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Purpose: We developed a contrast agent for targeting E-selectin expression. We detected the
agent using magnetic resonance imaging (MRI) in vivo in nude mice that had undergone
nasopharyngeal carcinoma (NPC) metastasis.

Methods: Sialyl Lewis X (sLe™) was conjugated with ultrasmall superparamagnetic iron oxide
(USPIO) nanoparticles. Hydrodynamic size, polydispersity index, and {-potential of USPIO—
polyethylene glycol (PEG) nanoparticles and USPIO-PEG-sLe* nanoparticles were measured.
Component changes in nanoparticles of USPIO, USPIO-PEG, and USPIO-PEG-sLe® were
analyzed by thermogravimetric analysis and Fourier-transform infrared spectroscopy. A model
of NPC metastasis to inguinal lymph nodes in nude mice was used to investigate characteristics of
the USPIO-PEG-sLe™ nanoparticles in vivo. We investigated the ability of the T2* value, change in
T2* value (AT2* value), and enhancement rate (ER) to assess accumulation of USPIO-PEG-sLe™
nanoparticles quantitatively in mice of a metastasis group and control group. Four MRI scans were
undertaken for each mouse. The first scan (t0) was done before administration of USPIO-PEG-
sLeX nanoparticles (0.1 mL) via the tail vein. The other scans were carried out at 0 (t1), 1 (t2), and 2
hours (t3) postinjection. The mean optical density was used to reflect E-selectin expression.
Results: sLe™ was labeled onto USPIO successfully. In vivo, there were significant interactions
between the groups and time for T2* values after administration of USPIO-PEG-sLe™ nanopar-
ticles. Six parameters (T2* at t2, AT2* at t1, AT2* at t2, ER at t1, ER at t2, and ER at t3) were
correlated with the mean optical density.

Conclusion: USPIO-PEG-sLe* nanoparticles can be used to assess E-selectin expression
quantitatively. Use of such molecular probes could enable detection of early metastasis of
NPC, more accurate staging, and treatment monitoring.

Keywords: molecular MRI, contrast agent, E-selectin, Sialyl Lewis X, nasopharyngeal

carcinoma, iron oxide

Introduction

Nasopharyngeal carcinoma (NPC) may be considered one of the rarer forms of
cancer worldwide, but it has high incidence in particular geographic and ethnic
populations."? For instance, NPC incidence is high in southern China.’

NPC is characterized by a high degree of local invasion and early distant
metastasis.! Also, 6%—15% of NPC patients have distant metastasis at initial
diagnosis.* Distant metastasis is a leading cause of treatment failure for NPC.> In
pretreatment evaluation of NPC, imaging methods that can depict metastatic lesions
reliably are necessary, because imaging findings guide management.
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Several studies have shown high expression of E-selec-
tin to be closely related to the metastasis of various malig-
nant tumors.®!" E-selectin is also known as CD62E,
ELAM1, or LECAM2.'>!3 E-selectin is a transmembrane
protein containing lectin-like and EGF-like domains, fol-
lowed by short cysteine-rich repeats.'* The carbohydrate
ligand of E-selectin is sialyl Lewis X (sLe*).'>'® E-selec-
tion and its ligands are important in the inflammatory
response and cancer metastasis.'’ '’ Our research team
has shown that E-selectin has a critical role in NPC
metastasis and represents an independent predictor of
poor outcomes.” E-selectin can be used to label and
track tumor cells.

Molecular imaging can be defined broadly as the in
vivo characterization and measurement of biological pro-
cesses at cellular and molecular levels.*' Intracellular
labeling has been used to track cells in vivo by employing
magnetic resonance imaging (MRI).?> MRI is the primary
imaging method and diagnostic basis for T and N staging
of NPC,® because of its excellent soft-tissue resolution and
multiple-plane imaging.>> Consequently, finding new MRI
agents to diagnose NPC metastasis is important.

