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At low ionic strength dimyristoylphosphatidylglycerol (DMPG) exhibits a broad phase transition region character-
ized by several superimposed calorimetric peaks. Peculiar properties, such as sample transparency, are observed only in
the transition region. In this work we use differential scanning calorimetry (DSC), turbidity, and optical microscopy to
study the narrowing of the transition regionwith the increase of ionic strength (0-500mMNaCl).Upon addition of salt,
the temperature extension of the transition region is reduced, and the number of calorimetric peaks decreases until a
single cooperative event at Tm = 23 �C is observed in the presence of 500 mM NaCl. The transition region is always
coupled with a decrease in turbidity, but a transparent region is detected within the melting process only in the presence
of up to 20 mMNaCl. The vanishing of the transparent region is associated with one of the calorimetric peaks. Optical
microscopy of giant vesicles shows that bilayers first rupture when the transition region is reached and subsequently lose
optical contrast. Fluorescence microscopy reveals a blurry and undefined image in the transparent region, suggesting a
different lipid self-assembly. Overall sample turbidity can be directly related to the bilayer optical contrast. Our
observations are discussed in terms of the bilayer being perforated along the transition region. In the narrower
temperature interval of the transparent region, dependent on the ionic strength, the perforation is extensive and the
bilayer completely loses the optical contrast.

Introduction

Control of cell membrane permeability is fundamental to
sustaining life. Lipid bilayers are a natural permeability barrier
of cells against polar and charged molecules. Generally, con-
trolled and specific transport across the membrane is done
through numerous protein channels and pumps embedded in
the lipid bilayer. Alternatively, unspecific increase in lipid bilayer
permeability can be induced by strong electric pulses,1,2 pore-
forming peptides/drugs,3 lipid phase transition,4-6 or amphiphile
insertion.7 In all of these cases, pores (transient or stable) open
across the membrane, allowing molecules to cross. Transport
across primitive cells could not rely on complex protein channels
and had to depend on some simple mechanism involving lipid
bilayers alone.8

Lipid bilayer stability relies on the balance of different lipid-
lipid interactions. The hydrophobic effect is themain actor in lipid
self-assembly. The preferred structure formed, however, depends
mainly on the packing properties of the hydrophobic and hydro-
philic parts, which are also influenced by interactions among
lipids. The presence of membrane surface charges, found in all

biologicalmembranes, certainly adds a significant contribution to
lipid-lipid interactions. The effective tension applied to the
membrane can also destroy its stability, as is the case in electro-
poration and mechanical lysis.9 Here we concentrate mainly on
the effects of the main phase transition on the stability of a
charged phospholipid bilayer. The permeability of lipid mem-
branes exhibits a discontinuity at its main phase transition region
because of the formation of transient small pores.4-6

The anionic phospholipid dimyristoylphosphatidylglycerol
(DMPG) at high ionic strength (above 100 mM NaCl) exhibits
a thermal behavior quite similar to that of its zwitterionic
analogue DMPC (dimyristoylphosphatidylcholine). At low ionic
strength, however, the gel-to-fluid phase transition extends over
more than 10 �C, and unique system properties are detected.10-16

The excess heat capacity profile shows a sequence of several peaks,
between a very sharp one, defining the beginning of the melting
process (Tm

on∼ 18 �C), and a broad one, which sets its end (Tm
off

∼ 30-40 �C).17 The transition region, which has also been termed
intermediate phase (IP), has specific characteristics not found in
the neighboring phases: an unusually low turbidity,12,18 high
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electrical conductivity,18 and high sample viscosity.12,13 Small-
angle X-rays scattering (SAXS) showed that DMPG at low ionic
strength is arranged in uncorrelated bilayers and displays a lower
electron density contrast in the transition region.17 Electron spin
resonance (ESR) of a spin label located at the bilayer center
revealed the coexistence of two structurally different microenvir-
onments in the transition region: one resembling a bilayer with
intermediate mobility between a gel and a fluid phase and one
with high mobility and fairly hydrated, more compatible with a
micelle-like environment.15 X-rays results at a smaller angle
region revealed the existence of a mesoscopic correlation around
370 Å only in the transition region.16 Optical microscopy of
DMPG giant vesicles showed that the bilayers lose its optical
contrast in the transition region.16

It has been proposed thatDMPG at low ionic strength forms a
lipid network in the transition region,13 similar to the so-called
sponge phase. This possibility was ruled out based on experiments
that discarded lipid rearrangement between DMPG structures
along the transition region14,19 and on SAXS data.16 Instead, we
proposed that in-plane correlated cavities/pores open on the
membrane surface, giving rise to the mesoscopic correlation
detected by SAXS and decrease of optical contrast.16 In a
following work,19 it was proposed that opened (tattered) bilayer
sheets exist in the transition region and that changes in sodium
and proton association in the melting region could be responsible
for changes in bilayer curvature.

As the ionic strength is increased, the temperature extension of
the transition region is reduced.11,13,18,20,21 Around 100-500 mM
NaCl, the transition region is not detected and the thermal
behavior of DMPG resembles that of DMPC, with a single Tm

at 23 �C. In pure water and at room temperature, DMPG forms
small-sized particles with altered morphology, resembling disks
and open shells, as revealed by electron microscopy.10 At low
concentrations of salt, DMPG is organized mainly as uncorre-
lated bilayers forming submicroscopic structures, most probably
vesicles, as seen with optical microscopy and SAXS.17,21 The
SAXS peak around 370 Å at 25 �C disappears with 20 mM
NaCl.21 Above 50 mM NaCl, few giant multilamellar vesicles
(MLVs) can be seen, although most lipids are still forming small
vesicles. Around 500 mMNaCl, the preferred structures detected
with opticalmicroscopyareMLVs,whose lamellae are still poorly
correlated, deduced from the faint Bragg peaks in the SAXS
data.21

Here we present a detailed study of the vanishing of the
transition region and of its specific properties with increasing
concentrations of salt. On the one hand, DMPG dispersions are
studied with DSC and turbidity, giving special attention to
changes within the transition region between Tm

on and Tm
off.

