] implantable systems,[6] and
nanocarriers.[7] Multiple means of drug tar-
geting have been proposed, including meth-
ods based on light, electricity, ultrasound,
and magnetic fields.[8–10] Magnetic drug tar-
geting (MDT) is safe and has good penetra-
tion.[11] However, implementing MDT using
micro/nanorobots is a challenge.[12] The small
propulsion force of micro/nanorobots ham-
pers their control in dynamic flow environ-
ments, such as blood. However, aggregation
and swarm control of micro/nanorobots
can enhance the actuation force.[13,14]

Li et al. suggested a magnetic resonance
navigation method using 200 μm magnetic
drug-eluting beads (MDEBs) composed of
Fe3O4 superparamagnetic nanoparticles
(5–20 nm).[15] The induced magnetic force
on a single Fe3O4 superparamagnetic nano-
particle is insufficient to steer it in a blood
vessel, but MDEBs can increase the velocity
of aggregated particles, allowing them to be

guided to the desired outlet in a two-level bifurcation phantom.
Vartholomeos et al. reported that aggregation enhances the pro-
pulsion efficiency of magnetic nanoparticles (MNPs) and
achieved a targeting performance of �98%[16] in a Y-channel
using a gradient field of 0.3 Tm�1. Wang et al. used a rotating
permanent magnet to generate and move microswarms in an ex
vivo blood vessel under fluidic flow.[17] However, the generation
and guidance of micro/nanorobot swarms in 3D blood vessels
are hampered by the lack of a suitable real-time imaging modality
and 3D locomotion methods, insufficient dispersion characteris-
tics, and the complexity of guidance.[18]

In robotics, offline programming (OLP)[19] generates complex
control commands using a computer simulator calibrated to sim-
ulate a real environment without imaging sensors. OLP can gen-
erate complex control commands to guide micro/nanorobots to a
target area through blood vessels without real-time imaging. In
our prior study of OLP inMDT,[20] we assumed that MNPs aggre-
gate only in their initial state, that is, not during MDT. As a
result, the aggregate volume was considered to be constant.
However, the aggregation volume of MNPs changed during
MNP guidance in blood vessels according to the flow velocity,
fluid viscosity, and magnetic field. Changes in MNP aggregation
volume may promote errors between the real MDT environment
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Targeted delivery of magnetic nanoparticles (MNPs) to an area of a blood vessel
with fluidic flow is hampered by the lack of a suitable real-time imaging modality
for MNPs, the control system complexity, and low targeting performance. Herein,
an offline programming guidance (OLPG) scheme for aggregated MNPs is
proposed based on a real-time aggregation volume estimator. The proposed
aggregation volume estimator based on a magnetic drug-targeting simulator
reflects volume changes of aggregated MNPs; hence, it can model a magnetic
force acting on aggregated MNPs in real time while enhancing targeting per-
formance. The proposed guidance system is evaluated using a simulation testbed
and in vitro model of the rat brain, which yields comparable results at different
fluid viscosities, flow velocities, target areas, and flow types. The OLPG with the
aggregation volume estimator improves targeting performance by 116%–409%
compared with the default mode, and by 111%–180% compared to the per-
formance without the aggregation volume estimator. Furthermore, a guidance
margin predicts enhanced targeting performance (root-mean-square error< 5%)
irrespective of the flow environment. The proposed guidance strategy has the
potential to overcome the problems caused by the lack of an imaging modality,
control-system complexity, and low targeting performance.
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andMDT simulator, thereby affecting MNP-targeting performance.
Therefore, any change in the aggregated MNP volume in a real
MDT environment needs to be reflected in the MDT simulator in
real time. Furthermore, we verified an OLP scheme in a 2D arti-
ficial vascular model with a flow velocity of 5 mm s�1 and viscos-
ity of 4 cP. However, the proposed guidance scheme was not
validated in real blood vessels of various diameters, the model
is 3D, the surface is not flat, and red blood cells (RBCs) are present.

Tracking of aggregated MNP volume would enable prediction
of aggregation in real time without the need to calculate the inter-
action forces amongMNPs. In this article, we propose a real-time
aggregation volume estimator to predict MNP aggregation vol-
ume in blood vessels. The aggregation volume estimator reduces
modeling errors between the MDT simulator and real MDT envi-
ronment using the MDT flow velocity, fluid viscosity, and mag-
netic field strength. Furthermore, we propose a guidance margin
to predict the enhancement ratio of targeting performance using
the magnetic properties of MNPs, an aggregation volume estima-
tor, magnetic field strength, fluid viscosity, and flow velocity in
blood vessels. Calculating the guidance margin at the MDT sim-
ulator enables the calculation of targeting performance enhancement.

We verified the feasibility of the proposed guidance scheme in a
model blood vessel using different viscosities (1.75–5.75 cP), fluids
(glycerol mixtures and blood), and flow velocities (1–5mms�1).
The 3D geometry of the blood vessel was extracted from the mag-
netic resonance angiography (MRA) image of a rat brain. To
implement 3D locomotion, we used fluid flow as a 1D control
source and electromagnetic fields as a 2D control source. The pro-
posed OLP guidance (OLPG) scheme with the aggregation volume
estimator was evaluated in a model blood vessel; the results indi-
cated the in vivo potential of the proposed OLPG scheme.
Section 2 describes the aggregation volume estimator–based
OLPG system, and Section 3 outlines the aggregation volume esti-
mator (including real-time volume estimation of aggregated
MNPs and experimental verification) and introduces the guidance
margin concept. Section 4 describes the results of the proposed
OLPG scheme in a simulation testbed (COMSOL) and in vitro,
and its enhancement ratio of targeting performance in a simula-
tion testbed and in vitro. Section 5 discusses the potential for in
vivo application. The conclusions are provided in Section 6.

2. Aggregation Volume Estimator–Based OLPG
Method

The aggregation volume estimator–based OLPG method for
MNPs has an offline mode (MDT simulator) and an online mode
(real environment) (Figure 1a). In the MDT simulator, the user
generates control commands for the guidance of MNPs using the
3D joystick (Phantom Omni), and the resultant forces applied to
MNPs are calculated in MATLAB; their flow velocities in a vas-
cular model were evaluated in COMSOL. Visual feedback on
MNP positions is provided by Unity 3D. Control commands
are downloaded to the PXI-controller (National Instruments)
of the electromagnetic actuator (EMA) to guide MNPs to the tar-
get area via the bloodstream.

Herein, we define the center point of a swarm of aggregated
MNPs injected into a blood vessel as the center point of a swarm
of a multilayer magnetic chain (SMMC), which acts as the user

control point in the MDT simulator. The MDT simulator has
physics and graphics engines (Figure 1b). In the MDT simulator
loop, SMMC center position data were transferred to physics
engine I (COMSOL) and II (MATLAB) via UDP communication.
The initial SMMC position was determined by calibration of the
MDT simulator based on the in vitro environment.[20] The
SMMC center position is updated by the physics engines during
the operation of the MDT simulator. In physics engine I, the
hydrodynamic force on SMMC is calculated from the flow
velocity and viscosity at the SMMC center position by Livelink
(COMSOL–MATLAB). Simultaneously, the SMMC flow veloc-
ity/viscosity was transferred to physics engine II, and the mag-
netic field and magnetic field gradient at the SMMC center
position were calculated. This enabled calculation of SMMC vol-
ume (Figure 1c). SMMC can be modeled as a rod shape; hence,
its volume can be calculated by multiplying the radial aggregation
area and axial aggregation length (Figure 2a). The axial aggrega-
tion length can be mathematically modeled using the correlation
between hydrodynamic drag force and magnetic dipolar
energy.[21] The empirical equation for the radial aggregation area
can be constructed by measuring the velocity of aggregated
MNPs in vitro (calibration phase). Next, the SMMC volume
can be estimated in real time using the radial aggregation area
and the axial aggregation length (real-time phase). The aggrega-
tion volume estimator is described in detail in Section 3.

