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Abstract: Surgical resection is the primary mode for glioma treatment, while gross total
resection is difficult to achieve, due to the invasiveness of the gliomas. Meanwhile, the tumor-
resection region is closely related to survival rate and life quality. Therefore, we developed
optical/magnetic resonance imaging (MRI) bifunctional targeted micelles for glioma so as
to delineate the glioma location before and during operation. The micelles were constructed
through encapsulation of hydrophobic superparamagnetic iron oxide nanoparticles (SPIONs)
with polyethylene glycol-block-polycaprolactone (PEG-H-PCL) by using a solvent-evaporation
method, and modified with a near-infrared fluorescent probe, Cy5.5, in addition to the glioma-
targeting ligand lactoferrin (Lf). Being encapsulated by PEG-b-PCL, the hydrophobic SPIONs
dispersed well in phosphate-buffered saline over 4 weeks, and the relaxivity (r,) of micelles was
215.4 mM™"-s™!, with sustained satisfactory fluorescent imaging ability, which might have been
due to the interval formed by PEG-b-PCL for avoiding the fluorescence quenching caused by
SPIONS. The in vivo results indicated that the nanoparticles with Lf accumulated efficiently in
glioma cells and prolonged the duration of hypointensity at the tumor site over 48 hours in the
MR image compared to the nontarget group. Corresponding with the MRI results, the margin of
the glioma was clearly demarcated in the fluorescence image, wherein the average fluorescence
intensity of the tumor was about fourfold higher than that of normal brain tissue. Furthermore,
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide assay results showed that
the micelles were biocompatible at Fe concentrations of 0-100 pg/mL. In general, these optical/
MRI bifunctional micelles can specifically target the glioma and provide guidance for surgical
resection of the glioma before and during operation.

Keywords: MRI, fluorescence image, micelles, lactoferrin, glioma

Introduction

Gliomas are the most frequently occurring type of primary brain tumors in Europe and
the US.! Due to their high malignancy, the survival rate of patients is only 5% after
5 years.? The current standard therapy for glioma is maximal safe resection followed
by chemoradiotherapy or photodynamic therapy.'? However, it is quite difficult to
achieve a gross total resection of the brain tumor without damage to normal brain tis-
sue, owing to the infiltration and invasiveness of the glioma, which seriously affects
the survival rate and life quality.>® Therefore, it is of great importance to develop a
new method for defining the margin of gliomas to provide guidance for preoperation
planning and intraoperation navigation.

Preoperative imaging on the tumor with magnetic resonance imaging (MRI) is cur-
rently widely applied for brain-glioma diagnosis, and is commonly used for operation
planning.** Gadolinium (Gd**)-based contrast agents, such as Gd**-diethylenetriamine-
pentaacetic acid (Magnevist), are always used for enhancing the signal at the tumor
site.® However, Gd**-based contrast agents are rapidly excreted within 24 hours, due
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to the glomerular filtration effect, and then provide a short
duration of the enhanced signal.” Compared to the traditional
Gd**-based contrast agents, another commonly-used MRI
contrast agent — superparamagnetic iron oxide (SPIO) — has
characteristics of high sensitivity, lower toxicity, and excel-
lent biocompatibility. Nevertheless, directly prepared SPIO
is generally an oil-soluble material so as not to be adopted
by organisms.®® Currently, a number of methods, such as
encapsulation of the SPIO with chitosan or polymers, are
being developed to convert oil-soluble SPIO into water-
soluble SPIO, wherein the amount of the SPIO cleared by
the reticuloendothelial system is reduced with modifications,
leading to prolonged blood circulation in vivo, and especially
SPIO encapsulated by amphiphilic polymer shows good
stability, which is gaining a lot of attention.!*!3

For improved resection rate and surgery safety, intraopera-
tive imaging is equally important as preoperative imaging. In
Kubben at al’s study, intraoperative MRI-guided glioblastoma
multiforme-resection results showed that compared with
conventional neuronavigation-guided surgery, intraoperative
MRI-guided surgery provided better results for tumor resection,
life-quality improvement, and prolonged postoperative survival
time, while intraoperative MRI required repeated imaging dur-
ing the surgery to determine the tumor region, which, unfortu-
nately, might increase the possibility of infection for patients."
Compared to intraoperative MRI, fluorescence imaging has
advantages of high sensitivity, convenience, and low cost.'>!¢ In
Tsugu et al’s study, comparison of intraoperative MRI and the
S-aminolevulinic acid (5-ALA)-guided fluorescence imaging
showed that for 5-ALA-induced fluorescence-positive gliomas
(including almost all the malignant gliomas), good resection
effects were obtained only with 5-ALA fluorescence imaging-
guided resection.!” However, conventional 5-ALA fluorescence
imaging-guided surgery had a plurality of side effects, such as
skin photosensitivity, and protoporphyrin IX was not produced
in all the gliomas, especially in low-grade gliomas, after oral
administration of the 5-ALA.'"®"” Small-molecule fluorescent
probes have been applied widely in biomedical fields, due to
their good optical properties and excellent biocompatibility,
wherein the near-infrared fluorescent (NIRF) dye is generally
adopted for optical imaging in vivo so as to minimize autofluo-
rescence of the tissue and acquire deep penetration. Among
various NIRF dyes, Cy5.5 is widely used in the biological
field, due to its high molar absorbancy index, high fluorescence
quantum yield, and no photosensitivity.?*?!

