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In vivo oxidation of glycerophospholipid generates a variety of products including truncated oxidized
phospholipids (tOx-PLs). The fatty acyl chains at the sn-2 position of tOx-PLs are shorter in length than the
parent non-oxidized phospholipids and contain a polar functional group(s) at the end. The effect of
oxidatively modified sn-2 fatty acyl chain on the physicochemical properties of tOx-PLs aggregates has
not been addressed in detail, although there are few reports that modified fatty acyl chain primarily
determines the biological activities of tOx-PLs. In this study we have compared the properties of four closely
related tOx-PLs which differ only in the type of modified fatty acyl chain present at the sn-2 position: 1-
palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PazePC), 1-palmitoyl-2-(9′-oxo-nonanoyl)-sn-glycero-
3-phosphocholine (PoxnoPC), 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC), and 1-palmi-
toyl-2-(5′-oxo-valeroyl)-sn-glycero-3-phosphocholine (POVPC). Aggregates of individual tOx-PL in aqueous
solution were characterized by fluorescence spectroscopy, size exclusion chromatography, native
polyacrylamide and agarose gel electrophoresis. The data suggest that aggregates of four closely related
tOx-PLs form micelle-like particles of considerably different properties. Our result provides first direct
evidence that because of the specific chemical composition of the sn-2 fatty acyl chain aggregates of
particular tOx-PL possess a distinctive set of physicochemical properties.
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1. Introduction

Oxidation of glycerolphospholipids results in the formation of
large number of oxidized phospholipid (Ox-PL) products which are
involved in a variety of pathological and physiological functions [1–4].
Different types of Ox-PL generated due to oxidation of glycerolpho-
spholipids include tOx-PLs [2–4]. The sn-2 acyl chains of tOx-PLs are
shorter in length than the parent non-oxidized phospholipids and
bear polar functional group(s) at the end. Lipoprotein particles and
cellularmembranes are enriched in glycerophospholipids that contain
polyunsaturated fatty acids (PUFA) which are the major source for
Ox-PLs generation. In mammalian glycerophospholipids, saturated
fatty acyl chain of either 16 or 18 carbons usually occupies the sn-1
position while the sn-2 position usually contains long carbon chain
PUFA [2]. Thus most of the Ox-PLs are modified at the sn-2 position
and results in the generation of different types of tOx-PLs depending
on the chain length and degree of unsaturation of fatty acyl chain
esterified at the sn-2 position of the glycerol [2–4]. The presence of
tOx-PLs bearing polar functional group in the lipid bilayers of
membrane and lipoproteins is believed to alter several important
physicochemical properties of the lipid bilayers [2,5,6]. An increased
level of Ox-PLs has been linked with the pathogenesis of various
diseases [7,8]. Few reports suggest that the biological activities of
these tOx-PLs are determined primarily by the type of acyl chain
present at the sn-2 position [2,8]. However, the effect of oxidatively
modified fatty acyl chain at the sn-2 position on the physicochemical
properties of tOx-PLs has not been characterized in detail.

Aggregates of lipids are characterized by various methods.
Fluorescence spectroscopy has been routinely used to characterize
physicochemical properties of aggregates. Because of the instanta-
neous response of fluorescent parameters of probes to the physico-
chemical properties of its microenvironment in the aggregates and no
major perturbing effect of the fluorescent probes on the aggregates
make fluorescence spectroscopy a versatile technique particularly
suited for the characterization of physicochemical properties of
aggregates [9]. Similarly, size exclusion chromatography (SEC) and
native polyacrylamide gel ectrophoresis (PAGE) and agarose gel
electrophoresis are powerful techniques that can be used to
determine not only the size and homogeneity of the lipid and lipo-
protein aggregates but can also be used to characterize the structural
features and surface properties of lipid aggregates [10–15].
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In this study we employed fluorescent spectroscopy, size exclusion
chromatography and native PAGE and agarose gel electrophoresis to
characterize the physicochemical properties of aggregates of four
closely related tOx-PLs which differ only in the type of oxidatively
modified fatty acyl chain esterified at the sn-2 position: PazePC,
PoxnoPC, PGPC, and POVPC (Fig. 1). Oxidation of 1-palmitoyl-2-
arachidonolyl-sn-glycero-3-phosphocholine (PAPC) is known to
generate POVPC and PGPC while PazePC and PoxnoPC are
formed from the oxidation of 1-palmitoyl-2-linoleoyl-sn-glycero-3-
phosphocholine (PLPC) [2]. These truncated tOx-PLs are generated in
abundance in vivo from the action of free radicals or oxidative
enzymes on PUFA containing glycerophospholipids in membranes
and lipoproteins (reviewed in [1–4]). Our results clearly show that the
physicochemical properties of aggregates of closely related tOx-PLs
differ widely and depend on the chemical compositions of the
oxidatively modified fatty acyl chain present at the sn-2 positions of
tOx-PL.

2. Materials and methods

2.1. Materials

All lipids including tOx-PLs, NBD-DMPG and C18-PAF were pur-
chased fromAvanti Polar Lipids (Alabaster, AL). 8-anilinonaphthalene-
1-sulphonic acid (ANS), 1, 6-diphenylhexatriene (DPH), 9-diethylamino-
5H-benzo[α] phenoxazine-5-one (Nile Red, NR), acetone, acetonitrile,
agarose, blue dextran, chloroform, ethanol, EDTA, dimethyl formamide
(DMF), methanol, 1-propanol, 1-butanol, sodium dodecyl sulphate
(SDS), Sepharose 4B, tryptophan, and tetrahydrofuran were purchased
from Sigma-Aldrich (Bangalore, India). Laurdan (2-dimethylamino-(6-
lauroyl)-naphthalene)wasobtained fromMolecularProbes (Eugene,OR,
USA). Pre-casted tris–glycine gel (4–20%), tris–glycine native running
buffer, tris–glycine native sample buffer and NativeMark unstained
protein standardswerepurchased from Invitrogen (Bangalore, India). All
other reagents usedwere of analytical grade. Buffer usedwas prepared in
double distilled deionized water.

