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a b s t r a c t

The field of molecular imaging aims to visualize and quantify (patho)physiological processes at the cel-
lular and molecular level. Sensitive and site-targeted contrast agents are employed to visualize molecular
constituents of processes of interest. The principal aim of this study was to develop a magnetic resonance
imaging (MRI) detectable liposome with high relaxivity and stability. To this end, Gd(III)DOTA-DSPE was
synthesized and incorporated in a liposomal formulation. The resulting liposomes were extensively char-
acterized in vitro in terms of contrast agent efficiency and structural properties. The liposomes were
shown to have a high longitudinal relaxivity, which is crucial for the detection of low concentration
molecular markers in molecular imaging studies. We also demonstrated that Gd(III)DOTA-DSPE exhibits
no detectable transmetallation upon incubation with Zn(II). This is important as it significantly contrib-
utes to the biocompatibility of the contrast agent. The present liposome preparation will serve as versa-
tile and well characterized platform for molecular imaging and targeted drug delivery studies.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction of protons in primarily water and lipids. The majority of MR con-
In the last decade, a new field of research in medical imaging
has emerged, referred to as ‘molecular imaging’, which aims to
visualize and quantify (patho)physiological processes at the cellu-
lar and molecular level [1]. As molecular markers of physiological
processes are too small and often present in concentrations too
low to be directly detected using conventional imaging ap-
proaches, sensitive site-targeted contrast agents are employed in
combination with a non-invasive imaging modality, such as mag-
netic resonance imaging (MRI). The recent applications include
the development of nanocarriers for combined imaging and drug
delivery. Hence, MRI detectable nanoparticles endowed with spe-
cific targeting capabilities are designed to report on the localiza-
tion of specific biomarkers as well as on the drug release process
and therapeutic outcome [2].

Signal intensities in MR images of living tissues depend on the
so-called longitudinal and transverse relaxation times (T1 and T2)
ll rights reserved.
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trast agents act by shortening the relaxation times of water pro-
tons. The efficiency by which a contrast agent shortens the T1 is
called the longitudinal relaxivity, r1 (units, mM�1s�1). The relation
between the longitudinal relaxation rate (1/T1) of the bulk water
protons and the T1-relaxivity of a contrast agent is described by

1
T1
¼ 1

T1;tissue
þ r1½CA�; ð1Þ

where T1 and T1,tissue are the longitudinal relaxation times in the
presence and in the absence of the MR contrast agent, respectively,
and [CA] is the concentration of the contrast agent. The same equa-
tion holds for the transversal relaxation time and relaxivity, T2 and
r2, respectively. Most MRI contrast agents are based either on iron-
oxide particles or on Gd(III) complexes. Iron-oxide-based contrast
agents generally have a high r2/r1 ratio and are therefore suitable
to generate negative contrast (dark areas) in T2-weighted images,
while Gd(III)-based contrast agents have a relatively low r2/r1 ratio,
and are most frequently employed to generate positive contrast
(bright spots) in T1-weighted images.

The sensitivity of MRI for detecting low concentrations of con-
trast agents is relatively low, and is often not sufficient to visualize
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sparse molecular epitopes. This problem can be overcome by using
contrast agents with a very high relaxivity or by using nanoparti-
cles that contain a high payload of low-relaxivity contrast agents.
In case of Gd(III) contrast agents, nanoparticles based on colloidal
lipid systems such as liposomes and micelles are very suitable as
they can be equipped with hundreds to ten-thousands of Gd(III)
complexes [3]. Micelles and liposomes have been studied exten-
sively in the past decades as drug carrier systems [4,5]. More re-
cently, these particles have also been employed successfully as
MRI contrast agents to do cell labeling [6] and to visualize, for
example, markers of tumor angiogenesis [7], the pathophysiology
of atherosclerotic plaques [8,9], autoimmune encephalitis [10]
and apoptosis [11].

The principal aim of this study was to develop a lipid-based
MRI detectable liposome with improved relaxivity and stability
compared to previously published formulations [12,3], and to
provide an extensive characterization in terms of MRI and struc-
tural properties. The presented liposome preparation contains a
high payload of a novel paramagnetic lipid molecule, Gd(III)DO-
TA-DSPE. Next to the synthesis of this compound and the lipo-
some preparation procedure, the characterization of the
liposomes is described.
2. Materials and methods

2.1. Materials

1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distea-
royl-sn-Glycero-3-phosphoethanolamine-N-[methoxy(polyethyl-
eneglycol)-2000] (PEG2000-DSPE), and cholesterol (Chol) were
purchased from Avanti Polar Lipds (Albaster, AL). Gd(III)DTPA-
bis(sterylamide) (Gd(III)DTPA-BSA) was obtained from Gateway
Chemical Technology (St. Louis, MO). Gd(III)DTPA (Magnevist�)
was obtained from Schering (Berlin, Germany). Gd(III)-HPDO3A
(Prohance�) was purchased from Bracco Diagnostics (Milan,
Italy). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)
was purchased from Alexis Biochemicals (Lausen, Switzerland).
Dichloromethane (DCM) was dried over P2O5. Dimethylformam-
ide (DMF) was dried over molsieves. Unless stated otherwise,
all other reagents and chemicals were obtained from commer-
cial sources and used without further purification. All hygro-
scopic compounds were stored in a desiccator over P2O5.
N,N0-Diisopropylethylamine (DiPEA) was stored over KOH
pellets.

