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Superparamagnetic Liposomes for MRl Monitoring and
External Magnetic Field-Induced Selective Targeting of

Malignant Brain Tumors

Héléne Marie, Laurent Lemaire, Florence Franconi, Sonia Lajnef, Yves-Michel Frapart,
Valérie Nicolas, Ghislaine Frébourg, Michael Trichet, Christine Ménager,

and Sylviane Lesieur*

Magnetic-fluid-loadedliposomes (MFLs) of optimized magnetic responsive-
ness are newly worked out from the entrapment of superparamagnetic
maghemite nanocrystals in submicronic PEG-ylated rhodamine-labelled
phospholipid vesicles. This nanoplatform provides an efficient tool for

the selective magnetic targeting of malignant tumors localized in brain

and non-invasive traceability by MRI through intravascular administra-
tion. As assessed by in vivo 7-T MRI and ex vivo electron spin resonance,
4-h exposure to 190-T m~! magnetic field gradient efficiently concentrates
MFLs into human U87 glioblastoma implanted in the striatum of mice.
The magnetoliposomes are then longer retained therein as checked by MRI
monitoring over a 24-h period. Histological analysis by confocal fluores-
cence microscopy confirms the significantly boosted accumulation of MFLs
in the malignant tissue up to the intracellular level. Electron transmission
microscopy reveals effective internalization by endothelial and glioblastoma
cells of the magnetically conveyed MFLs as preserved vesicle structures.
The magnetic field gradient emphasizes MFL distribution solely in the
tumors according to the enhanced permeability and retention (EPR) effect
while comparatively very low amounts are recovered in the other cerebral
areas. Such a selective targeting precisely traceable by MRI is promising
for therapeutic applications since the healthy brain tissue can be expected
to be spared during treatments by deleterious anticancer drugs carried by
magnetically guided MFLs.

1. Introduction

Specific delivery of therapeutic molecules
and/or imaging agents to a pathological
site is one of the major challenges in the
pharmaceutical sciences field. The goal is
to bring and sustain efficient amounts of
the active substance to the diseased place
while sparing the healthy tissue thereby
minimizing potential side effects. Specific
delivery is a key problem in cancer therapy
due to often nonrestricted cytotoxicity of
chemotherapeutics and the need of early
diagnosis through selective localization
of malignant neoplasms. This is espe-
cially tricky in the case of brain which is
a particularly delicate vital organ. The dif-
ficulty of treatment mainly arises from
the diffuse behavior and heterogeneous
invasiveness of brain tumors which usu-
ally impede complete resection or even
prevent any surgical intervention as this
may cause severe damages in the healthy
brain. At this stage, although radiotherapy
and adjuvant systemic administration of
antineoplasic molecules improve overall
survival, the risk of relapse is unfortu-
nately inevitable. Beyond the own efficacy
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of chemotherapeutics, the exceptional endogenous protection
of the brain strongly limits their accessibility to the malignant
cells. However, most trials to enhance intratumor distribution
of conventional dosage forms do not spare the healthy cerebral
tissue and then cause occasionally inacceptable neurotoxic side
effects.!!

The inefficacy of chemotherapeutics to treat brain dis-
eases has been traditionally attributed to the presence of the
blood-brain barrier (BBB). This mainly consists of contiguous
endothelial cells with intercellular tight junctions, a lack of
fenestrations and low pinocytosis, which restrict the entry of
many circulating blood constituents including therapeutics.2?!
Strategies like osmotic disruption,l!! conversion of the active
molecules into either lipophilic prodrugs!l or substrates of
transport proteins expressed on the surface of the endothelial
cellsP! have been attempted to circumvent BBB, however with
no effective distinction between healthy and diseased tissues.
In the special case of malignant neoplasms, a more specific
approach of delivery has been considered which relies on BBB
alteration within the tumor, namely the loss of the tight junc-
tions and the presence of fenestrations, significantly enhancing
the vasculature permeability.®) Thereby, passive targeting
towards gliomas of intravenously administered colloidal sys-
tems with sizes indeed too large to cross healthy BBB, has
been assessed in animal models.'*13 Selective accumulation
in the tumor interstitium has been rightly attributed to the so-
called enhanced permeability and retention (EPR) effect, widely
underscored for malignant neoplasms occurring in other
organs.™ To strengthen EPR effect and ultimately reduce the
injection doses, complementary targeting strategies have been
developed and adapted to various nanoscale delivery carriers.
Active targeting involving biochemical processes of specific rec-
ognition of cerebral tumor cells and effected by the conjuga-
tion of site-specific ligands to the nanocarriers, has been deeply
investigated.'”! The main demonstrated improvement provided
by biochemical targeting is to promote highly selective delivery
of imaging agents or anti-cancer drugs to glioma cells once
they have reached the tumor interstitium through passive EPR
effect.16-21]

