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ARTICLE INFO ABSTRACT

Photodynamic therapy (PDT) efficiency depends on many factors including the incorporation of the photo-
sensitizer (PS) in cell membranes and possible lipid hydroperoxidation. In this study, we show that hydro-
peroxidation may be photoinduced when eosin Y is incorporated into Langmuir monolayers that serve as cell
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Phgtosensitizers membrane models. This occurs for Langmuir monolayers of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
EOMSI;;;AS and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), which have unsaturation in their hydrophobic
GIXOS chains. In contrast, light irradiation had no effect on monolayers of saturated 1,2-dipalmitoyl-sn-glycero-3-
Hydroperoxidation phosphocholine (DPPC). Evidence of hydroperoxidation was obtained from the area increase in eosin-containing

DOPC and POPC monolayers upon irradiation, which was accompanied by a decrease in monolayer thickness
according to grazing incidence X-ray off-specular scattering (GIXOS) data. Furthermore, the changes in polar-
ization-modulated infrared reflection absorption spectroscopy (PM-IRRAS) induced by irradiation were con-
sistent with hydroperoxide migration toward the lipid hydrophilic heads.. In summary, this combination of
experimental methods allowed us to determine the effects of eosin Y interaction with cell membrane models
under irradiation, which may be associated with the underlying mechanisms of eosin Y as photosensitizer in

PDT.

1. Introduction

Photodynamic therapy (PDT) has been useful for treating cancer
and non-malignant lesions [1,2], especially because it involves a
minimally invasive procedure. It is based on the administration of a
photosensitizer (PS) in an environment containing oxygen, with further
activation by an appropriate light source. The excited triplet state of PS
can undergo either type I or type II reactions to produce reactive
oxygen species (ROS) [3]. Particularly relevant in PDT, type II reaction
results in energy transfer to oxygen, thus forming singlet oxygen (*05),
a reactive species capable of causing cell death [4]. The short lifetime
and diffusion capability of 'O, combined with well controlled irradia-
tion systems may allow locally confined damage, with minimum effect
over the adjacent tissue [5]. Therefore, control over PS localization is
crucial for the effectiveness of PDT, which has prompted a search for
photosensitizers that interact specifically with the target, in addition to
having a high quantum yield (®,) for '0,. Since the first generation of
PS based on tetrapyrrole structure [6-9], many synthetic compounds
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such as chlorins, porphyrins, phenothiazines and xanthene derivatives
have been proven efficient in PDT [10,11]. Xanthenes, for instance,
have shown not only high ®A'0, but also ability to interact with lipid
membranes [12-14], which make them attractive as PS.

Oxidation reactions are the most likely outcome of the interaction
between 'O, and biological structures such as DNA, proteins and lipid
membranes [4]. Since PS rarely accumulates within the nuclei [15,16],
DNA damage by PDT is unlikely. On the other hand, photo-activation of
PS localized in the mitochondria and plasma membrane triggers
apoptosis [17] and necrosis [18], respectively. Depending on the extent
of damage, apoptotic cells can also shift to necrotic, resulting in cell
lysis instead of programmed cell death [19]. It is known that hydro-
peroxidation might be the preferential pathway of lipid oxidation, re-
sulting from the ene reaction with alkenes containing allylic hydrogens
[4]. However, the mechanisms underlying the influence of hydro-
peroxidation over lipid structures are not yet fully understood. Since
modifications are found in the membrane permeability, fluidity,
packing, and bilayer thickness, there is no consensus in the literature
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about the molecular basis of cellular signaling under lipid oxidation
[20-22]. In order to address these mechanisms, one has to resort to
suitable methods not only to mimic the cell membrane but also to
characterize photochemical reactions at the molecular level. Currently
available methods do not afford interrogation of these effects on whole
cells, which is the reason why cell membrane models such as Langmuir
monolayers have been used extensively [23-30].