2.2. Instrumentation

1H NMR, 13C NMR and 31P NMR spectra were recorded on a
Gemini-2000 300 MHz spectrometer from Varian (Palo Alto, CA),
a Varian Mercury V� 400 MHz spectrometer or a Varian Unity Ino-
va 500 MHz spectrometer at 25 �C. Chemical shifts are given in
ppm (d) values. Infrared spectra were recorded on a Perkin–Elmer
(Waltham, Massachusetts) 1605 FT-IR spectrometer. MALDI-TOF
spectra were obtained on a Perspective Biosystems Voyager DE-
Pro (Hertford, UK). The HPLC system was coupled to an evaporative
light scattering detector (ELSD), Alltech ELSD 2000 (Nicholasville,
UK). All HPLC runs were executed with a 0.5 mL/min flow rate
using a Kromasil (Bohus, Sweden) C18 column (150 � 3.2 mm).

2.3. Synthesis

A schematic of the synthesis showing the organic structures of
the building blocks and intermediates can be found in Fig. 1. The
numbering of the structures in Fig. 1 corresponds to the numbering
of the structures in the text.
2.4. DOTA-based building block (3)

Tris-t-butyl DOTA (3) intermediate was synthesized according
to the literature procedure [13,14]. In this procedure first the
tris-t-butyl-ester of cyclen was formed, followed by alkylation with
benzyl bromoacetate and hydrogenation.

2.5. Tris-t-Bu-DOTA-DSPE (4)

DOTA-based building block 3 (1.50 g, 2.62 mmol) was added to
a solution of HSTU (0.990 g, 0.276 mmol) and DiPEA (1.60 mL,
9.52 mmol) in dry DMF (10 mL). The mixture was stirred for 1 h
at room temperature under an argon atmosphere. To the obtained
yellowish solution, a solution of DSPE (2) (0.178 g, 2.38 mmol) in
CHCl3 (15 mL) was added under an argon atmosphere. The temper-
ature was increased to 45 �C, and after approximately 10 min a
clear solution was obtained. This solution was stirred for another
2 h at 45 �C. After cooling, the solution was stirred overnight at
room temperature. The solution was concentrated under reduced
pressure, co-evaporated with toluene (2 � 20 mL) and CHCl3

(2 � 20 mL). The product was precipitated in 1:1 v/v water/MeOH.
The yellowish precipitate was isolated by means of centrifugation.
The resulting pellet was dissolved in CHCl3, and concentrated in va-
cuo. The resulting solid was redissolved in 50 mL diethyl ether
(some heating was needed), and washed with demi water
(20 mL). Subsequently, the organic phase was concentrated in va-
cuo, resulting in 4 (2.93 g, 2.25 mmol) as a yellowish solid in 95%
yield. 1H NMR (CDCl3): d = 9.6 (br t, 1H, NH), 5.2 (m, 1H, H2),
4.5–4.4 (m, 1H, J1 = 12.0 Hz, J2 = 3.4 Hz, H1), 4.3–4.2 (m, 1H,
J1 = 12 Hz, J2 = 6.4 Hz, H10), 4.1–3.9 (m, 4H, H3{2H} + POCH2

CH2NHCO{2H}), 3.6–2.0 (br m, 26 H, NCH2CH2N {16H} + NCH2CO
{8H} + POCH2CH2NHCO {2H}), 2.3–2.2 (m, 4H,
CH3(CH2)15CH2CO),1.7–1.0 (m, 87H), 0.9 (t, 6H, J = 6.8 Hz, CH2CH3).
The assignment of the 1H NMR spectrum is confirmed by 1H,1H
COSY. 13C NMR (CDCl3, 125 MHz): d = 173.5 (C@O), 173.1 (C@O),
173.0 (C@O), 170.9 (C@O), 81.9 (C(CH3)3, 70.8–70.7, 63.3–63.0
(multiple signals), 56.4, 55.7, 54–47 (set of two broad signals),
41.9, 34.4, 34.2, 31.9, 29.7–29.0 (multiple signals), 27.9, 24.9,
22.7, 14.1. 31P NMR (CDCl3): d = 1.4. FT-IR (ATR): m (cm�1) 3212
(NH stretch), 2924, 2853, 1729, 1668, 1567, 1456, 1381, 1369,
1312, 1227, 1163, 1066 and 908. MALDI-TOF (positive mode): m/
z [C69H132N5O15P1 + H]+ Calcd. 1302.9 Da.; Obsd. 1302.8 Da.;
[M + Na]+ Calcd. 1324.9 Da.; Obsd. 1324.8 Da. MALDI-TOF (nega-
tive mode): m/z [M - H]� Calcd. 1300.9 Da.; Obsd. 1300.7 Da.

