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Abstract

Functionalized iron oxide magnetic nanoparticles (MNP) are an innovative tool for cancer detection and treatment.
In this study, a cell-surface nucleolin antagonist, N6L, was used as targeting ligand for MNP. This N6L, which exhibits
antitumor activities, specifically targets bind tumor cells by binding to cell-surface nucleolin and glycosaminoglycans.
N6L was covalently conjugated to dimercaptosuccinic acid coated magnetic nanoparticles (MNP-N6L). Using
immunoprecipitation, gene invalidation and enzymatic degradation of glycosaminoglycans, we showed that MNP-N6L
targets human breast cancer MDA-MB 231 cells through interaction with nucleolin and sulfated glycosaminoglycans.
In vivo biodistribution studies were carried out in MDA-MB 231 tumor-bearing mice, using iron detection assay by
spectrometric analysis and Prussian blue staining. Whereas both non-functionalized and functionalized nanoparticles
were found in liver and spleen, only MNP-N6L was found in the tumor. Our findings indicate that MNP-NG6L is a promising
targeting system for theranostic applications in cancer detection and treatment.
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Introduction

Breast cancer is the most common malignancy in women
throughout the world, accounting for more than 25% of all new cancer
diagnoses in 2012, and despite significant improvements in treatment,
for 522,000 deaths [1]. These facts clearly indicate the need to improve
existing breast cancer treatments and to develop new therapeutic
strategies. Nanomedicine, the application of nanotechnology to
medicine, is a promising approach for specific cancer cell targeting,
diagnosis, and treatment [2]. Among the nanotechnology tools
investigated for biomedical applications are the intrinsic magnetic
properties exhibited by iron oxide nanoparticles (MNP), which may
be used for magnetic resonance imaging in diagnosis and for magnetic
hyperthermia in cancer thermotherapy [3,4], as well as for controlled
drug delivery [5,6]. Several MNP formulations have been developed for
use in early detection and treatment of breast cancer [7]. Conjugated
with the HER2 antibody Herceptin® (trastuzumab), MNP specifically
bind to breast cancer cells expressing the HER2 receptor [8]. MNP
functionalized with cytotoxic molecules such as doxorubicin display
higher antitumor activity in vivo after magnetic guidance to the tumor
[9,10]. Novel multi-functionalization strategies of MNP with cytotoxic
drugs and targeting agents, enabling drug release mainly within tumor
cells by the development of intracellular medium-triggered linkers
seem to be promising strategies for cancer therapy.

As recently reported in several studies, cell-surface nucleolin
is an interesting molecule for tumor cell targeting and anticancer
therapy [11]. This ribonucleoprotein, mainly expressed in the nucleoli
of quiescent cells, is overexpressed at the cell-surface of activated
endothelial cells and in various tumor cell lines [12,13]. Nucleolin was
first described as a protein involved in ribosome biogenesis and in DNA
and RNA metabolism [14]. Recent studies highlight the importance
of cell-surface nucleolin as a receptor for several ligands that play
critical roles in tumorigenesis and angiogenesis, such as hepatocyte
growth factor [15], pleotrophin [16], midkine [17] and P-selectin

[18]. Accordingly, in order to block tumorigenesis and angiogenesis,
various ligands targeting cell-surface nucleolin have been used, such as
endostatin [19], aptamer AS1411 [20], F3 tumor-homing peptide [21],
and the multivalent pseudopeptide N6L [22].

N6L specifically targets cancer cells, exhibiting antitumor activity
in various human tumor cell lines derived from mammary, colorectal
carcinoma, melanoma, glioblastoma, and lymphoma, as well as
antiangiogenic activity in various in vitro and in vivo experiments
[13,23]. N6L is currently in phase I/IIa clinical trials (NCT01711398).

