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Using high-gradient magnetophoresis, the non-protein-mediated transfer and exchange of phosphatidylglycerol (PG) 
molecules between sonicated phospholipid dispersions and magnetoliposomes is studied. The latter structures consist of 
nanometer-sized magnetite (Fe304) cores which are enwrapped by a phospholipid bilayer. Their dimensions are similar 
to those of small unilamellar vesicles (De Cuyper and Joniau (1988) Eur. J. Biophys. 15, 311-319). Using these 
particles, spontaneous lipid movements were studied in three different cases. In a first setup, symmetric exchange 
between dimyristoylphosphatidylglycerol (DMPG) magnetoliposomes, labelled with [3H]DMPG, and DMPG vesicles 
was followed. Within the time scale of the experiment (1 day) both the lipid molecules residing in the inner and outer 
leaflet of the magnetoliposomes participate in the exchange process, although 'flip-flop' movements have a retarding 
effect. In the second approach a unidirectional flux of DMPG from DMPG magnetoliposomes to distearoylphosphati- 
dylglyceroi (DSPG) acceptors is noted. In this case, the outer phospholipid leaflet of the magnetoliposomes (in contrast 
to the inner one) can be largely stripped off; the extent of depletion is determined by the relative amount of the DSPG 
receiving structures. Furthermore, it is found that with a 15-fold molar excess of receptors, the whole depletion course 
can be described by a single first-order rate expression. The reluctancy of the inner shell phospholipids to migrate is 
further illustrated by the virtual lack of transfer, observed with monolayer-coated Fe304 colloids. In the third case, 
asymmetric bidirectional PG transfer is followed between equimolar amounts of DMPG magnetoliposomes and 
dipentadecanoylphosphatidylglycerol vesicles. In the initial stage of the incubation period, the mmoi P G / g  Fe304 ratio 
decreases, but progressively restores later on. By quantitatively measuring the transfer rate of each of the individual 
components, this complex behavior could be unravelled. 

Introduction 

Phospholipid molecules are able to transfer sponta- 
neously both between biological and artificial mem- 
branes [1,2]. For unravelling the mechanistic aspects of 
this process, artificial phospholipid membranes in par- 
ticular have proven to be valuable tools. These struc- 
tures indeed have the advantage that their composition 
and physical characteristics can be varied at will within 
a broad range. The consensus emerging from these 
studies now is that, at least in dilute systems [3], the 
kinetics of spontaneous lipid transfer agree with a 
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mechanism involving a rate-limiting escape of mono- 
mers from the donor surface, followed by rapid diffu- 
sion through the intervening water phase and uptake by 
an acceptor particle [4-10]. 

Broadly speaking, the assay systems designed to 
monitor lipid transfer processes can be classified into 
two major categories: (i) those in which the time course 
of modifications occurring in donors and/or  acceptors 
is followed in situ, either in a continuous (e.g., by 
fluorescence measurements [11-13]) or a non-continu- 
ous way (e.g., by differential scanning calorimetry 
[5,14]); and (ii) those which require an actual physical 
separation of the two vesicle populations. In the latter 
case, differences in size [15], density [16] or charge 
[4,7,17] have been exploited to fractionate donors and 
acceptors. Also immunoprecipitation [18] and agglutina- 
tion [19-21] techniques have been employed. 

As part of our ongoing interest in intervesicular 
transfer processes we developed a new vesicle type 
which consists of a nanometer-sized magnetizable iron 
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oxide core which is envelopped with a phospholipid 
bilayer [22]. Evidence for this architecture comes both 
from theoretical calculations (based on the geometry 
and dimensions of the iron oxide cores and the DMPG 
molecules) as well as experimental data (electron micro- 
graphs, degree of lipid depletion after detergent treat- 
ment, shape of the adsorption isotherms and kinetic 
profiles). By high-gradient magnetophoresis, the so- 
called 'magnetoliposomes' can be very easily and effi- 
ciently captured and separated from non-magnetic 
vesicles, even if they are equally-sized and equally- 
charged. In the present work, the unique possibilities 
that magnetoliposomes have in monitoring lipid trans- 
fer kinetics are illustrated in three different setups: (i) in 
which magnetoliposomes and vesicles are composed of 
only one phospholipid type so that a symmetric bidirec- 
tional exchange occurs; (ii) in which donors and accep- 
tors are constructed with transferable and non-transfer- 
able phospholipids respectively, so that a unidirectional 
transport is operative; and (iii) in which the phospho- 
lipid molecules of both vesicle populations transfer at a 
different rate so that an asymmetric bidirectional lipid 
flux occurs. In the latter case, the overall transfer event 
is unravelled by measuring the intrinsic transfer capaci- 
ties of the individual components. 

