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ARTICLE INFO ABSTRACT

Amd? history: Multifunctional nanoparticles combining therapy and imaging have the potential to improve cancer treatment by
Received 23 May 2014 allowing personalized therapy. Herein, we aimed to compare in vivo different strategies in terms of targeting
Accepted 30 July 2014 capabilities: (1) passive targeting via the EPR effect, (2) active targeting of o35 integrin via RGD grafting,

Available online 29 August 2014 (3) magnetic targeting via a magnet placed on the tumor and (4) the combination of magnetic targeting and

active targeting of o33 integrin. For a translational approach, PLGA-based nanoparticles loaded with paclitaxel
and superparamagnetic iron oxides were used. Electron Spin Resonance spectroscopy and Magnetic Resonance
Imaging (MRI) were used to both quantify and visualize the accumulation of multifunctional nanoparticles
into the tumors. We demonstrate that compared to untargeted or single targeted nanoparticles, the combination
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Paclitaxel of both active strategy and magnetic targeting drastically enhanced (i) nanoparticle accumulation into the tumor
SPIO tissue with an 8-fold increase compared to passive targeting (1.12% and 0.135% of the injected dose, respectively),
MRI (ii) contrast in MRI (imaging purpose) and (iii) anti-cancer efficacy with a median survival time of 22 days

compared to 13 for the passive targeting (therapeutic purpose). Double targeting of nanoparticles to tumors
by different mechanisms could be a promising translational approach for the management of therapeutic

treatment and personalized therapy.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Multifunctional nanoparticles combining therapy and imaging have
the potential to improve cancer treatment by allowing personalized
therapy. Based on the advances made in different scientific disciplines,
such as chemistry, biology, pharmacy, nanotechnology, medicine and
imaging, many reports have shown that the use of nanotheranostics is
one of the most promising methods, although this is still at an early
stage [1-3].

Theranostics refers to the combination of a therapeutic and a
diagnostic agent in the same unique vector. This term is commonly
used to describe a multifunctional system combining therapeutic
and imaging abilities [1]. Such a tool could be helpful in non-
invasive assessment of the biodistribution, visualization of drug
distribution, optimization of strategies, prediction and real-time
monitoring of therapeutic responses [1,4].
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Additionally, nanotheranostics can be used for preselecting patients,
seeming to hold significant potential for personalizing nanomedicine
(chemo-) therapeutic interventions. Theranostic strategies range from
set-ups in which patients are pre-selected on the basis of initial target
site accumulation studies. It is important to note that theranostics
takes its place in its broadest sense. Many publications claim that
theranostics can be used for simultaneous diagnosis and treatment.
The diagnosis purpose of theranostics should not refer to the identifica-
tion, the localization and/or the staging of tumors but to the pre-
selection of patients, to the prediction of potential therapeutic
responses, and/or to the longitudinal monitoring of treatment efficacy
[5]. The first step toward personalized nanomedicine treatment is to
pre-select patients on the basis of non-invasive imaging insights on tar-
get site accumulation. A second personalization step consists of the non-
invasive monitoring of the response to the first cycles of treatment. Dur-
ing this monitoring, the treatment should be adapted, if necessary [5,6].

Different tumoral targeting strategies have been described in the
literature. However, in vivo quantification of the accumulation of
theranostic nanoparticles targeting tumors by different strategies has
not been studied yet [7,8]. Hence, we evaluated in vivo in parallel
three tumoral targeting strategies.
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Passive targeting is based on the so-called enhanced permeabil-
ity and retention (EPR) effect [9]. This strategy relies on the pres-
ence of fenestrations in the endothelium of tumor vessels. These
fenestrations allow the entry of macromolecules or nanoparticles
into the tumor tissue (enhanced permeability effect). Moreover,
the deficiency of the lymphatic system in tumor tissue prevents
the recapture of these macromolecules leading to a retention
effect [7,9,10].

Active targeting consists of coupling a ligand to the surface of nano-
particles that can interact with its receptor at the target cell site [8,11].
Although angiogenesis is a physiological process by which new blood
vessels are formed, it is also at the root of tumor growth and metastasis.
Since angiogenesis is controlled by the endothelial cells, it is of great in-
terest to target tumor endothelial cells. o3 is an adhesion integrin
overexpressed at the surface of the endothelial cells of neo-angiogenic
vessels involved in the angiogenic process. Its expression is correlated
with the malignancy of tumor. Moreover, o3 is also overexpressed
at the surface of many tumor cells. Therefore, many efforts have been
made by researchers to specifically target this integrin in order to
make the most of this “double sword” [11,12]. Numerous studies have
shown that the tripeptide arginine-glycine-aspartic acid (RGD) was
able to bind preferentially to particular o35 integrins [11,13-15].

More recently, magnetic drug targeting has been studied. In this
approach, magnetic nanoparticles are guided to the tumor site using
magnetic fields [16,17].

