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A B S T R A C T   

Lipid peroxidation (LPO) plays a key role in many age-related neurodegenerative conditions and other disorders. 
Light irradiation can initiate LPO through various mechanisms and is of importance in retinal and dermatological 
pathologies. The introduction of deuterated polyunsaturated fatty acids (D-PUFA) into membrane lipids is a 
promising approach for protection against LPO. Here, we report the protective effects of D-PUFA against the 
photodynamically induced LPO, using illumination in the presence of the photosensitizer trisulfonated aluminum 
phthalocyanine (AlPcS3) in liposomes and giant unilamellar vesicles (GUV), as assessed in four experimental 
models: 1) sulforhodamine B leakage from liposomes, detected with fluorescence correlation spectroscopy (FCS); 
2) formation of diene conjugates in liposomal membranes, measured by absorbance at 234 nm; 3) membrane 
leakage in GUV assessed by optical phase-contrast intensity observations; 4) UPLC-MS/MS method to detect 
oxidized linoleic acid (Lin)-derived metabolites. Specifically, in liposomes or GUV containing H-PUFA (dilino
leyl-sn-glycero-3-phosphatidylcholine), light irradiation led to an extensive oxidative damage to bilayers. By 
contrast, no damage was observed in lipid bilayers containing 20% or more D-PUFA (D2-Lin or D10- 
docosahexanenoic acid). Remarkably, addition of tocopherol increased the dye leakage from liposomes in H- 
PUFA bilayers compared to photoirradiation alone, signifying tocopherol’s pro-oxidant properties. However, in 
the presence of D-PUFA the opposite effect was observed, whereby adding tocopherol increased the resistance to 
LPO. These findings suggest a method to augment the protective effects of D-PUFA, which are currently un
dergoing clinical trials in several neurological and retinal diseases that involve LPO.   

1. Introduction 

PUFA make up a large fraction of fatty acids in bilayers that surround 
cells and organelles. Double bonds exert a substantial effect on mem
brane fluidity and barrier function, while simultaneously rendering 
PUFA highly susceptible to oxidation by reactive oxygen species (ROS). 

Non-enzymatic lipid peroxidation (LPO) of PUFA and ensuing 
membrane damage are typical consequences of aerobic metabolism. 
Under physiological conditions, background level of LPO affects cell 
signaling, maturation, differentiation, and apoptosis [1]. Pathophysio
logical increases in LPO are implicated in numerous neurodegenerative, 
cardiovascular and retinal conditions [2]. 
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Generally, LPO involves hydrogen abstraction from the bis-allylic 
carbons. However, photo-induced LPO initially requires a single dou
ble bond, so even a monounsaturated fatty acid can be used at the 
initiating step [3]. LPO and membrane permeabilization are the hall
marks of light-induced oxidative damage in human skin and are also 
critical for the elimination of diseased cells in photodynamic therapy 
(PDT). Combining photosensitizer, light, and oxygen yields ROS that 
degrade the bilayers [4–9], decreasing their ability to maintain chemical 
gradients [5–7]. Photoinduced membrane permeabilization (Fig. 1) in
volves both type I and II mechanisms of photosensitized oxidation. 
Singlet oxygen (1O2) adds to double bonds flanked by allylic methylene 
groups [6], generating lipid hydroperoxides (LOOH) in a process known 
as the “ene” reaction (Type II mechanism) [3,7]. The formation of LOOH 
leads to a double bond shift, resulting in an enlarged area occupied per 
lipid, and increased membrane fluctuations without initially compro
mising the membrane integrity (i.e. LOOH accumulates in the mem
brane without causing membrane leakage [8,9]). On the other hand, 
electron/hydrogen abstraction by the excited state photosensitizer 
(triplet or singlet excited state) generates carbon-centered free radicals 
(L•, Type I mechanism [1,10], that quickly react with molecular oxygen 
to form peroxyl (LOO•) radicals. LOO• is the main LPO-sustaining spe
cies that abstracts neighboring bis-allylic hydrogens, forming another 
hydroperoxide. Lipid radicals can undergo β-scission yielding lipid 
truncated aldehydes, which are the main species responsible for mem
brane leakage [3,11–13]. 

. 
These mechanisms can work in parallel yielding several oxidized 

products (alcohols, carbonyls, carboxylic acids), and disturb mem
branes, causing leakage [8,12,14]. The initiation step (1O2 -“ene” reac
tion or electron/hydrogen abstraction from alkenes) and the 
propagation step (hydrogen abstraction by the peroxyl radical) are 
sensitive to the kinetic isotope effect (KIE) [15–16]. However, whether 
or not deuterated polyunsaturated fatty acids (D-PUFA) [17,18] 
(Fig. 2A) can protect against photosensitized oxidation has never been 
investigated. To evaluate the effects of small amounts of D-PUFA on 
photo-induced oxidation of H-Lin-PC, we compared the photo-induced 
LPO in model membranes with and without D-PUFA by fluorescence 
correlation spectroscopy (monitoring fluorophore leakage) and absor
bance at 234 nm (monitoring formation of diene conjugates) in lipo
somes as well as direct microscopic observation of giant unilamellar 
vesicles. 

Large unilamellar vesicles (LUV) and giant unilamellar vesicles 
(GUV) are two different membrane mimetic models useful in D-PUFA 

protection studies [19]. LUV usually range from 100 to 500 nm in 
diameter, while GUV are larger, at around 1 μm. LUV are more amenable 
to spectroscopic studies, while GUV are ideal for visual observation 
under a microscope. In GUV, the effects related to the accumulation of 
hydroperoxides and lipid truncated aldehydes (Fig. 1) can be separated 
because the accumulation of hydroperoxides increases membrane fluc
tuations; the accumulation of lipid truncated aldehydes promotes 
membrane leakage, as measured by the loss of refractive index contrast 
between the liquid in GUV lumen and the external media. 

The lipophilic antioxidant α-tocopherol is naturally present in lipid 
membranes, with maximal concentration not exceeding one tocopherol 
moiety per 102–103 lipid molecules [2,20]. We also assessed its effect on 
the D-PUFA-containing bilayer integrity during exposure to light irra
diation. Furthermore, we tested Trolox, a water-soluble synthetic analog 
of tocopherol, to determine the relative importance of antioxidant hy
drophobicity for LPO inhibition. 