The total force applied to SMMC was calculated. The total
applied force can change the SMMC center position at 30Hz; this
was transferred to the graphics engine, which displays the SMMC
center position at 1 kHz. We introduced a guidance margin to esti-
mate the enhancement of targeting performance in a real MDT
environment (Figure 1d). During SMMC guidance with the
MDT simulator, the guidance ratio, defined as the ratio between
the contributed velocity component and the non-contributed veloc-
ity component into the guidance (Section 3.4), was calculated using
themagnetic force, flow velocity, and hydrodynamic drag force. The
guidance ratio when the SMMC begins to be guided to the target
area was used as the critical guidance ratio. The guidance margin
was defined as the difference between the guidance ratio and crit-
ical guidance ratio. When the SMMC reaches the target area, the
guidance margin can be evaluated. The user can predict the guid-
ance results using the relationship between the guidance margin
and the enhancement ratio of targeting performance.

The guidance process is as follows. First, raw rat-whole-brain
vasculature data were obtained by ultrashort echo time MRA
(UTE–MRA).[22] The raw data were segmented using 3D Slicer
(Kitware) and the internal carotid artery (ICA), middle cerebral
artery (MCA), and anterior cerebral artery (ACA) were segmented
(Figure 1e) for MDT. A 3D model of the segmented vasculature
was transferred to the MDT simulator as an STereoLithography
(STL) format file (Figure 1f ). The vascular model was uploaded to
COMSOL to simulate realistic fluidic flow. The flow velocity/vis-
cosity information generated in COMSOL was transferred to
Unity 3D, which generated SMMC with predefined magnetic
properties and density; the SMMC volume was updated at
30 Hz by MATLAB. In the MDT simulator (Unity3D), the
user-guided the SMMC center position to the target area and
the control command was saved in the form of current intensity,
which was downloaded to the EMA controller for MNP guidance
(Figure 1g).
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3. Design of the MNP Aggregation Volume
Estimator

When a static magnetic field was applied, the MNPs aligned in
the field direction and aggregated in chains. Ideally, aggregation
increases only in the direction of the applied field (Figure 2a;
single-layer magnetic chain), but it tends to increase in other
directions in a 3D environment (Figure 2a; multilayer magnetic
chain). Multilayer magnetic chain aggregation is divided into
axial and radial aggregation (Figure 2b). We denote the magnetic
field direction as axial and the direction perpendicular to the field
as radial. Herein, we modeled the multilayer magnetic chain as a
rod shape and the volume can be calculated by multiplying the
axial aggregation length by the radial aggregation area. Specifically,
the nanoparticles were randomly dispersed in water with no
external magnetic field (Figure S15, Supporting Information
[t= 0]). Once the discrete magnetic field was applied, the
MNPs are aggregated as rod-shaped magnetic chains (Figure S15,
Supporting Information (t= 5s � t= 10s)). When the applied

magnetic field is periodic, the axial aggregation length of
SMMC was determined by the relationship between the mag-
netic torque and viscous torque (Mason number[23]). Because
the applied magnetic field was discrete rather than periodic,
SMMC aggregation was mainly restricted by the relationship
between magnetic potential energy and viscous forces.[21]

Consequently, the torque relations of the SMMC were not con-
sidered when the axial aggregation length was determined.
Moreover, it should be taken into account that the interaction
forces between MNPs and bio components (e.g., RBCs) are neg-
ligible under our experimental conditions, hence the aggrega-
tion between MNPs is only considered (Note S3, Supporting
Information).

The dipole force is the dominant contributor to MNP aggre-
gation.[24] However, it is impossible to induce aggregation in real
time in an MDT simulator due to a large number of MNPs
(�1012/g). Because MNP aggregation increases MNP aggregate
volume,[25] MNP aggregation can be predicted by tracking
the aggregation volume. As a result, the aggregation volume

Figure 1. Aggregation model-based offline programming guidance (OLPG) system. a) Magnetic drug-targeting (MDT) simulator using a Phantom Omni
joystick, COMSOL, MATLAB, and Unity3D. b) MDT simulator loop comprising physics and graphics engines. The total net forces on the swarm of a
multilayer magnetic chain (SMMC) are calculated by the physics engine and SMMC positions are displayed by the graphics engine. c) Aggregation volume
estimator comprising calibration and real-time phases. In the calibration phase, the empirical equation for radial aggregation area (radial) was determined
in vitro, and the aggregation volume was calculated based on the axial aggregation length and radial aggregation area in the real-time phase. d) By
calculating the guidance margin in the MDT simulator, the enhancement of targeting performance can be estimated. e) Extracts of a rat-brain vessel
from the magnetic resonance angiography (MRA) data of a real rat-brain vessel, f ) segmented specific vascular (internal carotid artery–middle cerebral
artery–anterior cerebral artery [ICA–MCA–ACA]) from a rat-brain vessel, and g) in vitro 3D phantom model.
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estimator enables real-time MNP aggregation modeling by obvi-
ating the need to calculate MNP of interaction forces. In the fol-
lowing subsections, we validated the axial aggregation model and
radial aggregation model by comparing them with experimental

results, respectively. Finally, we identified the feasibility of the
rod-shaped aggregation modeling with experimental results.
To obtain reliable experimental results, we conducted this exper-
iment three times.

Figure 2. a–d) Analytic aggregation modeling and e–i) verification. a) Geometric shapes of ideal and real magnetic chains. b) Axial and radial aggregation
of a single-layer magnetic chain. c) A magnetic particle (red) disassembles from a single-layer magnetic chain (orange) when the hydrodynamic drag force
exceeds the magnetic dipolar energy. d) Radial aggregation area determined by measuring vaxial. The multilayer magnetic chain has two velocity com-
ponents: radial velocity (vradial; due to flow velocity) and axial velocity (vaxial; due to magnetic force). e) Axial length at different flow velocities: an increase
of flow velocity restricts magnetic chain length; hence, the average axial length decreases. f ) Measurement of average axial length and mathematical
modeling of axial chain length. g) The radial aggregation area was determined by measuring the axial velocity of a swarm of multilayer magnetic chains
(vaxial in (d)). h) Time (treach) required for a swarm of multilayer magnetic chains at the bottom wall to reach the top wall; a constant magnetic field was
applied toward the bottom to reach equilibrium aggregation (T= 30 s). Thereafter, the opposite magnetic field was applied to measure the time required
to reach the top wall (T= 50 s). i) Analysis of axial aggregation length (f ) and radial aggregation area (g) allows calculation of aggregation volume. To
validate the precision of the calculated volume, the treach values were compared.
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3.1. Axial Aggregation Length

Axial aggregation length can be determined by correlations
between the dipole force and hydrodynamic drag force (Figure 2c).
This can be analyzed based on the law of conservation of energy,
where the work done by the flow equals the change in magnetic
dipolar energy.

The average magnetic dipolar energy (Um) between a single-
layer magnetic chain and other MNPs in magnetic field B was
calculated as follows

Um ¼
X1
i¼1

XN
j¼1

μ0
4πr3ij

ð3ðmi ⋅ r̂ ijÞðmj ⋅ r̂ ijÞ �mi ⋅mjÞ (1)

where i denotes additional particle i, and j is particle j in the
single-layer magnetic chain, r is the distance between two par-
ticles, r̂ is a unit vector parallel to the line joining the centers
of the two dipoles, μ0 is the permeability of air,m is the magnetic
moment, and N is the number of MNPs in the single-layer mag-
netic chain. To calculate the magnetic moment (m), coupled
Equations (2)–(4) should be solved by ref. [16]. The magnetic
moment of particle i is

mi ¼
3V
μ0

μ� μ0
μþ 2μ0

� �
Bi (2)

where Bi is the total magnetic field on particle i, V is the volume
of an individual MNP, and μ is the magnetic permeability. The
total magnetic field can be represented as follows

Bi ¼ Bext þ
XN
j¼1

Bi,j (3)

where Bext is the external magnetic field, and Σ indicates the
accumulated magnetic field of adjacent MNPs.

