
A

g
l
o
R
c
p
a
e
a
d
©

K

1

a
t
h
t
w
t
i
p
o
A
l

0
d

International Journal of Pharmaceutics 344 (2007) 118–127

Sterically stabilized superparamagnetic liposomes for MR imaging and
cancer therapy: Pharmacokinetics and biodistribution

V. Plassat a, M.S. Martina a, G. Barratt a, C. Ménager b, S. Lesieur a,∗
a Laboratoire Physico-Chimie Pharmacotechnie Biopharmacie, UMR CNRS 8612, Faculté de Pharmacie, Université Paris-Sud,
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bstract

Pharmacokinetics of magnetic-fluid-loaded liposomes (MFLs) with mean hydrodynamic diameter of 200 nm sterically stabilized by poly(ethylene
lycol) (PEG) and labelled by a fluorescent lipid probe, N-(lissamine rhodamine B sulfonyl) phosphatidylethanolamine (Rho-PE) was studied. The
oading consisted in an aqueous suspension of maghemite nanocrystals close to 8 nm in size at 1.7 Fe(III) mol/mol total lipids ratio. Double tracking
f MFL in blood was performed versus time after intravenous administration in mice. Lipids constituting vesicle membrane were followed by
ho-PE fluorescence spectroscopy while iron oxide was determined independently by relaxometry. MFLs circulating in the vascular compartment
onserved their vesicle structure and content. The pharmacokinetic profile was characterized by two first-order kinetics of elimination with distinct
lasmatic half-lives of 70 min and 12.5 h. Iron biodistribution and organ histology clearly highlighted preferential MFL accumulation within liver

nd spleen. The pathway in spleen supported that elimination was governed by the mononuclear phagocyte system (MPS). PEG coating was
ssential to prolong MFL circulation time whereas iron oxide loading tends to favour uptake by the MPS. Despite partial uptake in the earlier times
fter administration, MFLs exhibited long circulation behaviour over a 24-h period that, coupled to magnetic targeting, encourages further use in
rug delivery.

2007 Elsevier B.V. All rights reserved.

ofluid

o
l
F
b
h
b
d
l
s
a
c

eywords: Magnetic-fluid loaded liposomes; Fluorescence; Relaxometry; Ferr

. Introduction

Severe side toxic effects and rather long treatment durations
re vexing drawbacks in the use of conventional chemotherapeu-
ics. Carrier systems for selective delivery of anticancer drugs
ave been widely developed to reduce the doses administered
o the patients by improving drug stability and circulation times
hile promoting preferential distribution in the site of organism

o be treated. Lipid vesicles or liposomes are especially compet-
tive to date as the most clinically established nanometer-scale
articles for the delivery of cytotoxic chemicals, genes, vaccines

r agents for medical imaging (Lasic, 1998; Torchilin, 2005;
llen and Cullis, 2004). The biomedical interest of these col-

oids mainly relies on their biocompatible properties but also
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n their encapsulating behaviour of indifferently hydrophilic or
ipophilic substances and possibility of being surface-modified.
or nearly four decades, a number of works have notably
een focusing on liposomes sterically stabilized by grafting
ydrophilic poly(ethylene glycol) (PEG) chains onto their lipid
ilayer. PEG-ylated liposomes of small size (100–200 nm in
iameter), also called Stealth® liposomes, exhibit longer circu-
ating times and reduced uptake by the mononuclear phagocyte
ystem (MPS) constituting a major breakthrough in therapeutics
s they can be distributed to tissues other than the MPS. Long-
irculating liposomes have shown extravasation in tissues with
nhanced vascular permeability and increased accumulation in
olid tumors (Papahadjopoulos et al., 1991), but at rates often
ot sufficient for therapeutic efficacy of the delivered drug.
To optimize liposome-carried drug concentrations in dis-
ased tissues, active targeting has been envisaged by coupling
o the surface-coating PEG chains ligands like antibodies,
eptides or any other small molecules capable of increasing

mailto:sylviane.lesieur@u-psud.fr
dx.doi.org/10.1016/j.ijpharm.2007.05.018


al of

l
s
(
2
i
o
o
h
o
s
m
t
u
A
s
t
i
t
w
a
s
c
fi
e
M
a
t
u
c
d
t
c

d
m
o
e
c
i
c
b
m
a
d
i
t
c

2

2

p
n
P
p

P
a
(
w
s
r
c

2

a
m
(
fi
S
a

(
(
9
e
b
(
P
(
fi
(
m
m
S
s
(
o
p
o
h
g
l
t
c
1

m
a
a
c
c
b
p
I

2

V. Plassat et al. / International Journ

iposome-cell association (Leserman et al., 1980). Another pos-
ible strategy is physical targeting of drugs by magnetic guidance
Shinkai and Ito, 2004; Nobuto et al., 2004; Kuznetsov et al.,
001). Therefore, for several years, we have been develop-
ng unilamellar phospholipid vesicles with a mean diameter
f about 200 nm, loaded with superparamagnetic nanocrystals
f maghemite. These magnetic-fluid-loaded liposomes (MFL)
ave been specifically designed to enable both magnetic res-
nance imaging (MRI) and magnetic targeting in vivo after
ystemic administration. The lipid composition has been opti-
ized by surface-grafted poly(ethylene glycol) (PEG) chains

o obtain sterically stabilized liposomes which avoid rapid
ptake by the MPS (Lesieur et al., 2003; Martina et al., 2005).