The alternative approach envisaged here consists in the
application of an external magnetic field gradient to the tumor
site in order to therein accumulate magnetically respon-
sive nanoscale systems. The feasibility of magnetic targeting
towards gliomas, in a selective way attributed to the abnormali-
ties of the tumor vasculature, has been established for indi-
vidual magnetic solid particles stabilized by a biocompatible
polysaccharide-based shell.?2241 To date, this has been never
transposed to the magnetically responsive nanoscale reservoirs
referred to as magnetoliposomes, indeed capable of entrapping
and convey guest therapeutics to malignant tissues through
intravascular route.?>-?’ The present work deals with the ability
of specially designed magnetic-fluid-loaded liposomes (MFLs)
to be concentrated in malignant brain tumors by the action of
a magnetic field gradient. This hybrid system prepared in iso-
tonic pH 7.4 aqueous buffer, consists of a suspension of super-
paramagnetic citrate-stabilized maghemite nanocrystals encap-
sulated in the inner cavity of 200-nm sized phosphatidylcholine
vesicles coated by poly(ethylene glycol) (PEG) chains. MFLs ful-
fill the prerequisites for in vivo magnetic targeting applications.
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They are namely biocompatible, biodegradable, and nontoxic
while the confinement of the contained iron oxide nanocrys-
tals makes them efficient T, MRI contrast agents, provided
with high magnetophoretic ability.?®] PEG coating ensures a
long-circulating behavior of MFLs as intact structures with a
plasmatic halfife close to 12 h.? This has been used to mag-
netically target intravessel injected MFLs towards human pros-
tatic adenocarcinoma or breast-cancer tumors, subcutaneously
xenografted in micel3*-33 whereas magnetically driven intracel-
lular accumulation has been shown in cellulo and in vivo.3*%
In these previous approaches, the magnetic field source was
positioned in the very close vicinity of the tumors or cells. In
the present work, the magnetic responsiveness of MFLs was
significantly improved by subjecting them to selective mag-
netic sorting in order to successfully target one of the most fre-
quent and aggressive malignant tumor of the central nervous
system, glioblastoma multiforme (GBM), a grade IV glioma
that primarily develops in the cerebral hemispheres.**-38 GBM
targeting was assessed in vivo on an orthotopically implanted
intracerebral model of human glioblastoma U87 in nude mice,
aptly more relevant than tumors resulting from heterotopic
subcutaneous inoculation. Experiments were implemented
to highlight the efficiency of a magnetic field gradient of
190-T m™! produced by a 0.4-T permanent magnet externally
placed on the head of the animals, to selectively concentrate
the liposome structures in the malignant neoplasm beside
healthy brain. In vivo tracking of MFLs in brain was performed
by quantitative MRI. Ex vivo electron spin resonance (ESR)
spectroscopy was used to amount the iron oxide delivered in
healthy parenchyma and tumor tissue, respectively. ESR anal-
ysis provided insight in overall MFLs biodistribution. Detailed
histological investigation to approach the mechanism of tar-
geting undergone by the magnetic nanocarriers was carried
out on one hand by confocal fluorescence microscopy to reveal
the location of the vesicle structures and on the other hand, by
electron microscopy to examine the fate of MFLs at the cellular
scale. The results together aimed at accurately depicting the
traffic of the magnetoliposomes and determining whether the
integrity of their structure could be affected or not upon their
passage from brain vasculature towards the tumor interstitium,
and finally at defining to what extent the healthy parts of the
brain can be preserved from magnetic driving of MFLs.

2. Results

2.1. Magnetoliposome Characterization

Rhodamine-labeled magnetic-fluid-loaded PEG-ylated liposomes
(MFLs) were thoroughly prepared in isotonic buffer by sequen-
tial extrusion followed by flash SEC-purification.?®323% Mag-
netic sorting was then newly implemented to select MFLs with
a number of encapsulated magnetic particles effectively respon-
sive to the magnetic force exerted by the magnets which were
used for the in vivo experiments. According to QELS analysis,
the resulting magnetoliposomes showed unimodal size dis-
tribution with a z-average hydrodynamic diameter of 212 +
29 nm while the maghemite (y-Fe,03) nanoscale crystals forming
the entrapped magnetic fluid were characterized by a mean
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Figure 1. Cryo-TEM images (top) of the magnetic-fluid-loaded liposomes
(MFLs) synthesized in this study (iron oxide loading: 4.4 £ 0.5 moles
Fe(Ill) per mole of total lipids); black bars represent 100 nm. Schematic
MFL structure (bottom right): r, corresponds to the liposome hydrody-
namic diameter, L to the length of the PEG brush coating and e to the
lipid bilayer thickness. The inner vesicle aqueous volume accessible to
the maghemite particles is given by 47/3 (r, — 2L — e)* with reasonable
estimates of the two latter parameters from literature data: L = 50 Al041]
and e = 40 A% Typical X-band at 9.2 GHz resonance frequency of
second-derivative ESR spectra (bottom left) of (a) maghemite nanocrys-
tals in free aqueous suspension (1 pL at [Fe(lll)] = 57 £ 2 x 107 m,
57 Iron(lll) nanomoles) and of b) MFLs at equivalent Fe(Ill) concen-
tration (1 pL at [Fe(lll)] = 64 £ 3 x 103 m, and [Lip); = 14.7 X 1073 m,
64 Iron(lll) nanomoles).

hydrodynamic diameter of 13.3 £ 3.5 nm from number distribu-
tion. The cryogenic transmission electron microscopy (cryo-TEM)
picture in Figure 1 exemplifies the typical structure of MFLs
which consists of one single lipid bilayer enclosing individualized
maghemite nanoparticles not interacting with the vesicle mem-
brane and having sizes predominantly in the 5-10 nm range, in
agreement with the average grain diameter close to 8 nm deduced
from the magnetization curve. The slight shift compared with
QELS size arises from the fact that the hydrodynamic diameter
takes into account the hydration water bound to the citrate-anion
coating and driven by the particles in movement. The total iron
oxide loading (Q) determined by atomic absorption spectros-
copy was found equal to 4.4 £ 0.5 moles of Fe(IlI) per mole of
total lipids. The size characteristics and encapsulation rate of so-
obtained MFLs were both highly stable for 6 months at least. An
estimate of the inner iron oxide concentration in the liposomes
([Fe(I1L)]inner) can be calculated from the Q value and the fraction
of the aqueous volume entrapped by MFLs and accessible to the
maghemite particles, according to the following relationship:

b (1)

N%[(rh —2L—¢)’

[Fe(II)]iner =

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Makees
VierS
www.MaterialsViews.com

N, is the number of lipid molecules forming the vesicle bilayer
(vesicle aggregation number), r, the mean hydrodynamic
radius of MFLs, L the thickness of the poly(ethylene glycol)
coating (length of PEG chains in brush conformation, 0
and e the thickness of the vesicle bilayer. Reasonable values of
parameters L and e are given in the legend of Figure 1. The
aggregation number N,, can be deduced from the ratio of the
bilayer volume per vesicle to the molecular volume of the lipids
embedded in the bilayer (V,,):

Nag:%ﬂ(nf—(rh—ZL—ef)/Vm (2)

By taking Vi, = 1264 A> as the average of the phospholipid
molecular volume reported in the literature (Small* and
Petrache*’ and r, = 1060 A, Equations (1) and (2) assessed
a mean intraliposome concentration of magnetic mate-
rial [Fe(Il)lipner Of 3.1 £ 0.6 mol L™L. On the basis of an iron
composition of the maghemite particles equivalent to 38 iron
atoms per nm?,*® this local concentration leads to an estimate
of the average number of magnetic particles per liposome (Nj)
calculable as follows:

N QN
r 4T
38—,

3

Then, by taking into account an average magnetic particle
radius r, = 4 nm,?®#¢l one MFL unit of 200 nm in diameter was
expected to entrap nearly 520 + 60 maghemite nanocrystals.

