Chin. Phys. B Vol. 23, No. 4 (2014) 044301

TOPICAL REVIEW — Magnetism, magnetic materials, and interdisciplinary research

Multifunctional magnetic nanoparticles for magnetic resonance
image-guided photothermal therapy for cancer”

Yue Xiu-Li(f£7511)®, Ma Fang(% {0, Dai Zhi-Fei(#i& €)P7

a) State Key Laboratory of Urban Water Resources and Environment, School of Municipal and Environmental Engineering,
Harbin Institute of Technology, Harbin 150001, China

b) Department of Biomedical Engineering, College of Engineering, Peking University, Beijing 100871, China

(Received 12 October 2013; revised manuscript received 6 November 2013; published online 20 March 2014)

Key advances in multifunctional magnetic nanoparticles (MNPs) for magnetic resonance (MR) image-guided pho-
tothermal therapy of cancer are reviewed. We briefly outline the design and fabrication of such multifunctional MNPs.
Bimodal image-guided photothermal therapies (MR/fluorescence and MR/ultrasound) are also discussed.
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1. Introduction

Due to the ease of manipulating and controlling magnetic
nanoparticles (MNPs) by an external magnetic field, they are
employed in sophisticated ways such as in magnetically tar-
geting drug delivery, and in improving therapies’ efficacy and
minimizing their side effects. Of particular note, MNPs have
been used clinically as a magnetic resonance imaging (MRI)
contrast agent. Image-guided photothermal therapy (PTT) has
drawn extensive research interest, owing to its minimal inva-
siveness. Multifunctional MNPs with the combination of MRI
and PTT would be of great value to obtain more comprehen-
sive diagnostic information, particularly the dynamics of dis-
ease progression, for the accurate location of a therapeutic fo-
cusing spot in the targeted tumor tissue. So cancer PTT with
near-infrared (NIR) light and photoabsorbers has attracted
wide research interest due to its minimal invasiveness com-
pared with other cancer interventions that unavoidably dam-
age or excise healthy cells along with cancerous cells, such
as chemotherapy, radiation therapy, and surgery.'=3! Nonethe-
less, before PTT, it is necessary to accurately identify the lo-
cation and size of tumors as well as the presence of photoab-
sorbers for laser irradiation.[*®! In addition, during therapy
we need to monitor the treatment procedure in real time to en-
sure complete eradication of microscopic tumors. Moreover,
after therapy we should assess its effectiveness. All these tasks
could be carried out by the integration of contrast-enhanced di-
agnostic imaging capability with photothermal therapy.[’~1%]

Image-guided therapy employed diagnostic imaging
modalities for planning, targeting, monitoring, controlling
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and assessing treatment response during the therapeutic

treatment.[11-16

' As one of the most exciting and challeng-
ing strategies for cancer treatment, image-guided tumor ab-
lation has been widely used in both biomedical research and

172201 Due to the great repercussions of multi-

clinical trials.|
functional nanoparticles (NPs) on clinical diagnosis and ther-
apeutic protocol, their development for both imaging and ther-
apy is pursued with increasing zeal.!”!! The administration of
multiple doses of theranostic agents commonly adds stress on
the body’s blood-clearance mechanisms, and NP-based agents
could avoid this.?"!

Magnetic NPs have been applied in both biomedical re-
search and clinical trials and turn out to be one of the most
promising nanomaterials for both diagnostic and therapeu-
tic agents.[?>-26 Superparamagnetic iron oxide nanoparticles
(SPIOs) were the first nanoparticulate MRI contrast agent to
be used clinically.”?’’?"! Due to their ease of manipulation
and control using an external magnetic field, SPIO NPs are
also employed in sophisticated magnetically targeted drug-
delivery systems for regulating drug release, and in improv-
ing therapies’ efficacy and minimizing their side effects.?>~26]
In addition, various functional components can be attached
Such multifunctional MNPs bear thera-

peutic moieties, as well as complementary imaging moieties

to magnetic NPs.

for the investigation of the particle localization across a num-
ber of platforms, such as magnetic resonance, optical, or nu-
clear imaging.!?’-2! The present review will briefly outline
the design and fabrication of multifunctional MNPs for image-
guided photothermal therapy of cancer.
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2. ICG-loaded MNPs for MR/fluorescence bi-
modal image-guided PTT

