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(TEMPOL). The data are the mean + SD from 4 animals for each group. (B) Kinetics of the
nitroxide-enhanced MRI signal in the brain before and after injection of oxidized nitroxide
(TEMPOL). The data are the mean + SD from 6 animals for the control group and 4 animals
for all other groups. (C) Amplitude of the EPR signal in isolated tissue specimens after
addition of reduced TEMPOL. The data are the mean =+ SD from 4 animals for each group.
*p<0.05; **p<0.01; ***p<0.001.

Figure 7. (A) Total antioxidant capacity (TAC) of brain tissue in healthy and
neuroblastoma-bearing mice. The data are the mean = SD from 4 animals for each group. In
the control group, TAC was considered 100%, which corresponded to 12 uM uric acid
equivalents per mg protein (~26 UM copper reducing equivalents per mg protein). (B)
Plasma levels of matrix metalloproteinases (MMP2 and MMP9) in healthy and
neuroblastoma-bearing mice. The data are the mean + SD from 4 animals for each group;
#p<0.05; **p<0.01; ***p<0.001.

Figure 8. Typical nitroxide-enhanced MR images of healthy and cancer-bearing mice in the
early or terminal stage of cancer (brain neuroblastoma or brain glioma): (a) MR images of the
brain with arrows indicating the tumor; (b, ¢) extracted nitroxide-enhanced MRI signal
obtained 6 min and 14 min after injection of SLENU.

Figure 9. Molecular hypothesis.

The inoculation of cancer cells in the brain can be considered an “inflammatory signal.” The
inoculation leads to a local migration and an activation of immune cells in the
microenvironment of the primary tumor locus. ROS/RNS, produced by the activated immune
cells in the grafted area, could provoke signal transduction in three targets with equal
probability: (i) grafted cancer cells, (ii) surrounding normal cells and (iii) the surrounding
extracellular matrix.

ROS/RNS and cross-talk between cancer cells and the extracellular matrix activate the
integrin signaling cascade. The oncogenic miRNAs, secreted by cancer cells into the
environment, are considered a primary mediator of this process. The activation of integrins is
linked to additional ROS/RNS production, leading to a vicious cycle. As a result, the tissue
redox balance shifts toward oxidation.

Cancer cells are adapted to high levels of ROS/RNS and survive. However, the normal

surrounding cells and extracellular matrix are not adapted to this abnormal free radical attack
and can undergo irreversible changes.
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THE DETERMINATION OF THE SPREAD of metastatic
cancer to lymph nodes (LNs) and the histopathological

- status of tumor draining regional LNs are significant

predictors of recurrence and overall survival for most
solid malignancies, and are often used to justify the
stratification of patients for adjuvant therapy (1,2).
The first LN that receives lymphatic drainage from a
primary tumor is defined as a sentinel lymph node
(SN), and when metastasis is not found in an SN, it
almost certainly will not be present in more distal
LNs. The primary benefit of SN mapping and biopsy is
that it enables surgeons to avoid nontherapeutic LN
dissection and the complications that can be caused.
SN biopsy is currently used in various organs, such
as the colon (3-5), esophagus (6,7), and gastrointesti-
nal tract (6,8).

The ideal SN imaging agent needs to travel quickly
through the lymphatic channels and be retained in
the SN for a significant period of time. Currently there
are no imaging agents that can be used both preoper-
atively and intraoperatively with a single injection.
The techniques used to detect the SN during surgery
have focused on the use of a vital blue dye (9), a radi-
oactive tracer (10), or a combination of both (11). In
the clinic, dye and radioactive tracer techniques have
some problems associated with their use, such as
anaphylactic shock, difficulties in detection, exposure
to radiation, and limitations connected with the use of
radioisotopes (12,13). Additionally, there is no useful
method for preoperative SN screening of the whole
body, with the exception of radioscintigraphy, which
has relatively poor spatial resolution. Ultrasmall
superparamagnetic iron oxide (USPIO) particles have
been introduced as a contrast agent for magnetic
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resonance imaging (MRI) (14-16). Studies of patients
with head and neck, urologic, pelvic, gastric, esopha-
geal, and breast cancers have confirmed the improved
detection of LN metastases with USPIO-enhanced MRI
(14,17-22), but it remains difficult to identify the SN.
USPIO particles are not suitable for SN identification
because they can track beyond the first node and into
the second echelon nodes.