On the other hand, new optical and fluorescence microscopy
observations of DMPG giant vesicles (uni- and multilamellar)
with increasing ionic strength reveal properties of DMPG mem-
branes along the transition region with more detail. We close this
work with a discussion of the lipid assembly adopted in the
transition region of DMPG.

Materials and Methods

Materials. The sodium salt of the phospholipid DMPG (1,2-
dimyristoyl-sn-glycero-3-[phospho-rac-glycerol]) was purchased
from Avanti Polar Lipids (Birmingham, AL). The fluorescent

probe DiIC18 (1,1
0-dioctadecyl-3,3,30,30-tetramethylindodicarbo-

cyanine, 4-chlorobenzenesulfonate salt) was from Molecular
Probes (Eugene, OR). The buffer system used was 10 mMHepes
(4-(2-hydroxyethyl)-1-piperizineethanesulfonic acid) adjusted
with NaOH to pH 7.4. Milli-Q water was used throughout.

Lipid Dispersion Preparation. A lipid film was formed from
a chloroform solution, dried under a stream of N2 and left under
reduced pressure for a minimumof 2 h, to remove all traces of the
organic solvent. Dispersions were prepared by the addition of the
Hepes buffer with different concentrations of salt (from 0 up to
500 mM NaCl), followed by vortexing for about 2 min above
Tm

off (∼40 �C). The samples were kept at room temperature and
used right after preparation.

Differential Scanning Calorimetry. The calorimetric data
were carried out in a Microcalorimeter VP-DSC (MicroCal,
Northampton, MA) at a scan rate of 10 �C/h. Baseline subtrac-
tions and peak integrals were done using the MicroCal Origin
software with the additional module for DSC data analysis
provided by MicroCal.

Turbidity Measurements. Sample turbidity (absorbance at
λ = 350 nm and 2 mm optical path) was measured on 50 mM
DMPG in 10mMHepes pH 7.4 with the addition of 0 to 500mM
NaClwith aHP 8452A diode array spectrophotometer (Hewlett-
Packard Co., Palo Alto, CA). Temperature was adjusted with a
circulating water bath and measured inside the sample with a
thermocouple. Generally, the temperature was increased in 2 �C
steps and sample was allowed 15 min of equilibration time before
each measurement.

Optical Microscopy.Giant multilamellar vesicles (MLVs) of
50 mM DMPG containing 1 mol % DiIC18 were prepared at
30 �C as described above in the section Lipid Dispersion Prepara-
tion. The aqueous solution used contained 10 mMHepes pH 7.4,
0.5 mM EDTA, and 500 mM NaCl. This vesicle dispersion was
then diluted 250� in 10 mM Hepes pH 7.4 + 0.5 mM EDTA
containing different concentrations of NaCl to yield a final
0.4 mM DMPG in concentrations of salt ranging from 2 to
25 mM NaCl. The dilution was performed at ∼10 �C (with the
lipids in the gel phase), and the dispersion was immediately
transferred into an observation chamber with temperature con-
trol set at 16 �C, so that the lipids remained in the gel phase. The
observation chamber was connected to a water circulating bath
and temperature inside the observation chamber was checked
with a thermocouple. GiantMLVs deposited on the coverslip due
to gravity, so the local lipid concentrationwas higher. The vesicles
were observed with a Ph2 63�objective in an inverted Zeiss
Axiovert 200 (Jena, Germany) equipped with a digital camera
Zeiss AxioCam HSm (Jena, Germany).

Results

Differential Scanning Calorimetry and Turbidity of

DMPG Dispersion. Figure 1a shows a series of DSC traces
obtained with 50 mM DMPG at increasing concentrations of
salt between 0 and 500 mM NaCl. At very high ionic strength
(500 mMNaCl) a very sharp and intense peak associated with the
chain melting transition is detected at Tm = 23 �C, similar to
DMPC.22 Note that the traces obtained at high ionic strength are
reduced in respect to those obtained at lower ionic strengths. As
the salt concentration is decreased, the single Tm peak is replaced
by a gradually wider transition region, comprising an increasing
number of peaks.A relatively sharp peak, defining the onset of the
transition,Tm

on, stillmarks a cooperative beginningof themelting
process, and a broad peak atTm

off indicates the end of themelting
region (T1,T2, andT3marked inFigure 1awill be discussed later).
Around 10-14 �C, all curves show a pretransition peak, Tp,(19) Alakoskela, J.-M. I.; Kinnunen, P. K. J. Langmuir 2007, 23, 4203–4213.
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6118–6126.

D
ow

nl
oa

de
d 

by
 U

N
IV

 D
E

 S
A

O
 P

A
U

L
O

 U
SP

 o
n 

Se
pt

em
be

r 
18

, 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

8,
 2

00
9 

| d
oi

: 1
0.

10
21

/la
90

12
13

7



DOI: 10.1021/la9012137 10085Langmuir 2009, 25(17), 10083–10091

Riske et al. Article

associated generally with a transition to a ripple phase.23,24 The
position and enthalpy of the pretransition change slightly with the
concentration of salt, but this will not be discussed in the present
work. The enthalpy of the whole transition region (between Tm

on

andTm
off) is basically the same for all conditions (ΔH∼5kcal/mol).

One of the most characteristic features of the transition region
of DMPG at low ionic strength is the sample transparency.12,18

Figure 1b shows turbidity measurements of some of the samples
used in the DSC experiment. Visual transparency corresponds to
absorbance practically at the zero level (below ∼0.06 in our
setup). The data show that a transparent region between the
(turbid) gel and fluid phases exists only in the presence of up to
20 mM NaCl. In the presence of 50-70 mM NaCl, sample
turbidity shows a minimum associated with the region between
Tm

on andTm
off, but the sample is visually turbid in all temperature

range. Above 100 mM NaCl, a small decrease in turbidity
accompanies the phase transition.18 Indeed, as the ionic strength
is increased above 50 mM NaCl, more and more multilamellar
structures are formed,21 which are responsible for the large
increase in sample turbidity.