For these reasons, it is imperative to develop a low-toxicity
contrast agent for preoperation planning and intraoperation
navigation of gliomas. Based on our previous research,? we

developed a contrast agent — Cy5.5-lactoferrin (Lf)-SPIO
micelles — targeting gliomas and performing optical/MR
imaging, wherein SPIO was encapsulated with an amphiphilic
polymer polyethylene glycol-block-polycaprolactone (PEG-
b-PCL) to form magnetic micelles, Cy5.5 was selected as
an NIRF probe, Lf and Cy5.5 were linked to the amino ter-
minal of the amphiphilic polymer PEG-b-PCL, and CyS5.5
and SPIO were separated with the amphiphilic polymer
PEG-b-PCL to avoid fluorescence quenching caused by
SPIO. The Cy5.5-L{-SPIO micelles had good dispersity and
high colloidal stability in phosphate-buffered saline (PBS).
In vitro study results showed that the Cy5.5-Lf-SPIO micelles
were specifically taken up by C6 glioma cells. In vivo study
results indicated that the Cy5.5-Lf-SPIO micelles targeted the
C6 rat glioma, had good optical/MR-imaging function, and
provided clear delineation of the boundary of the glioma.

Materials and methods

Materials
Cy5.5-N-hydroxysuccinimide (NHS) was purchased from
GE Healthcare (Piscataway, USA). Lf from bovine colos-
trum was purchased from Sigma-Aldrich (St Louis, USA).
Methoxy-PEG,-b-PCL
Biomaterial (Shandong, People’s Republic of China). NH,-
PEngoo'b'PCLwooo

(Montreal, Canada). N-succinimidyl iodoacetate (SIA) and

was purchased from Daigang
was purchased from Polymer Source

Traut’s reagent were purchased from Thermo Fisher Scien-
tific (Waltham, USA).

Synthesis of bifunctional micelles

Oleylamine (OAm)-coated Fe,O, nanoparticles were produced
through the thermal decomposition method.’ The SPIO micelles
were prepared by adding a copolymer and SPIO mixture into
pure water in a dropwise manner under a vigorous ultrasonic
condition. Then, the SPIO micelles were mixed with Cy5.5
NHS ester. Lf reacted with Traut’s agent to be subjected for
primary functionalization with sulthydryl groups. The Cy5.5-
SPIO micelles were conjugated with SIA. The functionalized
Lf was then conjugated to the Cy5.5-SPIO micelles via iodo-
acetate. The complete process is shown in Figure 1.

Synthesis of OAm magnetic nanoparticles
Monodispersed OAm magnetic nanoparticles were syn-
thesized according to the thermal decomposition method.’
Fe(acac), (2 mmol) was dissolved in a mixture of 10 mL of
benzyl ether and 10 mL of OAm. The solution was stirred
magnetically in the presence of N, with a constant flow, then
heated gradually to 110°C (5°C/minute) and dehydrated for
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Abbreviations: Lf, lactoferrin; SPIO, superparamagnetic iron oxide; SIA, succinimidyl iodoacetate.

1 hour. After that, the mixture was heated to achieve a reflux
temperature (~300°C) at a heating rate of 10°C/minute and
aged at this temperature for 1 hour. After the mixture cooled
down to room temperature, 50 mL of absolute ethanol was
added into the black mixture. The precipitation was collected
through centrifuge (7,000 rpm, 10 minutes) and was washed
with ethanol three times. Finally, OAm magnetic nanopar-
ticles were redispersed in tetrahydrofuran (THF).

Formation of SPIO-loaded polymeric

micelles

PEG-h-PCL copolymer (3 mg, containing 0.5 mg NH.-
PEG,,-b-PCL ,,, and 2.5 mg methoxy-PEG, -b6-PCL ,,.,)
and 9 mg SPIO nanoparticles (~8 nm) were first dissolved in
2.5 mL of THF in a glass vial. Then, the mixture was added
to pure water (25 mL) in a dropwise manner under a vigor-
ous ultrasonic condition by using a JY92-II N (Scientz) at a
power of 200 W (2 s/2 s). Then, the THF in the solution was
evaporated by vacuum distillation. The SPIO-loaded micelle
samples were stored at 4°C, and all related measurements
were taken within 2 weeks.