2.1. Fabrication of ICG-loaded SPIO NPs

The NIR fluorescence probe allows deeper penetration of
tissues than visible optical probes for in vivo imaging appli-
cations, leading to 1) high sensitivity, 2) relatively low tissue
absorption, and 3) minimal autofluorescence.**-3?! But flu-
orescent imaging’s strong light-scattering unfortunately lim-
its its spatial resolution in turbid media (e.g. tissues). When
MRI is used, no such scattering occurs. Indocyanine green
(ICG), with absorption and emission maxima in the NIR re-
gion around 740 nm and 800 nm, has been approved by the
U.S. Food and Drug Administration (FDA) for human medical
imaging and diagnosis in clinical applications.*33*] However,
several major challenges remain in the use of ICG for imag-
ing applications, such as temperature- and light-dependent op-
tical properties, a tendency to aggregate and degrade rapidly

in aqueous solution, rapid clearance from the body with a
short half-life of 2 min—4 min, a tendency toward photo-
bleaching and imprecise targeting. So the indocyanine green
cannot be utilized for sensitive and prolonged imaging in
vivo.331 In order to resolve these problems, a nanotheranostic
agent was developed by coating oleylamine-stabilized SPIO
NPs with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy (polyethylene glycol)-5000] (DSPE-PEGS5000),
through a dual solvent exchange method, followed by load-
ing ICG molecules into the lipid layer on the surface of the
NPs for photothermal tumor ablation under the guidance of
fluorescence/MR bimodal imaging (Fig. 1).13%! Before and af-
ter ICG loading, the SPIO NPs were well-dispersed in wa-
ter with an average hydrodynamic diameter of 29.9 nm and
27.5 nm, respectively. Introduction of the PEG layer on the
surface of nanoparticles could greatly prolong the circulation
time in vivo, thus facilitating biomedical applications of these
nanoparticles.
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Fig. 1. Schematic illustration of SPIO@DSPE-PEG/ICG NP preparation. 6]

2.2. In vivo MR/fluorescence bimodal imaging of ICG-
loaded SPIO NPs

resonance imaging capability of the SPIO@DSPE-PEG/ICG
NPs was analyzed in vivo using nude mice with grafted tumors

Both MRI and fluorescence contrast behavior of the ob-  (Fig. 2). Twenty four hours after the injection, the whole tu-

tained NPs were evaluated in vitro and in vivo. The magnetic ~ mor area became much darker, suggesting that a large number
of SPIO@DSPE-PEG/ICG NPs had accumulated in the tumor
area, reducing the 7>-weighted MR intensity.

Twenty four hours after the injection of SPIO@DSPE-
PEG/ICG NPs via the tail vein, the fluorescence signals
were predominantly located around the tumor, with little
from the vital organs, while no intense fluorescence signals
were observed throughout the mouse’s body at 0.5 h and
4 h after the injection (Fig. 3). In contrast, the free ICG
molecules were quickly excreted from the liver within 24 h
of injection.*”] These observations suggest that a large num-
ber of SPIO @DSPE-PEG/ICG NPs circulated in the blood and

then accumulate at the tumor site, which is good evidence of

the high efficiency of the tumor-targeting potential of these
Fig. 2. T,-weighted MR images of nude mice bearing Hela tumors
at (a) 0 h, (b) 0.5 h, (c) 4 h, and (d) 24 h after tail-vein injection of
SPIO@DSPE-PEG/ICG NPs. 3!

nanoparticles. Because of the enhanced permeation and reten-
tion (EPR) effect, SPIO @ DSPE-PEG/ICG NPs of around 30-
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nm diameter can be passively accumulated in tumor tissue. 33!

In addition, the introduction of the PEG layer on the surface
of SPIO NPs inhibits macrophage recognition by the retic-
uloendothelial system (RES) of the liver and spleen due to
the good hydration property, resulting in prolonged circula-
tion in the blood. In vivo MR and fluorescence images indicate
the high tumor targeting efficiency of SPIO@DSPE-PEG/ICG
NPs. The passively targeted SPIO@DSPE-PEG/ICG NPs can
also display the tumor area to guide the NIR laser irradiation
for photothermal ablation of tumors without damaging the sur-

rounding healthy tissues.