Let us now focus on the range of low ionic strength (0-20 mM
NaCl), for which a transparent region exists and several calori-
metric peaks are detected with DSC, shown in more detail in
Figure 2a. The sequence of superimposed calorimetric peaks of
DMPG, though complex, is characteristic for each salt condition.
Here we try to follow each peak as the ionic strength is increased.
Up to now we have been mainly concerned with the two outer-
most peaks, namely Tm

on, the sharp peak that triggers the whole
process, and Tm

off, which sets its end. Upon the increase in ionic
strength, Tm

on shifts to higher temperatures whereas Tm
off shifts

to lower temperatures. The intermediate peaks are at first sight
not so easy to follow as the ionic strength is increased.
However, from the turbidity data between 5 and 20 mMNaCl,
we conclude that the transparent region is narrower than the
whole transition region, finishing with a first increase in
turbidity at a temperature below Tm

off. This first increase in
turbidity can be associated with the small calorimetric peak
marked with an asterisk in Figures 1a and 2a and termed T3.
Figure 2b shows the comparison of DSC and turbidity data
obtained for the same sample at 10 mM NaCl, showing
evidence for the correlation between the first increase in
turbidity and the calorimetric peak at T3. This peak is first
detected at 5 mM NaCl and becomes more pronounced with
the increase of salt. At 2 mM NaCl a very small calorimetric
peak, assigned to T3, is detected, associated with a minute
increase in turbidity. For intermediate concentrations of salt
(5-20 mM NaCl), the transparent region thus exists only
between Tm

on and T3.
After the identification of T3, the other peaks between Tm

on

and Tm
off could be easily followed with the increase in ionic

strength and were termed T1 and T2 (see Figures 1a and 2a). T1

increases slightly with the increase of salt, becomes narrower at
20 mM NaCl, and vanishes (or collapses with Tm

on) at 50 mM
NaCl. The peak atT2 is observed only up to 5 mMNaCl, but this
peak seems to underlie the other peaks at higher ionic strengths,
hardly changing its position, which coincides with the final Tm

value reached at 500 mM NaCl. No changes in turbidity corre-
lated withT1 andT2 were detected. The thermal events associated
with these peaks will not be discussed here.

With the identification of the several calorimetric peaks, we can
now describe the whole transition region as follows. A critical
increase in turbidity occurs around Tm

on up to 10 mM NaCl, as
was previously reported with 2 mM NaCl.16 This turbidity

Figure 1. (a)Excessheat capacity (ΔCp) of 50mMDMPGin10mMHepespH7.4withdifferent concentrationsof salt (indicatedon the right
inmM).The curveswere shifted for clarity.Thecurvesathigh ionic strength (70-500mMNaCl)were reduced (indicatedon the left).The scan
rate was 10 �C/h. The various transition temperatures are indicated on the top. Arrows mark the position of T1 and T2 in the first trace. The
positions ofT3 andTm

off are indicated with asterisks and a dotted line, respectively. (b) Absorbancemeasured at 350 nmwith a 2mmoptical
path of some of the same samples in (a). The turbidity profiles in the presence of 10 and 70 mMNaCl (not shown) resemble that of 5 and 50
mMNaCl, respectively. Above 50mMNaCl the turbidity of the dispersion is already beyond the absorbance sensitivity, and only the general
profiles are reliable.

(23) Tardieu, A.; Luzzati, V.; Reman, F. C. J. Mol. Biol. 1973, 75, 711–733.
(24) Riske, K. A.; Barroso, R. P.; Vequi-Suplicy, C. C.; Germano, R.;

Henriques, V. B.; Lamy, M. T. Biochim. Biophys. Acta 2009, in press.
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increase aroundTm
on is probably related to typical peak anomaly

due to structural phase transitions and long-range correlation.25

At 20 mM NaCl the sharp increase in turbidity is no longer
detected. The turbidity decreases abruptly concomitantly with the
calorimetric peak atTm

on. The partial recovery of turbidity in the
fluid phase seems to be achieved in two steps at intermediate ionic
strength. A first increase in turbidity occurs at T3, being more
pronounced the narrower the peak at T3 becomes with the
increase of salt. A second increase in turbidity occurs at Tm

off,
restoring the turbidity almost to its value in the gel phase,
correlating with the end of the melting process. The visually
transparent region exists for all samples only between Tm

on and
T3, persisting up to Tm

off in the very low ionic strength conditions
(0-2 mMNaCl). Between 50 and 70 mMNaCl, only three peaks
are detected in the DSC traces: Tm

on, T2, and Tm
off. The samples

are visually turbid for all temperature range, though a minimum
in turbidity is observed along the transition region. At higher
concentrations of salt (above 100 mMNaCl), a small decrease in
turbidity coupled with Tm (or Tm

on) is observed. This is the
expected behavior of a conventional gel-fluid transition, seen for
instance with DMPC.18

Optical Microscopy of Giant DMPG Vesicles. Giant
unilamellar vesicles (GUVs) are usually prepared with the stan-
dard electroformation method.26 This method is widely used to
grow GUVs made of neutral or mixtures of neutral and charged
lipids. However, GUVs are not readily prepared from pure
charged lipids using electroformation (few small-sized vesicles
are observed after the usual electroformation protocol). In a
previous work, we could prepare GUVs of DMPG using this
methodology, but only when electrode wires were placed inside
the observation chamber above 40 �C.16 Here we use an alter-
native approach to obtain giant vesicles. At 50 mM DMPG
and very high ionic strength (500 mM NaCl), the interbilayer

repulsion is screened and DMPG spontaneously forms giant
multilamellar vesicles (MLVs)of 1-10μmdiameter, large enough
to be individually observed with optical microscopy.21 These
MLVs are stable, even if the main transition (a single event at
23 �C; see Figure 1a) is crossed several times. Once formed, the
MLVs were diluted in a buffer solution containing different
concentrations of salt, thus yielding 0.4 mM DMPG at defined
concentrations of salt, between 2 and 25 mM NaCl. When the
dilution was performed in the gel or fluid phase, the MLVs were
stablewithin at least 1 h.However, when the transition regionwas
reached (either from the gel or from the fluid phase) the MLVs
ruptured and disassembled and were irreversibly destroyed. This
disassembly was not caused by osmotic stress due to the dilution
protocol, as will be discussed later. When the temperature was
increased to the fluid phase, giant (mainly unilamellar) vesicles
spontaneously formed.