Modification of SPIO-loaded polymeric
micelles

Monoreactive Cy5.5 NHS ester (1 mg) was dissolved in 50 uL
of dimethyl sulfoxide (DMSO). Five microliters of the
obtained solution was added to 2 mL of SPIO-loaded micelles
(3 mg of Fe/mL). After 2 hours of suspension reaction, 2 mg
SIA, which was dissolved in 0.1 mL of DMSO, was added
to this. The solution was protected from light. Then, it was
put on a shaker for 2 hours at room temperature. After that,

a magnet was used to separate the reaction solution, and the
supernatant was abandoned. Simultaneously, a sulfhydryl
group was attached to the Lf via primary amine modifica-
tion through treatment with Traut’s reagent. Moreover, 2 mg
Traut’s reagent was dissolved in 1 mL borate buffer. The
borate buffer was made of disodium tetraborate. The concen-
tration was 0.15 M and the pH was 8.5. Then, 0.5 mL of Traut’s
reagent stock solution was mixed with 5 mg Lf (10 mg/mL
Lf dissolved in a borate buffer), and the obtained solution
was further reacted for 1 hour at room temperature. After
the thiolation reaction, micelles were separated from the
reaction solution using a magnet, and the supernatant was
discarded.

Characterizations of Cy5.5-Lf-SPIO

micelles
The size and morphology of the Cy5.5-Lf-SPIO micelles
were assessed by transmission electron microscopy (TEM;
JEM-2010; JEOL, Tokyo, Japan) at 200 kV. Dynamic light
scattering (Zetasizer Nano ZS90; Malvern Instruments,
Malvern, UK) was used to measure the hydrodynamic dia-
meter of the nanoparticles with an angle of 90°.
Fourier-transform IR spectroscopy (Vertex 70; Bruker,
Ettlingen, Germany) was used to achieve qualitative analysis
ofthe Lf conjugation. The bicinchoninic acid assay was used
to achieve quantitative analysis of the Lf conjugation.
Therelaxivity ofthe materials was measured with the method
mentioned in our previous work.? The micelles were diluted
in distilled water with iron concentrations of 0-2.5 pug/mL.
Samples were transferred to a 96-well plate, and 7, relax-
ation times of the suspensions were determined witha 3.0 T
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whole-body MR scanner (Signa HDxt 3.0 T; GE) in com-
bination with an eight-channel head coil. The parameters
were optimized as follows: field of view was 120 mm, base
resolution was 192x160, slice thickness was 1.5 mm, interval
thickness was 0.5 mm, multiple echo times were 20, 40, 60,
80, 100, 120, and 140 ms, and repetition time was 2,000 ms.
T, relaxation rates were plotted against iron concentrations in
the particle dilutions set. Relaxivity was determined through
a linear fitting model.

Magnetic properties were measured with a vibrating
sample magnetometer (model 7404; Lake Shore Cryotron-
ics, Westerville, USA) under a maximum field of 15 kOe at
room temperature. To evaluate the fluorescence property of
the materials, a fluorescence spectrophotometer (FL4500;
Hitachi, Tokyo, Japan) was used. The excitation wavelength
was 640 nm.

An IVIS Lumina XR system (Caliper Life Sciences,
Hopkinton, USA) was used to measure the fluorescence
property of the materials. The applied method was the same
as in our previous work.? Briefly, the micelles were diluted
at different Fe concentrations ranging from 0 to 300 pg/mL.
The excitation wavelength was 640 nm, and the emission
wavelength was set at Cy5.5’s wavelength.

In vitro studies

Incubation

C6 glioma cells (C6) were plated in a six-well plate. Cy5.5-
Lf-SPIO-loaded micelles and Cy5.5-SP1O-loaded micelles
(dissolved in Dulbecco’s Modified Eagle’s Medium) at dif-
ferent iron concentrations ranging from 0 to 25 pug/mL were
added to the plate. After incubation for 1.5 hours, the cells
were washed with PBS (0.1 M, pH 7.4) three times.

In vitro MRI

After being washed, the cells were collected and placed in
a 96-well plate. The plate was scanned by the 3.0 T whole-
body MR scanner.

Confocal microscopy

After being washed, the cells were stained with 4’,6-
diamidino-2-phenylindole (DAPI; 5 ug/mL) for 20 minutes.
Then, the fluorescence images of the cells were collected
on a laser scanning confocal microscope (TCS-SP5; Leica,
Wetzlar, Germany) by using a 40X objective. For Cy5.5,
the excitation wavelength was 633 nm, and the emission-
wavelength range was 650—750 nm. For DAPI, the excitation
wavelength was 405 nm, and the emission-wavelength range
was 420-480 nm.

In vitro fluorescence imaging

After being washed, the cells were collected and placed in
a 96-well plate. The IVIS Lumina XR system was used to
collected fluorescent images. The excitation wavelength was
640 nm, and the emission wavelength was set at Cy5.5’s
wavelength.