SN localization of tracer is influenced by several fac-
tors that include method and site of injection, dose,
and particle size. Of these, particle size is one of the
most important, but there is no agreement concerning
the optimal particle size of the ideal colloid.

To overcome these problems, new magnetic nano-
particles (MNPs) were developed as a specific tracer
for SNs (23). To improve the specificity of SN target-
ing, our MNPs had two special features: size and sta-
ble dispersion in solution owing to the manufactured
surface coating. The purpose of the present study was
to evaluate if the improved MNPs can work as an SN-
specific tracer and have sufficient detectability for SN
identification using MRI.

MATERIALS AND METHODS
Animal Preparation

All animal protocols were approved by the animal
research committees. Male Donryu rats (Sankyo Labo
Service, Tokyo, Japan) aged 5 weeks and weighing
230 = 8 g were used for the optimization of MNP size
(n = 8) and the amount injected (n = 8). For SN detec-
tion by MRI, 5-week-old male Donryu rats (Japan
SLC, Shizuoka, Japan) weighing 198.0 = 2.5 g were
used (n = 9). Two male F344/NJcl-rnu/rnu nude rats
(CLEA Japan, Tokyo, Japan) aged 4 weeks and weigh-
ing 193 = 16 g were used for the establishment of the
metastatic model, and seven of these rats weighing
172.0 = 6.9 g were used for SN detection by MRI. For
toxicity evaluation, two 6-week-old female BALB/c
mice (Oriental Yeast, Tokyo, Japan) were used for the
high-dose group and four for the low-dose group. Ani-
mals were maintained on a standard laboratory chow
diet and had access to tap water ad libitum. During
the entire procedures, anesthesia was induced and
maintained in rats by means of 4% isoflurane inhala-
tional (Mylan, Tokyo, Japan), and they were then ven-
tilated with 1.5% isoflurane and a 1:2 O,/room air
gas mixture using a mechanical carburetor. Ferucar-
botran as a control was injected into the forepaws at
the same iron concentration as that of the MNPs.

Cell Lines

Human epithelial carcinoma cell line A431 (American
Tissue Culture Collection, Rockville, MD [ATCC]) was
used for stable transfection with green fluorescent
protein (GFP). A431 cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) with 10% heat-
inactivated fetal bovine serum (Gibco, Grand Island,
NY) in a 5% (v/v) CO, humidified incubator at 37°C.

lida et al.

Rat Sentinel Metastatic Model

To establish the metastatic model, 2 x 10° A431 cells
that stably expressed GFP (1 x 107 cells/mL in phos--
phate-buffered saline [PBS]) were injected into the
forepaw of 4-week-old male nude rats. LNs were
extracted after 18 days of implantation, and metasta-
sis was visualized under a fluorescence stereoscopic
microscope.

Magnetite Nanoparticle Preparation

Three MNPs whose particle sizes were 4, 8, and 20
nm (abbreviated M4, M8, and M20, respectively) were
prepared according to previous reports (23-25). Since
the three MNPs were citrate-coated magnetite nano-
particles based on reported highly size-controlled
nanocrystals (21), they are monodispersed in water. A
conventional contrast agent, Ferucarbotran (Resovist,
Fujifilm Pharma, Tokyo, Japan), was used as a con-
trol. Ferucarbotran is an MRI contrast agent that is a
hydrophilic colloid composed of carboxydextran-
coated iron oxide nanoparticles comprising multiple
crystals. The overall hydrodynamic diameter of Feru-
carbotran was 62.3 * 187 nm measured using
dynamic light scattering (FPAR-1000, Otsuka Elec-
tronics, Osaka, Japan).