2. Experimental Section 

2.1. Materials 

1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine (H-Lin-PC) and 
1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (H-DHA- 
PC) were from Avanti Polar Lipids, USA.; 1-stearoyl-2- 
(6,6,9,9,12,12,15,15,18,18-D10-docosahexaenoyl)-sn-glycero-3- phos
phatidylcholine (D10-DHA-PC) and 1-stearoyl-2-(11,11-D2-linoleyl)-sn- 
glycero-3-phosphatidylcholine (D2-Lin-PC) were manufactured by Ret
rotope; Al(III)Phthalocyanine trisulfonic acid chloride (AlPcS3) was 
from Frontier Sci, USA. Glucose, sucrose and chloroform were from 
Sigma Aldrich, Germany. LTB4-d4 (cat.no. 320110), 15-HETE-d8 (cat. 
no. 334720), 12-HETE-d8 (cat.no. 334570), 5-HETE-d8 (cat.no. 
334230) were from Cayman Chemical (Ann Arbor, MI, USA). Milli-Q 
water (Millipore, France) was used in all experiments. 

2.2. Preparation of LUV 

Plain and dye-loaded unilamellar LUV were prepared by evaporation 
under a stream of nitrogen of a 2% solution of a mixture of lipids in 
chloroform followed by hydration with a buffer solution containing a 
fluorescent marker for dye-loaded liposomes. We used 5 mg of appro
priate phosphatidylcholine mixture and added 0.5 mL of 1 mM sulfo
rhodamine B (SRB) in 100 mM KCl, 10 mM Tris, 10 mM MES, pH 7.4. 
The mixture was vortexed, passed through several cycles of freezing and 

Fig. 1. Chemical steps leading to mem
brane permeabilization by photo
sensitized oxidation. Photosensitizer 
molecules that are bound to the mem
brane initiate oxidation reactions and 
generate ROS that diffuse to the inside 
of the membranes or to the external 
media. The Type II contact-independent 
mechanism is based on singlet oxygen 
reaction with lipids. The type I, or con
tact-dependent mechanism comprises 
radical-mediated pathways by direct 
contact. PS(T1): Photosensitizer excited 
triplet state; PS(S0): Photosensitizer 
ground state; 3O2: oxygen ground state; 
1O2: Oxygen singlet state. [12]   
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thawing, and extruded through 0.1-μm pore size Nucleopore poly
carbonate membranes using an Avanti Mini-Extruder. The unbound 
fluorescent marker was then removed by passage through a Sephadex G- 
50 coarse column with a buffer solution containing 100 mM KCl, 10 mM 
Tris, 10 mM MES, pH 7.4. 

2.3. Fluorescence Correlation Spectroscopy (FCS) 

The custom-made setup was described previously [21]. Briefly, 
fluorescence excitation and detection utilized a Nd:YAG solid state laser 
with a 532-nm beam attached to an Olympus IMT-2 epifluorescent 
inverted microscope equipped with a 40×, NA 1.2 water immersion 
objective (Carl Zeiss, Jena, Germany). The fluorescence light passed 
through an appropriate dichroic beam splitter and a long-pass filter and 
was imaged onto a 50-μm core fiber coupled to an avalanche photodiode 
(SPCM-AQR-13-FC, PerkinElmer Optoelectronics, Vaudreuil, Quebec, 
Canada). The output signal was sent to a PC using a fast interface card 
(Flex02-01D/C, Correlator.com, Bridgewater, NJ). The data were 
collected under the conditions of stirring liposome dispersions with a 
paddle-shaped 3-mm plastic bar rotated at 600 rpm. The amplitude of 
the autocorrelation function at τ➔0 (G(τ➔0)) is inversely proportional 
to the number of fluorescent particles N = 1/G(τ➔0), but is independent 
of the fluorescence intensity of a single particle (in a system of identical 
particles) and therefore does not depend on the number of fluorophores 
per vesicle [22]. Particles can be any fluorescent “point objects” in 
comparison to the linear dimension of the observation volume (i.e. 
about 1 μm). Therefore, particles can be single molecules of dye (i.e. 
SRB), as well as liposomes carrying various numbers of dye molecules. 

Initially (before the leakage induction) the system has a limited number 
of particles per observation volume comprising predominantly several 
liposomes loaded with the dye. After the leakage, the number of parti
cles increases substantially, because each liposomal particle produces 
thousands of particles of free dye leading to a significant decrease in the 
G(τ➔0) parameter. 

2.4. Conjugated Diene Assay 

The level of conjugated dienes was determined from the absorption 
at 234 nm [23]. The UV spectrum of the liposome suspension was 
measured with a CM 2203 spectrophotometer (SOLAR, Belarus) at 
various time intervals after the addition of 5 μM FeSO4 and 100 μM 
ascorbate, subtracting the initial spectrum at time zero. The peak of 
conjugated dienes was seen as a shoulder in the broad band of ascorbate. 
As a measure of the level of diene conjugates, the absorbance value at 
234 nm was taken, from which the averaged absorbance at 228 nm and 
240 nm was subtracted, namely ΔA234 = A234-(A228 + A240)/2. The data 
points represented Mean ± S.D. of at least three independent 
experiments. 

2.5. Giant Unilamellar Vesicles 

Giant unilamellar vesicles (GUV, Fig. 2A) were prepared by elec
troformation [24]. Lipids were dissolved in chloroform (2 mM) and 
spread over a conducting face of each of two Fluor Tin Oxide-coated 
glass slides. The solvent was evaporated and then a 2 mm spacer was 
placed around the lipid film of one of glass slides and the other one was 

Fig. 2. A, Structures of phospholipids, antioxidants and photosensitizer (Trisulfonated aluminum phthalocyanine) used in this work. B, The bilayer structure of a 
liposome/GUV. C, Lin-derived oxidation products measured by using UPLC-MS/MS. 
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used to assemble a chamber. The chamber was filled with 0.2 M sucrose 
solution and connected to an alternating power generator Minipa MFG- 
4201A (Korea) at 10 Hz frequency and 1.5 V for 1.5–2 h at room tem
perature. 100 μL of the GUV were diluted with 0.2 M glucose solution 
containing AlPcS3 to a final concentration of 1 μM (Fig. 2). Sugar solu
tions’ osmolarities were checked with a cryoscopic osmometer (Osmo
mat 030 Gonotec, Germany). As controls, photosensitizer-free 
membranes were continuously irradiated and GUV leakage was detected 
on the experiment timescale; GUV dispersed in PS-containing glucose 
solution can be stored safely in the dark. 