rhodamine-labelled phospholipid N-(lissamine rhodamine B
ulfonyl) phosphatidylethanolamine (Rho-PE) was included in
he bilayer to allow in vitro and in vivo fluorescence microscopy
maging (Martina et al., 2007). Our results have clearly ranked
hem among the best T2 MRI contrast agents existing to date,
ith the advantages of being non-toxic, long-circulating in blood

nd displaying magnetophoretic mobility. The latter has been
uccessfully exploited to target different tissues in vivo, espe-
ially solid tumors and brain, by applying an external magnetic
eld gradient to the region of interest (Fortin et al., 2006; Riviere
t al., in press). These encouraging results prompted us to use
FLs not only as magnetically guided diagnosis agents but also

s tool for targeting of drugs that could be co-encapsulated with
he magnetic fluid and then carried within the vesicle structure
nder the influence of an external magnetic field. For this appli-
ation, it is important to know the bioavailability and tissue
istribution of MFLs after intravenous administration. In par-
icular, the effect of loading liposomes with high maghemite
oncentrations on their clearance has been never studied before.

This work presents the pharmacokinetics and in vivo tissue
istribution of PEG-ylated MFLs after intravenous injection in
ice, in the absence of magnetic targeting. Fluorescent labeling

f the lipid bilayer by Rho-PE and the magnetic properties of the
ntrapped iron oxide allowed the bilayer shell and the internal
ontent of the liposomes to be followed simultaneously, indicat-
ng whether the structural integrity of the circulating MFLs was
onserved in blood stream or not. Lipids constituting the vesicle
ilayer were measured by fluorescence spectroscopy while the
agnetic fluid was followed by measuring the spin-spin relax-

tion time of water protons. The distribution of MFLs within
ifferent organs was examined by determining the amounts of
ron oxide accumulated in the tissues and by visualization of
he rhodamine-labeled vesicle pathway as a function of time by
onfocal fluorescence microscopy.

. Materials and methods

.1. Materials

Chloroform solutions of egg-yolk-extracted l-�-phos-

hatidylcholine (EPC), 1.2-diacyl-SN-glycero-3-phosphoetha-
olamine-N-[methoxy(poly(ethylene glycol))-2000] (DSPE-
EG2000) and N-(lissamine rhodamine B sulfonyl) phos-
hatidylethanolamine (Rho-PE) were purchased from Avanti

r
N
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olar Lipids (Alabaster, AL). Sodium chloride, sodium citrate
nd N-[2-hydroxyethyl]piperazine-N′-[2-ethanesulfonic acid]
HEPES), octyl-�-d-glucopyranoside (octyl glucoside, OG)
ere provided by Sigma (St. Louis, MO). Unless otherwise

tated, the buffer used was 108 mM NaCl, 20 mM sodium cit-
ate, 10 mM HEPES, pH 7.4 and 285 mOsm (measured with a
ryoscopic micro-osmometer, Bioblock Scientific, France).

.2. Magnetic-fluid-loaded liposome preparation

Nanocrystals of maghemite (�-Fe2O3) were synthesized
ccording to Massart’s method (Massart, 1982). Final adjust-
ent of both aqueous medium and maghemite concentration

5.0 M Fe(III) by flame spectroscopy) was performed by ultra-
ltration through a MACROSEP filter, cut-off 50 kD (Fisher
cientific Labosi, France) as previously described (Martina et
l., 2005).

Rhodamine-labeled magnetic-fluid-loaded liposomes
MFLs) were prepared by hydration of a thin lipid film
EPC:DSPE-PEG2000:Rho-PE; 94:5:1 mol% or EPC:Rho-PE;
9:1 mol% for PEG-ylated or conventional MFLs) by adding
qual volumes of the suspension of maghemite particles and
uffer to get a total lipid concentration of 20.0 ± 0.8 mM
checked by enzymatic assay, Phospholipides Enzymatiques
AP 150, Biomérieux, France) followed by sequential extrusion
nitrogen pressure <10 bars, 25 ◦C) through polycarbonate
lters with decreasing pore diameters of 0.8 �m/0.4 �m/0.2 �m
PORETICS, Osmotics, Livermore, USA). Non-entrapped
aghemite particles were removed by gel exclusion chro-
atography (GEC) performed with a 0.4 cm × 5.8 cm Sephacryl
1000 superfine (Pharmacia) microcolumn (TERUMO 1 mL-
yringe) beforehand saturated with EPC: DSPE-PEG2000
95:5 mol%) liposomes, prepared similarly to MFLs but with-
ut maghemite. The eluent was the buffer used for liposome
reparation. MFLs with lower maghemite loadings were
btained by the same procedure except that the lipid film was
ydrated by replacing part of the magnetic fluid by buffer to
et the desired final iron oxide content while maintaining total
ipid concentration at 20 mM. Final Fe(III) concentrations in
he sample preparations (from 20.0 to 68.0 ± 1.3 mM) were
hecked by flame spectroscopy. Liposomes with loading of 1.0,
.7 and 3.4 moles of iron oxide per mole of lipid were prepared.

