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ABSTRACT: Giant unilamellar vesicles (GUVs of diameter 5−25 μm) of soy phosphatidylcholine (PC), resistant to intense
light exposure (400−440 nm, ∼15 mW·mm−2), underwent budding when containing chlorophyll a (Chla) in the lipid bilayer
([PC]:[Chla] = 1500:1). On the basis of image heterogeneity analysis using inverted microscopy, a dimensionless entropy
parameter for the budding process was shown to increase linearly during an initial budding process. Lipophilic β-carotene (β-Car,
[PC]:[β-Car] = 500:1) reduced the initial budding rate by a factor of 2.4, while the hydrophilic glycoside rutin ([PC]:[rutin] =
500:1) had no effect. Chla photosensitized oxidation of PC to form linoleoyl hydroperoxides, further leading to domains of
higher polarity in the vesicles, is suggested to trigger budding. The average dipole moment (μ) of linoleic acid hydroperoxides
was calculated using density functional theory (DFT) to have the value of 2.84 D, while unoxidized linoleic acid has μ = 1.86 D.
β-Carotene as a lipophilic antioxidant and singlet-oxygen quencher seems to hamper oxidation in the lipid bilayers and delay
budding in contrast to rutin located in the aqueous phase. The effect on budding of GUVs as a detrimental process for
membranes is suggested for use in assays for evaluation of potential protectors of cellular integrity and functions under oxidative
stress.
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■ INTRODUCTION

Membranes are organizing biological systems, and damages to
membranes, unless repaired, are detrimental for cellular
functions and cellular integrity.1 Phospholipids organized in
liposomes are often used as model systems for membranal
structures, and phospholipase hydrolysis are known to be
important for change in surface properties leading to
vesiculation and component trafficking through membrane
barrier.2,3 The hydrolytic processes are reversible and enzymati-
cally controlled and may be recognized through formation of
rafts in membranal structures.4 Giant unilamellar vesicles
(GUVs), defined as those having diameters of 5−200 μm,5

are of particular research interest because they have the same
scales as the living cells and are observable to optical
microscopy. Certain remarkable morphological deformation
such as liposome fusion, fission and budding have been
observed in GUVs using microscopy related techniques
including phase contrast and fluorescence microscopy.5−11

Because GUV-based experiments are performed at the level of
single liposome, heterogeneity in shape and size can be
obtained using digital image processing.10,12,13

Light-induced morphological deformation processes of
fluorescently labeled GUVs are observed under intense
irradiation of fluorescence microscope.14 Chemical reactions
of unsaturated fatty acid side chains in lipid molecules, such as
polymerization and oxidation initiated via excited states of
fluorescence probe or photosensitizer, seem to be the cause of
light-induced deformation.15−17 Oxidative processes also affect
membrane properties since the phospholipids and cholesterol
as unsaturated lipids easily oxidizable forming lipid hydro-
peroxides as the primary oxidation product.15 Oxidative

damages of membranes will affect cellular functions and cellular
integrity and are often controlled by natural antioxidants
integrated in the lipid monolayers or associated with the lipid/
water interface.16,17 Under conditions of increased oxidative
stress as may be caused by light exposure as for skin and eye, by
catalysis by transition-metal ions during food digestion, or
through enzymatic formation of reactive oxygen species (ROS)
like hydrogen peroxide and hydroxyl radicals, membrane
damage may lead to cellular decay and death.18

The increasing interest in redox signaling and regulation of
biological systems have led to establishment of a great variety of
antioxidant assays in order to evaluate antioxidants for
protection of food and for evaluation of health effects of
antioxidants.19−22 However, a direct evaluation of various
antioxidants as protectors of vital physical structures seems not
available but will depend on indirect methods involving
chemical analysis of various oxidation products. We have
selected budding as a physical process indicative of damage to
GUVs based on soy lecithin (dominant species: dilinoleoyl
phosphatidylcholine) as membrane models and applied
inverted microscopy and image analysis to monitor the effect
of photosensitized oxidation in the presence and absence of
potential antioxidants.
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■ MATERIALS AND METHODS
Chemicals and Liposome Preparation. Soybean L-α-phospha-