Magnetic resonance (MR) relaxation behavior of water pro-
tons in the presence of MFLs in blood at the same magnetic
field used for in vivo MR imaging is characterized by linear
relationships between MFL concentration and the inverse of
spin-lattice (1/T;) and spin-spin (1/T5) proton relaxation times.
The slopes of the straight lines indicated significantly dif-
ferent longitudinal and transverse relaxivities r; = 0.87 + 0.01 x
103 m st and r, = 259.5 + 9.8 x 1073 M 571, respectively, leading
to r,/r; ratio close to 300 (Figure S1, Supporting Information).
This result reflects large magnetic susceptibility in accordance
with exceptional T,-weighted MR contrast efficiency. As pre-
viously stated,?®3% this arises from the confined state of the
maghemite particles inside the liposome aqueous core so that
each MFL unit behaves as a highly magnetizable particle which,
once subjected to an external magnetic field, becomes able to
locally produce a magnetic moment equivalent to the sum of
the magnetic moments individually attributed to each encapsu-
lated maghemite grain.

Maghemite nanoscale crystals, whether they are as free sus-
pension or encapsulated in MFLs, displayed identical X-band
electron spin resonance (ESR) spectra characterized by a broad
line centered at a resonance field of 3227 + 10 G (g = 2.037)
with a line-width of 649 + 24 G (Figure 1). Both free magnetic
fluid and MFLs ESR spectra show a superimposed much nar-
rower line noticeable at a larger field close to 3500 G and attrib-
utable to the smallest crystals forming the magnetic fluid.*’!
The absence of any broadening or relative shift of the two ESR
signal components when the maghemite grains were entrapped
in the liposomes evidently supports that the physical state of the

3)
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magnetic fluid was conserved within MFLs and no additional
interparticle dipolar interactions, possibly due to partial aggre-
gation, took place upon the encapsulation process.*¥! Moreover,
the area under the curve (AUC) of ESR signals measured from
either free magnetic fluid or MFLs as a function of incremented
Fe(III) concentrations indifferently depends on the iron oxide
content according to a single linear relationship for both free
and trapped maghemite grains thereby showing that unpaired
electrons resonance absorption is not altered by intraliposome
containment (Figure S2, Supporting  Information).

2.2. In Vivo Magnetic Targeting of MFLs to Glioblastoma:
Quantitative MRI Monitoring

Two groups of mice bearing human glioma U87 were intra-
venously injected with the same dose of MFLs and imaged by
7-T MRI, 4 h after administration, i.e., after a time period cor-
responding to a magnetic field gradient exposure previously
stated as optimum for in vivo targeting conditions on the basis
of characteristic circulation times of MFLs.?% One group was
subjected to an external 0.4-T magnet (190 T m™' magnetic
field gradient) placed onto the top of the head. T,*-weighted
3D gradient echo (GE) sequences were implemented in order
to best utilize the large magnetic susceptibility of MFLs. The
magnetic fluid conveyed by MFLs is then visualized as hypoin-
tense signals seen on the MR images as darker regions due
to the strong enhancement of the transverse magnetization
decay rate of surrounding protons. Figure 2 shows representa-
tive images obtained from MFL-injected mice either exposed to
the magnet (Images A-C) or not (Images D-F). Prior to injec-
tion, glioblastoma location in the right brain hemisphere was
specified by performing T,-weighted spin echo (SE) acquisi-
tions, which revealed malignant areas as hyper-intense lesions
(Figure 2A,B) while no contrast could be detected by T,*-
weighted GE imaging (Figure 2B,E). Four hours after MFLs
injection, the tumors belonging to the magnet-exposed animals
were seen markedly dark (Figure 2C) whereas only a slight
contrast was observed in the tumor region for the nontargeted
group (Figure 2F). This clearly highlights the improvement of
MFLs accumulation in glioblastoma under the influence of
the magnetic filed gradient. The healthy cerebral areas of both
brain hemispheres indifferently exposed to the magnet or not,
do not exhibit significant signal reduction after injection except
large blood vessels of pronounced hypointensity.

Confocal microscopy images shown in Figure 2 (Images
G-J) explicitly point out the colocalization of the hypointense
MR signals seen in brain of injected mice with the rhodamine-
labeled vesicle structure of the magnetoliposomes. Especially
higher fluorescence intensity is revealed at the magnetically
targeted tumor site (Figure 2H,K) compared to the nontargeted
one (Figure 2J,K). Observations by MRI and confocal micros-
copy strongly support that MFLs accumulate at the tumor site
as intact structures.