Recently, MNP formulations loaded with N6L and effective
anticancer drugs such as doxorubicin and gemcitabine have been
developed [24]. With respect to this opportunity, the present study
proposes to use N6L to functionalize dimercaptosuccinic acid (DMSA)
coated MNP (MNP-N6L) through controlled covalent linkage and
to use these nanostructures as cargo to target and kill breast cancer
cells. We have studied the physical and chemical properties and the
in vitro stability of these nanoparticles. We have also investigated
MNP-N6L tumor-targeting properties in vitro and in vivo, as well as
MNP-N6L biodistribution in mice bearing human xenograft tumors.
Our data shows that as compared to the nonfunctionalized MNP, the
multivalent pseudopeptide N6L can be used to functionalized MNP to
succefully enhance the targeting tumour tissue.
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Materials and Methods

Synthesis and physicochemical characterization of N6L
functionalized magnetic nanoparticles (MNP-N6L)

N6L was synthesized as previously described [25]. DMSA coated
iron oxide nanoparticles (MNP) were provided by Liquid Research LTD
and obtained as previously described [26]. All reagents were purchased
from Aldrich and used without further purification. Ultrapure reagent-
grade water (18.2 M(Q), Wasserlab) was used in all experiments. Brine
is a saturated solution of NaCl in ultrapure water. All UV-Vis and
fluorescence spectra were recorded on a Synergy H4 microplate reader
(BioTek, US) using 96-well plates. Hydrodynamic diameter and zeta
potential measurements were determined using a Zetasizer Nano-ZS
device (Malvern Instruments, UK). Hydrodynamic diameter and zeta
potential were measured in dilute sample suspensions in water at pH
7.4 using a zeta potential cell.

MNP were covalently functionalized as previously described
[24] and the general synthetic pathway is described in Figure 1A. To
achieve covalent functionalization with a disulfide bond, a cysteine-
modified N6L pseudopeptide (N6L-SH) was synthesized to introduce
a single free thiol function. The thiol function was then activated by
2,2-dipyridyldisulfide in order to obtain a reactive pyridyl disulfide
derivative. In parallel, MNP were pre-activated with cysteamine to
introduce a controlled quantity of free thiol that reacts with the thiol-
activated N6L. Purification of the resulting compound has been carried
out, by size exclusion chromatography. After overnight reaction,
several washes with brine were carried out to eliminate electrostatically
immobilized N6L. Covalently bound N6L was quantified by measuring
2-pyridinethione released during the reaction. The stability of the
MNP formulations in different media was studied by measuring
hydrodynamic size at an iron concentration of 0.1 mg/mL. The
experiments were performed under storage conditions in H,0 at 4°C
and experimental conditions in complete DMEM at 37°C.

Cell culture

The MDA-MB 231 human breast carcinoma cell line was purchased
from ATCC (American Type Culture Collection, US). Cells were
cultured in DMEM 4.5 g/L glucose (Invitrogen SARL, Cergy Pontoise,
France) supplemented with 10% FBS (Invitrogen, Cergy Pontoise,
France) and 10 ug/mL gentamicin (Invitrogen, Cergy Pontoise,
France) under standard culture conditions (37°C, 5% CO,, humidified
atmosphere).

Prussian blue cell staining

MDA-MB 231 cells (1x10° cells/well) were seeded onto glass cover
slips in 24-well plates in complete DMEM and grown for 24 hours.
Media culture was replaced by 5% FBS DMEM and cells were treated
with MNP or MNP-NG6L at 37°C for the times indicated. Cells were then
washed in PBS and fixed in methanol at -20°C for 10 minutes. Slides
were washed twice in distilled water, and then incubated for 15 minutes
at room temperature in freshly prepared potassium ferrocyanide 4%/
HCI 4% (v/v). Slides were then washed 3 times in distilled water,
counterstained with 1% neutral red for 5 minutes, washed twice again
in distilled water, air-dried, and mounted in Eukitt® quick-hardening
mounting medium (Sigma-Aldrich, Saint-Quentin Fallavier, France).
Images were acquired by using a CoolSNAP color CCD camera
(Photometrics, Tucson, US) coupled to a Leitz Aristoplan microscope
(25 x objective, NA 0.6). Images were then analyzed (cell detection and
blue staining quantification) using an homemade plugin for the Image]
software. This quantification is described in the Supplementary data.

Figure 1: Structure of N6L, general overview of the covalent immobilization
strategy of N6L onto MNP, stability characterization and N6L release kinetic.
A. Schematic structure of N6L with the KyPR side chains indicated with R (the
exact structure of the KyPR subunits is provided on the right side, with the
attachment point to the backbone indicated by a black full circle). B. covalent
immobilization strategy employed. C. stability studies of MNP and MNP-N6L
in complete DMEM (DMEM + 10% FBS) at 37°C. Each hydrodynamic size
presented is the average of 3 measurements and the error bars represent the
average polydispersity index (PDI).