In vivo studies

Animal-model preparation

The animal model was prepared via the method mentioned in
our previous work.? Rats were anesthetized with 10% chloral
hydrate (intraperitoneally, 0.4 mL/100 g body weight) and
placed in a stereotactic frame. A burr hole was drilled into the
skull (1.0 mm posteriorly and 3.0 mm laterally to the bregma).
A 50 pL microinjector was used to inject 10 UL of 1x10° C6
cells suspended in the serum-free Dulbecco’s Modified Eagle’s
Medium. The injection was performed slowly over 10 minutes.
Once the injection was completed, the needle stayed in the
brain for another 10 minutes. The needle was then withdrawn
from the brain slowly. The skin was closed with nonmagnetic
sutures. MRI and fluorescence imaging were performed after
tumors grew to 4x4 mm? (about 11 days). The procedure fol-
lowed the previously published report.??

In vivo MRI

One milliliter of PBS (0.1 M, pH 7.4) containing Cy5.5-Lf-
SPIO micelles or Cy5.5-SPIO micelles (12 mg Fe/kg body
weight) (n=6) was administered via the tail vein. A 3.0 T MR
system (Signa HDxt) was used to collect MR images at 24 and
48 hours postinjection. The parameters were set as mentioned
in our previous work:? field of view was 60 mm, base resolu-
tion was 192x160, slice thickness was 1.5 mm, interval thick-
ness was 0.5 mm, multiple echo time was 50 ms, and repetition
time was 3,000 ms. The signal intensity of the tumor and the
muscle were measured. Relative signal enhancement (RSE)
was calculated according to the following formula:?*

RSE (%)=(1-[SI____ /SI

post,tumor

post,musclc] [ prc‘tumor/SIprc,musclc]) XIOO
SI . was measured before injection of the nanoparticles, and
SI . was measured at each follow-up time after injection
(24 and 48 hours).

Ex vivo fluorescence imaging

For ex vivo study, the rats were killed. The IVIS Lumina XR
system was used to collect the fluorescence images of the rats’
brain tissues. The excitation wavelength was 640 nm, and the
emission wavelength was set at Cy5.5’s wavelength.
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Histology study

After brain fixation and dehydration, each rat’s brain was
sectioned into slices with a thickness of 10 wum. The slices of
each brain were divided into three groups. Group 1 was
stained with hematoxylin and eosin (H&E), group 2 was
stained with DAPI, and group 3 was stained with Prussian
blue and nuclear fast red solution. Confocal images of the
slices stained with DAPI were collected through the laser
scanning confocal microscope with a 10x objective. For
Cy5.5, the excitation wavelength was 633 nm, and the
emission wavelength range was from 650 nm to 750 nm.
For DAPI, the excitation wavelength was 405 nm, and the
emission wavelength range was from 420 nm to 480 nm.

In vitro cytotoxicity

The mouse embryo fibroblast cell line NIH-3T3 was plated
in a 96-well plate at 5x10° cells/well. The cells were treated
with the medium containing Cy5.5-Lf-SPIO micelles at dif-
ferent Fe concentrations ranging from 0 to 100 pug/mL Fe.
The control well was a culture medium without the nanopar-
ticles. After 24, 48, and 72 hours of incubation, the in vitro
cytotoxicity was evaluated by 3-(4,5-dimethyl-2-thiazolyl)-2,
5-diphenyl-2-H-tetrazolium (MTT) assay.

Statistical analysis

The data are expressed as means * standard error of the
mean. A difference of P<<0.05 was considered statistically
significant, and P<<0.01 was considered highly statistically
significant. Statistical analysis was analyzed with Stu-
dent’s f-test using statistical software (SPSS 17.0; SPSS,
Chicago, USA).

Results
Characterization of Cy5.5-Lf-SPIO

micelles

The TEM images (Figure 2B) indicated that the SPIO, just
as Figure 2A shows, was encapsulated into the micelles and
formed a cluster in the hydrophobic core of the micelles.
As shown in the TEM image, the mean diameter of the par-
ticles was measured as 92.1+4.8 nm. Meanwhile, the mean
hydrodynamic size and zeta potential of the Cy5.5-Lf-SPIO
micelles were 390.4+10.4 nm (polydispersity index =0.083)
(Figure 2C) and —2.53 mV, respectively, by dynamic light
scattering. The difference between the hydrodynamic size
and the size shown in the TEM images may have been
due to the copolymer and Lf increasing the hydrodynamic
diameter of the nanoparticles. As shown in the Fourier-
transform IR spectra (Figure S1), in the pure Lf group and

Cy5.5-L{-SPIO micelle group, the bands around 3,400 cm™
were for acylamino-stretching vibration, which indicated that
the Lf existed. In the Cy5.5-Lf-SPIO micelle group, the bands
around 700 cm™" appeared to be due to S—C bond formation,
which indicated that Lf successfully conjugated to micelles.
The bicinchoninic acid assay was used to quantify the Lf
conjugation. There were 3.3x10° mg Lf per milligram Fe.
Moreover, long-term dynamic light-scattering measurements
showed that there was no significant particle size change or
flocculation of the Cy5.5-Lf-SP10O micelles dissolved in PBS
for 4 weeks, demonstrating that the micelles were highly
stable in PBS (Figure 2D).