Ultrasmall superparamagnetic iron oxide (USPIO) nano-
particles are emerging as contrast agents for MRI. The safety
of USPIO nanoparticles in humans has been established,**
with degradation occurring through normal physiological
iron (Fe)-handling pathways. Because of their smallness
and good biocompatibility, USPIO nanoparticles can be
linked to specific target molecules to achieve molecular tra-
cing. Leung showed that sLe™ can be conjugated to USPIO
nanoparticles and used to target E-selectin using MRI in a
model of hepatitis.> We wished to develop a molecular
probe to target E-selectin. Then, we wanted to apply it in
vivo to evaluate the metastasis of NPC-xenografted tumors.

Methods
Ethical approval of study protocol

This study was undertaken in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health [NIH], Bethesda, MD,
USA). The study protocol was approved by the Ethics
Committee of the Cancer Prevention and Research Institute
of Guangxi Zhuang Autonomous Region (Nanning, China).

Materials
sLe™ was purchased from Carbosynth (Compton, UK). Oleic
acid, Fe(acac);, oleylamine, N-hydroxysuccinimide (NHS),

ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), phenyl
ether, 2-(N-morpholino)ethanesulfonic acid (MES), borax
solution, and borate solution were purchased from Aladdin
(Shanghai, China). Hexane, ethanol, and chloroform were
obtained from Sinopharm Chemical Reagents (Shanghai,
China). DSPE—polyethylene glycol (PEG; go9) Was purchased
from AVT Pharmaceuticals (Shanghai, China). All chemical
reagents were used without further purification.

Synthesis of USPIO

USPIO was synthesized by hydrothermal and high-tempera-
ture reactions assisted by autoclaves in accordance with the

work of Sun et al. %

USPIO nanoparticles were grown by high-
temperature (200°C) decomposition of Fe(aca); (2 mmol) in
the presence of 1,2-hexadecanediol (10 mmol) and the surfac-
tants oleic acid (6 mmol) and oleylamine (6 mmol) in phenyl
ether (20 mL) for 1 hour and then heated to 265°C for
30 minutes. After cooling to room temperature, ethanol
(40 mL) was added to the mixture under ambient conditions.
We obtained black products via centrifugation (6,000 rpm for
10 minutes at room temperature). The black precipitate was
dispersed in hexane—toluene. Centrifugation (6,000 rpm for
10 minutes at room temperature) was applied to remove
undispersed residue. We repeated the process of ethanol pre-
cipitation and hexane—toluene dispersion twice or thrice, and
Fe;0,4 nanoparticles of diameter 6 nm were prepared. The
Fe;04 nanoparticles (84 mg) obtained were dispersed in hex-
ane (4 mL). Fe(acac); (2 mL), 1,2-hexadecanediol (10 mmol),
phenyl ether (20 mL), oleic acid (6 mmol), and oleylamine (6
mmol) were added to the solvent. Following the procedures
described in the synthesis of 6 nm nanoparticles, USPIO
nanoparticles of diameter 10 nm coated with oleic acid as a
surfactant were produced.

Synthesis of USPIO-PEG nanoparticles

We wished to functionalize Fe;0,4 nanoparticles with PEG
to increase the biocompatibility of Fe;O,4 nanoparticles.
Briefly, 50 mg DSPE-PEG; oo solid power dissolved in
chloroform (5 mL) was added and mixed with 5 mL
USPIO nanoparticles (Fe concentration of 1 mg/mL, dis-
persed in chloroform) at 70°C in a round-bottomed flask
(50 mL) to permit sonication for 10 minutes. Then, 5 mL
deionized water was added to and mixed with the samples
in the round-bottomed flask. The latter was placed on a
rotary evaporator, the vacuum turned on, and tlowered into
a water bath at 70°C. The vacuum was released upon
solvent evaporation. Fe;O, nanoparticles with oleic acid
as a surfactant coated with water-soluble DSPE-PEG; o0
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were prepared. The sample was passed through a 220 nm
filter. Ultrafiltration was carried out to remove the lower
precipitate and retain the upper black transparent solvent.
The sample was labeled USPIO-PEG.