The hydrodynamic diameters of the final MFLs were deter-
ined by quasi-elastic light scattering (QELS) with a Nanosizer

pparatus (N4 MD, Coultronics), at 25 ◦C, 90◦ scattering angle
nd using size distribution processor (SDP) analysis (total lipid
oncentration: 0.15 mM). Fluorescence spectroscopy and confo-
al microscopy were performed using the procedures described
elow in Sections 2.4 and 2.5. Zeta potential measurements were
erformed at 25 ◦C by using a zetasizer apparatus (Malvern
nstruments SA, France).

.3. Animal experiments
Animal experiments were carried out in accordance with the
ecommendations of the EEC (86/609/CEE) and the French
ational Committee (decree 86/848) for the care and use of
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aboratory animals. Six-week-old female CD 1 mice weighing
7.6 ± 1.7 g (2.1 mL blood volume from Sluiter et al., 1984)
ere used in the pharmacokinetic experiments (Charles River
aboratories, Les Oncins, France). Mice were separated into
roups of three (not injected, 2-h and 8-h groups) or six (other
ime points) animals and housed in metabolism cages. Food and
ater were given ad libitum. The animal room was kept at a

ontrolled temperature (22 ◦C) and light cycle (12 h light expo-
ure from). Before injecting the mice into the retro-orbital sinus
200 �L MFL, 20 mM total lipids, 34 mM Fe(III), 14 �g iron
er g of mouse), they were anesthetized by placing them for
min in an induction chamber filled with 3.5% (v/v) in air of

soflurane AErrane® (Pharmacia, France) at a rate of 1 L per
inute. During injection (around 10 s), anesthesia was main-

ained by inhalation of 2.5% (v/v) isoflurane/air (0.5 L/min) by
sing a respirator. The mice were returned to their room between
ecovering from anesthesia and blood and organ sampling.

Five minutes before each time-point, the animals were anes-
hetized as described above. Then, 100 and 200 �L of total blood
amples were taken by cardiac puncture for separate analysis of
ipids and iron oxide and immediately mixed with 1 mL and
00 �L, respectively, of 60 mM sodium citrate solution, to pre-
ent coagulation. Citrate-treated blood samples were stored at
◦C until analyses which were performed within the next 6 h

or lipids and within less than 48 h for iron oxide.
After blood sampling, the mice were sacrificed by cervical

upture under anesthesia and organs (liver, spleen, hart, kidneys,
ungs) were carefully removed and placed in 4% paraformalde-
yde (v/v in 1X phosphate buffer saline PBS Gibco®) at 4 ◦C,
H 7.4, for 4 days. Then organs were rinsed with and stored in
X PBS at 4 ◦C. Buffer was changed once after 24-h storage.

.4. Magnetic fluid biodistribution and histological
nalyses

Separate weighed portions of the organs were taken for iron
ontent measurement and histological analysis. Iron content
as determined by atomic absorption spectrometry (AAna-

yst 100, Perkin Elmer, France). Organ pieces in the range of
0–20% (20–30% for livers) by weight of total organ (10−5 g
eight precision) were introduced into a 4 mL vial with 0.5 mL

1 mL for liver pieces) aqueous chlorhydric acid 35% (v/v)
nd 0.25 mL (0.5 mL for liver pieces) aqueous sulfuric acid
0% (v/v) and placed in a sonication bath (B 2200, Bransonic,
rance) for 2 h until complete dissolution. Then, 300 �L aliquots
f the obtained homogenous mixtures were diluted in 2.5 mL
istilled water and directly analyzed. The iron contents (pre-
ision, 1.68 × 10−8 mol) were determined with 9% standard
eviation (n = 3) by using a standard linear curve in the 10 to
00 �g/mL range (0.99 correlation coefficient), independently
stablished from known iron oxide solutions in the same solvent.
rgan extracts for histology were put in 8 mL poly(ethylene)
oxes filled with OCT (optimum cutting temperature, Com-

ound Gurr®, BDH, England) and then plunged into liquid
itrogen for 2 min. Freeze tissue blocks were cut in a cryomicro-
ome (CM 3050S, Leica, Germany) at −21 ◦C into 18–20 �m
hick sections. These were observed by confocal fluorescence

t
f
p
t
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icroscopy using a CLSM 510 microscope (Zeiss, Germany)
oupled with a LSM 5 Image Browser (Zeiss, Germany) and an
ir-cooled ion laser providing excitation light at 488 and 543 nm.
efore analysis, a drop of Slowfade® (Molecular Probes, USA)
as deposited on the slices to ensure fluorescence protection.

mages were obtained by using Plan Apochromat 14× and 20×
bjective lens (Zeiss, Germany) and 505–550 and 563–659 nm
mission filters. Pictures seen in Figs. 8 and 9 were representa-
ive of a number of images from three sections per mouse organ
ach taken from three distinct animals.

