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Spherical phospholipid-bilayers, vesicles, were prepared using the layer-by-layer double emulsion technique,
which allows the bilayer to be formed asymmetrically. On the outer layer of the vesicles, the phospholipase D
(PLD) reacted to convert phosphatidylcholine (PC) to phosphatidic acid (PA). The reaction induced the
curvature change of the vesicles, which eventually led to rupture. The response time from the time of PLD
injection to the time of rupture was measured against different vesicle curvatures and the outer layer phase,
using the fluorescence intensity change of a pH-sensitive dye encapsulated within the vesicles. The effect of
the vesicle curvature on the response was observed to be more significantly dramatic at the solid phase, compared
to the liquid phase. Furthermore, in the solid phase, the response time was faster for 80 and 155 nm vesicles
and, slower for 605 nm vesicles than similarly sized vesicles in the liquid phase vesicles. This difference in the
response time was thought to result from the configuration determined by the phase difference and the PLD behavior.
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Introduction
Phospholipase D (PLD), as one of membrane-active
enzymes, is related to various cellular functions, including
membrane/vesicle trafficking, actin cytoskeleton rearrangements, glucose transport, superoxide production, secretion,
cellular proliferation, and apoptosis.1,2 Therefore, PLD is
implicated in a range of diseases such as cancer, inflammation, and myocardial disease.3-6 The reaction of PLD on
phosphatidylcholine (PC) converts PC into an alcohol and
phosphatidic acid (PA, a potent mitogen) that may be
essential for the formation of certain types of transport
vesicles or may initiate vesicular transport to signal transduction pathways. The conversion that induces changes in
the composition of membranes could also play a role. PLD
may have an additional physiological function in the reaction that breaks down PA to diacylglycerol (DAG) and
lysophosphatidic acid.1,6
Lipid layers are widely-used as a model of the cell surface
and also for investigating molecular events in membranes,
because the preparation methodology for lipid bilayers has
been well established and highly sensitive analytical techniques can be applied to investigate the events.7-10 These lipid
layers have also been useful for the biomedical research of
cell recognition, membrane-mediated catalysis, anesthetic
effect, and antimicrobial peptide activity.11-15 The actions of
the phospholipases have also been investigated using these
bilayers, to study the effect of the enzymes on the wetting
properties and the configuration of the bilayers, as well as
the activity of the enzymes.16-18
The hydrolysis triggered by PLD is a critical step for
membrane fusion, which is an essential process of cells. The
hydrolysis is found to induce changes in the composition of