Synthesis of USPIO-PEG-sLe*

nanoparticles

First, buffer solutions were prepared. MES powder (213 mg)
was dissolved in deionized water and made up to 50 mL.
Then, the pH was adjusted to 5.5 so that an MES buffer was
formed. Borax solution (3 mL, 0.05 mol/L) was mixed with
7 mL borate solution (0.2 mol/L) and diluted with deionized
water to 100 mL. Then, the pH was adjusted to 8.3 so that a
binding buffer (BB) was formed. USPIO-PEG (5 mL, Fe
concentration of 1 mg/mL) was dispersed in 20 mL MES
buffer. EDC powder (180 mg) and NHS powder (200 mg)
were added to the MES buffer in turn. After adequate dis-
solution, the samples were agitated in a shaker at 150 rpm for
25 minutes to ensure sufficient activation of carboxyl
(COOH) groups on the surface of the magnetic nanocrystals.
At the end of activation, ultrafiltration, centrifugation, and
washing (thrice) with deionized water were carried out to
remove excess EDC and NHS. The sample was dispersed in
20 mL BB. Then, 2 mg sLe™ (distributed in BB) was added
and the mixture allowed to incubate at room temperature in a
shaker (150 rpm) for 2 hours. After ultrafiltration, centrifuga-
tion, and washing thrice with deionized water, the solution of
UPSIO-PEG-sLe™ nanoparticles underwent dynamic light
scattering (DLS) using a Zetasizer Nano ZSP (Malvern
Instruments, Malvern, UK). The {-potential was obtained
and the UPSIO-PEG-sLe™ nanoparticles stored at 4°C.

Characterization of nanoparticles
The shape, diameter, and distribution of UPSIO-PEG-sLe™
nanoparticles were measured by transmission electron
microscopy (TEM) using a JEM-200CX system (JEOL,
Tokyo, Japan) at 80 kV. UPSIO-PEG-sLe™ nanoparticles
were diluted to 1 mg/mL with ultrapure water (pH 6). A
small drop of UPSIO-PEG-sLe™ nanoparticles was placed
in a wax plate and 2% phosphotungstic acid added dropwise
to negatively stain the emulsion. Samples were air-dried on
a copper grid. The diameter of 50 UPSIO-PEG-sLe™ nano-
particles was measured thrice, and the average value taken.
The hydrodynamic size and polydispersity index of
USPIO-PEG nanoparticles and USPIO-PEG-sLe® nano-
particles were measured by DLS using the Zetasizer
Nano ZSP. The C-potential of USPIO-PEG nanoparticles

and USPIO-PEG-sLe™ nanoparticles was measured by a
4700 Autosizer (Malvern Instruments). Component
changes in nanoparticles of USPIO, USPIO-PEG, and
USPIO-PEG-sLe™ were analyzed by thermogravimetric
analysis (TGA). Fourier-transform infrared (FTIR) spec-
troscopy was carried out using a Nicolet 560 (Thermo
Fisher Scientific, Waltham, MA, USA) at a resolution of
4 cm ' in the range 4,000-400 cm™'. Relaxation rates were
measured on a MQ60 nuclear MR analyzer (Bruker,
Billerica, MA, USA). USPIO-PEG-sLe™ nanoparticles
were configured separately as a series of samples by step-
wise dilution (0.2, 0.4, 0.6, 0.8, and 1.0 mM), and the test
tubes were placed in a water bath at 37°C.

