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The kinetics of spontaneous monomer transfer between vesicles consisting of zwitterionic phospholipids is
dictated by the difference in desorption rate of lipid monomers from their donor vesicles and the concentration
imbalance in the dispersion. In a system with two lipid species with the same headgroup, transfer is asymmetric,
and takes place from the population of donor vesicles consisting of shorter chain lipids to acceptor ones of longer
chain. Transfer typically proceeds until equilibrium is reached, resulting in populations of vesicles consisting of a
binary mixture of both lipid species, whose concentration depends on the number of lipids in the precursor donor
and acceptor vesicles before transfer.

Upon the introduction of a second lipid species in the donor vesicle population, the desorption rate of
monomers should change with time, since the composition of donor vesicles changes when monomers of a given
lipid type desorb. To tackle this problem, we added a cationic lipid, 1,2-dimyristoyl-3-trimethylammonium-pro-
pane (DMTAP), into donor zwitterionic lipid vesicles and assessed how the concentration of DMTAP affects the
lipid transfer process. Lipid transfer is the result of the interplay between the initial concentration of DMTAP in
the donor vesicles (and related probability of desorption at short transfer times) and their concomitant time-
dependent concentration (and thus desorption rate) change due to the depletion of monomer species as the

transfer process proceeds.

1. Introduction

The transfer of lipid molecules among liposomes can take place via
several mechanisms like fusion and lipid monomer transfer [1,2]. The
former is a multi-step process aided by proteins, ubiquitous in biology
and involved in many events, such as viral infection and neurotrans-
mitter release [3,4]. Protein-free lipid transfer can take place via
different mechanisms like hemifusion between oppositely charged
membranes (vesicles and planar bilayers) [5] or monomer transfer by
diffusion in the aqueous media, the latter having been observed in
processes involving lipid metabolism [6]. Monomer transfer between
lipid vesicles takes place by diffusion through the aqueous medium. At
low lipid concentrations, lipids are desorbed from the donor vesicle,
diffuse through the aqueous medium and are finally absorbed by the
acceptor vesicle [2]. The rate-limiting steps for the transfer process are
the molecular desorption from the donor vesicle (with rate k) and the
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insertion into the host vesicle (with rate k*). The energy barriers of both
steps are dictated by the lipid’s local hydrophobic environment and the
membrane’s interfacial structure and chemistry [7]. These depend on
the lipid molecular features, namely, lipid hydrophobic chains (length
and degree of saturation) and head group (size charge and orientation).
The rate constants depend as well on the bilayer phase, being much
faster in the liquid disordered phase than in the gel phase [8].

The kinetics of monomer transfer is typically described by deter-
ministic models assuming that the absorption rate is proportional to the
product of monomer numbers and the size of the lipid vesicle, while the
desorption rate is proportional to the number of lipid molecules in the
donor vesicle [9,10]. Lipid transfer entails time-dependent changes in
composition and size of the vesicles in the system. As a matter of fact,
monomers are very short-lived species with vanishing number most of
the time. In the light of this, a stochastic version, termed direct transfer
model of lipid transfer was recently introduced, where transfer can then
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be described in terms of direct exchange between vesicles without
transiting via the monomer state [11]. In the direct transfer model, the
vesicle size is defined by the number of lipids the vesicle contains. For a
system with only one lipid species, the time dependence of the size
distribution is purely diffusive (in the size space) and the average size of
the vesicle does not change with time. For systems consisting of two lipid
species the size distribution of the liposome dispersion is not only gov-
erned by diffusion, but also by the coupling between the concentration
imbalance in the dispersion and the difference in desorption rates of
both lipids from their donor vesicles [11]. For the particular case of
zwitterionic lipids with the same headgroup but differing in their acyl
chain length, spontaneous lipid transfer between vesicles is very asym-
metric and takes place unidirectionally. Upon mixing the two (pure
lipid) vesicle populations, the systems evolve from a non-equilibrium
state at short times to equilibrium at longer times. The shorter chain
lipid is desorbed faster than the longer chain one, thus the acceptor
(longer chain length) lipid vesicles exhibit a time-dependent increase of
their average size at the expense of the size decrease of (shorter) donor
lipid vesicles, which get depleted of their lipid molecules [10]. The
resulting equilibrium system consists of (on average) larger vesicles
whose bilayer is a (equilibrium) binary mixture bearing the composition
corresponding to the original number of lipids before mixing [10,11].