2.2. Sample preparation

Stock solutions of the fluorescent dyes were made in the following
solvents: ANS and Nile Red in acetone, Laurdan in ethanol, and DPH in
DMF. To prepare stock tOx-PLs solutions in aqueous buffer, 100 µl of
lipid stock solutions in chloroform (8 mM) was taken and the solvent
was removed under nitrogen, followed by desiccation for ∼3h under
vacuum. The dry lipid film was then hydrated by adding 200 µl of
aqueous buffer containing 10 mM Hepes, 10 mM NaCl, 1 mM EDTA
(pH 7.4) and vortexing the tubes at room temperature. NBD-DMPG
(0.05 mol%) labeled tOx-PLs were prepared by adding an appropriate
amount of NBD-DMPG from the stock to tOx-PL followed by the
Fig. 1. The structures of the tOx-PLs used in the present study. (A) 1-palmitoyl-2-azela
phosphocholine (PGPC), (C) 1-palmitoyl-2-(9′-oxo-nonanoyl)-sn-glycero-3-phosphocholin
(POVPC).
removal of solvent under nitrogen, desiccation under vacuum and
finally rehydration of dry film at room temperature by adding an
aqueous buffer as described above.

2.3. Fluorescence measurements

All fluorescence measurements were carried out on a Shimadzu
Spectrofluorophotometer RF-5301PC (Shimadzu, Kyoto, Japan) using
4×4 mm quartz cuvette (Perkin-Elmer (India) Pvt. Ltd., India). The
temperature was adjusted to 25±0.5 °C by a constant temperature
water circulator (NTT-2200P) and the sample in the cuvette was
stirred constantly with the stirrer. Excitation and emission slits were 5
and 10 nm, respectively. In all experiments the composition of the
buffer used was 10 mMHepes, 10 mMNaCl, and 1 mM EDTA (pH 7.4).
All spectra were corrected by subtracting the spectra of buffer,
smoothed (Savitzky–Golay, 11 points) and emission intensity at par-
ticular wavelength was determined.

The critical micelle concentrations (CMC) of tOx-PLs were deter-
mined by linear least-squares fitting of the fluorescence emission data
as the function of tOx-PL concentrations before and after the change
of slope. The CMC was calculated at the intersection of these lines
as [16]:

−CMC = A= B ð1Þ

where, A is the intercept difference and B is the slope difference.

2.4. Fluorescence measurements using ANS as a probe

To a 0.5 ml solution of 7.5 μM ANS in aqueous buffer, small
aliquots of tOx-PL were added from the aqueous stock solutions
with continuous stirring. Two minutes after each addition fluores-
cence emission spectra of the ANS were recorded from 370 nm to
570 nm using an excitation wavelength of 356 nm. To determine
the CMC of tOx-PL, change in the fluorescence emission maxima,
(Δλmax=λmax in absence of Ox-PL−λmax in presence of Ox-PL) was plotted
as a function of tOx-PL concentrations.

2.5. Fluorescent measurements using Laurdan as a probe

Small aliquots of tOx-PL stock solutions in aqueous buffer were
added to 0.5 ml of 7.5 μM solution of Laurdan in aqueous buffer with
continuous stirring. Fluorescence emission spectra of the Laurdan
were recorded from 390 nm to 600 nm by using the excitation
wavelength of 360 nm 2min after each addition. Generalized
polarization (GP) for Laurdan was calculated from emission spectra
by using following equation [17]:

GP = ðF440−F490Þ= ðF440 + F490Þ ð2Þ
oyl-sn-glycero-3-phosphocholine (PazePC), (B) 1-palmitoyl-2-glutaroyl-sn-glycero-3-
e (PoxnoPC), and (D) 1-palmitoyl-2-(5′-oxo-valeroyl)-sn-glycero-3-phosphocholine
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where, F440 and F490 are the fluorescence emission intensities at 440
and 490 nm, respectively.

2.6. Fluorescent measurements using DPH as a probe

To a 0.5 ml solution of 7.5 μM DPH small aliquots of tOx-PL were
added from the stock solutions with continuous stirring. Twominutes
after each addition fluorescence emission spectra of the DPH were
recorded from 390 nm to 490 nm by exciting the DPH at 366 nm. For
fluorescence depolarization measurement emission spectra were
recorded both when the emission polarizer was parallel and
perpendicular to the direction of polarization of the excitation beam
in an L-format geometry of detection.

To determine the CMC of tOx-PLs, total fluorescence emission
intensity (FT) at 430 nm was calculated by using the following
relationship [18]:

FT = F jj + 2F⊥ ð3Þ

where, F|| and F⊥ are the fluorescence emission intensities at 430
when the emission polarizer was parallel and perpendicular,
respectively, to the direction of polarization of the excitation beam.
Total fluorescence emission intensity (FT) was then plotted as a
function of tOx-PL concentrations.

Steady-state fluorescence anisotropy (r) values of DPH were
obtained using the expression [18]:

r = F jj−GF⊥ = F jj + 2GF⊥ ð4Þ

where, G is an instrumental correction factor that corrects for unequal
transmission by the diffraction gratings of the instrument for
vertically and horizontally polarized light [18].

2.7. Fluorescent measurements using Nile Red as a probe

To the 400 μM of particular tOx-PL in aqueous buffer was added
0.1 μM of Nile Red and the emission spectra of the dye were
determined from 560 nm to 700 nm by using the excitation wave-
length of 549 nm. The fluorescence emission spectra of Nile Red are
known to be strongly dependent on the polarity of the medium. To
determine themicropolarity around Nile Red in the aggregates of tOx-
PLs, the fluorescence emission maxima of Nile Red (0.1 μM final
concentration) was measured in solvents of different polarities. After
subtracting the spectra of respective sample without dye, the
fluorescence emission maximum (λmax) was determined and plotted
as a function of relative polarities of the solvents to generate a
standard curve. The micropolarity around Nile Red in the aggregates
of tOx-PLs was determined from the standard curve [19].