In a previous work [31] on the photo-induced modifications of
Langmuir monolayers mediated by the xanthene erythrosin B, hydro-
peroxidation was suggested as the main mechanism of lipid oxidation.
Herein, new evidence is presented for hydroperoxidation in lipid
monolayers interacting with a different xanthene. Langmuir films of the
zwitterionic 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC) were employed to mimic the
first barrier encountered by the xanthene eosin Y dispersed in water.
The choice of these lipids was based on the fact that mammalian cell
membranes have phosphatidyl cholines as their major components
[32]. PS eosin Y has already been applied to photoinactivation of En-
terococcus faecalis [33] and Candida albicans [34], having a smaller
®,'0, than erythrosin B. Interestingly, eosin Y is less cytotoxic in the
dark than erythrosin B [35] while having a higher efficiency in de-
creasing the viability of cancer cells in vitro, according to subsidiary
experiments. Therefore, the goal here was to unravel the molecular
mechanism of eosin Y adsorption on lipid membrane and further effects
of lipid oxidation triggered by illumination, which might be in the
origin of the photodynamic efficiency. While the surface pressure
versus area isotherms provided evidence of eosin Y adsorption and
photo-oxidation, the surface specific polarization-modulated infrared
reflection-absorption spectroscopy (PM-IRRAS) allowed us to identify
the eosin Y binding site and the effects of lipid oxidation on the polar
head region of the lipid and in the alkyl chain packing. Experiments of
grazing incidence X-ray off-specular scattering (GIXOS) allowed mon-
itoring the monolayer thickness under oxidative stress caused by irra-
diation of eosin Y.

2. Experimental section
2.1. Materials and solutions

The xanthene eosin Y and the zwitterionic phospholipids 1,2-dio-
leoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) were purchased from Sigma-Aldrich. All the mate-
rials were used without further purification. Ultrapure water with re-
sistivity 18.2 MQ cm was obtained from a Milli-Q system model Direct-
Q” 3UV and used to prepare the solutions of eosin Y at 10> and 10
mol/L. The molecular structures of DPPC, POPC, DOPC and eosin Y are
shown in Fig. la.

2.2. Langmuir films

Surface pressure (5t) versus mean molecular area (A) isotherms were
obtained in a Langmuir trough (KSV-NIMA / KN 2002). The surface
pressure was measured with the Wilhelmy method using a platinum
plate. The Langmuir monolayers were prepared by spreading a
chloroform (Sigma Aldrich, analytical grade) solution of each phos-
pholipid (1 x 102 mol/L) on the surface of ultrapure water or eosin Y
solution (10° and 10™* mol/L) as subphase, which were kept at room
temperature (23 °C). Chloroform was allowed to evaporate for 15 min
prior to monolayer compression, performed at constant speed of 5 mm/
min. The exposure of unsaturated lipids to the air may trigger oxidation
of the monolayer, resulting in fluctuations of surface pressure [36]. No
precaution was taken here to prevent oxidation, but the reproducibility
of the results was ensured with the observed surface pressure variance
within + 2mN/m for a given molecular area. The irradiation
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experiments were performed at constant surface pressure (30 mN/m)
using a green LED (BRIWAX FFG-50 W / ca. 530 nm), positioned 15 mm
above the air/water interface, irradiating uniformly the entire area of
the Langmuir through (273 cm?), as illustrated in Fig. 1b.

The polarization-modulated infrared reflection-adsorption spectro-
scopy (PM-IRRAS) experiments were carried out in a KSV PMI550 (KSV,
Finland) trough, using an incidence angle of 81° with 8cm ™' of re-
solution. The incoming light is continuously modulated between s- and
p-polarization at a high frequency, allowing simultaneous measure-
ments for the two polarizations [24]. The detected signal gives the
differential reflectivity spectrum AR=(Rp - Rs)/(Rp + Rs), where Rp
and Rs are respectively the reflectivities for parallel and perpendicular
directions to the plane of incidence [37]. The effect of water vapor is
reduced due to the high frequency modulation between s and p polar-
izations of the incident beam, both simultaneously acquired in the
spectra [30,38]. Experiments were performed with phospholipid
monolayers on ultrapure water and eosin Y (10" mol/L) subphase at a
constant surface pressure of 30 mN/m. The reproducibility of the
spectra was assured to guarantee that changes observed are related to
the eosin Y interaction and further membrane hydroperoxidation.