Fig. 3. Fluorescence images of nude mice bearing Hela tumor at (a) O h,
(b) 0.5 h, (c) 4 h, and (d) 24 h after tail-vein injection of SPIO@DSPE-
PEG/ICG NPs (left) and free ICG (right).!30]

2.3. In vivo photothermal therapy with ICG-loaded SPIO

NPs

The ICG loaded into SPIO NPs significantly improves
photostability compared with free ICG and induces intense
temperature elevation upon NIR laser irradiation. So, fur-
ther in vivo photothermal therapy was investigated using
SPIO@DSPE-PEG/ICG NPs in nude mouse xenograft mod-
els. After intravenous injection of SPIO@DSPE-PEG/ICG
NPs followed by NIR laser irradiation, the growth of the
mice’s tumors was first significantly inhibited and then ceased
after 14 days of irradiation, while the tumors in saline
only, those in saline with laser irradiation and those with
SPIO@DSPE-PEG/ICG NPs only all grew significantly over
the same time period. These results indicate that neither the
NPs nor laser irradiation alone had significant beneficial effect
on tumor growth. Tumors were effectively ablated only with
the combination of the SPIO@DSPE-PEG/ICG NP injection

and NIR laser irradiation, leaving black scars at their original

sites with no recurrence (Fig. 4).
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Fig. 4. Representative photographs of mice after in vivo photothermal
therapy with various treatments, as indicated. ]

3. Gold-nanoshelled magnetic cerasomes for
MRI-guided photothermal therapy

3.1. Cerasomes combine the advantages of both liposomes
and silica nanoparticles

Liposomes have been made capable of thermally con-
trolled release of encapsulated agents by forming gold
nanoshells on the surface of the liposomes and then control-
ling the release by heating the gold and hence the liposome
membrane above the membrane’s melting temperature (7y,)
by laser irradiation.*°! A T;, close to body temperature results
in drug leakage during circulation in the human system. In
contrast, a T, far above body temperature minimizes leakage
during circulation. °! Due to the insufficient stability of famil-
iar liposomes, gold nanoshell-coated liposomes usually form
large gold aggregates, resulting in a one-time release profile
instead of multiple-release dynamics.!*!!

Recently, a super-stable, freestanding cerasome has been
reported as a novel drug delivery system, since its atomic-
thick silica-like surface layer imparts a higher morphologi-
cal stability than can be found in liposomes, and its liposo-
mal bilayer structure reduces the overall rigidity and density

5.142-46] Because of the

greatly, compared to silica nanoparticle:
introduction of the liposomal architecture, cerasomes are more
biocompatible than silica nanoparticles. Cerasomes possess
the advantages of both liposomes and silica nanoparticles but
overcome their practical disadvantages, so cerasomes are ideal
drug delivery systems.*”] Cholesteryl hemisuccinate (CS) is a
cholesterol derivative. Thus, we fabricated gold-nanoshelled
magnetic cerasomes (GNMCs) by loading both doxorubicin
and Fe3O4 MNPs into CS cerasomes and then forming gold

nanoshells on the surface of the CS cerasomes (Fig. 5).[48:4%]
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Fig. 5. Schematic illustration of gold-nanoshelled magnetic cerasome.

3.2. Contrast-enhanced MRI imaging using GNMCs

The T>-enhancing capability of GNMCs with various iron
concentrations was compared with that of Fe;04 NPs (with
the same iron concentration) by 7;-weighted MRI. The sig-
nal intensity of MRI decreased with the increase of iron con-
centration for both GNMCs and Fe3O4 NPs. The weighted
transverse relaxivity value (r;) of the GNMCs was 61.5 mM
Fe~!-s~!, much higher than that of the Fe304NPs (8.8 mM
Fe~l.s71).
tributed to the nanoparticles’ assembly into clusters or ag-

The increase in the transverse relaxivity is at-

gregates in cerasomes, which increases the cross-sectional
area.’%>11 This phenomenon offers us an opportunity to iden-
tify the location and size of tumors, monitor therapeutic effec-
tiveness and address the drug accumulation in the tumor, all
through contrast-enhanced MRI imaging.

