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AABBSSTTRRAACCTT  
Small unilamellar phospholipid vesicles containing the 

phosphatidylethanolamine-diethylene triamine pentaacetic acid 

(PE-DTPA) conjugate as one of the building stones were 

constructed. The ability of these colloids to complex gadolinium 

(III) ions at the surface of both the inner and outer bilayer shell 

was verified using a colorimetric method with Arsenazo III as a 

dye indicator. Upon incubation of these functionalized vesicles with 

magnetoliposomes (MLs), i.e. nanometer-sized magnetite cores 

encapsulated in a phospholipid bilayer, PE-DTPA percolates into 

the ML coat. The PE-DTPA content could be fine-tuned by varying 

the conjugate concentration in the donor vesicles. 

In the experimental conditions applied, up to 500 Gd3+ ions were 

immobilized per ML colloid. 

The resulting ML-Gd3+ complexes might have great potential, e.g. as 

a novel magnetic resonance imaging contrast agent.  
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IINNTTRROODDUUCCTTIIOONN  

Over the last years, the number of applications of 

phospholipid vesicles or liposomes has steadily increased and 

concomitantly new types appeared on the scene [1]. In the late 

1980s, we developed so-called magnetoliposomes (MLs), starting 

from nanometer-sized iron oxide cores which were then individually 

encapsulated by a single phospholipid bilayer [2]. The inner layer 

phospholipids are very strongly chemisorbed onto the iron oxide 

surface [3], thereby rendering these structures far less fragile as 

compared to classical liposomes. In addition, because of the 

presence of the magnetizable magnetite (Fe3O4) core, MLs can easily 

and quickly be captured from solution in a high-gradient magnetic 

field and – if desired – be concentrated. As an innovative application 

in the biotechnological field, we successfully exploited these 

biocolloids to incorporate purified membrane enzymes in the 

phospholipidic capsule and investigated the value of the resulting 

magnetoproteoliposomes as biocatalyst carriers in magnetically-

controlled bioreactors [4]. 

As for classical vesicles, the various types of phospholipids 

that can be used to generate MLs offer the opportunity to do a lot of 

surface chemistry, ultimately leading to functionalized MLs. In this 

context, the covalent attachment of relevant receptor ligands or 

monoclonal antibodies directed towards specific epitopes expressed 

on the cell or tissue surface has become a vast research field, which 

has been mainly explored for targeting purposes [5-8]. For instance, 

functionalized MLs can specifically bind on malignant tissues and 

release, very locally, appropriate drugs originally solubilized in the 

ML coat [9,10]. Also, once attached to a malignant tissue, the MLs 

may induce hyperthermic effects when brought in an alternating 

magnetic field [11]. 
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Besides these therapeutic applications, MLs can also be used 

as a diagnostic magnetopharmaceutical to amplify the contrast 

between adjacent anatomical structures by magnetic resonance 

imaging (MRI). (Detailed information on the principles of MRI can be 

found in Rinck, 2003 [12]). Conventional MRI contrast agents are 

mainly based on either nanoparticulate iron oxides [magnetite 

(Fe3O4) or maghemite (γ-Fe2O3)], or paramagnetic metal chelates 

(mostly gadolinium (III) chelates) [12]. As far as we know, particles 

which combine both types of contrast agent have not yet been 

developed, although in selected experimental conditions, such as 

concentration and applied scan sequence, they might be superior for 

imaging purposes. 

In the present work we focus on the feasibility to incorporate 

phospholipids, derivatized with a metal complexing moiety, into the 

ML coat and to load the resulting nanocolloids with gadolinium ions. 

To this end, we first checked Gd3+ binding to both the outer and 

inner leaflet of PE-DTPA containing vesicles, using Arsenazo as a 

colorimetric indicator dye. PE-DTPA was then incorporated into the 

phospholipidic coating of MLs by incubating vesicles built out of 

variable amounts of PE-DTPA (donors) and MLs, made out of 

common phospholipid types (acceptors). For both vesicle and ML 

constructs, the distribution of PE-DTPA over inner and outer shell of 

the bilayer was assessed. 

