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Abstract

Changes in the cholesterol (Chol) content of biological membranes are known to alter the physicochemical properties of the
lipid lamella and consequently the function of membrane-associated enzymes. To characterize these changes, we used
steady-state and time resolved fluorescence spectroscopy and two photon-excitation microscopy techniques. The
membrane systems were chosen according to the techniques that were used: large unilamellar vesicles (LUVs) for cuvette
and giant unilamellar vesicles (GUVs) for microscopy measurements; they were prepared from dipalmitoyl phosphatidyl-
choline (DPPC) and dioctadecyl phosphatidylcholine (DOPC) in mixtures that are well known to form lipid domains. Two
fluorescent probes, which insert into different regions of the bilayer, were selected: 1,6-diphenyl-1,3,5-hexatriene (DPH) was
located at the deep hydrophobic core of the acyl chain regions and 2-dimethylamino-6-lauroylnaphthalene (Laurdan) at the
hydrophilic-hydrophobic membrane interface. Our spectroscopy results show that (i) the changes induced by cholesterol in
the deep hydrophobic phospholipid acyl chain domain are different from the ones observed in the superficial region of the
hydrophilic-hydrophobic interface, and these changes depend on the state of the lamella and (ii) the incorporation of
cholesterol into the lamella induces an increase in the orientation dynamics in the deep region of the phospholipid acyl
chains with a corresponding decrease in the orientation at the region close to the polar lipid headgroups. The microscopy
data from DOPC/DPPC/Chol GUVs using Laurdan generalized polarization (Laurdan GP) suggest that a high cholesterol
content in the bilayer weakens the stability of the water hydrogen bond network and hence the stability of the liquid-
ordered phase (Lo).
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Introduction

In addition to acting as a barrier for selective permeation,

biological membranes act as a dynamic matrix that influences the

integral proteins immersed in the bilayer. This matrix-protein

interaction enables the membrane to carry out its distinctive

physiological activity. The proposed influence of the structural and

dynamic properties of the lamella on the activity of different

proteins is widely accepted [1]; for instance, conformational

changes of lipid acyl chains can determine the spatial distributions

of the lipid components and strongly affect membrane functions

[2]. Despite the existing evidence, the molecular details underlying

the process remain poorly understood.

Cholesterol is ubiquitous in animal cell membranes and is one of

the major modifiers of membrane structure and dynamics [3].

Changes in cholesterol content are known to alter the properties of

the lipid lamella, which influences the functions of membrane-

associated enzymes [4]. The effect of cholesterol on some of these

properties (lamella hydration, orientational dynamics and the

order of the phospholipids molecules) is the topic of this work.

Considerable evidence suggests that the amount of water

penetration into lipid bilayers varies from within the glycerol

backbone to deeper within the fatty acyl chain packing defects; this

differential penetration generates a hydration gradient and thus a

dielectric constant gradient [5]. Thus, the ability of cholesterol to

reduce the amount of water associated with the lipid bilayer is

widely accepted [6]. The orientational dynamics of the phospho-

lipids can be described by two types of motions: fast stochastic

torsional librations and slow rotational motions [7]. Cholesterol

suppresses the rotational motion and enhances the fast stochastic

librations [8]. Librational motions may be relevant to chain

dynamics in the high-density packing found in membrane raft

domains [7]. In addition to the two well-known gel (So) and liquid-

crystalline (Ld) phases, cholesterol may promote the formation of a

third phase that coexists with the other two [9–11]; this phase is

known as the ‘‘liquid-ordered’’ phase (Lo). This intermediate fluid

phase exhibits translational degrees of freedom that are similar to

the ones found in a conventional fluid lamellar state, whereas the

conformational degrees of freedom of the lipid hydrocarbon chains

resemble those of the gel state. The existence of this Lo phase
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provides the basis for the hypothesis that segregated fluid domains

could coexist in biological membranes, i.e., the raft hypothesis

[12]. Recently, atomic-scale molecular dynamics simulations

explained the ability of cholesterol to increase order as the result

of a collective and cooperative action of cholesterol molecules; this

explanation emphasizes the importance of cholesterol’s unique

molecular structure in promoting the formation of transient and

local three-fold symmetric cholesterol-cholesterol structures that

facilitate the formation of the liquid-ordered phase [13].

One proposed role for cholesterol in animal plasma membranes

is to reduce the intrinsic tendency of glycerol and sphingolipids to

form separate La and Lb phases [14]. Indeed, a recent report

showed that severe cholesterol depletion in the plasma membranes

of living cells induces large-scale domain separation, presumably

consisting of glycerophospholipid-enriched La and sphingolipid-

enriched Lb phases [15]. It is noteworthy that in the raft

hypothesis, cholesterol facilitates a fluid–fluid lateral phase

separation of the glycerophospholipid- and sphingolipid-enriched

phases while simultaneously inhibiting the formation of sphingo-

lipid-enriched Lb phases.

