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GUVs Melt Like LUVs: The Large Heat Capacity of MLVs Is Not Due to Large
Size or Small Curvature
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ABSTRACT The excess heat capacity functions (DCp) associated with the main phase transition of large unilamellar vesicles
(LUVs) and multilamellar vesicles (MLVs) are very different. Two explanations are possible. First, the difference in vesicle size
(curvature) results in different gel-fluid interactions in the membrane; those interactions have a large effect on the cooperativity of
the phase transition. Second, there is communication between the bilayers in an MLV when they undergo the gel-fluid transition;
this communication results in thermodynamic coupling of the phase transitions of the bilayers in the MLV and, consequently, in
an apparent increase in the cooperativity of the transition. To test these hypotheses, differential scanning calorimetry was per-
formed on giant unilamellar vesicles (GUVs) of pure dipalmitoylphosphatidylcholine. The DCp curve of GUVs was found to
resemble that of the much smaller LUVs. The transition in GUVs and LUVs is much broader (half-width ~1.5�C) than in
MLVs (~0.1�C). This similarity in GUVs and LUVs indicates that their size has little effect on gel-fluid interactions in the phase
transition. The result suggests that coupling between the transitions in the bilayers of an MLV is responsible for their apparent
higher cooperativity in melting.
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Phospholipidmultilamellar vesicles (MLVs) undergo amuch
more cooperative gel-fluid phase transition than large unila-
mellar vesicles (LUVs) (1–3). The question iswhy.MLVs are
very large but heterogeneous, with diameters d ~ 1–50 mm,
and contain multiple bilayers in each vesicle (4). Large uni-
lamellar vesicles (LUVs) are much smaller, with d ~ 100 nm,
but fairly uniform, with a single bilayer (3). Two hypotheses
can explain the disparity in the cooperativity of their phase
transitions: 1) The difference in the size of the vesicles, and
consequent difference in curvature, may result in a different
interaction between gel and fluid lipids within each bilayer,
which may be more unfavorable in MLVs than in LUVs;
or 2) The high cooperativity ofMLVsmay be due to coupling
between bilayers, in the third dimension, which would there-
fore undergo correlated melting.

To decide between these two alternatives, we measured
the excess heat capacity DCp associated with the main phase
transition of giant unilamellar vesicles (GUVs) of DPPC
(dipalmitoylphosphatidylcholine) by differential scanning
calorimetry (DSC). In our preparations, typical DPPC
GUVs have diameters d ~ 5–10 mm (Fig. 1), similar to
MLVs and much larger than LUVs; but like LUVs, GUVs
have a single bilayer. Our main result is shown in Fig. 2.
The phase transition of MLVs is extremely cooperative
(green curve), but GUVs (black curve) melt essentially
like LUVs (red curve), and very differently from MLVs.
Therefore, the highly cooperative melting of MLVs is not
due to the large size or small curvature of each membrane
in the vesicle. For easy reference, the thermodynamic pa-
rameters of the DPPC phase transition observed by DSC
in vesicles of different types and sizes are listed in Table 1.

DPPC GUVs were prepared by electroformation in a
0.1 M sucrose solution, at 50�C, as previously described
in Wheaten et al. (5) and Svetlovics et al. (6). The effect
of 0.1 M sucrose on the phase transition of DPPC is negli-
gible (7). The GUVs were visualized by confocal fluores-
cence microscopy with a Fluoview FV1000 microscope
(Olympus, Melville, NY) in a solution of 0.1 M glucose
and 50 mM carboxyfluorescein (Fig. 1). They appeared
essentially identical upon heating to 60�C and cooling
back to room temperature. The GUV size distribution deter-
mined by microscopy is shown in Fig. 3; the average diam-
eter was 6.5 mm. The vesicle size distribution was further
examined by dynamic light scattering (DLS). The size of
the GUVs is too large to be accurately determined by
DLS. However, it is clear that most of the scattering inten-
sity comes from one main type of vesicles, which have
small diffusion coefficients, corresponding to hydrodynamic
radii >1 mm (Fig. S1 in the Supporting Material).