  

MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

Materials  

Dimyristoylphosphatidylcholine (DMPC), 

dimyristoylphosphatidylglycerol (DMPG), their dipentadecanoyl-

analogues (DC15:0PC and DC15:0PG) as well as the 

dimyristoylphosphatidylethanolamine-DTPA conjugate (DMPE-DTPA) 
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were from Avanti Polar Lipids (Alabaster, AL, USA). GdCl3. 6H2O, 

DTPA and N-tris(hydroxymethyl)-methyl-2-aminoethane sulfonic 

acid (TES) were purchased from Sigma (Bornem, Belgium). Acros 

Organics (Geel, Belgium) provided the disodium salt of 4,5-hydroxy-

1,3-benzenedisulfonic acid (Tiron). Sodium dodecylsulphate (SDS) 

and Arsenazo III (2,2’-[1,8-dihydroxy-3,6-disulfo-2,7-napthalene-

bis(azo)]dibenzenearsonic acid) were from Merck (VWR, Leuven, 

Belgium). All materials were used as received. 

 

Vesicle preparation 

Small unilamellar vesicles (diameter 20-30 nm) were 

prepared by sonication (MSE 150 Watt ultrasonic disintegrator as 

described earlier [2,13]. Briefly, appropriate amounts of the lipid 

components, dissolved in chloroform or chloroform-methanol 

mixtures, were combined in a temperature controlled sonication vial. 

The solvent was then evaporated in a nitrogen stream and the thin 

lipid film deposited on the vial wall was further dried overnight in a 

vacuum dessicator. TES buffer (5mM, pH 7.0) was then added and, 

to obtain a clear suspension of homogeneous vesicles, the lipid-

buffer mixture was sonicated for 15 minutes at a 18 µ peak-to-peak 

intensity in a probe-tip sonicator (MSE 150-Watt Ultrasonic 

Desintegrator, ⅜” sonication probe), meanwhile keeping the vial at 

25°C. To remove metal dust released from the titanium probe, the 

dispersion was centrifuged for 10 min at 10,000 rpm (SS-34 rotor; 

Sorvall RC-5B Superspeed centrifuge). The supernatant, containing 

the vesicles, was kept at 25°C. 

 

Magnetoliposome preparation and characterization 

MLs were produced as reported previously [13]. Briefly, the 

lipid vesicles were mixed with an aliquot of the magnetic fluid, 
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consisting of  Fe3O4 cores stabilized with lauric acid (concentration of 

the stock solution : 61.08 mg Fe3O4/mL). The lipid/magnetite weight 

ratio equalled 5. Subsequently, the mixture was dialysed (SpectraPor 

no. 2 dialysis tubings, 12-14,000 cut-off; Spectrum Laboratories) for 

3 days against the TES buffer (5mM, pH 7.0), with buffer changes 

occurring every 8 hours. To remove all lipids not associated with the 

iron oxide cores, the incubation mixture was fractionated in a high 

gradient magnetophoresis (HGM) setup. The latter was constructed 

by inserting magnetizable stainless steel fibers in a tubing (Medical 

grade Silastic tubing; 10 cm length; inner and outer diameter 0.078” 

and 0.125”, respectively; Dow Corning Corporation) positioned 

between the two poles of the magnet (Bruker B-E 15, Karlsruhe, 

Germany). The magnetic field within the free space of the magnet 

was 1.5 T; the actual high-gradient field in the filter was not 

measured. Aliquots (0.75 mL) of the sample were pumped by a 

peristaltic pump through the magnetic filter device at a rate of 10 

mL/h, which was then washed with 0.75 mL of TES buffer to remove 

phospholipid vesicles retained in the stainless steel plug by capillary 

forces. Trapped particles were collected by deactivation of the 

magnet and elution from the magnetic filter with the desired volume 

of TES buffer. 

The size of the ML particles was estimated from transmission 

electron micrographs taken with a Zeiss 10CA microscope. To 

visualize the lipid coating layer, the samples were negatively stained 

with 2% uranylacetate. Other data on the physical and magnetic 

properties of the resulting MLs have been reported in previous 

papers [14,15].  
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Quantification of iron, phosphate, Gd3+ and fatty acyl 

moieties 

Fe3O4 concentrations were measured by treating the iron 

oxides with a 37% hydrochloric acid/65% nitric acid (v/v 3/1) 

mixture at 50-60°C until complete dissolution. Then, the samples 

were analysed spectrophotometrically at 480 nm with Triton as 

complexing agent [3]. Phospholipid quantification in the ML 

preparations was done by phosphate analysis with 

phosphomolybdate reagent at 820 nm after destruction of the lipids 

with perchloric acid [16]. 