MNP-N6L biodistribution and tumor targeting in vivo

MDA-MB 231 cells (3 x 10° cells) were subcutaneously injected
into the left flank of NMRI nude mice (Janvier). When tumor size
reached 200 mm?, mice were randomly separated into three groups:
one untreated (control; n=9) and two intravenously treated with MNP
(n=6) or MNP-N6L (n=9) at 10 mg Fe/kg body weight (the equivalent
of 0.15 mg/kg of N6L for MNP-N6L) each day for five consecutive days.
Two hours after the last injection, mice were sacrificed and tissues were
collected and frozen for iron quantification and histological sectioning.
Additional informations are given in supplementary methods. All in
vivo experiments were carried out under conditions approved by the
European Community.

Quantification of iron in tissues

Tissue samples were digested in DigiPREP MS System (SCP
Science, France), successively using AnalaR Normapur nitric acid
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(69% m/v, VWR, France) at 80°C and hydrogen peroxide (30% v/v,
Trace SELECT® Ultra), for ultratrace analysis (Fluka, Germany) at 80
°C. Iron levels were determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES), using a SPECTRO BLUE ICP-OES
instrument (Spectro, Germany) with a detection limit of 1 pg Fe/L.

Histological prussian blue staining

Tissues collected were embedded and frozen in Optimal Cutting
Temperature (OCT) compound (VWR) blocks. Tissue sections of 10
um were prepared using cryostat (Leica, CM 3050) at -20°C. Sections
were fixed in 4% paraformaldehyde for 10 minutes at room temperature
and washed twice in distilled water. Prussian blue staining was then
carried out using a freshly prepared solution of potassium ferrocyanide
10%/HCI 20% (v/v) for 30 minutes. Sections were then washed 3
times in distilled water and counterstained with 1% neutral red (5
minutes). Sections were washed twice in distilled water, dehydrated in
three alcohol baths (95%, 100%, and 100% ethanol; one minute each),
cleared in xylene, and mounted in Eukitt® quick-hardening mounting
medium (Sigma-Aldrich, Saint-Quentin Fallavier, France). Images
were acquired by using a CoolSNAP color CCD camera (Photometrics,
Tucson, US) coupled to a Leitz Aristoplan microscope (25 x objective,
NA 0.6).

Statistical analysis

Statistical analyses were conducted using GraphPad Prism 5.0
software. Statistical significance was determined using the unpaired ¢
test. Values of P<0.05 were considered significant.

Results
Immobilization of N6L pseudopeptide onto MNP

N6L with a chemical structure is described in the Figure 1A, was
covalently linked to MNP by a disulfide bound, yielding MNP-N6L,
as illustrated in Figure 1B. Details of the protocol, characterization,
and stability of such covalent nanoformulations have recently been
published [24]. This work was important to determine the maximum in
the amount of N6L linked to MNP that preserves the colloidal stability.
For this purpose, various quantities of N6L pseudopeptide were
covalently immobilized onto MNP and the zeta potential values at the
different functionalization steps were monitored. This experiment has
been carried out to determine the maximal concentration of N6L that
could be linked to MNP (Figure S1). An increase in the zeta potential
was observed due to the introduction of the cysteamine linker (pre-
activated MNP) and the resulting removal of carboxylic acid functions.
During the N6L functionalization process, a clear increase in zeta
potential was observed with the increasing amounts of covalently linked
N6L until the charge switched from negative to positive. The samples
functionalized with 8 and 9 pmol N6L/g Fe were unstable over long
periods of time because the peptide neutralized all negative charges on
the DMSA coating. For this reason, MNP selected for in vitro and in
vivo studies were covalently grafted within a range from 4.7 to 6 umol
N6L/g Fe, corresponding to 23.5 to 30 uM N6L at 5 mg Fe/mL and
to 20 to 26 N6L molecules per nanoparticle. The zeta potential and
hydrodynamic sizes of final MNP formulations were measured at each
step of the covalent functionalization (Table 1). The stability of MNP
and MNP-NG6L loaded at 5 umol N6L/g Fe of NUCANT was studied in
ultrapure water (Figure S2) and in complete DMEM (Figure 1C) over
2-days period by measuring the change on the hydrodynamic size. In
ultrapure water MNP and MNP-N6L at 0.1 and 5 mg Fe/mL remained
stable and well dispersed for the 2 temperatures tested (4°C and 37°C)
(Figure S2). When the MNP samples were dispersed in the complete
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Sample Zeta potential (mV) |Hydrodynamic diameter
(nm)
MNP -443+0.7 912 +7.5
Pre-activated MNP -36.6£0.8 135.5+8.2
Covalent MNP-N6L (6 pmol -30.2+1.2 193.3 £ 19.1