MRI in vivo
Twelve male and female BALB/C nude mice (aged 4-6
weeks) were obtained from the Laboratory Animal Center
of Guangxi Medical University (license for production of
laboratory animals, SCXK 2014-0002; license for use of
laboratory animals, SYXK 2014-0003). Mice were main-
tained under specific pathogen-free conditions. For creation
of a model of metastasis to inguinal lymph nodes, 2x10° per
20 pL saline of 5-8F cells were injected into the left footpads
of mice. MRI was undertaken after 8 weeks of growth.
MRI was conducted using a 3 T MRI scanner (Discovery
MR750; GE Healthcare, Little Chalfont, UK) with a dedicated
four-channel coil (10F-04885; Teshen, Shenzhen, China) with
mice in the prone position. Anesthesia was maintained with
0.1 mL lidocaine (Ousuka, Tianjin, China). Four scans were
carried out for each mouse. The first scan (t0) was done before
administration of USPIO-PEG-sLe™ nanoparticles (0.1 mL)
via the tail vein. The other scans were carried out at 0 (tl),
1 (t2), and 2 hours (t3) postinjection. Coronal T2-weighted
images were obtained to observe the xenografted tumor and
metastasis. Then, axial T1-weighted images (repetition time
[TR] and echo time [TE] of 663 ms and 20 ms, respectively)
and T2-weighted images (TR 2,000 ms and TE 60 ms) were
obtained. Subsequently, T2* was undertaken at the same
location using a multishot, multislice, fast-field echo sequence
of 300 ms/2.5-22.3 ms TR/TE with eight echo times and a 2.8
ms interval between two echoes, 2 mm slice thickness,
256x256 matrix size, 80 mm field of view, and 30° flip angle.
T2* color-coded pixel mapping was reconstructed
using Functool modules (GE Global Research, New
York, NY, USA). For quantitative analyses, regions of
interest (ROIs) were drawn manually by two fellowship-
trained readers. The ROIs chosen were those outside the
tumor to permit normalization of three maximum sections
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through the tumor on T2* mapping. Mean T2* relaxation
times (T2* value) at the four time points (t0—t3) were
calculated. Changes in T2* (AT2*) and enhancement rate
(ER) at tl, t2, and t3 were calculated based on the T2*
value at t0:

AT2" = Mo — Mt

ER =(Mo — Mt)/Mo x 100%

where Mo is the T2* value at t0 and Mt is the T2* value at
tl, t2, or t3.

Tumor staining and E-selectin

immunohistochemistry

After MRI, all mice were killed. Their footpad tumors and
metastatic lymph nodes were removed and fixed with 10%
formaldehyde solution. Next, 4 um paraffin slices were pre-
pared for routine H&E staining. Morphology was observed
by light microscopy and immunohistochemical (IHC) ana-
lyses. Mice were divided into a metastasis group and control
(metastasis-free) group according to H&E staining.

For THC analyses, immunostaining with anti-CD62E
(mouse monoclonal antibody; Merck, Whitehouse Station,
NJ, USA) was done. Sections were stained with a strepta-
vidin—peroxidase kit (catalog number 9720; Maixin,
Shenzhen, China). The chromogen used was 3,3'-diamino-
benzidine (Maixin), which was slightly counterstained with
hematoxylin, dehydrated, and mounted. To ascertain if
metastasis promoted E-selectin expression in vivo, images
were processed using ImageJ (NIH). The mean optical
density (MOD) provided an indirect assessment of E-selec-
tin expression. All images were evaluated by two observers
blinded to experimental groupings.

Statistical analyses

Data are expressed as mean = SD. Image parameters collected
were the T2* value, AT2* value, and ER at four times. The
IHC parameter collected was the MOD. Univariate analysis
was undertaken using ANOVA to compare image parameters
and MOD between the metastasis group and control group. To
evaluate the association between image parameters, metastasis,
and time, we undertook two-way repeated-measures ANOVA.
Spearman's correlation coefficient was used to assess the asso-
ciation between image parameters and MOD. All statistical
computations were carried out with SPSS 18.0 (IBM, Armonk,
NY, USA). P<0.05 was considered significant.

Results
Characterization of USPIO-PEG-sLe*

nanoparticles

The USPIO-PEG-sLe™ nanoparticles obtained were black
without obvious precipitates, and were able to be dispersed
readily in nonpolar solvents. Figure 1 shows TEM images
of USPIO-PEG-sLe™ nanoparticles negatively stained with
2% phosphotungstic acid. These USPIO-PEG-sLe™ nano-
particles were nearly spherical. USPIO-PEG-sLe™ nanopar-
ticles were distributed uniformly and had a size of 10+2.6
nm. DLS indicated that the average size of USPIO-PEG
nanoparticles and USPIO-PEG-sLe® nanoparticles was
34.0649.95 nm and 53.35£16.99 nm and that the polydis-
persity index was 0.186 and 0.499, respectively (Figure 2).
The distribution of nanoparticle size was narrow.