Concentrations of free gadolinium were determined at 653 

nm, using the Arsenazo III reaction [17]. As the absorbance 

spectrum was found to be pH-sensitive (unpublished observations), 

all measurements were carefully carried out at pH 7.0. In the Gd 

concentration range between 0 and 0.2 mM, the calibration data 

points could be fitted by a 3rd order polynomial function; in the lower 

concentration zone (0 - 26 µM), however, the plot of A653 nm  versus 

Gd concentration was linear (r2 = 0.9993) (not shown). All Gd3+ 

determinations were done within the latter concentration window, if 

need be, after dilution of the sample. At gadolinium concentrations 

higher than 0.2 mM, the arsenazo(III)-Gd complex precipitated 

within the first 30 minutes. 

Time-dependent changes in the fatty acyl composition of the 

membranes were followed by capillary gas-liquid chromatography 

(Mega 8180-O, Carlo Erba, Rodano, Italy) after acid hydrolysis of the 

phospholipids and conversion of the fatty acids into their more 

volatile methyl esters using 10% acetylchloride in methanol [18]. 

Heptadecanoic acid was used as an internal standard. 
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RESULTS 

Gd3+ binding to vesicles containing DMPE-DTPA 

The ability of the DMPE-DTPA conjugate to be incorporated in 

a vesicle membrane as well as its distribution in the inner and outer 

leaflets of the bilayer was first checked. Practically, to generate 

vesicles, 6.84 µmol DMPE-DTPA and 6.84 µmol DMPC are dispersed 

in 24 mL of 5mM TES buffer, pH 7.0, after which the mixture was 

sonicated and 2.4 mL was put in each of a series of 7 tubes. 

Increasing volumes (ranging from 0 to 0.3 mL in 50 µL increments) 

of a 5 mM stock solution of GdCl3 were added to the series of tubes 

and the final volume adjusted to 2.7 mL with TES buffer. After 30 

minutes, 0.3 mL of a 5.5 mM Arsenazo III  solution was added and 

after 15 minutes the A653 nm of the Gd3+-Arsenazo III complex formed 

was measured. Fig. 1▲ shows the absorbances, negated with any 

background light scattering due to a possible clustering of the 

negatively charged vesicles triggered by the trivalent gadolinium 

cations, in particular, if the latter are present in excess with respect 

to the DTPA moieties [19]. However, the contribution of scattering 

assessed by measuring the A653 nm  of control mixtures prepared as 

described above, but using buffer instead of Arsenazo III solution 

was low; for instance, at the highest Gd3+ concentration used (1.5 

µmol Gd3+/3mL) and at 45 min after mixing the trivalent ion with the 

vesicles, the turbidity at 653 nm equalled only 0.025 compared with 

the A653 nm value of 1.557 after addition of Arsenazo III. 

Careful analysis of the data points in Fig. 1▲ shows that they 

can be fitted by two straight lines which intersect at a Gd3+ 

concentration of 0.49 µmol/3mL. This value is approximately 30% 

lower than expected on the basis of the amount of DMPE-DTPA 

initially used to produce the vesicles (0.684 µmol per tube – see 

above). To pinpoint the reason for this (pseudo) inconsistency, a 
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similar experiment to the one described above was performed, but, 

in the initial phase the lipids were sonicated in a TES buffer 

containing 5.66 mM SDS detergent. The corresponding Gd3+ binding 

curve (Fig. 1,X) now shows that the breakpoint in the profile has 

moved to a Gd3+ concentration of 0.71 µmol/3mL, corresponding to 

a Gd3+/DMPE-DTPA molar ratio of about 1.  