N6L/g Fe)

Table 1: Zeta potentials and hydrodynamic sizes of MNP at pH 7.5. Each value
presented is the average of 3 measurements. The error on zeta potentials is the
standard deviation on the 3 measurements and the error on hydrodynamic sizes is
the average polydispersity index (PDI) over the 3 measurements.
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Figure 2: Prussian blue cell staining quantification. A. original cell images
and images withcell detection by segmentation of the color corresponding to
neutral red staining (x25). Scale bar=40 ym. B. blue staining density values
expressed in arbitrary units (AU) after one hour of treatment with MNP or MNP-
N6L at iron concentrations ranging between 0.05 and 0.5 mg/mL.

DMEM cell culture medium at 37°C, a significant size increase was
immediately observed for both formulations (MNP and MNP-N6L).
This increase is not a surprise and is probably due to serum protein
adsorption onto the MNP combined with a potential neutralization of
charges (responsible for MNP colloidal stability). After this first size
increase, the size of the particles remains unchanged for at least 48
hours and no precipitation was observed (Figure 1B).

Increase in cell targeting by the presence of N6L on MNP

A previous study showed that N6L targets tumors in mice bearing
MDA-MB 231 ectopic xenografts [25]. First, to investigate the effect
of the functionalization of MNP with N6L on cell targeting in vitro,
cells were treated with MNP or MNP-N6L and then revealed by the
presence of iron using Prussian blue staining.

In order to obtain quantitative data of the Prussian blue staining,
an homemade plugin using the Image] software has been developed.
Taking into consideration the values represented in Figure 2, all
Prussian blue cell staining experiments were carried out by incubating
cells with MNP or MNP-N6L at iron concentration ranging between
0.1 and 0.2 mg/mL for one hour at 37°C. At these iron concentrations,
blue density values are high enough to be quantified and far enough
from saturated values. Cell kinetic targeting was further assessed by
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treating the cells with MNP-N6L at 0.1 mg Fe/mL for 1, 3, and 24 hours
at 37°C. As illustrated in Figure 3A and 3B, the quantity of MNP and
MNP-N6L localized at the cellular level increased in a time-dependent
manner. At each time, the quantity of MNP-N6L in the cells was
significantly greater compared to the non-functionalized nanoparticles
(5-fold at 1 hour, 2.5-fold at 3 hours, and 1.3-fold at 24 hours). The
differences were higher at shorter exposition times compared to 24
hours, suggesting that cell recognition is more rapid in the presence
of N6L.

MNP-N6L cell targeting after 24 hours of treatment was also
assessed by bright-field microscopy (Figure 3C). Both MNP and
MNP-N6L bound to the cell surface were then internalized by the
cells, but MNP-N6L displayed remarkably higher accumulation on cell
membrane compared to MNP. Once inside the cells, MNP and MNP-
N6L accumulated near the nucleus.

We then investigated cell targeting at short treatment time (1
hour) by time-lapse microscopy. Incubation with MNP-N6L showed

Control MNP

B
2009 . o .
—— —— ——
23 1501 L1 mne
€= = Il MNP-N6L
% s 1001
g2
2t
8 501 |1|
o .
1 3 24
Treatment time (hours)
c
Control MNP MNP-N6L
Bright
Field
24h

Figure 3: Time course and internalization of nanoparticles targeting MDA-MB
231 cells. A. nanoparticle detection at the cell level by Prussian blue staining.
Cells were treated for 1, 3, or 24 hours with MNP or MNP-N6L at 0.1 mg/mL
iron and 0.47 uM equivalent N6L for MNP-N6L. At each time-point, a greater
mass of iron was observed with MNP-N6L. Scale bar=50 ym. B. the amount
of MNP bound to cell was quantified using Prussian blue staining and Image
J software analysis. The data presents means + SEM of duplicate samples.
Statistical significance: *P<0.05 (Student t test). C. cells were treated for 24
hours with MNP or MNP-N6L at 0.1 mg/mL of iron. Cells were then fixed and
observed using bright-field microscopy. Nuclei were stained with DAPI and
appear in blue. MNP and MNP-N6L appear near the nucleus with an important
cell membrane accumulation observed with MNP-N6L. Scale bar=40 pm (Bars,
SEM. *P<0.05 when compared with respective controls).