2.6. Optical Microscopy 

The Axiovert 200, Carl Zeiss; Germany, coupled to a Ph2 63 objective 
was used in this study. Phase contrast mode was used for vesicle 
observation. The samples were irradiated with the 103 W Hg lamp (HXP 
120, Kubler, Carl Zeiss, Germany) applying an appropriate filter for 
photo activation of AlPcS3 (λex = 325–375 nm; beam split 400 nm; λem 
= LP 420 nm). Experiments assessing the sugar-induced differences in 
refractive index resulting in contrast intensity between the GUV interior 
and surrounding solution, an essential feature for increase membrane 
permeability [25], were done in triplicate. Optical phase contrast 
decrease over the time irradiation was analyzed using Image J software, 
according to the decrease of brightness level intensity. Intensity profiles 
(6 pixels width) were traced through the vesicle diameter, and the 
‘Contrast’ was defined as the difference between the maximum and the 
minimum intensity of the profile gray level, as described [25]. The data 
points represented Mean ± S.D. of at least three independent 
experiments. 

2.7. UPLC-MS/MS Conditions and Sample Preparation 

Just after irradiation, the samples were collected and stored at 
− 80 ◦C for further analysis. Before the solid-phase lipid extraction, so
lutions were mixed with deuterated internal standard solutions and an 
equal volume of methanol and centrifuged at 12.000 ×g for 5 min 
(MiniSpin, Eppendorf), the supernatant was mixed with 0.1% acetic acid 
and loaded onto solid-phase lipid extraction cartridge (Oasis®PRIME 
HLB cartridge (60 mg, 3 cc)). The cartridge was washed with 2 mL of 
15% methanol containing 0.1% formic acid, and the lipids were 
sequentially eluted with 500 μL of anhydrous methanol and 500 μL of 
acetonitrile. After the extraction, samples were concentrated by evap
oration of the solvent under a gentle stream of nitrogen, reconstituted in 
50 μL of 90% methanol and stored at − 80 ◦C for further analysis. For the 
identification of lipid mediators, the respective lipid extracts were 
analyzed using an 8040 series UPLC-MS/MS mass spectrometer (Shi
madzu, Kyoto, Japan) in multiple-reaction monitoring mode at a unit 
mass resolution for both the precursor and product ions as described 
previously [26]. Multiple reaction monitoring (MRM) transitions for 
metabolites derived from D2-Lin: 9-HpODE (312–185), 13-HpODE 
(312− 113), 9-HODE (296–171), 13-HODE (296–196), 9-KODE 
(294–185), 13-KODE (294–113). Briefly, the lipid compounds were 
separated by reverse-phase UPLC (injection volume 20 μL) using Phe
nomenex C8 column (2.1 mm × 150 mm × 2.6 μm) with the flow rate of 
0.4 mL/min. The elution was performed using an acetonitrile gradient in 
0.1% (v/v) formic acid. The target lipids were identified and quantified 
by comparing their UPLC, MS, and MS/MS parameters with the 
respective data obtained for deuterated internal standard compounds 
employing Lipid Mediator Version 2 software (Shimadzu, Kyoto, Japan). 

2.8. Photo-Degradation Control 

Solutions containing α-tocopherol at 46 μM in methanol were irra
diated as a function of time with a 532 nm Crylass laser (2.1 mW) in the 
absence and in the presence of AlPcS3 ([AlPcS3] = 1 μM). Absorption 
spectra (not shown) were obtained at each 3 min of irradiation and had 

absolutely no variation up to 30 min of irradiation, both in the absence 
and presence of the photosensitizer. Ultraviolet visible spectra were 
acquired in 1-cm quartz cells in a Shimadzu UV Visible 
Spectrophotometer. 

3. Results 

3.1. Photodynamically-Induced Liposome Leakage 

Photodynamic lipid oxidation in GUV can be evaluated by micro
scopy [27,28]. The formation of lipid hydroperoxides (initial photo
product of the reaction of the lipid double bond with singlet oxygen) is 
followed by an increase in the surface area of the membrane, while 
membrane permeabilization is monitored by the loss of membrane phase 
contrast (exchange between the sucrose present in GUV lumen and the 
glucose present in the external medium) (Fig. 2) [29]. Although the 
hydroperoxidation proceeds quickly, it is not sufficient for the mem
brane disruption and the leakage, i.e., the phase contrast is preserved 
while only lipid hydroperoxides are accumulating [9,30,31]. 
Conversely, light-induced formation of alkoxyl radicals, that progresses 
through β-scission mechanisms to lipid truncated aldehydes, was shown 
to induce membrane pores and decrease the GUV phase contrast (Figs. 1 
and 2) [31–35]. Here, we have used AlPcS3 as a photosensitizer to 
induce LPO and membrane damage [36–38]. 

Effects of AlPcS3 on GUV (Figs. 3 and 4) are monitored through three 
measurement systems: image evolution (left), area increase (middle) 
and contrast loss (right). Colour marks in the images (left) are used to 
represent the respective data points in the graphs. During the first 10 
min of irradiation in the presence of AlPcS3, the loss of phase contrast is 
small (Fig. 3D, H) and it is possible to evaluate the changes in the surface 
area of the GUV (Fig. 3C, G). Note that there is a substantial increase in 
the membrane area and in the fluctuations of the GUV made of 100% H- 
Lin-PC (Fig. 3A, 4 min), but there are no observable changes in the GUV 
made of 80 mol% of H-Lin-PC and 20 mol% D2-Lin-PC (Fig. 3B). GUV 
made of 100 mol% H-Lin-PC show a ~ 30% area increase (Fig. 3C), 
followed by a similar decrease, which may be due to other factors, 
including the formation of small membrane buds (not visible in the 
images). The increase in the surface area is completely prevented by the 
presence of 20 mol% of D2-Lin-PC (Fig. 3B). Similar effects were 
observed in GUV prepared with a mixed composition of lipids (20 mol% 
of H-DHA-PC and 80 mol% H-Lin-PC), (Fig. 3E, F). Note that the area 
increase (almost 40%) is greater (Fig. 3E, 8 min) than that observed in 
the case of GUV made of pure H-Lin-PC (Fig. 3A, 4 min). The replace
ment of 20 mol% of H-DHA-PC with 20 mol% D10-DHA-PC (Fig. 3F, 8 
min), delays the area increase, but does not prevent it (Fig. 3G). 