2.6. DOTA-DSPE (5)

TFA (5 mL) was added to a solution of 4 (2.93 g, 2.25 mmol) in
CHCl3 (15 mL) under an atmosphere of argon. The solution was vig-
orously stirred for 2 h at room temperature. The solution was con-
centrated under reduced pressure, redissolved in 1:3 v/v TFA/CHCl3

(20 mL), and stirring was continued overnight at room tempera-
ture. The solution was concentrated under reduced pressure, and
again dissolved in 1:3 v/v TFA/CHCl3 (20 mL). The solution was vig-
orously stirred for 2 h at room temperature. Subsequently, the
solution was concentrated under reduced pressure, co-evaporated
with toluene (2 � 10 mL) and CHCl3 (2 � 10 mL) and precipitated
in CH3CN to yield 5 (0.309 g, 0.273 mmol) as a yellowish solid.
1H NMR spectroscopy confirmed the successful removal of the
tert-butyl ester groups indicated by the absence of signals at
1.46 ppm. 1H NMR (CDCl3): d = 5.2 (br. m, 1H, H2), 4.4–2.4 (br. m,
32H), 2.3 (m, 4H, CH3(CH2)15CH2CO), 1.3–1.1 (m, 60H), 0.9 (t, 6H,
J = 6.4 Hz, CH2CH3).31P NMR (CDCl3): d = �1.8. FT-IR (ATR): m
(cm�1) 3356, 2918, 2851, 1728, 1675, 1467, 1387, 1163 and
1049. MALDI-TOF (positive mode): m/z [C57H108N5O15P1 + H]+
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Fig. 1. Synthesis of Gd(III)DOTA-DSPE (1); (i) 1:1 v/v DMF/CHCl3, HBTU, DiPEA; (ii) 1:2 v/v TFA/DCM; (iii) Gd(OAc)3�5.1 H2O, 3:30:67 v/v/v H2O/MeOH/CHCl3.
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Calcd. 1134.8 Da.; Obsd. 1134.8 Da.; [M + Na]+ Calcd. 1156.8 Da.;
Obsd. 1156.8 Da.; [M + 2Na]+ Calcd. 1178.7 Da.; Obsd. 1178.8 Da.
MALDI-TOF (negative mode): m/z [M � H]� Calcd. 1132.5 Da.;
Obsd. 1132.6 Da.

2.7. Gd(III)DOTA-DSPE (1)

To a solution of 5 (0.50 g, 0.44 mmol) in 9 mL CHCl3 a solution of
Gd(III)(OAc)3�5.1 H2O (0.18 g, 0.42 mmol, 0.95 equivalents) in
10:1 v/v MeOH/H2O (5 mL) was added. Subsequently, the pH was
adjusted to 7 using pyridine, and the solution was stirred overnight
at room temperature. The formation of the Gd(III) complex was
monitored employing analytical RP-HPLC. Since the reaction was
performed with a small excess of DOTA-DSPE, the HPLC elution pro-
file showed a large single peak for the Gd(III)DOTA-DSPE and a
small single peak for the DOTA-DSPE. The solution was concen-
trated under reduced pressure and co-evaporated with 1:1 v/v
MeOH/toluene (2 � 10 mL) and CHCl3 (2 � 10 mL) to yield Gd(III)
complex 1 (0.52 g, 91%) as a yellowish solid. FT-IR (ATR): m (cm�1)
3253, 2922, 2852, 1735, 1595, 1465, 1405, 1319, 1201, 1085 and
1064. MALDI-TOF (negative mode): m/z [C57H105N5O15P1Gd1 –
H]� Calcd. 1287.7 Da.; Obsd. 1287.7 Da.

2.8. Liposome preparation

The liposomes were prepared using 1,2-Distearoyl-sn-glycero-
3-phosphocholine (DSPC), Gd(III)DOTA-DSPE, 1,2-distearoyl-sn-
Glycero-3-phosphoethanolamine-N-[methoxy(polyethylene gly-
col)-2000] (PEG2000-DSPE) and cholesterol (Chol) at a molar ratio
of 1.10/0.75/0.15/1. Liposomes were prepared by lipid film hydra-
tion followed by extrusion [12]. A mixture of the appropriate
amounts of phospholipids and cholesterol (typically a total amount
of 50 lmol) was dissolved in 4:1 v/v CHCl3/MeOH (10 mL) in a
250 mL round-bottomed flask. This solution was evaporated to
dryness using rotation evaporation at 20 mbar and 30 �C. The lipid
film was subsequently put under a nitrogen flow overnight to re-
move traces of organic solvents. Subsequently, the film was heated
to 65 �C and hydrated with HEPES buffered saline (HBS) (20 mM
HEPES, 135 mM NaCl, pH 7.4) at 65 �C for 10 min. The resulting li-
pid dispersion was extruded (Lipofast Extruder, Avestin, Ottawa,
Ontario) at 65 �C sequentially two times through polycarbonate
membrane filters (Whatman, Maidstone, UK) with a pore diameter
of 400 nm (typical extrusion pressure: 10–20 bar), 4 times through
filters with a pore diameter of 200 nm (20–35 bar) and 6 times
through filters with a pore diameter of 100 nm (40–55 bar).

2.9. Liposome characterization

Phospholipid concentrations of the liposomal dispersions were
determined using two techniques. The first method was a phos-
phate determination according to Rouser [15] after destruction
with perchloric acid at 180 �C. The second method made use of
inductively coupled plasma mass spectrometry (ICP-MS, DRCII,
Perkin–Elmer, Philips Research Materials Analysis, Eindhoven,
Netherlands). Destruction of the samples was performed with ni-
tric acid and perchloric acid at 180 �C. In order to determine the
longitudinal relaxivities, Gd(III) concentrations were determined
using ICP-MS as well.