Many groups have demonstrated differential levels of tumor
growth between tumors treated by targeted or untargeted drug-
loaded nanoparticles. However, only few have shown in vivo efficacy
in both therapeutic and diagnostic approaches. We hypothesized that
the combination of both active strategy and magnetic targeting could
enhance multifunctional nanoparticle concentration into the tumor
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tissue leading, therefore, to a better anti-cancer efficacy (therapeutic
purpose) and increased contrast enhancement in MRI (diagnosis
purpose). Our main objective was to directly evaluate different
targeting strategies in vivo using two complementary techniques:
(1) the electron spin resonance (ESR) spectroscopy, a very sensitive
quantification tool [18,19] and (2) the 11.7 T magnetic resonance
imaging (MRI), a quantification and an imaging tool [20].

The present study relies on previously developed and described
nanoparticles [21]. These dual paclitaxel/superparamagnetic iron
oxide-loaded PEGylated PLGA-based nanoparticles showed strong
magnetic properties, and in vivo anti-tumor efficacy. In a view of a trans-
lational approach, poly(lactide-co-glycolide) (PLGA) was chosen for its
biodegradability properties, its biocompatibility and its approval in
parenteral products by the FDA.

Hence, different strategies have been compared in terms of targeting
capabilities: (1) passive targeting via the EPR effect, (2) active targeting
of o, B3 integrin via RGD grafting, (3) magnetic targeting via a magnet
placed on the tumor and (4) the combination of the magnetic targeting
and the active targeting of o33 integrins (Fig. 1).

We aimed at comparing different targeting strategies for multifunc-
tional nanoparticles in terms of anti-cancer efficacy, biodistribution,
and MRI contrast agent efficiency. The most effective targeting strategy
was obtained by the use of a combination of active strategy using
RGD-grafted nanoparticles and magnetic targeting.

2. Material and methods
2.1. Nanoparticle formulation

Superparamagnetic iron oxides (SPIO) coated with oleic acid were
synthetized by a co-precipitation technique of ferrous and ferric salts
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Fig. 1. Schematic representation of the different tumor targeting strategies compared in the present study. (1) Passive targeting via the EPR effect (PT), (2) active targeting of
P integrin via RGD grafting (RGD), (3) magnetic targeting via a magnet of 1.1 T placed on the tumor (MT) and (4) the combination of magnetic targeting and active targeting

of a3 integrin (RGD + MT).
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in alkaline medium as previously described [21]. All nanoparticle
formulations were prepared by an emulsion-diffusion-evaporation
method [7,21,22]. Briefly, PLGA (Sigma Aldrich, 28 mg/ml), PLGA-PEG
(6 mg/ml) and PCL-PEG (6 mg/ml), synthesized as previously de-
scribed [11,22], were dissolved in 2 ml dichloromethane containing
SPIO (30 mg/ml) and paclitaxel (PTX) (Chemieliva) (1.5 mg/ml) [21].
This organic solution was then added to an aqueous solution (4.5 ml)
containing 3% (p/v) PVA and emulsified using a vortex for 2 min follow-
ed by sonication (2 x 30's, 50 W). The mixture was then added dropwise
and under magnetic stirring into an aqueous solution containing 1% PVA
and stirred overnight to evaporate the organic solvent. To remove the
non-encapsulated drug and oleic acid-coated SPIO, the suspension was
filtered (1.2 um) and washed three times with water using ultracentri-
fugation (11,000 g, 30 min, 4 °C) and suspended in 2 ml water. Two
different types of nanoparticles were prepared:

(1) SPIO/PTX-loaded nanoparticles (SPIO/PTX-NP)
(2) SPIO/PTX-loaded nanoparticles grafted with the RGD peptide on
their surface (SPIO/PTX-NP RGD).

For the latest formulation, we used exactly the same method while
PCL-PEG was replaced by PCL-PEG-RGD that was synthetized by
photografting as previously described [23].

2.2. Physico-chemical characterization

The hydrodynamic particle size and size polydispersity of nano-
particles was assessed using a dynamic light scattering method
(Nano ZS, Malvern instruments, UK).

The Zeta (&) potential of the nanoparticles was measured in KCI
1 mM with a Malvern Nano ZS at 25 °C.

Iron content was measured by electron spin resonance (ESR) using a
Bruker EMX ESR spectrometer operating at 9 GHz (BrukerBiospinGmBh)
validated by inductively coupled plasma mass spectroscopy (ICP-MS)
measurements (Agilent 7500ce instrument) [24]. Typical parameters
were selected for ESR measurements: 3 mT modulation amplitude,
10.11 mW power, 325.1 mT center field, and 400 mT sweep width field.
Double integration of the iron oxides ESR spectra was used to quantify
signal intensity.

PTX content was determined using high-performance liquid
chromatography (HPLC) with UV detection at 227 nm (Agilent
1100 series, Agilent Technologies), as previously described after
dissolution of the particles by acetonitrile [25]. The mobile phase
consisted of acetonitrile and water (70:30 v/v, respectively) at the
rate of 1 ml/min. The column used was a CC 125/4 Nucleod UR
100-5 C18. The drug loading was defined as the amount of drug
(mg) loaded for 100 mg of polymer whereas the encapsulation effi-
ciency was defined by the ratio of the encapsulated drug compared
to the initial amount of drug [7,21].