.5. Lipids pharmacokinetics by fluorescence spectroscopy

Fluorescence emission spectroscopy was carried out on
spectrofluorimeter (Fluorolog Spex FL1T11, Jobin Yvon,

ongjumeau, France) connected to a computer. Standards were
btained by addition of known amounts of the MFL prepara-
ion used for animal injections to blood taken from the group of
on-injected mice. Just before each fluorescence measurement,
00 �L of 60 mM sodium citrate and 100 �L of 100 mM OG
queous solutions were added to the blood samples previously
reated by sodium citrate (see Section 2.3). Then, 250 �L of the
iluted blood sample was added into 1.750 mL of 33 mM octyl
lucoside (OG) and 60 mM sodium citrate solution in water to
btain complete solubilization of both MFLs and blood com-
onents. The final optically transparent solutions (2 mL) were
hen placed in a 1-cm path length quartz cell maintained at
0 ◦C. Rho-PE fluorescence emission spectra were recorded
etween 585 and 700 nm at 569 nm excitation wavelength. The
verage emission spectrum of three liposome-free blood sam-
les at the same blood concentration and similarly treated by
odium citrate and OG was subtracted from the sample and
tandard emission spectra. Lipid concentrations (0.5 nM Rho-
E detection limit) were determined from the standard linear
urve giving the variation of intensity at the maximum emis-
ion wavelength (590 ± 2 nm) versus Rho-PE concentration in
he 1–100 nM range (0.99 correlation coefficient). Each sample
nalysis was performed in triplicate (8% standard deviation).

.6. Magnetic fluid pharmacokinetics by relaxometry

T2 relaxation times were measured at 0.47 T (20 MHz proton
armor frequency) and 37 ◦C using a Minispec PC120 spec-

rometer (Brucker, France), using a Carr-Purcell Meiboom Gill
CPMG) spin echo pulse sequence (interpulses delay of 1 ms,
00 data points, 5 acquisitions). Just before each measurement,
00 �L of a 60 mM sodium citrate and 66 mM OG aqueous
olution was added to the blood samples previously treated by
odium citrate (see Section 2.3). Then, 200 �L of the diluted
lood sample was added into 1.0 mL of 33 mM octyl gluco-
ide (OG) and 60 mM sodium citrate solution in water to get
omplete solubilization of both MFLs and blood components.
tandard were prepared similarly by mixing known amounts of
he MFL dispersion used for animal injections with blood taken
rom non-injected mice. Average iron oxide contents (1.4 �M
recision; 4% standard deviation, n = 3) were calculated from
he 1/T2 versus [Fe(III)] standard linear curve in the 2.8–285 �M



al of Pharmaceutics 344 (2007) 118–127 121

F

3

3

l
h
2
r
R
p
t
i
h
m
i
e
v
n
p
(
i
3
s

3

P
e
r
s
(
s
s
d

F
(
P
w
s
1

Fig. 2. Confocal microscopy image of (EPC:DSPE-PEG2000:Rho-PE;
94:5:1 mol%) magnetic-fluid-loaded liposomes (5 × 10−2 mM total lipid).
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e(III) concentration range (0.99 correlation coefficient).

. Results

.1. MFL characteristics

The PEG-ylated and rhodhamine-labeled magnetic-fluid-
oaded liposomes (MFLs) prepared in this study were
omogenous in size with a mean hydrodynamic diameter of
00 ± 40 nm from QELS, in good agreement with our earlier
esults (Riviere et al., in press; Martina et al., 2007). Insertion of
ho-PE into the membrane rendered the liposomes fluorescent
roperties to the liposomes which exhibited maximum excita-
ion and emission intensity at 569 and 592 nm, respectively,
ndependently of magnetic fluid encapsulation (Fig. 1). The
igh fluorescence yield is shown by the confocal fluorescence
icroscopy image in Fig. 2, which also reveals well individual-

zed and rather monodisperse particles. For the pharmacokinetic
xperiments, the amount of magnetic fluid entrapped within the
esicles was fixed to that already proved to be efficient for mag-
etic direction in vitro and in vivo, i.e., equal to 1.7 mol of Fe(III)
er mole of lipids and 2.5 M maghemite internal concentration
Martina et al., 2005, 2007; Fortin et al., 2006; Riviere et al.,
n press). In these conditions, MFLs are stable over more than

months in different aqueous media, even in the presence of
erum (Martina et al., 2005).