H-Lin-PC GUV showed a considerable loss of contrast during irradi
ation, indicating membrane leakage. This was prevented by 20 mol% of 
D2-Lin-PC (Fig. 3A, D). Likewise, the addition of 20 mol% H-DHA-PC in 
H-Lin-PC GUV caused a substantial increase in the rate of contrast loss. 
This was effectively counterbalanced by adding 20 mol% of D10-DHA-PC 
(Fig. 3F, H). These data demonstrate that D-PUFA efficiently protect 
against photo-induced membrane leakage in GUV. 

The presence of D-PUFA in the H-Lin-PC matrix protected the 
membrane, (Fig. 3), reducing the contrast loss and the rate of surface 
area increase, indicative of their capacity to prevent the accumulation of 
lipid hydroperoxides and the formation of membrane pores by lipid 
truncated aldehydes. This suggests that D-PUFA (starting at about 20 
mol%) inhibit both the initiation and propagation stages of photo- 
induced LPO [12]. The area increase is a consequence of the accumu
lation of lipid hydroperoxides on the surface of GUV that occurs mainly 
as a result of the ene reaction, but also as a result of the LOO•-driven 
hydrogen abstraction from the surrounding PUFA [3]. The fact that H- 
Lin-PC GUVs prepared with 20 mol% D2-Lin-PC do not show any level of 
surface area increase, indicates that D-PUFA efficiently inhibit the 
accumulation of hydroperoxides. The value of KIE for the ene reaction 
varies from 1.4 to 2 [39,40], but it is much larger (~10) for the peroxyl- 
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driven hydrogen atom abstraction [15,41]. 
Because α-tocopherol is a natural constituent of cellular membranes, 

it is informative to compare the protection attained with D-PUFA with 
that of α-tocopherol. GUV made of H-Lin-PC and α-tocopherol (80/20 
mol%) were prepared and tested in the same experimental conditions as 
vesicles containing D-PUFA (Fig. 4) [42]. Tocopherol, like D2-Lin-PC, 
inhibited the formation of pores/membrane permeabilization under 
photo-irradiation, which is noted by the constant levels of phase contrast 
throughout the experiment (Fig. 4D). However, the same was not true 

for the area increase. As observed in Fig. 4A, C (purple curve), the 
presence of 20 mol% of α-tocopherol in H-Lin-PC GUV delayed, but did 
not completely inhibit, the increase in the surface area. Note the GUV 
fluctuation and the expansion in surface area of GUV made of 20 mol% 
α-tocopherol (Fig. 4A), which is not observed in GUV made with 20 mol 
% of D2-Lin-PC (Fig. 4B). α-Tocopherol acts as a peroxyl radical- 
neutralizing antioxidant by donating a hydrogen atom [43]. There
fore, α-tocopherol reacts with oxidation products, inhibiting the 
outcome of pore formation [44]. Indeed, α-tocopherol turned out to be 

Fig. 3. Phase contrast microscopy images of: A and B, H-Lin-PC (black) and H-Lin-PC + D2-H-Lin-PC (red); E and F: H-Lin-PC + H-DHA-PC (blue) and H-Lin-PC +
D10-DHA-PC (green) in 1 μM AlPcS3 solution at different irradiation times; Morphological changes caused by irradiation of vesicles dispersed in AlPcS3 (1 μM)- 
containing glucose solution. A, B, E and F show representative pictures of GUV; C and G, changes in the area of the GUV; D and H, changes in GUV contrast, indicative 
of membrane leakage. The GUV lumen is filled with a sucrose solution. The difference in sugar refractive indexes in the phase contrast model enables the observation 
by optical microscopy. The irradiation time is shown at the bottom of each snapshot. Each colour corresponds to an experiment with a different GUV lipid 
composition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Representative images of GUV (A, B), changes in the area of GUV (C) and GUV contrast showing membrane leakage (D), H-Lin-PC + D2-H-Lin-PC and H-Lin- 
PC + α-tocopherol (Data of H-Lin-PC + D2-Lin-PC are re-plotted from Fig. 3 to facilitate the visualization). Morphological changes caused by irradiation of vesicles 
dispersed in AlPcS3 (1 μM)-containing glucose solution. The GUV lumen is filled by a sucrose solution. The difference in sugar refractive indexes in the phase contrast 
model enables the observation by optical microscopy. The irradiation time is shown at the bottom of each snapshot. Each colour corresponds to an experiment with a 
different GUV lipid composition. 
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as efficient in preventing membrane pore formation as D-PUFA. How
ever, α-tocopherol does not seem to prevent the accumulation of lipid 
hydroperoxides as efficiently as the D-PUFA. We have performed control 
experiments that showed the stability of α-tocopherol under the irradi
ation conditions of our experiments, both in the absence and in the 
presence of AlPcS3 (data not shown), therefore, the absence of protec
tion recorded in some experiments are not due to the photo-degradation 
of α-tocopherol. We hypothesized that α-tocopherol can propagate 
radical chain reaction by a mechanism called Tocopherol-Mediated 
Peroxidation (TMP), which is based on the bis-allylic hydrogen 
abstraction by α-tocopherol radical [43,45]. Besides, α-tocopherol is not 
an efficient scavenger of 1O2, which is the main species responsible for 
the accumulation of hydroperoxides in the photosensitized lipid oxida
tion [46]. Therefore, D-PUFA and α-tocopherol exhibit some differences 
in terms of their mechanism and efficiency of membrane protection 
against photoinduced oxidation. 

We have earlier shown that the fluorescence intensity autocorrela
tion function (G(τ)) of oxidation-resistant LUV-encapsulated SRB is an 
efficient method to detect membrane permeabilization by Fe2+/ascor
bate-induced oxidation [19,47,48]. The amplitude of G(τ) at the limit τ 
➔0 is determined by the reciprocal of a mean number (N, dye-loaded 
liposomes) of fluorescent particles in the observation volume under 
stirring [21,22,49,50]. Fig. 5A shows a time dependence of the G(τ) 
functions of SRB for liposomes prepared from H-Lin-PC lipid measured 
without photodynamic treatment (red, green, blue, cyan, dark green 
lines) and after various light exposures (yellow, pink, green, dark yellow 
lines). Fig. 5A corresponds to G(τ) upon the addition of Triton-X100 that 
induces the complete solubilization of lipids and full release of SRB. 
Illumination of the liposomes led to a decrease in the G(τ➔0) amplitude 
(compare, for example, red and dark yellow lines in 7A). The G(τ➔0) 
values at various periods of illumination (t) can be converted into the 
extent of liposome leakage α using the equation [42]: 

α(t) = 1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Gt(τ→0)
G0(τ→0)

√

(1)  

where G0(τ➔0) and Gt(τ➔0) represent G(τ) at the limit τ➔0 at the 
moment just before the start of illumination (zero time) and t min of 
illumination, respectively. 