3.3. Synergistic effect in killing cancer cells using GNMCs

Superparamagnetism is important in drug delivery. It has
been found that homogenously dispersed magnetic cerasomes
can be redistributed quickly by external magnetic field and can
be redispersed quickly with a slight shake after removal of
the magnetic field. A cellular uptake study showed that the
concentration of magnetic cerasomes by means of an external
magnetic field enables their rapid and efficient uptake by can-
cer cells, resulting in a higher kill rate for tumor cells than that
of drug-loaded nonmagnetic cerasomes.>! The magnetic field
enforces a tight and sustained interaction between the cera-

® DOX
gold seed

o css
® Fe;0, NPs

MRI
®. imaging

released drug

[49]

somes and the targeted cell surface to achieve drug delivery.
The study’s results indicate the suitability of magnetic cera-
somes for targeting and separation as drug carriers, and such
cerasomes’ great potential in anticancer applications.
GNMCs exhibit an NIR-induced temperature elevation
and NIR light—triggered, stepwise release of doxorubicin, due
to the surface plasmon absorbance in the NIR region and
frequency-specific characteristics of CS cerasomes. When
GNMCs were exposed to NIR light for 10 min five times,
the cumulative amount of DOX released over the whole ex-
perimental process was about 2-fold greater than when per-
formed without laser irradiation. Although the amount of
DOX released after each irradiation decreased from the first
cycle to the fifth cycle, which results from increased cover-
age of gold nanoshells due to the melting effect of the gold
nanostructure,>3 a stepwise triggered release was success-
fully obtained by NIR irradiation of GNMCs. This multiple-
release dynamic can be attributed to the unique characteris-
tics of CS cerasomes — their melting temperature, mechani-
cal stability, and heat resistance are all remarkably higher than
those of familiar liposomes, which usually exhibit a one-time
release instead of multiple releases. *!! Photothermal cytotox-
icity and cell viability in vitro tests indicate the feasibility of
using GNMCs in photothermal treatment under near-infrared
irradiation. A synergistic effect in killing cancer cells might be
found by a combination of photothermal therapy, chemother-
apy, and magnetic field-guided drug delivery with the aid of
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MRI imaging guidance.

4. Gold-nanoshelled magnetic nanocapsules for
MR/ultrasound bimodal image-guided pho-
tothermal therapy

4.1. SPIOs-embedded PFOB nanocapsules with PEGy-
lated gold shells (PGS-SP NCs)

Compared with other diagnostic imaging modalities,
ultrasound (US) imaging has the advantages of real-time,
low cost, high safety, and ready availability in portable

devices.[5*>3]

However, the spatial and anatomical reso-
lution of US images has been relatively poor.!*®! Never-
theless, these disadvantages of US might be overcome by
its integration with MRLDP7! A combination of US and
MRI imaging capabilities with PTT could be achieved in
a multifunctional theranostic platform. For this purpose,
the SPIO-embedded PFOB nanocapsules with PEGylated
gold shells were synthesized via an adapted oil-in-water
(O/W) emulsion solvent evaporation process, followed by
the formation of gold nanoshells using a surface seeding
method and surface PEGylation with methoxy-poly(ethylene
glycol)-thiol (Fig. 6).1%8] Scanning electron micrographs
show that PGS-SP NCs keep their spherical shape after
gold shell formation but exhibit rough surface morphology,

(a)

SPIO NPs

gold
nanoshell

!

Fig. 6. Schematic illustration (a) and scanning electron micrograph (b)
of SPIO-embedded PFOB nanocapsules with PEGylated gold shells. 8!

and their average diameter was about 370 nm. Such a single
nanotheranostic agent with the combination of US and MR
imaging would be of great value to obtain more comprehen-
sive diagnostic information and probe the dynamics of disease
progression for more accurate location of the targeted tumor
tissue for more effective PTT tumor ablation.

4.2. Bimodal US/MRI contrast imaging capability of PGS-
SP NCs

Bimodal US/MRI contrast image-guided photothermal
tumor ablation was performed on nude mouse xenograft mod-
els. US imaging guidance was performed under real-time
monitoring using a clinical US imaging system (Fig. 7(a)).
The tumor was first found and shown in the conventional B-
mode, and no ultrasonographic enhancement was observed be-
fore injection. Then, the imaging mode was changed to PIHI
contrast mode, and in contrast the boundary and size of the tu-
mors can be clearly detected in real-time after the agent injec-
tion, suggesting that US imaging can help ensure the complete
distribution of the PGS-SP NCs to guide subsequent photoab-
lation therapy.