Interactions between cholesterol and phospholipids are stabi-

lized by hydrogen bonds (between the hydroxyl group of

cholesterol and the phosphate and carbonyl groups of lipids) and

by interactions between the choline group and the hydroxyl

oxygen of cholesterol [16,17]. In contrast, Bhattacharya and

Haldar reported that the effect of cholesterol on some structural

properties of the bilayer is independent of the ability of the lipids to

form direct hydrogen bonds with the polar group of cholesterol

[18]. However, several hydrogen bond interactions that are

mediated by water have been proposed between phospholipids

and cholesterol; the interactions form an extensive network at the

lipid headgroups and play an important role in bilayer stability

[19].

In the present study, we investigated the effect of cholesterol

content on the structural and dynamic properties of bilayers

formed by DOPC, DPPC and a 1:1 DOPC/DPPC mixture (a

well-known domain-forming mixture) [20]. A range of tempera-

tures from 25 to 50uC was chosen to include the Tm of the pure

lipids and the liquid immiscibility transition temperatures of the

binary and ternary mixtures. We conducted fluorescence spec-

troscopy studies using two probes, DPH and Laurdan. DPH is

used as a probe for the deep hydrophobic core of the acyl chain

regions of the phospholipid bilayer, and Laurdan is used as a

highly sensitive probe for the glycerol backbone of phospholipids.

Measurements of time-resolved fluorescence anisotropy, intensity

decay, DPH steady-state anisotropy and Laurdan spectral shifts

were performed. To study the influence of the cholesterol content

of the bilayer on the behavior of the segregated domains, Laurdan

generalized polarization (Laurdan GP) microscopy measurements

using two-photon excitation were performed in GUVs (giant

unilamellar vesicles) of a 1:1 DOPC/DPPC mixture [20].

Our results show that cholesterol incorporation into lipid

vesicles induces changes in the structural and dynamic properties

of the bilayer and that these changes are dependent on the depth

and phase state of the bilayer. The Laurdan GP imaging results

suggest that segregated liquid phases in GUVs model are stabilized

by water molecules, which form bridges between cholesterol and

PC heads.

Results

To study the effect of cholesterol on the phospholipid lamella,

three systems were used: pure DOPC, pure DPPC and a binary

mixture of 1:1 DOPC/DPPC (mol:mol%). Fluorescence spectros-

copy measurements (Laurdan GP and lifetime, DPH anisotropy

and lifetime) were taken using large unilamellar vesicles (LUVs) at

25, 37, 41 and 50uC. We also used Laurdan GP imaging to study

the 1:1 DOPC/DPPC mixture as a function of bilayer cholesterol

content using a two-photon excitation microscope and giant

unilamellar vesicles (GUVs).

Spectroscopy Measurements
Steady-State fluorescence measurements. The effect of

temperature on the three membrane systems and different

cholesterol content was studied using DPH steady-state fluores-

cence anisotropy and Laurdan emission spectral shifts, which were

evaluated from the generalized polarization measurements [21].

These fluorescent dyes locate at two different positions in the lipid

bilayer; therefore, they can report the effect of cholesterol from

these two locations: the deep hydrophobic core of acyl chain

regions (DPH) and the hydrophobic-hydrophilic interface (Laur-

dan). The changes in DPH anisotropy with increasing cholesterol

content in the bilayer follow the general trend previously published

in the literature [22]: cholesterol decreases the order of lipids in the

gel state (DPH anisotropy decrease) and increases the order of

lipids in the liquid crystalline state. Laurdan emission spectral

shifts (Fig. 1), which were inferred from GP changes, had an

overall trend of blue shifts (GP increase) in the three systems, with

the exception of the DPPC bilayer in the gel phase (25 and 37uC)

where a slight decrease was observed (square in Fig. 1). All of the

plots of the three types of vesicles showed non-monotonic

behaviors at all of the temperatures.

Time-Resolved fluorescence measurements. Fluorescence

lifetime and anisotropy decay measurements of DPH and Laurdan

embedded in the vesicle bilayers were also performed in the same

systems (Figs. 2 and 3).

The lifetime data for DPH (Fig. 2) and Laurdan (Fig. 3) were

analyzed using a Lorentzian distribution (methods); the center of

the distribution tc is reported as the fluorophore lifetime. Fig. 2

shows the DPH fluorescence lifetimes for the three systems. In all

three systems, the DPH lifetimes have non-monotonic changes as

a function of cholesterol content. For DPPC (Tm = 41uC), an

overall decrease in the lifetime occurred in the gel state (25 and

37uC, squares in Fig. 2A and B, respectively). At a slightly higher

temperature, the Tm, this lifetime decrease is significantly lower.

For 50uC (corresponding to liquid crystalline state), the lifetime

increases with increasing cholesterol content (50uC, squares in

Fig. 2D). In DOPC (Tm = 220uC) and the 1:1 DOPC/DPPC

mixture, the DPH lifetime increased consistently as the cholesterol

content increased up to 33.3 mol% and decreased slightly above

40 mol% cholesterol.

The Laurdan fluorescence lifetimes as a function of cholesterol

content are shown in Fig. 3A-D. For DPPC, two behaviors are

observed depending on the temperatures. At 25 and 37uC (below

Tm) (squares in Fig. 3A and 3B, respectively), as the cholesterol

content increases, the Laurdan lifetime decreases and reaches a

minimum value at 33.3 mol% cholesterol, above which a slight

increase occurs. At the two higher temperatures, 41 (at Tm) and

50uC (above Tm), the lifetime initially increased up to 15 mol%

cholesterol and then decreased to the mentioned minimum at

33.3 mol% cholesterol. For DOPC and the 1:1 DOPC/DPPC

mixture, the behavior is similar for all the temperatures: the

Laurdan lifetime increases in proportion to the cholesterol content,

reaches a maximum at 33.3 mol%, and then decreases, consid-

erably in DOPC and slightly in the 1:1 DOPC/DPPC mixture.