In order to quantitatively assess the MR contrast due to MFLs
accumulation in the tumor lesion through magnetic targeting,
the relaxation rate of transverse magnetization (R,* = 1/T,%)
either in glioblastoma or in contralateral brain area was deter-
mined from the signal intensity decay recorded versus echo
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Figure 2. Representative in vivo 7-T MR images of intracerebral
U87 glioblastoma in mice before and 4 h after intravenous injection
of MFLs, with 0.4-T magnet-exposure (targeted group, left images
A-C) or not (nontargeted group, right images D-F); the spin echo
T,-weighted (SE T,) baseline acquisitions performed before MFLs
injection (preinjection) show the tumor location clearly observable
as a hyper-intense lesion (A,D); the T,*-weighted 3D gradient echo
(GE T,*) sequences (B,E) recorded postinjection reveal the pres-
ence of MFLs in the tumors as hypointense contrast significantly
much pronounced for the glioblastoma subjected to the magnet.
G-J) The ex vivo confocal microscopy images of brain slices from
the same mice as those imaged by MRI, show the fate of MFLs
vesicle structure by revealing the fluorescence signal (in red) of the
lipid label Rho-PE incorporated in the MFL membrane (excitation
at 543 nm, collected emission LP 560nm); the tissue histology is
shown by the bright field mosaic (with magnet, G; without magnet,
1); graph K reports on Rho-PE fluorescence signal intensity in the
tumor region (Supporting Information); rhodamine fluorescence
areas due to the presence of MFLs appear significantly larger and of
higher intensity for the targeted tumor; White bars represent 1 mm;
C: cortex; S: striatum; T: tumor.
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Figure 3. Efficiency versus selectivity evaluation by MRI of MFLs mag-
netic targeting towards glioblastoma. A) Relaxation rate (R,*) in the
tumor (T) and contralateral brain parenchyma (CB) before (left bar)
and 4 h after (right bar) MFLs injection to mice either subjected to a
0.4-T magnet (WM, n = 5) for the same period of time or not (W/o M,
n =5). (B) Difference in relaxation rates determined 4 h after (R,*post)
and prior to (Ry*pre) MFLs injection for the two mice groups. Data are
expressed as mean * SD. Statistical analysis was performed using the
bilateral unpaired Student's t-test: *p < 0.005, **p < 0.001, **+*p < 0.0001,
wsep < 0.00005.

T CB

time upon T,*-weighted GE sequence acquisitions before and 4
h after MFL injection (Figure 3A). Before injection, the average
relaxation rate attributed to the glioblastoma tissue was not sig-
nificantly different between the two groups of mice, indicating
that the intrinsic magnetic resonance behavior of the malignant
lesions was uniform in all mice. Similarly, the relaxation rate
in the contralateral healthy brain tissue was unchanged in all
animals and differed very slightly from that determined in the
tumor tissue. Hence, the changes in the R,* value noticed after
MFLs injection can only reflect the local concentration of the
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contrast agent in both brain regions. Four hours after MFLs
injection to the mice not subjected to the magnetic field gra-
dient, R,* values in tumors and contralateral brain areas were
found significantly increased compared to intrinsic relaxation of
the tissues. This indicates that the contrast agent still circulated
in brain 4 h postinjection in an amount properly perceptible by
MRI, especially at the glioblastoma level (Figure 3A). In the case
of mice with magnet, the contralateral response was the same
as that determined for the group without magnet indicating
that the magnetic field gradient did not induce additional MFLs
accumulation in the healthy parenchyma. Contrariwise, R,* in
glioblastoma was substantially increased under magnetic field
gradient, then demonstrating the effectiveness of magnetic
targeting to enhance preferential accumulation of the contrast
agent within the tumor. The gain of local MFLs concentration
in a given tissue area can be more directly assessed by the dif-
ference between the relaxation rate determined post injection
(overall contrast efficiency, R,*,4) and the relaxation rate meas-
ured prior to injection (endogenous response in the absence of
contrast agent, Ry*py). In other words, the increment in relaxa-
tion rate (ARy* =Ry*post — Ry*pre) directly reflects the relaxivity
behavior of the contrast agent in the tissues and is plausibly an
increasing function of its local concentration.?*#9-51 Figure 3B
displays the (R,*post — Ry*pre) values corresponding to glioblas-
toma and contralateral brain areas, respectively, for mice either
subjected to magnet exposure or not. By approximating similar
relaxivity behaviors of the iron oxide within both intracerebral
areas, the results indicate a selective increase in the contrast
agent concentration at the tumor level beside the healthy brain
parenchyma. This selective increase was moreover significantly
emphasized by the magnet. Interestingly, no excess accumula-
tion in the nonmalignant cerebral areas occurred upon mag-
netic targeting. AR,* multiplying factors of 9 (with magnet)
and 4 (without magnet) compared with healthy brain were
measured, i.e., more than a twofold increase in the increment
of relaxation rate.

Figure 4 shows the series of brain MR images acquired
for a 24-h period after MFL injection for animals beforehand
subjected to either 4-h magnetic targeting (Images A-H) or
not (Images D-J). The hypointense signals seen at 4 h in the
tumor region and cerebral vessels, more pronounced for the
targeted tumor, decreased gradually with increasing time.
However, significant persistence of the hyposignal at 8 h and
24 h was revealed in the magnet-exposed glioblastoma unlike
in the nontargeted tumor. The difference in relaxation rates
(Ry™post — Ra*pre) accounting for the local concentration in con-
trast agent (graph in Figure 4K) demonstrates the efficacy of
the magnetic field-induced targeting. The remaining MR con-
trast due to contrast agent accumulation in glioblastoma 24 h
postinjection was almost that reached in the absence of magnet
4 h postinjection.

2.3. Quantitative Ex Vivo ESR Analysis
Magnetic targeting effect on MFLs delivery to glioblastoma
and biodistribution in major mononuclear phagocyte system

(MPS) or clearing organs were independently assessed by ESR
spectroscopy analysis of tissues excised after achieving animal

Adv. Funct. Mater. 2015, 25, 1258-1269
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Figure 4. Series of brain MR images versus time from glioblastoma-
bearing mice injected with MFLs and either subjected for 4 h postinjec-
tion to a 0.4-T magnet (A-E) or not (F-)); the spin echo T,-weighted
(SE T,) baseline acquisitions performed before MFLs injection show the
tumor locations as hyper-intense lesions (A,F); the T,*-weighted gradient
echo (GE T,*) sequences reveal the presence of the contrast agent as
hypointense areas (B-E, G—J); the persistence of the hyposignal at the
targeted tumor level remains clearly visible 24 h postinjection (E). Relaxa-
tion rate difference (Ry*post —Ry*pre) for the targeted (s) and nontargeted
(e) tumors as a function of the time period following MFLs administration
(K); the magnet was removed at 4 h for the targeted tumor. White bars
represent T mm.