.2. In vivo pharmacokinetics

MFL were followed in the blood of mice by both the Rho-
E fluorescence in the lipid bilayer and by relaxometry for the
ntrapped maghemite particles. In the first case, in order to accu-
ately quantify Rho-PE concentrations in blood by fluorescence
pectroscopy, it was necessary to eliminate the inner filter effect

Lakowicz, 1983) mainly due to the presence of erythrocytes and
erum proteins in the samples. This was achieved by solubili-
ation with the non-ionic surfactant octyl glucoside (OG) that
oes not interfere with fluorescent characteristics of the probe

ig. 1. Fluorescence excitation (596 nm emission wavelength) and emission
569 nm excitation wavelength) spectra in buffer at 25 ◦C of (EPC:DSPE-
EG2000:Rho-PE; 94:5:1 mol%) liposomes (0.2 mM total lipid concentration)
ith (I) or without (II) magnetic fluid at 2.5 M internal concentration. Lipo-

omes mean hydrodynamic diameters from QELS were 200 ± 40 nm (I) and
90 ± 50 nm (II).

o
t
s
t

F
m
b
d
b
c

ncident ion-laser wavelength: 543 nm. White bar: 2 �m. Liposomes are seen
ith an apparent size higher than their effective diameter due to superimposed
ayleigh scattering (Martina et al., 2005, 2007).

nd dissolve lipid and serum components without causing pre-
ipitation (Morandat and El Kirat, 2007). UV-visible absorption
pectra before and after addition of OG to blood taken from
on-injected mice clearly demonstrated effective solubilisation
y this surfactant. The baseline level became very low, indicating
hat blood turbidity was largely eliminated. Only the absorption
ands of haemoglobin at 539 and 574 nm persisted. In these con-
itions, the samples became optically transparent, thus allowing
uorescence measurements. Fig. 3 shows fluorescence emis-
ion spectra of Rho-PE recorded from OG-solubilized MFLs at
2 �M total lipid concentration, either in buffer (spectrum I)
r in blood before (spectrum II) and after (spectrum III) sub-
racting the emission spectrum of OG-treated blood (IV) at the
ame dilution. It is noteworthy that the subtracted Rho-PE spec-
rum in blood is similar in shape to that in buffer and will be

ig. 3. Fluorescence emission spectra recorded from rhodamine-labeled
agnetic-fluid-loaded liposomes in a 33 mM OG solution in buffer (I) or in

lood treated by a 60 mM sodium citrate and 33 mM OG solution at 0.5% (v/v)
ilution ratio (II). Total lipid concentration: 2 �M. Spectrum (III) was obtained
y subtracting the emission spectrum (IV) of blood solubilized in 60 mM sodium
itrate and 33 mM OG (0.5%, v/v dilution ratio).
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from Rho-PE fluorescence measurements and from relaxometry by dividing iron
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for six animals with the exception of points at 2 and 8 h (mean for three animals).
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asily detected at submicromolar concentrations, providing effi-
acy of solubilisation with OG. Nevertheless, the intensities at
he emission maximum of the probe differ due to residual inner
lter effect of haemoglobin absorption in the rhodamine excita-

ion and emission ranges. For this reason, samples taken from
njected mice and standards were analyzed at a rigorously fixed
lood dilution ratio, i.e., at a constant inner filter effect.

Samples for magnetic fluid titration by relaxometry were
imilarly solubilised by OG to obtain a homogenous distribution
f the maghemite nanocrystals and hence a reliable response
n the relaxation time shortening of the hydrogen nuclei as a
unction of iron oxide concentration. In such conditions, the
ransverse relaxation kinetics could be simply described by the
ollowing equation (Okuata, 1999):

1

T2
= 1

T2 sol
+ r2 × [Fe(III)] (1)

here T2 is the transverse relaxation time of the protons in
he presence of magnetic fluid that acts as contrast agent, T2 sol
he transverse relaxation time of water protons in the iron-free
lood solution, and coefficient r2 is the proton relaxation rate or
elaxivity. The r2 value found from linear regression analysis of
tandard measurements was equal to 29 ± 2 mM−1 s−1 that was
bout three times lower than the value previously determined in
uffer medium (108 ± 5 mM−1 s−1) (Martina et al., 2005). This
as probably because the medium containing blood was more
iscous than the aqueous buffer.