Figure 4: Time lapse of MNP and MNP-N6L targeting MDA-MB 231 cells.
Cells were treated with MNP and MNP-N6L (0.15 mg/mL iron) and pictures
were taken every 8 seconds for 1 hour. Selected pictures from the video are
presented with the corresponding time indicated on each picture (see arrows
during the video). First, second, and third columns correspond respectively to
control cells, MNP, and MNP-N6L. First, second, and third line respectively
show medium aspect, filopodia transit, and ruffling transit. MNP display many
small particles moving throughout the entire recording corresponding to fast
Brownian movement.

larger objects in the medium than incubation with MNP, suggesting
nanoparticle aggregation in the culture medium. The number of MNP-
N6L in suspension and their Brownian movements were lower than
for MNP, probably due to their faster capture by the cells, resulting in
a better light transmission for MNP-N6L pictures, (Figure 4A, B, and
C, movie time=15 sec).

All cells deployed filopodia among them, exhibiting some
characteristics of vesicle-like transit (Figure 4D, movie column 1,
time=0 sec and time=10 sec, line B). When adding MNP, filopodia
were more difficult to visualize, due to the high background of MNP
in solution. Nevertheless, MNP attached to filopodia did not present
observable movement in any particular direction, suggesting that MNP
were not engaged in transit toward cells (Figure 4E, movie column
2, time=8 sec line A and time =11 sec line B). On the other hand,
MNP-N6L transits through filopodia (recognizable by their rough
appearance), as observed from culture medium to cell (movie column
3, time 4 sec, line A) and from one cell to another (Figure 4F, Movie
column 3, time=8 sec, Line B).

In addition, MNP-NG6L transited in the ruffle-like membrane areas
with strong particle capture and movement. Following the transit,
MNP-N6L accumulated at the cell surface through a treadmill-like
movement from the edges of the cells to the tops of the nuclei, forming
a crust. (Figure 41, Movie column 3 time=11 sec line B and time=13
sec line B). In control cells (Figure 4G, movie column 1, time=2 sec,
line A), such transit was not visible and was poorly observed in MNP-
treated cells (Figure 4H, movie column 2, time=7 sec, line B), and the
distribution of captured particles appeared more scattered.

Altogether, these results demonstrate the potent property of N6L
covalently linked to MNP to enhance tumor cell targeting, and that
N6L remains active as a targeting agent after functionalization.
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Figure 5: Implication of sulfated GAGs in MNP-NG6L cell targeting. MDA-MB
231 cells were treated with either MNP or MNP-N6L at 0.15 mg/mL iron for
1 hour at 37°C, stained with Prussian blue, and iron present in cells was
quantified using Image J software. A and B. MNP-N6L cell targeting competed
with free N6L. MDA-MB 231 cells were pretreated or not with 50 yM N6L for 10
minutes before treatment with nanoparticles. A, Prussian blue images. Scale
bar=50 pym. B. quantification of Prussian blue staining. Bars + SEM (n=4),
***P<0.0001 (Student t test). C and D. MDA-MB 231 cells were pretreated or
not for 1 hour at 37°C with 0.1 unit/mL heparitinase |, Il, Ill, and 0.1 units/mL
chondroitinase A,B,C, then treated with nanoparticles at 0.15 mg/mL iron for 1
hour at 37°C. C. Prussian blue images. Scale bar=50 ym. D. quantification of
Prussian blue staining. Bars + SEM (n=2, representative of all experiments),
**P<0.01 (Student ¢ test). E and F, MNP-N6L competed with protamine. MDA-
MB 231 cells were pretreated or not with protamine at 100 uM for 10 minutes
before treatment with nanoparticles. E. Prussian blue images. Scale bar=50
pum. F. quantification of Prussian blue staining. Bars + SEM (n=2), ***<0.0001
(Student t test).