experiments based on the same conditions as those imple-
mented for MRI monitoring. While preferential MFLs concen-
tration was found in liver and spleen compared with kidneys
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and brain, this was not significantly affected by brain magnet-
exposure (Figure S3, Supporting Information). Contrariwise,
the amounts of iron oxide recovered within the whole brain
including glioblastoma were found actually increased by mag-
netic targeting. The amount of iron oxide specifically delivered
to the tumors versus normal brain parenchyma was determined
from separate analyses of on one hand the upper quarter of the
right brain hemisphere containing the whole glioblastoma and
on the other hand the left healthy brain hemisphere. Given the
mass fraction of the malignant lesion x in the tissue extract, the
average content in magnetic material (umol Fe(III)) per gram
of tissue Crey""™ delivered to glioblastoma was calculated
according to the following equation:

fan = [ Ciati = (1= %)Ciéi ] /= (4)
where Cp "7 is the total iron oxide concentration per unit
mass of extract and Crep PR the iron oxide concentration per
unit mass of normal brain parenchyma determined from left
healthy brain hemispheres. Acceptable estimates of x values
were deduced from glioblastoma volumes determined by T-
weighted MRI by assuming tumor tissue density of 1g cm=.?
This procedure worthily minimized the risk of error since the
tumors were too small (volume < 8 pm?) to be properly excised.
Results for both groups of mice (Figure 5) show higher iron
oxide concentrations in the tumors than those determined in
normal brain, however in a much more emphasized manner
for mice subjected to magnet influence. Iron accumulation
in the whole malignant tissue corresponded to a concentra-
tion factor of 3.6 = 1.7. This clearly points out the efficiency of
magnetic targeting and its selectivity for glioblastoma, there-
fore confirming the conclusions supported by in vivo MRI
monitoring.

maghemite content
nmol Fe(lll) / g tissue

T
l—'r—.
T CB T CB

WM Wio M

Figure 5. ESR analysis of iron oxide concentration (nanomoles of Fe(lll)
per unit mass of tissue) contained in either glioblastoma (T) or normal
brain parenchyma (CB), 4 h after injection of MFLs to glioblastoma-
bearing mice either subjected to a 0.4-T magnet (WM, n=5) or not (W/o
M, n=5) at 12.8 pmol initial Iron(l11) dose. Data are expressed as mean £
SD. Statistical analysis was performed according to the bilateral unpaired
Student's t-test: *p < 0.02, **p < 0.01, ***p < 0.001.
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Figure 6. Confocal fluorescence microscopy images of glioblastoma
tissue from mice injected with MFLs and subjected to a 0.4-T magnet
for 4 h. Tissue histology is revealed by the bright field images. Rhoda-
mine fluorescence associated with the structure of MFLs (excitation at
543 nm, collected emission LP 560 nm) is seen in red. Acquisitions: Plan
Neofluar x10/0.3 (A1-A2, bar = 200 ym; T: tumor), Plan Apochromat
20x /0.75 (A3, bar =100 pm), Plan Apochromat 63x /1.4NO oil (B1-B3,
bar =20 pm; C1-C2, bar =5 ym) objective lens. The images reveal high
concentrations of MFLs within the tumor, localized either in the vessels
or extravascularly. Images (B2,B3) correspond to the same field of view
with a 4.16-pym step along the z-axis while images (C1,C2) show higher
magnifications of (B2) and (B3), respectively (areas delineated by dotted
squares). MFLs are seen as small individual red spots within the vascular
lumen (white arrows) and inside the cytoplasm of abluminal or tumor
cells (yellow arrows).

2.4. Histological Analyses

Confocal fluorescence microscopy of brain glioblastoma slices
from MFL-injected mice subjected for 4 h to the magnetic
field gradient repeatedly showed highly intense rhodamine-
fluorescence signals. These were concentrated in more or
less extended delineated areas seen in red in the images and
localized either within the microvasculature network or in
the extravascular vicinity of blood capillaries (Figure 6, series
A,B). High magnification of these areas revealed numerous
red spots of size limited to a few pixels (0.14 x 0.14 um?
per pixel) undoubtedly compatible with the presence of
MFL vesicular structures, some of them being clearly vis-
ible within intracellular compartments of either endothelial
cells constituting the abluminal membrane or malignant
glial cells (Figure 6, series C). Images of nontargeted tumor
slices exhibited similar features but much more sparse, with
moreover low-intensity rhodamine-fluorescence signals (data
not shown).
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Examination of magnetically targeted brain glioblastoma
was performed at the cellular scale by transmission electron
microscopy (TEM). The TEM images in Figure 7 (Figures S4
and S5, Supporting Information) are representative of tumor
slices devoid of vascular components by prior perfusion. The
maghemite particles conveyed by MFLs are revealed as black
nanoscale grains due to the high electron density of the iron
atoms. They appear clustered in confined volumes with dimen-
sions close to the initial diameter of the injected magnetoli-
posomes (Figure 1). Notoriously, no iron oxide traces could
be seen in samples of the perfused contralateral hemispheres
corresponding to healthy brain regions. Electron energy-loss
spectroscopy (EELS) of TEM specimen confirmed that these
structures are indeed made of iron oxide particles as exempli-
fied by the EELS spectrum in Figure 7G showing transition
peaks at the L, (Fe2p, ,—Fe3d, 718.8 V) and L; (Fe2p;,—Fe3d,
706 eV) edges of iron. Clusters of maghemite nanocrystals
were clearly visualized inside cells lining the vascular lumen
or in the adjacent extracellular matrix space (Figure 7A) sug-
gesting that intracellular and possibly paracellular pathways
were involved during MFLs extravasation. Similar clusters
are also seen within the cytoplasm of malignant glial cells
(Figure 7C) in agreement with intercellular or diffusion trans-
port of MFLs within the interstitium. Interestingly, some
clusters appeared to be concentrated within endosome-like
structures (Figure 7B2,C2,C4,C5,D2), attributable to primary
endocytotic vesicles containing MFL unit structures. This
finding is consistent with the highly intense rhodamine-labeled
vesicle-like patterns visualized within abluminal cells by con-
focal microscopy.