Understanding asymmetric lipid transfer is especially relevant in the
context of protocell formation, where prebiotic vesicles have shown to
be able to take lipids from each other [12,13]. In this regard, increasing
the number of lipid species in donor and acceptor vesicles (before the
transfer process starts) would be particularly interesting, since the sys-
tem would likely evolve to a more complex scenario. From an experi-
mental point of view, lipid transfer studies are typically restricted to
nano-sized lipid vesicles of zwitterionic lipids with different chain
length [8,10,14,15]. Lipid transfer experiments including diffusion of
charged monomers are scarce and the few studies reported so far, have
focused on the modification of the electrostatic surface potential of
acceptor zwitterionic lipid vesicles from donor vesicles containing a
small concentration of anionic lipid species [16]. This transfer follows a
first-order kinetics with differences in the transfer rates for lipids with
the same hydrophobic chain length but different headgroup. However, a
direct relationship between transfer kinetics and headgroup features is
not straightforward.

Lipid transfer involving cationic lipids is much less studied so far. At
equilibrium, the impact of cationic lipids into zwitterionic lipid bilayers
manifests at different levels: charged lipids are known to alter the
physico-chemical properties of zwitterionic lipid bilayers mediated by
electrostatic interactions between the head groups [17], and to modu-
late phase separation in multicomponent membranes [18]. From an
application point of view, cationic lipids have been developed and
intensively studied because of their application as carriers of DNA for
transfection and nucleic acid delivery [19,20]. Vesicles consisting of
unsaturated cationic lipids which display a conical shape like DOTAP
tend to fuse, while the fusion efficiency decreases for saturated lipids
which display a cylindrical shape like 1,2-dimyristoyl-3-trimethylam-
monium-propane (DMTAP) [21].

In this work we assess how the addition of cationic DMTAP lipids in
donor zwitterionic vesicles impacts asymmetric lipid transfer with
longer chain acceptor vesicles. The concentration of DMTAP is varied
with a view to evaluate, on the one hand, how the presence of this lipid
modifies monomer transfer directionality and, on the other hand, the
possibility of fusion involved in the lipid transfer process. To this end,
we make use of the equilibrium phase behavior of cationic-zwitterionic
mixtures obtained by employing two complementary techniques,
densitometry, and quartz crystal microbalance with dissipation moni-
toring (QCM-D). The connection between equilibrium phase behavior
and non-equilibrium transfer is carried out in the following way. Donor
and acceptor lipid vesicles are placed in contact under non-equilibrium
conditions, lipid transfer is let to proceed in bulk at different fixed times
(1h,3h,6h,12h, 18 h, 24 h, 48 h and 72 h) and the phase behavior of
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the resulting vesicle populations after transfer at each time is analyzed
by QCM-D.

2. Materials and methods
2.1. Materials

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC - in powder
form), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC - in powder
form) and DMTAP (dissolved in chloroform) lipids were purchased from
Avanti Polar Lipids (Alabaster, AL) and spectroscopic grade chloroform
from Analar (Normapur). HEPES buffer (pH 7.4) consisting of 10 mM
HEPES (99 %) and 150 mM NaCl (>99.5 %), both from Sigma-Aldrich
was utilized for the hydration of the dried lipid films.

2.2. Vesicle preparation

The quantities of lipids were determined gravimetrically using an
analytical balance (AG245, Metter-Toledo, Switzerland) with a preci-
sion of + 0.1 mg. For equilibrium measurements, the pure lipids, as well
as the lipid mixtures were first dissolved in chloroform; the solvent was
then evaporated under a mild flow of nitrogen in a round-bottomed
flask. The resulting lipid films were kept under vacuum overnight to
remove any residual solvent. The films were then hydrated with HEPES
buffer to 2 mg/ml under continuous stirring in a temperature-controlled
water bath at a T = 60 °C (well above the melting temperature of all
lipids) leading to multilamellar vesicles (MLVs). Large unilamellar ves-
icles (LUVs) were formed by extrusion through filters of 100 nm pore
size for 25 passes in order to obtain vesicle dispersions with well-defined
sizes. The extruded vesicle dispersions consisting of pure or mixed lipids
at different mole fractions were diluted at 0.5 mg/ml. For the study of
binary or ternary mixtures, these solutions were directly used.