The optical microscopy observations on the processes
described above will be divided in two parts. First, we will follow
oneMLV through the transition region anddiscuss this particular
case. Afterward, we will show temperature cycles of GUVs
(obtained after MLVs disassembly in the transition region) at
different ionic strengths, both with phase contrast and fluores-
cence microscopy.

Figure 3 shows an example of one MLV (obtained after
dilution of MLVs in the gel phase to yield a final concentration
of salt of 2mMNaCl) during the first heating scan. Around 20 �C
(Figure 3b) the multilamellar structure first swells and then
“burst” within seconds, through pealing off of several layers
(seeFigure 3c,d). This temperature is slightly higher thanTm

on for
this ionic strength (18.6 �C, Figure 1), probably because of the
initially entrapped salt in the multilamellar structure. Afterward,
the optical contrast of the individual bilayers decreases (22-25 �C,
Figure 3e,f) until nothing is detected with phase contrast
(Figure 3f,g). The decrease in bilayer optical contrast in the
transition region was already observed in a previous work.16

With further increase in temperature, the bilayer optical con-
trast is regained around 26 �C (Figure 3h,i), and the bilayers,

Figure 2. (a)Magnified region of Figure 1a. DSC traces of 50mMDMPG in the presence of 0-20mMNaCl. (b) Comparison betweenDSC
and turbidity data for 50 mMDMPG in the presence of 10 mMNaCl.

(25) Cummins, H. Z.; Levanyuk, A. P. Light Scattering Near Phase Transitions;
North-Holland: Amsterdam, The Netherlands, 1983.
(26) Angelova, M. I.; Dimitrov, D. S. Faraday Discuss. Chem. Soc. 1986, 81,

303–311.
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previously engaged in forming a single MLV, reseal into numer-
ous single vesicles, mainly giant unilamellar vesicles (around
28 �C, Figure 3j). The dense multilamellar structure is irreversibly
lost. The same disintegration mechanism is seen if the MLVs
dilution is performed in the fluid phase, and an individualMLV is
observed upon cycling through the transition region (not shown).

It is worth stressing that the MLV disruption/disappearance
shown in Figure 3 is indeed associated with the specific properties
ofDMPGdisplayed only in a low ionic strength range (2-20mM
NaCl) and is not an artifact due to the dilution protocol. The
effect of osmotic stress on MLVs integrity was examined in the
following way. First, MLVs of the neutral lipid DMPC were
prepared and diluted in the same way, creating the same osmotic
difference as with DMPG (500 mMNaCl inside, no salt outside).
The DMPC MLVs kept their integrity even when crossing the
phase transition. Thus, osmotic stress alone cannot be responsible
for the disruption observed. Second, the dilution of MLVs of
DMPG in 500 mM NaCl was done in an equiosmolar (salt-free)
solution containing 1 M glucose. The same MLV disruption was
observedwhen the transition regionwas reached. This proves that
the disruption is also observed when no osmotic difference is
present across the bilayer. To check the effect of the large
interlayer repulsion on MLV stability, MLVs of DPPG, which
bears the same headgroup asDMPGbut with longer chains, were
prepared in the same way. DPPG is known to hardly display
anomalies associated with the phase transition13 and to form
multilamellar structures only above 300 mMNaCl.27 No disrup-
tion effect was observed upon crossing the main transition of
DPPG after dilution in salt-free equiosmolar buffer. Thus, the
disruption of MLVs observed with DMPG at low ionic strength
(Figure 3) is correlated with the specific properties of this lipid.

Similar heating scans as shown in Figure 3 were obtained for
several MLVs diluted to the final concentration of salt between
2 and 25 mM NaCl. The vesicle behavior with increasing ionic
strength described in the followingwasobserved in several vesicles
at the same condition, either as an ensemble in the same observa-
tion field or in different experiments. As the ionic strength was
increased from 2 to 20 mMNaCl, the temperature interval where
the bilayer remained transparent under themicroscope decreased.
This temperature interval coincided with the transparent region
observed from the turbidity results on DMPG dispersions for
each concentration of salt (Figure 1b). The temperatureswhen the
bilayers regained their contrast (see Table 1) decreased with the
increase in the concentration of salt and coincided reasonablywell
with T3 (Figures 1 and 2). The vesicle reforming process generally
finished at a temperature close to Tm

off. The extent of MLVs
disintegrationwasdependent on the ionic strength. Between 2 and

10 mM NaCl, the disintegration was generally complete, and
mainly unilamellar vesicles were seen in the fluid phase. On the
other hand, between 15 and 20 mM NaCl, the transparent
window was very narrow in temperature (1-2 �C), and some
multilamellar vesicles, though less dense than in the gel phase,
were still observed in the fluid phase. Above 25 mM NaCl the
bilayers never became transparent, although the MLVs partly
disassembled between Tm

on and Tm
off. At higher ionic strengths

(above 50 mM NaCl), the MLVs preserved their integrity when
the main transition was crossed.

It is interesting to call the attention to the difference in
cycling a multilamellar and a unilamellar giant vesicle through
the transition region. In the latter case, the same vesicle can be
obtained after the temperature cycle (as shown previously16

and later here), whereas multilamellar vesicles are always
irreversibly destroyed (especially below 10 mM NaCl). The
main difference between the two cases is that the bilayers
experience a strong interlayer repulsion within the MLVs,
which are not any longer in the screening conditions in which
they were formed. In the gel and fluid phases, the bilayer
cohesion is strong enough to keep the MLVs stable. On the
other hand, the bilayers in the transition region are prone to
getting destabilized, allowing for the interlayer repulsion to act.
Thus, the evident increase in interbilayer distance observed in
Figure 3 (see sequence of snapshots b-e) when theMLV enters
the transition region seems to be caused by the strong electro-
static repulsion among the bilayers. When the fluid phase is
then reached, the bilayers that formed a single MLV became