The magnetic field of the ith particle with respect to jth is as
follows

Bi,j ¼
μ

4π
3ðmj ⋅ rijÞrij

r5ij
�mj

r3ij

 !
(4)

The magnetic moment of the ith MNP can be calculated by
substituting Equations (3) and (4) into Equation (2). In this arti-
cle, the magnetic moment induced by surrounding MNPs in
Equation (4) was ignored. We assume that the total magnetic
moment is equal to the sum of the magnetic moments of the
individual MNPs.[25] This assumption is reasonable because
the effect of an induced magnetic moment on total magnetic
moment decreases as the external magnetic field strength
increases (error< 5% at 50mT).[25] As a result, the total magnetic
moment (m) of the magnetic chain can be calculated as follows

m ¼ N
3V
μ0

μ� μ0
μþ 2μ0

� �
Bext (5)

where N is the number of MNPs in the chain. The total magnetic
moment of the magnetic chain is determined by substituting Bi

with Bext and V with NV into Equation (2). Equation (5) is used to
derive the total magnetic moment (Equation (5)). The magnetic

moment is directly related to the magnetic dipolar energy
(Equation (1)), which assists calculation of the magnetic dipolar
energy in real time. Furthermore, because the magnetic dipolar
energy (Equation (1)) decreases with increasing distance between
MNPs (∝1/r3ij), the magnetic dipolar energy between MNPs can
be ignored when the distance between them exceeds 10d (where d
is the individual MNP diameter). Typically, the error will be<0.1%
of that when the magnetic dipolar energies of all MNPs are consid-
ered.[25] This minimizes the computational load of calculating mag-
netic dipolar energy, thereby enabling real-time calculation.

Under fluid flow, the length of the magnetic chain is restricted
by hydrodynamic drag forces. The magnetic chain grows until
the hydrodynamic drag forces at the end of the magnetic chain
exceed the magnetic dipole force. For instance (Figure 2c), a par-
ticle is released from the single-layer magnetic chain because the
hydrodynamic drag force acting on it (red) exceeds the magnetic
dipolar energy between it and the magnetic chain (orange).

Based on the modified Stokes law, the hydrodynamic drag
force on the MNP at the end of the magnetic chain can be calcu-
lated as[26]

Fdrag ¼ 3πηdv⊥ (6)

where η and d are the fluid viscosity and diameter of the individ-
ual MNP, respectively. The single-layer magnetic chain is
affected by the flow velocity component of v∥ and v⊥, which
are axial and radial, respectively. The axial flow velocity compo-
nents can be ignored when analyzing axial aggregation because
they do not contribute to chain disassembly. The magnetic field
is always applied in the axial direction to maximize the interac-
tion forces in that direction and the contribution of the flow
velocity component in the axial direction is negligible compared
to the interaction forces induced by the magnetic field. To deter-
mine magnetic chain length, the interaction between the single-
layer magnetic chain and an MNP over the breaking displace-
ment D should be considered (Figure 2c). Taking the derivative
of the magnetic dipolar energy (Equation (1)) over the breaking
displacement (D), the magnetic dipole force between an MNP
and the magnetic chain can be calculated. The net dipole and
hydrodynamic drag forces should be zero

max
dUm

dD

� �
� 3πηdðv⊥ðLaxial þ dÞ � v⊥ð0ÞÞ ¼ 0 (7)

Because the flow velocity profile in a channel is curved, it is
highest at the centerline and zero at the walls.[27] The flow veloc-
ity profile can be fit empirically by

v⊥ ¼ Vmax 1� r
R

� �
ς

� �
(8)

where v⊥ is the flow velocity (m s�1) in the radial direction, Vmax

is the maximum centerline flow velocity (m s�1), r is the axial
location of MNP, R is the radius of the channel (m), and ς is
a constant for a particular profile. Magnetic chain axial length
can be calculated by substituting Equation (8) into Equation (7)

Laxial ¼ R� d þ R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�maxðdUm

dD Þ
3πηdv⊥

ς

s0
@

1
A (9)
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To compare the axial aggregation length with the mathemati-
cal model (Equation (9)), we performed an in vitro experiment
(Figure S1a, Supporting Information). In a microchannel, a mul-
tilayer magnetic chain is formed due to the dipole force and
pulled to the channel bottom wall by the magnetic field gradient.
Consequently (Figure 2e), a multilayer magnetic chain swarm is
formed (SMMC= Σmultilayer magnetic chain). The average
axial aggregation length of a multilayer magnetic chain swarm
was measured using ImageJ (NIH).

As shown in Figure 2f, the SMMC average axial aggregation
length was affected by the fluid viscosity and flow velocity.
Higher viscosity increases the hydrodynamic drag force of
(Equation (6)) and decreases the average SMMC axial length
(Equation (9)). As flow velocity increases, MNPs experience
higher flow velocity at the end of multilayer magnetic chain,
which promotes MNP release from the multilayer magnetic
chain. Moreover, the strength of the magnetic field effects on the
axial aggregation length of multilayer magnetic chains (Figure
S2, Supporting Information). Mathematical modeling of axial
aggregation length yielded comparable trends to the experimen-
tal results (error< 0.5 μm) (Figure 2f ). The difference was
caused mainly by the nonuniform size of MNPs. In the simula-
tion, MNPs are all 350 nm in diameter, whereas real MNPs are of
various diameters with an average of 350 nm (Figure S3a,
Supporting Information).

3.2. Radial Aggregation Area

In realistic situations, a single-layer magnetic chain can aggre-
gate with another MNP or single-layer magnetic chain in the
radial direction,[28] thereby forming a multilayer magnetic chain.
To evaluate SMMC volume size, we determined the radial aggre-
gation area (Aradial) in vitro. Previously, the average SMMC axial
aggregation length (Laxial) was calculated by mathematical model-
ing (Section 3.1). The volume of a multilayer magnetic chain can
be calculated as follows

Vmmc ¼ LaxialAradial (10)

The volume of a multilayer magnetic chain (Vmmc) equals
the sum of the volumes of the individual MNPs (NV ).
Substituting Equation (10) into Equation (5) shows that the total
magnetic moment is proportional to Laxial and Aradial. The mag-
netic force increases with increasing magnetic moment. The
magnetic force on a magnetic chain can be represented as

Fmf ¼
3Vmmc

μ0

μ� μ0
μþ 2μ0

� �
ðBext ⋅ ∇ÞBext (11)

As inferred in Equation (11), radial aggregation area (Aradial) can
be calculated if magnetic force is measured. Instead, we calculated
the radial aggregation area by solving the net force Equation (12) of
applied forces onMNPs. Because hydrodynamic drag, themagnetic
field, and gravity are the main forces acting on MNPs (Section 7),
the net force equation can be represented as follows

3πηdef evaxial �
3LaxialAradial

μ0

μ� μ0
μþ 2μ0

� �
ðBext ⋅ ∇ÞBext

þ LaxialAradialðρparticle � ρfluidÞg ¼ 0
(12)

The effective diameter de is LaxialE
�2/3 (E ¼ Laxial=

ffiffiffiffiffiffiffiffiffiffiffi
Aradial

p
), the

stoke correction factor fe is
4=3E2=3

lnð2EÞ�0.5,
[26] vaxial is the axial velocity of

multilayer magnetic chain, ρp is the particle density, ρf is the fluid
density, and g is gravitational acceleration. Equation (12) calculates
the radial aggregation area Aradial as follows

Aradial ¼
3πηdef evaxial

Laxial 3
μ0

μ�μ0
μþ2μ0

� �
Bext ⋅ ∇ð ÞBext � ðρp � ρf Þg

� � (13)

Axial velocity (vaxial) is measured by image processing (MATLAB)
after applying magnetic force toward the axial direction, the radial
aggregation area (Aradial) can be determined as in Figure 2d. In real-
istic situations, axial velocity cannot be obtained because of the lack
of a suitable real-time imagingmodality, which hampers calculation
of axial aggregation area by Equation (13). Through Equations (9)
and (11), Equation (13) can be simply redefined as a fluid viscosity
related equation. Compared with the axial direction, a negligible
magnetic field is applied in the radial direction. Therefore,
Brownian motion is more significant compared to the dipole force
when determining the radial aggregation of MNPs.[29] Brownian
motion can be described by the Stokes–Einstein equation[30]