Comparing the general trends for the DPH (Fig. 2) and Laurdan

(Fig. 3) lifetimes as a function of cholesterol content and
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temperature for the three samples provides some interesting

observations:

(i) As expected from the Tm, for zero cholesterol content at all

of the temperatures, the DPH and Laurdan lifetimes in

DOPC (circles in Figures 2 and 3) are significantly lower

than those in DPPC (squares in Figures 2 and 3). This

difference decreases as the cholesterol content increases,

which is particularly evident for DPH: the lifetime values

Figure 1. Laurdan generalized polarization: Laurdan generalized polarization in unilamellar vesicles of (-%-) DPPC; (-#-) DOPC and (-D-) DOPC/
DPPC as a function of cholesterol content at (A) 20uC; (B) 37uC; (C) 45uC and (D) 50uC. Each point represents the average and standard error of
triplicate data.
doi:10.1371/journal.pone.0040254.g001
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become similar for all three systems at 33.3 mol%

cholesterol and all of the temperatures.

(ii) The DPH and Laurdan lifetimes in DOPC increase overall

with cholesterol content at all of the temperatures (circles in

Figs. 2 and 3). However, the behavior in DPPC (squares in

Figs. 2 and 3) depends on the temperature: an overall

increase in lifetime occurs if the lipid was initially in the

liquid crystalline state (50uC), and a decrease in lifetime

occurs if the lipid was initially in the gel state (25 and 37uC).

Figure 2. DPH fluorescence lifetime: DPH fluorescence lifetime distribution center in LUVs of (-%-) DPPC; (-#-) DOPC and (-D-) DOPC/DPPC as a
function of cholesterol content at (A) 20uC; (B) 37uC; (C) 45uC and (D) 50uC. Each point represents the average and standard error of triplicate data.
doi:10.1371/journal.pone.0040254.g002
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(iii) In the 1:1 DOPC/DPPC mixture, the DPH lifetime

(triangles in Fig. 2) was intermediate to the values that were

found for the individual components (DPPC and DOPC) at

all of the temperatures. However, the Laurdan lifetime in

the mixture (triangles in Fig. 3) was lower than the lifetimes

in DPPC and DOPC, particularly with lower cholesterol

Figure 3. Laurdan fluorescence lifetime: Laurdan fluorescence lifetime distribution center in unilamellar vesicles of (-%-) DPPC; (-#-) DOPC and
(-D-) DOPC/DPPC as a function of cholesterol content at (A) 20uC; (B) 37uC; (C) 45uC and (D) 50uC. Each point represents the average and standard
error of triplicate data.
doi:10.1371/journal.pone.0040254.g003
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content; the lowest value occurred at 40 mol% DOPC.

Interestingly, the changes in both the DPH and Laurdan

lifetimes with increasing cholesterol are similar in the

mixture and in DOPC (circles and triangles, respectively,

in Figs. 2 and 3).

The corresponding parameters from the analysis of the time-

resolved anisotropy data are shown in Table 1 for DPH and

Laurdan at 25 and 50uC. As seen in Table 1, h1 was lowest for

DPH in the pure DPPC vesicles, whereas the highest values were

found in the pure DOPC vesicles. The corresponding values for

Laurdan in the DPPC vesicles were significantly higher than the

values found for DPH. The opposite was found in the pure DOPC

and the DOPC/DPPC vesicles (Table 1) with the exception of the

DOPC/DPPC mixture at 50uC. The DPH fractional amplitude f1,

which is related to h1 or R1, had a small value in the pure DPPC

vesicles at low temperature and increased drastically with

increasing temperature. Predictably, the highest values of the

three systems were found in the DOPC vesicles at 25uC with a

slight increase with temperature. Compared with DPH, the

corresponding parameter for Laurdan had higher values in the

DPPC vesicles and lower values in the DOPC vesicles at all of the

temperatures, whereas in the mixture, higher values were found at

low temperatures and the opposite was found at high tempera-

tures. The order parameter from the DPH anisotropy decay had

values within the expected ranges; the highest was in the pure

DPPC vesicles in the gel state, with a drastic decrease in the liquid

crystalline state. Low S values were found in the DOPC vesicles,

and intermediate S values were found in the DOPC/DPPC

vesicles. The corresponding values that were recovered from the

Laurdan anisotropy decay in the pure DPPC vesicles are lower

than the ones recovered from the DPH data; however, the

opposite was found in the DOPC vesicles.