Fig. 5 displays the percentage of integral liposomes during the irra
diation time courses in liposomes made of 100% of H-Lin-PC (panel B) or 
50% H-Lin-PC and 50% D2-Lin-PC (panel C). Note that after 5 and 10 
min of irradiation, there is a substantial leakage of the liposomes made 
of 100% of H-Lin-PC (~20% after 5 min and ~ 80% after 10 min of 
irradiation) while in the presence of 50% of D2-Lin-PC, there is no sig
nificant change after 5-min irradiation and only 30% release after 10- 
min irradiation (Fig. 5C). As expected, D-PUFA offer good protection 
against photo-induced membrane leakage. 

We have next evaluated the efficiency of α-tocopherol (Fig. 6) in 
providing membrane protection in liposomes made of 100% of H-Lin-PC 
(panel A) or 50% H-Lin-PC and 50% D2-Lin-PC (panel B). Remarkably, 
α-tocopherol potentiated the SRB leakage in case of 100% H-Lin-PC li
posomes (Fig. 6A), thus exhibiting pro-oxidant action under these con
ditions, which is likely a consequence of the TMP mechanism [43,45]. 
Note that in liposomes made of 50% H-Lin-PC and 50% D2-Lin-PC, 
α-tocopherol increased the level of protection exhibited by D-PUFA. In 
particular, the leakage from liposomes containing D-PUFA was reduced 
from 80 to 30% and was further reduced to less than 10% when D-PUFA 
was supplemented with α-tocopherol (Fig. 6B), suggesting that in the 
presence of D-PUFA, the TMP mechanism is inactivated. 

Interestingly, trolox, a water-soluble derivative of α-tocopherol, 
exhibited a protective effect at both 100–0% (panel A) and 50–50% 
(panel B) LUV (Fig. 7). Trolox action occurs mainly in the aqueous media 
and its membrane-protective effect against photoinduced damage must 
be related to its ability to scavenge the diffusive photo-induced ROS 
species, such as superoxide anion radicals and singlet oxygen [51]. 

3.2. Downstream Products of the Photo-Induced Membrane Oxidation 

To assess whether or not liposome leakage is associated with LPO, we 
used the conjugated diene assay, which is based on the measurement of 
absorption changes at 234 nm (ΔA234), as well as product detection by 

Fig. 5. SRB leakage from large unilamellar liposomes (LUV). A, Typical auto
correlation functions of SRB-loaded H-Lin-PC LUV differing in the time of 
illumination and the presence of AlPcS3. Autocorrelation function in the pres
ence of Triton-X100 is represented by a black line. The buffer contained 100 
mM KCl, 10 mM Tris, 10 mM MES, pH 7.4. Lipid concentration, 10 μg/mL. B,C 
quantified SRB leakage from 100% H-Lin-PC liposomes.(B) and H-Lin/D2-Lin 
(1:1)-PC liposomes (C). 
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mass spectrometry [19,23]. In both assays, liposomes were prepared 
from lipid mixtures containing H-Lin-PC as the bulk lipid (unless 
otherwise stated) with various contents of 1-stearoyl phosphatidylcho
lines, bearing D2-Lin at position 2 of glycerol. Photosensitizer concen
tration and irradiation protocol were the same as those described above 

for the liposome leakage experiments. 
Fig. 8 shows the absorption changes at 234 nm as a function of 

irradiation time (panel A) and the UV spectra of liposome (100% H-Lin- 
PC) suspensions at various irradiation periods (panel B). Note the 
appearance of a peak in UV spectrum with a maximum at 234 nm, which 

Fig. 6. Effect of tocopherol on the leakage of SRB fluorophore from LUV made of 100% H-Lin-PC (A) or of H-Lin/D2-Lin (1:1)-PC (B). For experimental conditions see 
a legend to Fig. 5. 

Fig. 7. Effect of trolox on the leakage of SRB fluorophore from LUV made of 100% H-Lin-PC (A) or of H-Lin/D2-Lin (1:1)-PC (B). For experimental conditions see the 
legend of Fig. 5. 

Fig. 8. A. Light induced accumulation of diene conjugates in the presence of 1 μM of AlPcS3 in liposomes with various content of D2-Lin-PC in H-Lin-PC lipid bilayer. 
B. Spectra of H-Lin-PC vesicle suspensions under the conditions of red curve on panel A. The buffer contained 100 mM KCl,10 mM Tris,10 mM MES, pH 7.4. Lipid 
concentration, 10 μg/mL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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is typical of diene conjugates (Fig. 7B). Note also that with the increase 
in percentage of D2-Lin-PC in the liposomal membranes, the ΔA234 
proportionally decreased, reaching the minimum at 100% of D2-Lin-PC 
LUV (Fig. 8A), that represents a higher than 4-fold drop in diene con
jugate formation. Importantly, ΔA234 values were stable and did not 
increase in the dark, or in the absence (or after completion) of photo
dynamic activation (data not shown). 

The addition of α-tocopherol to liposomes had negligible effects on 
ΔA234 in the case of 100% H-Lin-PC, while it considerably decreased 
ΔA234 in liposomes made of 50% H-Lin-PC and 50% D2-Lin-PC (Fig. 9). 
Similar inhibition of the diene conjugates’ formation was observed in 
case of the addition of 100 μM α-tocopherol in liposomes made of 50% 
H-Lin-PC and 50% D2-Lin-PC but not in those made of 100% H-Lin-PC 
(Fig. 9). The effect was well pronounced 5 min after the start of irradi
ation (pale blue and pink curves). Lower concentrations of α-tocopherol 
caused no effect even in the liposomes made of 50% H-Lin-PC and 50% 
D2-Lin-PC (Fig. 10). It is evident that the efficiency of membrane pro
tection by 100 μM α-tocopherol increases in the presence of deuterated 
PUFA, suggesting a possible synergistic enhancement effect. 

To detect the products of photodynamic Lin oxidation, we used the 
UPLC-MS/MS method. LUV were prepared and irradiated as described 
above. After the experiment, butylated hydroxytoluene was added to the 
liposomes, and the solution treated with phospholipase A2 from Vipera 
ursinii (a generous gift from Y.N.Utkin, IBCH RAS), for 15 min at 37 ◦C. 
Lin-derived metabolites were detected with UPLС-MS/MS (see Material 
and Methods). After irradiation, the following derivatives of Lin were 
detected: 9-, 13-HpODE (hydroperoxyoctadecadienoic acid) and 9-, 13- 
HODE (hydroxyoctadecadienoic acids) (Fig. 11). 