Surgical and Histological Procedures

A skin incision was performed over the popliteal fossa
after an enhancing agent was injected into the front
paw using a microsyringe with a 27G needle, and
these spaces were explored for lymphatic channels or
LNs. At the completion of popliteal fossa exploration,
samples of tissue were harvested from the brachial
lymph nodes (Br) and the axillary lymph node (Ax)
and were subsequently pathologically evaluated. Har-
vested LN tissues were fixed in 10% neutral buffered
formaldehyde and were processed for paraffin embed-
ding. Microsections (4 pm) were prepared with a
microtome and were deparaffinized in xylol. They were
then rehydrated in a descending ethanol series and
stained with Prussian blue to detect iron particles in
the cells.

Measurement of Magnetite in LNs

After injection of the agent, the Br and the Ax were
harvested, weighed, and lyophilized. The lyophilized
samples were dissolved in nitric acid. The amount of
magnetite in the LNs was measured using inductively
coupled plasma optical emission spectrometry (ICP-
OES) (Perkin Elmer Optima 3000 XL ICP-OES Spec-
trometer, Kanagawa, Japan).

MRI

To examine whether or not the SN could be detected
using MNPs in normal rats, and to determine if they
could trace SNs with metastases in the metastatic rat
model, they were injected into both forepaws. All MR
images were acquired on a 7.0 T animal MRI (Magnet:
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a

Figure 1. The brachial lymph node
(Br) (a) and the axillary lymph node
(Ax) (b) are shown. The lymphatic
anatomy in the hind limb of the rat
has been exposed to show the blue
contiguously linked Br (¢) and Ax (d)
after injection of isosulfan blue into
the front paw.

Kobelco, Kobe, Japan and JASTEC, Kobe, Japan;
Console: Bruker Biospin, Ettlingen, Germany) with a
72-mm inner-diameter birdcage coil. Rats were ini-
tially anesthetized with 4.0% isoflurane (Mylan), orally
intubated, and then ventilated with 1.5% isoflurane
and a 1:2 Oy/room air gas mixture using a rodent
ventilator (MRI-1: CWE, Ardmore, PA). Breaths per
minute were set within a limit of 60-80. MRI scans
were performed before and at 30 minutes after MNP
injection. To avoid too strong a susceptibility effect in
the MNPs, T;-weighted contrast was employed using
incoherent 2D gradient echo sequences (fast low-angle
shot, FLASH) with fat suppression preparation pulse
and respiratory gating. The parameters were as fol-
lows: TR/TE = 350-980/10 msec depending on respi-
ratory gating; flip angle = 45°; slice thickness = 1.0
mm; slice gap = 0.5 mm; field of view = 60 x 60
mm?; matrix = 256 x 256; number of slices = 13;
and number of acquisitions = 4.

Exploratory MNP Single Toxicity Study

Mice were divided into five groups, and 20-nm MNPs
were injected into the tail vein (control: saccharose
fluid injection; low dose: 625 pmol/kg; medium-low
dose: 1250 pmol/kg; medium-high dose: 2500 pmol/
kg; and high dose: 5000 pmol/kg), which are the
same doses as those tested in the toxicity study for
Ferucarbotran according to the accompanying docu-
mentation from the manufacturer. Overall animal con-
dition and weight changes were evaluated. Tissue
samples of lung, liver, and spleen were examined his-
topathologically on postoperative day 7.

Data Analysis and Statistics

MR image analysis was performed using the MRVision
image display and processing package (MRVision,
Winchester, MA). Signal changes of LNs induced by

MNPs were evaluated on MR images by two independ-
ent researchers. The negatively enhanced area (mm?)
in LNs was calculated by means of the ROI tool of the
MRVision software. All results were expressed as the
mean * standard error. Statistical significance was
determined using the Mann-Whitney U-test for MRI
analysis. P < 0.05 was considered being statistically
significant. In addition, all receiver operating charac-
teristic (ROC) curve analyses of MRIs were carried out
using the data from the negatively enhanced area.
ROCs displaying sensitivity together with the false-
positive rate (1-specificity) for detecting MNPs by MRI,
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Figure 2. The amount of the three sizes of MNPs (M4, M8,
and M20) and Ferucarbotran in the Br and Ax at 2 hours (a)
and 24 hours (b) after injection.



lida et al.