Several GUV preparations were necessary to obtain
the amount of material needed for one DSC experiment
(~50 mg of lipid). Four independent experiments were per-
formed, in a high-sensitivity Nano Differential Scanning
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FIGURE 1 DPPC GUVs at room temperature. The membrane-

impermeant green fluorescent dye carboxyfluorescein was

added to the exterior solution for visualization. Scale bar, 10

mm. To see this figure in color, go online.

TABLE 1 Size and thermodynamic parameters for different

types of DPPC vesicles

Vesicle Diameter Tm
a dT

b DHc DCp
d uAB

e

MLV 1–10 mm 41.4 0.1 8.7 100 380

LUV 100 nm 40.8 1.5 8.7 3.5 300

SUV 25 nm 37.2 3.0 8.7 2.0 280

GUV 5–10 mm 41.7 1.5 8.7 5.0 310f

aTm in �C. The values listed for LUVs (~30 measurements), prepared by
extrusion, and GUVs (seven measurements) are from our data. Published
values for LUVs are Tm ¼ 41.3 5 0.1�C (2,14).
bFull width at half-height in �C. The value for MLVs at extremely low scan
rates was dT ¼ 0.076�C at 0.1�C/h (1) and dT ¼ 0.096�C at 0.3�C/h (2). We
routinely obtain dT ¼ 0.2�C at 0.1�C/min.
cDH¼ 8.7 kcal/mol has been used as standard value. For LUVs we obtained
DH ¼ 8.75 1.1 kcal/mol (~30 measurements). Published values of DH for
MLVs and LUVs typically vary between z7.5 and 8.7 kcal/mol (2,14) and
are typically lower for small unilamellar vesicles (SUVs), z6.0 kcal/mol.
However, Monte Carlo simulations suggest that the true measure is DH ¼
8.7 kcal/mol, essentially independent of vesicle type (2,8,11). The lower
values reported for SUVs are likely due to baseline uncertainty in the
DSC curves.
dDCp in kcal/K/mol. The values for MLVs vary widely in the literature,
between ~10 and 100 kcal/K/mol (see Biltonen (1), Ivanova and Heimburg
(2), Suurkuusk et al. (10), and references therein); the largest value (listed) is
probably the most accurate. The value of 3.5 kcal/K/mol for LUVs is from
our data (mean of ~30 measurements), consistent with 3.1 kcal/K/mol from
Ivanova and Heimburg (2). Values for SUVs are ~1.5–2.0 (2,8). The value
for GUVs is from our data, assuming DH ¼ 8.7 kcal/mol.
euAB in cal/mol, from Ivanova and Heimburg (2), Jerala et al. (8), and
Almeida (11). Because uAB is very sensitive to the value of DCp, the uncer-
tainty is largest for MLVs (~520 cal/mol). The values for LUVs and SUVs
from different laboratories agree within 54 cal/mol.
fPreliminary Monte Carlo simulations as described by Svetlovics et al. (6)
(see the Note Added in Proof).
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Calorimeter (TA instruments, New Castle, DE), as previ-
ously described in Svetlovics et al. (6). The scan rate was
0.1�C/min. We estimate the lipid concentration in the GUV
samples to be ~50–100 mM from the number of GUVs in
the microscope field, and mainly from the area under the
DCp peaks assuming that the enthalpy change (DH ¼
8.7 kcal/mol) is the same as in other types of DPPC vesicles
(2,6,8–10). The results of the DSC experiments are shown in
Fig. 4. The black curve is the average (also shown in Fig. 2)
and the color curves are individual heating scans.

The excess heat capacity curve of DPPC GUVs (~6 mm)
is similar to that of the much smaller LUVs (100 nm), both
of which have only one bilayer. In contrast, the heat capacity
peak of MLVs, which are heterogeneous and contain a
variable number of bilayers, is much higher and narrower
(Fig. 2 and Table 1). Further, there is no indication of a pre-
transition in the GUV scans (Fig. 4).