Table 1. Transition Temperaturesa

microscopy turbidity DSC

[NaCl]
(mM) T3 (

oC) Tm
off (oC) T3 (

oC) Tm
off (oC) T3 (

oC) Tm
off (oC)

2 25 ∼28-32 27b 29.0 27.0 30.4
5 24 28 25.0 27.5 24.4 29.2
10 23 26 24.0 27.0 23.6 27.6
15 22 23
20 21 22 21.9 24.8 22.4 26.2
25 22
aThe column labeled Microscopy shows transition temperatures

determined from observation of giant vesicles (uni- and multilamellar)
in different concentrations of salt.T3 was determined from the recovery/
loss of the bilayer optical contrast under phase contrast, which is
concomitant with the definition of a sharp image bilayer in fluorescence
mode. Tm

off was determined from morphological changes of vesicles
accompanied by change in bilayer contrast (down scan) and from
complete vesicle resealing (up scan). Each vesicle in an observation field
shows the transitions events at a slightly different temperature (within
1-2 �C). The columns labeled Turbidity and DSC list the transition
temperatures obtained from the data shown in Figure 1. bDetected as a
minute increase in turbidity.

Figure 3. Phase contrast microscopy images of a MLV formed at high ionic strength and diluted in pure buffer to yield a final 2 mMNaCl
concentration of salt. The sequence shows a heating scan: (a) 17, (b) 20, (c-e) 21, few seconds apart, (f) 22, (g) 25, (h) 26, (i) 26.5, and (j) 28 �C.
The whole heating scan lasted around 40 min. The scale bar corresponds to 20 μm.

(27) Degovics, G.; Latal, A.; Lohner, K. J. Appl. Crystallogr. 2000, 33, 544–547.

D
ow

nl
oa

de
d 

by
 U

N
IV

 D
E

 S
A

O
 P

A
U

L
O

 U
SP

 o
n 

Se
pt

em
be

r 
18

, 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

8,
 2

00
9 

| d
oi

: 1
0.

10
21

/la
90

12
13

7



10088 DOI: 10.1021/la9012137 Langmuir 2009, 25(17), 10083–10091

Article Riske et al.

uncorrelated and too far apart to reassemble in the original
structure, and several unilamellar vesicles are formed instead.

The results shown with MLVs at low ionic strength are
certainly very interesting and a manifestation of the particular
properties of DMPG. However, the observation of GUVs is
definitely a better defined condition, and a closer system to
spontaneously formed DMPG dispersions, which do not form
multilamellar structures at low ionic strength21 and most prob-
ably form submicroscopic unilamellar vesicles.13 Furthermore,
afterMLVs disruption and later formation of GUVs, no relevant
asymmetries between the solutions across the bilayers are left.

Wenowpresent the results obtainedwith temperature cycles on
GUVs in the presence of intermediate concentrations of salt, for
which a transparent region was observed with turbidity measure-
ments (Figure 1b).As already described before,16GUVs lose their
optical contrast in the transition region but reappear when the
lipids return to the fluid phase. The new results of the present
study show also fluorescence microscopy images and a more
detailed study on the effect of varying the ionic strength. In fact,
we conclude that the optical contrast is partially recovered already
at T3, thus below a complete fluid phase. The effects of T3 and
Tm

off onGUVs were followed in different vesicles and in different
preparations in the presence of 2-20 mM NaCl (see transition
temperatures extracted from observations in Table 1), and some
examples will be presented and discussed below.

Figure 4 shows a temperature cycle of a GUV through the
transition region starting and finishing in the fluid phase. When
decreasing the temperature from the fluid phase, we distinguish
two different events, which we associate with Tm

off and T3,
respectively. The first three snapshots (Figure 4a-c) were
obtained with phase contrast mode and the following with
fluorescence microscopy, which enables visualization of the
bilayer when the optical contrast is lost in the transparent region.
The first snapshots (Figure 4a-d) show the effect of crossing
Tm

off from above. The vesicle elongates significantly (the ratio
between the semiaxes increases 5 times) as a result of an increase in
the area-to-volume ratio (a rough estimate based on the vesicle
projected area shows that the surface area increases around 50%
whereas the volume remains roughly constant). Furthermore, the
bilayer contrast is reduced, although this will become clearer in
a next sequence of snapshots. As the temperature is further
decreased, the second event (T3) starts. The bilayer is ruptured
at several places (see Figure 4e,f), suggesting the opening of pores
large enough to be visualized with optical microscopy (∼1 μm).

Below T3 a blurred and undefined image is detected (Figure 4g).
At this point the bilayer is transparent under phase contrast (not
shown). When the temperature is again increased to above T3,
bilayer pieces start to become sharp again (Figure 4i-k). These
bilayer pieces can also be visualizedwith phase contrast (similar to
Figure 3i). A closed vesicle is observed again only above Tm

off, in
the fluid phase (Figure 4l). After the cycle, the vesicle changed its
structure. It started as a single unilamellar vesicle (Figure 4a) and
finished as two vesicles, the smaller trapped inside the bigger
(Figure 4l). Quite frequently, the exact same vesicle could not be
obtained after one cycle through the transparent region.Note that
whendecreasing the temperature, the vesicle structure is kept until
T3, whereas in the heating scan a closed surface is recovered only
above Tm

off.
We now show two other examples of temperature cycles of

GUVs through each of the two thermal events separately, T3 and
Tm

off. Figure 5 shows a temperature cycle of a GUV through the
loss/recovery of bilayer contrast atT3, observedwith fluorescence
microscopy. In this example the vesicle seems to be entirely
preserved after the cycle.As the temperature decreases, the bilayer
is again clearly disrupted at several places (Figure 5b), and a
blurry image is observed with further decrease in temperature
(Figure 5c,d). When the temperature is increased back, the
membrane becomes sharp again (Figure 5e,f) and eventually a
homogeneous closed surface is obtained (Figure 5g,h). The
fluorescence microscopy images definitely show that the lipids
engaged in forming the original vesicle is somehow kept together
during the transition region, even though no sharp bilayer can be
identified. The lipid assembly that could originate such images
will be discussed in the next section.