3. Discussion

The recurring difficulty in the use of lipid vesicles as carriers
of materials encapsulated within their inner aqueous compart-
ment is the distribution of the encapsulation rate inherent to
the fabrication processes based on random trapping by bilayer
membrane closure. Whereas sorting as a function of intraves-
icle loading is usually a tricky problem, it can be easily circum-
vented when the encapsulated material is magnetic. Thereby in
this study, magnetic sorting of MFLs was performed to select
the liposomes which responded to the same magnetic field
gradient as that applied to mice brain tumors. This substan-
tially standardized the intraliposome concentration in mag-
netic fluid and secured operational MFLs magnetic targeting.
Final loading of 4.4 moles of Fe(III) per mole of lipids was
checked and interestingly among the highest described ones
for nanoscale magnetoliposomes entrapping an aqueous sus-
pension of individualized iron oxide nanocrystals.?”>3-] Cryo-
TEM investigation accredited a perfectly spherical shape and
enclosing by a regularly unilamellar membrane of the magne-
toliposomes developed here. This reflects homogenous bilayer
curvature and then uniform distribution of the different lipid
components, especially ensuring uniform PEG brush coating*’l
which is a prerequisite for optimizing in vivo stabilization and
stealthiness of liposomes.’¢>°]

The second major issue is to check that the whole vesicle
structure of MFLs was preserved upon magnetic targeting. This

Adv. Funct. Mater. 2015, 25, 1258-1269
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Figure 7. Transmission electron images of glioblastoma tissue from mice injected with MFLs and exposed to a 0.4-T magnet for 4 h; tissue perfu-
sion was performed to eliminate vascular components. Iron oxide nanocrystals are observable as dark grains due to their high electron density (white
arrows); images (A1, bar = 2 pm; A2-A3, bar = 100 nm; B1, bar = 0.5 ym; B2, bar = 100 nm) exemplify the location of iron oxide nanocrystals at the
vicinity of a vessel (V) and seen gathered in small clusters with size close to that of initially injected MFLs (see Figure 1); images (C1, bar=2 pm, C2-C5,
bar = 200 nm; D1, bar = 2 pm; D2, bar = 100 nm) show similar clusters of iron oxide grains in tumor cells; some of the clusters are seen individually
surrounded by a membrane (m, B2, C2, C4-C5) or included in an endosome-like structure (e, D2); Nu: nucleus; Cy: cytoplasm; En: endothelial cell.
Identification of maghemite grains by energy filtered transmission electron microscopy (E-G); TEM image of dark spot clusters attributed to iron oxide
grains (E); related electron spectroscopic iron mapping (F); electron energy-loss spectrum of the spots (G) revealing energy values corresponding to

the electron transition from the 2p orbital to the 3d orbital (L, edge: 2p ) = 1/2; L3 edge: 2p | = 3/2) of Iron(lll) in maghemite.

was achieved by double labeling of the core-shell structure.
First, the fluorescent derivative Rho-PE was used to label the
membrane shell of MFLs through a highly durable insertion
within the phospholipid bilayer. This probe is indeed reliably
stable in biological fluids and does not exchange with plasma
proteins.%61l Ag already been widely tried out, Rho-PE
accurately reports MFLs in blood vessels, living cells or tissue
specimen as very intense fluorescent concentrates of small
individual spots the emission signal of which is not affected by
the presence of maghemite nanocrystals.[??317333553] Secondly,
the encapsulated magnetic fluid intrinsically provides an excel-
lent tracking tool of the intraliposome compartment by MR
Imaging and ESR spectrometry which both exploit magnetic
resonance phenomena generated by the superparamagnetic

Adv. Funct. Mater. 2015, 25, 1258-1269
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behavior of the iron oxide nanocrystals. MRI relies on the high
magnetic susceptibility of MFLs which indeed confine lots of
maghemite grains. This strongly enhances proton spin-spin
relaxation as demonstrated by the outstanding value of trans-
verse relaxivity found here for MFLs in blood at 7-T magnetic
field. The spatial location of iron oxide is therefore indirectly
detected by the shortening of the transverse relaxation times
of the surrounding water protons which results as a signifi-
cant reduction of the signal intensity seen as a negative con-
trast on the MR images.[%%l In this respect, T,*-weighted GE
sequences can be advantageously privileged to emphasize local
susceptibility effects on proton T,-decay rates expected particu-
larly significant in the vicinity of MFLs. Besides, ESR spectrom-
etry provides direct determination of amounts of paramagnetic
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species, here given by the energy absorption from a 9.72-GHz
radiofrequency microwave by the unpaired electrons contained
in the maghemite nanocrystals. The ESR response primarily
and quantitatively depends on the number and intrinsic struc-
ture of the iron(III) oxide molecules as well as on the size of the
assemblies they form.?*4367-701 Moreover, iron oxide particles
are inherently excellent contrast agent for transmission elec-
tron microscopy allowing their direct identification on the TEM
images from tissue samples.