Grazing incidence X-ray off-specular scattering (GIXOS) were per-
formed at the D10B:XRD-2 beamline of the Brazilian Synchrotron Light
Laboratory (LNLS). Experiments were performed in phospholipid
Langmuir films on ultrapure water and eosin Y (10> mol/L) subphase
with constant surface pressure (30 mN/m). The irradiation of the films
was carried out as previously mentioned. Basically, the synchrotron
horizontal beam (wavelength A. = 0.155 nm) is vertically deflected so it
can reach the air/water interface of the Langmuir trough at a grazing
incident angle («; = 0.12°), below the critical angle for total external
reflection for water (0.15°). The Langmuir film scatters the incident X-
rays creating a scattering pattern which depends on the electronic
density of the monolayer. This pattern is acquired using an area de-
tector (Pilatus 300k, Dectris, Switzerland) and the intensity is plotted as
function of the scattering vector q, (g, = 2—ﬂ(sin a; + sinay), where

i
a;(ag) is the incidence (scattering) angle of the X-ray beam.

3. Results and discussion
3.1. Eosin Y interaction with DPPC, POPC and DOPC Langmuir monolayers

The 5t-A isotherms for DPPC, POPC and DOPC Langmuir monolayers
on ultrapure water and eosin Y solutions (10> and 10 mol/L) are
displayed in Fig. 2, which also shows that neat eosin is not able to form
Gibbs monolayers due to its hydrophilic nature. An increase in eosin Y
concentration shifts the m-A isotherms toward larger molecular areas
owing to the eosin-phospholipid interaction. At 10”° mol/L, this shift for
DPPC occurred only in the liquid phase, with the isotherm coinciding
with that of a DPPC monolayer on ultrapure water at high surface
pressures, in the condensed phase. The eosin Y molecules have been
expelled from the DPPC monolayers suggesting that the DPPC-eosin
interaction leading to a change in area is not sufficient to withstand
high surface pressures. The increased concentration of eosin Y (10
mol/L) in the subphase favors the interaction with DPPC and a sig-
nificant displacement is observed in all the compressional stages.

Changes in DOPC and POPC nt-A isotherms are noted for the lower
eosin Y concentration (10~° mol/L), even at high surface pressures.
Indeed, the shifts in relative area per lipid [(A — Ag)/A,] are slightly
larger for unsaturated lipids at 10 ~° mol/L concentration, which might
indicate stronger interaction (Table 1). The saturated DPPC and un-
saturated POPC and DOPC share the same phosphatidylcholine head
group. Therefore, the unsaturation in the aliphatic chains of POPC and
DOPC is probably responsible for the differences in the interaction with
eosin Y. At room temperature (23 °C), both POPC (T, —2°C) and
DOPC (T,, = —17°C) are found in the fluid phase, where the chains
become more disordered and less packed [36]. The less tight packing
should facilitate eosin Y incorporation into the monolayer, similarly to
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Fig. 1. (a) Molecular structures of eosin Y and zwitterionic phospholipids DPPC, POPC and DOPC. (b) Schematic representation of the setup used for the Langmuir

film irradiation.

what was observed for antimicrobial peptides [39,40]. Similar shifts in
relative molecular area are observed for all the phospholipids at 10
mol/L, which might indicate a saturation of the number of eosin Y
molecules that actually interact with the monolayer.