Size of negative enhanced area {(mm?)

M20

and the area under the curve with 95% confidence
intervals (Cls) were calculated. All statistical analyses
were performed using Stat View v. 5.0 statistical soft-
ware package (SAS Institute, Cary, NC).

RESULTS

Establishment of a Rat Model for SN
Identification: Surgical Exposure

The Br in rats most often existed as three similarly
sized (2-3 mm) nodes (Fig. la) and the Ax typically
consisted of four to five nodes of 1-3 mm in size (Fig.
1b). To determine the SN of rats, the popliteal fossa
was explored visually for any blue-colored lymphatic
channels or LN within 3-5 minutes of injection of iso-
sulfan blue into the front paw. The lymphatic anatomy
in the hind limb of the rat was exposed to show blue
contiguously linked Br (Fig. 1c) and Ax (Fig. 1d). The

Ferucarbotran

uBr
BmAX Figure 3. T;-weighted gradi-
ent echo images obtained
before (a) and after (b) magne-
tite administration in wildtype
rats. The arrowhead indicates
the Br and the arrow indi-
cates the Ax. The sizes of the
negative  enhanced  areas
associated with M20-MNPs
and Ferucarbotran nanopar-
ticles are shown in (c).

Br should represent the SN and the Ax should be a
higher echelon node further downstream from the SN.

Determination of the Appropriate Diameter of
MNPs as a Tracer for SN Identification

To investigate which was the most suitable diameter
for a tracer, we measured and compared the levels of
our MNPs (M4, M8, and M20) and Ferucarbotran in
the Br and Ax at 2 hours (Fig. 2a) and 24 hours (Fig.
2b) after their injection by means of ICP-OES. For the
initial experiment the dose of MNPs administered was
0.4 mg/kg according to the preliminary experiment.
M20 was sustained in the SN and very little reached
distant LNs even at 24 hours after injection. Con-
versely, M4, M8, and Ferucarbotran reached the Ax
even after 2 hours. The ratio of the level of MNPs in
the Br to the level of MNPs in the Ax was 3.1 after 2
hours and 3.3 after 24 hours using M20; this ratio
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Figure 4. The optimal level of magnetite in the LN for MRI detection was evaluated. The relationship between the level of
M20 in the LN and negatively enhanced area in the MR imaging is shown in direct proportion (R? = 0.669) (a): ROC curve
analysis revealed that the threshold of the amount of magnetite required for MRI detection was 2.3 pg/LN (0.08 pg/mg tis-
sue) with 76.5% sensitivity and 25% specificity, and the area under the ROC curve was 0.82 (95% CI, 0.64-1.0) (b).

was 0.5, 0.7, and 1.5 for M4, M8, and Ferucarbotran,
respectively, after 2 hours, and 0.7, 1.2, and 1.5,
respectively, after 24 hours. M20 had the highest ratio
among these agents. This implied that M20 was the
appropriate diameter for optimal identification of the
SN in the SN models.

Determination of the Appropriate Amount of MNPs

Typical MR images are shown before (Fig. 3a) and af-
ter the injection of M20-MNPs (Fig. 3b). The influence
of MNPs was evaluated in terms of the negatively
enhanced area (mm? in MR images. In these images,
clear signal reduction with a large susceptibility effect
in the Br was observed after MNP injection, and there

a b

»

M20 2.4mg/kg

M20 1.2mg/kg

were no large alterations in the Ax. The average size of
the negatively enhanced areas in the Ax measured
using M20-MNPs (n = 5) was significantly smaller
than those measured using Ferucarbotran (n = 4)
(Fig. 3c). The results were mostly in agreement with
the trend in the ICP-OEM results (Fig. 2). To deter-
mine the optimum level of magnetite in the LN for
MRI detection, the relationship between the level of
M20 in the LN and negatively enhanced area was
evaluated. The relationship was in direct proportion
as shown in Fig. 4a (R? = 0.669). In addition, analy-
ses of the sensitivity and specificity of MRI detection
were carried out. ROC curve analysis revealed that
the threshold of the amount of magnetite required for
MRI detection was 2.3 pg/LN (0.08 pg/mg tissue)