The undeniable advantage of MRI is its usefulness to achieve
in vivo noninvasive monitoring of MFLs. Our results ascer-
tained its effectiveness not only to point out the presence of the
contrast agent in vivo but also to assess its local concentration
through proton relaxation rate measurements. This is based on
the explicit agreement between the quantitative MRI data and
the independent ESR measurement of the iron oxide contents
in normal brain versus glioblastoma tissues. Such quantitative
MRI monitoring had been successfully practiced to track mag-
netic particles in vivo in glioma-bearing rats,?*7! but not yet
utilized with magnetoliposome systems until the present study.
To go further in this methodology, it is worth noting that the
magnetic targeting index found in this study, i.e., the ratio of
the two accumulation rates obtained with and without magnet,
respectively, reached 2.2 from MRI monitoring against 3.6 by
ESR analysis. In fact, while ESR amounts the total maghemite
content per biological extract in its whole, the proton relaxation
rate R,* reflects the local concentration effect of MFLs or magh-
emite particles (i.e., the relative proportion of contrast agent to
water protons in the imaged tissue) with a local dose-response
affected by the nature of the surrounding medium. In this
respect, it has been theoretically predicted and experimentally
verified that the proton spin-spin relaxation due to a magnetic
susceptibility effect in tissue interstitium linearly increases with
increasing the concentration in contrast agents, while a quad-
ratic response is expected in blood.”? Therefore, according to
the hypothesis supported by the 24-h release experiment, that
the magnetic force caused an improved retention effect within
the glioblastoma tissue compared with nontargeted conditions
in which MFL concentration likely remained preferentially
vascular, the R,*-based magnetic targeting index may under-
estimate the effective gain in local contrast agent concentration.
Conversely, as ESR analysis gave the actual iron oxide amounts
contained in the regions of interest and acted as a robust refer-
ence, the difference noticed between ESR assessment and MRI
results may suggest that magnetic targeting of MFLs actually
changes their local distribution in glioblastoma.

Taken together, the different approaches implemented in this
work to independently account for the fates of inner iron oxide
content and lipid vesicle shell converged on the nonambiguous
conclusion that the magnetoliposomes were delivered in glio-
blastoma via the vasculature and as intact structures. This fully
agrees with previously demonstrated intravascular behavior of
MFLs indeed shown to circulate in blood flow without struc-
tural damage and loss of encapsulation material.2% Typically in
glioblastoma, perfect superimposition of Rho-PE fluorescence
from ex vivo confocal microscopy and areas of pronounced
negative signal in MR images obtained on the same animal
(Figure 2) demonstrates colocalization of vesicle lipid bilayer
and concentrated iron oxide which can only be explained by
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the presence of entire MFLs. Ascertainment of pronounced
MRI negative contrast 4 h after MFLs injection to mice sub-
jected to a magnet or, to some extent without magnet, also sup-
ports the conservation of the intraliposome containment state
of the magnetic fluid. As a matter of fact, the presence of the
magnetic field gradient significantly enhanced MFLs concen-
tration within the tumors. Histological investigations clearly
revealed vascular accumulation of the magnetoliposomes in
the malignant lesion beside partial extravasation and uptake
by the malignant glial cells afterwards their passage through
the abluminal membrane. Extravasation pathway of MFLs was
indeed expected and made possible by structural abnormali-
ties of the endothelial lining of glioma microvasculature which
have been well shown as factors of permeability to colloidal sys-
tems 087374 TEM images of perfused glioblastoma (Figure 7)
underscored clusters of iron oxide particles, each of them likely
having one MFL structure as precursor and traced within the
cytoplasm of endothelial cells or in the interstitium suggesting
vesicular transport and trans/intercellular diffusion processes
already identified as consequences of tumor angiogenesis.!'*7!
These findings strongly support that a part of MFLs were sub-
jected to EPR effect. In this respect, the time-course experiment
summarized by Figure 4 deserves special attention. For mice
subjected to a 4-h magnet exposure, the proton relaxation rates
measured 8 h and 24 h after injection remained clearly higher
than those found in the absence of magnetic field gradient.
Especially, the R,* increment at 24 h for the magnet-exposed
glioblastoma was close to that found 4 h after injection for the
nontargeted tumor. These observations indicate that the mag-
netic field gradient enhanced the local accumulation of the
contrast agent in a manner that the accumulated MFL amount
was significantly retained versus time at the tumor level despite
magnet removal. This clearly underlines a nonnegligible tumor
clearance according to an enhanced permeation and retention
effect. Indeed, if MFLs accumulation in the tumor during the
4-h magnet-exposure period was limited to the intravascular
compartment, stopping magnetic field gradient would release
the retained magnetoliposomes in whole bloodstream similarly
to a second MFLs injection. Then, the resulting plasmatic con-
centration reflected by MRI at glioblastoma level should reach
that observed without magnet at the same time period or very
nearly according to the first-order kinetics (monoexponential
decay) of MFL plasmatic concentration.?’l This was obviously
not the case. At this stage of knowledge, further investigations
would deserve to be undertaken in order to securely confirm
the influence of magnetic targeting on the time-course of intra-
tumor magnetoliposome concentration. In other words, the
question which could be especially addressed is whether main-
taining high intravascular MFLs concentrations in glioblastoma
by pursuing magnetic field gradient application for periods of
time longer than 4 h, may increase the amount of MFLs deliv-
ered in the tumor interstitium or not. Indeed, whereas a 4-h
exposure to a magnetic field gradient had reliably been shown
to allow optimal intravascular concentration effect of MFLs in
malignant lesions,% the results obtained here do not exclude
that extravasation of the magnetoliposomes is a slower pro-
cess since a part of the accumulated magnetoliposomes was
released upon magnet removal as depicted by decrease in R)*
increment.
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The efficacy of magnetic targeting to concentrate MFLs in
glioblastoma is reinforced by the selective accumulation of
MFLs in the tumor lesion compared to healthy brain paren-
chyma, indeed spared from the influence of the magnetic field
gradient as shown by both MRI monitoring and ESR spectrom-
etry as well as by TEM that did not reveal any iron oxide traces
in perfused contralateral brain samples. This result deserves a
comment regarding one of our pioneering studies which has
demonstrated an effect of local and reversible vascular con-
centration of MFLs in the meningeal and superficial cortical
venules of mice brain under the direct influence of a 0.1-T
magnet.’>¥ These observations were made by video microscopy
at a depth of 0.2 pm from the magnet in direct contact with a
cranial window surgically placed onto the animal brain cortex.
The accumulation of MFLs occurred only at the very vicinity of
the magnet. The present work demonstrates that the contribu-
tion of such a superficial vascular concentration effect is neg-
ligible compared to the whole brain and then agrees with our
previous statements that neither arterioles nor deep venules
are subjected to magnetoliposomes accumulation. It had been
moreover shown that this phenomenon did not affect cerebral
blood flow and was perfectly reversible after magnet removal.>?!
We can reasonably anticipate that magnetic targeting of glio-
blastoma can be adjustable in order to avoid cerebrovascular
accidents or local hypoxia of the healthy brain regions. On the
other hand, MFLs circulate as intact structures in blood com-
partment. This guarantees no leakage of free maghemite grains
since the magnetoliposomes unit size obviously impedes their
passage through healthy blood-brain barrier due to its outstand-
ingly low permeability.(2!