At all temperatures, the incorporation of cholesterol into vesicles

results in a non-monotonic behavior of the rotational correlation

times of both probes. The corresponding parameter for DPH

showed an overall decrease with cholesterol incorporation in

DOPC-containing vesicles and no variation in DPPC vesicles,

whereas the Laurdan parameter had an overall increase in all of

the vesicles. The incorporation of cholesterol induced an overall

decrease in the Laurdan rotational rate and an increase in the

DPH rate except for in the DPPC vesicles, where the overall

change is negligible (Table 1). As the cholesterol content increased,

the DPH fractional amplitude f1 had a drastic monotonous

decrease in all of the vesicles (except for the DPPC vesicles at

25uC, where f1 remained almost unchanged). The corresponding

parameter for Laurdan in all of the vesicles had much smaller

changes and remained nearly unchanged in the DOPC vesicles. A

drastic increase in the order parameter ‘‘S’’, which was recovered

from the DPH anisotropy decay, was observed upon incorporation

of cholesterol into all of the vesicles (except for the DPPC vesicles

in the gel state, where the value remained unchanged). The

Laurdan corresponding order parameter had slight changes upon

cholesterol incorporation only in the DPPC vesicles (decreases in

the gel state and increases in the liquid crystalline state) and in

DOPC/DPPC vesicles at 25uC (a slight increase).

Two-photon Microscopy Measurements
Previous microscopy studies have reported that the ternary

mixture of DOPC/DPPC:cholesterol has micrometer-sized segre-

gated domains [23–25]. Under some conditions, the Laurdan GP

images of these GUVs showed areas with different GP, indicating

the presence of segregated domains. To study the behavior of

coexisting lipid domains with different concentrations of choles-

terol, we performed Laurdan GP microscopy images measure-

ments in this ternary system.

GP images of Laurdan-labeled GUVs that were composed of

DOPC/DPPC (1:1 mol:mol in all cases) with cholesterol contents

of 0, 15, 22.2, 33.3 and 40 mol% were obtained at different

temperatures between 20 and 60uC.

Figure 4 shows Laurdan GP images of 1:1 DOPC/DPPC

GUVs with 0, 15, 22.2 and 33.3 mol% cholesterol below and

above the domain coexistence temperatures. The transition

temperature was estimated from the curves in Fig. 5: one GP

value was observed at temperatures where there was no phase

separation, and two GP values (high and low GP) were observed at

temperatures in the immiscibility range. The mixtures with

40 mol % cholesterol showed no distinct areas in the measured

temperature range, which is in contrast to previous reports

[20].This difference may be explained by the sample preparation:

we obtained the GUVs by starting with LUVs in buffer, rather

than in chloroform solutions as previously reported [20]. Fig. 6

summarizes the data from the Laurdan GP microscopy; the GP

values at the phase separation and at the temperature where the

transition occurred are shown as a function of bilayer cholesterol

content. Note that at 25uC, two GP values are plotted for each

cholesterol concentration. The immiscibility transition tempera-

tures of the mixtures and the Laurdan GP value at which the

immiscibility occurs are plotted as a function of cholesterol

concentration in Fig. 7. While the former showed a biphasic

pattern with a maximum at approximately 22.2 mol % cholester-

ol, the latter increased for the entire concentration interval.

Discussion

We studied the effects of cholesterol content on the structural

and dynamic properties of bilayers that were composed of a 1:1

DOPC/DPPC mixture and of the individual components; large

unilamellar vesicles (LUVs) were used as model membranes. We

used DPH and Laurdan to obtain information at different depths

in the lamella as a function of cholesterol content. Giant

unilamellar vesicles, GUVs, of the mixtures were also examined

using two-photon excitation microscopy and Laurdan generalized

polarization measurements.

The fluorescence lifetimes of DPH and Laurdan provide

information about water penetration into the bilayer [26,27]. A

comparison of the 1:1 DOPC/DPPC mixture with the pure

DOPC system indicates that the formation of the mixture

decreases bilayer hydration at the deep hydrophobic level of the

bilayer (from the DPH lifetime) and slightly enhances water

penetration at the level of the glycerol backbone (from the

Laurdan lifetime).

The general trend is increased DPH and Laurdan lifetimes as a

function of the cholesterol content in the DOPC and 1:1 DOPC/

DPPC vesicles (Figs. 2 and 3); this increase is interpreted as the

decrease in the bilayer hydration at all levels that is due to

cholesterol [28,29]. The same effect is observed in the DPPC

LUVs in the liquid-crystalline state (50uC); however, an overall

increase in hydration is observed in the gel state. We also found

that the information from lifetime changes concurs with that from

the Laurdan spectral shifts (Fig. 1).

The time-resolved anisotropy data for DPH indicate that

cholesterol incorporation induces an increase in the fluorophore

rotational rate; the increased rate indicates that there is more

order at the deep hydrophobic core of the acyl chain region in the

bilayers in all of the samples (except for DPPC). This concomitant

ordering and rotational rate increase appears contradictory at first

glance. However, Beensdorff and co-workers [30] reported a

Dynamic and Structural Behavior of Lipid Domains
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Table 1. Anisotropy decay parameters in unilamellar vesicles.