Lipid interactions within a bilayer can be quantified, in a
two-state model, by the gel-fluid interaction parameter uAB,
FIGURE 2 Excess heat capacity curves of DPPC GUVs (black),

MLVs (green), and LUVs (red). The curves were slightly renor-

malized to a common DH ¼ 8.7 kcal/mol and centered on the

average Tm of each type of vesicle (listed in Table 1). To see

this figure in color, go online.
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defined by uAB ¼ eAB � (1/2)(eAA þ eBB), where the e values
are the interaction free energies between lipid neighbors in the
gel (A) andfluid (B) states. The parameteruABhas been deter-
mined byMonte Carlo simulations to match the heat capacity
in the transition region (2,6,8,11). Positive values of uAB
FIGURE 3 Size distribution of DPPC GUVs determined by

microscopy in 2000 GUVs from three independent samples. To

see this figure in color, go online.



FIGURE 4 Heat capacity curves of DPPC GUVs obtained by

DSC. The scans for four independent samples are shown in

color. Consecutive heating scans (at a rate of 0.1�C/min, sepa-

rated by cooling at 1�C/min) on the same sample are shown in

the same color. All curves are normalized to the same area

(enthalpy). (Black curve) Average of these seven scans. To

calculate the average, the individual curves were first normal-

ized to the same enthalpy and centered on the mean Tm ¼
41.7 5 0.2�C. The average scan is the GUV curve shown in

Fig. 2. To see this figure in color, go online.
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indicate that the gel-fluid interaction is unfavorable (i.e.,
repulsive) compared to gel-gel and fluid-fluid interactions.
In MLVs, where DCp(Tm) z 100 kcal/K/mol, uAB ¼ 380
cal/mol (1,2). In LUVs, where DCp(Tm) z 3.5 kcal/K/mol,
uAB¼ 300 cal/mol (2,6). This difference in uAB could reflect
a real difference in interactions in LUVs andMLVs.However,
based on our results, we conclude that the largeuAB in MLVs
does not reflect stronger repulsive gel-fluid interactions
within a bilayer. Rather, we posit that the higher cooperativity
is due to coupling of the phase transitions of the various
bilayers in an MLV. This coupling probably does not occur
by direct contact between adjacent bilayers. The lamellar
spacing in fully hydrated multilayers of DPPC is ~65 Å
(12). In the gel phase, this width is composed of a relatively
thick membrane (52 Å) separated from the next by a thin
water layer (11 Å); in the fluid phase, the lipid membrane
becomes thinner (46 Å) and the water layer, thicker (20 Å).
The area expansion that accompanies melting of the bilayers
may be the cause of the phase transition coupling in MLVs.
Alternatively, it is possible that the apparent higher
cooperativity of the phase transition in MLVs may be due to
inhibition of curvature fluctuations by adjacent bilayers in
each vesicle (13).

Understanding the effect of vesicle size and interbilayer
coupling on the phase transition of phospholipids is sig-
nificant for investigations that use model membranes
in protein-lipid interactions, membrane protein function,
mechanisms of antimicrobial and cell-penetrating peptides
(5), and the lipid lateral organization in membranes.
GUVs are good models of plasma membranes, because of
their large size and low curvature. However, most lipid-
protein interactions have been studied in LUVs, which are
slightly more strained, and, earlier, in MLVs. It is important
to know which conclusions from experiments in single bila-
yers (LUVs) or in multibilayers (MLVs) are transferable to
GUVs. The behavior of DCp about the main phase transition
is especially sensitive to interactions in the membrane.
Its similarity in GUVs and LUVs supports the idea that
experiments in single bilayers in LUVs and GUVs are com-
parable. The lipid molecules do not appear to behave differ-
ently in these two types of membranes.
SUPPORTING MATERIAL

Dynamic light scattering experiments, including one figure are available at

http://www.biophysj.org/biophysj/supplemental/S0006-3495(15)00452-X.
AUTHOR CONTRIBUTIONS

M.A.K. performed and analyzed GUV microscopy and DSC; E.T. per-

formed and analyzed LUVand MLV DSC; Y.W. performed and interpreted

DLS; and P.F.A. designed research, analyzed data, and wrote the article.
ACKNOWLEDGMENTS

This work was supported by National Institutes of Health grant No.