Saturation magnetization values were obtained from the fitting by a
theoretical relaxation model of Nuclear Magnetic Relaxation Dispersion
(NMRD) profiles recorded at 37 °C on a Fast Field Cycling Relaxometer
(Stelar, Mede, Italy) over a magnetic field range from 0.01 to 40 MHz.
The proton NMRD curves were fitted using data-processing software,
including different theoretical models describing the nuclear relaxation
phenomena [21].

2.3. Animal models

All experiments were performed in compliance with guidelines set
by national regulations and were approved by the ethical committee
for animal care of the medical sector of the Université Catholique de
Louvain. CT26 colon carcinoma was chosen because of its sensitivity to
PTX [26] and of its angiogenic properties [27]. CT26 colon carcinoma
cells were inoculated subcutaneously in the right flank or in the
right leg (to avoid respiratory artifacts in MRI studies) of BALB/c mice

(5 x 10* cells per mouse) depending on the experiment. For all the
experiments, mice were divided into 5 groups:

Group 1: control group (injected with PBS for in vivo anti-tumor
efficacy study and histological study and SPIO-loaded nanoparticles
for ex vivo biodistribution and MRI),

Group 2: mice treated by SPIO/PTX-NP (passive targeting, PT),
Group 3: mice treated by SPIO/PTX-NP grafted with RGD peptide
(active targeting or RGD),

Group 4: mice treated with SPIO/PTX-NP magnetic guided by placing
a 1.1 T neodyme-iron-bore external magnet (Webcraft GmbH) on
the surface of the tumor for 1 or 4 h (magnetic targeting or MT),
Group 5: mice treated with SPIO/PTX-NP using both magnetic and
active targeting (RGD + MT).

For magnetic targeting, the magnet was placed directly in contact
with the tumor surface and fixed by a bandage. The bandage was
fixed in the space between the magnet and the skin not exceeding
0.3 cm. The exposure time varied from 1 h (ESR spectroscopy) to 4 h
(in vivo anti-tumor efficacy, ESR spectroscopy and MRI experiments as
well as histological studies).

PTX and Fe doses were 5 mg/kg and 27.1 mg/kg, respectively,
for in vivo anti-tumor efficacy experiments and 2.5 mg/kg and
13.5 mg/kg for the other experiments. For tumor inoculation, mice
were anesthetized by intra-peritoneal injections of a mixed ketamine
(100 mg/kg) and xylazine (10 mg/kg). For in vivo MRI experiments,
mice were maintained under anesthesia during the entire experiment
using 1-2% isoflurane (Abbott) inhalation in air.

2.4. In vivo anti-tumor efficacy

The effect of SPIO/PTX-NP on tumor growth was assessed by daily
measurements of tumor volume with an electronic caliper. CT26
cells were injected subcutaneously in the right flank of the mice to
allow easy and reproducible tumor volume measurements. Mice were
randomly assigned to a treatment group when the tumor reached a
volume of 27 4+ 5 mm?>. Treatments were injected trough the tail vein.
Five groups were defined as aforementioned (n = 6): PBS, PT, RGD,
MT and RGD + MT. In this experiment, the magnet was placed on the
surface of the tumor for 4 h. The end point of the experiment was deter-
mined as the moment when the tumor reached 600 mm?®. At this point,
the mice were sacrificed.

2.5. Ex vivo biodistribution study by ESR spectroscopy

The biodistribution of the different treatments was assessed using
ESR spectroscopy (X-band). CT26 cells were subcutaneously inoculated
in the right flank of the mice. When the tumor reached 50-100 mm? in
volume, the mice were randomly dispersed into 5 groups as aforemen-
tioned (n = 6): CTRL, PT, RGD, MT and RGD + MT. The control group
was a group injected with SPIO-loaded nanoparticles. For mice treated
with magnetic targeting, the external magnet was maintained on the
tumor until sacrifice. Treatments were injected into the tail vein of the
mouse. 1 or 4 h post-treatment, a retro-orbital blood sample was
taken from the mice and they were then sacrificed for dissection in
order to remove the liver, lungs and tumor. Thereafter, samples were
frozen in liquid nitrogen, dehydrated for 24 h in a freeze-dryer
(Labconco), crushed into a fine powder, weighed and analyzed by ESR
spectroscopy to determine iron concentration in each tissue.

2.6. In vivo MR imaging

For these experiments, CT26 cells were injected subcutaneously in
the right leg of the mice to avoid respiratory artifacts. Mice were
enrolled in the study when tumor reached 50-100 mm? in diameter.
The same amount of SPIO/PTX-NP or SPIO/PTX-NP-RGD were injected,
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and the same groups were defined (n = 5): PT,RGD, MT and RGD + MT.
Each mouse was imaged before and 1 h after treatment injection into
the tail vein in order to use each mouse as its own control.