2.8. Size exclusion chromatography of tOx-PLs

Aqueous suspension of tOx-PL was subjected to size exclusion
chromatography according to published procedures [11,12,20] with
minor modifications. Chromatography was done using AKTApurifier
UPC FPLC protein purification system (GE Healthcare Bio-Sciences
Ltd., Uppsala, Sweden) and the buffer used was 10 mMHepes, 10 mM
NaCl, 1 mM EDTA, and pH 7.4. One hundred microliter of tOx-PL
suspension in aqueous buffer (1.75 mM final concentration) was
applied to a Sepharose 4B column (1.5×25 cm) and eluted in the
same buffer at a flow rate of 0.2 ml/min buffer. The effluent was
monitored at 280 nm wavelength. The total volume (Vt) and void
volume (Vo) of the packed columnwas determined from the elution of
tryptophan and blue dextran, respectively.
2.9. Native PAGE of tOx-PLs

For native PAGE analysis NBD-DMPG (0.05 mol%) labeled tOx-PL
suspensions (1.75 mM final concentration) were prepared as describe
in Section 2.2. Recently it has been shown that a trace amount of NBD-
DMPG, used as a fluorescent marker, does not affect the aggregation of
lipids and lipoproteins [21]. Equal amounts of aqueous tOx-PL
suspension are diluted with 2× native gel sample buffer and loaded
onto 4–20% pre-casted tris–glycine gel. Samples were electrophoresed
using a miniVE electrophoresis unit (GE Healthcare Bio-Sciences Ltd.,
Uppsala, Sweden) under conditions of constant voltage. After electro-
phoresis, lipid aggregates in the gelweredirectly imaged using Typhoon
Trio™ VariableMode Imager (GE Healthcare Bio-Sciences Ltd., Uppsala,
Sweden) using an excitation wavelength of 488 nm (blue laser) and an
emission wavelength of 520 nm bandpass 40 filter. The protein bands
(molecular weight marker) in the gel were detected by using Bio-Rad
Silver Stain Plus kit. The Stokes diameter of the lipid aggregates were
determined from a calibration curve generated using the proteins
present in the NativeMark protein standards.

2.10. Agarose gel electrophoresis of tOx-PLs

Surface potential of tOx-PL particles were determined by electro-
phoresis on 0.5% agarose according to the method of Sparks and
Phillips [13]. Equal amounts of aqueous tOx-PL suspension of NBD-
DMPG (0.05 mol%) labeled tOx-PL suspensions (1.75 mM final
concentration) were diluted with 5× loading buffer (0.5% bromophe-
nol blue and 50% glycerol in tris–acetate buffer, pH 8.6) and 10–12 µl
of these samples were applied to 10-cm agarose gel. The electropho-
resis was performed at constant voltage (180 V) in 50 mM tris–
acetate buffer, pH 8.6 for 1 h or until the dye reached the other end.
After electrophoresis, lipid aggregates in the gel were directly imaged
using Typhoon Trio™ Variable Mode Imager as described in
Section 2.9. Surface potential of the lipid aggregates was determined
as described previously [13]. Briefly, electrophoretic mobilities (U) of
the aggregates were calculated by dividing the electrophoretic
velocity (mean migration distance (mm) per time in seconds) by
the electrophoretic potential (voltage per gel distance in cm).
Correction of the pI-dependent retardation effects was done using
the following equation [13]:

Ucorrected = ðUagarose−0:136Þ= 1:211 ð5Þ

The surface potentials of tOx-PL aggregates were calculated by
using the following equation:

S = U × 6πn=D ð6Þ

where n is the coefficient of viscosity (0.0089 poise), and D is the
solvent dielectric constant [13].

3. Results

Aggregates of tOx-PL were characterized using fluorescent spec-
troscopy, size exclusion chromatography and native PAGE and
agarose gel electrophoresis. Fluorescent probes used in this study
possess different chemical properties that enable them to reside in
particular location in the lipid aggregates and report the information
of microenvironment from that region of the aggregates. While ANS
provides the information of micropolarity at the lipid–water interface
of lipid aggregates [22], Laurdan reports the hydration and mobility
changes at the level of the sn-1 carbonyl group [23]. Similarly, DPH
provides the information of microfluidity of the hydrocarbon core of
the aggregates [24] and Nile Red reports the micropolarity of the
hydrocarbon core of the aggregates of lipids [25].
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3.1. Characterization using ANS as a probe

ANS is an amphiphilic, anionic, environmentally sensitive fluores-
cence probe, which we used to detect the micropolarity of its binding
environment as well as to quantitate the CMC of tOx-PLs. ANS is
known to be located at the interface between the polar phase and
apolar phase (at the surface of lipid aggregates) due to the balance of
hydrophobic and hydrophilic interactions [22,26]. The fluorescence
yield of ANS is very low in an aqueous environment and the yield
increases significantly upon transfer of ANS to a hydrophobic envi-
ronment [27,28]. The tOx-PLs at different concentrations were mixed
with fixed concentration of ANS and the fluorescent emission spectra
were recorded. As depicted in Fig. 2 initially increasing concentrations
of tOx-PLs resulted in a small increase in the emission intensities of
ANS. After the threshold concentrations of tOx-PLs, there was a large
increase in the emission intensity of ANS accompanied by the blue
shift in the emission maximum. The blue shift of ANS emission
maximum in the presence of tOx-PLs indicates that the lipids are in
the form ofmicelles or aggregates in an aqueous solution. The position
of the emission maxima can provide information about the ‘micro-
polarity’ of the environment around the fluorophore. Careful analysis
of the ANS spectra in presence of increasing concentrations of tOx-PLs
revealed that the extent of blue shift in the emission maximum is
distinct for different lipids. PazePC and PGPC, which contain truncated
sn-2 acyl chain bearing carboxyl function, exhibited the blue shift of
∼13 nm and ∼5 nm, respectively. And PoxnoPC and POVPC which
contain truncated sn-2 acyl chain bearing aldehydic functional group
displayed the blue shifts of ∼12 nm and ∼17 nm, respectively. How-
ever, the extent of blue shift in the emission maxima of ANS observed
in the presence of aggregates of tOx-PLs used in this study was
considerably less compared to the blue shift in the emission maxima
Fig. 2. Fluorescence emission spectra of ANS in the presence of increasing concentrations of (
indicated by red arrows, were added to a solution of 7.5 μMANS in a]ueous buffer with contin
were recorded at 25 °C. The concentrations of tOx-PLs increased were from 0 to 150 μM e
fluorescence emission maxima (λmax) of ANS in presence of maximum concentration of tO
when the ANS probe goes in complete hydrophobic (apolar)
environments [27,28]. These observations indicate that (a) microen-
vironment of ANS in the aggregates of PGPC is relatively more polar
than POVPC and, (b) the ANS resides at much shallower positions in
the aggregated forms of all four tOx-PLs studied here.