When comparing 100% H-Lin-PC and 50/50% H-Lin-PC and D2-Lin- 
PC, we observed that the concentration of oxidized metabolites of Lin 
(9,13-HpODE) is higher in 100% H-Lin-PC liposomes than in 50% 
deuterated liposomes (Fig. 11A). This is consistent with the results of the 
A234 measurements of diene conjugate formation (Fig. 7). To evaluate 
the impact of 100 μM α-tocopherol on the oxidation process, we 

compared the concentration of oxidized Lin-metabolites in 100–0 and 
50–50H-Lin-PC and D2-Lin-PC, in the presence and absence of 
α-tocopherol. Note that the presence of α-tocopherol decreases 9-HpODE 
and 13-HpODE in 50/50% D2-Lin-PC (Fig. 11B), but not in the 100% H- 
Lin-PC liposomes. Although the decrease in the metabolites with the 
addition of α-tocopherol is notable, the ratio of H- and D-metabolites 
does not significantly change with the treatment and consists of 
approximately 30% of deuterated products both in α-tocopherol treated 
and non-treated 50/50% D2-Lin-PC (Fig. 11C). Thus, oxidation is 
reduced in 50/50% D2-Lin-PC, relative to 100% H-Lin-PC liposomes, 
and α-tocopherol additionally reduces the concentration of the oxidized 
metabolites selectively in 50/50% D2-Lin-PC liposomes. 

4. Discussion 

LPO can be initiated by various ROS capable of abstracting bis-allylic 
hydrogens, and then proceeds through a chain reaction generating 
exponential damage [2]. The rate-limiting abstraction step is inhibited 
by substituting the bis allylic hydrogen atoms with deuterium, inhibiting 
the LPO process [18,21,52,53]. We have previously established that a 
relatively small fraction of D-PUFA in lipid bilayers is sufficient to 
inhibit LPO in liposomes [19] as well as in living cells [54]. Photo- 
induced oxidation of lipids can occur through the type II singlet oxy
gen reaction as well as the type I hydrogen abstraction (Fig. 1). Mole
cules raised to the excited state by photon absorption will have an 
increased tendency to donate or accept electrons. The magnitude of the 
pseudo-reduction potentials of the photochemical oxidants in the 
excited state will basically depend on the energy of the first excited state 
(lowest vibrational level), which can be estimated by the wavelength of 
the crossing of the absorbance and fluorescence emission spectra, and on 
the reduction potential of the molecule in the ground state. Considering 
that the (0,0) level of the photosensitizer is ~670 nm, giving an incre
ment of 2.3 eV in the reduction potential, and the reduction potential of 
aluminum phthalocyanines is − 0.78 V (SHE), the pseudo-reduction 
potential of the excited state is 1.5 V. Therefore, the excited state of 

Fig. 9. Effect of tocopherol on the accumulation of diene conjugates in LUV 
having various contents of D2-Lin-PC in H-Lin-PC lipid bilayer as a function of 
illumination with white light in the presence of 1 μM AlPcS3. α-tocopherol was 
added to the lipid film at the stage of liposome preparation, at the α-tocopherol: 
lipid ratio of 1:1 (green and pink curves) and at 100 μM concentration (yellow 
and pale blue curves). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Dose dependence of the effect of tocopherol on the accumulation of 
diene conjugates in LUV having 50% D2-Lin-PC and 50% H-Lin-PC lipid bilayer 
as a function of illumination with white light in the presence of 1 μM AlPcS3. 
α-tocopherol was added to the lipid film at the stage of liposome preparation, 
and at 100 μM concentration (light blue). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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the photosensitizer will be capable of abstracting not only the bis-allylic 
hydrogens from PUFA (PUFA•,H+/ PUFA− H 0.6 V), but also the allylic 
hydrogens from monounsaturated fatty acids (MUFA, Allyl•,H+/ 
allyl− H 1.0 V) [55]. Although deuterium substitution has been proven 
to be very effective in protecting membranes from classical oxidation, 
this protective effect was never studied under light irradiation 
conditions. 

Based on earlier studies, we chose AlPcS3 as an effective photosen
sitizer that generates singlet oxygen with a high quantum yield and is 
stable against photobleaching [56,57]. According to previous data, the 
binding of AlPcS3 to membranes is a prerequisite for sensitizing both 
lipid [58] and protein [36,37,59] membrane components to photo
damage. We used liposomes (LUV and GUV) made of phospholipids 
containing H-PUFA and D-PUFA to determine the effect of D-PUFA 
incorporation on the photodamage resistance of the lipid bilayers, uti
lizing four experimental systems: 1) optical phase-contrast intensity 
observations in GUV; 2) sulforhodamine B leakage from LUV, detected 
with FCS using changes in the amplitude of autocorrelation function; 3) 
formation of diene conjugates in liposomes, measured by absorbance at 
234 nm; 4) quantifying oxidized Lin-derived metabolites using UPLC- 
MS/MS method. All results confirm the inhibitory effect of D-PUFA on 
the light-induced lipid bilayer permeabilization and point to synergistic 
action of D-PUFAs and α-tocopherol. 

The presence of 100 μM α-tocopherol potentiated the dye leakage in 
case of 100–0% LUV (Fig. 6). The addition of α-tocopherol resulted in 
elevation of LPO in H-PUFA bilayers compared to photoirradiation 
alone, signifying α-tocopherol’s pro-oxidant properties. In this context, 
the observed Tocopherol-Mediated Peroxidation (TMP Cycle, Fig. 12) 
resembles a mechanism initiated with formation of an α-tocopherol 

radical (α-toc.) followed by the propagation of LPO (i), with hydrogen 
atom abstraction being the rate-limiting step. The lipid-derived radical 
would then quickly react with abundant oxygen forming lipid peroxyl 
radicals (L-OO•), that are able to abstract hydrogen off the neighboring 
intact PUFAs, sustaining the chain reaction of LPO cycle [60]. On the 
other hand, lipid peroxyl radical react with α-TocH, producing LOOH 
and regenerate α-Toc.. The TMP cycle, as proposed by Stocker and 
Bowry, reveals the pro-oxidant mechanism of α-tocopherol, in addition 
to the possible concomitant oxidation cycle of LPO [45], making H- 
PUFA LUV highly oxidizable. 