the membranes, which eventually induces vesicle rupture.
This composition change caused by hydrolysis results in the
occurrence of smaller headgroups at the outer layer of the
vesicles and correlates to a change in the geometry of the
vesicle. Therefore, the hydrolysis leads to a curvature decrease
that creates the rupture to occur. Recently, the PLD-inducedvesicle rupture has been characterized with respect to the
phase of the vesicle layers.19 However, little is known how
the curvature with the different phases of the outer layer
affects the PLD-induced vesicle rupture. The investigation
of this effect may contribute to the understanding of the
physical behavior of these enzymes under quantitative analysis.
In this work, we aim to investigate the effect of the curvature
with the different phases on vesicle rupture.
Experimental
Dioeloylphosphatidylcholine (DOPC), dipalmitoylphosphatidylcholine (DPPC), oleoylhydroxyphosphatidylcholine
(OHPC), palmitoylhydroxyphosphatidylcholine (PHPC),
palmitoylhydroxyphosphatidic acid (PHPA), and dipalmitoylphosphatidic acid (DPPA) were purchased from Avanti
Polar Lipids (Alabaster, AL), and were used without further
purification. The PHPA and DPPA, mixed to a desired ratio,
were dissolved in 10 mL of tert-butyl methyl ether to achieve
10 mg/mL. Next, 100 µL DI water of 5 mM pyranine, 50
mM NaCl, and 1 mM CaCl2 at pH 9.0 was added to the lipid
solution. The micelles were acquired by extrusion above
their transition temperature through the 78 mm diameter
PTFE membranes that have a specified pore size. For pore
sizes, 50, 100, 200, and 500 nm were selected. Several drops
(less than 10 µL) of the micelle solution were added using
22-gauge needle inserted into the 10 ml aqueous solutions of
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50 mM NaCl and 1 mM CaCl2 at pH 5.0, followed by dropping the 10 mg/mL tert-butyl methyl ether solution containing
the desired ratio of DOPC and OHPC (or DPPC and PHPC)
continuously. The final lipid concentration of the aqueous
solution was 1 mg/mL. During the addition, the aqueous
solution was magnetically stirred and nitrogen stream was
injected into the aqueous solution. After the solution underwent the centrifugation (3700 × g) to remove the phospholipids that did not form the outer layer of the vesicles, the
vesicle solution was extracted from the supernatant of the
solution. These procedures are part of a well known methodology used to prepare vesicle solutions.7
For the confirmation of the vesicle formation, the diameter
of the micelles was measured using the ELS-8000 (Otsuka
Electronics Co. Ltd, Osaka, Japan) before they were transferred to the aqueous solution. The viscosity and the refractive index of the tert-butyl methyl ether, required for the
measurements, were 0.23 cP and 1.3686, respectively.20 The
average diameter of the micelles filtered through the membranes was 75, 150, 280, and 600 nm, respectively. After the
transfer of the micelles into the aqueous solution, the
average diameter of the vesicles was measured. The average
diameter of the vesicles was 80, 155, 285, and 605 nm for
each pore size, and had no change in variance from the
variance values of the micelles. These diameters indicated
that a single lipid layer was formed, as an outer layer of a
vesicle, on the micelle surface. In addition to the change in
the diameter, there was no leakage of the pyranine molecules, which indicated that each layer was not disturbed. If
there were such a disturbance, the fluorescence intensity at
510 nm would change tremendously with the addition of
several drops of aqueous solutions of 50 mM NaCl and 1
mM CaCl2 at pH 3.0 into the vesicle solution.
Phospholipiase D (PLD), purchased from Sigma Aldrich
(St. Louis, MO, USA), was dissolved in the vesicle solution
with a 1 nM concentration, because the recent results showed that more than a 1 nM concentration of PLD had little
effect on the response time.19 Because the pyranine(pHsensitive fluorescence dye) was encapsulated within the
vesicles, the vesicle rupture was monitored in real time using
a Wallac Victor3 multi-well fluorimeter (Perkin Elmer,
Waltham, MA, USA). The tremendous difference in the
change in intensity between the vesicle solution with the
PLD injection and the solution that underwent only the
buffer solution injection means the rupture of the vesicles,
which was caused by PLC reaction. Therefore, the change in
intensity change was observed to investigate the effect of the
curvature and phase on the vesicle rupture. For the different
curvatures with each phase of the outer layer, the intensity
was measured when the rupture occurred after the injection
of the PLD molecules. The measurement was performed
more than 5 times at each condition.
Results and Discussion
For the investigation of the PLD reaction on the lipid
layer, the pyranine molecules were encapsulated inside of
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Figure 1. Fluorescence intensity change after the addition of pH 3
DI water drops.