The nature of the molecular-level interactions involving eosin Y was
probed with the surface-specific PM-IRRAS method, whose spectra on
ultrapure water and eosin Y (10~° mol/L) subphase for DPPC and
DOPC are shown in Figs. 3 and 4, respectively. The results for POPC are
similar to those of DOPC monolayers and will not be shown. The as-
signments of the main vibrational modes are given in Table 2 along
with the shifts induced by eosin Y and further irradiation. Although
slight modifications were observed in the surface pressure experiments
(Fig. 2a) at 10> mol/L of eosin Y concentration, both head group and
tails were affected by eosin Y-DPPC interaction (Fig. 3). The antisym-
metric stretching CN* (CHs); shifted from 964 to 944 cm™, suggesting
that electrostatic interactions should bring the anionic eosin Y [41] to
the surroundings of the positively charged choline group (Fig. 3b). The
symmetric P=0 stretching v,(PO, ) at 1080 cm™ shifted to 1100 cm™
while the C—O—PO, stretching at 1057 cm™ had its intensity sig-
nificantly increased. Changes in the vibrational modes of phosphate
groups suggest that H-bonding with the surrounding water molecules
was affected by eosin [42,37]. The v(C=O0) stretching is centered at
1735 cm™, but the exact position depends on the hydration of the head
groups and the polarity of the medium. Eosin Y shifts v(C=0) from
1735 em™ to 1727 cm™, which is evidence of hydrated carbonyl ester

Table 1

Relative shifts in the mean molecular area [(A-Ag)/Ao] at 30 mN/m. Ay and A
are the extrapolated areas for ultrapure water and eosin Y solutions (10~ * and
10°® mol/L), respectively.

Eosin Y concentration Relative Shift

mol/L DPPC POPC DOPC
10°* 0.37 0.34 0.36
10°° 0.04 0.09 0.06

groups [43], similarly to reports for monovalent ions and other pho-
tosensitizers [44]. Changes in the CH, stretching are illustrated on the
right panel in Fig. 3a and suggest little penetration of eosin Y molecules
into hydrophobic chains [45]. The vs(CH,) at 2847 cm’! shifted to
2855 cm™ while v,,(CH,) remained unaltered at 2924 cm™. The in-
tensity ratio between the symmetric (I5, 2847 cm™) and antisymmetric
CH, stretching (I, 2924 cm™) decreased from 0.54 to 0.31, thus in-
dicating an increased order of the hydrocarbon chains owing to eosin Y
[45]. Although similar findings were reported for other dyes with the
ability to organize lipid monolayers [46], this behavior is opposite to
the increased disorder of DPPC chains in monolayers interacting with
erythrosin B [31]. Given the higher electrophilic character of erythrosin
B [35], stronger electrostatic interactions could have been established
with the monolayer headgroups, capable of causing an increased
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Fig. 2. n-A isotherms for (a) DPPC, (b) POPC and (c¢) DOPC Langmuir monolayers on ultrapure water and eosin Y solutions (10~% and 10™* mol/L).

684



L.S.A. Pereira et al.

Colloids and Surfaces B: Biointerfaces 171 (2018) 682-689

(a) PM-IRRAS spectra of DPPC monolayers
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Fig. 3. (a) PM-IRRAS spectra of DPPC monolayers acquired at constant surface pressure (30 mN/m) on ultrapure water and eosin Y (10~ ° mol/L) subphase. (b)
proposed model for DPPC-eosin interaction. The DPPC monolayer at the air/water interface and upon eosin Y interaction is depicted on the left and right panel,
respectively. The positive and negative signs in phospholipid heads represent the choline and phosphate groups, respectively.

disorder of the monolayer chains. The weaker interactions might have
limited eosin Y adsorption to the choline groups, forming a headgroup
sublayer which would induce order in the hydrophobic tails. Indeed,
Eosin Y at 10" mol/L caused almost no change in the isotherm and the
ordering in the lipid tails would counterbalance the expected increase
in area per molecule with eosin Y adsorption. Fig. 3b depicts the pro-
posed model for eosin Y interacting with DPPC monolayer, based on the
surface pressure and PM-IRRAS data.