The CMC of tOx-PLs was determined by plotting the change in the
emissionmaxima (Δλmax) as a function of Ox-PL concentrations (Fig. 3).
Concentration of lipid corresponding to the intersection of the two
straight lines fitting the data is taken as the CMC value. The CMC values
of four tOx-PLswere found tobe in the rangeof19.5 to 66.9 μMandwere
in the following decreasing order: POVPCNPGPCNPoxnoPCNPazePC
(Table 1). Under identical experimental conditions, CMC of the SDS,
which was used as a control, was found to be 8.51±0.66 mM (see
supplementary data 1), which agree well with the published CMC value
of SDS [27].

3.2. Characterization using Laurdan as a probe

The fluorescence emission spectrum of Laurdan, an amphiphilic
fluorescent probe, is very sensitive to the hydrophobic / hydrophilic
character of its surrounding microenvironment. In solvents of high
polarity, the emission spectra of Laurdan show a considerable shift to
longer wavelengths due to the dipolar relaxation processes [17].
Laurdan incorporated in phospholipid membrane locates itself at the
hydrophilic–hydrophobic interface of the bilayers with its lauric acid
tail anchored in the phospholipid acyl chains region while its
fluorescing moiety is located at the glycerol level of the phospholipid
headgroup [23]. Membrane incorporated probe reports the physico-
chemical properties (e.g. micropolarity and microfluidity changes) at
the level of the sn-1 carbonyl group in the phospholipids membrane
[23].
A) PazePC, (B) PGPC, (C) PoxnoPC and (D) POVPC. Increasing concentrations of tOx-PL,
uous stirring. Twominutes after each addition fluorescence emission spectra of the ANS
xcept for PazePC whose concentration used was 0–82 μM. Black arrows indicate the
x-PLs.



Fig. 3. Change in the fluorescence emission maxima (Δλmax) of ANS as a function of tOx-PL concentrations. Experiments were conducted as describe in the legend of Fig. 2 and
emission maximum of each spectrum was determined. Change in the emission maximum of ANS, Δλmax, (Δλmax=λmax in absence of Ox-PL−λmax in presence of Ox-PL) was calculated and
plotted as a function of tOx-PL concentrations. Symbols used in panel A (□; PazePC, Δ; PGPC) and in panel B (○; PoxnoPC, ∇; POVPC).
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Fluorescence emission spectra of Laurdan in presence of increasing
concentrations of tOx-PLs are shown in Fig. 4. Addition of tOx-PLs
resulted in increase in the emission intensity of Laurdan. In the case of
PoxnoPC and POVPC when the lipid concentration is low, larger initial
increase in the emission intensities were observed which reached to
saturation at higher lipid concentrations (Fig. 4C, D) while in the case
of PGPC a small increase in emission intensity was observed when the
tOx-PL concentration was low and with an increase in lipid con-
centration (above CMC values) the increase in the intensity was steep
and then shows fewer changes at a higher concentration (Fig. 4B).
These observations clearly show the difference in the kinetic of
aggregates formation by closely related tOx-PLs. Also fluorescence
emission spectra of Laurdan in the aggregates of different tOx-PL, i.e.
at concentrations above CMC values of tOx-PLs, exhibited distinctive
features. PGPC and POVPC which contain 5-carbon sn-2 acyl chain
bearing polar functional groups exhibited the maximum emission at
487–488 nmwhile PazePC and PoxnoPC, which contain 9-carbon sn-2
acyl chain bearing polar functional groups, revealed asymmetrical
emission spectra with a maximum at 473–475 nm and a pronounced
shoulder at ∼433 nm. These spectral features reflect differences in the
properties of aggregates of tOx-PLs [29]. For the same concentration of
Laurdan, the increase in emission intensity is relatively higher in tOx-
PLs containing aldehydic functional group than lipids containing
carboxylic function, suggesting that the former tOx-PLs provides
relatively more hydrophobic microenvironment to Laurdan than the
latter [30].