Experimental Procedures 

Materials 
DMPG, DC15PG and DSPG were purchased from 

Avanti Biochemical Corp. (Birmingham, AL). They were 
stored at -20  °C and periodically monitored for purity 
by analytical thin-layer chromatography. [3H]DMPG 
was made by enzymatic exchange of the choline 
headgroup of dimyristoylphosphatidylcholine (Sigma, 
St. Louis, MO) for [3H]glycerol (Amersham, U.K.), 
catalyzed by phospholipase D [23]. FeC12 • 4H20 and 
FeC13 • 6H20 were obtained from UCB (Belgium). All 
other chemicals (pro analysi) were Merck products 
(Darmstad, F.R.G.). Throughout this paper a 5 mM Tes 
buffer (Sigma), pH 7.0 was used. 

Preparation of phospholipid dispersions and magnetolipo- 
somes 

Lipid dispersions were prepared by ultrasonication at 
37 °C as described previously [4]. [3H]DMPG, used in a 
few experiments to generate doped magnetoliposomes 
(see below), was incorporated at a concentration of 0.1 
/~Ci/mg of vesicle lipid. It was added before the organic 
solvent evaporation step. At the end of sonication, the 
DMPG and DC15PG samples appeared clear to visual 
inspection and their turbidity, measured at 400 nm 
(37°C) didn't change within the time frame of two 
days. In contrast, the DSPG dispersion was opaque and 
demonstrated a further increase in turbidity. These be- 
haviors point to the presence of stable, small unilamel- 
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lar vesicles in the case of DMPG and DC15PG, whereas 
the DSPG entities were continuously converted into 
larger structures. 

The protocol for the construction of DMPG magne- 
toliposomes is outlined in our previous report [22]. 
Briefly, small magnetite (Fe304) particles with a diame- 
ter of approx. 14 nm were prepared by co-precipitation 
of FeC12 and FeC13 in the presence of an excess of 
ammonia and subsequently coated by lauric acid to 
obtain a stable dispersion. Upon co-incubation and 
dialysis for 2-3 days of this so-called water-adapted 
magnetic fluid in the presence of a sufficient amount of 
DMPG vesicles, the laurate coat is replaced by 
phospholipid molecules. Typically, for routinely prepar- 
ing DMPG magnetoliposomes, i.e., structures with a 
phospholipid bilayer, 2.04 ml of the Fe3Oa-laurate stock 
solution (22.90 mg Fe3Oa/ml) was added to 17.00 ml of 
DMPG vesicles (11.26 #mol DMPG/ml). After re- 
moval of non-adsorbed DMPG molecules by high- 
gradient magnetophoresis (see below), the resulting 
DMPG-Fe304 complex was characterized by a 
DMPG/Fe304 ratio (mmol/g) of approx. 0.80. Occa- 
sionally, monolayered DMPG-coated Fe304 colloids 
were also constructed. In this case 4.08 ml of the 
magnetic fluid and only 3.06 ml of the DMPG stock 
solution were mixed and diluted with buffer to a final 
volume of 19.04 ml. In this case the final DMPG/Fe304 
ratio in the magnetizable phospholipid structure 
equalled 0.30, which is approximately one third of the 
value found for the bilayered structure. 