The C-potential of USPIO-PEG nanoparticles and
USPIO-PEG-sLe® nanoparticles was 11.6+3.96 mV and
—12.6£5.33 mV, respectively (Figure 3). The {-potential of
USPIO-PEG nanoparticles was positive due to their terminal
amino-acid groups. After conjugation with sLe*, the {-poten-
tial became negative, because sLe™ bonded to the terminal
amino-acid groups of the nanoparticles by its COOH groups
and because the phosphate groups on the PEG surface were
negative.

According to data for hydrodynamic size and changes in
the {-potential, coupling of the USPIO-PEG-sLe™ group was
deemed to be successful. The TGA profiles of nanoparticles
of USPIO, USPIO-PEG, and USPIO-PEG-sLe* are shown
in Figure 4. At 100°C-750°C, the weight loss of nanoparti-
cles of USPIO, USPIO-PEG, and USPIO-PEG-sLe* was
48.27%, 55.73%, and 66.94%, respectively.

Figure | Negatively stained transmission electron microscopy (TEM) of the ultra-
smallsuperparamagnetic iron oxide (USPIO)—polyethylene glycol (PEG)-Sialyl Lewis
X (sLe™) nanoparticles. The nanoparticles are well separated by the PEG shell.
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Figure 2 Dynamic light scattering (DLS) of ultrasmall superparamagnetic iron oxide (USPIO)—polyethylene glycol (PEG) and USPIO-PEG-Sialyl Lewis X (sLe*).
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Figure 3 {-potential of ultrasmall superparamagnetic iron oxide (USPIO)—polyethylene glycol (PEG) and USPIO-PEG-Sialyl Lewis X (sLe™).
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Figure 4 Thermogravimetric analysis (TGA) of ultrasmall superparamagnetic iron oxide
(USPIO), USPIO—polyethylene glycol (PEG), and USPIO-PEG-Sialyl Lewis X (sLe™).

FTIR spectra are shown in Figure 5. The absorption
peak of the carbonyl (C=0) stretching vibration
(1,723.7 cm ') was decreased. Peaks at 1,632.4 cm '
and 1,567.1 cm ! appeared, which were the asymmetric
and symmetric absorption peaks of —COO- groups,
respectively, which suggested that the surface of
USPIO contained many COOH groups. Peaks at
1,059.5 cm ' and 1,126.5 cm ™' appeared in FTIR spec-
tra after PEG coupling, which were due to a C-OH
stretching vibration and C—O—C stretching vibration of
PEG. The FTIR spectra and TGA results confirmed that
sLe® was immobilized on nanoparticles.
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Figure 5 Fourier-transform infrared (FTIR) spectra of ultrasmall superparamagnetic
iron oxide (USPIO; (black) and USPIO—polyethylene glycol (PEG)-Sialyl Lewis X
(sLe™; red).

plete MRI scans. As such, the data of eleven mice were
included in this analysis. H&E staining revealed that six of
the eleven (54%) were classified as the metastasis group
and five (45%) as the control (nonmetastasis) group. A
primary tumor in a footpad and a tumor in an inguinal
lymph node in the metastasis group are shown in Figure 7.
Image parameters (T2* value, AT2* value, ER) of the
footpad tumors in the two groups before and after injection
of USPIO-PEG-sLe™ nanoparticles are given in Table 1.
No significant difference was found with regard to T2*
values before injection of USPIO-PEG-sLe* nanoparticles (t0)
between the metastasis group and control group (P=0.390,
Figure 8). At 0 (t1), 1 (t2), and 2 hours (t3) after administration
of USPIO-PEG-sLe™ nanoparticles, T2* values of tumors in
the metastasis group were significantly lower than the control
group (P=0.005, 0.008, and 0.019, respectively). AT2* values
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Figure 6 Relaxivity (Rl and R2) versus ultrasmall superparamagnetic iron oxide
(USPIO)—polyethylene glycol (PEG)-Sialyl Lewis X (sLe™) concentration.
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Foot pad tumor

Inguinal lymph nodas

Figure 7 Representative images of primary footpad tumor and metastatic inguinal
lymph nodes.

of tumor at t1, t2, and t3 in the metastasis group were signifi-
cantly higher than the control group (P=0.027, 0.048, and
0.043, respectively). There was a significant difference in ER
attl, t2, and t3 between the metastasis group and control group
(P=0.001, 0.005, and 0.007, respectively, Figure 8). Figure 9
shows the axial T2* mapping images resulting from injection
of USPIO-PEG-sLe™ nanoparticles in mice of the metastasis
group and control group.