Figure 6 shows a collection of GUVs during one cycle through
Tm

off. In the beginning (Figure 6a) and the end (Figure 6h) of the
cycle, in the fluid phase, the vesicles are mainly spherical (follow
the three biggest vesicles marked with numbers in each snapshot).
When the temperature is decreased below Tm

off, the vesicles
elongate and their bilayer become fainter (see Figure 6a-d).
These changes are reversed when the temperature is increased
back to above Tm

off (see Figure 6d-h).
Such temperature cycles were done with GUVs at diffe-

rent ionic strengths. Basically, the same behavior as shown in
Figures 4-6 was observed, with T3 and Tm

off decreasing with the
ionic strength, as expected (see Table 1). However, each vesicle in the
observation field lost and/or recovered its structure at slightlydifferent
temperatures (variationswithin 1-2 �C). Themorphological changes

Figure 4. Phase contrast (a-c) and fluorescence microscopy (1 mol % DiIC18) (d-l) images of a GUV in Hepes buffer with 5 mM NaCl
obtained from a temperature cycle through the transition region (Tm

off∼ 27-28 �C and T3∼ 25-26 �C): (a) 29.0, (b) 27.5, (c) 27.0, (d) 26.0,
(e) 25.6, (f) 25.5, (g) 25.0, (h) 25.8, (i) 27.0, (j) 27.3, (k) 28.0, and (l) 29.0 �C. The scale bar represents 10 μm. The contrast of the snapshots was
enhanced.
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at Tm
off (down scan) were only observed with vesicles in the

presence of 5-20 mM NaCl (see Table 1), for which a two-step
increase in turbiditywas detected from the transparent region into
the fluid (turbid) phase (Figures 1b and 2b). However, the vesicle
elongation and decrease in contrast was less pronounced as the
ionic strength was increased.

It is important to mention that the transition temperatures
are also somewhat sensitive to the lipid concentration,12

especially at low ionic strength.28 Thus, a complete agreement
between the transition temperatures obtained with DSC and
turbidity (50 mM DMPG) and optical microscopy (0.4 mM
DMPG, but concentrated on the coverslip surface; see Materi-
als and Methods) is not to be expected.28 However, the
temperature interval where the bilayer optical contrast van-
ished under optical microscopy corresponds reasonably well to
the transparent region in the turbidity measurements (Table 1
and Figure 1b). The only significant difference (∼2 �C) was
found at the lowest ionic strength condition (2 mM NaCl),
which is more sensitive to changes in lipid concentration.28

Moreover, the events associated with T3 (loss/recovery of
bilayer contrast under the microscope) were also observed in
giant vesicles in the presence of 2 mM NaCl, at a similar

temperature to the very small DSC peak assigned to T3 (see
Figure 2a). However, the turbidity data show only a minute
increase in turbidity at this temperature (Figure 1b). Even
though, we can generally associate the transparent region to the
low optical contrast of the bilayer itself.

We also observed the effect of decreasing the temperature to
below Tm

on, to reach the gel phase. According to the turbidity
results (Figure 1b), the dispersion turbidity is highest in the gel
phase (even higher than in the fluid phase). The optical micro-
scopy images obtained after cooling vesicles in the presence of
2-20mMNaCl to around 16 �C show that the bilayer contrast is
recovered in the gel phase, but no defined homogeneous vesicles
could be detected (see Figure 1 in the Supporting Information).
According to electron microscopy data,13 DMPG forms vesicles
in both gel and fluid phases. Fromour opticalmicroscopy images,
DMPG forms vesicles in the fluid phase, but it is not possible to
conclude whether closed structures (vesicles with a very rough
surface) are obtained in the gel phase.We should call the attention
to the difference in vesicle sizes obtained with the two methods
and to the fact that bilayers in the gel phase have a much higher
bending stiffness and significant resistance to shearing as com-
pared to fluid bilayers.29,30 Thus a gel phase bilayer in the
micrometer length scale might not be able to regain its original
structure completely (seeDiscussion section). If the temperature is
increased again, giant vesicles are observed in the fluid phase
(second snapshot in Figure 1 in Supporting Information).

Discussion

Transition Region Interval. The phase transition region of
DMPG at low ionic strength, which has been previously termed
intermediate phase (IP), displays several interesting features not
yet fully understood, such as sample transparency and high
viscosity. At very low ionic strength, these features are observed
in the whole transition region (between Tm

on and Tm
off).17,18

However, the DSC traces clearly show the presence of well-
defined and reproducible peaks between Tm

on and Tm
off. The

data obtained here show that at intermediate concentrations of
salt (5-20 mMNaCl, for 50 mMDMPG) the transparent region
exists in a narrower temperature interval, namely between Tm

on

and T3, a new thermal event below Tm
off detected here with

different techniques. When the temperature is increased from the
transparent region, we observe a partial recovery of sample
turbidity and bilayer optical contrast under the microscope,

Figure 6. Phase contrast microscopy images of a GUV in Hepes
buffer with 5 mMNaCl. The sequence shows a temperature cycle
through Tm

off ∼ 27-28 �C: (a) 28.6, (b) 28.2, (c) 27.8, (d) 26.8,
(e) 27.2, (f) 27.5, (g) 28.3, and (h) 29.3 �C.The threemain vesicles of
this ensemble are marked with 1, 2, 3 (vesicle 2 is out of focus in
panels e-g). The contrast of the snapshots was enhanced.

Figure 5. Phase contrast (a, h) and fluorescence microscopy
(1 mol % DiIC18) images (b-g) of a GUV in Hepes buffer with
2 mM NaCl. The sequence shows a temperature cycle through
T3∼ 25 �C: (a-d) 25.4-24.7 �C; (e-h) 25-26 �C. The contrast of
the snapshots was enhanced.