The spectral changes in the emission spectrum of Laurdan can be
characterized by the generalized polarization value (GP). GP for
Laurdan was calculated from emission spectra by using Eq. (2) and
plotted as a function of tOx-PL concentrations (Fig. 5). GP values of
Laurdan in aggregates of tOx-PLs formed above their CMC were found
Table 1
Critical micellar concentrations (in μM) and physicochemical properties of aggregates
of tOx-PLs determined using fluorescent probes.

tOx-PLs CMC (in μM) determined using GP of Laurdan
in aggregates of
tOx-PLs formed
above their CMC

Fluorescence
anisotropy of
DPH in aggregates
of tOx-PLs formed
above their CMC

ANS as a probe DPH as a probe

PazePC 19.5±9.9 23.1±10.4 −0.11±0.12 0.11±0.01
PoxnoPC 29.3±13.7 34.9±11.1 −0.04±0.06 0.21±0.02
PGPC 54.6±12.5 53.6±9.1 −0.42±0.22 0.04±0.01
POVPC 66.9±14.1 69.4±13.1 −0.31±0.20 0.05±0.03

Each data point represents the average of three independent experiments and is
expressed as mean±SEM.
to be−0.11±0.12,−0.04±0.06,−0.42±0.22, and−0.31±0.20 for
PazePC, PoxnoPC, PGPC and POVPC, respectively (Table 1). The GP
value of dye in aggregates of SDS, used as a control, above its CMCwas
found to be −0.86±0.08 (see supplementary data 2). It has been
shown that the GP value decreases when the penetration of water
molecules into the bilayers increases. The red shift in the Laurdan
fluorescence emission spectrum is caused by dipole–dipole interac-
tions and reorientation of water molecules in the vicinity of the
Laurdan probe in the aggregates [31]. Our results suggest that the
Laurdan, which resides at the level of the sn-1 carbonyl group,
experience relatively more polar environment in the aggregates of
POVPC and PGPC compared to PazePC and PoxnoPC.
3.3. Characterization using DPH as a probe

Fluorescent properties of DPH are very sensitive to the process of
micellization of variousmonomers in an aqueousmedium [32]. DPH is
nonfluorescent in an aqueous medium and shows a remarkable
increase in intensity as it goes into the nonaqueous medium. The
emissions spectra of DPH in presence of increasing concentrations of
tOx-PLs were measured and the representative spectra are presented
in Fig. 6A and B. Fluorescence emission spectra when the emission
polarizer was parallel and perpendicular, respectively, to the direction
of polarization of the excitation beam are shown by continuous and
dotted lines, respectively. Initially when the concentrations of tOx-PL
are low, the emission intensities of DPH were almost close to zero. As
the concentrations of lipid increased the emission intensities showed
a steep increase. When the emission polarizer was parallel to the
direction of polarization of the excitation beam (continuous pink
lines), the emission spectra of DPH exhibit a major peak centered at
∼430 nm and a prominent shoulder at ∼405 nm. While, the emission
spectra exhibit a major peak centered at ∼430 nm and a prominent
shoulder at ∼460 nm when the emission polarizer was perpendicular
to the direction of polarization of the excitation beam (dotted blue
lines). These features of the emission spectra of DPH in the presence of
Ox-PL are typical of those reported for DPH in other lipid aggregated
systems [33].

Total emission intensities of DPH in the presence of increasing
concentrations of tOx-PLs were calculated using Eq. (3) and plotted as
a function of concentrations of tOx-PL (Fig. 6C and D). CMC values for
each tOx-PLs were found to be in the range of 23.1 μM to 69.4 μM and
were in the decreasing order of POVPCNPGPCNPoxnoPCNPazePC
(Table 1). Under identical experimental conditions, the CMC value of
the SDS, which was used as a control, was found to be 8.36±1.2 mM
(see supplementary data 3).



Fig. 4. Fluorescence emission spectra of Laurdan in the presence of increasing concentrations (0–150 μM) of (A) PazePC, (B) PGPC (C) PoxnoPC, and (D) POVPC. To the solution of
7.5 μM Laurdan in aqueous buffer increasing concentrations of tOx-PLs, indicated by red arrows, were added and fluorescence emission spectra were recorded at 25 °C.
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Steady-state fluorescence anisotropy (r) of DPH incorporated into
the aggregates provides information about the organization of the
aggregates microenvironment around the fluorescent probe. The
change in the polarization of DPH fluorescence thus acts as an index
for the change inmicroviscosity of the immediate environment i.e. the
lipidic core of the aggregates [34]. Steady-state fluorescence anisot-
ropy values of DPH in the presence of increasing concentrations of
tOx-PLs were calculated using Eq. (4) and plotted as a function of tOx-
PLs concentrations (Fig. 7A and B).When the concentration of lipid
was low, the anisotropy was found to be high (∼0.12), which can be
due to the hydrophobic aggregation of DPH in aqueous medium as the
probe is known to be extremely hydrophobic. Increasing concentra-
tions of tOx-PLs resulted in different profiles of anisotropy of DPH
Fig. 5. Dependence of generalized polarization of Laurdan as a function of tOx-PL concentrati
PazePC, (Δ); PGPC, (○); PoxnoPC, and (∇) POVPC. Each data point represents the average o
the average CMC of tOx-PL.
(Fig. 7A and B). The values of fluorescence anisotropy of DPH in the
aggregates of tOx-PLs formed above their CMCwere found to be in the
decreasing order of PoxnoPCNPazePCNPOVPC≈PGPC (Table 1).
These observations suggest that the observed changes in anisotropy
of DPH may be due to the different nature of aggregates (spherical
micelles, rod-like micelles, vesicles etc. [40]) and/or due to the
different chemical compositions of tOx-PLs species used.

3.4. Characterization using Nile Red as a probe

Nile Red is a solvatochromic dye and the spectral position, shape
and intensity of its emission spectrum are strongly dependent on the
polarity of the solvent [25]. The dyemolecule is insoluble in water and
ons. Experiments were conducted as describe in the legend of Fig. 4. Symbols used: (□);
f three independent experiments and is expressed as mean±SEM. Red arrows indicate