 
Figure 1: Fig.1 displays binding of Gd3+ by DTPA, either free (■) or after conjugation 

to DMPE and incorporation into DMPC vesicles in the absence (▲), or presence (X) of 

SDS. Free gadolinium(III) is measured spectrophotometrically using Arsenazo dye at 

653 nm. In each setup the DTPA content (either free or in its derivatized form) is 

identical. The downwards arrow shows the calculated value at which the Gd3+ 

concentration is equal to that of DTPA.  The ♦ data show Gd3+ binding by Arsenazo III 

in the absence of DTPA. All A653 nm values were corrected for light scattering (see 

text). 

 

The shift in the binding features, represented in Fig. 1▲ and 

X, can be explained by the fact that in the absence of SDS, bilayers 

are formed in which, at least in the case of small unilamellar vesicles 

such as those used in the present work, about one-third of the lipid 

molecules, including DMPE-DTPA, reside in the inner shell of the 
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bilayer and, thus, are unavailable for Gd3+ binding. In contrast, in 

the presence of SDS, micelles are probably formed in which all the 

DMPE-DTPA molecules are accessible for Gd3+. This contention is 

further substantiated by the identical binding pattern of Gd3+ to an 

identical amount of the monomolecular, water-soluble, underivatized 

DTPA (Fig. 1■). 

 

Competitive Gd3+ binding to Arsenazo III and DMPE-DTPA 

To examine the reliability of our test for the quantitative 

measurement of the degree of Gd3+ immobilization within the DTPA 

dentate by Arsenazo III (see above), the relative affinity of Gd3+ for 

Arsenazo III and for the DTPA moiety in DMPE-DTPA was 

investigated. Two series of experiments were carried out : in the first 

one, Gd3+ was first complexed with DMPE-DTPA and then mixed with 

Arsenazo III; in the second setup the lanthanide ion was first 

captured by Arsenazo III and then confronted with DMPE-DTPA. In 

practice, for the first approach, increasing volumes (from 0 to 100 

µL; 10 µL increments) of an equimolar DMPC/DMPE-DTPA vesicle 

suspension (DMPE-DTPA concentration : 0.85 mM) were added to 50 

µL of the Gd3+ solution (1mM). After 30 minutes, 60 µL of a 1.2 mM 

Arsenazo III solution was added and the final volume adjusted to 3 

mL with TES buffer, immediately followed by measuring the A653 nm . 

The absorbances as a function of the DMPE-DTPA concentration are 

shown in Fig. 2♦. In the second approach, the Gd-ions (50µL, 1 mM) 

were first incubated for 30 minutes with a slight excess of Arsenazo 

III (60 µL; 1.2 mM), then various amounts of DMPE-DTPA/DMPC 

vesicles (see above) were added, the final volume  adjusted to 3 mL 

with buffer, and the absorbances  measured (Fig 2□). In both cases, 

the A653nm values decrease linearly as the amount of DMPE-DTPA-

containing vesicles increased  and a breakpoint in the profiles is 
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found at an approximately 1/1 molar ratio of Gd3+ (0.050 µmol in 

each tube) to DMPE-DTPA in the outer lipid leaflet (which, as shown 

above, comprises about 70% of the total amount). 

These results prove that Gd3+ complexed by Arsenazo III (2nd 

approach) is still taken up by the DTPA moiety within, at a 

maximum, the initial 5 minutes, and, hence, that the thermodynamic 

affinity of Gd3+ for DMPE-DTPA is at least several orders of 

magnitude larger than that for Arsenazo III (see also the Discussion 

section).  

 

 
Figure 2: Fig.2 displays competition between Arsenazo and DTPA for Gd3+. In the data 

represented by white squares (□), Gd3+ (50 nmol) was first incubated with a slight 

excess of Arsenazo III (72 nmol), then mixed with increasing amounts of DMPE-DTPA 

containing vesicles. In the data represented by black diamonds (♦), 50 nmol Gd3+ was 

first incubated with increasing amounts of DTPA-immobilized vesicles, then mixed with 

Arsenazo (72 nmol). 
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Gd3+ binding to magnetoliposomes containing DMPE-DTPA  