DPH

[Chol]
mol% DPPC 256C DPPC 506C

h1

(ns ) f1

R1

(rad ns21) r‘ r0 S
h1

(ns ) f1

R1

(rad ns21) r‘ r0 S

0 0.8060.03 0.11 0.20860.007 0.36 0.40 0.95 0.8960.02 0.79 0.18760.004 0.08 0.40 0.46

15 0.7160.03 0.08 0.23560.009 0.34 0.40 0.96 0.5860.01 0.69 0.28760.005 0.12 0.38 0.55

22.2 0.7860.02 0.04 0.21460.005 0.37 0.38 0.98 0.7360.03 0.51 0.22860.009 0.14 0.28 0.70

33.3 0.9960.02 0.09 0.16860.003 0.31 0.37 0.91 0.8960.02 0.19 0.18760.004 0.27 0.32 0.91

40 0.8560.03 0.13 0.19660.007 0.33 0.38 0.93 0.8560.02 0.23 0.19660.004 0.23 0.30 0.88

[Chol]
mol%

DOPC 256C DOPC 506C

h1

(ns )
f1 R1

(rad ns21)
r‘ r0 S h1

(ns )
f1 R1

(rad ns21)
r‘ r0 S

0 3.4560.05 0.94 0.04860.001 0.02 0.32 0.25 1.4860.02 0.97 0.11360.001 0.01 0.30 0.18

15 3.7460.06 0.84 0.04560.001 0.05 0.31 0.40 1.3960.08 0.88 0.12060.007 0.04 0.33 0.35

22.2 2.6560.07 0.65 0.06360.001 0.11 0.34 0.60 1.1460.07 0.79 0.14660.009 0.06 0.29 0.46

33.3 3.0060.07 0.45 0.05660.001 0.17 0.31 0.74 1.6160.08 0.60 0.10460.007 0.12 0.30 0.63

40 2.5160.08 0.44 0.06660.002 0.18 0.32 0.75 1.2760.05 0.61 0.13160.005 0.12 0.31 0.62

[Chol]
mol%

DOPC/DPPC 256C DOPC/DPPC 506C

h1

(ns )
f1 R1

(rad ns21)
r‘ r0 S h1

(ns )
f1 R1

(rad ns21)
r‘ r0 S

0 2.9860.08 0.62 0.05660.002 0.13 0.34 0.62 1.0760.05 0.90 0.15660.007 0.03 0.31 0.31

15 2.1060.05 0.46 0.07960.002 0.20 0.37 0.74 0.9360.03 0.79 0.17960.006 0.08 0.39 0.45

22.2 2.5060.09 0.41 0.06760.002 0.22 0.37 0.77 0.9960.04 0.78 0.16860.007 0.09 0.40 0.47

33.3 2.1660.05 0.29 0.07760.002 0.24 0.34 0.71 0.8260.04 0.61 0.20360.009 0.15 0.39 0.62

40 2.4060.05 0.26 0.06960.001 0.25 0.34 0.86 1.2860.05 0.37 0.13060.005 0.19 0.30 0.80

Laurdan

[Chol]
mol%

DPPC 256C DPPC 506C

h1

(ns )
f1 R1

(rad ns21)
r‘ r0 S h1

(ns )
f1 R1

(rad ns21)
r‘ r0 S

0 1.0260.06 0.27 0.16360.009 0.27 0.37 0.85 1.2760.05 0.89 0.13160.005 0.04 0.33 0.35

15 2.5960.01 0.28 0.06460.001 0.26 0.35 0.85 1.7760.03 0.59 0.09460.001 0.14 0.33 0.65

22.2 2.7060.01 0.32 0.06260.001 0.23 0.33 0.82 2.0260.06 0.59 0.08360.002 0.13 0.32 0.64

33.3 2.3260.04 0.41 0.07260.001 0.20 0.34 0.77 1.6660.01 0.68 0.10060.001 0.10 0.34 0.54

40 2.3860.02 0.38 0.07060.001 0.21 0.34 0.79 1.7160.02 0.67 0.09760.001 0.11 0.35 0.57

[Chol]
mol%

DOPC 256C DOPC 506C

h1

(ns )
f1 R1

(rad ns21)
r‘ r0 S h1

(ns )
f1 R1

(rad ns21)
r‘ r0 S

0 2.0560.02 0.78 0.08160.001 0.07 0.33 0.46 1.1560.03 0.89 0.14560.004 0.03 0.31 0.33

15 2.0460.01 0.85 0.08260.001 0.05 0.34 0.38 1.0960.05 0.94 0.15260.007 0.02 0.31 0.24

22.2 2.2060.04 0.78 0.07660.001 0.07 0.32 0.47 1.1160.05 0.93 0.15060.007 0.02 0.31 0.26

33.3 2.2760.02 0.68 0.07360.001 0.11 0.34 0.56 1.216.0.02 0.91 0.13860.002 0.03 0.33 0.30

40 2.4160.02 0.76 0.06960.001 0.07 0.34 0.45 1.2560.02 0.87 0.13360.002 0.04 0.31 0.36

[Chol]
mol%

DOPC/DPPC 256C DOPC/DPPC 506C

Dynamic and Structural Behavior of Lipid Domains
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similar result for the studies of hydrostatic pressure in lipid vesicles.