Fig. 6. Fluorescence emission spectra (A and B) of DPH as a function of tOx-PL concentrations. To the sample of 7.5 μM DPH in aqueous buffer increasing concentrations of tOx-PL,
indicated by red arrows, were added and fluorescence emission spectra of the DPH were recorded. Representative emission spectra of DPH in presence of increasing concentrations
of (A) PazePC and (B) PoxnoPC, recorded when the emission polarizer was parallel (continuous pink lines) and perpendicular (dotted blue lines) to the direction of polarization of
the excitation beam are shown. Dependence of total fluorescence emission intensity of DPH as a function of tOx-PL concentration (C and D). Symbols used: (□); PazePC, (Δ); PGPC,
(○); PoxnoPC, and (∇) POVPC.
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locates itself only into the hydrophobic region in the micelles/
aggregates resulting in an intense fluorescence emission [33].
Therefore, it was expected that the emission maximum of Nile Red
in the tOx-PL aggregates will provide information on the micro-
polarity around the hydrocarbon chains. Fluorescence emission
spectra of Nile Red in the solvent of differing polarities [51] were
recorded and are presented in Fig. 8A. Increase in polarity of solvent
decreased the emission intensity and resulted in the red shift in the
emission maxima of the probe. Similarly, the emission spectra of Nile
Red in presence of 400 μM of tOx-PLs are recorded and presented in
Fig. 8B. The intensities, shapes and positions of emission spectra of
Nile Red were found to differ in the presence of tOx-PLs. The emission
Fig. 7. Steady-state fluorescence anisotropy (r) of DPH as a function of tOx-PL concentrations
at 430 nm were determined when the emission polarizer was parallel and perpendicular to
was calculated using Eq. (4). Symbols used: (□); PazePC, (Δ); PGPC, (○); PoxnoPC, and (∇)
expressed as mean±SEM. Red arrows indicates the average CMC of tOx-PL.
maxima of Nile Red in presence of PoxnoPC, PazePC, POVPC and PGPC
were found to be at 616.5, 626.5, 628.0, and 631.0 nm, respectively,
which corresponds to the relative polarities of 0.579, 0.700, 0.717, and
0.752, respectively (Fig. 8C). These results indicate that the hydro-
carbon region around Nile Red in PGPC and POVPC micelles is more
hydrated than PazePC and PoxnoPC.

3.5. Size exclusion chromatography of tOx-PL aggregates

SEC of lipids has been used earlier for purification of phospholipids
MLVs and SUVs as well as for the characterization of basic geometric
and structural features of lipid vesicles [11,12,20,35]. In order to
. Experimental details are given in the legend of Fig. 6. Fluorescence emission intensities
the direction of polarization of the excitation beam and fluorescence anisotropy of DPH
POVPC. Each data point represents the average of three independent experiments and is



Fig. 8. Fluorescence emission spectra of Nile Red (0.1 μM final concentration) in solvents of different polarities (A) and in presence of 400 μM of tOx-PLs in aqueous buffer (B).
Fluorescence emission maximum (λmax) of Nile Red was plotted as a function of relative polarities of the solvents (C).Data was fitted to non-linear regression analysis to get the
standard curve and the micropolarity of Nile Red incorporated into the aggregates of tOx-PLs was evaluated using the standard curve. Symbols: (1) methanol, (2) ethanol, (3)1-
propanol, (4) 1-butanol, (5) acetonitrile, (6) tetrahydrofuran, (7) PGPC, (8) POVPC, (9) PazePC, and (10) PoxnoPC.
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determine the size of aggregates of tOx-PL, gel filtration chromato-
graphic analysis of aqueous suspension to tOx-PL using Sepharose 4B
column was carried out. The elution profile of lipids and markers is
presented in Fig. 9 as a plot of OD280 versus elution volume. The total
volume (Vt=10.25±0.07 ml) and void volume (Vo=3.65±0.04 ml)
of the packed column were determined from the elution of tryp-
tophan and blue dextran, respectively. In Fig. 9, the elution positions
of blue dextran and tryptophan are shown by blue and black arrows,
respectively. Aqueous suspension of equimolar concentration of POPC
and POPG, prepared similarly as tOx-PL suspension and used as a
marker of MLVs, was eluted at Ve=3.65±0.08 ml (dotted brown
lines). Elution profile of aqueous suspension of C18-PAF, which is
known to form micelle [36], is shown as dotted green lines in Fig. 9.
Fig. 9. Size exclusion chromatography of tOx-PL aggregates. An aliquot (100 μl) of tOx-
PL suspension was applied to Sepharose 4B column (1.5×2.5 cm) and eluted at a flow
rate of 0.2 ml/min. Packed column was calibrated by using the following markers: blue
dextran for void volume (blue arrows), tryptophan for the total volume (black arrows),
aqueous suspension of 50% POPC–50% POPG for the position of MLV (dotted brown
lines) and sonicated aqueous suspension of C18-PAF for the elution position of micelle
(dotted green lines). Panel A: PazePC (pink line) and PoxnoPC (blue line). Panel B: PGPC
(red line) and POVPC (black line).
C18-PAF was always eluted as a major peak at Ve=8.16±0.35 ml
with a small shoulder at 10.13±0.04 ml. Elution profile of aqueous
PazePC suspension always gave a major elution peak at 8.48±0.06
(pink line) and a smaller peak at 10.12±0.09 ml, while aggregates of
PoxnoPC were eluted as a single major peak at Ve=8.47±0.13 (blue
line). The black lines in panel B represent the elution profile of POVPC
which was eluted as a single major peak at 8.38±0.11 ml while PGPC
(red line) was always eluted in two peaks, one peak at 8.65±0.14 ml
and another at 10.26±0.06 ml. The elution of lipids at Ve∼10.25 ml,
which is the total volume of the column, suggests that some part of
lipid molecules remained as monomers and eluted at the total volume
of the column. The height of this shoulder/peak was found to differ in
different preparations of tOx-PL suspensions. Overall, SEC analysis of
four Ox-PLs indicated that they were eluted in the range where C18-
PAF micelles was eluted, clearly indicating the micelle or micelle-like
particle formation by these tOx-PLs.