Ddiffusion ¼ kBT
3πηd

(14)

whereDdiffusion is the diffusion coefficient, kB is the Boltzmann con-
stant, T is the absolute temperature, η is the fluid viscosity, and d is
the individual MNP diameter. The dipole force among MNPs has
the following relation to their separation distance

Fdipij ¼
3μmimj

4πr4ij
ðrijðmi ⋅mjÞ þmiðrij ⋅mjÞ þmjðrij ⋅miÞ

� 5rijðrij ⋅miÞðrij ⋅mjÞÞ
(15)

where i and j denote the ith and jth MNP, respectively. μ is the
magnetic permeability, rij is the MNP separation distance, and
m is the magnetic moment. Because Brownian motion is inversely
proportional to fluid viscosity, MNPs diffuse more rapidly at low
compared to high viscosities (Equation (14)), thereby promoting
MNP aggregation at high viscosities (because the dipole force rap-
idly decreases with increasing separation distance) (Equation (15)).
Consequently, the radial aggregation area is only dependent on
fluid viscosity at sufficient magnetic particle concentrations.
Furthermore, the radial aggregation area Aradial converges because
the number of MNPs is finite. We propose the following curve-
fitting model

Aradial ¼ c1 lnðηÞ þ c2 (16)

Herein, c1 and c2 are determined by comparison with experimen-
tal data (Table S1, Supporting Information). In Figure 2g, the red
dot represents the calculated radial aggregation area Aradial based on
the experimental vaxial (Equation (13)), and the curve fit represents
the radial aggregation area Aradial calculated by Equation (16). The
curve fit is acceptably similar (<3%) to the experimental result. The
aggregation volume is a function of fluid viscosity, flow velocity, and
magnetic field strength

Vmmc ¼ f ðη, vf ,BextÞ (17)
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Among the input parameters of function f, fluid viscosity and flow
velocity are dependent on the surrounding environment and not
controlled by the user; hence, the aggregation volume is mainly
controlled by the magnetic field strength.

3.3. Verification of the Aggregation Volume Estimator

The aggregation volume estimator has calibration and real-time
phases (Figure 1c). In the calibration phase, c1 and c2 are deter-
mined (Table S1, Supporting Information) as in Figure 2g. In the
real-time phase, Aradial is continuously estimated based on
Equation (16), and Laxial is estimated based on Equation (9).
Based on these calculations, SMMC volume was calculated at
30 Hz (Equation (10)). To verify the aggregation volume estima-
tor, an in vitro system was used (Figure S1b, Supporting
Information). Movement of a swarm of multilayer magnetic
chains was captured under a microscope (SMTUSCOPE;
Shenzhen Qi Yao Technology Co., Ltd.) and the average time
(treach) for a swarm of multilayer magnetic chains to migrate from
the lower to the upper wall was analyzed using ImageJ (NIH)
(Figure 2h). Particularly, the magnetic force and hydrodynamic
drag force are related to the average time (treach). If the applied
magnetic force and hydrodynamic drag force were equivalent at
the MDT simulator and in vitro system, the resultant aggregation
volumes in the MDT simulator and in vitro system are compara-
ble. Herein, we compared the average time (treach) under the fol-
lowing conditions

Viscosity (η): 1.005, 1.769, 2.5, or 3.75 cP
Flow velocity: 2, 3, or 4 mm s�1

Magnetic field at the center of the region of interest: 33mT
(1.5 A) and 45mT (2 A)

The results, which are displayed in Figure 2i, were accurate to
within an error of treach< 10%. It follows that the aggregation
volume estimator clearly offers accurate predictions of an aggre-
gation volume within a 5% error.

3.4. Guidance Margin

SMMCs accelerated by a magnetic force quickly reach constant
velocity due to hydrodynamic drag. We defined this constant
velocity as terminal velocity. The net force applied to SMMC
can be represented as

X
F ¼�3πηdeðvT � vf Þ þ

3Vmmc

μ0

μ� μ0
μþ 2μ0

� �
ðBext ⋅ ∇ÞBext (18)

The net force becomes zero by balancing the hydrodynamic
drag forces and magnetic forces. The terminal velocity can be
represented as

mmc 0

0 0

magnetic force effect

3
ext ext2

fT
e flow effect

viscosity effect

3

V
B B

vv
d

where vT is SMMC terminal velocity, vf is the flow velocity, and de
is SMMC diameter. vT is composed of three directions: î, ĵ, k̂

(Figure 3a, absolute coordinates system). î is not controlled by
the magnetic force but SMMCs move in that direction due to
fluidic flow. The other two directions (ĵ and k̂) are controlled
by the magnetic force. Gravitational force is ignored because
it is overcome by the magnetic force at applied magnetic
fields> 7mT. SMMC trajectory is determined by the integral
of vT. The major determinants of SMMC terminal velocity
(Equation (19)) are the magnetic force effect (emagnetic), viscosity
effect (eviscosity), and flow rate (vf )

vT ¼ emagnetic

eviscosity
ĵ þ emagnetic

eviscosity
k̂þ ð~vf ⋅ îÞîþ ð~vf ⋅ ĵÞĵ þ ð~vf ⋅ k̂Þk̂

¼ ð~vf ⋅ îÞîþ ð~vc ⋅ ĵ þ~vf ⋅ ĵÞĵ þ ð~vc ⋅ k̂þ~vf ⋅ k̂Þk̂
(20)

emagnetic can be controlled by the user by adjusting the magnetic
field, whereas eviscosity and vf are determined by the flow environ-
ment. Although the magnetic force is set as a constant, reduction
of viscosity increases the terminal velocity (Equation (19)). Thus,
emagnetic/eviscosity can be represented by a single term in Equation
(20) denoted as vc. Determination of the guidance ratio and the
critical guidance ratio is described in Figure 3. Both velocity vec-
tors are time dependent: ~vcðtÞ (yellow arrow) and ~vf ðtÞ (blue
arrow). We assumed that the magnetic field was always applied

toward the target entrance during MDT ( v
⌢

c ⋅ n
⌢

t > 0). v
⌢

c is the

unit vector of~vcðtÞ (yellow arrow) and n
⌢

t is the direction vector of
the target entrance surface (brown arrow). Among the flow veloc-
ity components (~vf ðtÞ), some are parallel to~vcðtÞ and contribute to
SMMC guidance. This vector can be represented by calculating

the dot products of v
⌢

cðtÞ and ~vf ðtÞ: ð~vf ðtÞ ⋅ v⌢cÞ v⌢c .
The net contribution of the velocity vector to SMMC guidance

is represented as ~vcðtÞ þ ð~vf ðtÞ ⋅ v⌢cÞ v⌢c (black arrow), while
the net non-contribution of the velocity vector to SMMC

guidance is represented as ~vf ðtÞ � ð~vf ðtÞ ⋅ v⌢cÞ v⌢c (green arrow).
Consequently, the SMMC moves in the direction of the gray
arrow (sum of all vectors: ~vcðtÞ þ~vf ðtÞ). At a magnitude of
~vcðtÞ compared to that of ~vf ðtÞ, the contact point (empty black
circle) where the sum velocity vector meets the target entrance
surface can be identified. By adjusting the magnitude of ~vcðtÞ,
the contact line can be defined as a set of contact points (sky
blue). There are two intersection points where the contact line
meets the contour of the target entrance (yellow and white
circles). The point at which j~vcðtÞj is smallest is defined as the
point of critical guidance ratio (white circle). Specifically, the
white point is the minimum point of the contact line of the small-
est j~vcðtÞj, and the yellow point is the maximum point of the con-
tact line where j~vcðtÞj is largest. When the smaller value of j~vcðtÞj
is used when comparing with j~vcðtÞj at the point of denoted by the
white circle, the SMMC cannot enter the target area. The bigger
j~vcðtÞj is used when comparing with j~vcðtÞj at the point of denoted
by the yellow circle, and SMMC can still enter the target area. For
instance (Figure 3b), as j~vcðtÞj decreases, SMMC guidance is
hampered. By contrast, an increased j~vcðtÞj value enables
SMMCs to reach the vessel wall before the target entrance,
and SMMCs maintain contact with the vessel wall and access
the target branch due to the magnetic force rather than the flow
velocity. Changes of j~vf ðtÞj have opposite effects on SMMC tra-
jectory (Figure 3c, gray arrow). Changes of j~vcðtÞj or j~vf ðtÞj shift in
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the contact point but not the contact line or critical guidance ratio
point. A change in direction of ~vcðtÞ or ~vf ðtÞ shifts the contact
point and contact line, thereby altering the critical guidance ratio
point (Figure 3d)