2.10. DLS and zeta potential measurements

The size and size distribution of the liposomes were determined
using dynamic light scattering (DLS) at room temperature on a
Malvern Zetasizer Nano S apparatus (Malvern, UK) equipped with
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a 633 nm laser. Since the liposomes exhibited a relatively narrow
size distribution, a cumulant fit was used for data analysis (Disper-
sion Technology Software v5.00, Malvern Instruments). The zeta
potential of the liposome suspension was determined with the
microelectrophoretic method using the Malvern Zetasizer Nano
ZS apparatus. Measurements were performed at 20 �C in HBS with
20 mM HEPES, 135 mM NaCl at pH 7.4. Each zeta potential was an
average from 1000 measurements.

2.11. Cryo-TEM

Cryogenic transmission electron microscopy was used to
investigate the size, the size distribution and the morphology of
the liposomes. The sample vitrification procedure was carried
out using an automated vitrification robot (FEI Vitrobot Mark
III). TEM grids, R2/2 Quantifoil Jena grids, were purchased from
Aurion (Wageningen, Netherlands). The Quantifoil grids were sur-
face plasma treated using a Cressington 208 carbon coater oper-
ating at 5 mA for 40 s prior to the vitrification procedure.
Imaging was performed on a FEI Tecnai 20, type Sphera TEM
instrument equipped with a LaB6 filament operating at 200 kV.
Images were recorded with a bottom-mounted 1kx1k Gatan
CCD camera. A Gatan cryoholder operating at �170 �C was used
for the cryo-TEM measurements.

2.12. Transmetallation

Transmetallation was investigated using the assay developed by
Laurent et al. [16]. The MRI contrast agent was dispersed in a phos-
phate buffer of pH 7 at a Gd(III) concentration of 2.5 mM. This dis-
persion was kept at 37 �C and at t = 0 ZnCl2 was added (Zn(II)
concentration: 2.5 mM). Subsequently, the evolution of the longi-
tudinal relaxation rate (R1 = 1/T1) was monitored using a Bruker
Minispec mq60. An inversion recovery sequence with four aver-
ages was used. The duration of the 180� pulse was 4.4 ms and of
the 90� pulse was 2.2 ms. Ten different inversion times ranging
in an exponential fashion from 5 ms to at least 5 times the T1 of
the solution were used. The relaxation delay was also set to at least
5 times the T1 of the solution. Transmetallation of Gd(III) by Zn(II)
ion leads to the formation of GdPO4, which precipitates in phos-
phate buffer. GdPO4 does not contribute to R1, and therefore a de-
crease in R1 is observed proportional to the degree of
transmetallation.

2.13. 17O-transverse relaxation rate measurements

17O measurements were performed at 14 T on a Bruker Avance
600 spectrometer. Experimental settings were: spectral width
10 kHz, 90� pulse, acquisition time 10 ms, 128 scans and no sample
spinning. The field-frequency lock was carried out on the signal of
CD3CN contained in a capillary coaxially inserted in the 5 mm tube
containing the sample. To enhance the detection sensitivity the
solutions were enriched in 17O isotope (to 2.5%) by adding 17O en-
riched water (10.4% H2

17O, Yeda R&D Co., Rehovot, Israel). The va-
lue of the observed 17O-transverse relaxation rate was obtained by
measuring the linewidth at half height (Dm12) of the water 17O sig-
nal ðRobs

2 ¼ pDm1=2Þ. The water exchange correlation time (sm) was
estimated by analyzing the data according to the Swift and Connick
theory [17].

2.14. NMRD

z1H NMRD profiles were measured on a Stelar Spinmaster FFC-
2000 fast-field cycling relaxometer (Mede, Italy) in a magnetic
field range from 2.4 � 10�4 to 1.6 T (corresponding to 0.01–
70 MHz of proton Larmor frequencies). The T1 relaxation times
were acquired by the standard inversion recovery method with
typical 90� pulse width of 3.5 ls, using 16 experiments of 4 scans
each. The T1 reproducibility was within 5%. The temperature was
controlled with a Stelar VTC-91 airflow heater equipped with a
calibrated copper constantan thermocouple (precision of 0.1 �C).
Measurements were performed at 25 �C (room temperature),
37 �C (physiological temperature), and 60 �C (at a temperature ex-
pected to be above the phase-transition temperature of the lipo-
somes). The longitudinal relaxivity r1 was calculated according to
Eq. 1 taking into account the diamagnetic contributions of HBS.
The NMRD profiles were analyzed according to the Solomon–
Bloembergen–Morgan equations modified according to the
Lipari–Szabo model free approach [18]. In line with the previous
reports [19,18], the water exchange correlation time (sm), the
number of coordinating water molecules (q), the water proton -
paramagnetic center distance (r), the distance of closest approach
(a) and the diffusional coefficient (D) were kept constant at
sm = 250 ns, q = 1, r = 3.1 Å, a = 3.8 Å and D = 2.2 � 10�5 cm2 s�1

at 25 �C. The global and local rotational correlation times (global
and local sr), the correlation time for electronic relaxation (sv),
the order parameter (S2) and the square of the transient of the
zero field splitting of the electronic spin states (D2) were allowed
to vary.