3.6. Native PAGE of tOx-PL aggregates

The above results suggest that the aggregates of tOx-PL form
micelle or micelle-like particles. Native PAGE analysis is a predom-
inant technique used to determine the molecular size and relative
homogeneity of lipoprotein particles [10,21]. Native PAGE analysis of
tOx-PL suspension was done to characterize the size of lipid aggre-
gates. In order to detect the aggregates on gel the tOx-PL aggregates
were labeled with 0.05 mol% of NBD-DMPG as described under
‘Materials andmethods’. Trace amount of fluorescent labeled lipid has
been used earlier as a marker to track aggregation of lipoprotein
complex as well as to detect these particles and it was shown that the
trace amount of NBD-DMPG did not affect the aggregation of lipids
and lipoproteins particles [21]. In a separate experiment, using SEC of
NBD-DMPG (0.05 mol%) labeled and unlabelled aggregates of tOx-PL
we also observed that the presence of trace amount of NBD-DMPG
does not affect the size of tOx-PL aggregates (data not shown).
Suspensions of tOx-PL were subjected to native PAGE analysis on 4–
20% gradient gel and after electrophoresis, lipid aggregates and
marker protein bands in the gel were visualized as describe under
‘Materials and methods’. Representative gel image is shown in Fig. 10
right panel. Aggregates of tOx-PL were observed as a single band
(pseudo yellow color) on the gel. Because of their large size, aqueous
suspension of 1-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine
(MPPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-
dimyristoyl-sn-glycero-3- phosphoglycerol (DMPG), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoglycerol (POPG), prepared similarly as
tOx-PL suspension and used as a marker of MLVs, showed bands that



Fig. 10. Native PAGE analysis of tOx-PL aggregates. Aqueous suspension of tOx-PL containing 0.05 mol% NBD-DMPG (used as a fluorescent tracer) was separated on 4–20% gradient
tris–glycine gel (Invitrogen). After electrophoresis, gels were directly imaged using a Typhoon Trio™ Variable Mode Imager using excitation wavelength of 488 nm (blue laser) and
emission wavelength of 520 nm bandpass 40 filters. The protein (molecular weight marker) bands in the gel were detected by using Bio-Rad Silver Stain Plus kit. Representative gel
image is shown in the left panel. Upper and lower arrows in the gel point the bottom of loading wells and dye front, respectively. The Stokes diameter of the tOx-PL aggregates was
determined by comparing with the Stokes diameter of protein standards and given in the right panel of the figure. Each data represents the average of six independent experiments
and is expressed as mean±SEM. M; protein molecular weight markers, A; PazePC, B; PGPC, C; PoxnoPC, and D; POVPC.
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failed to enter the gel and remained at the bottom of the well (see
supplementary data 4). Stokes diameter of tOx-PL aggregates were
determined from the calibration curve generated using standard
proteins found in the NativeMark protein standards and presented in
Fig. 10 right panel. The average Stokes diameter of aggregates
of PazePC, PGPC, PoxnoPC and POVPC was found to be 4.23±0.65,
4.66±1.41, 9.22±0.56, and 8.96±1.50, respectively.
3.7. Agarose gel electrophoresis of tOx-PL aggregates

The surface electrostatic properties of tOx-PL aggregates were
compared by employing agarose gel electrophoresis. Suspensions of
tOx-PL labeled with 0.05% NBD-DMPG was subjected to agarose gel
electrophoresis and representative gel image is presented in Fig. 11.
Aggregates of tOx-PL were detected as a single band (pseudo yellow
color) on the gel. Because of their large size, aqueous suspension of 1-
myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine (MPPC), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-
Fig. 11. Agarose gel electrophoresis analysis of tOx-PL aggregates. Aqueous suspension of tO
0.5% agarose gel (10-cm). After electrophoresis, gels were directly imaged using a Typhoon T
emission wavelength of 520 nm bandpass 40 filters. Representative gel image is shown in the
front, respectively. Surface potential of the lipid aggregates was determined using Eqs. (5) an
six independent experiments and is expressed as mean±SEM. M; protein molecular weigh
sn-glycero-3- phosphoglycerol (DMPG), 1-palmitoyl-2-oleoyl-sn-gly-
cero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol (POPG), prepared similarly as tOx-PL suspension
and used as a markers of MLVs, showed bands that failed to enter the
gel and remained at the bottom of the well (see supplementary data
5). Surface potentials (mV) of tOx-PL aggregates were calculated from
their electrophoretic velocity using Eqs. (5) and (6) and presented in
Fig. 11 right panel. The mean surface potential of aggregates of PazePC
and PGPC, which contain truncated sn-2 acyl chain bearing carboxyl
function, was found to be 15.78±0.78 and 13.99±1.91, respectively.
And PoxnoPC and POVPC, which contain truncated sn-2 acyl chain
bearing aldehydic functional group, possess the surface potential of
3.41±0.38 and 2.92±1.55, respectively.
4. Discussion

All four tOx-PLs used in this study contain 16-carbon, saturated
fatty acyl chain (palmitic acid) at the sn-1 position and differ only in
x-PL containing 0.05 mol% NBD-DMPG (used as a fluorescent tracer) was separated on
rio™ Variable Mode Imager using an excitation wavelength of 488 nm (blue laser) and
left panel. Upper and lower arrows in the gel point the bottom of loading wells and dye
d (6) and presented in the right panel of the figure. Each data represents the average of
t markers, A; PazePC, B; PGPC, C; PoxnoPC, and D; POVPC.



451A.H. Pande et al. / Biochimica et Biophysica Acta 1798 (2010) 442–452
the type of oxidatively modified truncated fatty acyl chain at the sn-2
position (Fig. 1). PazePC and PGPC contain 9-carbon and 5-carbon
fatty acyl chain carrying ω-carboxyl groups, respectively, esterified at
the sn-2 positions. And PoxnoPC and POVPC contain 9-carbon and 5-
carbon fatty acyl chain bearing polar ω-aldehydic groups esterified at
the sn-2 positions, respectively. In an aqueous solution and at neutral
pH, the ω-aldehydic and ω-carboxylic groups are zwitterionic and
anionic in nature, respectively. Estimation of CMC of tOx-PLs, using
two different fluorescent probes, revealed that the values obtained
were in the order POVPCNPGPCNPoxnoPCNPazePC (Table 1). CMC
values obtained for PazePC and PoxnoPC in this study are in good
agreement with the CMC values previously reported (18.7 and
21.6 µM, respectively) using surface tension measurements [37].
CMC value of monomers in aqueous medium is known to decrease as
the acyl chain length of monomer increases. Thus CMC values of tOx-
PL bearing truncated sn-2 chain of 5-carbons (POVPC and PGPC) are
higher than tOx-PL bearing truncated sn-2 chain of 9-carbons
(PoxnoPC and PazePC).

