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ABSTRACT

Objective(s): Inhaled aerocontaminants are removed from the lungs by pulmonary mucociliary transport
(MCT) as an important defense mechanism. This study was undertaken to investigate the influence of the
surface potential of magnetic nanoparticles (MNPs) on the MCT in murine lungs by use of magnetic particle
imaging (MPI).

Materials and Methods: Three kinds of MNPs (carboxymethyl dextran magnetite (CM), alkali-treated
dextran magnetite (AM), and trimethylammonium dextran magnetite (TM)) with almost the same
hydrodynamic diameters (50-55 nm) but different surface (zeta) potentials (-24 mV for CM, -15 mV
for AM, and +2 mV for TM) were intratracheally injected to anesthetized ICR male mice at 10 weeks old
using a nebulizing microsprayer containing 50 puL of MNPs. MPI images were acquired at 0.5, 6, 24, 72, and
168 hours after the injection of agents for each mouse. The retention value of the MNPs in the lungs was
quantified from the average pixel value of the lungs in the MPI image.

Results: The retention value of TM in the lungs was significantly greater than that of AM at 6 and 168 hours
after the injection of agents, and was significantly greater than that of CM at 72 and 168 hours after injection.
The retention value of AM was significantly greater than that of CM at 168 hours after injection.
Conclusion: The surface potential of MNPs affects the clearance of MNPs from the lungs due to MCT,
suggesting that the retention of MNPs in the lungs can be controlled by manipulating the surface potential
of MNPs. MPI will be useful for the visual and quantitative assessment of MCT, because MPI allows for
repeated and long-term studies with a single injection of MNPs and with no radiation exposure.
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INTRODUCTION

Inhaled aerocontaminants are removed from
the lungs by pulmonary mucociliary transport
(MCT) as an important and non-specific defense
mechanism. Mucus secreted from airway goblet
cells and gland cells traps the inhaled particles,
and the tapped particles are transported from the
peripheral lungs through the airways and larynx
into the gastrointestinal tract by the coordinated
motion of cilia beating [1, 2].

Magnetic-controlled drug delivery is one of the
most promising therapeutic approaches for cancer
and/or severe diseases, because this approach
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can increase the efficacy of drugs and decrease
their adverse effects [3]. As drugs can be directly
delivered to the lungs via the trachea, delivery
to the respiratory organs has also attracted
great interest [4, 5]. Although the application
of nanoparticles has attracted a great deal of
attention, some reports have expressed concern
aboutthe influence of the inhaled nanoparticles on
the lungs [6, 7]. Thus, when considering magnetic-
controlled drug delivery to the lungs using
magnetic nanoparticles (MNPs), it is important to
evaluate the retention and clearance of MNPs in
the lungs. Nanometer-sized particles can reach the
lung periphery more easily than micrometer-sized
particles, because there are few effects of inertial
impaction and sedimentation on the nanometer-
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sized particles [8]. Although the dependence of
pulmonary clearance on the diameter of inhaled
particles is well known [8], its dependence on
other factors has not been fully clarified yet.
Further investigations on the distribution and
clearance of MNPs in the lungs are needed.

Methods using radionuclides such as
technetium-99m have been commonly utilized in
the clinical setting to measure MCT [9, 10]. The use
of these methods, however, is limited by several
factors. In examinations using radionuclides,
radiation exposure to patients and medical staff is
unavoidable. The short half-lives of radionuclides
also make long-term observation difficult,
because their radioactivities attenuate with time.
In addition, the use of radionuclides is strictly
regulated and is limited to radiation-control areas.

The magnetic particle imaging (MPI) method
was firstly launched in 2005 [11]. In MPI, the
nonlinear response of MNPs to an external
magnetic field is used for image formation, and
the spatial distribution of MNPs can be visualized
with high sensitivity and spatial resolution and
in positive contrast, unlike magnetic resonance
imaging (MRI). MPI can also quantify the content
of MNPs because the concentration of MNPs
linearly correlates with the pixel value of the
corresponding MPI image [12]. Moreover, long-
term in vivo monitoring of MNPs can be realized
using MPI, because non-attenuating and radiation-
free MNPs are used as a signal source in MPI. We
previously attempted to image the lungs using MPI
and nebulized MNPs, and succeeded in visualizing
the spatial distribution of MNPs in the murine
lungs using MPI [13].

This study was undertaken to investigate the
influence of the surface potential of MNPs on the
pulmonary MCT in mice using MPI.