The interaction between eosin Y and DOPC differs from that of
DPPC, mainly due to the unsaturation of the DOPC chains, consistent
with the surface pressure data. For instance, the intensity of the choline
group v,s(CN*(CHs)3) at 971 cm ™! was significantly reduced by elec-
trostatic interaction with eosin Y, as shown on the left panel of Fig. 4a.
The v(PO,”) at 1079cm™! shifted to 1088cm™' while the
C—0—PO,"~ stretching at 1034 cm ™" shifted to 1057 cm ™. The vi-
brational modes of phosphate group are amenable to H-bonding with
the surrounding water molecules and eosin Y appears to have disrupted
it, as it occurs for DPPC monolayers. Also interesting is the increased
intensity of the band at 1532cm™! assigned to the xanthene ring
stretching [47], which shows that eosin Y molecules coming from the
aqueous subphase penetrate into the DOPC monolayer. The small bands
between 1600 - 1700 cm™ should be attributed to the difference in
reflectivity of the water interface when covered with the monolayer.
The bands of the alkyl chains within 2800-3000 cm ~ ! are displayed on
the right panel of Fig. 4a. The v(HC=CH) stretching appears at 2992
cm™ while the antisymmetric v,(CH,) and symmetric vs(CH,)
stretching are found at 2929 and 2847 cm ™!, respectively. Eosin Y

adsorption shifts vs(CH,) to 2866 cm ™. Furthermore, the I/l ratio
increased from 0.22 to 0.33 which means a decreased order of the
monolayer chains [48]. Taking these results together with the increased
intensity of v,s(CH3) stretching at 2964 cm™! and the shift of
v(HC=CH) to 3025 cm ™!, one may conclude that modifications in-
duced by eosin Y are more drastic on DOPC than for DPPC monolayers.
Although the modifications in the PM-IRRAS spectra of DOPC may
suggest penetration of eosin Y into the aliphatic chains, it may not be as
strong as observed for erythrosin B [31]. Due to the higher lipophilic
character, erythrosin B has been efficient in penetrating DOPC chains
[35,49], which might have decreased the repulsion over the unsatura-
tions and increased the chain order. It is presumable that eosin Y could
be inserted up to the phosphate region of the head groups, with less
penetration into the aliphatic chains. Therefore, the electrostatic re-
pulsion of the unsaturated chains is not decreased, and the presence of
eosin Y contributes to a smaller chain order, as depicted in Fig. 4b.
We note that the PM-IRRAS spectra were taken only for the 10~°
mol/L because we found in subsidiary cell culture experiments that the
effects of this concentration were equally large to those of the higher
10" mol/L concentration. Also, eosin Y exhibited higher photodynamic
efficiency than erythrosin B. With the experiments using Langmuir
films, we cannot establish unequivocally the reason for this difference
in photodynamic efficiency, particularly because experiments involving
membrane permeability could be required. Nevertheless, the different
interaction mechanisms between eosin Y and erythrosin B with lipid
membranes might be in the origin of the photodynamic efficiency.
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(a) PM-IRRAS spectra of DOPC monolayers
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Fig. 4. () PM-IRRAS spectra of DOPC monolayers at a surface pressure of 30 mN/m on ultrapure water and eosin Y (10~ > mol/L) subphase before and after
irradiation. (b) proposed model for DOPC-eosin Y interaction. A pictorial view of the structuring of DOPC molecules at the air/water interface and upon eosin Y
interaction is depicted on the left and right panel, respectively. The positive and negative signs in phospholipid heads represent the choline and phosphate groups,
respectively. The spectra were shifted vertically — with baselines at distinct levels - to facilitate visualization.

Table 2

Assignments of the main vibrational modes in DPPC and DOPC spectra along with the shifts induced by eosin Y and further irradiation.
DPPC (cm ™ 1) DOPC (cm™ 1) Assignment
DPPC DPPC + eosin DOPC DOPC + eosin DOPC + eosin + irradiation
- - 2992 3025 3024 o(HC = CH)

- 2964 2942 0a5(CH3)

2924 2924 2929 2924 2916 0,5(CH3)
2847 2855 2847 2866 2862 vs(CHy)
1735 1727 1736 1729 1736 o(C=0)
1462 1462 - - - 8(CHo)
1227 1227 1220 1220 1215 0a5(PO2 )
1166 1166 1170 1172 1166 0,5(C-0-C)
1080 1110 1079 1088 1096 v5(PO57)
1057 1057 1034 1057 1058 v(C-0-PO;7)
964 944 971 979 977 Vas(CN ¥ (CH3)3)
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Fig. 5. Relative increase [A = (irradiated monolayer) — (non-irradiated monolayer)] in molecular area of (a) DOPC and (b) POPC monolayers at 30 mN/m.