The authors proposed that the pressure-induced constraints that

are imposed upon the rotational wobbling amplitude of the

fluorophore may lead to an increase in the rate of motion within

the restricted cone; this increased rate of motion occurs if the

wobble angle in which the probe can rotate on a nanosecond time

scale decreases upon pressurization. Similarly, Pasenkiewicz-

Gierula and co-workers proposed a decrease in the available cone

angle as a result of cholesterol incorporation into DPPC and

DMPC bilayers [31]. The unexpectedly large value for the fast

rotational rate found in DPPC compared with the other two

vesicles that did not have cholesterol (Table 1) may be explained

similarly, that is, a higher rate of fluorophore motion within a

smaller wobble angle. In contrast, the Laurdan results indicate that

cholesterol incorporation induces a decrease in the rotational rate

of the probe in all of the samples. The considerable decrease of the

Laurdan rotational rate in the DPPC vesicles with cholesterol

incorporation is interesting.

A comparison of the DPH and Laurdan data suggests that the

changes induced by the incorporation of cholesterol into the

bilayer are different for the deep hydrophobic phospholipids acyl

chains domain than for the shallow region at the hydrophilic-

hydrophobic interface. Because the rotational rate of these

probes reflects the orientational dynamics of the surrounding

phospholipids, we propose that cholesterol incorporation induces

an increase in orientational dynamics at the deep region of the

phospholipid acyl chains and a corresponding orientational

dynamics decrease at the region close to the lipid polar head

groups. Our conclusion is in agreement with Bartucci and co-

workers [32], who proposed that the methyl terminal of the

chain moves more freely in the presence of cholesterol.

Cholesterol incorporation affects the structure: the order

increases at the deep acyl chain level (except in DPPC LUVs

in the gel state where no change is observed), whereas the order

decreases at the glycerol backbone level (although other effects

were also observed). The lifetime data from Laurdan and DPH

show that the overall hydration changes produced by the

addition of cholesterol are similar at both bilayer levels in the

DOPC and DOPC/DPPC vesicles. These changes can be

explained in the context of the results reported by Marsh [29].

He suggested that chain insaturation increases water permeation

at the level of the headgroups of the acyl chains, reducing the

effect of cholesterol in this region. In the DPPC vesicles, the

effect at both depths depends on the state of the lipid phase: an

overall increase in the fluid state and an overall decrease in the

gel state (Figs. 2 and 3).

Previous results from microscopy studies [20,23–25] show the

segregation of macro domains in GUVs of DOPC/DPPC/

cholesterol, and the phase diagram for the mixture is well

established. We used this system and Laurdan GP microscopy to

examine the behavior of these domains as a function of cholesterol

content.

As the temperature decreased in the Laurdan GP experiments,

the GUVs changed from one homogeneous phase (one GP value)

to two co-existing phases (two GP values, one from each domain)

(Fig. 5). The immiscibility transition temperature of the mixtures

initially increased slightly with bilayer cholesterol content (Fig. 6).

However, a significant decrease occurred at concentrations higher

than 22.2 mol% of cholesterol, which is in agreement with

previous results [20]. For the same range of cholesterol concen-

trations, the GP value at which the immiscibility occurs increases

with a similar slope until 22.2 mol% (Fig. 6). The sudden decrease

in the transition temperature at 22.2% cholesterol indicates that

the stability of a bilayer with segregated liquid phases decreases as

cholesterol content increases. A possible explanation for this

behavior is that cholesterol may decrease the overall hydration of

the bilayer [28,29]. Thus, it has been proposed that in cholesterol-

containing lipid bilayers, H-bonds are formed between the OH-

group from Chol (OH-Chol) and the oxygen atoms from PC

(particularly the c-chain carbonyl oxygen atom) and between OH-

Chol and water [16,17]. However, molecular simulations by

Pasenkiewicz-Gierula and co-workers [19] predict that the

predominant interaction between Chol and PC are via water

bridges and charge pairs more than via direct hydrogen bonding.

We suggest that decreasing water content in the bilayer could

destabilize the hydrogen bond network, influencing the stability of

the Lo phase, which shows lower hydration.

The Laurdan GP of the DOPC/DPPC mixture in GUVs and

LUVs as a function of cholesterol content had a similar overall

increase with non-monotonic changes for all of the temperatures.

Table 1. Cont.

DPH

[Chol]
mol% DPPC 256C DPPC 506C

h1

(ns ) f1

R1

(rad ns21) r‘ r0 S
h1

(ns ) f1

R1

(rad ns21) r‘ r0 S

h1

(ns )
f1 R1

(rad ns21)
r‘ r0 S h1

(ns )
f1 R1

(rad ns21)
r‘ r0 S

0 2.2360.05 0.76 0.07560.002 0.09 0.36 0.50 1.2360.01 0.83 0.13660.001 0.06 0.33 0.43

15 2.9160.03 0.77 0.05760.001 0.09 0.36 0.50 1.6060.03 0.90 0.10460.002 0.03 0.34 0.30

22.2 2.7360.02 0.72 0.06160.001 0.10 0.37 0.52 1.6060.02 0.91 0.10460.002 0.03 0.34 0.30

33.3 2.3760.02 0.61 0.07060.001 0.14 0.35 0.63 1.3460.02 0.84 0.12460.002 0.05 0.34 0.38

40 2.9260.03 0.61 0.05760.001 0.14 0.36 0.62 1.4060.01 0.81 0.11960.001 0.07 0.35 0.45