tidylcholine (PC, 23%), all-trans-β-carotene (β-Car, >95%) and rutin
(>95%) were purchased from Sigma Aldrich (St. Louis, MO).
Chlorophyll a (Chla, >80%) was extracted from fresh spinach leaves
and was separated accordingly following ref 23 (see the Supporting
Information for details). Sodium dihydrogen phosphate, disodium
hydrogen phosphate, methanol and chloroform (all AR) were
purchased from Beijing Chemical Works (Beijing, China). Ion-
exchanged water was prepared using Milli-Q Academic Water
Purification System (Millipore Corp., Billerica, MA).
GUVs were prepared using a reverse phase evaporation method24

with certain modifications. Briefly, 100 μL of PC predissolved in
chloroform (0.1 M) was added to a 100-mL round-bottom flask
containing 4.9 mL of chloroform and 750 μL of methanol. β-Car
predissolved in chloroform and/or rutin predissolved in methanol
(both 10−4 M) were added to the flask when needed. Chla (10−5 M)
predissolved in methanol was added as a photosensitizer to the flask
when needed. The final molar concentration ratio of PC and Chla was

1500:1, and that of PC and antioxidants (β-Car and/or rutin) was
500:1. The volume ratio of methanol and chloroform was 1:6.7.

A total of 35 mL of phosphate buffer solution (pH 7.4) was slowly
added to the flask along the flask wall. The flask was covered with
aluminum foil and kept in a 20 °C water bath and the solvents were
slowly removed by rotary evaporation under 0.01 MPa pressure. After
evaporation for 2 min, an opalescent suspension of GUV was obtained
with a volume of approximately 33 mL.

Monitoring Morphological Changes. GUVs were monitored by
means of brightfield and fluorescence microscopy using Eclipse TE-
2000U inverted microscope (Nikon Corporation, Tokyo, Japan) with
a 40× magnifying objective lens (numerical aperture 0.6, CFI Plan
Fluor. ELWD, Nikon). The light sources of brightfield and
fluorescence imaging were a tungsten lamp and an ultrahigh pressure
mercury lamp, respectively. A 400−440 nm radiation light was
obtained by using a dichroic mirror combined with a long-pass filter
(see Figure 1), and the power of radiation light was 13 mW for an area
of ∼0.8 mm2. The image was detected by a Cascade II 512
semiconductor cooled (−70 °C) CCD with a resolution of 512 × 512
pixels (Photometrics Inc., Tucson, AZ), and the digital images were
collected by MetaMorph program package (Molecular Devices, Inc.,
Sunnyvale, CA).

A total of 200 μL of liposome suspension was added to Costar 24
well cell culturing cluster (Corning Incorporated, Corning, NY), which
was placed on the stage of the microscope. Liposome morphology
image after radiation was collected for every 5 s, and each GUV
suspension preparation was measured 24 times. GUVs without
photosensitizer or antioxidant added were used as blank samples,
whereas GUVs with photosensitizer added but without antioxidants
added were used as control.

Digital Image Analysis. Programs for digital image analysis were
coded with MATLAB 7.0 (Mathworks, Inc., Natick, MA), and for each
GUV image, an area of 192 × 192 pixels at the center were selected as
the region of interest (ROI). Image entropy was selected as a statistical
scalar measure of image heterogeneity.25 Entropy of a grayscale image
is defined as:

∑= −E p plog2 (1)

where p is the histogram (see Figure 2 for example) count over a series
of intensity subintervals. The budding process of GUVs was
characterized by entropy change compared to the average entropy of
negative delaytime data points (before irradiation).

Figure 1. Experimental setup based on inverted microscopy of light
exposed GUV and image acquisition by CCD.