High-gradient magnetophoresis 
Magnetic fields were generated with a water-cooled 

Bruker electromagnet (Type BE15) (Karlsruhe, F.R.G.), 
equipped with plane 15-cm diameter pole pieces put at 
a distance of 3 mm from one another. The instrument 
was operated at 80 V and 30 A and produced under 
these conditions a magnetic field intensity of approx. 
1.5 Tesla. Local, high-gradient magnetic fields, needed 
to attract the small subdomain Fe304 grains, were 
created by putting a plug of magnetic stainless steel 
fibers (approx. 60 mg) (Bekaert, Belgium) in the conduit 
tubings through which the sample (0.5 ml) was pumped 
at a rate of 12 ml/h.  A further washing of the retentate 
with an additional 0.5 ml of buffer was found to be 
necessary to remove iron oxide-free vesicles, which re- 
mained in the magnetic filter device by capillarity. 
Then, in the absence of the external magnetic field, the 
retentate was flushed out of the filter by a buffer stream 
(0.5 ml) at high speed (0.5 I/h) and collected as a stable 
dispersion. The recovery, expressed in terms of Fe304, 
was 95-99%. 

Transfer experiments 
Transfer of phospholipids between DMPG-Fe304 

complexes (0.5 /~mol phospholipid/ml) and the PG 
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dispersions (0.5 /xmol phosphol ipid/ml for 1 :1  mix- 
tures and 7.5/tmol phospholipid/ml for 1 : 15 mixtures) 
was followed kinetically. At different times, 0.5 ml 
aliquots of the incubation mixture were subjected to 
high-gradient magnetophoresis, and the phospholipid 
content of the magnetizable population was measured. 
However, in the case where radioactivity was followed, 
we preferred to analyze the eluate in order to avoid 
considerable quenching effects, which are brought about 
by the dark color of magnetite. 

The kinetics were expressed by the first-order rate 
equation 

I X, - X~q l kl.t 
l°gl Xo - X~ql 2.303 

where X refers to the amount of phospholipid associ- 
ated with the magnetic structure (or to the amount of 
radioactivity found in the pure vesicle population) be- 
fore transfer starts (Xo), at any time during the transfer 
process (Xt), and at equilibrium (X~q). Half-times (ta/2) 
were calculated from the pseudo first-order rate con- 
stant (kl)  by the usual relationship for first-order reac- 
tions. 

0.69 
tl/2 = ka 

Routine analyses 
Spectrophotometric phosphate determinations were 
done after perchloric acid digestion of the phospho- 
lipids according to Vaskovsky et al. [24]. Iron de- 
terminations were done by atomic absorption spec- 
troscopy (Varian AAG) at 372.2 nm. The magnetite 
samples were first dissolved in 0.1 M oxalic acid and, in 
case needed, diluted so that the iron concentration was 
in the range of 0-100 t~g Fe /ml .  3H Radioactivity was 
measured in a Packard Tricarb 2425 liquid scintillation 
counter and corrected for quenching. Fatty acid com- 
position of the phospholipids was checked by gas chro- 
matography (Packard-Model 419), using a GP 5% 
DEGS-PS stationary phase on 100/120 Supelcoport 
(Supelco Inc., Bellefonte). This column packing allows a 
direct injection of non-esterified, free fatty acids, ob- 
tained after phospholipid hydrolysis (45 min in 5 M 
HC1 at 90°C)  and extraction with petroleum ether 
(boiling range: 60-80 ° C; Merck). Phase transition tem- 
peratures were detected at 400 mn by fight scattering 
measurements on an Aminco Bowman spectrophotoflu- 
orometer. Dimensions of the magnetoliposomes were 
checked by Sepharose CL-2B column chromatography 
and electron microscopy (Zeiss EM10C). They were 
characterized as particles with a diameter of approx. 30 
r i m .  

Results and Discussion 

1. Transfer between DMPG-Fe304 donors and D M P G  
acceptor vesicles 

Experimental setups in which a perfectly symmetric, 
spontaneous exchange of phospholipids between two 
vesicle populations can be monitored are hard to de- 
sign. Indeed, strictly speaking, both the polar headgroup 
and apolar part of the transferring phospholipids must 
be identical. In addition, symmetric exchange condi- 
tions presume that the physico-chemical properties of 
the donor and acceptor bilayers must be very much 
alike. As a result, the problem of distinguishing between 
both vesicle types becomes almost insurmountable. Re- 
cently, Bayerl et al. [14] approached the problem in an 
elegant way by investigating lipid transfer between 
vesicles made of dimyristoylphosphatidylcholine, the 
acyl chains of which were either protonated or deuteria- 
ted. Deuteration of the apolar moiety, however, resulted 
in an increase in the 'order ~ disorder' phase transition 
temperature. 