(28) DSC traces of 1 mM DMPG in 10 mM Hepes pH 7.4 + 0.5 mM EDTA
with 2, 5, 10, 20, and 50 mM NaCl were obtained for comparison (not shown). In
the presence of 2 and 5 mM NaCl the transition temperatures were significantly
different from those shown in Figure 1a for 50 mMDMPG. The peak at T3 could
not be detected, whereas Tm

off was significantly higher (40.7 and 33.1 �C for 2 and
5 mM NaCl, respectively). In the presence of 10-50 mM NaCl the transition
temperatures found with 1 mM DMPG were quite similar to those obtained with
50 mMDMPG. A more detailed study of the behavior of DMPG as a function of
lipid concentration is currently under work. For the results discussed here, we see a
very good agreement between the transition temperatures obtained with 50 mM
DMPG dispersions and optical observations of MLVs diluted from 50 mM
DMPG for salt concentrations between 5 and 25 mM NaCl. Although the
concentration of DMPG after dilution should be 0.4 mM, the observation is done
on a significantly more concentrated region due to (i) precipitation of vesicles on
the coverslip surface and (ii) to the fact that the unilamellar vesicles are formed
from the disassembly of one MLV and are thus very close to each other.
Consequently, we can directly compare the optical microscopy observations done
on 5-25 mM NaCl to the DSC and turbidity data performed on dispersions of
50 mM DMPG. At the lowest ionic strength condition (2 mM NaCl), the
observations done with optical microscopy suggest that the actual local lipid
concentration lies somewhere between 1 and 50 mM. This point should be clarified
in the future.

(29) Dimova, R.; Pouligny, B.; Dietrich, C. Biophys. J. 2000, 79, 340–356.
(30) Dimova, R.; Aranda, S.; Bezlyepkina, N.; Nikolov, V.; Riske, K. A.;

Lipowsky, R. J. Phys.: Condens. Matter 2006, 18, S1151–S1176.
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events correlated with the small calorimetric peak at T3. Other
properties previously associated with the whole transition region
seem also to vanish at T3, when it is detected below Tm

off. Recent
SAXS results on 50 mM DMPG with addition of salt20 revealed
that the low angle peak, previously associated with the whole
transition region, is well-defined at 25 �C in pure buffer (without
salt), becomes broader with addition of 2-10 mM NaCl, and
disappears at 20mMNaCl. Therefore, the emergence of the lower
angle SAXS peak only correlates with the transparent region and
not with the whole transition region. Even though it was not
emphasized before, viscosity data also show that the highly
viscous phase finishes concomitantly with the peak at T3,
although the sample still displays a higher viscosity up to Tm

off

(see Figure 1 in ref 13). Thus, we conclude that the main
characteristics previously supposed to exist in thewhole transition
region, such as sample transparency, loss of bilayer optical
contrast, high viscosity, and the presence of a low-angle SAXS
correlation peak, are observed only between Tm

on and T3, which
we call here the transparent region. However, the transparent
region persists up to Tm

off at very low ionic strength, when T3 is
not detected and might be collapsed with Tm

off.
Another important outcome of our results is the correlation of

sample turbidity, measured on DMPG dispersions, and bilayer
optical contrast, assessed with optical microscopy of giant vesi-
cles. This was mentioned in our previous work,16 but it is
reinforced here with the more detailed observations at T3 and
Tm

off. We show that the bilayer optical contrast vanishes between
Tm

on and T3, coinciding with the transparent region, whereas it is
partially recovered betweenT3 andTm

off, concomitant with a first
increase in sample turbidity. Thus, we conclude that sample
turbidity is mainly reflecting changes in the bilayer optical
contrast. In the following we will discuss how such a loss in
bilayer optical contrast can be achieved.
Bilayer Perforation Model. We have proposed before that

the transparent region of DMPG at low ionic strength consists of
in-plane correlated interconnected bilayer fragments.16 Pores
would open at the beginning of the melting process, forming
ruptures at the bilayer surface (a tattered bilayer19), which persist
up to Tm

off. Such spatially correlated fragments would be respon-
sible for the emergence of the SAXS peak at low angles (correla-
tion around 370 Å).

The results shown here give further support to the bilayer
perforation model in the transition region. First, MLVs rup-
tured and disassembled only when entering the transition
region, which is a clear sign of bilayer perforation. Second,
rupture places at the bilayer surface could be detected when
GUVs reached the transition region (see e.g. Figure 4e,j and
Figure 5b,e). Third, fluorescence microscopy images shown
here confirmed that the lipids that originally formed a vesicle in
the fluid phase remained engaged in some structure in the
transparent region, giving rise to a blurred and undefined
image (see e.g. Figure 4g). A highly perforated and deformed
bilayer could well explain such an image, although optical
microscopy obviously cannot be conclusive about the lipid
assembly in the nanometer length scale. Yet, it is difficult to
imagine another lipid assembly that could produce such image
that would also (i) maintain the original lipids that once formed
the vesicle and (ii) still bemainly a bilayer. The first statement is
also sustained by previous experiments that ensure that no
lipid exchange between vesicles occurs along the transition
region.14,19 The second argument is supported by ESR and
SAXS data. Spin labels at different chain positions (5th-14th
carbon) show the typical order/mobility depth profile of
bilayers.17,18 Moreover, a particular probe at the 16th carbon

reveals the coexistence of two signals: one consistent with a
bilayer and one resembling the signal from a micelle-like
environment,15 which can be interpreted as coming from the
pore borders. SAXS data in the transparent region show the
presence of the bilayer band, though with a lower electron
density contrast than in the gel and fluid phases.16,17 This
evidence can be explained in terms of water inside the pores,
which would decrease the electron density contrast of the
bilayer.

It is clearer now that for a drastic decrease in the bilayer optical
contrast (and dispersion turbidity) to occur, resulting in an almost
transparent sample, the water pores should have dimensions
comparable to that of the remaining bilayer regions. Small pores
can certainly decrease the bilayer contrast, but a transparent
sample might only be achieved with extensive bilayer perforation.
The model we propose here is similar to the cartoon shown
previously,16 but with the bilayer pieces being further apart and
most probably bent and not in the same plane as their neighbors.
In this way, a smooth macroscopic surface would vanish and the
bilayer would become tattered. However, the bilayer fragments,
though in different planes, would be still interconnected, and their
typical size/distance would give rise to the correlation peak at
370 Å. The averagemembrane structuremight be achieved froma
dynamic bilayer perforation process, in which water pores would
be constantly created and destroyed.