Effect of modification of membrane cholesterol content. The phase and modulation data are analyzed with a hindered rotation decay modela.
ar0 refers to the time 0 anisotropy. r‘ is the residual anisotropy at infinite time. f1 is the fraction of the observed anisotropy decay associated with the fast depolarization
process. H1 is the fast rotational correlation time. R1 refers to the fast rotational rate. S is the order parameter. The reduced chi-squared (x2) value ranges from 0.3 up to
maximum values of 8.0. The r0 and r‘ errors were all ,0.03; the f1 and S errors were all ,0.06. The errors represent the correlated 67% confidence limits of the reduced
x2.
doi:10.1371/journal.pone.0040254.t001
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Thus, we expected that GP values obtained from LUVs (measured

in a cuvette, at 25uC) would be between the ones obtained for the

individual segregated domains at this temperature. However, the

values are closer to the ones obtained for the ordered phase. To

rationalize this unexpectedly high value, we hypothesize that

LUVs have slower dynamics at the shallow depth due to a more

constrained structure even though LUVs have more hydration due

to their more pronounced curvature. In addition, the difference in

diameter between the two types of vesicles, from tens of

micrometers in GUVs to hundreds of nanometers in LUVs,

implies a considerable difference in bilayer curvature, thus

influencing lipid interactions, ordering, dynamics, etc.

Our results show non-monotonic changes in fluorescence

parameters with increasing amounts of cholesterol and indicate

that the changes induced by cholesterol are different at the deep

hydrophobic level than at the shallow region of the hydrophilic-

hydrophobic interface. In particular, the orientational dynamics

increase at the deep hydrophobic level of the lamella and decrease

at the shallow depth, which is close to the polar lipid headgroups.

For overall structural changes, there is an ordering at the deep

level and a disordering at the shallow level. Another contribution

of our work is based on a proposal that bilayer Chol content

increases that are higher than 22.2 mol% induce changes in lipid

organization due to the concomitant decrease in the water

content; because water participates in the hydrogen bond network

that bridges Chol-lipid headgroups, increasing cholesterol content

weakens the stability of this network and hence of the segregated

liquid phases.

Most of the measured parameters exhibit a non-monotonic

dependence on cholesterol concentration. Thus, a sterol super-

lattice model has been proposed by Chong [33]. Although this

model may not be universally accepted, it explains and predicts

this type of dependence accurately. The study of sterol superlattice

formation was not an aim of our work. To study superlattice

formation, the systems must be examined using small increments

of cholesterol mole fraction.

Figure 4. Laurdan GP images: Laurdan generalized polarization images of the DOPC/DPPC (1:1 mol%) mixtures with different cholesterol content.
The immiscibility transition temperature is indicated for each mixture. Different GP values are represented by an artificial color bar.
doi:10.1371/journal.pone.0040254.g004
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Materials and Methods

Materials
The nonionic surfactant n-dodecyl-b-D-maltoside (DOM) was

obtained from Anatrace, Inc. (Maumee, OH, USA). 1,6-Diphenyl-

1,3,5-hexatriene (DPH) and 2-(dimethylamino)-6-lauroylnaphtha-

lene (Laurdan) were obtained from Molecular Probes (Eugene,

OR, USA). Bio-Beads SM-2 were obtained from Bio-Rad (Irvine,

CA, USA). All of the lipids and cholesterol were obtained from

Avanti Polar Lipids (Alabaster, AL, USA).

Large Unilamellar Vesicle (LUV) Preparation
The lipids were suspended in DOM and incubated with

hydrophobic polystyrene beads, Bio-Beads SM2 (0.2 g/mL), to

remove the detergent. To overcome lipid adsorption by the beads,

the Bio-Beads were pre-saturated by incubating them with an

excess of a small unilamellar vesicle (SUVs) suspension of the same

Figure 5. Average Laurdan GP values: Thermotropic behavior of average Laurdan GP histograms values in the DOPC/DPPC (1:1 mol%) mixture
with (A) 0, (B) 15 mol%, (C) 22.2 mol% and (D) 33.3 mol% cholesterol.
doi:10.1371/journal.pone.0040254.g005
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lipid or lipid mixture [34]. The LUV samples were prepared at

least 15 days prior to the measurements and were stored sealed

with nitrogen, which was replenished periodically. DPH and

Laurdan were incorporated into 0.4 mM total lipid LUV

suspensions and adjusted to a final concentration of 0.5 mM with

stock solutions of DMSO and ethanol, respectively, and incubated

at 37uC for 45 min. The amount of cholesterol and phospholipids

was determined using cholesterol (Cholesterol E) and phospholipid

(Phospholipid C) reagents, respectively, that were obtained from

Wako Chemicals (Richmond, VA).

