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Abstract—In this work, we study the interaction of a well-known photosensitizer, MePha, with models of
biological membrane (Langmuir monolayers and Langmuir—Schaeffer planar bilayers) based on one of the
most important natural lipid, POPC, for the subsequent investigation of photodestruction processes in a con-
text of photodynamic therapy treatment. Changes of macroscopic properties and morphology of
POPC/MePha model membranes upon irradiation by visible light are recorded by means of contact angle
measurements and atomic force microscopy, demonstrating clearly the possibility to use these methods for
the study of photodestruction of artificial lipid membranes on solid substrates, but also for a comparative

study of the efficiency of novel photosensitizers.

INTRODUCTION

Photodynamic therapy (PDT) of oncological dis-
eases is one of the most promising and widely studied
fields of medical chemistry. PDT is based on the pen-
etration of a photosensitizer (PS) in cells, followed by
its photo-irradiation and the formation of free-radical
oxygen metabolites, able to induce irreversible pho-
todamages and to oxidize biomolecules, and conse-
quently to destroy tumor and its surrounding vascula-
ture [1]. However, despite the large number of publi-
cations devoted to the development of new PDT
drugs, detailed mechanism of the effect of active forms
of oxygen on cell organelles and membranes is still rel-
atively unknown.

Experimental studies in this field are carried out
either on living cells [2—4] or on systems modelling the
cell components, particularly their lipid membranes
[5—13]. One of the key approaches used in this regard
is the use of liposomes, PS being introduced during
the bilayer formation process or after by insertion [7—
9, 13, 14]. Afterwards, upon irradiation by light with
the required wavelength, PS starts generating active
oxygen forms, causing membrane damages which can
be observed by various physico-chemical methods.
Another approach for modelling of PDT processes is
based on black lipid membranes including PS, formed

! The article was translated by the authors.

at the level of a small hole drilled in a flat substrate and
separating two aqueous phases [15—17]. In this case,
changes in membrane permeability or electrical resis-
tance can be studied.

From this standpoint, lipid bilayers formed on solid
supports are especially interesting. In these systems, lip-
ids are either tethered to the substrate [18—22], or stabi-
lized on it due to strong adhesive interactions [19, 23—
26]. In this regard, it can be deemed most efficient to
employ the Langmuir—Blodgett (LB) and Langmuir—
Schaeffer (LS) methods, which make possible to form
and to study lipid bilayers, stable if they are kept in con-
tact with an aqueous phase, with various inclusions, on
virtually any solid hydrophilic supports [19, 20, 27—35].

Thus, in the present work we aim to develop
a method to form model lipid bilayers from Langmuir
monolayers based on 1-palmitoyl-2-oleyl-phosphati-
dylcholine (POPC) and to study the process of their
photodestruction in the presence of pheophorbide a
methyl ether (MePha) by means of combined atomic
force microscopy (AFM) and wetting angle measure-
ments. Moreover, the aims of the work include estima-
tion of the possibility to investigate the process of
bilayer photodestruction in such a way, before widen-
ing it to other PS.



Fig. 1. Chemical structures of (a) MePha and (b) POPC.

RESULTS AND DISCUSSION

Lipid POPC (Fig. 1) was chosen as a model lipid
for the formation of the monolayers and bilayers
because it acts as a main structure-forming lipid in a
large number of live cells, and also due to the large
amount of available literature on its behavior in mono-
and bilayers. Moreover, as shown previously by AFM
[30] this lipid can be oxidized, being thus a plausible
target in PDT modeling.

MePha (Fig. 1) is a convenient model PS due to its
previously demonstrated high efficiency and the fact
that its properties are well-studied [36, 37].

On a first stage, we investigated monolayers of pure
MePha at the air/water interface. Reproducibility of
compression isotherms (Fig. 2), coherent mean
molecular areas and absorbance spectra indicates that
MePha forms stable monolayers at the air-water inter-
face, with probably negligible dissolution in aqueous
subphase, formation of multilayers or micellation.
This fact creates positive premises for its possible use
in mixed monolayers with POPC lipid.

Mean molecular area corresponding to the start of
surface pressure increase (around 130 A2) was found to
be significantly lesser than the expected value taking
into account the planar chemical structure of MePha,
suggesting that the long axis of PS in the monolayer is
oriented perpendicularly relative to the subphase sur-
face. This assumption agrees well with the MePha
monolayer absorbance spectra (Fig. 3, set of curves 2),
which indicate the formation of stacking aggregates:
position of all spectral bands is significantly batochro-
mically shifted (from 30 to 50 nm) as compared to the
absorbance spectrum of the forming solution in chlo-
roform (Fig. 3, curve I). Moreover, ratios of the inten-
sities of individual components of these spectra also
differ significantly and monolayer spectra intensity
logically increases with surface pressure.