Sulfated glycosaminoglycans were mainly responsible for

cell targeting by MNP-N6L

The specificity of interaction between MNP-N6L and cells was next
investigated, using N6L binding competition assay. As shown in Figure
5A and 5B, an excess of N6L (corresponding to 100-fold more free N6L
than N6L bound to MNP) significantly decreased (approximately of
50%) MNP-N6L binding to the cells. No significant effect was observed
using non-functionalized MNP, suggesting that the targeting observed

is due in part to the N6L loaded onto the MNP surface.

Three molecules have been previously described as targets of N6L:
nucleolin, nucleophosmin, and sulfated glycosaminoglycans (GAGs),
each with an affinity constant in the nanomolar range [25-27]. We first
evaluated the ability of MNP-N6L to recognize nucleolin. In a pull-
down assay, either MNP or MNP-N6L were incubated with MDA-
MB 231 cell lysate. The unbound proteins were then washed away and

nucleolin was revealed by Western blot analysis. Nucleolin was poorly
detectable by non-functionalized samples, but highly detected by
MNP-N6L samples (Figure S3A). These results are consistent with our
previous data, showing that N6L covalently bound to MNP remains
active. In order to support these results, we used siRNA for nucleolin
knockdown prior to treating the cells with nanoparticles. The control
carried out in each experiment showed that nucleolin was efficiently
silenced (Figure S3B). Blocking nucleolin did not decrease MNP or
MNP-N6L cell targeting (Figure S3C). Similar experiments carried
out with nucleophosmin siRNA showed no difference between MNP
and MNP-N6L cell targeting (data not shown). Together, these results
provide evidence that nucleolin and nucleophosmin are not the main
targets of these nanoparticles.

In latter studies, sulfated GAGs were also identified as high affinity
receptor targets of the N6L [27]. In order to determine whether sulfated
GAGs were involved in MNP-N6L binding to cell membrane through
N6L, we carried out enzymatic degradation of chondroitin and heparan
sulfates before cells were treated with the nanoparticles. Degradation of
sulfated GAGs resulted in an approximately 90% decrease in MNP-
N6L attachment to cell membrane (Figure 5C and 5D). These results
were supported by an important decrease (80%) of MNP-N6L directed
to the cells when pre-treating the cells with the protamine, a high
affinity binding protein to sulfated GAGs (Figure 5E and 5F). These
results suggest that sulfated GAGs are highly involved in MNP-N6L
cell targeting and could also be implicated in their internalization.

MNP-N6L biodistribution and in vivo tumor targeting

Our in vitro data showed that N6L enabled MNP to target tumor
cells. We then addressed the question of whether this targeting
remained effective in vivo. To answer this question, MNP and MNP-
N6L biodistribution was assayed after intravenous administration of
five repeated doses at 24-hour intervals (250 pug Fe/mouse/dose). Under
these experimental conditions, treatment with MNP and MNP-N6L
did not affect animal survival rate or animal behavior (rostration, pain,
hyper-activity, aggressiveness and stereotype) and suggesting that these
MNP are not toxic. Iron assay was carried out by ICP-OES in several
organs, and the quantity of iron related to nanoparticles was calculated
by subtracting the quantity of natural iron present in mouse organs
treated with PBS. Both MNP and MNP-N6L accumulated mainly
in liver (900 pg Fe/tissue, approximately 70% of the total injected
nanoparticles) (Figure 6B). One percent was found in spleen and less
than 1% in kidney, lung and brain. Interestingly, a significantly higher
amount of Fe (n=5) was observed in the tumors treated with MNP-
N6L compared to MNP (n=4) (Figure 6D). To confirm the results of
total iron content, tissues were stained according to the Prussian blue
protocol. Iron deriving from nanoparticles appeared as iron aggregates,
whereas iron spots due to ferritin (especially in liver) appeared smaller
and more scattered deposits (Figure 6A and 6C). Taken together, these
data indicate that MNP-NG6L is able to target the tumor as compared to
the non-functionalized MNP.