Giant Unilamellar Vesicle (GUV) preparation
The GUVs were grown using the conventional electroforming

method [35,36] but using stock solutions of LUVs of different

lipid mixtures in buffer. The vesicles were formed by first

spreading 2 mL of the LUV stock solution onto the platinum

wires of the growing chamber. The stock solutions (approxi-

mately 0.2 mg/mL total lipid) contained LUVs of mixtures of 1:1

DOPC/DPPC with increasing amounts of cholesterol. The

sample was allowed to rest for 15 minutes at room temperature

in the dark. A microscope cover slip was glued on the bottom of

the growing chamber and thermostated with a circulating water

bath at the growing temperature (normally 10uC over the

corresponding transition temperature of the lipid). When the

desired temperature was reached, buffer (1 mM Tris, pH 7.4) of

the same temperature was added, and the platinum wires were

connected to a function generator set to 1 V amplitude at 10 Hz

frequency. After the vesicle was formed, the AC field was turned

off and followed by a cooling process to each of the measuring

temperatures. A CCD video camera (CCD-Iris, Sony, Tokyo,

Japan) was used to follow the growing vesicles. The temperature

of the thermostated sample chamber was monitored using a

temperature probe (model 400B, Omega, Stamford, CT) that

was placed in the chamber near the platinum wire. We used a

method previously described in detail [37,38]. Before the

measurements, Laurdan was added from a stock solution in

DMSO to give a concentration of 0.25 mM, and the solution was

incubated for at least 10 minutes.

Fluorescence Spectroscopy Measurements
Steady-state and time-resolved fluorescence measurements

were performed on a K-2 multifrequency phase and modulation

spectrofluorometer (ISS, Champaign, IL, USA). The instrument

was equipped with a Glan-Thompson polarizer. For both probes,

the excitation light was from a modulatable ISS 375 nm LED

laser. The emission was measured through Schott KV-399 and

WG-420 long band-pass filters. The lifetime measurements were

conducted with the polarizer oriented in the ‘‘magic angle’’

condition [39]. To measure anisotropy decay, differential phase

angles and modulation ratios were obtained from the parallel and

perpendicular orientations of the sinusoidal polarized emission.

The phase and modulation values were obtained as previously

described [40,41]. Dimethyl-POPOP (1,4-bis [2]4-methyl-5-

phenyloxazoly benzene) in ethanol (t= 1.45 ns) was used as a

Figure 6. Temperature at phase separation: Immiscibility transi-
tion temperatures (-&-) and Laurdan GP value (-D-) at which the
immiscibility occurs as a function of bilayer cholesterol content.
doi:10.1371/journal.pone.0040254.g006

Figure 7. Laurdan GP values in GUVs: Laurdan fluorescence GP in
GUVs of DOPC/DPPC (1:1 mol%) as a function of cholesterol content,
obtained from two-photon microscopy GP images at different
temperatures. The symbols correspond to (-&-)the high GP value at
25uC, (-%-) the low GP value at 25uC, (-#-) the GP value at 37uC, (-D-)
the GP value at 41uC, (-e-) the GP value at 50uC and (-N-) the GP value
in LUVs of DOPC/DPPC (1:1 mol%) as a function of cholesterol content.
doi:10.1371/journal.pone.0040254.g007
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reference for the intensity decay. The generalized polarization of

Laurdan, which was utilized to assess its fluorescence spectral

shifts, was measured as previously described [21]. The data

shown represent the mean values and standard error of

measurements of two independent samples.

Data Analysis
The time-resolved fluorescence data were analyzed using the

Globals Unlimited software package (Laboratory for Fluorescence

Dynamics, University of Illinois at Urbana-Champaign, Urbana,

IL). The fitting function for the lifetime measurements was the sum

of a continuously distributed Lorentzian component and a discrete

component, which was fixed at 0.01 ns to account for scattered

light [41]. The anisotropy decay data were fitted to a hindered

rotator model of anisotropy decay (see equation 1), which is based

on the ‘‘wobble-in-cone’’ model [42]; the model included a

hindered rotation component, i.e., two rotational correlation

times, where the second rotational correlation time, h2, was fixed

at a large value (1 ms) relative to the lifetime.

r(t)~(r0{r?) exp ({t=h1)zr? ð1Þ

In equation (1), r0 is the amplitude of the anisotropy decay at

time 0, h1 is the fast rotational correlation time of the anisotropy

decay and r‘ is the residual anisotropy at infinite time. h1 is related

to the fractional amplitude f1, i.e., the fraction of molecules

associated with h1, which is f1 = 1 - r‘/r0. The fluorophore

rotational rate R1 is related to h1 by R1 = 1/6h1 and S, the mean

second rank-order parameter of the fluorescent probe in the

bilayer, is calculated from the residual and initial anisotropy values

using S = (r‘/r0)1/2 [43].

Laurdan GP Images
The images were collected on a scanning two-photon fluores-

cence microscope at the Laboratory for Fluorescence Dynamics

(University of California, Irvine) as described previously [44,45]. A

mode-locked titanium-sapphire laser (Mira 900, Coherent, Palo

Alto, CA) pumped by a frequency-doubled Nd:Vanadate laser

(Verdi, Coherent) and set to 780 nm was used as the two-photon

excitation light source. Two intensity images were collected

simultaneously using a two-channel detection system with a

beamsplitter and interference filters (Ealing 490 and Ealing 440).

These images were then recombined to form the images of

Laurdan generalized polarization, GP, using the SimFCS software

(Laboratory for Fluorescence Dynamics, University of California,

Irvine, CA). The histograms were smoothed and normalized to the

maximum signal by nonlinear regression using a Gaussian

function. The GP value shown is the histogram average for each

Gaussian.
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