MR experiments were performed using a 11.7 T Bruker Biospec
horizontal MR System (Bruker Biospin). RF transmission and reception
were achieved with a quadrature volume resonator (inner diameter
40 mm). At first, the mice were anesthetized by isoflurane inhalation
of 3% in air and they were placed in an MRI compatible cradle. The
breathing rate was assessed via a breathing pillow, placed under the
thorax, and kept at 70 breaths/min by adjusting the isoflurane concen-
tration. The body temperature was maintained at 37 °C by a warm
waterbed and monitored using a rectal probe. Vital functions were
monitored during the whole anesthesia period using SamPC Monitor
(version 6.17, Small Animal Instruments Inc.). Anatomical images
of the mice were provided by T,-weighted axial images acquired with
a Rapid Acquisition with Relaxation Enhancement sequence (RARE;
TR/TE: 2500/30 ms, RARE factor: 6, 10 slices non-contiguous with
a gap of 0.08 mm, resolution: 125 x 125 x 800 um?). T, maps
were acquired with the same geometry than the anatomical images
using a Multi Slice Multi Echo sequence (MSME; TR/TE: 2500/10 ms;
16 echoes). Quantitative T, maps were calculated from the MSME
multi-echo trains and assuming mono-exponential decays, using
Image] (Image] version, 1.48 NIH). The volume of interest (VOI) corre-
sponding to the tumor volume were manually delineated on a slice
by slice basis on the anatomical images acquired before and after
treatment injection, for each animal. These VOIs were applied on corre-
sponding maps to determine the T values. Relative standard deviations
(RSD) were calculated as RSD = SD/mean T,, where SD is the standard
deviation of the mean T, value [28].

2.7. Histological study of tumor tissues

The accumulation of multifunctional nanoparticles in tumor tissue
was visualized by histological analysis of tumor tissue after Prussian's
blue staining. After MR imaging, the mice were sacrificed and the
tumor tissues were surgically removed and fixed in 4% paraformalde-
hyde and imbedded in paraffin. Representative 5 pm tumor cross-
sections were cut and mounted on glass slides. Thereafter the sections
were placed in a bath containing 5% potassium hexacyanoferrate (II)
trihydrate (Sigma Aldrich) and 5% HCl in distilled water for 30 min
at room temperature and protected from light. Tumor sections
were counterstained with a 0.1% nuclear fast red aqueous solution
(Sigma Aldrich) containing 5% aluminum sulfate for 5 min.

2.8. Statistical analysis

All results arising from in vivo antitumor efficacy and ex vivo
biodistribution are expressed as mean 4 SEM. Two-way ANOVA,
Bonferroni post-test, Kaplan-Meier survival rate and t-test were
performed using the software GraphPad Prism 5 for Windows, to
demonstrate statistical differences (p <0.05). MRI results were
expressed as mean RSD + SD. One-way ANOVA and Bonferroni
post-test were performed using the software GraphPad Prism 5 for
Windows, to demonstrate statistical differences (p < 0.05).

3. Results
3.1. Physico-chemical characterization

Physico-chemical features of the nanoparticles are summarized
in Table 1. Nanoparticles co-loaded with SPIO and PTX presented a
similar size of about 240 nm when grafted with RGD or not. They all
presented a neutral ¢ potential and drug encapsulation efficiency ap-
proximately 25%. This corresponds to a paclitaxel-loading of around
1.8 mg/100 mg of polymer. SPIO-loading was about 10 mg/100 mg of
polymer. Moreover, they all presented a saturation magnetization

around 15 Am?/kg. In a previous in vitro study, we evaluated the drug
release from nanoparticles [11]. Briefly, after the initial burst release
for about 4 h (50%), the release rate of PTX slowed down and became
an almost zero-order rate of release (75% released in 11 days).

3.2. In vivo anti-tumor efficacy

The in vivo anti-tumor efficacy of the different targeting strategies
was evaluated in CT26-tumor-bearing mice (Fig. 2). All PTX-loaded
nanoparticles induced a higher delay in tumor growth than the control
group (PBS) (Fig. 2A). Moreover, all the groups treated with active
targeting (RGD, MT and RGD + MT) induced a higher delay compared
with PT (Fig. 2A). The Kaplan-Meier survival rate was performed
(Fig. 2B). PT exhibited a higher survival rate than the untreated group
(PBS) with median survival rate of 13 compared to 10 days (p < 0.01).
No significant difference was observed between RGD and MT with me-
dian survival times of 14.7 and 15 days (p > 0.05), which are statistically
different from the PBS group (p < 0.01) and from the PT group
(p < 0.01). Moreover, one long-term survival mouse was found in the
RGD group. Finally, the mice treated with the combination of active
and magnetic targeting (RGD + MT) exhibited the highest survival
rate with a median survival time of 21.5 days (p < 0.05). In this group,
there were two long-term survival mice. The benefits of the combi-
nation of RGD + MT are illustrated in Fig. 2C. The time to reach
a tumor-growing ratio of 13 (endpoint of the PBS group) was
prolonged by both RGD and MT treatments compared to the control
group (11.7, 12.1, respectively compared to 8.6; p <0.001 and
p < 0.0001, respectively). The mice treated with RGD-grafted nano-
particles and magnetically targeted nanoparticles (MT) showed an
equivalent time to reach a tumor-growing ratio of 13 (p > 0.05).
The time to reach a tumor-growing ratio of 13 was enhanced when
mice were treated with RGD-grafted nanoparticles combined with
the magnetic targeting (RGD + MT) when compared to MT or RGD
alone (14.8 days versus 12.1 and 11.7 days, respectively; p < 0.01
and p < 0.05).