For lipid transfer experiments, extruded vesicles consisting of
selected DMPC:DMTAP mixtures at fixed (molar) ratio, namely 50:50,
80:20 and 20:80, and pure DPPC were diluted at the same molar ratio
before being mixed at equivalent volumes (the final molar concentra-
tions being all at 0.25 mM, corresponding to mass concentrations in the
range of 0.34-0.35 mg/ml). Lipid transfer was carried out at T = 60 °C
(all lipids in liquid disordered phase) in a temperature-controlled
incubator (Incu-Line 68R, VWR, Poland; temperature stability & 0.1 °C).

2.3. Dynamic light scattering (DLS)

Vesicle diameters and polydispersity indexes were determined by
DLS (Malvern Zetasizer Nano ZS, Malvern, UK). For these measurements
LUV dispersions in HEPES buffer at a 0.1 mg/ml concentration were
used. The number of performed measurements per sample was at least n
= 4 and measurements were carried out at room temperature. Zeta
potential of all types of vesicle dispersions were determined by elec-
trophoretic measurements using disposable folded capillary cells (Mal-
vern, UK) placed in the same instrument.

2.4. Quartz crystal microbalance with dissipation monitoring (QCM-D)

A Qsense E4 instrument (Gothenburg, Sweden) monitoring the fre-
quency and dissipation changes, Af/n and AD (for overtones n going
from 3 to 13) has been used. Q-sense E4 also enables heating or cooling
temperature scans in the range between T =15 °Cand T = 65 °C. AT-cut
quartz crystals with Au coating (diameter 14 mm, thickness 0.3 mm,
quoted surface roughness < 3 nm, and resonant frequency 4.95 MHz)
were used. The Au-coated quartz sensors were UV-ozone treated with a
UV-ozone cleaner (Bioforce Nanosciences, Germany) for 15 min,
cleaned for 5 min with a 5:1:1 mixture of Milli-Q water (resistivity of
18.2 MQ cm at T = 25 °C), ammonia and hydrogen peroxide heated at T
= 75 °C, rinsed in Milli-Q water and dried with Nj. The lipid vesicles
were injected into the QCM-D cells with a flow rate of 50 ul/min. Vesicle
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adsorption onto the Au-coated sensors was carried out at T = 15 °C.

The experiments consisted in the following sequence: first, a baseline
with pure HEPES buffer was established and afterwards lipid vesicles
were injected over the Au-coated sensor chips. After reaching a stable
intact supported vesicle layer, the pump was switched off and the
ensemble was left to stabilize for 30 min. Subsequent heating and
cooling temperature scans between T = 15 °C and T = 60 °C were
performed at a rate of 0.4 °C/min, maintaining a 60 min stabilization
time between successive temperature ramps.

2.5. Contact angle measurements

Contact angle (CA) measurements were carried out using an Atten-
sion ThetaLite instrument from Biolin Scientific (Sweden) based on the
sessile drop method. A small drop (3 pl) of Milli-Q water was dispensed
onto clean, UV-ozone treated Au-coated quartz surface, and the shape of
the drop formed on the surface was analysed. Measurements were car-
ried out at room temperature for 10 s using a recording speed of 20
frames/s. The average of all contact angles measured for the Au-coated
quartz surfaces was estimated to be 29 + 5°.

2.6. Density measurements

Density measurements were carried out using a DMA5000 densim-
eter from Anton Paar within a temperature range of T =15 to T = 60 °C
with steps of 0.3 °C between consecutive measurements. From the ob-
tained density values, the specific volume v was calculated via [22]:

1 ( 1 1- c)
Vi=—|————

¢ \Pa  Ps
where pgq and p; are the density of the dispersion and HEPES bulffer,
respectively, and c is the weight fraction of the lipids in the dispersions.

MLVs were used for density measurements at a concentration of 3 mg/
ml.
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3. Results and discussion

The time-dependent inter-bilayer lipid transfer taking place among
two vesicle populations containing zwitterionic and cationic lipids was
monitored by following the changes in the main phase transition as the
transfer process takes place. In order to help deciphering the concen-
tration changes with time as a result of monomer transfer, binary and
ternary mixture phase diagrams of the lipids under study were deter-
mined at equilibrium, using density and QCM-D measurements. The
former provides information about the changes in specific volume (and
thus changes in lipid packing in the mixture) and it is used as a bulk,
state-of-the-art, technique to validate the phase diagrams obtained by
QCM-D. In fact, densitometry makes use of polydisperse multilamellar
vesicles at a high concentration, while QCM-D uses LUVs dispersions
with well-defined size and small concentration, thus being more
appropriate for lipid transfer studies, where stable size vesicle disper-
sions are required.