3.2. Photosensitization of the Langmuir monolayers

The photo-oxidation effects over the membrane properties were
evaluated by irradiating (A = 530 nm) the DPPC, POPC and DOPC
Langmuir films on 10 ~° mol/L of eosin Y subphase. Experiments were
limited to this concentration (not including 10 mol/L) for the same
reason given above. In control experiments we noted that the neat
DPPC, POPC and DOPC monolayers (on ultrapure water, no eosin Y
included) are not affected by irradiation. The surface area of the irra-
diated and non-irradiated monolayers was monitored at a constant
surface pressure of 30 mN/m for these monolayers on an eosin-con-
taining subphase. DPPC monolayers (results not shown) were not af-
fected by irradiation, unlike POPC and DOPC monolayers. A significant
trend of surface area decrease (Fig. SI1) is observed over time for both
POPC and DOPC non-irradiated films, which might be related to loss of
material to the subphase triggered by monolayer oxidation by reactive
species in the air [50]. The slope of the curves is inverted under irra-
diation suggesting an increased area per phospholipid molecule. The
net effect of relative area increase [A = (irradiated monolayer) — (non-
irradiated monolayer)] for POPC and DOPC monolayers is plotted in
Fig. 5a and b, respectively. Under irradiation, eosin Y generates singlet
oxygen (*0,), a reactive specie capable of oxidizing biological targets
[51]. Reactions of 10, with the unsaturated bonds of the lipid chains
generate hydroperoxide —OOH groups, which are hydrophilic and can
migrate toward the polar head groups of the lipid [20,52-57]. Larger
molecular areas are occupied by hydroperoxidized lipids, which may be
the explanation for the overall surface area increase. The relative area
increase of ca. 16% for DOPC is slightly larger than the ca. 12% for
POPC monolayers. The origin of this difference is the presence of one
unsaturated bond in both DOPC hydrocarbon chains, compared to only
one unsaturated chain in POPC. The latter suggests that a fully hydro-
peroxidized DOPC monolayer has, on average, more hydroperoxide
groups in the vicinity of the monolayer-water interface. Compared to

erythrosin B [31,52], the relative surface area increase induced by
photo-activated eosin Y is slightly smaller, which can be explained by
the lower 0, quantum yield (PAcrytrosin ~ 0,62 and PAcosin ~ 0,59)
[49].

Irradiation of DOPC monolayer containing eosin Y induces sig-
nificant changes in the PM-IRRAS spectra, as shown in Fig. 4, unlike
DPPC monolayers. For instance, the relative intensity of the v(C-O-
PO, ") at 1058 cm™ increased in relation to vs(PO, ™), and shifted from
1088 to 1096 cm™’. Analogously, the relative intensity of v,,(C—0—C) at
1166 cmincreased compared to that of v,(PO,”) at 1220 cm™.
Changes in the P=0 vibrational modes indicate that H-bonding be-
tween phosphate groups and water molecules is affected. In addition,
hydroperoxide-containing lipids are likely to form hydrogen bonds with
phosphate groups, which is consistent with the presence of hydroper-
oxides at the monolayer/water interface [56]. The xanthene ring band
at 1532 cm™ appears to indicate that eosin Y molecules remain at the
monolayer, even after hydroperoxidation. Regarding the hydrophobic
chains, v,,(CH,) stretching shifted from 2924 to 2916 cm™ and had the
relative intensity decreased compared to v,s(CH3) at 2942 cm™. It is
worth mentioning that propagation of hydroperoxidation reaction may
lead to the cleavage of the aliphatic chain near the original position of
the unsaturation [22,58-60]. However, the v(HC=CH) band at 3024
cm™ indicates that this was not the case and most of the chains remain
uncleaved.