3.3. Biodistribution using ESR spectroscopy

Biodistribution studies of SPIO/PTX-loaded NPs are illustrated in
Fig. 3. Iron accumulations in blood, tumor tissue, liver and lungs were
measured using ESR spectroscopy. Blood samples did not show any
statistical differences in terms of iron concentration with a mean
concentration of around 2 ng/mg of blood for all groups (data not
shown). Concerning the iron accumulation in tumor tissues
(Fig. 3A), no significant difference was observed between 1 h and 4 h
after injection even when using magnetic targeting. The mice treated
with RGD showed a 2.5-fold accumulation increase in tumor tissue
compared to the group treated with PT with 0.35% of the injected
dose and 0.135%, respectively (p < 0.05). This accumulation rose to
5-fold in MT (0.737%, p < 0.001). The highest iron concentration was

Table 1

Physico-chemical properties of nanoparticles. Size, { potential, drug encapsulation
efficiency, drug loading, SPIO loading and saturation magnetization (Ms,.) of SPIO-
loaded nanoparticles (SPIO-NP), paclitaxel-loaded nanoparticles (PTX-NP), co-loaded
SPIO/paclitaxel nanoparticles (SPIO/PTX-NP) and co-loaded SPIO/paclitaxel nanoparticles
grafted with RGD (n = 5).

SPIO-NP SPIO/PTX-NP  SPIO/PTX-NP RGD
Size (nm) 2358 £ 89 243 £ 99 245 + 1.2
Zeta ¢ potential (mV) —0.16 - 0.04 —0.02 +0.01 —042 + 0.6
Drug encapsulation / 248 + 49 252 + 2.8
efficiency (%)
PTX loading / 1.84 + 04 1.85 +£ 0.2
(mg/100 mg of polymer)
SPIO-loading 9.0 + 1.5 104 + 1.9 10.1 + 0.6
(mg/100 mg of polymer)
M. (Am?/kg or emu/g) 145 £ 0.1 15.1 £ 0.1 14.1 £ 0.1
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Fig. 2. Tumoral growing ratio and survival rates of CT26-tumor bearing mice. (A) Tumor growth curves of CT26-tumor bearing mice treated with co-loaded SPIO/PTX nanoparticles (PT)
(PTX dose = 5 mg/kg), SPIO/PTX-NP grafted with RGD-peptide (RGD), SPIO/PTX-NP followed by 4 h of magnetic targeting (MT) and SPIO/PTX-NP RGD followed by 4 h of magnetic
targeting (RGD + MT) or untreated (PBS). The treatment was injected into the tail vein of the mice when tumors reached 27 4 5 mm (n = 6). Results are presented as the average
tumor growing ratio & SEM versus time after treatment injection. (B) Survival rates of tumor-bearing mice. Mean survival times (MST) in days were calculated for each group.
(C) Comparison of time for tumor to reach a growing ratio of 13 (in days). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

obtained in the mice treated with the combination of RGD + MT with
an 8-fold increase in iron accumulation (1.12% of the injected dose).
The iron uptake by the liver (Fig. 3B) was dominant for all treatment
groups with iron concentration rising up to 35% of the injected dose.
However, after 4 h of MT, this iron uptake was drastically reduced
to 11.29% of the injected dose (p < 0.001). Interestingly, the RGD-,
MT- and RGD + MT-treated groups showed a highly significant
decrease of the iron accumulation in lungs compared to control and
PT-treated groups with 0.52%, 0.43% and 0.47% of the injected dose for
the RGD-, MT- and RGD + MT-treated groups, respectively compared
to 1.31% and 1.21% of the injected dose for control and PT-treated
group after 1 h (p < 0.001, Fig. 3C).

3.4. Histological analysis

Fig. 4 shows representative histological sections of tumor tissues
stained with Prussian blue to label the SPIO nanoparticles. Blue spots
indicating the presence of SPIO are pointed out by white arrows.
As seen in Fig. 4A, no blue coloration was observed in untreated tumor
tissue. Only a few blue spots were observed in tumor treated with PT
(Fig. 4B). There were more blue spots in tissues of mice treated by
RGD (Fig. 4C). These blue spots were even more numerous in tumor
tissue when using MT (Fig. 4D). Nevertheless, the most colored sections
were obtained for the mice of the RGD + MT group (Fig. 4E).

3.5. In vivo MRI

To detect the contrast enhancement provided by the injection of
the different treatments, MR imaging of mice were performed before
and 4 h after injection. T,-weighted images, obtained with different
TEs from the MSME sequence, showed very low signal intensity in the

areas characterized by the presence of SPIO (Fig. 5, red arrows).
For this reason, the T, value corresponding to these areas could not be
determined. To estimate the local disturbance induced by SPIO in MR,
RSD of T, is commonly used [28]. Injection of the passive targeted
nanoparticles (PT) induced no visible darkening of the tumor region
(Fig. 5A). No significant change in RSD was observed (p > 0.05)
(Fig. 6). The mice treated with actively targeted nanoparticles (RGD)
showed a slight darkening of the tumor region with a few darker
spots located into the tumor tissue pointed out by arrow-head
(Fig. 5B). This effect was reflected by a tendency of a 3-times increase
in RSD after injection (p > 0.05) (Fig. 6). As for the mice treated with
magnetic targeted treatment (MT), many dark spots were clearly
found in the tumor region (Fig. 5C) inducing a 30-fold increase in RSD
after injection (p < 0.001) (Fig. 6). The combination of magnetic
targeting and active targeting induced also a high darkening contrast
(Fig. 5D) translated into a 40-fold increase in RSD after injection
(p <0.001) (Fig. 6). The difference between MT and RGD + MT was
not significant (p > 0.05) but a tendency of a larger increase in RSD
was observed for RGD + MT (3.4 + 0.42 vs 4.4 + 0.67, for MT and
RGD + MT, respectively).