3.1. Cationic and zwitterionic lipid mixtures at equilibrium

For all the studied cases, the main phase transition temperatures Ty,
were from the transition temperature derivatives of the specific volume
obtained by density measurements and from the temperature derivative
frequency and dissipation shifts obtained from QCM-D measurements
[23-27]. It is worth mentioning that both frequency and dissipation
temperature first-order derivatives provide similar phase transition
temperature ranges [28]. Thus, both parameters will be used indistin-
guishably throughout this work. Fig. 1 shows as example the phase
transition behavior of pure DMPC and DPPC vesicles. Panel A displays
the specific volume of pure DMPC and pure DPPC MLVs, characterized
by a discontinuity at the transition, as well as extrema in the first-order
temperature derivative (panel B). Panels C and D show the frequency
shifts and their respective first-order derivatives, obtained by QCM-D
upon heating LUVs of DMPC and DPPC. As it can be observed, the
transitions are very clear both in bulk (panel B) and when vesicles are
solid-supported (panel D) and show quite a good agreement in the
temperature range over which they take place.

Fig. 2 provides an overview of the main transition peaks of DMPC:
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Fig. 1. Temperature dependence of the specific volume (panel A) and its first-order temperature derivative (panel B) for DMPC (green curves) and DPPC (brown
curves) MLVs. Temperature dependence of the frequency shift (panel C) and the its first-order temperature derivative (panel D) for DMPC and DPPC LUVs adsorbed
onto Au-coated QCM-D sensors. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Temperature dependence of first-order derivative of the specific volume (panel A) for MLVs consisting of binary mixtures of DMPC and DMTAP at different
DMTAP mole fraction (in %). The corresponding phase diagram is displayed in Panel B. Temperature dependence of the first-order temperature derivative of AY,
where Y stands for frequency or dissipation changes at the third overtone, (panel C) for LUVs consisting of binary mixtures of DMPC and DMTAP at different mole
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with increasing DMTAP concentration. For DMPC-DMTAP mixtures
with mole fraction xpyrap < 0.5, there is a continuous increase in Ty,
reaching a maximum between xpyrap = 0.4 and 0.5. These results agree
qualitatively with previous calorimetric measurements performed in
milli-Q water [29,30].

Likewise, molecular dynamics simulations have shown that the area
per molecule in DMPC:DMTAP mixtures shows a minimum between
xpmtap = 0.4 and 0.5 [17]. At small DMTAP mole fractions, the reor-
ientation of PC headgroups driven by electrostatic interactions leads to
the compression of the bilayer, since PC groups can pack more tightly
with neighbouring TAP groups than in the case of PC alone. The optimal
packing mole fraction is very close to equimolarity, since DMPC and
DMTAP have the same number of carbons in their hydrophobic tails. The
volume per molecule obtained from density measurements shows
indeed a minimum (see Fig. S1 in the Supplementary Material). Close to
the equimolar mixture, the volume and area per molecule are reduced
by ~ 12.5 % (in relative terms) with respect to pure DMPC. DPPC:
DMTAP mixtures follow the same pattern of behavior as a result of the
electrostatic attraction between the PC and TAP groups. Yet, the main
transition shift towards higher temperatures (at mole fractions xpyrap
< 0.5) is smaller than for DMPC:DMTAP mixtures, since the packing of
hydrophobic tails is less effective — due to the difference in acyl chain
length between DPPC and DMTAP— (see Fig. S1 in the Supplementary
Material). The volume per molecule is reduced by ~ 6 % (in relative
terms) at the equimolar mixture with respect to pure DPPC. The phase
diagram of DPPC:DMTAP mixtures obtained from QCM-D measure-
ments can be found in Fig. S2 of the Supplementary Material.