In the present work, we took up the challenge by 
utilizing D M P G  magnetoliposomes which were doped 
with DMPG,  radiolabeled with 3H in its polar 
headgroup to most closely mimic the structure of the 
unmodified molecule. Transfer of [3H]DMPG from 
D M P G  magnetoliposomes donors (0.5 #mol /ml )  to 
equal-sized D M P G  acceptor vesicles (0.5 or 7.5 
#mol /ml )  was studied at pH 7.0 in 5 mM Tes buffer at 
37°C.  At this temperature, D MP G  vesicles are sup- 
posed to be in a 'fluidized' state since (in agreement 
with Small [25]) a gel-to-liquid crystalline phase transi- 
tion of 23°C was detected. 
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Fig. 1. Symmetric transfer of [3H]DMPG between DMPG magneto- 
liposomes and DMPG small unilamellar vesicles. Vesicles (0.5 ~tmol 
DMPG/ml) were incubated with DMPG magnetoliposomes in 
equimolar conditions (D) and in a 15-fold excess (I) at 37°C in 5 mM 
Tes (pH 7.0). The magnetoliposomes population was prelabeled with 
[3H]DMPG. At stated times 0.5 ml aliquots of the incubation mixture 
were treated by high-gradient magnetophoresis and the eluate was 
analyzed for radioactivity. The fractional uptake of [3H]DMPG (ex- 

pressed as %) by the non-magnetic vesicles is plotted against time. 
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Fig. 2. First-order kinetic plots for [3 H]DMPG transport from DMPG 
magnetoliposomes to DMPG vesicles as shown in Fig. 1. Kinetics are 
followed by measuring the appearance of [3H]DMPG into the DMPG 
vesicles. The fractional transfer is defined as X, - X ~ / X  o - X~ (see 
Experimental Procedures). The acceptor/donor ratios equal 1 (A) and 
15 (B). For calculating tl/2 values for the initial transfer process, the 
time points covering less than 20% transfer were taken. The dashed 
line in B represents a linear regression plot through the time points, 
starting at t = 51 min and covering the last 30% of [3H]DMPG 

transfer. 

As shown in Fig. 1, the radioactive label gradually 
appears in the D M P G  vesicle population as a function 
of time. At equilibrium, for donor /accep to r  ratios of 
1 :1  and 1:15,  it is found that, respectively, approx. 
50% and 90% of the label is present in the acceptors. 
This indicates that on the time scale of the experiment 
the D M P G  molecules, residing both in the outer and 
inner leaflet of the magnetoliposomes, participate in the 
exchange process. 

In the initial stage of the transfer event, during which 
approx. 20% of total transfer occurred, the first-order 
reaction plots (Fig. 2) can be fitted by  a straight line. 
From the slope, similar q/2 values for D M P G  equi- 
libration are calculated: 20 rain in equimolar donor- 
acceptor conditions, and 22 min with a 15-fold acceptor 
excess. This independence of the first-order rate con- 
stant on the donor / accep to r  ratio rules out the collision 
route as a mechanism to explain the observed lipid 
movement,  and also suggests that transfer is limited by 
the rate at which molecules can leave the donor bilayer 
[7,9,26]. 

Inspection of Fig. 2 further shows that the whole 
transfer process does not proceed entirely in a mono- 
exponential way. In the case of equimolar donor  and 
acceptor amounts,  this biphasic character can be ex- 
plained (i) by back exchange of [3H]DMPG, and (ii) by 
a transbilayer movement  of [3H]DMPG which is slow 
relative to its transfer rate. Significant back exchange 
effects, however, are circumvented in the set-up in which 
a 15-fold excess of acceptors is used [10]. Therefore, the 
biphasic pattern observed in this case attests that 
[3H]DMPG, present in the outer and inner leaflet of the 
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magnetoliposomes, does not behave as a single kinetic 
pool, i.e., that transbilayer migration of the labeled 
phospholipids becomes rate-limiting after the initial 
transfer phase. For  this slower decay component,  which 
gives an indication of the rate of ' f l ip-flop'  movements  
[27], a t]/2 of 57 min is computed. The difference in 
transbilayer migration and interbilayer transfer rate 
measured in other model systems is usually much greater 
and has even been exploited to generate asymmetric 
membranes  [28,29], although exceptions on this rule 
have been reported [14,30,31]. In this respect, it is worth 
mentioning that besides intrinsic properties of the lipid 
molecules, also some membrane  features such as curva- 
ture [30,32], charge quality [33] and degree of fluidity [8] 
have been shown to be of paramount  relevance. The 
precise interdependence of these parameters  as well as 
the impact  of the iron oxide-phospholipid association 
forces in our magnetol iposome system are unknown. 