4. Discussion

A major challenge to address in cancer therapy lies in improving the
amount of drug reaching the tumor to have an efficient treatment while
limiting the damages to healthy tissues. Therefore, different targeting
strategies have been developed [7,29]. In this study, we compared four
targeting strategies of multifunctional nanoparticles loaded with an
anti-cancer drug and a imaging agent in terms of anti-tumor efficacy,
biodistribution and magnetic resonance imaging capabilities: passive
targeting (PT), active 33 targeting (RGD), magnetic targeting (MT)
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Fig. 3. Biodistribution of multifunctional nanoparticles. Biodistribution of multifunctional
nanoparticles using ESR spectroscopy, 1 or 4 h after injection of the treatment. 5 groups
were defined: SPIO-loaded nanoparticles (CTRL), PT, RGD, MT and RGD + MT. (A) Iron
accumulation in tumor tissue in ng/mg of tissue (n = 5). (B) Iron accumulation in liver
(n=15).(C) Iron accumulation in lungs (n = 5). *p < 0.05, ***p < 0.001, NS: not significant.

and the combination of the two latest (RGD + MT). The current multi-
functional nanoparticles incorporated SPIO for their diagnostic and
superparamagnetic properties and PTX for its therapeutic properties.

All experiments (PTX anti-cancer efficacy, biodistribution, MRI and
histological studies) were consistent with each other indicating that
active targeting (RGD) was more effective than passive targeting (PT).
Magnetic targeting (MT) showed a better efficacy compared to active
targeting (RGD) in biodistribution, MRI and histological studies. PTX
anti-cancer efficacy, biodistribution and histological studies confirmed
that the most effective targeting was obtained using a double targeting
(RGD + MT).

Magnetic resonance imaging (MRI) is a clinical widely used non-
invasive imaging technique, presenting a high spatial resolution,
which is suitable for cancer detection and therapeutic response assess-
ment [12,30]. However, its major limitation consists of a relatively low
sensitivity. Superparamagnetic iron oxides (SPIO) as MRI contrast
agent address this limitation. SPIO can produce predominant T, relaxa-
tion effect, resulting in a signal reduction on T,-weighted images. The
magnetic field heterogeneity around the particles, through which
water molecules diffuse, induces the dephasing of the proton magnetic

moments. Consequently, a T, effective transverse relaxation is short-
ened. Moreover, with their high magnetic properties, SPIO are among
the most suitable candidates to achieve magnetic targeting abilities by
using an external magnet [31]. However, when SPIO concentration
is very high, a fitting deficiency can occur and lead to difficulties in
measuring T, values. Indeed, high concentration of SPIO in the tumor
produced a too fast decrease of the T, value resulting in a non-
exponential relationship. Thus, it was impossible to measure a proper
T, value at these sites. Therefore, we measured a relative standard
deviation of these T, values in the ROI RSD is a measure of tumor
heterogeneity after the SPIO injection. This method is commonly used
in MRI when the T, signal is too heterogeneous [28].

Recently, numerous publications have reported various polymer-
based nanocarriers (PLGA, PLLA, HPMA, PCL, etc.) for magnetic-
imaging [32-35]. These SPIO-loaded nanocarriers are generally
limited because of (i) their lack of functional groups on their surface
for covalent modification, (ii) their low capacity for drug loading and
(iii) the fact that the use of most polymers is not approved by the
FDA/EMA, limiting their potential translation to the clinic [21].
So far, many researchers have shown interest in active targeting
[11,36,37] and in magnetic targeting [16,26]. However, only few have
shown in vivo efficacy in both therapeutic and imaging approaches.