Fig. 3 shows concentration-dependent hydrodynamic diameter (Z-
average values) and zeta potential values of the DMPC:DMTAP mixtures
at equilibrium, obtained from DLS and electrophoretic measurements.
The average hydrodynamic radius of freshly extruded lipid vesicles re-
mains quite constant with DMTAP concentration (panel A), whereas the
size of pure DMTAP vesicles increases with time (see Fig. S3 in the
Supplementary Material). As a matter of fact, phospholipids with TAP
headgroup have shown a tendency to aggregate with increasing con-
centration of NaCl [31,32]. As regards the zeta potential, it shows a
maximum around the equimolar concentration due to the surface
charges exposed to the medium, consistent with the decrease in area and
volume per molecule (see panel C of Fig. 3). Equivalent results for DPPC:
DMTAP mixtures follow a similar trend (the maximum is less pro-
nounced) and can be found in Fig. S4 of the Supplementary Material.

Phase transition coordinates will be used in the next section as the
kinetic descriptor during lipid transfer experiments, for which stable
vesicle dispersions with a well-defined size and phase transition peak are
required. The above-exposed results show that lipid vesicles consisting
of DMPC and DMTAP mixtures display quite a well-defined size and
main phase transition peak (except for large DMTAP concentrations). In
order to evaluate the effect of cationic lipids on the lipid transfer pro-
cess, we have chosen three molar concentrations of DMPC:DMTAP
mixtures, namely 80:20, 50:50 and 20:80, as vesicle populations to be
mixed with a vesicle dispersion of pure DPPC. In Figure S5 of the sup-
plementary information, we show the examples of pure DPPC and
DMPC:DMTAP 50:50 to show the time-dependent stability of the phase
behavior of vesicle populations used for the transfer experiments.

3.2. Lipid transfer experiments

We have chosen to use 100 nm-diameter LUVs for lipid transfer, for
which curvature effects are not as important as for small unilamellar
vesicles (SUVs). For the latter, curvature induces bending of the outer
leaflet, leading to its expansion, whereas the inner leaflet gets com-
pressed thus affecting the lipid transfer kinetics [33].

As mentioned in section 2.2, lipid transfer was carried out at T =
60 °C in a temperature-controlled incubator. At given times, i.e., 1 h, 3 h,
6 h,12h, 18 h, 24 h, 48 h, 72 h, after transfer has started, transfer was
stopped by cooling the samples at 16 °C (gel phase). In this phase,
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transfer by monomer diffusion is dramatically reduced [15], thus one
can assume that lipid transfer has stopped before injecting the samples
in the QCM-D modules or their size measurement by DLS. Fig. 4 displays
an overview of the phase transition signatures and the size distribution
functions during the transfer process between LUVs of pure DPPC and
DMPC:DMTAP mixtures. After incubation at T = 60 °C, their phase
transition behavior and size distribution were measured by QCM-D and
DLS at fixed times after the beginning of the transfer process. For the
sake of clarity, we will discuss the transfer between DPPC LUVs and
LUVs of each DMPC:DMTAP mixture separately.

3.2.1. Transfer between DPPC and DMPC:DMTAP (80:20)

Before the beginning of the transfer process, the size distribution of
both extruded vesicle populations was checked and is characterized by
single peaks centered at around 100 nm diameter. Their main transitions
are characterized by well-defined peaks displaying different transition
temperatures (T, ~ 33.3 °C for DMPC:DMTAP 80:20 and Ty, ~ 42.5 °C
for pure DPPC).

At short times after the transfer process starts (t = 1 h), the high-T
peak (the peak originally corresponding to pure DPPC vesicles) is shifted
towards lower temperatures, while the low-T peak is slightly shifted
towards higher temperatures. This indicates that unidirectional transfer
of DMPC monomers take place from DMPC-rich donor vesicles towards
DPPC acceptor ones. DMPC donor vesicles get depleted of DMPC (the
most abundant component in the donor LUVs), decreasing in size and
changing composition (increasing concentration in DMTAP, thus
increasing in phase transition temperature according to the phase dia-
gram in Fig. 2D). In turn, DPPC acceptor vesicles absorb DMPC mono-
mers, they increase in size, and their phase transition temperature
decreases. The two transition peaks merge at intermediate times leading
to a broad transition, while at longer times (t > 18 h), a single peak is
observed, whose position and shape remains rather constant (T, ~
37.2°C). The time-dependent size distributions obtained by DLS display
the behavior predicted by a recently introduced direct transfer model
involving two lipid species [10]. Specifically, at short times the distri-
bution gets broadened and the peak maximum is slightly shifted towards
lower sizes, while at longer times an additional mode appears (see
Figure S6 in the Supplementary Information). For completeness, the size
stability of pure DPPC and the DMPC:DMTAP (80:20) mixture when
LUVs when incubated separately has been checked over time after
extrusion (see Figure S7 in the Supplementary Information). While the
DPPC size distribution remains stable, DMPC:DMTAP (80:20) vesicles
display an additional population of very large hydrodynamic diameter
(1270 + 345 nm) after 72 h most likely due to vesicle fusion. A popu-
lation of very large vesicles is however not observed after 72 h of lipid
transfer experiment, indicating that fusion in the DMPC:DMTAP popu-
lation is precluded by the transfer process of DMPC monomers towards
DPPC acceptor vesicles (acceptor vesicles diminish in size at the expense
of the donor vesicles).