2. Transfer o f  D M P G  from DMPG-Fe304  complexes to 
D S P G  structures 

A different transfer pattern is observed if 'solidified' 
DSPG membranes,  demonstrat ing a phase transition 
temperature of 54 ° C (see Ref. 25), are chosen as accep- 
tors. At 37 ° C  and in equimolar conditions of D M P G  
magnetoliposomes and DSPG structures (each at a con- 
centration of 0.5 mM), the phospholipid content of the 
magnetoliposomes gradually decreases to approx. 79% 
of the original value (Fig. 3). The t]/2 for the initial 
process equals 31 rain, which agrees with that found for 
[3H]DMPG transfer in the above-mentioned cases. A1- 
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Fig. 3. Unidirectional transfer of DMPG from DMPO-Fe304 colloids 

to DSPG structures at 37 ° C in 5 mM Tes (pH 7.0). The DMPG-Fe304 
complexes were prepared as described under Experimental Proce- 
dures, n, Bilayered DMPG magnetoliposomes in the presence of an 
equimolar amount (expressed in terms of phospholipid content) of 
DSPG vesicles; II, bilayered DMPG magnetoliposomes in the pres- 
ence of a 15-fold excess of DSPG structures; -, monolayered DMPG- 
Fe304 particles in the presence of a 15-fold excess of DSPG struc- 
tures. In the different setups, the magnetic population was present in 
the incubation mixtures at a phospholipid concentration of 0.5 
/Lmol/ml. 
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ternatively, with a 15-fold excess of DSPG, the lipid-de- 
pleting effect is more pronounced; at steady-state con- 
ditions approx. 54% of the lipids are withdrawn (Fig. 3). 
Interestingly, the first-order conditions (tl/2 = 27 min) 
are maintained throughout the entire lipid-depleting 
process. Fatty acid analysis further reveals that, within 
the time scale of both experiments, the decrease in 
phospholipid content of the magnetoliposome popula- 
tion is solely due to a depletion of DMPG molecules 
which is not accompanied by a (partial) compensatory 
flux of DSPG molecules. Most probably, this virtual 
inability of DSPG to transfer is due to its longer chain 
length [6,8,17]. 

An intriguing problem in studying such net transfer 
phenomena concerns the fate of the donating structures. 
For instance, as mass imbalance between outer and 
inner monolayer of the donors grows, transbilayer 
migration may become the rate-limiting parameter for 
the overall transfer rate. Moreover, if the donors are 
small sonicated vesicles, a concurrent increase in surface 
energy may mitigate any further shrinking. Small 
vesicles, which are continuously deprived of phospho- 
lipids to a threshold necessary for vesicle formation, 
must indeed either burst a n d / o r  fuse with other mem- 
brane fragments before ultimately disappearing. These 
processes, too, can slow down the transfer kinetics 
[5,14,34]. Conversely, with magnetoliposomes, the iron 
oxide core apparently exerts a stabilizing influence and 
allows a first-order unidirectional transfer (for a time 
period which covers at least 6-times the 81/2 interval 
(not shown)) until the outer layer is largely stripped off 
as represented in Fig. 3, m. Therefore, based on this 
kinetic analysis, we assume that a considerable change 
in surface energy during the efflux of outer leaflet 
D M P G  molecules is very unlikely. This conclusion is 
further supported by the uniform binding behavior of 
the outer leaflet phospholipids on monolayered DMPG- 
Fe304 colloids, as we recently reported [22]. We indeed 
found that their adherence can be accurately described 
by a single Langmuir adsorption expression which, most 
interestingly, covers the entire free D M P G  concentra- 
tion regime in which the outer layer is built up. 