Two-way repeated-measures ANOVA was used to assess
changes in T2* value over time, as well as differences between
the metastasis group and control group (Figure 10). There was
a significant interaction between groups and time for T2*
value after administration of USPIO-PEG-sLe™ nanoparticles
(P=0.029). A significant difference was observed for the
within-group change from t0 to t3 (P=0). T2* values started
to decrease after administration of USPIO-PEG-sLe™ nano-
particles, and decreased obviously at t1 and t2 in both groups.
The T2* value of the metastasis group increased slightly at t3,
whereas that in the control group continued to decrease.
Maximum enhancement of the slope at t1 was significantly
higher in the metastasis group than the control group. These
changes in T2* value were clearly visible upon T2* mapping

(Figure 9).

MRI of E-selectin expression

IHC analyses were employed to assess E-selectin expression
in tumor sections under high-power fields (400x%, Figure 11).
E-selectin was expressed in all tumor tissues. E-selectin stain-
ing was mainly in the membranes of tumor cells. The MOD of
the metastasis group and control group was 0.5254+0.243 and
0.082+0.012, respectively, and this difference was significant
(P=0.007, Figure 12). Therefore, E-selectin expression had
increased significantly in the metastasis group.

Table | Image parameters and mean optical density (MOD) of primary tumors in footpads in the metastasis group and control group

Parameter Metastasis group (n=6) Control group (n=5) F P
T2* value, t0 (ms) 22.25+8.08 (13.78 to 30.73) 27.01£9.45 (15.27 to 38.76) 0.814 0.390
T2* value, tl (ms) 11.57+4.02 (7.35 to 15.78) 24.82+7.84 (15.07 to 34.56) 13.169 0.005
T2* value, t2 (ms) 10.09+4.88 (4.97 to 15.21) 24.15£8.74 (13.30 to 35.00) 11.435 0.008
T2* value, t3 (ms) 12.46+5.63 (6.55 to 18.37) 23.42+7.12 (14.57 to 32.26) 8.149 0.019
AT2* value, tl (ms) 10.69+6.23 (4.15 to 17.23) 3.86+2.20 (—2.60 to 7.00) 6.966 0.027
AT2* value, t2 (ms) 12.17+8.67 (3.06 to 21.27) 2.87£1.37 (—0.50 to 6.24) 5.224 0.048
AT2* value, t3 (ms) 9.80%3.03 (5.56 to 14.03) 4.32+2.28 (—2.22 to 9.42) 5.563 0.043
Enhancement rate (ER), tl (%) 45.98+14.03 7.10£5.18 22.393 0.001
ER, t2 (%) 51.15%£22.70 11.04+6.01 13.288 0.005
ER, t3 (%) 44.05+13.92 12.09+7.54 12.361 0.007
MOD 0.53%0.24 (0.27 to 0.78) 0.082+0.012 (0.07 to 0.10) 19.850 0.007
Il Metastasis
40 0 Control 25 Il Metastasis 80 Il Metastasis
P 4 Control I Control

= 30 g 20 60

2 £

- o 15 <

52 3 < 40

s S0 %

& 10 z 5 20

Figure 8 T2* value, AT2* value and enhancement rate (ER) at different time points in metastasis group and control group.
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Figure 9 T2* mapping shows effect of ultrasmall superparamagnetic iron oxide (USPIO)—polyethylene glycol (PEG)-Sialyl Lewis X (sLe*) contrast agent on images of

primary tumors in footpads.

Notes: Color scale used for magnetic resonance imaging (MRI) signal-intensity mapping with software. Top row, T2* mapping of metastasis group at t0, tl, t2, and t3.
Bottom row, T2* mapping of control group at t0, tl, t2, and t3. In both mice, USPIO-PEG-sLex was administered via the tail vein.