3. Results and discussion

3.1. Synthesis of Gd(III)DOTA-DSPE

The strategy for the synthesis of Gd(III)DOTA-DSPE(1) is shown
in Fig. 1. The synthesis started with the conjugation of tert-butyl
ester-protected DOTA-based building block 3 to the primary amine
of DSPE (2). The activation of 3 with HSTU in the presence of DiPEA
as a base was performed in situ in DMF. To the solution of the acti-
vated ester, a solution of DSPE (2) in CHCl3 was added. Subse-
quently, the reaction mixture was heated for 2 h at 45 �C
followed by overnight incubation at room temperature. After
extraction and precipitation, intermediate 4 was obtained. Struc-
tural characterization was performed with 1H NMR, RP-HPLC and
MALDI-TOF. In the MALDI-TOF spectrum of 4, the [M+H]+ ion
was registered at 1302.8 Da as the most abundant molecular spe-
cies. The tert-butyl esters of 4 were removed with TFA. The quan-
titative removal of the tert-butyl ester moieties was confirmed by
the disappearance of their –CH3 signals from the 1H NMR spec-
trum. The reaction of DOTA-DSPE (5) with Gd(OAc)3 was per-
formed in 3:30:67 v/v/v H2O/MeOH/CHCl3 with pyridine as a
base. In order to prevent the presence of free Gd(III), the complex-
ation reaction was carried out with 1.1 equivalents of 5. The ob-
tained Gd(III)DOTA-DSPE was characterized by RP-HPLC, FT-IR
and MALDI-TOF. As evidenced from the RP-HPLC elution profiles
and the MALDI-TOF spectrum of the Gd(III)DOTA-based lipid, a
small amount of Gd(III)-free DOTA-DSPE (5) (less than 3%) was
present (Fig. 2).

3.2. Characterization of the liposomes

Gd(III)DOTA-DSPE was incorporated in liposomes containing
DSPC/Gd(III)DOTA-DSPE/PEG2000-DSPE/Chol at a molar ratio of
1.10/0.75/0.15/1.00. The liposomes were prepared by lipid film
hydration followed by extrusion. The yield of lipids after extrusion
(sequentially two times through 400 nm, four times through
200 nm, and eight times through 100 nm filters) was typically
50% as determined with the phosphate determination according
to Rouser [15] and ICP-MS. After extrusion through the 200 nm fil-
ters, the yield was in the range of 75%. The maximum pressure re-
quired to extrude the liposomal dispersion through the 100 and
200 nm filters was 55 and 35 bar, respectively.



Fig. 2. (A) RP-HPLC elution profiles of phospholipids: Gd(III)DOTA-DSPE (1), DSPE
(2), Tris-t-butyl-DOTA-DSPE (3), DOTA-DSPE (4). (B) MALDI-TOF spectrum of
Gd(III)DOTA-DSPE (1), located around m/z = 1287. The small peak at m/z = 900
represents the 3% of DOTA-DSPE. The inset shows the characteristic isotopic pattern
of Gd(III).

Fig. 3. Cryo-TEM image of Gd(III)DOTA-DSPE-based liposomes. The arrow indicates
a multilamellar vesicle and the insets depict disc-shaped micelles oriented edge on
(I) and face on (II).
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3.3. DLS

The mean average hydrodynamic diameter of the liposomes
was 125 nm with a polydispersity index (PDI) between 0.05 and
0.1. The observed PDI is indicative for liposomes with a narrow size
distribution [20,21]. The mean average diameter of liposomes
stored at a temperature of 4 �C was studied over a time course of
8 weeks. The size and polydispersity index of the liposomes re-
mained constant. This demonstrates that the steric stabilization
of the liposomes by PEG2000-DSPE and cholesterol was effective,
resulting in a shelf lifetime of at least 8 weeks. The hydrophilic
PEG coating is also known to reduce the interaction of liposomes
with molecular and biological components, thereby increasing
the in vivo circulation time [7,3]. Cholesterol prevents demixing
of the lipids and reduces the PEG chain–chain interactions, giving
rise to increased steric stabilization and prolonged in vivo circula-
tion times of the liposomes. Liposome formulations with long
in vivo circulation times typically contain over 30% cholesterol
and typically less than 7% PEG [3]. It has to be noted that both
non-specific and specific uptake of contrast agents in vivo increase
with increasing circulation times. The course of the target to back-
ground ratio as a function of circulation time depends on the prop-
erties of the contrast agent and the target, hence long circulation
times might not always be advantageous.

3.4. Zeta potential

The zeta potential of the liposome formulation was �1.9 mV,
i.e., close to neutral. This can be explained by the incorporation
of PEG2000-DSPE [22]. The PEG coating is very hydrophilic and
therefore highly hydrated, which shields the surface charge of
the phospholipids from the bulk water, thereby largely reducing
the zeta potential of the particles [23]. Gref et al. showed that a
large negative zeta potential led to a significant increase in the
non-specific uptake of nanospheres by monocytes in vitro [23]. Cat-
ionic particles are also readily internalized non-specifically
through proteoglycan receptors [24] and, for that reason, are
widely employed as non-specific transfection agents. As the lipo-
somes in the present study have almost neutral zeta potential,
we expect little electrostatic interactions between the liposomes
and anionic cellular membranes and therefore limited non-specific
uptake. This is a beneficial property when using the contrast agent
for future studies on targeted imaging or targeted image-guided
drug delivery.