Fig. 4 shows the correlation between Rho-PE and Fe(III) con-
entrations independently determined at different times after
ntravenous injection of MFLs to mice. A linear relationship
learly existed and regression analysis gave a slope of the straight
ine equal to 1.75 (0.97 correlation coefficient) that was, within

he experimental error, equal to the value of the initial encap-
ulation ratio of the injected MFLs (1.7 ± 0.1). It then appeared
hat the amount of iron oxide per unit of lipid circulating in
he vascular compartment was both independent of time and,

ig. 4. Variation of iron oxide concentrations determined by relaxometry versus
otal lipid concentrations from Rho-PE fluorescence measurements in blood
amples taken from mice at different time intervals (0.25; 0.5; 0.75; 1; 2; 4; 8;
4 h) after intravenous injection of magnetic-fluid-loaded liposomes (246 �mol
ron oxide and 145 �mol lipids per kg). Points are the mean values for six animals
ith the exception of those at 2 and 8 h (mean for three animals).
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he straight lines are drawn by using the parameters calculated from the best
ouble exponential fitting of the data (1.35 exp(−0.59t) and 0.43 exp(−0.055t),
espectively).

mportantly, the same as that initially injected. A Student’s test
erformed over the different mice groups of mice confirmed the
ron-lipid correlation with a risk below 5%.

On the basis of the preceding result, intravascular concen-
rations of iron oxide or Rho-PE could be used indifferently to
alculate the concentrations of the circulating magnetic-fluid-
oaded liposomes. Thus, these data were compiled to establish
he pharmacokinetic profile shown in Fig. 5. This profile was
haracteristic of biphasic elimination from blood that consisted
n a rapid elimination phase of MFLs within the first two hours
ollowed by a much slower elimination phase, MFLs being still
etected in blood 24 h after injection. Double exponential fit-
ing demonstrated the existence of two first-order elimination
Log-linear) kinetics with rate constants of 9.95 × 10−3 and
.16 × 10−4 min−1, respectively, yielding distinct intravascular
alf-lives of 70 min and 12.6 h.

To investigate the role of PEG coating and that of iron
xide loading on liposomes clearance from blood, PEG-ylated
hodamine-labelled liposomes with different iron loadings were
repared, as well as conventional (non PEG-ylated) liposomes
ith or without iron oxide. The intravascular lipid concentra-

ions were determined by Rho-PE fluorescence spectrometry
h after injection. As shown in Fig. 6, a large proportion of

he liposomes without PEG coating had been cleared from
he blood at this time, the magnetic-fluid-loaded ones being
ardly detectable. In contrast, significant amounts of the PEG-
lated liposomes remained in blood. However empty liposomes
eemed to circulate longer than MFLs which, furthermore, were
leared in the same way whatever their magnetic fluid content.

.3. Tissue distribution and histology
Tissue distribution of iron oxide entrapped in MFLs and
njected intravenously into mice was studied at different times
fter injection. Fig. 7 shows results from atomic absorption
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Fig. 6. Variation of liposome concentration (mM total lipids from Rho-PE
fluorescence spectrometry) in blood 4 h after intravenous injection to mice
(145 �mol lipids per kg) as a function of iron oxide loading and coating. Num-
bers in abscissa indicate iron loading in moles of Fe(III) per mole of lipids.
QELS hydrodynamic diameters of liposomes from the left to the right: 200 ± 45,
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00 ± 60, 190 ± 40, 190 ± 50, 200 ± 50, 290 ± 55 nm. Each bar is the mean
alue for three (PEG-ylated MFLs with 1.0 or 3.4 mol of iron per mole of lipid)
r six (others) animals.

pectrometry for heart, liver, lungs, spleen and kidneys. They
learly highlighted preferential and progressive accumulation
ithin liver and spleen in agreement with uptake of MFLs
y mononuclear phagocyte system. The other organs showed
ron contents that were not significantly different from that of
ntreated mice. The slight uptake by kidneys from 4 h onwards
ay be related to the physiological iron excretion pathway

Canonne-Hergaux and Gros, 2002).
The histological analysis was focussed on the MPS organs,

iver and spleen. As shown by confocal microscopy images in
igs. 8 and 9 taken on liver and spleen slices respectively, iron
ptake (Fig. 7) was co-localized with rhodamine-labelled lipo-
ome accumulation in the tissues. Organ structure was visualized
y laser-beam excitation wavelength at 488 nm and emission
ecording in the 505–550 nm range, i.e., in the intrinsic fluo-

escence bands of the tissue and outside of those of Rho-PE
Fig. 1 and Martina et al., 2007). Rhodamine-labelled MFLs
ere revealed by laser-beam excitation wavelength at 543 nm

nd recording in the 563–659 nm range (see Figs. 1 and 2). In

ig. 7. Retention of iron in organs versus time after one intravenous injection of
agnetic-fluid-loaded liposomes in mice (246 �mol iron oxide and 145 �mol

ipids per kg). Iron amounts are expressed in percentage of the iron content
ound in organs of non-injected mice (n = 3). Each bar is the mean value for
hree animals.
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ig. 8a, control images of liver from a non-injected mouse show
erfect superimposition of intrinsic fluorescence of the tissue in
he 505–550 nm range (excitation at 488 nm, seen in green) with
ather weak and sparse auto-fluorescence in the 563–659 nm
ange (excitation at 543 nm, seen in red) due to protein prosthetic
roups such as haem (Fig. 3). Consequently, areas with well
ocalized fluorescence signals of high intensity (over the thresh-
ld of auto-fluorescence of the tissues) detected after excitation
t 543 nm can be interpreted as corresponding to concentrated
ho-PE which is still within an intact MFL membrane (Martina
t al., 2007; Riviere et al., in press).