Upon comparing the equilibrium transfer states 
shown in Figs. 1 and 3, at first sight, some contradiction 
may arise as to what extent the magnetoliposome 
D M P G  molecules are involved in the overall transfer 
process. For instance, the observations made with 
D MP G acceptors (Fig. 1) indicate that both inner and 
outer leaflet molecules of the donors participate, whereas 
the final DMP G distribution observed with DSPG 
acceptors suggests that the inner shell D M P G  molecules 
of the donors are reluctant to jump out from the mag- 
netizable colloid. To check this latter point in more 
detail, we constructed Fe304 cores which were enrobed 
by only one layer of D M P G  molecules (mmol D M P G / g  
Fe304 = 0.30, see Experimental Procedures). In these 

structures the lipid molecules are supposed to adopt a 
similar configuration as in the inner layer of magneto- 
liposomes, i.e., they presumably bind with their phos- 
phate group to the iron oxide surface, thereby orienting 
their fatty acyl chain residues to the outside [22] *. To 
accentuate possible lipid depletion effects we con- 
fronted these monolayer-coated Fe304 structures (0.5 
/~mol D M P G / m l )  with a 15-fold molar excess of DSPG 
vesicles. However, as shown in Fig. 3, A, the DMPG 
monolayer remains intact. This reluctancy to transfer 
cannot be entirely explained, either by the putative avid 
chemisorption of phosphate groups onto iron oxide 
(which in fact is also operative in the system with 
D M P G  acceptor vesicles, see Fig. 1) [35,36], or by a low 
on-rate of lipid molecules in gel-state membranes (as 
observed by Nichols and Pagano [9] and Bayerl et al. 
[14]), since, as deduced from Fig. 3, [] and m, outer layer 
D M P G  molecules are readily accepted. Rather it ap- 
pears that a prerequisite for the inner DMPG molecules 
to participate in the overall transfer event is that they 
have to be simultaneously replaced by outer shell phos- 
pholipids. In our system, the latter molecules are either 
continuously exchanged with the surrounding vesicles if 
these are constructed with transferable molecules (as in 
Fig. 1), or gradually withdrawn in the case where the 
surrounding membrane structures are built up of ' im- 
mobile' lipids (as in Fig. 3). 

3. Transfer between DMPG magnetoliposomes and 
DC15PG vesicles 

Next, we further investigated the transfer kinetics 
between donors and acceptors, both of which are built 
up of a different type of PG. This time, however, a net 
flow of the longer chain length homolog was measura- 
ble within the time course of the experiment. As an 
example, such a constellation was created in a mixture 
of D M P G  magnetoliposomes and DClsPG vesicles. In 
vesicle structures, we found for both PG homologs a 
gel-to-liquid crystalline phase transition temperature at 
23 and 31°C, respectively (not shown), which corre- 
sponds to the values (23.7 and 33.5°C, respectively) 
listed by Small [25]. 

At 37 ° C, the interaction course, followed in a 1 :1  
mixture of both structures (each present at a phospho- 

* The possibility exists that on top of the monolayer-coated particles 
some additional D M P G  molecules are attached (e.g., in a flat 
orientation or by interdigitation) with their polar headgroups pro- 
truding into the water phase, thereby improving electrostatic sta- 
bilization. The (partial) hydrophobic character of the colloids, 
however, can be deduced from the easiness by which additional PG 
molecules are adsorbed, the binding strength of which increases 
upon lengthening the hydrophobic tails (see Ref. 22). Also, the firm 
adhesion of monolayered particles (in contrast to bilayered ones) 
on the dextran matrix of Sephadex G-25 is illustrative for their 
(partial) apolar nature (unpublished observation). 
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Fig. 4. Asymmetric, bidirectional phosphatidylglycerol transfer be- 
tween D MPG magnetoliposomes and DC1 ~PG small sonicated vesicles 
at 37 °C in 5 mM Tes (pH 7.0). Equimolar amounts of donors and 
acceptors (each at a concentration of 0.5/~mol/ml) were used. After 
high-gradient magnetophoresis at different times, the magnetic struc- 
tures were analyzed for total phospholipid content (o---©) and for 
the fatty acyl chain composition of the adsorbed phospholipids. II, 
Represents the time-dependent decrease in DMPG content; O, corre- 

sponds to the time-dependent increase in DC15PG content. 