Characterization of tOx-PL using fluorescent probes revealed that
aggregates of individual tOx-PL possess a distinctive set of physico-
chemical properties. Molecular size determination of aggregates of
tOx-PL suggested that the tOx-PL formsmicelles in the size range of 4–
9 nm. It is important to note here that the size of tOx-PL aggregates
was determined by native PAGE analysis by comparing with standard
proteins and it may be possible that these standard, soluble proteins
marker are not appropriate for calibrating lipid aggregates by native
PAGE. In a number of studies, the diameter of smallest, closed vesicles
(SUV) was found between 20 and 30 nm [11,14,15], and this diameter
range was considered as the minimum diameter allowable for
smallest vesicles (SUV) formation and it was proposed that smaller
curvature radius would strongly destabilize the closed structure [15].
Thus formation of aggregates of mean diameter 4–9 nm suggests the
formation of micelle or micelle-like structure by these four tOx-PLs.

Agarose gel EP of tOx-PL suggests that aggregates of PazePC and
PGPC, which contain truncated sn-2 acyl chain bearing carboxyl
function, has the highest surface potential (net charge) and greatest
electrophoretic mobility than aggregates of PoxnoPC and POVPC,
which contain truncated sn-2 acyl chain bearing aldehydic functional
group. It is known that the truncated sn-2 acyl chain bearing polar
functional group in tOx-PLs adopts extended lipid conformation
because of the free energy penalty of keeping a polar group within the
hydrophobic milieu of the aggregate [37–39]. Due to this, the polar
functional group of the truncated sn-2 acyl chain reverses its
orientation and reaches the lipid–water interface [39]. The extent of
chain reversal of the truncated sn-2 acyl chain bearing hydrophilic
functional group depends strongly on the length of the fatty acyl chain
and the polarity of the functional group it bears. These observations
suggest that the physicochemical properties of particular tOx-PL
depend on the balance of the size and hydrophobicity of truncated sn-
2 acyl chain and the hydrophilicity of the polar functional group that is
attached to the chain as well as the geometrical characteristics of
particular tOx-PL molecules. These features seem to determine the
self-association and molecular organization of particular tOx-PL in
solution and makes individual tOx-PL assembly unique. It is known
that depending upon the packing parameter, the surfactant mono-
mers can self-assemble to form spherical, rod-like micelles, bilayers,
vesicles/liposomes, lamellar structures, and so forth in solution [40].
The exact structural characteristics of aggregates of these four tOx-PLs
are unknown.

Several reports suggest that different tOx-PLs species exert very
different physicochemical effects in lipid membranes and interact
differently with proteins and target lipid membranes [2,6–8,39,41–45].
Cationic cytochrome c has been shown to bind to micelle of negatively
charged PazePC avidly while the interaction with zwitterionic PoxnoPC
was weak [42]. In contrast binding of cationic antimicrobial peptides to
the PazePC was significantly weaker than to the PoxnoPC [43]. Chain
length at the sn-2 position has also been correlated with the affinity of
apolipoprotein-mimetic peptides suggesting that the typeof oxidatively
modified acyl chain at sn-2 position modulates the biological activities
of tOx-PL [44]. Recently Chen et al. [45] has reported the differential
effect of tOx-PL species on the properties of isolatedmitochondria from
Sprague–Dawley rat liver.

Level of tOx-PLs in the plasma represents the risk factor for
cardiovascular diseases. Lipoproteins in the plasma are known to bind
to tOx-PLs and participate in their transportation [46]. This is proposed
to prevent the proinflammatory functions of tOx-PLs and/or enhanced
in the degradation of Ox-PLs [46]. Interestingly, apolipoprotein-
mimetic peptides have also been shown to exert anti-oxidative and
anti-inflammatory properties in animal models [47,48]. Much higher
affinity of these mimetic peptides towards the proinflammatory tOx-
PLs has been proposed as a mechanism of action of these peptides
[47,48]. This high affinity binding enables mimetic peptides to
sequester tOx-PLs and prevent their deleterious effects. Additions of
apolipoprotein-mimetic peptides have been shown to form nascent
discoidal pre-β1 HDL in vitro in human plasma and inmice [49]. Earlier
we have observed the preferential binding of lipid binding C-terminal
domain of apolipoproteins E and 22-mer peptides derived from this
domain to the tOx-PL containing membranes [50]. These protein/
peptides also form lipoprotein particles with membrane vesicles
containing tOx-PL and the type and amount of tOx-PL present in the
lipid vesicles modulate the properties (size, surface charge etc.) of
these lipoprotein particles (S. Kar, R.K. Tripathy and A.H. Pande,
unpublished data). These observations suggest a plausible correlation
between the physicochemical properties of tOx-PLs and their
tendency to get sequestered by apolipoproteins/peptides to form
lipoprotein particles. It has been proposed that a strategy to design and
develop better anti-oxidative and anti-inflammatory peptides should
focus on the development of peptides that bind and sequester tOx-PLs
with very high affinity [47,48]. Thus it becomes very important that
interaction of peptide/protein with specific Ox-PL species should be
studied in detail to develop better anti-inflammatory peptides.

In conclusion,we demonstrate that aggregates of four closely related
tOx-PLs in aqueous solution possess different physicochemical proper-
ties due to difference in their oxidatively modified sn-2 acyl chains.
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