MATERIALS AND METHODS
Magnetic nanoparticles (MINPs)

Three kinds of MNPs with different surface
(zeta)  potentials  (carboxymethyl  dextran
magnetite (CM), alkali-treated dextran magnetite
(AM), and trimethylammonium dextran magnetite
(TM)) were purchased from Meito Sangyo Co.,
Ltd. (Aichi, Japan). CM is a magnetite (Fe,O,)
which has carboxylic groups in the repetitive
units [14]. AM is a magnetite having a carboxylic
group at its reduction end and is synthesized by
heat treatment of dextran in a sodium hydroxide
solution [14]. TM is a magnetite whose surface
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is positively charged by coating it with tertiary
amine [15]. The mean hydrodynamic diameters
and surface (zeta) potentials of these MNPs are
summarized in Table 1 [15].

Table 1. Mean hydrodynamic diameters and surface (zeta)

potentials of three kinds of magnetic nanoparticles [15]. CM:

carboxymethyl dextran magnetite, AM: alkali-treated dextran
magnetite, and TM: trimethylammonium dextran magnetite

cM AM ™
Mean hydrodynamic diameter [nm] 50 55 54
Zeta potential [mV] -24 -15 +2

Magnetic particle imaging (MPI) system

Fig 1 shows a photograph of our MPI scanner.
Our MPI system is described in details in our
previous papers [16-18]. Briefly, a field-free line
(FFL) was formed at the center of the selection
magnetic field, which was generated by two
neodymium magnets placed opposite each other
(Fig 1). The spatial encoding was performed using
the FFL. The strengths of the selection magnetic
field gradient perpendicular and parallel to the FFL
were 3.9 T/m and 0.1 T/m, respectively. The drive
magnetic field was generated by an excitation
(solenoid) coil, which was placed between the
two neodymium magnets (Fig 1). The length, inner
diameter, and outer diameter of the excitation coil
were 100 mm, 80 mm, and 110 mm, respectively.
The frequency and peak-to-peak strength of the
drive magnetic field were taken as 400 Hz and 20
mT, respectively [16]. The signals from the MNPs
were received by a gradiometer-type receiving coil.
The length, inner diameter, and outer diameter of
the receiving coil were 50 mm, 35 mm, and 40 mm,
respectively. The receiving coil was placed inside
the excitation coil (Fig 1), from which the third-
harmonic signals were extracted using a lock-in
amplifier (LI5640, NF Co., Kanagawa, Japan) and
transformed to digital data by a personal computer
connected to a multifunction data acquisition
device (USB-6212, National Instruments Co., Ltd.,
TX, USA).

Projection data for image formation were
acquired by automatically rotating both a mouse
and the receiving coil around the receiving coil axis
through 180° in steps of 5° and translating them
in the direction perpendicular to the receiving coil
axis from =16 mm to +16 mm in steps of 1 mm,
using an XYZ-axes rotary stage (HPS80-50X-M5,
Sigma Koki Co., Tokyo, Japan) (Fig 1). The rotation
and translation of the XYZ-axes rotary stage (Fig
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1) were controlled using LabVIEW (National
Instruments Co., Ltd., TX, USA) [17].

Fig 1. Photograph of our scanner for magnetic particle imaging
(MPI). Afield-freeline is formed at the center of two neodymium
magnets placed opposite each other. A drive magnetic field
for inducing MPI signals is generated by an excitation coil and
the MPI signals are received by a gradiometer-type receiving
coil placed inside the excitation coil. Projection data for image
formation are acquired by automatically rotating both a mouse
and the receiving coil and translating them using an XYZ-axes
rotary stage

After each projection data set was converted
into 64 bins by linear interpolation, and both the
feedthrough interference and inhomogeneous
sensitivity of the receiving coil were corrected
[17], MPI images (transverse images) were
obtained from the projection data. For image
reconstruction, the maximum likelihood-
expectation maximization (ML-EM) algorithm was
used, in which the number of iterations was taken
as 15 [16-18].

Animal experiments

All animal experiments were carried out after
their procedures were approved by the animal
ethics review committee at Osaka University School
of Medicine. ICR (Institute of Cancer Research)
male mice at 9 weeks old were purchased from
Japan SLC, Inc. (Shizuoka, Japan). Before starting
the experiment, the mice were habituated to
the rearing environment for one week. The mice
were allowed free access to water and food for 24
hours, and were kept under standard laboratory
conditions (room temperature at 22-23 °C, around
50% humidity, and a 12:12-hour light-dark cycle).

After habituation for one week, the mice were
randomly divided into three groups: CM group
(n=7), AM group (n = 6), and TM group (n = 7).
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The mice in the CM, AM, and TM groups were
intratracheally injected with CM, AM, and TM,
respectively. The injected volume was fixed at 50
pL in all cases.