In order to assess the impact of a rather small amount of DMTAP in
the transfer process kinetics, it is instructive to compare it with the
transfer between pure DMPC and DPPC vesicles populations in the
absence of DMTAP, recently reported by our group [14]. Fig. 5A displays
phase transition peaks before and after 48 h transfer between DPPC and
DMPC in the absence and presence of 20 % mol DMTAP in DMPC donor
vesicles. Fig. 5B shows a comparison of the time-dependent melting
temperature decrease of acceptor DPPC vesicles when exposed to i) pure
DMPC vesicles and ii) DMPC:DMTAP (80:20) of similar size. Pure DMPC
vesicles provide more DMPC molecules (larger ATy, shifts) to be trans-
ferred to DPPC during the same time than similar size DMPC:DMTAP
(80:20) ones. Considering that the monomer desorption rate is propor-
tional to the concentration of molecules in the bilayer state [9],
desorption of DMPC from pure DMPC vesicles should be faster than from
DMPC:DMTAP (80:20). If we now assume DMPC desorption depends
solely on molecular concentration (DMTAP molecules do not affect
DMPC desorption), we would expect a kinetic profile as shown by the
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dashed line. The dashed line was obtained considering that in DMPC:
DMTAP LUVs there are 20 % less DMPC molecules than in pure DMPC
LUVs (thus multiplying the pure DMPC transfer kinetic curve (grey
symbols) by 0.8). Clearly, experimental results show that this is not the
case, indeed electrostatic interactions between PC and TAP groups
decrease the desorption rate of DMPC in the presence of cationic lipids.
Although one cannot rule out the desorption and transfer of DMTAP, this
is less prone to happen given the charge/concentration ratio in which it
is present in these vesicles. Fig. 5C shows the peak deconvolution of the
main transition peak after 72 h of lipid transfer. The intensity and the
shape of the QCM-D peaks scale with the composition of the vesicles
(one-component vesicles show typically narrower and more intense
peaks), as well as with the thickness and number of the vesicles adsorbed
[34]. The deconvolution of the peaks shows the coexistence of four
vesicle populations. The most intense one is consistent with the presence
of a large and most abundant vesicle population of DPPC:DMPC with
composition close to 80:20 (see Figure S8B in the Supplementary In-
formation). If one assumes that DPPC monomer desorption from
acceptor vesicles is very unlikely, the remaining (less intense) peaks
observed in panel C are consistent with a DMPC:DMTAP population with
composition close to 70:30 (see the example of calculation in Supple-
mentary information). In this respect, the underlying peaks agree with
the unidirectional transfer picture provided by Fig. 5D.

3.2.2. Transfer between DPPC and equimolar mixture DMPC:DMTAP
(50:50)

The transfer process between DPPC and a DMPC:DMTAP equimolar
mixture shows a different pattern of behavior (see panels C and D of
Fig. 4). The main transition temperature of both vesicle populations
before transfer is very similar (T ~ 42 °C) since, at equimolarity, DMPC
and DMTAP pack most efficiently driven by electrostatic attraction of
their headgroups. One would expect that the transfer between these two
vesicle populations is no longer unidirectional, since the desorption rate