The vector sum of ~vcðtÞ þ ð~vf ðtÞ ⋅ v⌢cÞ v⌢c and ~vf ðtÞ �
ð~vf ðtÞ ⋅ v⌢cÞ v⌢c determines the SMMC trajectory (gray arrow).
The SMMC direction is determined by the ratio of these two vec-
tors, which in turn determines whether SMMCs are guided to
the target area. Herein, we define this ratio as the guidance ratio
(GSMMC)

GSMMCðtÞ ¼ j~vcðtÞ þ ð~vf ðtÞ ⋅ v⌢cÞ v⌢cj
j~vf ðtÞ � ð~vf ðtÞ ⋅ v⌢cÞ v⌢cj

(21)

The vc term is related to fluid viscosity, magnetic field strength,
magnetic field gradient, and aggregation volume; the vf term is
related to flow velocity. Thus, the guidance ratio (GSMMC) is a

function of the fluid viscosity, flow velocity, magnetic field
strength, magnetic field gradient, and aggregation volume.

GSMMC ¼ gðη, vf ,Bext,∇Bext,Vmmc, tÞ (22)

Among the input parameters of function g, fluid viscosity and flow
velocity are determined by the environment rather than the user.
Furthermore, as described in Equation (17), the aggregation vol-
ume is mainly controlled by the magnetic field strength.
Therefore, the GSMMC can be adjusted by modulating the mag-
netic field strength and gradient. The GR represents magnetic
effects relative to viscous and flow-velocity effects, and so is directly
related to SMMC guidance. A low guidance ratio means that the
magnetic effect is insufficient, which hampers SMMC guidance.
Using the critical guidance ratio point, we can determine the
boundary of GSMMC for SMMC guidance. The guidance ratio at
the critical-guidance-ratio point is the threshold for success or fail-
ure of SMMC guidance; we denote this threshold value as the

Figure 3. Determination of the guidance ratio and critical guidance ratio. a) Free diagram of the SMMC inside the blood vessel. b) The definition of the
contact line and intersection points. c,d) Effects of j~vcðtÞj and j~vf ðtÞj on SMMC trajectory. Changes of magnitude determine whether SMMC can be guided
into target area or not; however, it does not affect the position of the contact line. e) By contrast, changes in the~vcðtÞ and~vf ðtÞ directions alter the position
of the contact line. The changes the position of the contact line lead to changes position of critical guidance ratio; hence, it will affect to critical guidance
ratio. f ) All vector notations are described.
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critical guidance ratio (G�
SMMC), which is dependent on the posi-

tion of the target area relative to the SMMC. Hence, the G�
SMMC

can be described as

G�
SMMCðtÞ ¼

ðp�ðtÞ � pðtÞÞ ⋅ ~vcðtÞþð~vf ðtÞ⋅ v⌢cÞ v⌢c

j~vcðtÞþð~vf ðtÞ⋅ v⌢cÞ v⌢c j

� �

ðp�ðtÞ � pðtÞÞ ⋅ ~vf ðtÞ�ð~vf ðtÞ⋅ v⌢cÞ v⌢c

j~vf ðtÞ�ð~vf ðtÞ⋅ v⌢cÞ v⌢c j

� � (23)

where the critical-guidance-ratio point is p
�ðtÞ and the SMMC cen-

ter position is pðtÞ.
The guidance margin can be calculated during simulation

time T using the guidance ratio and the critical guidance ratio.
The guidance margin conditions are as follows
2
64
Gmargin ¼ 1

T

R
T
0 ðGSMMC � G�

SMMCÞdt
Gmargin > 0 controllable
Gmargin ≤ 0 uncontrollable

(24)

where Gmargin is the guidance margin (Table 1). If the guidance
margin is positive, the SMMC can be guided to the target area
(controllable). When the guidance margin is negative, the SMMC
cannot be guided to the target area (uncontrollable).

4. Results

4.1. Rat-Brain Vessel Model

We focused on the rat-brain ICA,MCA, andACA. The ICA is amajor
branch of the common carotid artery and supplies blood to several
parts of the head. Occlusion of the ICA, MCA, and ACA can cause
stroke, leading to significant morbidity and mortality.[31] MNP guid-
ance in the ICA–MCA–ACA pathway would enable minimally inva-
sive treatment. The experimental conditions were as follows:

Fluids: glycerol mixture, blood
Viscosities (η): 1.75, 3.75, and 5.75 cP
Flow velocities: 1, 2, and 5mm s�1

Targets: default, MCA, ACA, ACA2

4.2. Guidance in the Simulation and In Vitro

4.2.1. Trajectory Generation in the MDT Simulator

In the MDT simulator, the user guided the SMMC center point
to the target area; representative center points of the SMMC tra-
jectories are shown in Figure S4, Supporting Information. The
guidance ratio and critical guidance ratio are affected by flow
velocity and fluid viscosity, as is the guidance margin (calculated
by Equation (24); Table 1).

4.2.2. Guidance in Simulation Testbed

In the simulation, 600 MNPs were used to verify the aggregation
model–based OLPG at various fluid viscosities and flow velocities
(Figure S5, Supporting Information). Under a magnetic field,
some MNPs aggregated (aggregated MNPs), whereas others
remained suspended (isolated MNPs). The proportion of sus-
pendedMNPs was affected by their concentration, magnetic field
strength, flow velocity, and fluid viscosities.[29] We determined
the percentage of suspended MNPs based on the Y-channel
(Figure S6a, Supporting Information). In the absence of a mag-
netic field, MNPs were distributed throughout the channel
(Figure S6b, Supporting Information). Once a magnetic field
is applied toward the right, aggregated MNPs are guided to
the right side, and non-aggregated MNPs are distributed
throughout the channel (Figure S6c, Supporting Information).
After the end of experiment, we checked the particle concentra-
tion of each outlet using a particle concentration device
(Varioskan LUX Multimodal Microplate Reader). We calculated
the percentage of suspended MNPs (Table S2, Supporting
Information) by comparison with the default mode (Figure
S6b, Supporting Information). We defined the volume range
of suspended MNPs as 2.244� 10�20 to 4.48921� 10�19 m3,
as calculated by the Brownian motion equation (Note S1,
Supporting Information). The motion of suspended MNPs
was predominantly determined by Brownian motion.

When the SMMC trajectory was generated by the MDT simu-
lator (Figure S4, Supporting Information), SMMC volume was
continuously estimated using the aggregation volume estimator.
In the simulation, the minimum and maximum volumes are set
as the boundaries of the aggregated particle volume (Figure S7,
Supporting Information), enabling the aggregated magnetic par-
ticles to be of inconstant volume due to the randomness of
aggregation.[28]

MNP guidance is affected by viscosity and flow velocity
(Figure 4a). In default mode, 19.34% of MNPs reached the ACA
and 80.67% reached the ACA2. MNP trajectory was dependent
on the initial injection position. We injected MNPs using a micro-
syringe (NanoFil 34-gauge; inner diameter= 0.051mm) near the
center of the inlet and far from the MCA branch. Therefore, many
MNPs are guided to the ACA and ACA2 in default mode.