3.5. Cryo-TEM

Cryo-TEM has the unsurpassed ability to visualize individual li-
pid-based nanoparticles. The vitrification procedure assures that
the individual particles can be studied in their natural hydrated
state. Fig. 3 shows that the liposome formulation and preparation
method resulted in the formation of spherical bilayered vesicles.
The morphology of the liposomes was very similar to the morphol-
ogy of the liposomes reported in the previous work [3]. The major-
ity of the particles consisted of unilamellar liposomes, and no
significant aggregation of the liposomes was observed. This con-
firmed the DLS finding that the liposomes were sufficiently steri-
cally stabilized by the PEG coating and the action of cholesterol
to prevent fusion and aggregation after preparation. Inherent to
cryo-TEM, only a small fraction of the particles present in a lipo-
some preparation was investigated. As a result, incidental observa-
tions in the cryo-TEM images cannot easily be extrapolated to a
general finding. Therefore, we investigated at least four indepen-
dently prepared preparations of the liposomes and several grids
per preparation. This led to the finding that besides unilamellar lip-
osomes, multilamellar vesicles (<10%) and disc-shaped micelles
(<10%) were present in the liposomal dispersions as well (see ar-
row and insets in Fig. 3). Due to limited water exchange across
the liposomal membranes, the inner leaflet of the lipidic bilayer
as well as the inner vesicles in multilamellar particles (illustrated
with an arrow in Fig. 3) contribute less to the relaxivity than the
outer leaflet [20]. However, some percentage of multilamellar ves-
icles is considered unavoidable. The in vivo behavior of the multi-



Fig. 4. (A) The temperature dependence of the transverse relaxation rate for 17O-
water in the liposomal dispersion. (B) NMRD-profiles of Gd(III)DOTA-DSPE
containing liposomal dispersions, as measured at temperatures of 25 �C (h), 37 �C
(s) and 60 �C (D). The line represents the best fit of the experimental data obtained
at 25 �C according to the Solomon–Bloembergen–Morgan equations modified
according to Lipari–Szabo model free approach.
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lamellar vesicles is not expected to be different from that of unila-
mellar liposomes as the size is in the same range and the shape,
surface coating and zeta potential are identical. The insets in
Fig. 3 depict disc-shaped micelles as observed with cryo-TEM. Inset
I shows a disc that was oriented edge on and therefore clearly vis-
ible. Discs oriented face on are more difficult to detect as the elec-
trons only pass through a single bilayer of lipids, resulting in
minimal contrast between the disc and the vitrified ice. However,
we were able to visualize these discs as well, as exemplified in in-
set II.

Johnsson et al. suggest that in disc-like micelles the components
are partially segregated. More PEG-lipid is present at the rim to
prevent the interaction of the hydrophobic domains with the bulk
water, thereby stabilizing the discs, and less PEG-lipid is present in
the flat domain of the disc [25]. This model might provide a reason-
able description of the discs observed in this study. The composi-
tion of the discs is therefore expected to be very similar to the
overall composition of the lipid mixture. Moreover, although the
presence of discs is undesired, the number of discs is low and
hence possible differences in compositions of the discs are not very
likely to influence the properties of the remaining liposomes.

Disc-shaped micelles do have a different shape and size than
the liposomes, and therefore might behave differently in vivo with
respect to circulation times and targeting efficiency. Hence, the for-
mation of these structures should be avoided as much as possible.
However, several cryo-TEM studies showed that obtaining a single
type of aggregate structure, e.g., disc-shaped micelles or liposomes,
is essentially impossible to achieve. For example, Glogard et al.
prepared disc-shaped micelles containing Gd(III)HHD-DO3A. Be-
sides the desired disc-shaped micelles, they observed globular mi-
celles and liposomes as well [26]. Furthermore, Lokling et al.
presented pH sensitive paramagnetic liposomes bearing Gd(III)DT-
PA-BMA. Apart from the desired unilamellar liposomes, their cryo-
TEM images also showed other structures next to liposomes,
although these were not explicitly discussed [27].

Despite the fact that cryo-TEM only allowed for the investiga-
tion of a small fraction of the nanoparticles and that the interpre-
tation of the images is not always trivial, our studies underscored
the importance of cryo-TEM for the characterization of lipid-based
nanoparticles. Cryo-TEM is often the only method to evaluate the
exact morphology of nanoparticles and therefore an essential tool
when studying lipid-based colloidal systems.

3.6. Relaxivity

Fig. 4A shows the NMRD curves of the liposomal suspension at
25, 37 and 60 �C. At 25 �C and 1.41 T, close to a typical clinical
imaging field strength, the T1-relaxivity per Gd(III) was
11.8 mM�1 s�1. This is significantly higher in comparison with
the T1-relaxivity of Gd(III)DOTA (r1 � 4 mM�1 s�1). The higher ionic
T1-relaxivity of the amphiphilic Gd(III) chelate (1) incorporated in
the liposome is believed to primarily originate from the increased
rotational correlation time [12]. The peaks in the NMRD profiles
around 30 MHz are characteristic for macromolecular complexes
[28], indicating that the higher relaxivity of the Gd(III)DOTA-DSPE
compared to Gd(III)DOTA indeed originates from an increase in
rotational correlation time. It should be noted here that the relax-
ivities reported are the average ionic relaxivities of the Gd(III) ions
in the inner and outer leaflets of the lipid bilayer. The relaxivity per
liposome is obviously much higher as one liposome typically con-
tains 40,000 Gd(III) ions. This number was calculated on the basis
of a spherical, unilamellar liposome with a diameter of 125 nm and
a lipid surface area of 0.6 nm2 [29].