MFLs magnetic targeting selectivity towards glioblastoma
originates from preferential accumulation in the microvascula-
ture of the tumor lesion. This mechanism agrees with earlier
works3%32l and was substantiated in this study. A plausible
explanation of magnetically induced accumulation may be
that the magnetic force experienced by MFLs would be suf-
ficient to offset the hydrodynamic drag force in the direction
of blood flow. An estimate of the magnetic force F,, exerted
onto MFLs by the 0.4-T magnet (magnetic field gradient
gradB = 190 T m™!) used here for magnetic sorting and in vivo
targeting, can be calculated as:**>%!
F, =N, m; gradB (5)

According to Equation (4), one magnetoliposome of
200 nm in hydrodynamic diameter (r;, = 100 nm) which entraps
560 maghemite nanoparticles (N, = 560, see result section)
of effective magnetic moment meg = 1.4 X 1071 A m per par-
ticle, 283376 is subjected to a magnetic force close to F, = 1.5 x
1071 N. On the other hand, by applying Stokes’ law for spher-
ical particles, the hydrodynamic force exerted onto the magne-
toliposomes is given by:
F, =6mn,nv (6)
where 1 (= 3 1073 Pa s) and v are blood viscosity and velocity,
respectively. Blood velocity is related to blood flow rate, ves-
sels section and density, which all differ between normal brain
and high-grade glioma lesions. On the basis of experiments

Adv. Funct. Mater. 2015, 25, 1258-1269

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

performed on rats or mice, the blood flow rate in cerebral
tumors can be decreased by about 30-40% compared to normal
brain.’*”7] and capillary diameter mainly ranges from 3 to
40 pm, ie., nearly 3-5 times larger than healthy cerebral
microvasculature.”-?3! Taking average capillary flow rates of
7.4 x10* m st and 3.1 X 10 m s7! in tumor lesion and in
normal brain region, respectively checked from 9L-glioma-
bearing rats,?’l the hydrodynamic drag force F, reaches esti-
mated values of 4.2 X 1072 N in tumor microvasculature against
1.7 X 107! N in normal brain. Despite reduction in glioma cap-
illaries, the driving force in blood flow remains hundred times
greater than the magnetic force and then cannot explain selec-
tive MFLs accumulation in tumor vasculature. As previously dis-
cussed, 393123 gradual concentration of the magnetoliposomes
is only possible because of their dipole-dipole interaction forces
which develop in a continuous magnetic field with a magni-
tude around 10712 N for two interacting MFLs.l MFLs mutual
attraction is indeed able to balance the hydrodynamic drag
force and rightly governs cluster formation in glioblastoma
vasculature. To a certain extent, dipole—dipole attraction could
remain insufficient to stop MFLs in normal brain vasculature
regarding the F,, value about ten times greater. Nevertheless, to
form a cluster, it is necessary to first immobilize some of the
magnetoliposomes which then serves as initiators. This may
occur owing to the heterogeneous glioma angio-architecture
characterized by tortuous, dilated vessel loops and a lot of anar-
chical connections which may significantly and transiently slow
down blood flow rate in some localized places where the largest
and then the more magnetic MFLs could be arrested, while
it is prominently not the case in healthy cerebral vessels./-’®]
That said, by assuming a Poiseuille flow regime, it cannot be
ruled out that the rate of the magnetoliposomes is significantly
slowed down at the wall of the vessels, thereby creating possible
sites of accumulation. This can occur in the tumor and non-
tumor regions. However, our results showed that this phenom-
enon is fully reversible and that the subsequent accumulation
of circulating liposomes driven in the middle of the blood ves-
sels is significantly limited even negligible in the healthy brain
compared to the tumor region. Another hypothesis may be that
interactions with microvascular endothelium during the ear-
lier steps of extravasation can contribute to immobilize some
magnetoliposomes for a sufficiently long time at the luminal/
abluminal interface to favor dipole—dipole attraction while such
interactions are inexistent in normal BBB. Anyway, the dif-
ferent results shown in this study undoubtedly demonstrate
that, once extravasation achieved by EPR effect, the magnetic
force efficiently acts to retain MFLs in the tumor interstitium
and leads to their internalization by the malignant cells.

4, Conclusions

This work as a whole legitimates the potential of the super-
paramagnetic PEG-ylated liposomes developed here to
magnetically target glioblastoma. Although they do not escape
to MPS or clearing organs, especially to hepatic clearance, like
the majority of magnetic colloids (Cole 2011),1%! their respon-
siveness to a magnetic field gradient and their robustness
since they circulate as intact structures, provide a potent tool
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to selectively reach the cerebral tumor lesions by enhanced
EPR effect while totally sparing healthy brain. This makes
MFLs potent delivery systems of therapeutic molecules which
can be trapped inside the aqueous volume of the liposomes or
incorporated in their lipid membrane. The carried magnetic
fluid which remains locally concentrated until cell internaliza-
tion allows an additional opening in glioblastoma treatment by
implementing localized hyperthermia controlled by the applica-
tion of an alternative magnetic field.?-79-83 At last, quantitative
MR imaging was here warranted as an efficient noninvasive
method to assess both localization and amount increment of
delivered magnetoliposomes and will be used to investigate the
time-course of MFLs by varying magnetic targeting parameters
in order to optimize the enhancement of intraglioblastoma
retention.
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