Fig. 8b and c show typical images of liver slices at 4 h after
njection. Fluorescent spots can be seen inside the blood vessels
n both longitudinal (Fig. 8b) and transversal (Fig. 8c) sections.
hese spots correspond to Rho-PE MFLs because of their high
uorescence intensity and since most of them coincide to black
reas at 488-nm excitation. In Fig. 8c, sparser but intense fluo-
escence detected in the parenchyma only at 543-nm excitation
ndicates extravasation of part of the MFLs. After 24 h, MFLs
ere only seen inside the vessels (Fig. 8d). A micrograph typi-

al of a spleen slice from a control mouse is shown in Fig. 9a.
ery little auto-fluorescence in the emission range of rhodamine
as detected; therefore, as in liver, any bright spots visualized

n treated mice would be due to the presence of fluorescent
FLs. An image recorded 4 h after injection clearly reveal MFLs

ocated within red pulp and some starting to appear in white pulp
Fig. 9b) whereas at 24 h, the trapped liposomes were recovered
nly inside white pulp (Fig. 9c).

. Discussion

The aim of this work was to study the pharmacokinetics and
rgan distribution of a new and promising formulation of magne-
oliposomes. For this sort of investigation, it is essential to have
eliable markers for the vesicles; ideally, both the lipid bilayer
nd the internal aqueous volume and content should be labelled
Allen et al., 1995). The phosphatidylethanolamine derivative
ho-PE is a good tracer of the lipid component since it inserts

nto phospholipid bilayers without inducing structural defects
Eidelman et al., 1988; Paternostre et al., 1995) and is stable
n biological fluids, since it does not undergo exchange with
lasma lipoproteins (Davidson et al., 2006; Torchilin, 2005).
urthermore, its chemical stability and high fluorescence sen-
itivity allowed us to develop a one-step determination of lipid
oncentrations from whole blood sample that has, to the best
f our knowledge, not been described before. Moreover, the
aghemite particles contained in the MFLs constituted an excel-

ent tracer of liposome internal volume and content. Iron oxide
an be easily detected by atomic absorption spectrometry in
iological tissue extracts and in blood by relaxometry. The lat-
er technique has been already applied (Weissleder et al., 1989)
nd its usefulness was confirmed here. It is worth noting that the
nly difficulty inherent to MFLs was their rather high density

ue to iron loading which made it impossible to recover them in
he plasma by a centrifugation process. Therefore, it was impor-
ant to develop techniques that could be used on whole blood.
nother advantage of iron oxide particles as a marker was their
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Fig. 8. Confocal microscopy images of liver slices from (a) a control mouse or (b–d) mice injected by magnetic-fluid-loaded liposomes at 4 h (b and c) and 24 h (d)
before removing the organs (246 �mol iron oxide and 145 �mol lipids per kg). Red and green areas correspond to rhodamine fluorescence acquisition (excitation
at 543 nm, collected emission in the 563–659 nm range) and tissue fluorescence acquisition (excitation at 488 nm, collected emission in the 505–550 nm range),
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espectively (magnification 40× (b) or 30× (a, c, and d)). White bars represent 5
ho-PE MFLs.

etention within the liposome structure. With a diameter close to
nm, the maghemite particles are too large to cross the phospho-

ipid bilayer passively and only leak when pores are formed in the
ilayer (Lesieur et al., 2003). This gives them an advantage over
ow-molecular-mass tracers of the internal aqueous volume. The
obustness of these two complementary techniques for follow-
ng the MFLs allowed us to perform reliable pharmacokinetic
nd distribution experiments.

Quantitative and independent analyses of lipids and iron
xide led to a first conclusion that MFLs circulate intact within
he intravascular compartment without degradation or permeabi-
ization of the lipid membrane, since the initial magnetic fluid
oading was maintained over a 24-h period of time. This is con-
istent with our previous, qualitative observations by magnetic
esonance angiographic imaging (Martina et al., 2005). From

general point of view, this result gives reliable additional
vidence more for in vivo structural resistance of PEG-ylated
iposomes in blood. This can be explained by the now well

ccepted steric stabilizing effect of the hydrophilic polymeric
hains which protect vesicles from their intrinsic susceptibility
o aggregation and fusion and, to a certain extent, can delay the
ction of exogenous destabilizing components (Beugin-Deroo

m
I
i
c

. Letters show central veins (cv) or erythrocytes (hs) and yellow arrows localize

t al., 1998; Needham et al., 1992). Here, the total retention of
he loaded iron oxide particles within the internal vesicle volume
fter intravenous administration shows that the MFL bilayer was
ot damaged in blood stream.