Although the ionic relaxivities of Gd(III)DTPA and Gd(III)DOTA
are both around 4 mM�1 s�1, the ionic relaxivity of the Gd(III)DO-
TA-DSPE incorporated in liposomes was significantly higher than
that of Gd(III)DTPA-BSA in liposomes (r1 � 7.0 mM�1 s�1 at 25 �C
and 1.41 T) reported in our previous studies [12,3]. At 37 �C and
1.41 T, Gd(III)DOTA-DSPE and Gd(III)DTPA-BSA exhibited relaxivi-
ties of 12.8 mM�1 s�1 and 7.5 mM�1 s�1, respectively. The analysis
of the temperature dependence of the transverse relaxation rate
for 17O-water in the Gd(III)DOTA-DSPE liposome suspension al-
lowed the estimation of sm of the metal coordinated water mole-
cule in the incorporated complex (Fig. 4A). The sm value was
estimated to amount to 250 ns at 25 �C. This is significantly shorter
than the sm that was previously reported for liposome-incorpo-
rated Gd(III)DTPA-BSA (1200 ns at 25 �C [3]). This pronounced
difference in sm for Gd(III)DTPA-BSA and Gd(III)DOTA-DSPE might
be explained by the difference in their overall structure. In the case
of Gd(III)DTPA-BSA, the polar head group consists of the Gd(III)DT-
PA complex. As a consequence, the Gd(III)DTPA is positioned at the
interface between the liposomal membrane and the bulk water.
For Gd(III)DOTA-DSPE, the Gd(III)DOTA complex is conjugated to
the primary amine of DSPE (Fig. 1). In this case, the phosphate
group is presumably positioned at the interface of the lipid bilayer
and the bulk water. Consequently, the Gd(III)DOTA complex
extends from the membrane, resulting in better access for water
molecules to the paramagnetic complex as compared to Gd(III)DT-
PA-BSA, which may thus explain the higher relaxivity. This finding
agrees well with that of Winter et al., who also reported that the
relaxivity of Gd(III)DOTA attached to PE was significantly higher
than the relaxivity of Gd(III)DTPA-BOA when incorporated in their
emulsions [30,31]. These authors also demonstrated that a longer
spacer results in a higher relaxivity [30]. With increasing length
of the spacer the accessibility for water molecules might increase,
while at the same time the rotational correlation time of the Gd(III)
chelate decreases due to increased flexibility. The latter effect will



Fig. 5. Results of the transmetallation assay. (A) R1(t)/R1,t = 0 as a function of time
after adding the Zn(II) ions at t = 0, as measured for of Gd(III)DOTA-DSPE liposomes
(s), Gd(III)-HPDO3A (*), Gd(III)DTPA-BSA liposomes (h) and Gd(III)DTPA (D). The
lines serve as guide to the eye. (B) Evolution of R1(t)/R1,t = 0 of a Gd(III)DOTA-DSPE
liposomal suspension as a function of the amount of EDTA relative to the amount of
Zn(II) added to the transmetallation buffer.
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result in lowering of the relaxivity. The optimal length of the
spacer in our novel paramagnetic lipid species remains to be
determined.

Another issue that might partly explain the high relaxivity of
Gd(III)DOTA-DSPE is the presence of disc-shaped micelles in the
suspension (Fig. 3). As the inner leaflet of the liposomal mem-
branes hardly contributes to the overall relaxivity (due to limited
water exchange), the presence of discs, in which all paramagnetic
lipids face the bulk water, increases the ionic T1-relaxivity. How-
ever, the fraction of discs in this formulation was relatively low
(<10%) and, hence, the large difference in relaxivity between the
Gd(III)DOTA-DSPE and Gd(III)DTPA-BSA cannot be attributed to
this phenomenon alone.

The NMRD measurements showed that an increase in temper-
ature led to an increase in relaxivity (Fig. 4B). This is probably
due to the increased water exchange across the liposomal mem-
brane at higher temperature, resulting in a higher contribution of
Gd(III)DOTA-DSPE in the inner leaflet to the overall T1-relaxivity
[12]. Fitting of the NMRD data was only successful for the curve
measured at 25 �C. We hypothesize that this has to do with
increasing water exchange over the liposomal membrane with
increasing temperature. Consequently, the contribution of the
Gd(III) complexes in the inner leaflet to the overall relaxivity in-
creases with temperature. The present fitting model does not ac-
count for this phenomenon, and therefore the fitting of the NMRD
curves at 37 �C and 60 �C failed to converge. The fit of the NMRD
curve obtained at 25 �C is shown in Fig. 4B. The global sr was esti-
mated to be 2.6 ns, while sv was 37 ps. The global sr and sv are
similar for the Gd(III)DTPA-BSA liposomes [3], indeed suggesting
that the increased relaxivity of the Gd(III)DOTA-DSPE liposomes
is mainly due to the decreased sm.