30.000 Group
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Non-metastasis group
25.000
m
E
(]
= 20.000 A
®©
> \
15.000 \
\\
\\
\ o
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T T T T
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Figure 10 T2* of primary tumors in footpads in metastasis group and control
group before and after intravenous administration of ultrasmall superparamagnetic
iron oxide (USPIO)—polyethylene glycol (PEG)-Sialyl Lewis X (sLe>).

Notes: There was a rapid decrease in mice with metastasis that were given the
targeting agent USPIO-PEG-sLe™. T2* changes in tumors in the control group were
relatively gentle. Data points are show mean + SD.

Associations between image parameters and MOD
were calculated by Spearman's correlation coefficient
(Table 2). Six parameters (T2* at t2, AT2* at t1, AT2* at
t2, ER at t1, ER at t2, and ER at t3) were related to MOD,
and Spearman's correlation coefficients were —7.00, 0.655,
0.682, 0.718, 0.755, and 0.636(P=0.016, 0.029, 0.021,

of lymph nodes IHC of foot pad tumor )

Metastasis

control

Figure |1 Results of histological examination of lymph (H&E stain, original magni-
fication 400%) and transplanted tumors (immunohistochemical [IHC], original mag-
nification 400x).

Notes: Top row, metastasis group; bottom row, control group.

0.013, 0.007, and 0.035, respectively). The maximum cor-
relation coefficient for ER was at t2 (Figure 13).

Discussion

Imaging probes require ligands that can bind to cell biomarkers
with high sensitivity, specificity, and affinity.>” In our study,
sLe™ was a conjugating agent and USPIO provided a signal
that could be measured. E-selectin has a major role during the
multistep process of metastasis.”*’ Kaila et al reported on the
synthesis of sLe™ analogues that can bind to E-selectin.*
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Figure 12 Immunohistochemical (IHC) staining in metastasis group and control
group. E-selectin preferentially upregulated in metastasis group.
Abbreviation: MOD, mean optical density.

Table 2 Associations between image parameters and mean
optical density assessed by Spearman's correlation coefficient

Parameter Correlation coefficient P

T2* value, tl —-0.573 0.066
T2* value, t2 -7.00 0.016
T2* value, t3 —4.445 0.170
AT2* value, tl 0.655 0.029
AT2* value, t2 0.682 0.021
AT2%* value, t3 0.564 0.071
Enhancement rate (ER), tl 0.718 0.013
ER, t2 0.755 0.007
ER, t3 0.636 0.035

USPIO has been explored extensively for cell labeling,
MRI contrast agents, and drug delivery.>' > USPIO has been
shown to change the relaxation rate of water protons detected
by MRI. MRI relaxometry using multiple echo times is the
imaging reference standard for Fe quantification, because the
R2/R2*/T2* value has been shown to be directly propor-
tional to the Fe concentration in tissue.’*>® As such, T2*
mapping can be used to reveal the distribution of the USPIO-
PEG-sLe™ nanoparticles, which in turn reflects the distribu-
tion of E-selectin expression. PEG was used to increase the
hydrophilicity of nanoparticles. Studies have shown that
PEG on nanoparticles is important for higher stability, longer
cycle times, and biocompatibility.**4°

In the present study, FTIR spectroscopy, TEM, DLS,
TGA, and MRI relaxation tests revealed the composition
and magnetic properties of synthesized nanoparticles. FTIR
spectroscopy showed that sLe™ was coated on the surface of
USPIO. TEM images revealed that USPIO-PEG-sLe®
nanoparticles were well dispersed. DLS demonstrated that

hydrodynamic dimensions were increased and that the dis-
tribution of nanoparticle size was narrow. Control of the
size of monodispersed nanoparticles is very important,
because the properties of nanocrystals are strongly depen-
dent upon the dimension of nanoparticles.*' The increase in
the {-potential suggested that our molecular probe had high
stability.* TGA revealed that nanoparticles of USPIO,
USPIO-PEG, and USPIO-PEG-sLe™ had a gradient of ther-
mal weight loss and that USPIO-PEG-sLe™ nanoparticles
had a lower initial decomposition temperature and the fast-
est weight loss. TGA also confirmed that sLe™ was coated
on USPIO-PEG. Figure 6 demonstrates that USPIO-PEG-
sLe™ nanoparticles exhibited negative contrast enhance-
ment. Therefore, USPIO-PEG-sLe™ nanoparticles were pre-
pared and evaluated as targeted MRI contrast agents.