In MCA mode (1.75 cP and 1mm s�1), 69.07% of MNPs were
guided to the MCA, 5.8% to the ACA, and 25.13% to the ACA2.
However, suspended MNPs were present in the ACA and ACA2.
Therefore, although the SMMC center position was guided to the
target area, the targeting performance was<100%. In ACAmode
(1.75 cP and 1mm s�1), MNPs were detected only in the ACA

Table 1. Guidance margins.

Fluida) Mode 1mm s�1 2 mm s�1 5 mm s�1

Glycerol mixture (1.75 cP) MCA 0.85 (○) 0.14 (○) �0.138 (�)

ACA 0.301 (○) 0.0525 (○) �0.0478 (�)

ACA2 0.139 (○) 0.008 (○) �0.0321 (�)

Glycerol mixture (3.75 cP) MCA 0.416 (○) 0.021 (○) �0.172 (�)

ACA 0.143 (○) 0.0135 (○) �0.0585 (�)

ACA2 0.065 (○) 0.00195 (○) �0.0384 (�)

Glycerol mixture (5.75 cP) MCA 0.206 (○) �0.052 (�) �0.187 (�)

ACA 0.0465 (○) �0.0265 (�) �0.0615 (�)

ACA2 0.055 (○) �0.014 (�) �0.0405 (�)

Blood MCA 0.364 (○) �0.007 (�) �0.184 (�)

ACA 0.1 (○) �0.0035 (�) �0.0605 (�)

ACA2 0.08 (○) �0.009 (�) �0.0391 (�)

a)Symbols indicate guidance margins in the controllable (○) and uncontrollable (�)
ranges.
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and ACA2, and 75.8% were guided to the ACA. In ACA2 mode
(1.75 cP and 1mm s�1), 89.3% of MNPs were guided to the target
area. The presence of two branches prior to the ACA2 compli-
cates guidance. Furthermore, MNPs reached the ACA2 in the

absence of a magnetic force. Consequently, targeting perfor-
mance is slightly improved compared with the default mode.

An increase of flow velocity (2 mm s�1) reduced the effect of
magnetic force on MNP trajectory (Equation (19)), increased the

Figure 4. a) Targeting performance in a simulation testbed and b) in vitro analysis according to viscosity, flow velocity, and fluid. c) Relationship of
guidance margin with targeting enhancement compared with the default mode.
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percentage of suspended MNPs (Table S2, Supporting
Information), and reduced the amount of aggregated MNPs
guided to the target area. At a higher flow velocity (5mm s�1),
the aggregated MNPs follow fluidic flow, thereby reducing the
amount guided to the target area (Figure 4a). Increases in viscos-
ity (Equation (19)) had similar effects (Figure 4a).

In blood (Figure 4a), in default mode, MNPs followed fluidic
flow due to the absence of an external magnetic field so that the
particles have the same distribution as Newtonian fluids.
Targeting performance in blood decreased with increasing flow
velocity. At a flow velocity of 1 mm s�1, targeting performance is
similar to that at a viscosity of 3.75 cP because the viscosity of
MNPs in blood is 3–5 cP (near vessel walls). At a flow velocity
of 2 mm s�1, targeting performance was improved compared
to a Newtonian fluid (3.75 cP). In blood, an increase in flow veloc-
ity decreases viscosity (Figure S8, Supporting Information),
thereby improving targeting performance (�5%). At a flow veloc-
ity of 5mm s�1, there was no significant difference between a
Newtonian fluid (glycerol mixture) and non-Newtonian fluid
(blood).

4.2.3. Guidance In Vitro

We evaluated the aggregation model–based OLPG scheme in
vitro (Figure S9, Supporting Information) using a particle con-
centration analyzer (Varioskan LUX Multimodal Microplate
Reader) (Figure 4b). To visualize MNP distributions, we per-
formed fluorescence imaging (IVIS Lumina; Xenogen) at 1 mm
s�1 and 3.75 cP and compared the data with that obtained from
the simulation (Figure 5a,b). Targeting performance in vitro was
comparable to the simulation (Figure 4a,b). In default mode,
MNPs reached the ACA and ACA2, and some reached the
MCA. The MNP distributions differed slightly between the
simulation and in vitro analysis because Brownian motion was
not accounted for in the simulation (Note S1, Supporting
Information).

In MCA mode, fewer MNPs were guided to the target area
compared with the simulation (Figure 4a,b). Many MNPs passed
through the MCA branch in MCA mode, but some remained at
the entrance to the MCA due to their diffusion properties
(Figure 5a,b).[32] The remaining MNPs exited via the ACA or
ACA2 due to fluidic flow. Thus, compared with the simulation,
more MNPs reached the ACA or ACA2 than the MCA. In ACA
mode, targeting performance in the simulation was similar to
that in vitro (Figure 4a,b). Many MNPs passed through the
ACA branch (Figure 5a,b). Although some MNPs did not reach
the ACA, they reached the ACA or ACA2 due to fluidic flow. In
ACA2 mode (Figure 4a,b), targeting performance was similar to
that in the simulation: MNPs reached the ACA2 and ACA
(Figure 5a,b). In blood (Figure 4a,b), the MNP distribution at
the in vitro experiment was slightly different from that in the
simulation due to Brownian motion and disturbances by
RBCs (<5%).

4.2.4. Guidance Margin

Comparison of the guidance margin (Table 1) between the sim-
ulation (Figure 4a) and in vitro data (Figure 4b) indicated a loga-
rithmic regression relation (Figure 4c) with enhancement of
targeting performance. The positive guidance margin data are
shown because SMMCs cannot be guided to a target area if
the guidance margin is negative.

The logarithmic regression is modeled using the guidance
margin calculated in the MDT simulator (red line) and enhanced
targeting performance in the simulation (black dot) (Figure 4c).
The coefficients of determination (R2) were 0.9457, 0.9352, and
0.8333 for the MCA, ACA, and ACA2, respectively. The differ-
ences between the modeled and simulated results were caused
by the percentage of isolated particles and unaccounted-for
forces. In ACA2 mode, little external control is needed to guide
MNPs to the target area because they tend to move toward the
target area because of the injection position; MNP trajectory is

Figure 5. a) Magnetic nanoparticles (MNP) distributions in the simulation and b) in vitro at 3.75 cP and 1mm s�1. The particle distribution and SMMC
position are compared.
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affected by Brownian motion, electrostatic forces, and Van der
Waals forces.[29] As a result, the relationship between the guid-
ance margin and enhanced targeting performance is weak. The
differences between the simulation (Figure 4a) and in vitro
(Figure 4b) data are caused by aggregation modeling errors,
RBCs, unaccounted-for forces, and the nonuniform sizes of
MNPs. The root-mean-square error (Figure 4c) in all modes
was <5.04%, indicating that the logarithmic regression model
accurately reflects the in vitro results.

4.2.5. Verification of the Aggregation Volume Estimator

The OLPG was verified by simulation and in vitro analysis. We
compared the OLPG with and without the aggregation volume
estimator (Figure 6). In the absence of the aggregation volume
estimator, SMMC volume was determined at the initial state and
remained constant during guidance to the target area (Figure 6a).
By contrast, in the presence of the aggregation volume estimator,
SMMC volume was estimated continuously during guidance
(Figure 6b). The simulation used blood at a flow velocity of 2 mm
s�1. The SMMC center point and aggregated MNP trajectories,
SMMC volume, and applied current intensity are shown in
Figure 6a,b. The trajectory of isolated MNPs is excluded because
they are not controllable.

As shown in Figure 6a, the SMMC center point represents the
aggregated MNPs. Without the aggregation volume estimator,
the difference between the positions of aggregated MNPs and
the SMMC center point was greater, which hampered guidance
of MNPs to the target area. SMMC volume is shown in Figure 6a,
b. The fluid viscosity and flow velocity vary positionally, thereby
altering SMMC volume. Moreover, changes in magnetic field
strength affect SMMC volume with the aggregation volume esti-
mator (Figure S10, Supporting Information). The targeting per-
formance is shown in Table 1. Targeting performance was
improved by the aggregation volume estimator both in the sim-
ulation and in vitro. OLPG without the aggregation volume esti-
mator in blood (2 mm s�1) improved targeting performance by
106%–175% compared to default mode, whereas OLPG with

the aggregation volume estimator improved targeting perfor-
mance by 116%–409%. The aggregation volume estimator
improved targeting performance by 111%–180% compared to
OLPG without the aggregation volume estimator (Table 2).