3.7. Transmetallation

Several studies have shown that endogenous cations can re-
place the Gd(III) ion in Gd(III) complexes both in vitro [16,32]
and in vivo [33–35], a process known as transmetallation. Trans-
metallation induces the release of Gd(III) ions from the chelate.
Free Gd(III) ions can block calcium channels [33], and can be
deposited as insoluble salts in bone, liver and spleen [35]. Another
issue concerning transmetallation of Gd(III) complexes by endoge-
nous ions is that depletion of these endogenous ions by the chelate
may occur [34]. The linear, open-chain Gd(III)-chelates such as
Gd(III)DTPA and Gd(III)DTPA-BMA were shown to be very sensitive
for transmetallation [16,32]. Administration of Gd(III)DTPA-BMA
to patients with renal failure has recently been related to nephro-
genic systemic fibrosis [36]. Although the exact cause of this severe
disorder has not been determined yet, it is of great importance to
find and implement alternatives for the linear DTPA and DTPA-de-
rived Gd(III)-chelates. The macrocyclic chelates such as Gd(III)DO-
TA and Gd(III)HP-DO3A have been demonstrated to be very stable
[16,32]. Therefore, we decided to conjugate the macrocyclic DOTA
chelate to DSPE. We studied the transmetallation of Gd(III)DOTA-
DSPE and compared it to transmetallation of Gd(III)DTPA-BSA,
using the assay according to Laurent et al. [16]. Gd(III)DTPA-BSA
served as a reference compound, since it has been previously used
in a number of our lipid-based MRI contrast agents [37,12,7,3,11].

In this transmetallation assay, Zn(II) is used as the ion compet-
ing with Gd(III). The binding affinity of Zn(II) for organic ligands is
only about 4 times lower than that of Gd(III) [38], and the blood
concentration of the Zn(II) ion is 55–125 lM. Therefore, this ion
is expected to bring about the most significant transmetallation
in vivo. Other endogenous ions likely to transmetallate Gd(III)-che-
lates are Cu(II) and Ca(II). However, Ca(II) has a binding affinity for
organic ligands about ten times lower than that of Gd(III) and
Cu(II) concentrations in blood are very low (1–10 lM) [39].
In Fig. 5A the results of the transmetallation assay are pre-
sented, showing the normalized relaxation rate (R1(t)/R1(t = 0)) as
a function of time after adding Zn(II)Cl2. To validate our experi-
mental set up, Gd(III)-HPDO3A and Gd(III)DTPA were included as
controls. For Gd(III)-HPDO3A, the normalized relaxation rate re-
mained unchanged after the addition of Zn(II)Cl2, indicating that
no transmetallation took place, while for Gd(III)DTPA a significant
decrease was observed. These findings are in agreement with the
observations reported by Laurent et al. [16]. For the Gd(III)DOTA-
DSPE liposomes, the normalized relaxation rate showed an essen-
tially instantaneous drop of approximately 25–30% upon the addi-
tion of Zn(II)Cl2, after which the relaxation rate remained constant
over time. A titration with EDTA, which complexes free Zn(II) ions,
resulted in a complete recovery of R1(t)/R1,t = 0 to its starting value
of 1.0 (Fig. 5B), thereby demonstrating that no transmetallation be-
tween Zn(II) and Gd(III) had occurred. Binder et al. observed that
Zn(II) strongly interacts with the negatively charged phospholipid
groups in POPC vesicles. This led to partial dehydration of the lip-
ids, which effectively rendered the membrane surface more hydro-
phobic [40]. This effect might decrease the accessibility of the
Gd(III)DOTA-ligands for water molecules, thereby influencing the
relaxivity of the liposomes. A similar observation was made for
emulsions of Gd(III)DOTA-conjugated nanoparticles [30]. For
Gd(III)DTPA-BSA, the normalized relaxation rate showed a fast de-
crease upon the addition of Zn(II) ions (Fig. 5A), indicating that ra-
pid transmetallation occurred. In this case, the subsequent
addition of EDTA did not lead to a change in relaxation rate (data
not shown). The high stability of Gd(III)DOTA-DSPE-based lipo-
somes against transmetallation with Zn(II) is in good agreement
with the literature studies on emulsions of Gd(III)DOTA-function-
alized nanoparticles [30]. The strongly increased stability of
Gd(III)DOTA-DSPE in comparison with Gd(III)DTPA-BSA represents
an important improvement of the liposomal MRI contrast agent.
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4. Conclusion

We described the preparation and in vitro characterization of
paramagnetic liposomes containing Gd(III)DOTA-DSPE. The lipo-
somes were shown to have a significantly increased longitudinal
relaxivity compared to Gd(III)DTPA-BSA-based liposomes. This is
crucial for the detection of low concentration molecular markers
in MRI-based molecular imaging studies. Gd(III)DOTA-DSPE exhib-
its no significant transmetallation upon incubation with Zn(II),
which significantly improves the biocompatibility of the contrast
agent. Furthermore, the zeta potential of the liposome formulation
is almost neutral, which is expected to result in low non-specific
cellular uptake.

The versatility of the liposomal preparation lies in the fact that
the particles can easily be made multimodal, for example by incor-
porating fluorescent lipids, and a wide variety of targeting ligands
can be conjugated to the distal ends of the PEG chains. Further-
more, drugs can readily be encapsulated in the lumen or the mem-
brane of the liposomes. The presented liposome preparation can
thus serve as a versatile and well characterized platform for molec-
ular imaging and targeted drug delivery studies.
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