lipid concentration of 0 .5/ tmol /ml) ,  manifests a com- 
plex behavior. As shown in Fig. 4 (©), the total PG 
content of the magnetizable structure first rapidly de- 
creases and subsequently increases to its original value 
of 0.80 mmol P G / g  Fe304. A further inspection of the 
time-dependent variation in the lipid quality of the 
magnetoliposomes shows that the DMPG molecules 
escape from the magnetoliposomes (Fig. 4, ,,) at a faster 
rate than DC15PG is able to desorb from the vesicles 
(Fig. 4, O). From the initial parts of the first-order 
profiles (not shown), halftimes of 20 and 214 min, 
respectively, are calculated. The higher ta/2 value for 
DC15PG as compared with the value for DMPG is in 
accordance with the general observation that within a 
homologous series of phospholipids the transfer capac- 
ity decreases by a factor of 5-10 for each -CH2-grou p 
which is added to a single fatty acyl chain [6,17,37]. 

To the best of our knowledge, only Duckwitz- 
Peterlein et al. [5] have studied similar asymmetric, 
bidirectional, spontaneous lipid fuxes. These authors 
used trans-A 9-hexadecenoate and trans-A 9-octadeceno- 
ate enriched phospholipid vesicles which were generated 
from total E. coli phospholipid extracts. By mathemati- 
cally treating time-dependent changes in light scattering 
scans, it was concluded (in agreement with our observa- 
tions) that the shorter chain length phospholipids had 
the highest transfer rate. The tl/2 value they found was 
on the order of days. With magnetoliposomes, however, 
the lower limit in the detection of t~/2 values can be 
reduced to a few minutes. Furthermore, since ap- 
parently energy barriers are not operative in our system 
(see above), we could calculate pseudo first-order rate 
constants of both the faster and slower moving lipid 
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component; in the setup of Duckwitz-Peterlein et al. [5] 
only a tl/2 value for the palmitoleoyl-containing lipids 
could be graphically detected. Moreover, the tl/2 value 
they report (42 h in a 1 : 1 mixture) has to be considered 
as an average since the predominant phospholipid 
classes present in their starting vesicle populations con- 
sist of PG, phosphatidylethanolamine and cardiolipin. 
Undoubtedly, even with the same apolar tails, these 
phospholipid classes will transfer according to different 
rates [9,38]. By contrast, using well-defined phospho- 
lipids, the t~/2 values which we calculated most prob- 
ably reflect intrinsic transferabilities of DMPG and 
DC15PG. The reasonably good agreement in q/2 values 
which we found for the initial DMPG transfer with the 
very different DMPG (Fig. 1), DSPG (Fig. 3) and 
DC15PG acceptor vesicles (Fig. 4) supports this state- 
ment. 

Conclusions  and physiological  relevance 

In the present work we have described the use of 
high-gradient magnetophoresis to fractionate magnetiz- 
able and non-magnetizable phospholipid structures. To 
highlight the unique potentialities of the technique in 
studying spontaneous lipid transfer processes, we pur- 
posively investigated in a quantitative way very extreme 
cases, i.e., symmetric and asymmetric bidirectional 
transport processes as well as unidirectional lipid fluxes. 

Our hope is that the unique features of the newly 
designed magnetoliposomes may contribute to the un- 
derstanding of lipid dynamics between biological mem- 
branes. Magnetoliposomes can indeed can be prepared 
with a lot of other 'fluidized' phospholipids (unpub- 
lished observations), including some naturally occurring 
ones. In this respect, it should also be possible to 
include magnetoliposomes with equal success into sys- 
tems designed to monitor protein-stimulated phospho- 
lipid movements [39,40]. Finally, our magnetite-lipid 
complexes may be of relevance in other biological do- 
mains. More specifically, they can act as a model in the 
study of both structural and dynamic aspects of the 
envelope around magnetite particles which are encoun- 
tered in a lot of magnetically responsive animals [41]. 
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