To evaluate the magnetic properties of the Cy5.5-Lf-
SPIO micelles, the nanoparticles were examined by a
vibrating sample magnetometer. Figure 3A shows that both
CyS5.5-L{-SPIO micelles and SPIO were superparamagnetic
at 300 K. The saturation magnetizations of Cy5.5-Lf-SPIO
micelles and SPIO were 67.4 emu/g Fe and 76.2 emu/g Fe
respectively, which indicated that the copolymer and the
modification of the nanoparticles affected the magnetic prop-
erties of the materials slightly. To acquire the T, relaxation
(r,) of the Cy5.5-Lf-SPIO micelles, the relaxation times
of Cy5.5-Lf-SPIO micelles with various iron concentra-
tions were measured by 3.0 T MRI. The results showed a
good linear correlation between 7, relaxation (r,) and iron
concentration, with ,=215.4 mM™"-s™" (Figure 3B and C),
which suggested that the nanoparticles could be utilized as
anegative MRI contrast agent in 7 -weighted imaging.

Among various fluorescent dyes, Cy5.5 has been widely
used in biomedical fields, due to its high molar absorption
coefficient and high fluorescence quantum yield.?! In the
fluorescence spectra measured with a spectrofluorometer by
using an emission scan mode, the emission peak of Cy5.5-
Lf-SPIO micelles was 689 nm, which was the same as the
pure Cy5.5 (Figure 4A). This suggested that the Cy5.5 was
successfully conjugated to SPIO micelles and the Cy5.5-
Lf-SPIO micelles were suitable for fluorescence imaging.
The fluorescence intensity of Cy5.5-Lf-SPIO micelles with
various iron concentrations were measured with the IVIS
Lumina XR system (Figure 4B). The results showed a posi-
tive linear correlation between the fluorescence intensity and
the iron mass (Figure 4C).

In vitro studies

The ability of MRI and fluorescence imaging of Cy5.5-Lf-
SPIO micelles at the cellular level was detected in rat C6
glioma cells. Along with the increasing iron concentration,
a gradual MR-signal decay was observed (Figure 5A).

International Journal of Nanomedicine 2015:10

submit your manuscript

1809

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Zhou et al Dovepress
A B
C D 600
289 cy5.5-L1-SPIO micelle ® Cy5.5-Lf-SPIO micelle
24+ =
. € 500-
< 207 8
X N
N W
> 164 Q ¢ {
=) ——
2 £ 400 + t ; ¢ ¢ ;
c ©
8 12- S,
£ ©
i 2
8- o°
S, 300
1 I
4]
0' I:I D 200 T T T T T T T T
100 1,000 0 4 8 12 16 20 24 28

Size (nm)

Figure 2 Morphology and size distribution of the materials.
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Notes: (A) TEM image of SPIO. (B) TEM image of Cy5.5-Lf-SPIO micelles. (C) Hydrodynamic size distribution of Cy5.5-Lf-SPIO micelles at 25°C. (D) Long-term stability
based on hydrodynamic size change in phosphate-buffered saline over time at room temperature.
Abbreviations: TEM, transmission electron microscopy; Lf, lactoferrin; SPIO, superparamagnetic iron oxide.

Compared with the signal decay of the Cy5.5-SPIO micelle
group, the signal decay of the Cy5.5-L{-SPIO micelle group
was much greater at the same iron concentration. This sug-
gested that Cy5.5-Lf-SPIO micelles could be used as a con-
trast agent in vitro, and Lf targeted the C6 cells to improve
the cellular uptake on the micelles in glioma cells.

From the fluorescence images obtained by the IVIS
Lumina XR system (Figure 5B), with increasing iron concen-
tration, there was a gradual enhancement of the fluorescence
signal in the Cy5.5-Lf-SPIO micelle group. Compared to
the Cy5.5-Lf-SPIO micelle group, there was no significant

change in the Cy5.5-SPIO micelle group with increasing iron
concentration, which was similar to the results obtained by
MRI. To make a further comparison between the two groups,
confocal microscopy was used to confirm the targeting
ability of the nanoparticles (Figure 5C). In the Cy5.5-Lf-
SPIO micelle group, there was a strong fluorescence signal
throughout the cytoplasm in the C6 cells. However, a weak
fluorescence signal was observed in the C6 cells treated with
Cy5.5-SPIO micelles. All these results strongly suggested
that Cy5.5-Lf-SPIO micelles could target rat C6 glioma cells
and function well as a fluorescent probe.
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Figure 3 Magnetic properties and MR imaging abilities of the materials.
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Notes: (A) Magnetization curves at 300 K. (B) T ,-weighted MR images of the Cy5.5-Lf-SPIO micelles. (C) Relaxivities (r,) of the Cy5.5-Lf-SPIO micelles measured at 300 K.
Abbreviations: MR, magnetic resonance; Lf, lactoferrin; SPIO, superparamagnetic iron oxide.