Next, MLs partially coated with DMPE-DTPA were constructed 

and their ability to bind Gd-ions tested. The starting MLs were 

produced as follows : a mixture of 1.80 mL magnetic fluid (61.08 mg 

Fe3O4/mL) and 45 mL preformed DMPC/DMPG vesicles (molar ratio 

9/1; total phospholipid amount : 800 µmol) was dialysed for 3 days 

against 5 mM TES buffer, pH 7.0. Then, it was subjected to high-

gradient magnetophoresis and the MLs eluted from the filter with 

buffer as described in the Methods section. The final volume of the 

ML dispersion obtained equalled 20.9 mL; the phospholipid 

concentration was 4.1 µmol/mL and the phospholipid/magnetite 

(mmol/g) ratio was 0.62. 1.5 mL of this stock solution was incubated 

during 24 hrs with an equimolar amount (with respect to 

phospholipid) of intramembraneously mixed vesicles (1.5 mL) 

composed of DMPC, DMPG and DMPE-DTPA (0.9/0.1/1.0 molar 

ratio). After isolating the MLs (3 ml) in a second HGM cycle, the 

transmission electron micrographs show the typical pattern of a ML, 

i.e. the inner dark iron oxide core with a diameter of about 14 nm 

covered with an electron translucent layer, corresponding to the 

phospholipid bilayer (Fig. 3). Gd3+ binding to the DTPA-functionalized 

MLs (phospholipid concentration : 1.90 µmol/mL) was measured by 

adding, in separate tubes, increasing amounts of Gd3+ to 0.2 mL of  

the ML preparation and then titrating excess, non-bound metal ion 

with Arsenazo III as indicator (see above). 
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Figure 3: Fig.3 displays transmission electron micrograph of 

DMPC/DMPG/DMPE-DTPA MLs stained with 2% uranylacetate. 

The bar represents 100 nm. 

 

The binding profile (Fig. 4 □) shows that part of the DMPE-

DTPA, originally present in the vesicles, had been incorporated in the 

ML population. The break in the binding profile occurs after addition 

of 0.055 µmol of Gd-ions. This value corresponds to about 1/3 of the 

amount of DMPE-DTPA originally present in the vesicles used to 

produce the MLs (i.e. 30% of 1.90 µmol or 0.57 µmol). 

Interestingly, the amount of  DMPE-DTPA in the ML coat can 

easily be fine-tuned by changing the DMPE-DTPA content of the 

donor vesicle population. This is nicely illustrated by the other curves 

in Fig. 4. Starting from vesicles bearing 2 (♦), 5 (■), 10 (▲) and 25 

mol% DMPE-DTPA (X), in all cases the breakpoint in the 

corresponding binding profiles is found at an amount of Gd equal to 

about 1/3 of the DMPE-DTPA, present in the starting donor vesicles. 
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Figure 4: Fig.4 displays gadolinium(III) binding capacity of DMPC/DMPG 

(9/1 molar ratio) MLs containing increasing amounts of DMPE-DTPA : 

(A)  ♦, 2 mol%; ■, 5 mol%; ▲, 10 mol%; (B) X, 25 mol%; □, 50 mol%; 

○, 100 mol%. The absorbance at 653 nm (y axis) is proportional to the 

amount of Gd3+ not bound by the DMPE-DTPA embedded  MLs. Note the 

difference in the scale of the x axes in both panels A and B. 
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The theoretical amounts of Gd3+ needed to reach a 

Gd3+/DMPE-DTPA ratio of 1 under each of the above conditions are 

0.0020, 0.0059, 0.0124 and 0.0341 µmol, respectively. The shape of 

the curve for MLs confronted with pure DMPE-DTPA structures (Fig. 4 

○) shows a bizarre course. Unbound Gd3+ is already detected after 

addition of 0.02 µmol of Gd3+, corresponding to a Gd3+/DMPE-DTPA 

ratio of only 0.16, and, at higher amounts of Gd3+, the binding path 

is irregular. 