vesicles with different curvatures. The encapsulation of the
molecules was confirmed using fluorometer (Perkin Elmer,
Boston, MA, USA) with 460 nm excitation and 520 nm emission wavelengths. The change in the fluorescence intensity
of the vesicle solution was observed with detergent (Tween
20) treatment, after the addition of pH 3 DI water drops.
Without the treatment, a change in intensity was not observed
after the addition (Figure 1). Therefore, the encapsulation
was successfully achieved.
The PLD reaction are influenced by several factors such as
the vesicle number, the PLD concentration, the ionic concentration of the vesicle solution, the phase of the inner
layer, the vesicle curvature, and the vesicle stability. Therefore, the factors were determined prior to conducting the
experiments for the curvature. The concentration of the
phospholipids was kept constant throughout this experiment.
It is well-known that a 10 mg/mL concentration of the
phospholipids corresponds to 107~108 vesicles.21 Results
from previous research provided the information on the
other factors.20 For the 1 mg/ml solution of phospholipids, a
PDL concentration of 1 to 10 nM caused little change in the
reactivity. Fifty mM NaCl and 1 mM CaCl2, which is one of
biomimetic conditions, was selected as the ionic concentration, because the reactivity of PLD was dependent on the
concentration only at lower concentrations.6,22-24 Furthermore, for the conditions determined above, the PLD-induced
hydrolysis was independent of the inner-layer phase. Because
solid phase was known to be more stable, saturated PA was
used instead of unsaturated PA at room temperature.25
Controlling the phase of the lipid layers was achieved
considering the transition temperatures.26 Oleoyl lipids were
used for the liquid phase experiments at room temperature
due to their transition temperature that is lower than room
temperature, while Palmitoyl lipids were selected for solid
phase experiments at room temperature. The 75 nm micelle
was prepared with DPPA only. The ratios of lyso-PA to DPPA
were 1:15, 1:20, 1:25 for 150, 280, and 600 nm, respectively.
At a specific phase, the stability was adjusted to be identical
for each vesicle size at each composition, because stability
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Figure 2. Fluorescence intensity change with respect to time for
each diameter of vesicles, (a) 80 nm, (b) 155 nm, (c) 285 nm,
prepared with the ratio of OHPC(lyso-PC) to DOPC(two fatty-acid
tail PC) based on the 605 nm diameter vesicles with pure DOPC.
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can vary with both the vesicle curvature and the vesicle
component. Once all of factors were established, the curvature effect of each outer-layer phase was investigated.
For the investigation of only the curvature effect, it was
essential to exclude the stability effect. If only DPPC or
DOPC was used for the vesicle preparation, the stability
would vary with the curvature. Therefore, PC headgroup
lipids with only one tail, lyso-PC, were used for this preparation. Because it is known that the ratio of the volume to
the headgroup area times lipid length is 0.5-1 and 0.3 for two
fatty-acid tail PC and lyso-PC, respectively, it is possible to
calculate the amount of lyso-PC necessary to achieve identical stability that does not vary with change in vesicle size.
From this calculation, it was expected that the stability levels
of our vesicles of 80, 155, and 285 nm diameters with the
ratios of lyso-PC to two fatty-acid tail PC of 1:20, 1:40, and
1:100, respectively, were identical to 605 nm diameter with
pure two fatty-acid tail PC. This result was verified experimentally. Vesicles of each diameter were prepared using the
ratios suggested above. The change in fluorescence intensity
with respect to time was measured as the indicator for the
stability. Figure 2 presents the results of the intensity change
for each vesicle diameter of vesicles with a liquid phase
outer-layer. At ratios other than those described above, the
vesicle has different stabilities. For example, 80 nm vesicles
with a 1:40 ratio were more stable than those with 1:20, and
155 nm vesicles with a 1:80 ratio were more than those with
1:40 (Figure 2(a) and (b)). For 285 nm vesicles with a 1:50
ratio, the stability was lower compared to 285 nm vesicles
with 1:100 (Figure 2(c)). The condition for the constant
stability with respect to the curvature was found, but the
stability still changed in different phases.
After the condition for the stability was determined, the
reactivity of PLD was monitored for each size and each
phase of the outer layer using the fluorescence response
time. At the solid phase of the outer layer, the response time
increased as the curvature decreased, as summarized in
Table 1. From this change in response time, it may be inferred that the reaction of PLD has a preferred configuration of
the lipid layer, which is related to the curvature of the lipid
layer. The preferred curvature may be approximately 0.010.02, considering the active area of PLD.27 The other vesicle
sizes, 285 and 605 nm, have curvatures much lower than
0.01. However, for the liquid phase outer layer, the results
are slightly different from those at the solid phase (Table 1).
For the 285 nm vesicle, the response time was identical to
the vesicles with a diameter less than 285 nm. This tendency
was not observed at the solid phase of the outer layer. The
discrepancy between phases for the 285 nm vesicle seems to
result from the phase difference and the PLD behavior. It is
known that the enzyme reaction occurs through an induced
fit (enfolding of enzyme to substrate).28 The induced fit
requires a change in the configuration, which is generated
more easily in the liquid phase than in the solid phase at the
lipid layer due to the elasticity of the lipid layer.25 For the
605 nm vesicle, the response time of the liquid phase also
became slower than the smaller diameter, as in the solid
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Table 1. Response time from the time PLD injection to the time of
vesicle rupture for each diameter for each phase of the vesicle
outer-layer (s)
Solid phase
Liquid phase

80 nm

155 nm

285 nm

605 nm
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phase outer layer experiments.
Recently, it was found that the PLD reaction time was
faster at the solid phase outer layer than the liquid phase
outer layer.19 This finding was interpreted in terms of the
lipid density and the lateral diffusion of the lipid molecules.
Furthermore, the response time found in this research was
also faster at the solid phase, for 80 and 155 nm vesicles.
However, for the 605 nm vesicles, the response time was
unexpectedly slower for the solid phase rather than for the
liquid phase. This phenomenon may result from the phase
and the PLD behavior, as described in the previous paragraph. It may be concluded that the configuration is more
important than the surface density and lateral diffusion of the
lipid layer. From the results acquired in this experiment, the
reaction with PLD was affected by the curvature of the lipid
layer rather than from the density and lateral diffusion of the
lipids, the lipid composition, the stability of the lipid layer,
the ionic concentration of the vesicle solution, the phase
asymmetry of the vesicle, and the ratio of the vesicle to
PLD.29,30
In conclusion, the effect of vesicle curvature on the PLDinduced hydrolysis was investigated using the fluorescence
intensity change measurements. Prior to this investigation,
the ratio of two fatty-acid tail PC to lyso-PC was established
for the vesicles with the different diameters to make them as
stable as 605 nm vesicles made with two fatty-acid tail PC
only. Response time from the PLD injection to the rupture
was measured at different curvatures of the vesicles and at
different outer layer phases, using the fluorescence intensity
change of pH-sensitive dye encapsulated within the vesicles.
The change in the response time caused by a change in the
curvature was observed to be more significant in the solid
phase than the liquid phase. Furthermore, in the solid phase,
the response time was faster for 80- and 155 nm vesicles and
slower for 605 nm vesicles than the response time for the
liquid phase vesicles. This difference in the response time
was interpreted to be caused by the configuration determined by the vesicle phase difference and the PLD behavior,
which may be more important than the surface density and
lateral diffusion of the lipid layer.
Acknowledgments. This research was supported by Basic
Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of
Education, Science and Technology (2010-0010097). We
thank all of the members of Department of Chemical and