In vivo studies

The MR images in Figure 6A were obtained by a 3.0 T
human MRI scanner. The rats bearing C6 homografts were
used to evaluate the ability of the nanoparticles applied as a
contrast agent. After injection with Cy5.5-Lf-SPIO micelles
at a dosage of 12 mg Fe/kg, a significant contrast enhance-
ment (darkening) was observed at 24 hours postinjection,
and the range of high signal intensity expanded at 48 hours
postinjection (glioma site indicated by the red circle).
However, in the Cy5.5-SPIO micelle group, there was no

apparent change exhibited on MR images of the rat brain
at a dosage of 12 mg Fe/kg. The relative signal enhance-
ment of the region of interest in the 7 -weighted image was
evaluated through comparison between the tumor regions
and the healthy muscle regions of the rats (Figure 6B). For
the positive group, the relative signal enhancement of the
tumor site at 48 hours reached 30%—67%, while this was
only 14%-26% in the negative group. For further verification
of whether the relative signal enhancement was caused by
the nanoparticles or not, the brain-tumor slices were stained
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Figure 4 Fluorescence imaging abilities of the materials.

Fe (pg)

Notes: (A) Fluorescence spectra at the excitation wavelength of 640 nm at room temperature. (B) Fluorescent image of the Cy5.5-Lf-SPIO micelles. (C) The correlation

between fluorescence intensity and the mass of the iron.
Abbreviations: Lf, lactoferrin; SPIO, superparamagnetic iron oxide.
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Figure 5 In vitro study of the materials.

Notes: (A) In vitro T,-weighted magnetic resonance images of Cé cells with different treatments. (B) Fluorescence images of Cé cells with different treatments. (C) Confocal
fluorescence images of Cé cells with different treatments (400x).

Abbreviations: Lf, lactoferrin; SPIO, superparamagnetic iron oxide; DAPI, 4,6-diamidino-2-phenylindole.
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by Prussian blue to indicate the location of the iron. As  that Cy5.5-Lf-SPIO micelles targeted the brain tumor and
shown in Figure 6C, in the Cy5.5-Lf-SPIO micelle group, functioned well as an MRI contrast agent for preoperative
the iron (blue dots) accumulated in the tumor tissues. Nev- ~ MRI diagnosis of the glioma.

ertheless, little iron was observed in the samples treated To test the capability of Cy5.5-Lf-SPIO micelles utilized as
with Cy5.5-SPIO micelles. All these results suggested  an optical contrast agent (Figure 7A), ex vivo NIR fluorescence
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Figure 6 In vivo study on magnetic resonance imaging.

Notes: (A) In vivo T,-weighted magnetic resonance images of rat brain bearing C6 glioma (n=6). Upper row, acquired after administration of Cy5.5-Lf-SPIO micelles (12 mg
Fe/kg); lower row, acquired after administration of Cy5.5-SPIO micelles (12 mg Fe/kg). (B) The relative signal enhancement of the brain tumor in the T,-weighted image at
24 and 48 hours (expressed as means * standard error of mean [n=6]). (C) Histological sections of glioma with Prussian blue staining (400x).

Abbreviations: Lf, lactoferrin; SPIO, superparamagnetic iron oxide.

images of the rats’ brains were analyzed by the IVIS Lumina
XR system. As shown in Figure 7A, there was a distinct
fluorescence signal in the middle of the brain obtained from
the rats treated with CyS5.5-Lf-SPIO micelles. Abnormal cell
density and morphology of tumor tissue were observed in the
H&E-stained image (the purple part in the brain slice). H&E
staining verified the location and the boundary of the brain
tumor, which corresponded with the results from the NIR

fluorescence images. However, for the negative group, there
was no detectable fluorescence signal at the tumor site. The
average fluorescence intensity of the brain-tumor tissue and the
normal brain tissue was measured (Figure 7B). In the positive
group, the average fluorescence intensity of the brain tumor
was 3.8 times higher than that of normal brain tissue, which
indicated that the NIR fluorescence was sensitive enough to
discriminate the tumor tissue from the normal brain tissue.
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Figure 7 Ex vivo study of the brain tissue.