 

Kinetics of DMPE-DTPA transfer between vesicle donors and 

ML acceptors 

To assess the rate at which DMPE-DTPA equilibrated between 

vesicles and MLs, the time course of DMPE-DTPA transfer was 

followed at pH 7.0 (5 mM TES buffer) using an equimolar mixture of  

DC15:0PC/DC15:0PG/DMPE-DTPA (0.9/0.1/1.0; molar ratios) donor 

vesicles and preformed DC15:0PC/DC15:0PG (9/1; molar ratios) 

acceptor MLs. In this study,  dipentadecanoyl- , rather than 

dimyristoyl-phospholipids, were used as matrix lipids, since this 

allowed DMPE-DTPA transfer from vesicles to MLs to be followed 

easily by gas-liquid chromatography. Fig. 5 shows the % of DMPE-

DTPA (expressed as % C14) in the ML coat after separating the 

vesicle-ML mixtures by high-gradient magnetophoresis at different 

time intervals. Using this setup, the transfer event occurred too fast 

to follow the kinetics in a quantitative way. Anyhow, within the first 

20 min, the DMPE-DTPA content of the ML population reached a 

steady state, with a plateau value at 0.18, which is equivalent to 

approximately one third of the original amount of DMPE-DTPA in the 

donor vesicles. 
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Figure 5: Fig.5 displays kinetics of DMPE-DTPA transfer from 

DC15:0PC/DC15:0PG/DMPE-DTPA (0.9/0.1/1.0  molar ratios) vesicles to 

DC15:0PC/DC15:0PG (9/1 molar ratios) MLs in 5 mM TES buffer, pH 7.0. The 

concentration of vesicles and MLs, expressed in terms of phospholipid 

content, are equal. ●, DMPE-DTPA enrichment of the ML fraction. 

 

DISCUSSION  

In the present work, aimed at the construction of Gd-coated 

MLs, we fully exploited knowledge obtained in our previous studies 

dealing with disentangling membrane dynamics [20] and production 

of stabilized iron oxide cores [13]. To generate this special type of 

MLs, we indeed started with the classical Fe3O4 cores surrounded 

with a bilayer of phospholipids. In producing MLs, besides DMPC we 

also chose DMPG as a host lipid, since it imparts a negative charge 

to the ML coating, thereby considerably improving the colloidal 
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stability of the contrast agent. The strong chemisorption forces by 

which the inner leaflet phospholipids are adsorbed on the magnetite 

substrate result in a robust coating [2,21], thereby creating a 

biomimetic surface with excellent biocompatibility features [22]. In 

this respect, MLs differ from most iron oxide-based contrast agents 

commonly used today in clinical practice, and which are usually 

coated by dextrans. The latter, indeed, are relatively weakly 

physisorbed, resulting in a slow depletion, especially, if the coating 

material has to be further derivatized by chemical means to produce 

more sophisticated contrast media [23,24]. In addition, following 

parenteral administration, occasionally, allergic or hypersensitivity 

responses have been reported [25]. 

A clearer insight into the envelope surrounding the Fe3O4 core 

was obtained by first studying Gd3+-labeled vesicles.  These 

structures are unique in that the paramagnetic amphiphile (DMPE-

DTPA) is an integral part of the liposome lamella (vide infra). To 

immobilize Gd3+ at the exterior of liposomes, Schwendener et al. 

[26] used a DTPA moiety conjugated with a single lipophilic stearoyl 

chain. However, based on a thorough thermodynamic analysis of the 

partition phenomena of amphiphiles in membranes, Tanford [27] 

calculated that their binding strength for membranes is proportional 

to the length and number of apolar chains and further verified 

experimentally the impact of the underlying so-called ‘hydrophobic 

effect’. In the present work we used a pre-derivatized, highly 

lipophilic, double chain phospholipid and showed that it could be 

successfully incorporated within the membrane of classical vesicles 

and MLs without affecting the integrity of the bilayer. To optimize 

lipid accommodation in the membrane wall, we purposely selected 

dimyristoyl fatty acyl side chains for both the host phospholipids 

(DMPC and DMPG) and the DTPA anchor (see also [28]). The perfect 
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Apart from the strong binding of DMPE-DTPA in the walls of 

lipid bilayer structures, a crucial point in the design of DTPA-lipid 

adducts is that, after its derivatization, the DTPA complexing agent 

must still retain its strong binding capacity for Gd3+. This is of utmost 

importance since, in case of in vivo use, free gadolinium is known to 

be toxic. Non-modified DTPA is potentially octadentate [30], 

resulting in extremely high thermodynamic affinity constants; values 

between 10-20.73 and 10-23.02 M-1 have been reported[17,31,32]. 