Discussion

The results presented in this study demonstrate the potential of
iron oxide nanoparticles covalently functionalized with the multivalent
anticancer pseudopeptide N6L to target breast cancer cells in both in
vitro and in vivo studies. The major challenge concerning the production
of such N6L functionalized MNPs was to keep their colloidal stability.
Indeed, as negative charges of the DMSA coating are responsible for
the repulsion between MNP and thus their stability, the introduction
of the highly positively charged N6L induces a decrease of the overall
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Figure 6: Tissue biodistribution and tumor targeting of MNP and MNP-N6L.

Nude mice bearing MDA-MB 231 ectopic xenografts were intravenously
treated with MNP or MNP-N6L at 10 mg Fe/kg of body weight (the equivalent
of 0.15 mg/kg of N6L for MNP-N6L) each day for five consecutive days (n=4
for MNP and n=5 for MNP-N6L). A. MNP and MNP-NG6L detection in tissues
using Prussian blue staining. Scale bar represents 50 pM. B. quantification
of iron in tissues using ICP-OES. C. Prussian blue images representing iron
detection in tumor sections. Scale bar=50 pyM. D. iron quantification in tumor
using ICP-OES. Iron was mainly detected in MNP-NG6L treated mice. Bars +
SEM, *P<0.05 (Student ¢ test).

charge of the MNP-N6L and therefore a lower stability. Then, it has
been fundamental to control the stability of the MNP at each step of
the functionalization including the pre-activation of MNP and the
functionalization with N6L. The best experimental conditions for the
further applications in biological medium have been accomplished by
screening and selecting leading to an appropriate amount of N6L while
keeping stability and biological activity. Full characterization of MNP-
N6L demonstrates a good stability in ultrapure water for several weeks
(data not shown) and in complete DMEM for at least 2 days (Figure S2
and Figure 1B).

in vitro tumor targeting properties of MNP-N6L were first
evaluated in vitro using an homemade developed Image J-based
script that detects blue density staining of Prussian blue on cells and
transforms it into values. This method is quantitative, easy to perform,
and fast, compared to the ferrozine-based colorimetric assay, which
takes about six hours, which consists of various lysis, incubation, and
colorimetric steps [28]. Using MDA-MB-231 breast tumor cells, we
first demonstrated that MNP-N6L displayed strong tumor targeting
properties in vitro.

Since the anti-proliferative and apoptotic effects of N6L have been
reported [25,27], we evaluated the effects of MNP-N6L on cell viability
using the Alamar Blue method. In fact, although N6L inhibits tumor
growth, the quantity of N6L linked to MNP is too low to induce an effect.
Indeed, GI50 on MDA-MB 231 is about 20 uM and an apoptotic effect
is well observed at the GI50 concentration [25], whereas N6L bound to
MNP did not exceed 1 uM in the experiments conducted. Under these
experimental conditions, N6L linked to the MNP induces the targeting
of tumor cells but has no effect on their growth, emphasizing the use
of N6L in this study, as the tumor targeting ligand of MNP (Figure S4).
Furthermore, MNP functionalized or not with N6L were shown to be
non-toxic at the iron concentration of 0.1 mg Fe/mL. This result is in
agreement with our recent results showing that these types of MNP

are not cytotoxic over a concentration ranging 0.01 to 0.2 mg Fe/ml
[29]. In this study, N6L has been attached to the MNP by electrostatic
absorption. The main focus of this publication was to demonstrate the
efficacy of hyperthermia treatment after intratumoral injection of the
MNP-NG6L.