In parallel, GUV experiment showed that the presence of α-tocoph
erol protected liposomes from the sucrose leakage (80% H-Lin-PC +
20% α-tocopherol). The fluctuation and expansion in the surface of 
GUVs are the fingerprint of hydroperoxide radical formation. In GUV, 
the α-tocopherol trapped on the membrane-water interface decreases 
the probability of oxidized lipids to get in contact with the two mem
brane leaflets and initiate pore formation [44]. This suggests that the 
pro-oxidant role observed in LUV is due to the relative high concen
tration of lipid to α-tocopherol (1:10 in the LUV system, compared with 
4:1 in GUV system) (Fig. 9).• The presence of D-PUFA in LUV decreases 
the ROO• formation resulting in the protection against LPO [43]. A 
protective effect was also observed by the A234 assessment of diene 
conjugate generation (Fig. 7), and by the UPLC-MS/MS detection of Lin 
oxidation products (Fig. 11). Taken together, the data from these 
different approaches suggest that tocopherol-induced quenching of 
photoirradiation-derived lipid radicals is more efficient in the presence 
of D-PUFA. The replacement of the bis-allylic hydrogen atoms with 
deuterium arrests PUFA autoxidation due to the isotope effect (Fig. 12) 
[17,18]. 

Fig. 11. Effect of α-tocopherol on Lin 
oxidation products, LUV (100% H-Lin- 
PC or 50/50% D2-Lin-PC) were illumi
nated in the presence of 1 μM of AlPcS3 
for 1, 5 or 10 min with or without 
addition of 100 μM α-tocopherol, and 
oxidized Lin-derived metabolites were 
detected using UPLC-MS/MS. A. Con
centration of oxidized Lin-metabolites 
after irradiation. *p < 0.05 compared 
with non-treated Lin-PC, #p < 0.05 
compared with 100% H-Lin-PC B. Effect 
of α-tocopherol on Lin-derived metabo
lites concentrations after 5 min of illu
mination. C. Ratio of oxidized H-(gray) 
and D-forms (white) of Lin metabolites 
after 5 min of illumination. The values 
represent mean ± SD from three inde
pendent experiments, *p < 0.05.   
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To quantitatively evaluate the possible interplay between the lipo
philic (α-tocopherol) and hydrophilic (trolox) antioxidants and the 
presence of D-PUFA in the lipid bilayer, we calculated the independent 
contributions of the antioxidants and/or deuterated lipids (50% of 
PUFA) to the protection of the membranes. These were then compared 
to the findings observed in the presence of both. This calculation is 
shown in Tables 1–6 for the data obtained by FCS (prevention of lipo
some leakage, Tables 1–4) and UV spectrophotometry (protection 
against the accumulation of diene conjugates, Tables 5 and 6) after 10 
min of irradiation. As noted previously (Fig. 6), the presence of D-PUFA 
protects the membrane (note in Table 1, Δ% of membrane leakage de
creases from 24.3 to − 1.3), while the presence of α-tocopherol increases 

Fig. 12. Tocopherol-mediated Peroxidation (TMP). (i) rate-limiting: hydrogen atom abstraction from LH by α-Toc.; (ii) oxygen addition reaction of L.; (iii) reaction of 
LOO• + α-TocH = LOOH and regenerate α -Toc.. Peroxides formed may decompose through multiple pathways back into chain-initiating radicals (in blue), which can 
return to LPO Cycle. However, peroxides can drive to numerous nonradical species (reactive carbonyls), such as: 4-HNE (a), 4-hydroxy-2-hexenal (b), and MDA (in 
tautomeric form) (c), acrylic aldehyde (d), oxalic aldehyde (e), and methylglyoxal (f). Other classes of products include Ara-derived isoprostanes (g; iPF2α-IV, or 8- 
F2-IsoP, which is one of 64 different isomers), as well as PGF2α (h), a prostaglandin that can be produced both enzymatically and nonenzymatically. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
liposome leakage FCS (data from Figs. 5 and 6) after 10 min irradiation.  

% D Control (Δ%) α-tocopherol 100 uM (Δ%) 

0 24.31 43.85 
50 − 1.30 − 1.99  

Table 2 
Enhancement calculation from Table 1.  

Condition Δ % (a) 
Experiment- 
control 

Additivity (b) 
Expected value 

+enhancement/− inhibition (c) 
Observed –Expected 
(Δ/Expected) Simple addition 

Dienes    
α-toc − 19.54  – 
D-50% +25,61   
Both +26.21 − 6,07 +20.14 (+79%) 

(a) Level of membrane damage by calculating the difference of percentage 
leakage in the liposomes kept in the dark compared with those irradiated in the 
presence of 100% Lin and 50% deuterated D2-Lin-PC. 
(b) Simple addition of the effects of the presence of 50% D-PUFA and addition of 
α-tocopherol. 
(c) Difference from the expected and experimental values. Positive values are in 
blue and represent enhancement. Negative values (red) represent inhibition. 
Percentage values were calculated by dividing the difference (observed-ex
pected) by the expected value. 
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the damage (Δ% of membrane leakage increases from 24.3 to 43.8, 
Table 1). Remarkably, in the presence of D-PUFA, α-tocopherol is pro
tective (Δ% of membrane leakage decreases from 43.8 to − 2, Table 1), 
with 79% enhancement (Table 2), i.e., with the tocopherol-rendered 
protection increasing by 79% in the presence of D-PUFA (Tables 5 and 
6). D-PUFA alone offer good protection against the accumulation of 
diene conjugates (ΔAbsorption is reduced from 0.0696 to 0.0233, 
Table 5). Note that α-tocopherol does not provide any level of protection 
against the accumulation of diene conjugates in membranes made of 
100% H-Lin-PC (ΔAbsorption changes from 0.0696 to 0.0657, Table 5), 
while α-tocopherol dramatically increases the protection of membranes 
made of 50% D-PUFA (ΔAbsorption decreases from 0.0657 to 8.1e-3, 
Table 5) with 37% enhancement (Table 6). Lin-derived metabolites 
(HpODE and HODE) are produced by LPO [61,62] initially as 
hydroperoxy-oxydecadienoic acid (HPODE), which is then reduced to 
HODE [63]. Using UPLC-MS/MS we quantified the accumulation of 
photoinduced oxidation products in 100% H-Lin-PC or 50/50% D2-Lin- 

PC in the presence and absence of α-tocopherol. In the presence of 
tocopherol, 50/50% H-Lin-PC/D2-Lin-PC leads to decreased levels of 
these oxidation derivatives, demonstrating the synergistic protective 
effect of D-PUFA and α-tocopherol. Interestingly, trolox, which is a hy
drophilic analogue of α-tocopherol, acts by neutralizing aqueous soluble 
oxidant species. Our results show that it protects the membrane mimetic 
systems investigated here in an almost independent matter of the pres
ence of D-PUFA (Tables 3 and 4). In fact, the level of protection by trolox 
is more than 4-fold smaller in the membranes made of D-PUFA (Δ% of 
membrane leakage decreases from 26.7 to 8.26, Table 3) compared to 
those made of H-Lin-PC alone (Δ% of membrane leakage decreases from 
50.5 to 3.62, Table 3), with an antagonism of 15% (Table 4). The failure 
of D-PUFA to improve the effects of trolox is a direct consequence of the 
different environments they operate (lipophilic versus hydrophilic), but 
the exact nature of the observed 15% antagonism requires further 
investigation. 