An in vivo anti-tumor efficacy study showed a significant longer
regrowth delay with a longer survival time for mice treated with
actively-targeted nanoparticles (RGD) compared to the passively-
targeted nanoparticles. This result is consistent with our previous
study [11]. The potential advantage of targeted delivery may result
from an altered intracellular distribution. Both targeted and non-
targeted systems arrive at the tumor site via the EPR effect, after
which the mechanism of tumor cell internalization is enhanced by the
presence of surface ligands via a receptor-mediated endocytosis [38,
39]. On the contrary, non-targeted nanoparticles mainly enter into
the cells via pinocytosis [40-42]. Furthermore, this better anti-tumor
efficacy can be easily explained by the increased accumulation in
tumor tissue. Indeed, ex-vivo biodistribution, histological studies and
MRI confirmed the iron concentration increase in tumor tissue suggest-
ing a better accumulation of nanoparticles. However, despite this better
accumulation in tumor tissue, a major issue that remains to be solved is
the massive uptake by the liver. This phenomenon is well known and
described in the literature [43]. Zhang et al. reported an accumulation
of RGD-grafted magnetite PLGA-based nanoclusters of 35% of the
injected dose in the liver [37]. For this reason, SPIO-loaded nanoparticles
are usually used as contrast agent for liver imaging [34]. This particular
point raises the question of the toxicity of such accumulation. Analysis
of the literature shows conflicting results on the toxicity of SPIO. Some
studies have shown that SPIO could generate a production of ROS in
liver cells that could lead to toxicity [44]. However, this toxicity seems
to depend on the particle shape, size, charge and dose [45]. Moreover,
in normal circumstances, the injected iron is expected to be sequestered
by Kupffer cells, metabolized and regulated by normal physiological
iron homeostatic mechanisms [46]. This SPIO sequestration seems to
protect liver cells from apoptosis since only free iron oxides proved to
be toxic. Indeed, Jain et al. showed that the intra-venous administration
of oleic acid coated SPIO (10 mg Fe/kg) did not result in any notable
alteration of the liver functionality [47]. Nevertheless, repeated dosing
of SPIO in short intervals would not be a desirable option in imaging
and drug delivery since it could lead to a surpassed transferrin
iron-binding capacity and, therefore, to high free iron concentration
[46,48]. Hence, in the view of a translational approach, further toxicity
assessment should be performed.

Magnetic targeting showed a better nanoparticle accumulation in
tumor compared to active targeting in ex-vivo biodistribution, histolog-
ical study and MRI. As expected, this better accumulation was correlated
with a longer survival time and a longer regrowth delay compared to
the passively-targeted group. Liibbe et al. were the pioneers in using
an external magnetic field to guide a treatment [49]. Later, numerous



88 N. Schleich et al. / Journal of Controlled Release 194 (2014) 82-91

Fig. 4. Histological study of tumor tissue using Prussian blue staining. A: CTRL, B: SPIO/PTX-NP treated mouse, C: SPIO/PTX-NP RGD treated mouse, D: SPIO/PTX-NP treated group with

magnetic targeting. E: SPIO/PTX-NP RGD treated group with magnetic targeting.

studies used this method with magnetic field strength ranging from
0.4 to 4 T [16,50-52]. The success of magnetic targeting is limited by
inadequate magnetic gradients, thus, by the distance between the
magnets and the target site. The magnetic targeting would be more
effective in regions closer to the magnets. In this experiment, a 1.1 T
neodyme permanent magnet was used to create an external magnetic
field to accumulate the treatment in the tumor. For superficial tumors,
this strategy can be easily done by placing the permanent magnet
outside of the body at the surface of the tumor [16,50,53]. Since the
magnetism is size-dependent, particles size can also influence the
attraction by the magnet. Indeed, small particles are less susceptible to
be attracted than large particles [46]. Finally, magnetic targeting efficacy
is also dependent on the saturation magnetization, which refers to the
maximum magnetization possible. Generally, nanoparticles with higher
saturation magnetization are preferred because they provide higher
sensitivity and efficiency [54]. Our particles showed a relatively low
saturation magnetization (Ms) compared to the free SPIO described in
the literature [55,56]. Indeed, while the use of a polymer coating around
SPIO has been shown to increase relaxivities (R,) or reduce transverse
relaxation times (T,) making, thus, a more effective contrast agent, at
the same time, it is associated with a change in the anisotropy constant
leading to a further reduction in magnetization [57]. This phenomenon
constitutes another limitation to magnetic targeting. Further investiga-
tions should be performed on the modulation of nanoparticle physical
parameters (size, shape, composition, and shell-core architecture) to
optimize the properties of these magnetic nanoparticles for improved
magnetic targeting applications.

The most impressive results were undoubtedly obtained with the
combination of both active and magnetic strategies. Indeed, the double
targeting-treated group of mice showed the most important regrowth
delay compared to all the other groups. Moreover, two mice were
long-time survivor in the RGD + MT-treated group. This better efficacy
of combined RGD + MT targeting could be explained by a double
phenomenon: (i) Both targeted and non-targeted systems arrive at
the tumor via the EPR effect. Magnetic targeting promotes the accumu-
lation of nanoparticles near the magnet and, thus, near the tumor cells.
However, to date, studies showed that this strategy did not promote
nanoparticle entrance into the cells [44,58]. Mechanisms of tumor inter-
nalization for both non-targeted and magnetically-targeted nanoparti-
cles mostly involve macropinocytosis [58,59]. On the other hand,
RGD-targeted nanoparticles are internalized by both tumor cells
and endothelial cells (which are expressing o, [3sintegrin) via receptor-
mediated endocytosis, as abovementioned. Consequently, nanoparticle

intratumoral distribution could shift from the extracellular compart-
ment to the tumor cell intracellular compartment [38]. Therefore,
combining active targeting (RGD) and magnetic targeting (MT) could
enhance anti-tumor efficacy by both an enhanced accumulation
(by MT) and an enhanced entrance (via o,Psreceptor-mediated
endocytosis — by RGD targeting).