4.2.6. Pulsatile Flow

In this section, we validated the proposed guidance scheme under
the pulsatile flow environment through the studies in the simula-
tion testbed. The inlet average blood flow velocity was modeled
using sinusoidal function as vf=A(sin(2πftþ π/6)þ 1).[33]

Where input flow velocity frequency f is set as 1, t is the time
and the amplitude A is set as 2 due to the limitation of our current
system (magnetic field is limited) (Figure 7a). A total of 100 par-
ticles are used for the simulation. A total of 50 particles have the
properties of isolated particles, while 50 particles have the proper-
ties of aggregated particles. We can observe that the aggregated
particles (Figure 7c,f ) follow the SMMC trajectory (Figure 7b).
The trends of guidance results in pulsatile flow are comparable
with the guidance results in the steady flow. Furthermore, from
the guidancemargin value, we can estimate the targeting enhance-
ment through the regression model (Figure 4). Compared to the
estimated targeting enhancement and the target enhancement in
the simulation testbed, it is obvious that predicting the targeting
enhancement using guidance margin is still valid when the pul-
satile flow is injected instead of the steady flow (error< 3.88%)
(Table 3).

5. Discussion

We investigated the relationships amongmagnetic field strength,
fluid viscosity, flow velocity, and aggregation volume by mathe-
matical modeling and in vitro. On the basis of the investigation,
an analytic model for calculating aggregation volume was sug-
gested and an aggregation volume estimator was developed.
Also, we developed an OLPG scheme with an aggregation vol-
ume estimator. We validated the proposed guidance scheme
using 3D phantoms under varying conditions. The simulation

Figure 6. OLPG results a) with and b) without the aggregation volume estimator in MCA mode (blood and 2mm s�1).
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and in vitro results showed that MNPs can be guided to target
areas with no need for imaging.

Our method enables the guidance of MNPs to target areas in
rat-brain blood vessels. Although microswarm techniques were

Table 2. Targeting performance with and without the aggregation volume estimator.

2 mm s�1 blood MCA [%] ACA [%] ACA2 [%] 2mm s�1 blood MCA [%] ACA [%] ACA2 [%]

Target Simulation—without aggregation volume estimator Target In vitro—without aggregation volume estimator

Default 0 19.34 80.67 Default 9.65 19.83 70.52

MCA 6.14 12.56 81.3 MCA 16.94 15 68.06

ACA 0 35.5 64.5 ACA 3.6 47.32 49.08

ACA2 0 20.17 79.83 ACA2 4.5 20.15 75.35

Target Simulation—with aggregation volume estimator Target In vitro—with aggregation volume estimator

Default 0 19.34 80.67 Default 7.47 20.56 71.97

MCA 32.3 8.99 59.71 MCA 30.56 11.47 61.97

ACA 0 62.13 37.87 ACA 3.63 60.97 35.4

ACA2 0 13.4 86.6 ACA2 6.69 9.38 83.93

Figure 7. Guidance results in the simulation testbed. a) Pulsatile flow injection, b) SMMC trajectory, particle trajectories, and distribution at c) the default
mode, d) MCA mode, e) ACA mode, and f ) ACA2 mode.
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suggested for MDT,[34] maintaining MNP swarms under the flu-
idic flow is challenging[35] and hampered by the lack of 3D loco-
motion schemes.[36] In vivo imaging of micro/nanorobot swarms
is still in its infancy.[37,38] MDT tasks which involve 3D blood-
streams should be verified further. Under the fluidic flow, the
swarm formation or aggregation of MNPs is affected by the sur-
rounding flow environment; hence, the existing guidance
schemes for a swarm may not be valid without tracking aggre-
gation changes or maintaining a swarm formation. In this
regard, the aggregation volume estimator was proposed to esti-
mate aggregation changes. The development of an aggregation
volume estimator realizes that the aggregation volume is calcu-
lated in real time using information on the surrounding blood
vessels and guarantees the validity of the guidance scheme for
MNPs to the target area with high targeting performances. A
magnetic field gradient is used to have 3D locomotion of the
MNPs and their motion is not confined to the surface-walker
motion.[39] OLP concepts can be an alternative guidance scheme
without the need of real-time in vivo imaging.[40] Moreover, we
introduced the guidance margin, which is calculated from the
magnetic field, magnetic field gradient, aggregation volume,
andMNP properties. Althoughmagnetic field strength, magnetic
field gradient, and MNP properties can be mathematically mod-
eled or measured, modeling of aggregation volume is not possi-
ble. The development of the aggregation volume estimator
enables the estimation of aggregation volume and draws out
the introduction of the guidance margin. By comparing the tar-
geting enhancement in the simulation and in vitro results with
the guidance margin, we could identify the correlation between
the guidance margin and targeting enhancement. MNPs were
guided to target areas via blood at flow velocities of 1 and 2mm
s�1 and viscosities of 1.75, 3.75, and 5.75 cP. The use of an aggre-
gation volume estimator improved targeting performance.

Our demonstration indicates that the proposed guidance
scheme is feasible to navigate MNPs into the target area up to
the flow velocity of 2 mm s�1, as per proper guidance scheme
in the capillaries.[41] Although the proposed guidance scheme
is effective in a variety of flow environments, it fails at flow veloc-
ities >5mm s�1 due to limitation of magnetic force. Higher
magnetic force can provide the chance to guide MNPs into
the target area such as Aorta, Artery, and Arteriole which are
in high flow velocities. The construction of a coil system[42] or
increasing particle susceptibility[43] can help to generate a high
magnetic field gradient. In an alternative way, the blood flow
velocity can be temporarily reduced nearby the target area using

vascular clamps,[44] this can help to manipulate MNPs against the
flow velocities. The locomotion nearby vessel boundary is one of
the prominent ways to overcome the drastic blood flow.[17] The
velocity of blood flow is dramatically reduced near the walls due
to properties of laminar flow and nonslip boundary conditions.
Recently, surface-induced locomotion “surface-walker” was
introduced.[39] Meanwhile, the proposed offline programming
guidance scheme is not restricted to the guidance scheme using
the magnetic field gradient but it can be extended to the other
guidance scheme using other external power-driven sources.[45–47]

For instance, by modeling the surface-induced locomotion math-
ematically,[48] the MDT simulator can be implemented and resul-
tant offline programming guidance scheme for “surface-walker”
can be developed. When using different types of external field,
such as oscillating or rotating fields, the formation of aggregation
will change. The shape of aggregation significantly affects the
hydrodynamic drag force.[49] For instance, we analyzed the effects
of aggregation shape when magnetic force was applied (Note S4,
Supporting Information). The aggregation shape affects the termi-
nal velocity of the aggregate and can, therefore, affect the targeting
performance. Consequently, the aggregation shape model has to
be determined according to the external field.

Furthermore, the used realistic vessel model is obtained from
the UTE–MRA image of a rat brain; hence, we can say this model
mimics the real structure of the brain vessel but does not the
intravascular conditions. The MNPs have interactions with
bio-components[50] not only with RBCs at the intravascular con-
ditions. Furthermore, the interaction between MNPs and vessel
walls may affect on the targeting performance significantly.[51]

The consideration of the interaction forces with the bio-components
and wall conditions makes our system more precise. However,
there is trade-off between the precision of the simulation and
time consumption; hence, the real-time MDT simulator cannot
be established with consideration of all interaction forces. In this
article, the proposed guidance scheme was well operated under
the blood conditions (targeting results are reduced by around
�5% compared with the simulation results). These results show
that the current MDT simulator is acceptable in agreement with
in vitro environment and it has potential to implement targeted
drug delivery under the vivo environment with simplifying intra-
vascular conditions.