α-Tocopherol is widely applied as a chain-terminating antioxidant 
[2,20,60]. However, as mentioned above (Fig. 12), its pro-oxidant role 
in LDL oxidation has been reported [43,60]. It has also been observed 
that α-tocopherol can substantially increase the observed KIE values of 
D-PUFA for oxidation reactions in organic solvent, which requires both 
close association with D-PUFAs and a hydrogen tunnelling mechanism. 
Essentially, α-tocopherol acts in synergy with deuterium substitution 
[53]. Contrarily, trolox does not interact effectively with the lipid 
bilayer and therefore it does not participate in reactions happening 
within lipid membranes. However, trolox effectively supresses triplet 
excited states, singlet oxygen, as well as other ROS such as anion radical 
superoxide, which can escape the membrane region and migrate to the 
bulk solution, where trolox will neutralize them [64], preventing their 
effects on the oxidation of the membranes. The fact that trolox is not 
bound to the membrane, prevents its participation the TMP pro- 
oxidative mechanism. Indeed, no pro-oxidation was observed in the 
presence of Trolox (Fig. 7). 

The importance of lipid bilayers in cells cannot be overstated. A 
perspicacious 1952 adage by Davson and Danielli: “It can truely be said 
of living cells, that by their membranes ye shall know them”, has been 
fully corroborated since then [65]. Functionally, for PUFA-rich neurons 
and mitochondria, lysosomes and retinal outer segments, the most 
important part of a cell or of an organelle is the lipid membrane. 
Accordingly, the related pathologies in these cells are often linked to 
membrane malfunctions. LPO plays a key role in many neurodegener
ative (Parkinson’s, Alzheimer’s) and age-related (retinal and skin) pa
thologies, as well as cancer, atherosclerosis and others diseases, however 
antioxidants are inefficient for a variety of reasons [2,17]. Light irra
diation can initiate LPO through various mechanisms and may be an 
important tool in understanding oxidative stress diseases. 

The use D-PUFA to keep the LPO in check has been recently sug
gested as a therapeutic strategy [17], because the full protection by D- 
PUFA is observed even at relatively low (20–30%) threshold level of 
incorporation into lipid membranes [19], and such a level is quickly 

Table 3 
liposome leakage FCS (data from Figs. 5 and 7) after 10 min of irradiation.  

% D Control (Δ%) Trolox 100 uM (Δ%) 

0 50.52 3.62 
50 26.69 8.26  

Table 4 
Enhancement calculation from Table 3.  

Condition Δ % (a) 
Experiment- 
control 

Additivity (b) 
Expected value 

+enhancement/inhibition (c) 
Observed –Expected 
(Δ/Expected) Simple addition 

Dienes    
Trolox  +46.9 – 
D-50% +23.83   
Both +70.73 >100 − 14.5 (− 15%) 

(a) Level of membrane damage by calculating the difference of percentage 
leakage in the liposomes kept in the dark compared with those irradiated in the 
presence of 100% Lin and 50% deuterated D2-Lin-PC. 
(b) Simple addition of the effects of the presence of 50% D-PUFA and addition of 
α-tocopherol. 
(c) Difference from the expected and experimental values. Positive values are in 
blue and represent enhancement. Negative values (red) represent inhibition. 
Percentage values were calculated by dividing the difference (observed-ex
pected) by the expected value. 

Table 5 
Diene conjugate accumulation (ΔAbsorption from Fig. 9).  

% D Control α-tocopherol 100 uM 

0 0.0696 0.0657 
50 0.0233 8.0873e-3  

Table 6 
Calculation of enhancement.  

Condition Δ % (a) Experiment-control Percentage of 
protection 

Additivity (b) Expected value Simple 
addition 

+enhancement/inhibition (c) Observed –Expected 
(Δ/Expected) 

Diene 
conjugate    
α-toc 0.0039 –  
D50% 0.0463   
Both 0.06878 0.0502 +0.01858 (+37%) 

(a) Percentage of protection. The control of Toc 1:1 and Toc 100 is control 0%. The control of Toc 1:1 and Toc100 in the presence of D10% is Percentage of damage at D 
10% (without Toco). The control of Toc 1:1 and Toc 100 in the presence of D50% is Percentage of damage at D 50% (without Toco). 
(b) Simple addition of the effects of deuteration and addition of α-tocopherol. Toc 1:1 at 10% D (0.0081 + 0.0298 = 0.0379); Toc 100 at 10%D (0.0039 + 0.00298 =
0.0337); Toc 1:1 at 50% D (0.0081 + 0.0463 = 0.0544); Toc 100 at 50%D (0.0039 + 0.0463 = 0.0502) 
(c) Observed is the value in (a) and Expected is the value in (b). Positive values (blue) represent enhancement and negative values (red) represent inhibition. Per
centage values were calculated by dividing the difference (observed-expected) by the expected value. 
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attainable and does not require substantial dietary changes [65–67]. The 
efficiency of protection depends on the total number of deuterated bis- 
allylic methylene groups in the lipid bilayer [19,53]. 

The LPO inhibition and mitigation of disease phenotypes has been 
described in homogenous solution [53,68], liposomes [19], cells 
[52,54,69–71] and rodents [67,72,73], as well as in completed and 
ongoing human studies [66,74], making a good use of this non-linear 
threshold protection level. Such studies can benefit from additional in
sights into the mechanism of D-PUFA protection. The data reported 
herein lends further support to the application of D-PUFA in retinal 
conditions, in sun-protection strategies, and in liposome-based drug 
delivery approaches [75], as both the drug vehicles, and the drugs to be 
delivered. 
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