Figure 2. Image histogram example of GUV with Chla and rutin added (Figure 5c) following 25 s of light exposure, forming the basis for calculation
of entropy.
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Quantum Chemical Calculation. Structure optimizations for
phospholipids and their hydroperoxides were performed using
Gaussian 03W Rev. E01 package.26 Semiempirical optimization
(PM3 method) was carried out to obtain the initial geometries, and
then DFT optimization on the basis of B3LYP method and 6-31G**
basis set was performed to calculate the dipole moment of each
compound.

■ RESULTS AND DISCUSSION

The GUVs prepared from natural soy PC had a diameter in the
5−25 μm range, calculated on the basis of the pixel size of the
CCD detector and the magnifying factor of the objective lens.
They did not change in size or shape for up to 60 min when
kept in the dark or upon exposure to light in the 400−440 nm
region of an intensity of approximately 15 mW·mm−2 if no
photosensitizer was added, see Figure 1. The integrity of the
liposome under these conditions was evident from visual
inspection as may be seen from Figure 3. GUVs prepared to
contain Chla were, in contrast, sensitive to light exposure as
morphological changes were seen already after 5 s and
increasing with exposure time as may be seen in Figure 4.
On the basis of histograms as the one shown in Figure 2, the
texture of the GUV surface was characterized based on image

heterogeneity analysis and the dimensionless randomness
parameter E (entropy) as defined in eq 1 was calculated. The
change in surface entropy with exposure time is shown for
GUV with Chla for up to 2 min (Figure 5a). The change in
surface entropy increases to a certain value and levels off. To
obtain numerical stability, 16 independent experiments formed
the basis for calculations for each set of experimental
conditions, and the initial rates were determined as the slopes
of the ΔE−t curve during the initial budding processes.
For GUV with the lipophilic β-Car added together with Chla,

the budding resulted in less morphological changes as may be
seen from Figure 4 and as was also evident from the entropy
parameter. For ΔE, an almost linear increase is noted from
Figure 5b, which levels off at a lower value than for GUV with
only Chla added. Rutin, the hydrophilic glycoside of quercetin,
had a lower reduction factor of the rate by which ΔE initially
increased for GUV with only Chla added (Figure 5c), in
agreement with comparable morphological changes of GUV
with Chla added alone and for GUV with both Chla and rutin
added (Figure 4). The presence of rutin did, however, lower the
level of ΔE following longer time exposure of GUV to light
(Figure 6). For GUV with Chla added together with both β-

Figure 3. Images of GUV without Chla added exposed to light for up to 45 min.

Figure 4. Images of GUV exposed to light for time indicated: (a) with Chla; (b) with Chla and β-Car; (c) with Chla and rutin; and (d) with Chla, β-
Car and rutin.
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Car and rutin, each at the same concentration as in the
experiments with one of the potential antioxidant added, the
initial rate for increase in ΔE was similar to the rate for ΔE for
GUV with Chla and β-Car (Figure 5d). The final level of ΔE
was, however, higher for the GUV with both potential
antioxidants compared to GUV with only β-Car or rutin
(Figure 6). The initial rates for the change in ΔE are in Table 1
collected for the four types of GUV investigated as
characterized by their additives.
Budding is related to growth of domains depending on phase

separations in vesicles like the GUV studied.3 For oxidative
stress as induced by photosensitized oxidation, such transitions
have been proposed to be initiated by oxidative cleavage of
unsaturated lipids.15 For dilinoleoyl PC, as dominated in soy
lecithin, formation of hydroperoxides is suggested to initiate
changes in surface tension leading to curvature changes and
eventually to budding. The dipole moments of linoleic acid
hydroperoxides as derived from DFT calculations and shown in
Table 2 show a significant change in dipole moment and
accordingly polarity as compared to the unoxidized linoleic
acid. DFT optimized geometries of unoxidized soy lyso-PC and
soy PC and their hydroperoxides are shown in Figure 7.
Distortion of unsaturated fatty acid moieties of the lipid
molecules is clearly seen in their hydroperoxides. Redistribution
of PC in membranes is known to induce shape changes of giant
liposomes.27 The mechanism behind the budding may
accordingly be described as following. Chla is absorbing light
and forms a triplet state through inner-system crossing from the
initially formed singlet excited states. Singlet oxygen is
subsequently formed by ground state oxygen (3O2) quenching
the Chla triplet state:28

→ *
ν

a aChl Chl
h 1 (2)

* ⎯→⎯a aChl Chl1 ISC 3 (3)

+ → +a aChl O Chl O3 3
2

1
2 (4)

Figure 5. ΔE as an image heterogeneity parameter for GUV with Chla and/or antioxidants exposed to light. Statistics: mean ± SD, n = 16.