These values, however, may be compromised by the covalent 

attachment of the membrane anchor to one or more carboxyl 

group(s) of DTPA, for instance, as done in DTPA-bis-oleate [33,34] 

and DTPA-bis-stearylamide adducts [35]. Within this context a most 

valuable observation was done by Wedeking et al. [32], who 

reported that, in the case of Gd3+-(DTPA-bis-methylamide), in which 

two –COOH groups of the DTPA moiety are blocked, a lower 

thermodynamic equilibrium stability constant is found as compared 

to the value for the non-derivatized Gd-(DTPA)2- complex; the pKass 

values being 16.8 and 22.2, respectively. Since in DMPE-DTPA, only 

one carboxyl group is tackled, it can be anticipated that the Gd3+ 

affinity of the latter will be higher than those for the above-

214

accommodation of DMPE-DTPA in vesicular lipid bilayers is in 

accordance with Grants data [19] showing that PE-DTPA forms intact 

sonicated vesicles when mixed at amounts up to 50 wt% with other 

lipids. The reason for the ‘strange’ binding behaviour of Gd3+ to pure 

DMPE-DTPA dispersions (Fig. 4B○) is not clear. A possible 

explanation is that, due to the large volume of the polar headgroup 

of the lipid derivative compared to that of the apolar part, 

dispersions containing solely DMPE-DTPA are not able to adopt a 

bilayer configuration [29], and, possibly, the existing self-assembling 

structure(s) rearrange(s) as Gd3+ binding increases. 
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mentioned bis-derivatives. The exact Kass of Gd3+ for the DTPA 

residue in DMPE-DTPA is difficult to measure, but, as can be deduced 

indirectly from Fig. 2, it will be several orders of magnitude higher 

than that for the Gd3+-Arsenazo III complex, which has been 

reported to be 10-15.85 M-1 [36]. 

In the present experiments, the highest Gd3+ payload per ML 

was achieved starting with a DMPC/DMPG/DMPE-DTPA donor vesicle 

formulation (0.9/0.1/1.0 molar ratios) (Fig.3□). In this study, we did 

not focus on the mechanism of the DMPE-DTPA transfer from the 

vesicle donors to the ML acceptors, but, in view of our earlier work in 

this domain [13,14,20], it is most probable that the lipid conjugate 

first escapes from the vesicle membrane, then travels through the 

aqueous phase and is finally taken up by the ML in a diffusion-

controlled process. Since the outer shell of a highly curved, small 

sonicated vesicle contains about 2,200 lipid molecules (i.e. two-

thirds of the total lipid content) [2], it can be calculated that about 

1,100 DMPE-DTPA molecules reside in the outer leaflet of the vesicle 

donor. As can be deduced from the uneven DMPE-DTPA distribution 

at equilibrium (Fig. 5), thermodynamically unfavourable transbilayer 

flip-flop movements do not occur within the time course of the 

experiment. Thus, in the setup in which equimolar donor vesicles 

and acceptor MLs (expressed in terms of molar lipid content) are 

used (Fig. 3□), solely these 1,100 outer leaflet molecules are able to 

distribute evenly over vesicles and MLs. Ultimately, at equilibrium, 

this means that a Gd3+ density of 550 molecules per particle is 

achieved. If need be, it will probably be quite easy to further 

increase this number, e.g. by increasing the donor/acceptor ratio. 

In conclusion, the main goal of this paper is to deliver a proof 

that it is feasible to construct a corona of lanthanide ions on top of 

nanosized magnetoliposomes. Within the framework of MRI, it is well 
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known that within this category of ions, gadolinium is the most 

efficient perturbant of the nuclear longitudinal relaxation, whereas 

Fe3O4 grains dramatically shorten the nuclear transversal decay rate 

[12,37]. Both physical phenomena are responsible for signal 

generation in MRI. Although it was not the purpose of the present 

paper to study the full potential of the ML-Gd3+ complexes as a MRI 

contrast agent, we propose that in selected experimental conditions 

(e.g. appropriate scan sequence, size of the iron oxide particles and 

their concentration, gadolinium payload, etc…) these biocompatible 

particulates may be of great value in dynamic MRI, in which the 

concentration of the contrast medium changes with time [38,39]. 

Further work in line with this idea is presently going on in our 

laboratory. 
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