Further evidence of lipid hydroperoxidation arises from the change
in monolayer thickness as the area per phospholipid increased [21,61].
Fig. 6 displays the grazing incidence X-ray off-specular scattering
(GIXOS) for DPPC, POPC and DOPC Langmuir monolayers on 10~ °
mol/L of eosin Y subphase before and after irradiation. The position of
the first minimum in the GIXOS signal (g,™") corresponds to destruc-
tive interference of the light scattered in the polar heads and aliphatic
chains of the monolayer. The distance from the air/alkyl chain interface
until the maximum electronic density of the polar heads can be
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212] 210 £10]
@ ] g 0.9 | § 0.9
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] 0.7 - 0.7
0.6 +—+—+—r——1—7T—T—1 " - - . . . - ‘ '
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Fig. 6. GIXOS collected from (a) DPPC, (b) POPC and (c) DOPC monolayers at 30 mN/m onl0~°mol/L of eosin Y subphase before and after irradiation. The solid

lines correspond to the data fitting with Savitzky Golay.
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Langmuir monolayer thickness determined using Kjaer’s [62] equation. The thickness corresponds to (I + %IH), i.e., the distance from the air/alkyl chain interface

until the central position of the headgroup region.

Langmuir monolayers at 30 mN/m

DPPC POPC DOPC
Eosin Y qgnin (nm) Thickness (nm) Eosin Y qzmin (nm) Thickness (nm) Eosin Y qzmin (nm) Thickness (nm)
(mol/L) (mol/L) (mol/L)

10°° 2.48 1.90 1073 2.90 1.62 10°° 2.93 1.60

10~ irradiated 2.46 1.91 10~ ° irradiated 3.38 1.39 10~® irradiated 3.35 1.40

calculated with Kjaer’s [62] equation:

3
(i +31,)

where 17 and 1y are the thicknesses of hydrocarbon chains and polar
head group, respectively. The latter approach provides an approxima-
tion of film thickness, valid for monolayers made of amphiphilic mo-
lecules. While DPPC monolayers in Fig. 6a are not affected by eosin Y
photo-activation, the position of q,™ is displaced toward larger values
for POPC (Fig. 6b) and DOPC (Fig. 6¢) films, indicating a decrease in
monolayer thickness (cf. Table 3). The correlation between surface area
increase and decrease in membrane thickness is certainly not straight-
forward, but the experimental evidence of lipid hydroperoxidation re-
ported here agrees with the pioneering molecular dynamics (MD) si-
mulations of lipid bilayers containing oxidized phospholipids [56].

min ~

EE

4. Conclusions

Simplified models of cell membranes based on Langmuir mono-
layers combined with the surface-specific PM-IRRAS technique allowed
us to access the molecular mechanism of interaction between eosin Y
and zwitterionic DPPC, POPC and DOPC phospholipid monolayers.
Electrostatic interactions with the positively charged choline groups in
the phospholipid head groups favored adsorption of the anionic eosin Y.
The less packed DOPC and POPC monolayers allowed penetration of
eosin Y into the monolayer, favoring further singlet oxygen (O,)
generation in the vicinity of the double bonds, which is essential for
photodynamic efficiency. Upon irradiation, the increase in surface area
inferred from m-A isotherms of DOPC and POPC monolayers is con-
sistent with the reaction between 'O, and unsaturations leading to
hydroperoxide formation. Indeed, the shifts in PM-IRRAS bands in both
head group and aliphatic chain vibrational modes agree with the mi-
gration of hydroperoxides from the hydrophobic core of the membrane
toward the water/monolayer interface. Also consistent with lipid hy-
droperoxidation is the decrease in membrane thickness inferred from
GIXOS measurements for DOPC and POPC monolayers. Taken together,
these results shed light on the molecular mechanisms of cell membrane
photo-oxidation, which is relevant not only for photodynamic therapy
(PDT) applications but also for many other fields of life sciences and
health.
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