The PGS-SP NC:s also exhibit excellent contrast enhance-
ment, increasing along with the rise of the concentration as
shown in the T;-weighted MR images with high 7 relaxiv-
ity of 395.7+8.0 mM~!-s~!, which is more than 2 times as
high as that of the commercial SPIO-based MRI contrast agent
Resovist (185.849.3 mM~!-s~1),[5" ensuring good MRI con-
trast enhancement. The higher 75 relaxivity is probably due to
the aggregation of SPIOs in the nanocapsules, enlarging the
magnetic nanoparticles somewhat, which could increase the
T5 relaxivity.[>3] When the agent is injected intravenously into
the tumor-bearing mice, the nanocapsules tend to accumulate
in the tumor sites due to the “enhanced permeability and re-
tention” effect of the nanometer scale and the surface PEGyla-
tion of the nanocapsules. The tumor darkened somewhat 0.5 h
later, suggesting the SPIO functionalized nanocapsules had
been aggregated in the tumor site to generate negative con-
trast in the 7Tp-weighted MR image (Fig. 7(b)). The average
MR intensity in the tumor area, calculated from the MR im-
age, decreased rapidly by 31.6% from 76.74+11.6 to 52.4+£8.9,
showing significant negative enhancement due to aggregation
of the nanocapsules. In images taken from 1 h and 2 h after
injection, the enhancement of the tumor was still clear, consis-
tent with the MR intensity calculation. The images at 4 h and
24 h show no obvious change in contrast compared with the
image at 2 h, suggesting the nanocapsules had been gradually
cleared from the tumor and indicating that the nanocapsules
can accumulate and remain in the tumor sites as long as two
hours to provide adequate time for subsequent therapy. The
accumulated nanocapsules also can display the tumor areas to
guide the NIR laser irradiation for photothermal ablation of
tumors without damaging the surrounding healthy tissues.
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Fig. 7. (a) Contrast-enhanced ultrasonograms, before, during, and after the injection of the PGS-SP NCs (0.2 mL, 2 m-mL’l) into
the mice; (b) T>-weighted MR images of the tumors at different time points after injection of the agent (0.15 mL, 2 mg-mL~"); (c)
Photographs of representative mice of the four different groups taken pre- and post-treatment. 58!

After intravenous injection of PGS-SP NCs into HT-1080
tumor-bearing nude mice followed by NIR laser irradiation,
tumors decreased from 709+83.49 mm? to 4444227 mm? on
the 9th day after treatment (34.0% smaller in tumor size). In
comparison with control group (24994230 mm?> at day 9),
the tumor growth was inhibited by 82.2%, suggesting that
sufficient accumulation of PGS-SP NCs could trigger a great
photothermal effect locally for effective photothermal tumor
ablation. Furthermore, photographs of representative mice
show that excellent therapeutic effectiveness was achieved by
the combination of PGS-SP NCs with NIR laser irradiation
(Fig. 7(c)). On the contrary, tumor growth was affected by
either PGS-SP NCs or NIR laser irradiation alone. Therefore,
effective photothermal tumor ablation was successfully carried
out under the guidance of US/MRI contrast imaging due to the
accumulation of nanocapsules in tumor sites through passive

targeting.

5. Conclusion and perspectives

Theranostic magnetic NPs can provide contrast-enhanced
and real-time images to guide an NIR laser to irradiate at the
right location without damage to normal tissues, allowing the
identification of the target site location and target-site distri-
bution of pharmacologically active agents, as well as the pre-
diction of treatment responses. The most noticeable feature of
the platform is that all the procedures in the whole treatment
are noninvasive or minimally invasive, avoiding unnecessary
risk. MRI-guided photothermal therapy using multifunctional
magnetic NPs enables “tailored treatment and facilitates (pre-
) clinical efficacy and toxicity analyses, contributing substan-
tially to realizing the potential of targeted therapeutic interven-
tions. While the field has already seen great progress, exciting
developments still lie ahead. We anticipate that magnetic ther-
anostic agents will contribute to significant advances in the
treatment of many classes of diseases. All these efforts will of
course require interdisciplinary collaboration of chemists, ma-

terials scientists, biologists, pharmacologists, and physicians.
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