1. McDemott, M.; Wakelam, M. J.; Morris, A. J. Biochem. Cell Biol.
2004, 82, 225.
2. Exton, J. H. Rev. Physiol. Biochem. Pharmacol. 2002, 144, 1.
3. Huang, P.; Frohman, M. A. Exp. Opin. Ther. Targets 2007, 11,
707.
4. Tappia, P. S.; Dent, M. R.; Dhalla, N. S. Free Radical Biol. Med.
2006, 41, 349.
5. Scott, S. A.; Selvy, P. E.; Buck, J. R.; Cho, H. P.; Criswell, T. L.;
Thomas, A. L.; Armstrong, M. D.; Arteaga, C. L.; Lindsley, C.
W.; Brown, H. A. Nat. Chem. Biol. 2009, 5, 108.
6. Brown, H. A.; Henage, L. G.; Preininger, A. M.; Xiang, Y.; Exton,
J. H. Lipidomics and Bioactive Lipids: Lipids and Cell Signaling;
Brown, H. A., Ed.; Academic Press: Amsterdam, Netherlands,
2007; pp 58-100.
7. New, R. R. C. Liposomes: A Practical Approach; Academic Press:
New York, 1990; pp 20-45.
8. McConnell, H. M.; Watts, T. H.; Weis, R. M.; Brian, A. A. Biochim.
Biophys. Acta 1986, 864, 95.
9. Sackmann, E. Science 1996, 271, 43.
10. Brian, A. A.; McConnell, H. M. Natl. Acad. Sci. U.S.A. 1984, 81,
6159.
11. Giesen, P. L.; Willems, G. M.; Hemker, H. C.; Hermens, W. T. J.
Biol. Chem. 1991, 266, 18720.
12. Mou, J. X.; Yang, J.; Huang, C.; Shao, Z. Biochemistry 1994, 33,
9981.
13. Miszta, A.; Machan, R.; Benda, A.; Ouellette, A. J.; Hermens, W.
T.; Hof, M. J. Pept. Sci. 2008, 14, 503.
14. Fang, H. H. P.; Chan, K.-Y.; Xu, L.-C. J. Microbiol. Methods
2000, 40, 89.
15. Cheow, W. S.; Hadinoto, K. Colloids Surf. B: Biointerfaces 2011,
85, 214.
16. Jurak, M.; Chibowski, E. Appl. Surf. Sci. 2010, 256, 6304.
17. Chen, C. H.; Malkova, S.; Pingali, S. V.; Long, F.; Garde, S.; Cho,
W.; Schlossman, M. L. Biophys. J. 2009, 97, 2794.
18. Chemburu, S.; Ji, E.; Casana, Y.; Wu, Y.; Buranda, T.; Schanze, K.
S.; Lopez, G. P.; Whitten, D. G. J. Phys. Chem. B 2008, 112,
14492.
19. Park, J.-W. J. Membrane Biol. 2011, 244, 55.
20. Lide, D. R. CRC Handbook of Chemistry and Physics: A Readyreference Book of Chemical and Physical Data, 85th ed.; CRC
Press: Boca Raton, 2005; pp 220-246.
21. Park, J.-W. Bull. Korean Chem. Soc. 2007, 28, 1709.
22. Webb, L. M.; Arnholt, A. T.; Venable, M. E. Mol. Cell Biochem.
2009, 337, 153.
23. Cheow, W. S.; Chang, M. W.; Hadinoto, K. J. Biomed. Nanotechnol.
2010, 6, 391.
24. Furt, F.; Moreau, P. Int. J. Biochem. & Cell Biol. 2009, 41, 1828.
25. Park J.-W. J. Membrane Biol. 2010, 237, 107.
26. Park, J.-W.; Ahn, D. J. Colloids Surf. B: Biointerfaces 2008, 62,
157.
27. Leiros, I.; Secundo, F.; Zambonelli, C.; Servi, S.; Hough, E.
Structure 2000, 8, 655.
28. Campbell, N. A.; Reece, J. B.; Urry, L. A.; Cain, M. L. Biology,
8th ed.; Academic Press: New York, 2008; pp 325-342.
29. Park, J.-W. Colloids Surf. B: Biointerfaces 2012, 97, 207.
30. Park, J.-W. J. Membrane Biol. 2012, 245, 691.