M20 0.4mg/kg

Figure 5. Comparison of the intensity level of the gradient echo image after 2.4 mg/kg (a), 1.2 mg/kg (b), and 0.4 mg/kg (c)
injections of MNPs. The arrowhead indicates the Br and the arrow indicates the Ax.



with 76.5% sensitivity and 25% specificity, and the
area under the ROC curve was 0.82 (95% CI, 0.64-
1.0) (Fig. 4b). The size of the signal reduction area
evaluated may have been slightly larger than actual
size because of the susceptibility effect, but detect-
ability was improved.

Four different doses of M20 (2.4, 1.2, 0.4, and 0.2
mg/kg) were injected into the rat forepaw to find the
optimal amount of MNPs for administration. In the
case of M20 doses of 2.4 mg/kg and 1.2 mg/kg, sig-
nal intensity in both the Br and the Ax was decreased
(Fig. 5a,b). The levels of MNPs in the Br and the Ax
were 19.5 pg/Br (0.84 pg/mg tissue) and 3.2 pg/Ax
(0.1 pg/mg tissue), respectively, in the case of the 2.4
mg/kg injection and 10.0 pg/Br (0.43 ng/mg) and 3.8
pg/Ax (0.12 pg/mg tissue), respectively, in the case of
the 1.2 mg/kg injection. The level of MNPs in the Ax
was higher than the threshold level 2.3 pug/LN (0.08
ng/mg tissue) for both the 2.4 mg/kg and 1.2 mg/kg
injections, which indicated that not only the Br but
also the Ax was detected by MRI. On the other hand,
the signal intensity of the Br was decreased but that
of the Ax did not change after a 0.4 mg/kg MNP injec-
tion (Fig. 5¢). The level of MNPs in the Br was 0.94
pg/LN (0.04 pg/mg tissue) after a 0.2 mg/kg injec-
tion, and this was under the threshold. This implied
that 0.4 mg/kg was the appropriate dose of injected
magnetite to identify the SN in the case of M20 using
rat SN models.

Pathological Evaluation

To confirm whether MNPs were retained in the Br af-
ter administration, the LN was evaluated pathologi-
cally using Prussian blue staining at 2 and 24 hours
after injection of 0.4 mg/kg M20 (Fig. 6). MNPs were
predominantly retained in the Br with very little in the
Ax at both 2 and 24 hours. These results were con-
sistent with the results described above. They con-
firmed that M20 was the MNP with appropriate diam-
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Figure 6. M20 MNPs in the
Br and the Ax. The MNPs were
injected into the rat front paw
and the nodes were harvested
after 2 and 24 hours. MNPs
are colored blue owing to
Prussian blue staining.

eter for SN identification and that 0.4 mg/kg was the
optimal dose for injection.

Establishment of the Metastatic Rat Model and SN
Identification Using MRI

At 18 days after the injection of A431 cells the Br and
the Ax were harvested for evaluation. Fluorescent
stereoscopic microscopy revealed metastatic tumor
(Fig. 7a,b), and this was confirmed histologically with
hematoxylin and eosin (H&E) staining (Fig. 7¢) and a
fluorescence microscope (Fig. 7d). Metastatic tumors
were only seen in the Br and not in the Ax (data not
shown). To evaluate if the SN was detectable in meta-
static LNs, we performed an MRI experiment using
the same procedure in the metastatic rat model at 18
days after A431 cell injection as that used in the nor-
mal rat model. Clear signal reduction in the Br with a
large susceptibility effect was observed after MNP
injection (Fig. 7e(f). In the metastatic and normal
models, M20 accumulation in the Br was higher than
in the Ax. This result indicated that 20-nm MNPs
were selective and can be used as an SN tracer, even
in the metastatic model.