Notes: (A) Ex vivo fluorescence images and H&E-staining images of rat brain bearing Cé glioma at 48 hours postinjection. (B) The average fluorescence intensity of the brain
tumor and the normal brain. Results expressed as means + standard error of mean (n=6).
Abbreviations: Lf, lactoferrin; SPIO, superparamagnetic iron oxide; H&E, hematoxylin and eosin.

The location of the nanoparticles was investigated by con-
focal fluorescence microscopy. The cell nucleus was stained
with DAPI. From the confocal fluorescence images (Figure
8), in the brain slices of the rats treated with Cy5.5-L{-SPIO
micelles, apparent red fluorescence was observed at high-cell-
density sites, which proved to be the tumor site. This suggested
that the nanoparticles were retained at the tumor site and could
distinctly outline the margin of the glioma on the optical image.
However, no distinct Cy5.5 fluorescent signal was detected
in the negative group. All these results were consistent with
those obtained from the MR images, which suggested that the
nanoparticles could selectively target the glioma. Due to the
accumulation of the nanoparticles, the location of the brain
tumor was defined clearly on the optical image. Based on

Cy5.5

Cy5.5-Lf-SPIO
micelle

Cy5.5-SPIO
micelle

Figure 8 The confocal fluorescence images of the brain slices.

these results, it was supposed that Cy5.5-Lf-SPIO micelles
could be applied for guiding the resection of the glioma in
intraoperative fluorescence imaging.

The rats’ organs were collected for biodistribution
study. The IVIS Lumina XR system was used to collect the
optical images of the rat organs. The result is shown in the
Figure S2. The fluorescence signal was mainly distributed in
the brain-tumor site. There were also some weaker signals in
the liver and kidney which are usually known as the organs
related to the metabolism of nanoparticle.

Biocompatibility studies
Cytotoxicity was evaluated by MTT assays in vitro (Figure 9).
The results suggested that the metabolic activity of the

DAPI Merge

Notes: Upper row, sections of the group with treatment of Cy5.5-Lf-SPIO micelles (100x); lower row, sections of the group with treatment of Cy5.5-SPIO micelles (100x).
Abbreviations: Lf, lactoferrin; SPIO, superparamagnetic iron oxide; DAPI, 4,6-diamidino-2-phenylindole.
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Figure 9 Viabilities of NIH-3T3 cells treated with Cy5.5-Lf-SPIO micelles in cytotoxicity studies. Results expressed as means + standard error of mean.

Abbreviations: Lf, lactoferrin; SPIO, superparamagnetic iron oxide.

NIH-3T3 cells was not affected by the Cy5.5-Lf-SPIO
micelles when the micelles were added in the range of 0—100
pg/mL (iron concentration).

Discussion

Gliomas are the most common and deadly brain tumor. Surgi-
cal resection is the primary treatment mode for glioma. The
resection region is closely related to the survival rate and life
quality. However, due to the destructiveness, infiltration, and
invasiveness of gliomas, it is difficult to acquire a gross total
resection of the brain tumor. Therefore, demarcation of the
tumor margin is crucial for patients bearing gliomas. MRI is
currently considered as the gold standard for glioma diagnosis.
Nevertheless, it is not sensitive enough to delineate the tumor
boundary clearly. Meanwhile, optical imaging, especially
NIRF imaging, offers high sensitivity, and has entered the
surgical theater to fill the gap between preoperative imaging
and intraoperative reality.”> However, the application of opti-
cal imaging in the clinical field is limited, due to low spatial
resolution.?® Therefore, the combination of MRI and optical
imaging will cover the shortage of each single imaging mode
and provide guidance for physicians at both the presurgical
planning stage and the surgical resection stage.

As a consequence, a large variety of different approaches
for the synthesis of nanoparticles exhibiting magnetic and
fluorescent properties has been developed. Quantum dots
are considered as an excellent fluorescent dye, because of
their stable optical properties and controllable fluorescence

spectrum. Gu et al coated FePt cores with CdS shells to gen-
erate heterodimers of nanoparticles, which exhibited both
optical and magnetic properties.”” However, the toxicity of
the quantum dots limits their biological application.”® Another
approach is to couple the organic fluorophores to the iron
oxide nanoparticles. Kircher et al synthesized iron oxide nano-
particles with the NIRF dye Cy5.5, which was attached to the
dextran-coating layer of the nanoparticles.” Nevertheless, due
to the short interval between the emitting species and the mag-
netic one, fluorescence of the fluorophore would be strongly
reduced or even quenched.'3?*3° To solve this problem, Cha
et al designed an “activatable” multimodal imaging probe. In
their study, the NIR fluorescent dye Cy5.5 was connected to
the SPIO through a matrix metalloproteinase substrate.* In a
normal physiological environment, the Cy5.5 was quenched
by the SPIO. At the tumor site, the substrate was hydrolyzed
by matrix metalloproteinase 2. Cy5.5 was released from the
SPIO, and was able to be used as an optical probe.