GM072507. The DSC instrument was supported by North Carolina

Biotechnology Center grant No. 2009-IDG-1031. The University of North

Carolina Wilmington microscopy facility is supported by National Science

Foundation grant No. DBI 0420948.
REFERENCES

1. Biltonen, R. L. 1990. A statistical-thermodynamic view of cooperative
structural-changes in phospholipid-bilayer membranes: their potential
role in biological function. J. Chem. Thermodyn. 22:1–19.

2. Ivanova, V. P., and T. Heimburg. 2001. Histogram method to obtain
heat capacities in lipid monolayers, curved bilayers, and membranes
containing peptides. Phys. Rev. E Stat. Nonlin. Soft Matter Phys.
63:041914.

3. Heimburg, T. 2007. Thermal Biophysics of Membranes. Wiley, Wein-
heim, Germany, pp. 123–140.

4. Bangham, A. D. 1968. Membrane models with phospholipids. Prog.
Biophys. Mol. Biol. 18:29–95.

5. Wheaten, S. A., F. D. O. Ablan,., P. F. Almeida. 2013. Translocation
of cationic amphipathic peptides across the membranes of pure phos-
pholipid giant vesicles. J. Am. Chem. Soc. 135:16517–16525.

6. Svetlovics, J. A., S. A. Wheaten, and P. F. Almeida. 2012. Phase sep-
aration and fluctuations in mixtures of a saturated and an unsaturated
phospholipid. Biophys. J. 102:2526–2535.

7. Chowdhry, B. Z., G. Lipka, and J. M. Sturtevant. 1984.
Thermodynamics of phospholipid-sucrose interactions. Biophys. J.
46:419–422.

8. Jerala, R., P. F. F. Almeida, and R. L. Biltonen. 1996. Simulation of
the gel-fluid transition in a membrane composed of lipids with two
connected acyl chains: application of a dimer-move step. Biophys. J.
71:609–615.

9. Mabrey, S., and J. M. Sturtevant. 1976. Investigation of phase transi-
tions of lipids and lipid mixtures by sensitivity differential scanning
calorimetry. Proc. Natl. Acad. Sci. USA. 73:3862–3866.
Biophysical Journal 108(11) 2619–2622

http://www.biophysj.org/biophysj/supplemental/S0006-3495(15)00452-X
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref1
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref1
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref1
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref2
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref2
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref2
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref2
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref3
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref3
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref4
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref4
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref5
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref5
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref5
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref6
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref6
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref6
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref7
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref7
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref7
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref8
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref8
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref8
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref8
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref9
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref9
http://refhub.elsevier.com/S0006-3495(15)00452-X/sref9


2622 Biophysical Letters
10. Suurkuusk, J., B. R. Lentz, ., T. E. Thompson. 1976. A calorimetric
and fluorescent probe study of the gel-liquid crystalline phase transition
in small, single-lamellar dipalmitoylphosphatidylcholine vesicles.
Biochemistry. 15:1393–1401.

11. Almeida, P. F. 2011. A simple thermodynamic model of the liquid-or-
dered state and the interactions between phospholipids and cholesterol.
Biophys. J. 100:420–429.

12. Nagle, J. F., and S. Tristram-Nagle. 2000. Structure of lipid bilayers.
Biochim. Biophys. Acta. 1469:159–195.

13. Heimburg, T. 2000. A model for the lipid pretransition: coupling of rip-
ple formation with the chain-melting transition. Biophys. J. 78:1154–
1165.
Biophysical Journal 108(11) 2619–2622
14. Biltonen, R. L., and D. Lichtenberg. 1993. The use of differential scan-
ning calorimetry as a tool to characterize liposome preparations. Chem.
Phys. Lipids. 64:129–142.
NOTE ADDED IN PROOF

Since the submission of this manuscript, preliminary Monte
Carlo simulations performed in our laboratory, via standard
methods (6), yielded a value of 310 cal/mol for the gel-fluid
interaction in DPPC GUVs.
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