Exploratory Single Toxicity Study of 20-nm MNPs

An exploratory single toxicity study was performed to
evaluate the toxicity of the MNPs. Overall animal con-
dition and body weight status were observed (Fig. 8).
All of the mice (two out of two) in the high-dose group
died within 1 minute after injection, and 50% of the
mice (two out of four) died in the medium-high-dose
group after 3 and 15 minutes. The other two mice in
the medium-high-dose group exhibited weight loss on
day 1. Both mice subsequently recovered from this
initial weight loss. The tolerable dose of MNPs was the
medium-low dose (1250 pmol/kg) injection. This indi-
cated that the fatal dose was almost equal to that for
Ferucarbotran. Histopathological analysis revealed
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Figure 7. LN image at 18 days after
A431 cell inoculation {(a). A431 tumor
transfected with green fluorescent
protein (GFP) in the SN was visualized
under a fluorescence stereoscopic
microscope (b). The samples of tissue
that were harvested from the Br were
evaluated using H&E staining (e¢) and
confirmed using a fluorescence micro-
scope (d). Gradient echo images
before injection (e) and after injection
() show M20-MNPs in the tumor
model. The arrowhead indicates the
Br and the arrow indicates the Ax.

accumulation of MNPs in lung,
(Fig. 9a-1).

liver, and spleen

DISCUSSION

In the present study we demonstrated that our
precisely sized 20-nm MNPs uniformly coated with
citrate, used in combination with MRI, had good dis-
persion in solution and functioned as a specific SN
detection agent, even in the case of metastatic nodes
in the rodent model. The dye and radioactive tracer
methods are the most widely used for identifying the
SN from biopsies in cancer patients (26), but some
disadvantages remain. The dye method can some-

Before ingection

After ingectin -

times cause anaphylactic shock and has technical dif-
ficulties associated with SN detection. There are also
technical difficulties associated with the use of the ra-
dioactive tracer method that include external y-probe
counting and radiation exposure. Radioscintigraphy is
a whole-body screening technique that when used for
preoperative SN screening has poor imaging spatial
resolution, which limits its value for accurate identifi-
cation of the detailed anatomy of the lymphatic drain-
age basin.

Our method using 20-nm MNPs has the potential to
resolve these problems. MRI could be one of the use-
ful methods for whole-body SN scanning, and has a
number of potential advantages over radioscintigra-
phy. These include higher temporal resolution, higher
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Figure 8. Weight change profile of animals after the admin-
istration of M20 MNPs into the tail vein. Control: saccharose
fluid injection; Low dose: 625 pmol/kg; Medium-low dose:
1250 pmol/kg; Medium-high dose: 2500 pmol/kg; High
dose: 5000 pmol/kg.

spatial resolution that enables the depiction of lym-
phatic channels, acquisition of 3Dimages, and the ab-
sence of radiation exposure. Generally speaking,
MNPs can have potential ecytotoxic effects. One of the
main mechanisms responsible for MNP cytotoxicity
involves their response to reactive oxygen species
(ROS); these are generated by the release of free iron
ions and can lead to oxidative stress. ROS disturb the
balance between oxidative pressure and antioxidant
defense, which results in DNA damage (27,28). Previ-
ous studies have reported that USPIO-enhanced MRI
is useful in the diagnosis of metastatic lymph nodes
and that the use of this modality will be helpful in
treatment decision-making for several organs (14,19~
22). However, USPIO has been reported to have no
specificity for the SN (29,30}, and it remains difficult
to identify the SN and to judge whether it has
metastasis.

In contrast, our 20-nm MNPs demonstrated high se-
lectivity for the SN, and their toxicity was the same as
that of Ferucarbotran. MR lymphography with MNPs
has the potential to enable us to predict the accurate
anatomic location of the SN preoperatively in the
clinic.