6. Conclusion

We developed an aggregation volume estimator–based OLPG
method. To calibrate the MDT simulator, an aggregation volume
estimator model was developed and validated in vitro. The
method enabled guidance of MNPs to a target area via the blood-
stream at a flow velocity of 1–2mm s�1. The simulation and in
vitro results were in acceptable agreement. The guidance method
has considerable potential for biomedical applications. The guid-
ance margin was dependent on the viscosity, magnetic force, and
flow velocity. Evaluating the guidance margin enabled prediction
of targeting performance, which will facilitate design of EMA sys-
tems and determination of MNP properties or guidance algo-
rithms. In future, we plan to guide MNPs in a rat-brain blood
vessel in vivo using the proposed guidance method.

Table 3. Results of particle distribution under the pulsatile flow.

Target

Mode Guidance
margin

Estimated
targeting

enhancement

MCA ACA ACA2 Targeting
enhancement
in simulation

testbed

Default 0 16 84

MCA 0.941� 10�3 35.88 32 60 8 32

ACA 0.229� 10�3 37.98 0 52 48 36

ACA2 0.061 6.51 0 8 92 8
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7. Experimental Section

Materials: Fluorescent carboxyl magnetic Nile red particles (FMNPs;
0.2–0.39 μm diameter, 1% w/v) polymerized with styrene were purchased
from Spherotech (FCM-02556-2). Transmission electron microscopy
(Tecnai G2 F30 S-Twin; FEI) revealed smooth spherical nanoparticles with
an average diameter of 350 μm (Figure S3a, Supporting Information). The
magnetic response (magnetization curve) of the magnetic particles is
shown in Figure S3b, Supporting Information. This curve was mathemati-
cally modeled using the Langevin function.[52] The applied flux density
range was �500mT and the magnetic susceptibility of the MNPs was
measured using a vibrating sample magnetometer (Lake Shore
Cryotronics). Sheep whole blood (Carolina Biological Supply Company)
was used. A 3D blood-vessel model was created from photopolymer resin
using a 3D printer.

MNPs were collected using a permanent magnet (Figure S11,
Supporting Information) and allowed to sediment in tubes for 30 min.
The MNPs were separated and suspended in water (50 μL). To measure
the MNP concentration, 200 μL of HCL was added and mixed. Next, 50 μL
was removed, 150 μL of KSCN was added, and the plate was read at
490 nm using a microplate reader (Varioskan LUX Multimodal
Microplate Reader; ThermoFisher Scientific) with Skanlt software. The
results were transformed to iron concentrations to calculate particle dis-
tribution (Figure S9, Supporting Information).

Force Applied to MNPs: The total applied force on MNPs was calculated
as follows

mi
dvi
dt

¼ Fmf þ Fdrag þ Fgrav þ Fwall (25)

Using Newtonian dynamics, a governing equation was modeled where
index a defines particle i, mi is particle mass, and vi is particle velocity. In
this equation, Fmf is the magnetic force, Fdrag is the hydrodynamic drag
force, Fwall is the interparticle interaction force, and Fgrav is the gravita-
tional force. Fmf is the actuation force used to steer particles, m is the
magnetic moment (Equation (2)), and Bext is the external magnetic field.

Fmf ¼ ðm ⋅ ∇ÞBext (26)

The hydrodynamic drag force (Fdrag) induced by flow rate vf can be
expressed by the modified Stock law with a Stokes shape correction factor,
fc, particle velocity, vp, and effective diameter, de, as in ref. [26]

Fdrag ¼ 3πηdef cðvp � vf Þ (27)

The gravitational force (Fgrav) is modeled as

Fgrav ¼ Vðρp � ρf Þg (28)

where ρp and ρf are the particles and fluid density, respectively; V is particle
volume; and g is gravitational acceleration. The particle wall force, Fwall,
was activated when particles approached the wall and could be modeled
based on modified Lennard–Jones (LJ) interaction forces[48]

Fwall ¼
ε

h� d=2
σ

h� d=2

� �
12
� σ

h� d=2

� �
6

� �
(29)

where h is the wall–particle distance, ε is the depth of the potential well, d
is particle diameter, and σ is the distance at which the particle–wall poten-
tial energy is zero. Laminar blood flow was expected in the brain blood–
vessel model due to the small Reynolds number (<10�5). We ignored the
turbulence generated in arteries by heart pumping; this is reasonable if we
consider a blood vessel far from the heart. The incompressible Navier–
Stokes equations were solved for the Eulerian frame along with a model
for the discrete motion of particles in a Lagrangian frame. The Carreau
model was used to describe non-Newtonian fluids (blood), the viscosity
of which is as follows

ν ¼ ν∞ þ ðν0 � ν∞Þ 1þ λ2γ
: 2½ �n�1

2 (30)

where γ
:
is the shear rate, ν∞is the viscosity at infinite shear rate, ν0 is the

viscosity at zero shear rate, λ is the relaxation time, and n is the power
index.[53]

Magnetic Field Modeling: We modeled a magnetic field using the off-axis
equation and compared the data with measurements. The EMAs consisted
of four magnetic coils on the x- and y-axes (Figure S12, Supporting
Information). Each coil had an iron core to increase the magnetic field
strength.[54] At any point in the system, the magnetic field is the superpo-
sition of the fields induced by each coil and can be obtained by integrating
the Biot–Savart law over the circular current loop. The magnetic field B due
to a single-current loop can be computed by evaluating the curl of the mag-
netic vector potential A. At any point in the xyz-plane (i.e., P(ρ,ϕ,z)), the
magnetic vector potential A produced by a constant current I in a current
loop can be calculated by

Aðρ,ϕ, zÞ ¼ μ0Ia
4π

Z
2π

0

cosðϕÞdϕffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ ρ2 þ z2 � 2aρ cosðϕÞ

p

¼ μ0
π

Ia
ðaþ ρÞ2 þ z2

ð2� k2ÞE2ðkÞ � 2E1ðkÞ
k2

� � (31)

where a is the radius of the coil; ρ, ϕ, and z are the cylindrical coordinates;
μ0 is the permeability of air; E1(k) and E2(k) are the complete elliptic inte-
grals of the first and second kind, respectively; and the argument k of the
elliptic integrals is

k2 ¼ 4ρa
ðaþ ρÞ2 þ z2

(32)

Because magnetic field B is the curl of vector field A, based on the law of
Biot–Savart, the components of magnetic induction in cylindrical coordi-
nates are

B ¼ ∇� A (33)

Bρ ¼ � 1
ρ

∂ðρAÞ
∂z

¼ μr z

2πρ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðaþ ρÞ2 þ z2

p a2 þ z2 þ ρ2

z2 þ ðρ� aÞ2 E2ðkÞ � E1ðkÞ
� �

NI

(34)

Bz ¼
1
ρ

∂ðρAÞ
∂ρ

¼ μr

2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðaþ ρÞ2 þ z2

p a2 � z2 � ρ2

z2 þ ðρ� aÞ2 E2ðkÞ þ E1ðkÞ
� �

NI (35)

Unlike the single-current loop, to generate a high magnetic field with a
compact device, multilayer coils with iron cores were used. The number
of turns N was multiplied by the current i in the coil. To prevent high-fre-
quency losses, the maximum frequency was 10 Hz. An iron core was
inserted into each coil to enhance the magnetic field strength. The perme-
ability of the air, μ0, was replaced by the permeability of the core, μr.

In a 3D Cartesian coordinates workspace, the magnetic field of an arbi-
trary position, B(x,y,z), could be represented as the superposition of mag-
netic fields induced by the four coils. The applied magnetic field on
magnetic particles could be calculated as follows

Bx
By
Bz

2
4

3
5 ¼

B1z � B2ρ cosϕ2 � B3z þ B4ρ cosϕ4
B1ρ cosϕ1 þ B2z � B3ρ cosϕ3 � B4z
B1ρ sinϕ1 þ B2ρ sinϕ2 þ B3ρ sinϕ3 þ B4ρ sinϕ4

2
4

3
5 (36)

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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