As it is well known, aggregated state of PS can
inhibit generation of active oxygen forms [37—39].
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Fig. 2. Individual MePha monolayer isotherm.

One of the most efficient ways to inhibit aggregation is
inclusion of PS into highly organized matrix [38], and
ordered Langmuir lipid monolayers can be used in this
way.

Thus, on the next stage of this work, we studied
mixed POPC : MePha monolayers at various molar
ratios at the air-water interface (Fig. 4). Mean molec-
ular areas are calculated by POPC molecule taking
into account the lipid concentration after the dilution
of this solution by the PS one. The isotherm of pure
POPC is in agreement with isotherms previously
shown [35], showing that this lipid is in a liquid
expanded phase state during compression. The pres-
ence of MePha at increasing ratio shifts the isotherm
to higher mean molecular areas, indicating that
MePha is inserted in the monolayer. The high shift
compared to the mean molecular areas on pure
MePha isotherm suggests that POPC favors the
spreading of PS at the interface in a surface parallel
orientation, avoiding aggregates at the same time. This
hypothesis is supported by absorbance spectra (Fig. 5).
Mean molecular areas of the start of surface pressure
increase on isotherms for monolayers with ratios of
POPC : MePha from 20 : 1 to 4 : 1 (Fig. 4) indicate
good compatibility of the components. These results
allow us to assume that POPC facilitates spreading of
PS on the interface and inhibits its aggregation as well.

Indeed, spectra of PS included in such mixed
monolayers (Fig. 5) significantly differ from spectra of
pure MePha monolayer: first, bands appear on the
whole at similar wavelengths to ones in the PS solution
spectrum (a bathochromic shift of 5 nm is observed,
probably due to changes of polarity of the environment
happening upon transition from bulk to two-dimen-
sional air/water interface); secondly intensity ratios of
separate spectral bands are analogous to those
observed in PS solution. At last, compression of such
monolayer does not lead to any significant spectral
change. All these facts indicate inhibition of MePha
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Fig. 3. Absorbance spectra of (/) MePha chloroform solution and (2) its pure monolayer during compression.

aggregation in the mixed monolayer and its predomi-
nant existence in lipid matrix in monomeric form in all
the surface pressure range (0—30 mN/m).

However, the absence of aggregates does not
explicitly indicate a homogenous distribution of PS in
the lipid matrix. Thus, in order to determine the opti-
mal composition of the monolayer, mixed monolayers
with various POPC : MePha molar ratios were trans-
ferred onto quartz substrates by the Langmuir—
Blodgett—Schaeffer method. Obtained lipid bilayers
containing MePha were studied using fluorescence
microscopy.

Typical fluorescence images are shown on Fig. 6.
They demonstrate that despite the general homogene-
ity of the samples (at the resolution of fluorescence
microscopy), increase of MePha content up to 10
mol% (POPC : MePha 10 : 1) leads to the formation
of areas characterized by increased PS fluorescence
intensity as compared to surrounding phase. Most
probably, these areas are due to local crystallization of
PS in the film. At POPC : MePha molar ratio 20 : 1
such heterogeneity is not observed. On the contrary,
change of molar ratio in favor of PS (POPC : MePha
1: 2) leads to significant enlargement of the areas with
increased fluorescence intensity, which confirms the
role of excessive concentration of PS in the process of
formation of observed crystal-like defects.

Overall homogeneity of the macroscopic lipid
bilayer structure containing 5 and 10 mol% of PS is
also confirmed by contact angle measurements: con-
tact angles are similar in the case of pure POPC bilay-
ersand POPC : MePha (10: 1 or 20 : 1) bilayers in the
absence of irradiation (Fig. 7).