In our previous work, we have assumed that “closed” vesicles
would still exist in the transparent region, even thoughwith pores/
cracks on its surface. However, as pointed out by Alakoskela and
Kinnunen 2007,19 the vesicles most probably open up in the
transparent region and become an open sheet. Closed vesicles are
normally formed to stabilize the high energy cost of bilayer edges
at the expense of the low bending energy, at least in the fluid
phase. If bilayer edges are so abundant in the transparent region,
closed vesicles might no longer be a requirement. Some ruptures
might become so big that the overall bilayer form would be better
described as an open deformed sheet. Indeed, we observed several
events of open sheets closing to form a vesicle in the fluid phase or
vesicles opening up when entering the transition region (see
Figure 2 in the Supporting Information). The opening up of
vesicles in the transparent region could also explain why no
defined closed structure was observed for giant vesicles in the
gel phase. Because of the significant resistance to shear and high
bending stiffness of bilayers in the gel phase,29,30 open sheets with
micrometer size might not easily reseal in the gel phase.

The extensive perforation proposed seems to explain sample
and bilayer transparency, andwe propose that this is the preferred
lipid assembly in the transparent region. Our data suggest that
some level of bilayer perforation extends throughout the whole
transition region, also outside the transparent region. From
turbidity data, sample turbidity is always lower in the transition
region than in the gel and fluid phases, evenwhen it does not reach
the transparent level (see Figure 1b for 5-50 mM NaCl). From
observations with optical microscopy, we see that many bilayer
pieces are not yet closed to form vesicles untilTm

off is reached in a
heating scan. This suggests that not all pores are closed and the
vesicles cannot yet recover its structure. When vesicles are cooled
down from the fluid phase, clear morphological changes occur at
Tm

off (for intermediate salt concentrations, 5-20 mM NaCl),
which could only be achieved with an increase in the vesicle area-
to-volume ratio. Furthermore, the bilayers clearly become fainter.
These observations also suggest the opening of pores across the
bilayers. However, in that case pores would not be big and/or
extensive enough so as to extinguish the membrane surface in a
macroscopic scale, and the optical contrast would still be high
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enough so that the bilayer can be seen with optical microscopy,
though with a smaller contrast.

We can thus propose that bilayer perforation persists through-
out thewhole transition region, but the fractionof pores in the total
membrane surface changes considerably, and this is an important
parameter along the transition region. In the transparent region the
fraction of pores is maximal, rendering the bilayer a tattered
structure and a defined membrane surface is lost, drastically
reducing the bilayer optical contrast. Between T3 and Tm

off

pores/ruptures start to close and/or get smaller and molecules that
were at the pore borders go to the planar region in the fluid state.
Consequently, the fraction of pores in the membrane decreases,
and the bilayer contrast and turbidity increase. A complete
recovery of contrast/turbidity occurs only when all pores close at
Tm

off. The fraction of pores should also be sensitive to the
concentration of salt, such that the increase in ionic strength
reduces the extent of bilayer perforation.

Although the bilayer perforation model can reasonably well
explain the specific properties found in the transition region, it
remains to understand and explain how such an extensive
perforation can exist over such awide temperature interval. From
theone side, itwas shownbydifferent approaches that the presence
of surface charges can destabilize a bilayer structure.33-35

From the other side, it is known that small transient pores open
at the main transition of lipids,4-6 which has been termed soft
perforation.6 The opening of pores at the main transition seems
to arise because of the increased fluctuations in area and
volume per lipid coupled with the fluctuations in enthalpy at
the phase transition, which are a function of the excess heat
capacity.31 It would be reasonable to assume that the transition
region of DMPG displays this soft perforation coupled with the
heat capacity profile. However, the pores observed at the phase
transition of lipids are typically small (∼10 Å),6 and none of the
properties of the transparent region of DMPG were observed at
the phase transition temperature of other lipids. The transparent
region is only present with short chain PG lipids at low ionic
strength.13 It has been suggested previously that repulsion among
DMPG headgroups in unscreened conditions (pure water)
increases the curvature of the hydrophilic interface, thus stabiliz-
ing bilayer edges.10 In a similar way, it was proposed that, due to
charge repulsion, DMPG at low ionic strength has a fairly big
effective headgroup size.36 Thus, it is reasonable to expect that the

combination of unscreened headgroup charge with short chains
gives rise to a lipid with positive curvature. The area fluctuations
expected to occur in themelting region could enhance this positive
curvature and stabilize bilayer edges, drastically increasing
the fraction of pores. Furthermore, the electrostatic repulsion
between the bilayer borders could lead to pores/ruptures of sizes
on the order of few Debye screening lengths (50 Å in the buffered
solution with no added salt) and repulsion among bilayer frag-
ments.

Conclusion

We have studied in detail the transition region of DMPG as a
function of the concentration of salt using different techniques.
We could establish that the transparent region is smaller than
the whole transition region at intermediate concentrations of salt
(5-20 mM NaCl for 50 mM DMPG) and finishes at T3, a new
thermal event below Tm

off, first identified here and associated
with a partial recovery of turbidity and bilayer optical contrast.
The transparent region exists only in the presence of up to 20mM
NaCl; yet, a broad transition region, associated with a small
decrease in turbidity, persists in the presence of up to 100 mM
NaCl. The changes in turbidity could be directly related to the
bilayer optical contrast, which we propose to be a consequence of
the extent of bilayer perforation. The transparent region seems to
be achieved only when pores/ruptures grow and a defined
membrane surface vanishes because of repulsion among bilayer
fragments. The ionic strength plays a crucial role in pore size/
stabilization, and extensive perforation is prevented at sufficiently
high ionic strength. The mechanism of bilayer perforation seems
to be the coupling of the positive curvature of DMPG, which
depends on the ionic strength, with the fluctuations in area in
the transition region. We hope the present work will encourage
theoretical and simulation studies on how surface charges
influence bilayer stability under several circumstances, mainly
coupled with lipid melting. This phenomenon might be of
biological relevance, as transport across membranes, which con-
tain negatively charged phospholipids, is fundamental for cellular
activity.
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