In this study (Figure 10), we developed novel optical/MRI
bifunctional micelles for specific targeting of gliomas. The
nanoparticles selectively accumulated in the brain tumors due
to the tumor-targeting ligand Lf.?23!32 Encapsulation of the
SPIO in the micelles can make the micelles be applied as an
efficient MRI contrast agent. Meanwhile, with connection of
the NIR fluorescence dye Cy5.5, the nanoparticles outlined
the margin of the brain tumor through NIR fluorescence
imaging with high sensitivity, which compensated for the
inherent shortage, low sensitivity, of MRI.
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As shown in the in vivo results, the tumor tissue was
discriminated from the normal brain tissue in the NIR fluo-
rescence image, and the location of the tumor corresponded
highly with that indicated by the MR image and the H&E-
stained image. In order to keep the optical property of the
nanoparticles, control of spacing between the emitting spe-
cies and the magnetic one is the key point.*® The polymer
PEG-b-PCL with high molecular weight provided a long
interval between the fluorescence dye and the SPIO, which
prevented the quenching effect. With encapsulation by
PEG-b-PCL, the hydrophobic SPIO formed a cluster that
contributed to the increase of 7, relaxivity. In Ai et al’s
study, single SPIO-containing micelles and the micelles
with a cluster of SPIO particles encapsulated inside the
hydrophobic core were compared.'' They found that the 7,
relaxivity of the latter reached 169 mM'-s7!, while it was
only 25.1 mM"-s™! for the single SPIO-containing micelles.
They drew the conclusion that the 7, relaxivity was directly
proportional to the SPIO-loading density of the micelles and
increased dramatically with SPIO clustering. In this study,
we chose PEG, -b-PCL ., to encapsulate the SPIO. The
long PCL segments would form a hydrophobic core, which
could have higher affinity for SPIO and stabilize micelle
formation with a very low critical micelle concentration.*
The micelles had a larger T, relaxivity (215.4 mM™"-s™") than
traditional SPIO-dextran contrast agents, such as Feridex
(120 mM"-s7").3* The high relaxivity of the nanoprobe will
benefit the generation of detectable MR signals even when
the nanoprobe concentration is low in brain tissues.

In addition, the PEG segment would increase the serum
half-life of the nanoprobe in vivo.!% 123 Veiseh et al reported
that SPIO modified by PEG was detected by MRI even at
120 hours postinjection.'® In our research, compared to the
results at 24 hours, the region of the hypointensity in the
brain expanded at 48 hours postinjection, which indicated that
the nanoparticles achieved a long blood half-life. Compared
to SPIO, the Gd*-based contrast agent, mentioned earlier
as a common contrast agent for glioma, had the limitation

of providing time-dependent images of tumor margins,
since approximately 96% of Gd** would be excreted within
24 hours by renal glomerular filtration.” Therefore, the long
duration of the hypointensity at the tumor site with the
micelles will be particularly valuable in assessing the effec-
tiveness of the therapies after surgery or radiotherapy.

Conclusion

Overall, we have designed a multifunctional micelle
which could be applied as an MRI contrast agent before
operation and demarcate the boundary of the brain tumor
on the fluorescence image during surgery with high
sensitivity. The encapsulation of amphiphilic copolymer
protected micelles’ optical properties from obstruction
by SPIO and made a contribution to the increase of the
T, relaxivity with SPIO clustering. Owing to the ligand
Lf, the nanoparticles specifically targeted brain tumor
cells both in vitro and in vivo. The long duration of the
hypointensity at the tumor site on the MR image is desir-
able for the diagnosis of glioma after surgery to assess the
effectiveness of therapies.
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FTIR spectrum

The Fourier-transform infrared (FTIR) spectrum was used
to achieve qualitative analysis of the lactoferrin (Lf) con-
jugation. As shown in the FTIR spectra (Figure S1), in the
pure Lf group and CyS5.5-Lf-superparamagnetic iron oxide
(SPIO) micelle group, the bands around 3,400 cm™' were for
the acylamino-stretching vibration, which indicated that the
Lf existed. In the Cy5.5-Lf-SPIO micelle group, the bands
around 700 cm™' appeared due to S—C bond formation, which
indicated that Lf successfully conjugated to micelles.

Biodistribution of the nanoparticles

The animals treated with Cy5.5-Lf-SPIO micelles were killed
at 48 hours postinjection. The IVIS Lumina XR system was
used to collect optical images of the rats’ organs. As shown in
Figure S2, the fluorescence signals were mainly distributed in
the brain-tumor site. There were also some weaker signals in
the liver and kidney, which are usually known as the organs
related to the metabolism of nanoparticle.

Figure S2 Optical images of rat organs.
Notes: (A) Lung; (B) liver; (C) spleen; (D) heart; (E) brain; (F) kidney.
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