The intratracheal injection of the above agents
was conducted using a nebulizing microsprayer
(Penn-Century Inc., PA, USA) connected to a
high-pressure syringe under anesthesia using
pentobarbital sodium (Somnopentyl, Kyoritsu
Seiyaku Co., Tokyo, Japan) (0.012 mlL/g body
weight). To properly administer the above agents
into the trachea, the tip of the microsprayer was
introduced into the trachea of a mouse using a
dedicated laryngoscope [13].

To follow up the subsequent change in the
distribution of MNPs in the lungs, MPI studies were
carried out at 0.5, 6, 24, 72, and 168 hours after
the injection of agents for each mouse. After the
MPI studies, X-ray CT images were also acquired
using a 4-row multi-slice CT scanner (Asteion,
Toshiba Medical Systems Co., Tochigi, Japan). The
tube voltage, tube current, and slice thickness in
the X-ray CT studies were taken as 120 kV, 210
mA, and 0.5 mm, respectively. For anatomical
identification, the MPI images were co-registered
to the corresponding X-ray CT images using the
rotation and translation parameters previously
obtained by a three-line phantom [12, 13].

data and statistical analyses

In the present study, the pixel value of the
MPI image was referred to as the MPI value. To
calculate the average MPI value, a region of
interest (ROI) was drawn on the lungs in each MPI
image. When extracting the contour of the lungs
in the MPI image, the threshold value was taken
as 30% of the maximum MPI value within the ROI.

The retention value of the MNPs in the lungs
was quantified by dividing the average MPI value
obtained from each MPI study by that obtained
from the initial MPI study at 0.5 hours after the
injection of agents.

One-way analysis of variance (ANOVA) was
conducted to compare the retention values
among groups and significance was examined by
Tukey’s multiple comparison tests. If a p value was
less than 0.05, it was considered significant.

RESULTS

Fig 2 shows typical fused images between the
MPI and X-ray CT images in the CM group (upper
row), the AM group (middle row), and the TM
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group (lower row) at 0.5, 6, 24, 72, and 168 hours
after the injection of agents.

Time after injection (hours)

Fig 2. Typical fused images between the MPI and X-ray CT
images in the CM (upper row), AM (middle row), and TM groups
(lower row) at 0.5, 6, 24, 72, and 168 hours after the injection
of agents. The mice in the CM, AM, and TM groups were
intratracheally injected with carboxymethyl dextran magnetite,
alkali-treated dextran magnetite, and trimethylammonium
dextran magnetite, respectively. The lowest and highest
intensity levels for displaying MPI images were set to be the
same. Scale bar =5 mm
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Fig 3. Time courses of the retention values of magnetic
nanoparticles in the lungs in the CM (red circles, n = 7), AM
(blue circles, n = 6), and TM groups (green circles, n = 7). Each
retention value was quantified by dividing the average MPI
value obtained from each MPI study by that obtained from
the initial MPI study at 0.5 hours after the injection of agents.
Data are represented by the mean + standard error. #: p < 0.05
between the AM and CM groups. *: p < 0.05 between the AM
and TM groups. $: p < 0.05 between the TM and CM groups. &:

0.05 < p < 0.1 between the AM and TM groups
As shown in Fig 2, the temporal changes of

the MPI images differed depending on the MNPs
administered to the lungs.
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The MPI images in the CM group (upper row)
did not show rapid decreases in MPI values for
the first 6 hours, but decreased slowly with time
thereafter. In contrast, the MPI images in the TM
group (lower row) showed MPI values to decrease
slightly for the first 6 hours and then remain almost
constant up to 168 hours.

Fig 3 shows the time courses of the retention
values of the MNPs in the lungs in the CM group
(red circles, n = 7), the AM group (blue circles, n
= 6), and the TM group (green circles, n = 7). The
retention value in the TM group was significantly
greater (p < 0.05) than that in the AM group at
6 and 168 hours after the injection of agents.
Although there was a tendency for the retention
value in the TM group to be greater than thatin the
AM group at 24 hours (0.05 < p <0.1) and 72 hours
(0.05 < p < 0.1) after injection, the differences
were not significant.

The retention value in the TM group was also
significantly greater (p < 0.05) than that in the CM
group at 72 and 168 hours after injection. The
retention value in the AM group was significantly
greater (p < 0.05) than that in the CM group at 168
hours after injection.