In order to study the process of photoinduced degra-
dation of the model lipid membranes containing PS,
samples were exposed to irradiation by visible light in a

wavelength range of 350—800 nm during 60—150 min.
Contact angle values of water droplets were measured
at different steps of the exposure (Fig. 7). In the case
of pure POPC bilayers, contact angle increases of only
1° after 60 min of exposure, showing that the integrity
of the bilayer is maintained. On the contrary in the
presence of PS, contact angles increase significantly
with exposure time, showing that the surface becomes
more hydrophobic. This effect is probably due to the
destruction of the upper layer of the lipid bilayer and
the resulting uncovering of hydrophobic alkyl chains
of POPC of the lower monolayer in contact with the
substrate. At last, the increase of contact angle is not
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Fig. 4. Compression isotherms of POPC : MePha mono-
layers with molar ratios: (/) 4:1,(2) 10: 1, (3) 20: 1 (mean
molecular area being calculated per POPC molecule), and
(4) compression isotherm of pure POPC.
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Fig. 5. Absorbance spectra of (/) MePha chloroform solution and (2) mixed POPC : MePha monolayer with a molar ratio of 10 : 1

during compression.

significantly different between bilayers containing 5
and 10 mol % of PS, rising to 5° and 7°, respectively.
This could be due to the fact that bilayers containing
10 mol % of PS contain also more aggregates, which
can inhibit generation of active oxygen forms, as pre-
viously mentioned [37—39]. Finally, these results sup-
port the correlation between the PS concentration and
the photodestruction of POPC bilayer.

AFM was used for a further detailed study of mor-
phological changes occurring in lipid bilayers upon
irradiation. Figure 8 shows first typical AFM images
obtained for control POPC bilayer during irradiation
by visible light in the 0—150 min range. In the absence
of exposure, height images show the presence of small
“spots” regularly distributed. The contrast inversion
in corresponding phase images shows that these areas
are also more dissipative, and thus more “soft”.
Height profiles (Fig. 9a) confirm the presence of areas
higher than the surrounding phase, with a step of 0.2—
0.3 nm. This value, clearly lower than the POPC size,
suggests that these spots are not due to areas organized
in bilayer with a surrounding phase organized in
monolayer. After irradiation, AFM images and height

Fig. 6. Typical images (500 % 400 nm), obtained by fluo-
rescence microscopy of mixed planar bilayers with variable
POPC : MePha ratios (from left to right: 1:2, 10: 1,20 : 1).
Excitation and emission are in the wavelength ranges of at
335—448 nm and 600—800 nm, respectively.

profiles demonstrate that irradiation of POPC bilayers
does not lead to any significant changes of the surface
(Fig. 8).

In the case of POPC : MePha bilayers in the
absence of exposure (Fig. 10), AFM height images are
homogenous, but phase ones reveal the presence of
domains regularly distributed, some of them having
larger dimensions than those previously observed in
the absence of PS. After 60 min of exposure to light,
these domains become observable with a “spongy”
texture in height image (Fig. 9b, curve 2). Height pro-
files show that, these “spongy” domains are higher of
around 1 nm. On corresponding phase images,
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Fig. 7. Dependence of contact angles of water droplets
deposited onto POPC : MePha bilayers upon enduring
irradiation by visible light: (/) control POPC bilayer, and
mixed bilayers with POPC : MePha (2) 20 : 1 and (3) 10 :
1 molar ratios.
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Fig. 8. AFM images of the control POPC bilayer without PS: (a) height images, (b) phase images. From left to right: 0, 60, and
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Fig. 9. Typical height profiles of (a) pure POPC bilayer and (b) POPC bilayer containing 10 mol% of MePha (/) before irradia-
tion, and after (2) 60 and (3) 150 min of exposure to visible light.

domains are still visible but with an inverted contrast
as compared to the previous phase images. This sug-
gests that domains after exposure are more rigid than
the surrounding lipid phase. Additionally, photode-
struction of the bilayer occurs in an analogous way on
the whole area of the film, manifesting through the
appearance and the increase of number of small dark
spots on the phase images, which confirms relatively
uniform distribution of the PS in bilayer.

At last, surprisingly, these domains seem to disap-
pear after 150 min of exposure to light, height profiles

showing a decrease of the steps. Moreover, they show
that the degradation process has a quite complex
nature. The presence of PS combined with light expo-
sure could lead, in a first step, to the formation of
degraded products of POPC, such as oxidized deriva-
tives. Indeed, it has been shown that air oxygen is able
to cause POPC oxidation into planar monolayers. The
higher polarity of oxidized chains causes their reversal,
raising the molecule above the plane of the monolayer
and leading to a local increase of 0.8 nm [30]. This
value is in agreement with the value of 1 nm observed
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Fig. 10. AFM images of a mixed POPC : MePha 10 : 1 bilayer. (a) Height images, (b) phase images. From left to right: 0, 60, and

150 minutes of exposure to visible light, respectively.

in the height profile of POPC : MePha bilayers
exposed to light during 60 min (Fig. 9b, curve 2).
A further exposure would lead to a re-organization of
molecules in the plane of the bilayer and further
molecular degradation.