One of the major results of the present report is that it shows
that MNP-N6L mainly targets sulfated GAGs associated with the cell
surface. The enzymatic degradation of sulfated GAGs was associated
with almost complete inhibition of MNP-N6L cell membrane targeting
(Figure 5C and 5D), suggesting that there is a strong interaction between
MNP-N6L and sulfated GAGs, which could result from intermolecular
ionic interactions between negatively charged sulfated GAGs and
positively charged N6L. This possibility is supported by the data we
have obtained which show that N6L binds to sulfated GAGs with high
affinity [29]. These molecules are highly polyanionic components that
play major roles in many cancer-related processes. They are implicated
in cell proliferation and growth, invasion, metastasis, and angiogenesis
[30]. Although our data indicate that there is no difference between
N6L functionalized and non-functionalized MNP biodistribution in
normal tissues, MNP-N6L were detected in the tumor at a significantly
higher amount than MNP, revealing the efficient targeting activity of
N6L. According to our previous data [25,27], we can assume that this
targeting occurs in part through interaction between N6L and cell-
surface nucleolin, which is overexpressed by tumor cells. However,
several studies have shown that sulfated GAGs are overexpressed
by tumor cells [31,32]. Analysis of the quantification of GAG have
been evaluated from extract of tissue using carbazole assay and CS
disacharide content. Using these methods, the results indicated that
cancer tissue content 3 times more chondroitin sulfate than normal
tissue. In addition, structural analysis of the disaccharides indicated 60
sulfate are 3 times higher in tumor tissue compared with normal tissue
[33]. From these data, we can assume, with the support of our previous
[27] as well as the present data in vitro, that cell-surface sulfated
GAGs are implicated in this binding. Questions concerning the type
of GAGs involved in this process remain open and are the subject of
further studies currently underway. In this context, we have shown
that chondroitin sulfate A, B, and C bind to N6L with high affinity
compared to other GAGs, such as heparan sulfate or hyaluronic acid
(manuscript submitted).

Although the affinity experiment showed that nucleolin was
recognized by MNP-N6L, blocking nucleolin with siRNA (Figure S3B
and S3C) or with anti-nucleolin antibody (data not shown) did not
affect the binding of MNP-N6L to the cell membrane. Similar results
have been obtained with other N6L targets, such as nucleophosmin
(not shown). These observations suggest and support the assumption
that MNP-N6L bind to other molecular cell-surface components, such
as GAGs. In addition, by analogy with other studies concerning the
distribution of high- and low-affinity binding sites for GAGs binding
molecules, such as FGF [34,35], we could hypothesize that the quantity
of GAGs present at the cell surface exceeds the quantity of cell-
surface nucleolin. This data is in agreement with the result obtained
by inhibition of nucleolin gene expression, in which no effect on the
binding of MNP-NG6L to the cell surface and their internalization has
been observed. In addition, it is tempting to speculate that GAGs
could be involved in the process of MNP-N6L internalization. In
support of this assumption, it has been shown that iron oxide magnetic
nanoparticles functionalized with the arginine-rich transmembrane
peptide R8 were internalized into human cervical carcinoma HeLa
cells through binding to GAGs [36]. Another study have indicated
that very small supermagnetic iron oxide particles have a high affinity
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for GAGs and that these glycosylated molecules act as mediators for
rapid intracellular uptake in THP-1 monocytic cells [37]. In a similar
manner, Vats et al., showed that human umbilical endothelial cells
(HUVEC) stimulated by inflammatory cytokines such as TNFa bind
to iron oxide particles via GAGs [38]. Studies of the mechanisms by
which iron oxide nanoparticles are internalized within cells via GAGs
interaction remain to be undertaken. The study of such mechanisms is
currently in progress in our laboratory.

In agreement to in vitro data related to the binding of MNP-N6L
to tumor cells, the result of in vivo experiments indicated that MNP-
N6L is significantly able to target tumor. This result has been obtained
using mice bearing subcutaneous tumor xenograft which are often
lesser vascularized tumors compared to orthotopic xenograft [38]. This
intrinsic characteristic prompted us to analyze carefully our results in
relationship with the vascularization of each tumor. The result of this
analysis led us to consider in the assay, only tumors having similar
vascularization. In addition, this result is in agreement with recent data
that we obtained showing that polyplex nanoparticles of chondroitin
sulfate functionalized with N6L was able to target orthotropic pancreatic
tumors (manuscript in preparation). Further studies are currently in
progress to test the targeting properties of MNP-N6L in orthotopic
model of breast cancer, model that we are currently developing.

In conclusion, we have developed iron oxide nanoparticles
functionalized by the multivalent pseudopeptide N6L that target breast
tumor by binding to nucleolin and GAGs. In light of these results, it
would be interesting to improve the amount of MNP-N6L that reaches
the tumor by interaction with cell-surface GAGs and nucleolin,
thereby constituting a potentially promising targeting system of
theranostic applications for imaging and magnetic hyperthermia, and
to multifunctionalize the MNP with N6L as the targeting agent in
conjunction with anticancer drugs for targeted drug delivery.
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