DISCUSSION

The present study investigated the time-
dependent changes of MNPs administered
intratracheally to the murine lungs using MPI, and
evaluated the influence of the surface potential
of MNPs on the pulmonary MCT. We previously
reported that the average MPI value linearly
correlated with the iron concentration of MNPs
in phantom studies [12]. From these results, the
change of the MPI value is considered to reflect
that in the content of MNPs. Therefore, it appears
to be possible to quantitatively evaluate the
temporal change of MNPs in the lungs using the
MPI value. Our results (Figs 2 and 3) demonstrated
that MPI is of use for visualizing the distribution of
MNPs in the lungs and is applicable to quantitative
assessment of the function of MCT.

In this study, we investigated the influence of
the surface potential of MNPs on pulmonary MCT
by using three kinds of MNPs with different surface
(zeta) potentials (-24, -15, and +2 mV), while
adjusting their mean hydrodynamic diameters to
be almost the same (50-55 nm) to minimize the
size effect of MNPs (Table 1). As shown in Fig 2,
the MPI value tended to decrease with time in
all groups, although the time course of decrease
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differed among the MNP types. In the CM group,
the MPI value did not show rapid clearance for
the first 6 hours, but decreased slowly with time
thereafter. In contrast, the MPI value in the TM
group decreased slightly for the first 6 hours and
then remained almost constant up to 168 hours.
When the retention value of the MNPs in the lungs
was quantified from the average MPI values (Fig
3), the retention value of positively-charged MNPs
was greater than that of negatively-charged MNPs,
because the retention value in the TM group was
significantly greater than those in the AM group
at 6 and 168 hours and in the CM group at 72
and 168 hours after the injection of agents. These
results suggest that the difference in the retention
of MNPs observed in this study was mainly due to
the differences in surface potential of MNPs, and
that the retention of MNPs can be controlled by
changing the surface potential of MNPs.

Chen et al. reported that positively-charged
nanoparticles promoted the aggregation of mucin,
thereby reducing its hydration and diffusivity
[19]. As described above, the retention value of
the positively-charged MNPs (TM) was greater
than those of other MNPs (Fig 3). Thus, it appears
that the greater retention of TM was mainly due
to the reduction in hydration and diffusivity of
mucin and consequent formation of MNPs-mucin
gel complexes. In addition, Chen et al. reported
that negatively-charged (carboxyl- functionalized)
nanoparticles may promote the dispersion of
mucin gels by enhancing the network hydration
[20]. From the consistency between the results
obtained in this study (Figs 2 and 3) and those
reported by Chen et al. [19, 20], the observed
differences in the retention among the MNPs with
different surface potentials may be due to the
fact that the surface potential of MNPs affects the
aggregation, hydration, and dispersion of mucin.

It is known that besides MCT, alveolar
macrophages are also involved in the clearance
mechanism of the lungs. The alveolar
macrophages (also known as dust cells) are a type
of macrophages (phagocytic cells derived from
monocytes) found in the pulmonary alveoli near
the pneumocytes and are responsible for removing
inhaled particles such as dust or microorganisms
from the respiratory surfaces [21]. The alveolar
macrophages, however, have a size-discriminating
property such that the size of particles they engulf
is relatively large, ranging from approximately
1.5 pm to 3 um [21]. Thus, it appears that the
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nanometer-sized particles used in this study (Table
1) are not efficiently phagocytosed by alveolar
macrophages, and that the temporal changes of
MNPs observed in this study (Figs 2 and 3) were
mainly due to MCT; the contribution of alveolar
macrophages was small.

The greater retention associated with the
positive surface potential of MNPs (Figs 2 and 3)
may be useful for lung cancer therapy using inhaled
drugs, which would be of benefit to patients by
sustaining high drug concentration in the lung
tissue and lowering systemic drug exposure [22].
To reduce side effects, however, it would not be
desirable for the inhaled drugs to remain in the
lungs for a long time [23]. The present results
suggest that the retention of MNPs in the lungs
can be controlled according to the purpose by
manipulating the surface potential of MNPs. When
considering the control of retention of MNPs in
the lungs, MPI will be useful for monitoring the
effect of the control and feeding-back the result
to the control, because MPI can be carried outin a
repetitive manner with a single administration of
MNPs and with no radiation exposure.

CONCLUSION

The present results demonstrated that the
surface potential of MNPs affects the clearance
of MNPs from the lungs due to MCT; making
the surface potential more positive reduces the
clearance of MNPs from the lungs, suggesting
that the retention of MNPs in the lungs can be
controlled by manipulating the surface potential
of MNPs. Because MPI allows for repeated and
long-term studies with a single administration of
MNPs and without radiation exposure, it will be
useful for the visual and quantitative assessment
of MCT.
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