CONCLUSIONS

Photodestruction of model lipid bilayer based on
POPC and MePha photosensitizer by active oxygen
forms was observed upon irradiation with visible light
at wavelengths of 350—800 nm. The composition of
mixed lipid bilayer was optimized based on surface
pressure measurements, contact angle measurement
and fluorescence microscopy. It was shown in partic-
ular that the value of contact angle of water droplets on
the surface of these bilayers reflects well the process of
their photodestruction induced by MePha PS.
Changes of morphology of mixed planar bilayers upon
light exposure was also studied using AFM, revealing
a likely complex process involving chemical degrada-
tion and reorganization of lipids and PS.

The possibility to employ the proposed approach to
study the mechanism of sensitized photodestruction
of lipid membranes and comparative evaluation of the
effectiveness of photosensitizers developed for photo-
dynamic therapy is demonstrated.

EXPERIMENTAL

Methyl ether of pheophorbide a (MePha) is a chlo-
rophyll a derivative obtained according to a known
procedure [40].

Lipid POPC (1-Palmitoyl-2-oleoylphosphatidyl-
choline) was acquired from Sigma-Aldrich (295.5%
(GC), 298% (TLC)).

Langmuir mini-trough from KSV (Finland) with a
surface area of 273.0 cm? was used for surface pressure
measurements. The trough is made of Teflon whereas
barriers are made of hydrophilic polymer polyacetal.
Compression isotherms were recorded using an auto-
mated Langmuir balance and a platinum Wilhelmy
plate. Before experiments Langmuir trough was
cleaned by acetone, chloroform, and distilled water,
and polyacetal barriers by ethanol and distilled water.
Monolayers were spread on ultrapure water from solu-
tions at 1 mM in chloroform for PS and in chloro-
form/ethanol (v/v) for POPC. All solvents were
HPLC grade. Experiments were performed at 25°C.

Model lipid bilayers (pure POPC or POPC : PS
ones) were formed by Langmuir—Blodgett—Schaeffer
technique onto quartz or mica substrates. At first
stage, vertical transfer according to Langmuir—
Blodgett technique was carried out at a constant sur-
face pressure of 20 mN/m, which provides orientation
of hydrophobic parts of the molecules outwards from
the substrate. Then, according to Langmuir—Schaef-



fer method, a second layer was transferred onto hori-
zontally oriented substrate bearing the first single-
layer film, resulting in the contact of hydrophobic
parts of the lipids between the two layers.

UV-vis absorbance spectra of solutions were
recorded in the range of 190—900 nm using a UV 2450
PC Shimadzu (Japan) spectrophotometer.

Absorbance spectra of monolayers at the air/water
interface during compression were obtained using an
AvaSpec-2048 (Netherlands) fiber optic spectrome-
ter. Our device allows to record the absorbance spectra
in situ directly upon compression of the monolayer,
according to the technique described previously [41].

Fluorescence images of POPC : PS planar bilayers
transferred on quartz substrates were obtained using
an device including a LOMO MIKMED-2 microscope
equipped with mercury lamps (DRS 100, HBO 100 W/2)
and light filter holders for excitation (FS-1-8, wave-
length range of 335—448 nm) and emission (KS-11
wavelength range of 600—800 nm), and an Olympus
XC50 camera. Integration time usually amounted
from 10 to 25 s. No less than 3 images in 7 different
places were obtained for each sample. Due to high
numerical aperture of the objectives, resolution of the
device was in the range of 0.4—0.6 pm.

Contact angle values were determined using the
Contact Angles Measurement System-101 from KSV
(Finland). The device is equipped with a high resolu-
tion optical camera, a high intensity red lamp and an
objective stage. Droplets of distilled water were depos-
ited onto different places of the sample and average
wetting angle values were calculated using KSV-
Cam100 software (4—5 measurements per sample).

Bilayers for AFM studies were transferred onto
high quality and freshly cleaved mica. These studies
were conducted on a Multimode V (Veeco, USA)
microscope, equipped with a Nanoscope I1la control-
ler and TESP brand AFM tips (standard geometry,
needle height 10 um, point radius 5 nm). All measure-
ments were done in tapping mode. Several images
through all the sample area were performed. Process-
ing of the AFM data and height profile acquirement
were done using Gwyddion 2.45 software package.
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