(ii) For non-grafted nanoparticles only the EPR effect can explain the
accumulation of drug-loaded nanocarriers into the tumor. By contrast,
RGD-targeted nanoparticles exert a double active targeting of both
endothelial and cancer cells. Indeed, o, fsintegrin is expressed on
endothelial cells of neoangiogenic vessels, allowing the binding of
circulating RGD-nanoparticles resulting in subsequently tumor cells
death by lack of oxygen and nutrients, and on tumor cells [7,60,61].
This anti-angiogenic effect of the active targeting of drug-loaded RGD-
nanoparticles constitute an advantage to the RGD-nanoparticles treat-
ment since this effect does not rely on the penetration of nanoparticles
into the tumor interstitium which is complicated by the high interstitial
fluid pressure [62,63].

The remaining question is why did not all the mice respond the same
way? Since angiogenesis is regulated by numerous factors including
tumor size, environmental factors, expression level of multiple
anti- and pro-angiogenic factors, its level is expected to be different
in each subject (inter-individual variability) [64,65].

Unsurprisingly, this better anti-cancer efficacy was correlated with a
higher nanoparticle accumulation in the tumor (shown by both ESR
spectroscopy and histological studies). The lack of difference in the T,
RSD of MT and RGD + MT could be due to the very fast decrease in
the T, value obtained in both groups leading to the fitting deficiency
as aforementioned. Moreover, MRI is less sensitive compared to ESR
spectroscopy [66] Furthermore, using such a combination could be
useful to potentialize the effect of active targeting. Indeed, since active
targeting is a saturable process [67] and sometimes lacks selectivity,
it becomes more and more interesting to combine several targeting
strategies [68].

These results confirmed our hypothesis. Indeed, there was a
rationale to think that two targeting strategies would show better
results compared to a single strategy. Many groups have studied a
double targeting strategy for delivery purposes. Recently, Fang
et al. used a combination of MT and lactoferrin [69]. Yang et al.
have studied a double RGD and NGR targeting [70]. However, to our
knowledge, this is the first study having investigated the combination
of both a,Rsintegrin-targeting and magnetic targeting for a theranostic
purpose. RGD targeting is a very promising strategy since it can target
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Before injection

After injection

Fig. 5. MRI imaging. T2-weighted images, obtained from MSME sequence (TE = 10 ms) of CT26-tumor bearing mice pre-injection and 4 h after injection. The position of the dark region

in tumor is indicated by red arrows (n = 5). A: PT, B: RGD, C: MT, D: RGD + MT.

both neoangiogenic endothelial cells and tumors cells. Moreover, o33
plays an important role in angiogenesis [71]. Finally, in our previous
study, we demonstrated the efficacy of targeting to tumor endothelium
of RGD-grafted nanoparticles and their better anti-tumor efficacy [8].
Solid tumors are known to be highly heterogeneous either depend-
ing on the cancer type, patient or even on the disease stage (inter-tumor
heterogeneity). Moreover, different cell types can be found inside a solid
tumor (intra-tumor heterogeneity). Furthermore, in response to any
given therapy, solid tumors inevitably evolve, leading to strong difficul-
ties in managing cancer therapy. Therefore, there is a critical need in
developing personalized therapy [72,73]. The combination of imaging
and therapeutic capabilities in the same vector could provide a useful
tool in addressing this challenge. Indeed, such theranostic platforms

allow the molecular diagnosis by imaging to verify the expression
of cancer biomarker to guide target-specific therapy. Furthermore, it en-
ables to assess the efficacy of the treatment at different stages of the
therapy then using those results to intelligently modify the strategy
for cancer treatment (real-time monitoring) [1,72]. The multifunctional
o,Ps-targeted nanoparticles developed in this study showed promising
results in terms of anti-tumor efficiency and imaging abilities when
combined with magnetic targeting. Finally, their imaging abilities
could be useful to monitor the biodistribution of these multifunctional
nanoparticles after injection to the patient in a first step. Thereafter,
on the basis of this non-invasive imaging insight into the target site,
and possibly undesirable liver accumulation it would be possible to
evaluate a benefit/risk ratio and, if favorable, select the patient for the
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Fig. 6. MRI quantification. Mean RSD (Relative Standard Deviation) calculation of the
tumor region pre- and 4 h after injection of PT, RGD, MT and RGD + MT (results expressed
as mean + SD, n = 5). **p < 0.001.

treatment. This particular application could be of great interest to limit
the treatment of non-responding patients and patients at high risk of
undesirable toxicity.

This study also proves that MRI could be predictive of the anti-
cancer treatment efficacy. This finding could be interesting from the
perspective of a translational approach in the management of therapeu-
tic treatment and personalized therapy, using these multifunctional
nanoparticles as theranostics.

5. Conclusion

This study is the first to compare in vivo four targeting strategies for
multifunctional nanoparticles in terms of anti-cancer efficacy, ex-vivo
biodistribution, and MRI contrast agent efficiency. The most effective
targeting strategy for imaging and therapeutic purposes was obtained
by the use of a combination of active strategy using RGD-grafted
nanoparticles and magnetic targeting.
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