Figure 6. ΔE as an image heterogeneity parameter for GUVs with
Chla only (control); with Chla and β-Car; with Chla and rutin; and
with Chla, β-Car and rutin.

Table 1. Initial Rates of Increase in ΔE for GUVs Exposed to
Light Determined As the Slopes of Initial Stages of ΔE−t
Curves (n = 16)

sample initial rate/s−1

control (2.11 ± 0.04) × 10−2

β-Car (8.69 ± 0.54) × 10−3

rutin (1.71 ± 0.16) × 10−2

β-Car+rutin (8.77 ± 0.57) × 10−3

Table 2. DFT-Calculated Dipole Moments for Linoleic Acid
and Hydroperoxides on the Basis of B3LYP Method and 6-
31G** Basis Set

species μ/Debye

linoleic acid 1.86
linoleic acid-9-OOH 3.31
linoleic acid-10-OOH 2.25
linoleic acid-12-OOH 3.92
linoleic acid-13-OOH 2.11
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Singlet oxygen will react with PC to yield hydroperoxides:29

+ → − −O PC PC OOH or PC (OOH)1
2 2 (5)

The PC−OOH or PC−(OOH)2 will initiate the morphological
changes as seen in Figure 4 and as expressed as ΔE in Figure 5
and 6. The protective effect of β-Car may be assigned to
quenching of singlet oxygen 30 in effect competing with the
reaction of eq 4 in the lipid layers:

β β+ ‐ → + ‐ *O Car O Car1
2

3
2

3
(6)

β β‐ * → ‐ +Car Car heat3 (7)

Rutin, located in the aqueous phase, will not or only to a small
degree, quench the singlet oxygen, providing an explanation for
the different effect of the two potential antioxidants on the
morphological changes of the GUV. This is also supported by
the results of kinetics studies of the singlet oxygen quenching
effects of carotenoids and flavonoids. The singlet oxygen
quenching rate of rutin in deuterated water (pD 7.4) was
determined as 2.4 × 107 M−1 s−1,31 whereas β-carotene had the
value of 1.0 × 1010 M−1 s−1.32 In the present work, the
lipophilic photosensitizer Chla was used, and singlet oxygen
was formed primarily in the lipid phase. Therefore, the lipid
soluble antioxidant β-carotene had better singlet quenching
effect than water-soluble rutin. The rates of initial changes of
ΔE further indicate that the efficiency of β-Car in protecting
GUV against the morphological changes is independent of the
presence of rutin. The different level being reached for ΔE
following longer exposure times may depend on other factors
such as inner-filter effects or interference from secondary
radical processes, including regeneration of β-Car from its
radical cation by rutin (anion) at the lipid/water interface.33

β β‐ + → ‐ + +•+ • +Car rutin Car rutin H (8)

Notably, for GUV with Chla incorporated together with both
β-Car and rutin, additivity in lowering of the final level of ΔE is
not seen, an effect which deserves further studies.
The heterogeneity observed and expressed as the parameter

ΔE has been assigned to the budding of GUV. Budding as a
morphological change for lipid bilayer is indicative of change in
surface tension and surface curvature. We suggest that oxidative
stress induced by photosensitized oxidation of bilayer
components may be used for evaluation of single compounds
or plant extracts as protectives of integrity of organized
biological structures and would explore further this approach in
future studies.
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Figure 7. DFT optimized geometries of soy lyso-PC and soy PC and their hydroperoxides on the basis of B3LYP method and 6-31G** basis set.
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