In vivo results showed that T2* values in the metasta-
sis group was significantly lower the control group after
administration of USPIO-PEG-sLe™ nanoparticles. The
AT2* value and ER were higher in the metastasis group
than the control group. Considering that E-selectin had
increased in the metastatic group, more affinity compo-
nents sLe™ target the molecular probe to the footpad
xenograft tumor. USPIO can shorten T1 and T2/T2*
relaxation processes, but is used mainly as a T2 contrast
agent in MRI. The T2* value decreases with an increase in
USPIO concentration.*>** These results suggest that E-
selectin can bind to molecular probes with high specificity
and that it could be a feasible target to identify NPC
metastasis. USPIO-PEG-sLe™ nanoparticles could be
“ideal” MRI molecular probes because of their high selec-
tivity and affinity for the target biomolecule (E-selectin).

We found interactions between groups and time for the
T2* value after administration of USPIO-PEG-sLe™ nano-
particles. T2* values decreased obviously at t1 and t2 in
both groups. Changes in T2* values in the two groups
were different. Maximum enhancement of the slope at tl
was significantly higher in the metastasis group than the
control group, and this could have been due to two main
factors. First, the number of E-selectin molecules in the
two groups of tumor tissues was different, so the concen-
tration and distribution of molecular probes in the tissues
were different. The significant decrease in T2* values in
the metastatic group suggested that the molecular probes
had a significant signal-amplification effect. Second, stu-
dies have shown that invasive tumors are characterized by
increased volume and permeability in blood vessels.*’
High permeability was important in our study to ensure
that USPIO-PEG-sLe™ nanoparticles reached the target
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Figure 13 Correlations among image parameters.
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parameters (T2* value [t2], AT2* value [t],t2], and ER [tl, t2, and t3]) were related to the MOD. Neither T2* value (t| and t3) nor AT2* value (t3) correlated with MOD.

Abbreviation: MOD, mean optical density.

rapidly. Our results are in accordance with those of studies
showing that sLe™ mimetics allow USPIO in molecular
probes to interact with E-selectin.?>**4

In the metastasis group, maximum enhancement of the
slope was at tl, whereas the maximum ER was at t2.
These data are in accordance with results from Boutry et
al, who demonstrated that relative signal enhancement
(negative) was significantly higher 1 hour after injection
of USPIO-g-sLe™ nanoparticles.*® T2* values in the con-
trol group showed a continuous, slow decline. Our obser-
vation of changes in T2* in the metastasis group could be
due to two main factors. First, USPIO has a long half-life
in plasma: ~24 hours in humans* and 2 hours in mice.>
Second, E-selectin expression in the metastasis group
tended to be saturated at t2, and then T2* values increased
slightly. Therefore, sLe™ labeling targeted E-selectin with
high contrast quickly.

MOD was used to measure E-selectin expression in
xenograft tumors. MOD in the metastasis group was

significantly higher than the control group. Such high
expression of E-selectin in the metastasis group suggests
that E-selectin expression in NPC promotes NPC metasta-
sis. The ER at each time point was related to the MOD. The
ER revealed the distribution of USPIO-PEG-sLe™ nanopar-
ticles, which in turn reflected the distribution of E-selectin
expression. Therefore, the ER aided determination of the
distribution of E-selectin expression in tumor tissue.

Our study had four main limitations. First, due to
repeat MRI, the position of mice was changed over the
four scans, so the ROI could not be matched completely.
Second, ROI analyses were done on T2* mapping by
selecting only the three sections showing the maximum
diameter of the tumor, which may not have been repre-
sentative of the entire tumor. Third, associations between
MOD and image parameters were obtained from only
eleven mice. Fourth, our results of MRI parameters
might not apply to those of other institutions, particularly
those that use different MRI methods.
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Conclusion
We showed that E-selectin expression in vivo during

metastasis can be depicted with as-prepared USPIO-
PEG-sLe™ nanoparticles by MRI. Use of such molecular
probes could enable detection of early metastasis of NPC,

more accurate staging, and treatment monitoring.
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