The second conclusion of the pharmacokinetic study was
o demonstrate the existence of two first-order kinetics of
limination with clearly different rate constants. This strongly
esembled an elimination profile typically described by a two-
ompartment open model where there is a rapid distribution
hase into the MPS followed by a slower elimination phase
rom the blood (Allen et al., 1995). In the case of MFLs, it
s clear that the first phase of elimination corresponds to rapid
ptake by liver and spleen, as shown by the tissue distribution
f iron and organ histology. Interestingly, the liposome local-
sation with time in spleen, changed in a way similar to the

igration of dendritic cells when they capture foreign mate-
ial and present it to lymphocytes. This confirmed that MFLs
ere removed from the blood compartment via a phagocytic

echanism and thus did not exhibit strict “stealth” behaviour.

n fact, hepatic and splenic sequestration within the first hour of
njection has already been observed for other PEG-ylated vesi-
le systems (Moghimi and Szebeni, 2003; Gabizon et al., 1994;
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Fig. 9. Confocal microscopy images of spleen slices from (a) a control mouse or (b and c) mice injected by magnetic-fluid-loaded liposomes at 4 h (b) and 24 h (c)
before removing the organ (246 �mol iron oxide and 145 �mol lipids per kg). Red and green areas correspond to rhodamine fluorescence acquisition (excitation
a ce acq
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t 543 nm, collected emission in the 563–659 nm range) and tissue fluorescen
espectively (magnification 14×). White bars represent 50 �m. Letters show red

abizon, 1995). As recently suggested (Moghimi and Szebeni,
003; Dos Santos et al., 2007), despite PEG grafting, adsorp-
ion of plasma proteins onto the liposome surface would be not
otally impeded and opsonisation could occur efficiently in vivo.
his first phase has worthwhile often been missed in pharma-
okinetic studies since it requires the determination of liposome
evels at very early time points after injection which has not usu-
lly been performed (Allen et al., 1995). It could be not totally
uled out that the 200 nm mean diameter of the vesicles could
avour their uptake by the MPS. Reducing the size of MFLs may
mprove their stealth behaviour (Charois and Allen, 2003) but
ould decrease the magnetic fluid amount per liposome with the

isk to make magnetic guidance unworkable. This could deserve
urther investigation.

The second elimination phase has been generally attributed
o transitory saturation of the MPS (Moghimi and Szebeni,
003) and, for MFLs, occurred from two hours after adminis-
ration. At these times, steady MFL concentrations around 30%

f the injected dose were still detected in the blood circula-
ion. Thereafter, MFLs showed long-circulating behaviour with
half-life of 12.6 h. Interestingly, the dose of 4 �mol per mouse
t which saturation step was observed was clearly higher than

c
t

s

uisition (excitation at 488 nm, collected emission in the 505–550 nm range),
(rp) or white pulp (wp) and yellow arrows localize Rho-PE MFLs.

hat determined for conventional liposomes (not PEG-ylated)
sually below 2 �mol while effective Stealth® liposomes show
harmacokinetics independent of the dose (Allen et al., 1995).
EG-ylated MFLs then seem intermediate stealth systems that
ould deserve examination of pharmacokinetics at different
oses.

Nevertheless, whereas PEG grafting clearly governed the
ate of intravenously administered MFLs (Fig. 6), maghemite
oading seemed enhance their removal from the blood compart-

ent, with however no apparent influence of the iron loading.
his puzzling result could be explained by the osmotic effect of

he concentrated iron oxide within the vesicles all the more so
s maghemite nanocrystals were stabilized by citrate anions and
hen were negatively charged as shown by their zeta potential
ound close to −18 mV in buffer. The concentration gradient
ay indeed induce water to enter and the vesicles to swell,
hich may stretch the bilayer more than in empty vesicles. This
ay change the bilayer elasticity properties and then PEG chain
onformation and dynamics, favorizing opsonin binding and
hereby interactions with phagocytic cells (Morone et al., 2001).

In summary, this work contributed to the in vivo characteri-
ation of fluorescent magnetic-fluid-loaded liposomes stabilized
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y PEG coating. Their pharmacokinetics studied in intravenous
njection into mice ranks MFLs, unilamellar and close to 200 nm
n diameter, among “intermediate” stealth delivery systems. The
act that identical profiles were observed for the vesicle lipids
nd their internal content demonstrated conclusively that they
irculated as intact structures. Despite their initial rapid uptake
y macrophages within 50 min of injection, they exhibited a sec-
nd longer phase of circulation time and remained detectable in
lood up to 24 h after injection. Since these particles are designed
o be guided to a site of interest by an external magnetic field,
his moderately enhanced circulation time would be sufficient
o give them a number of interesting biological applications. As
ur previous results show, such particles can be directed in vivo
y a magnet through the blood vessels towards solid tumors or
nto brain (Fortin et al., 2006; Riviere et al., in press; Martina et
l., 2007). When loaded with a suitable therapeutic agent, such
FLs could be used to treat tumors and other pathologies effi-

iently, allowing overall drug doses to be reduced and avoiding
ide effects.
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