of the lipid species involved should be quite similar, given the similar
melting temperatures displayed. However, taking into account the
shorter length of DMPC and DMTAP and the fact that DPPC needs to
disrupt the headgroup environment of PC and TAP groups to insert into
these vesicles, it is more likely that transfer is dictated by either DMPC or
DMTAP monomer desorption and insertion into DPPC. Panels C and D in
Fig. 4 show that at short times after the transfer process began (¢t < 6 h),
the phase transition of the system is characterized by very broad and
complex peaks, covering a large temperature range below and above the
transition of the two original vesicle populations. The fact that the peak
is broadened towards lower and higher temperatures points that, at
short times after the transfer begins, DMTAP is desorbed faster (its
headgroup is smaller) than DMPC and inserts into acceptor DPPC vesi-
cles. At t < 6 h, DLS measurements show a single size distribution where
the average size tends to slightly decrease as compared to the average
size of the original vesicle populations before transfer. As inferred from
the phase diagram in Fig. 2D and shown in Figure S2 in the Supple-
mentary Material, the addition of DMTAP at mole fractions below x
0.5 induces an increase of T, in DPPC acceptor vesicles, which leads to
the appearance of a clear peak at T ~ 45 °C, visible at 1, 3, and 6 h after
mixing. This peak is consistent with a DPPC:DMTAP (90:10) mixture of
acceptor vesicles, according to the phase diagram in Fig. S2 panel B.
Donor vesicles get depleted of DMTAP, their size decreases and their
composition changes, becoming, in principle richer in DMPC. This en-
tails a time-dependent change of monomer desorption rate from donor
vesicles, which, after a given time, promotes desorption and transfer of
DMPC as well. As a result, vesicle populations consisting of mixtures of
DMPC:DMTAP and DPPC:DMTAP coexist after t = 6 h. At longer times (t
> 18 h), the high-T peak observed at T = 45 °C merges with the shoulder
at lower temperatures. As a matter of fact, at t = 72 h, the peak
deconvolution is consistent with a most abundant population of equi-
librium DPPC:DMPC:DMTAP 50:25:25 ternary mixture (see Fig. 6 and
Fig. S8Ain the Supplementary Information), coexisting with a
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population that would correspond to DMPC:DMTAP vesicles of
composition around 70:30 (see Fig. 6B) and a less abundant population
of DPPC:DMTAP mixture. Interestingly, at t > 18 h, DLS measurements
show the coexistence of two vesicle populations, which at very long
times are centered around dI = 79 + 12 nm and dII = 660 + 55 nm (see
panel C), with I and II representing the two populations in size. Fig. 6D
shows a schematic picture of the proposed time-dependent transfer
process. As we shall see in the following section, the formation of the
ternary mixture is probably aided by fusion.

3.2.3. Transfer between DPPC and DMPC:DMTAP (20:80)

The time-dependent phase transitions during transfer between DPPC
(T, ~ 42.5°C) and DMPC:DMTAP (T, ~ 39.5 °C) LUVs are displayed in
panels E and F of Fig. 4. Overall, the main transition peaks get broadened
and show a higher Ty, than the ones displayed by initial vesicle pop-
ulations before the transfer begins. Being most abundant, DMTAP
monomers desorb from donor DMPC:DMTAP (20:80) vesicles and are
transferred into acceptor DPPC, leading to higher transition tempera-
tures. At the same time, the donor vesicle population decreases in size
and its transition temperature shifts to smaller values. The compensation
in the size decrease of donor and increase of acceptor vesicles is reflected
in the fact that the size distribution obtained by DLS barely changes at
short times. Fig. 7A and 7B show the peak deconvolution of the main
transition peak at short (t = 3 h) and long times (t = 72 h) after the
beginning of lipid transfer. At short times, the peak observed at T = 48.8
+ 0.7 °C (deconvoluted into the two fit peaks at T = 48.4 °Cand T =
49.4 °C in Fig. 7A) is consistent with a binary DPPC:DMTAP (65:35)
mixture (see Fig. S2). The remaining peak is consistent with a DMPC:
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DMTAP (43:57) mixture, whose transition is expected to range from T =
39°Cand T = 46 °C (which, according to the phase diagram displayed in
Fig. 2D). A similar approach as the one provided in the Supplementary
Information to estimate vesicle composition after transfer has been used.
With time, the phase transition peak shifts slightly and gets broadened
towards lower temperatures. DLS measurements show a single popula-
tion at short times (t < 6 h), whose maximum remains rather constant,
resulting from a compensation in size changes between donor and
acceptor vesicles. At this point, the desorption of both DMPC and
DMTAP is possible, considering the fact that transfer between lipid
vesicle populations is governed by the coupling between the concen-
tration imbalance in the dispersion and the difference in desorption rates
of lipids from their donor vesicles. The deconvolution of the t = 72 h
peak is consistent with the coexistence of vesicle populations close to the
compositions DPPC:DMTAP (80:20) and DMPC:DMTAP (27:73), indi-
cating that DMTAP might have desorbed from DPPC:DMTAP population
and transferred into DMPC:DMTAP one.