The special features of MNPs are uniform size, good
dispersion in solution, and a surface coating (23).
These features might influence their selective target-
ing of the SN. Particle size is one of the most impor-
tant factors in SN identification (31). We explored the
optimal size of MNPs by comparing 4-, 8-, and 20-nm
MNPs with Ferucarbotran as a control, and found
that 20-nm MNPs had the best diameter for SN identi-
fication. This diameter is within the range of several
nm to a couple of hundred nm, as suggested by previ-
ous studies (31,32). Generally speaking, the effective-
ness of the tracer draining into the lymphatic system
depends on particle size. The smaller particles (diame-
ters of less than 4-5 nm) are cleared from the injec-
tion site and exchanged through blood capillaries
(33). The medium-sized particles (diameters of tens of
nm) travel across the lymphatic capillaries and are
trapped in the first LN (34). The larger particles (diam-

eters of hundreds of nm) remain trapped at the injec-
tion site and can be retained for extended periods at
the injection site (34). Bergqvist et al (35) found that
both the total and specific uptake of particle colloids

in parasternal LNs in rabbits was highest for when

they had sizes between 10 and 50 nm.

Dose is another important factor in SN identifica-
tion. In the present study we examined a range of
doses of MNPs for SN identification using MRI. We
found in the case of 20-nm MNPs, when evaluated in
a rat model, that 0.4 mg/kg was the most appropriate
amount. The level of 20-nm MNPs was found to be
higher in the Br and lower in the Ax than the thresh-
old value, only in the case of the 0.4 mg/kg injection
dose. This was confirmed pathologically. In addition,
in clinical use it is necessary to be able to detect the
SN, even if micrometastasis is present. Lymphatic
flow could change when metastasis exists in the LN.
In our study, we established a metastatic rat model,
and as was the case with our normal rat model,
20-nm MNP proved to be an ideal tracer for use
with MRI.

There are other possible factors that could influ-
ence SN localization using MNPs; for example, the
surface coating material and the surface electric
charge. The benefit of our 20-nm MNPs is uniform
size and good dispersion in solution. These are im-
portant factors in obtaining reproducible results.
MNPs that are larger than 20 nm in size easily
adhere to each other owing to magnetic attraction,
and as a consequence good dispersion in solution is
not possible (23). The surface charge on our MNPs
and Ferucarbotran was approximately —40 mV. The
surfaces of our MNPs are coated with citric acid,
whereas the surfaces of the Ferucarbotran particles
are coated with carboxydextran (23). Ferucarbotran
that has an overall hydrodynamic diameter of 62 nm
easily reached the distant node.

It has been reported that macrophages can influ-
ence the accumulation of SPIO in lymph nodes
(18,36,37). The other characteristic feature of our
MNPs is that they travel quickly (30 min) through
lymphatic channels, and are retained in the SN for a
significant period of time that exceeds 24 hours; how-
ever, the excretion time of the MNPs was not exam-
ined in our study.

Our 20-nm MNPs exhibited special characteristics
that make them a useful SN tracer with the potential
to solve the above-mentioned problems associated
with the use of other tracer techniques. MRI with
20-nm MNPs as an SN tracer was confirmed as a
high-resolution SN identification method that could
potentially replace radioscintigraphy as a preoperative
SN mapping method. In addition, our MNPs have
potential as an SN tracer for intraoperative SN detec-
tion. The phenomenon known as magneto-acoustics,
which involves sonic-wave emission by magnetically
stimulated MNPs, was discovered in 1994 (38). We are
in the process of developing a handheld device for SN
detection during surgery. Using our 20-nm MNPs, we
believe that in the near future we will be able to detect
the SN before surgery using MRI and during surgery
using our handheld device in the operating room.



Figure 9. Prussian blue-stained tissue sections of lung/liver/spleen in the control group (a/g/m), in the low-dose group (b/
h/n), in the medium-low dose group (c/i/0), in the medium-high-dose group (alive; d/j/p), in the medium-high-dose group

(dead; e/k/q), and in the high-dose group (£/1/1).

In conclusion, we have developed a new MNP that is
an ideal SN tracer and a useful SN identification
method, using MRI with 20-nm MNPs as an SN tracer
in rodent SN and SN metastasis models. This tracer
could solve the problems associated with the use of
other tracer techniques.
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