DLS measurements at long times (¢t > 18 h) show the coexistence of
two size populations, d = 128 + 16 nm and (d = 704 + 80 nm), indi-
cating that for vesicle populations containing DMTAP-phospholipid
mixtures close to equimolarity, transfer at long times is not only
driven by monomer diffusion but also by fusion. In fact, a detailed
analysis of frequency shift plateaus by QCM-D upon adsorption of lipid
vesicles at different times during the transfer process, shows that for
systems where donor vesicles are DMPC:DMTAP mixtures with DMTAP
concentration x > 0.5, a significant decrease in frequency shift takes
place after long transfer times (t > 18 h) (see red circles and blue tri-
angles in Fig. 8). In turn, for systems where donor vesicles are DMPC:
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Fig. 6. Results arising from transfer between DPPC LUVs and DMPC:DMTAP 50:50 LUVs. Panel A: QCM-D phase transitions of the 72 h-sample with underlying
experimental peak of ternary mixture. Panel B: 72 h main transition peak deconvolution. Panel C: Size distribution of the resulting populations obtained after 72 h.

Panel D: Scheme of the proposed transfer process.
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DMTAP mixtures with DMTAP concentration x = 0.2, the frequency
shift remains rather constant with transfer time. The frequency shift
decrease is compatible with the presence of very large vesicles of
diameter larger than the deepest penetration depth of the evanescent
acoustic wave in the vertical direction (§ ~ 250 nm). The adsorption of
systems with size > 500 nm like cells leads to frequency shifts much
smaller than 100 nm vesicles [35].

4. Conclusions

Lipid monomer transfer between vesicles composed of zwitterionic
(DMPC and DPPC) lipids with different alkyl chain length has been
studied upon the addition of a cationic lipid (DMTAP) in donor vesicles
by assessing the time-dependent phase transition signatures using QCM-
D. At equilibrium, DMTAP reduces the average molecular volume of
zwitterionic lipids in a bilayer by electrostatic interactions between PC
and TAP headgroups, leading to optimal packing close to equimolarity.
This involves that, in PC:TAP mixtures, the desorption rate of lipid
monomers is concentration-dependent, since it strongly depends on the
number of hydrophobic contacts to be broken.

As a matter of fact, lipid transfer between donor DMPC vesicles
containing DMTAP and acceptor DPPC vesicles has shown to be strongly

dependent on the interplay between the initial composition of donor
vesicles and time-dependent composition changes of both vesicle donor
and acceptor vesicle populations. At low initial DMTAP concentration in
donor vesicles, transfer is mainly asymmetric, with DMPC monomers
desorbing from donor vesicles and being transferred to DPPC acceptor
ones. The presence of a small fraction of DMTAP delays DMPC desorp-
tion as compared to pure DMPC, as a result of the increased packing (and
slower desorption rate) between DMPC and DMTAP molecules in the
donor bilayer.

At initial DMTAP concentrations (xpyrap > 0.5), transfer is governed
by monomer desorption at short times, while vesicle fusion cannot be
ruled out at longer times, as indicated by the vesicle size distributions
obtained by DLS. Transfer between donor vesicles with DMPC:DMTAP
equimolar concentration shows that DMTAP desorbs faster than DMPC,
thus involving time-dependent concentration changes of both donor and
acceptor vesicles, resulting in a most abundant vesicle population con-
sisting of the three lipid species at equilibrium. At very large initial
DMTAP concentrations, DMTAP being more abundant, desorbs very fast
from donor vesicles and inserts into DPPC acceptor ones until two
populations of DPPC:DMTAP and DMPC:DMTAP vesicles of concentra-
tions close to equimolarity coexist, thus enabling bidirectional transfer
due to the imbalance between concentrations in vesicle populations and
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of vesicles formed after several mixing times between DPPC and DMPC:DMTAP
lipid vesicle dispersions.

desorption rates of lipids from donor vesicles. This results in two main
DPPC:DMTAP and DMPC:DMTAP populations at equilibrium.

In summary, our results have shown that the interplay between
initial lipid concentration in donor vesicles and the time-dependent
changes in composition of both donor and acceptor vesicles govern
lipid transfer kinetics and directionality. The experimental observations
call for lipid transfer models that include the possibility of time-
dependent change of desorption rates and which will be the subject of
a follow-up investigation of this work.
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