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Abstract To achieve better understanding of anticancer photosensitizing efficiency
and cellular membrane location ability, a study of hematoporphyrin and phospho-
lipids in a dye and in a mixture of a dye and lipids in volumetric and 2D systems
was performed. By means of steady-state absorption, fluorescence, and time-resolved
optoacoustic spectroscopy, the fluorescence quantum yield, the fraction of absorbed
energy converted into heat on a subnanosecond timescale, the efficiency of the dye’s
triplet-state population, and singlet oxygen generation characteristics of the dye were
determined in chosen organic solvents. On the basis of the isotherms of hematopor-
phyrin and its mixture with phospholipid in Langmuir monolayers, the excess area,
excess Gibbs energy, and compression modulus were estimated and the molecular
interactions in the model systems investigated were discussed.
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1 Introduction

The molecular structure of porphyrins to a high degree determines their ability to pene-
trate and interact with amphiphilic and anisotropic cell membranes [1,2]. Investigation
of certain biological models helps the selection of better sensitizers for biomedical
purposes including photodynamic therapy (PDT) of cancer and its diagnosis.
Hematoporphyrin (HP), an iron-free derivative of heme, was the first commercial
but not perfect photosensitizing substance used in clinical treatment [3,4]. The effec-
tiveness of HP and its derivatives acting as photosensitizers is known to depend on the
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aggregation form of the dye [5,6] and its localization in pathologically changed cells
[7,8].

Important properties of sensitizer molecules, such as the wavelength of absorption,
yields of triplet-state formation, and singlet oxygen generation determine the dye
phototoxicity and considerably change according to micro-environment interactions
[9]. Recently, it has been shown that an understanding of the interactions between the
photosensitizer and components of the biological membranes such as lipids is essential
for PDT effectiveness [10,11].

The results of our experiments permitted estimation of photophysical and thermo-
dynamic parameters of HP and its mixture with phospholipids in organic solvents
whose presence can modify the dye—solvent molecular interactions with the environ-
ment, and so also in a 2D monolayer at the air—water interface, which can be treated as
a model of a biological membrane. The Langmuir method of the production of mono-
layers on the water subphase permits investigation of the incorporation and interaction
of the photoactive molecules in biological membranes [10], determining their in vivo
activity.

This study was undertaken to check the influence of the environment on the photo-
physical and thermodynamic parameters of HP in volumetric and 2D model sys-
tems to better understand its photosensitizing mechanism. By means of steady-state
absorption, fluorescence, and time-resolved laser-induced optoacoustic spectroscopy
(LIOAS), characterization of HP was performed. Photophysical properties of a dye,
such as the aggregation state, efficiency of fluorescence, intersystem crossing, and
energy transfer to oxygen were established. In addition, the aim of this study was
to identify the interactions between HP and phospholipids to develop the strategies
in PDT based on the incorporation of photoactive dyes into unilamellar membranes
of water-soluble dye carriers. Therefore, the thermodynamic properties of HP in a
dye and mixed dye-phospholipid monolayers were studied. The analysis performed
of the surface pressure versus mean molecular area curves, i.e., (m—A) isotherms pro-
vided information about miscibility, stability, phase transitions, and organization of
the molecules investigated.

2 Measurements

Hematoporphyrin, a dye of purity >60 % HPLC was purchased from Fluka, and syn-
thetic phospholipids (DPPC), 99 % pure, were purchased from Sigma-Aldrich. These
components were used without further purification.

For estimation of the fluorescence yield for HP dissolved in chosen organic sol-
vents, absorption and fluorescence spectra were measured on a Cary 4000 and a Hit-
achi F4500 spectrophotometers, respectively. As a fluorescence reference, chlorophyll
a was used. By means of the LIOAS method, time-resolved photothermal signals
were recorded. Technical specifications and more details of LIOAS apparatus were
described elsewhere [12]. For LIOAS experiments, HP was dissolved in acetone, eth-
anol, and methanol (purchased from POCH, Poland). A calorimetric reference was
ferrocene (FC), purchased from Sigma-Aldrich, chosen because of its spectral proper-
ties. All measurements were carried out at ambient temperature; additionally, LIOAS
measurements were performed in an air and argon atmosphere.
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One- or two-component monolayers were prepared by spreading dye or lipids and
their mixtures (v:v) for different molar fractions (MF) from chloroform solutions on
the pure water subphase (pH 5.3 and resistivity 18.2 M2 - cm). The stock concentra-
tions of the compounds used to prepare the mixtures was 0.1 mM. Compression (7—A)
isotherms were recorded by means of a KSV-2000 system. All monolayer experiments
were carried out in dim light. The surface pressure was measured indirectly using a
Wilhelmy plate. Monolayers were compressed symmetrically using hydrophilic bar-
riers at a constant rate of 5 mm - min~!. Each isotherm presented is an average curve
collected from three independent measurements.

On the basis of the isotherms, the thermodynamic parameters [13] were calculated,
such as: the excess area, the excess Gibbs energy (to analyze the miscibility and inter-
actions between components of the formed monolayer), and the compression modulus
(in order to understand phase transitions and isolation and description of molecular
interactions). These parameters are defined below.

The excess area (A A) was determined using Eq. 1 and the additivity rule (Eq. 2):

AA = A — AL, )
AT, = X141 4 XaA,. (2)

A1, represents the experimental values of mean area per molecule in the bicomponent
monolayer, AlT2 represents the mean area per molecule in an ideal mixture, A; repre-
sents the mean area per molecule of the ith component monolayer, and X; is the mole
fraction of the ith component.

The compression modulus (c~1) was determined from (7—A) isotherms and was
calculated from the relationship:

L (o
ol A(BA). 3)

The excess Gibbs energy (AG), of binary mixed monolayers, which represents gen-
eration of energy related to the deviation from ideality of the mixture, was calculated
as

s s
AG = / Appdr — / Al,dr
T—> 710 T—> 710
T T s
= / Apdr — | Xy / Ardr + X, / Aodm | . 4)
T—> 70 T—> 70 T—> 70

3 Results
From the absorption and fluorescence spectra (not shown), it follows that both the

shape and position of the band assigned to HP are not affected by the formation of
porphyrin aggregates, but only slightly affected by the solvent’s nature (i.e., peak
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positions varied by approximately 2 nm to 3 nm). The aggregation process of HP,
observed as a blue-shift of the Soret band position, occurs extensively for the dye
in aqueous solutions; therefore, in this study for spectroscopic measurements, only
organic solvents were chosen. The polarity of the solvents (the dielectric constant in
the range of 20.7 to 32.6) and the low absorbance used at the excitation wavelength
(dye concentration approximately 10~® M) should prevent aggregate formation. It is
known [14] that the intersystem crossing transition occurs less efficiently in the HP
aggregates than in monomers and causes a decrease in the efficiency of 77 formation
(Pt values).

To obtain the information about the dye photoactivity, the fluorescence yield was
calculated and the LIOAS method was used. Analysis of the LIOAS signal gives infor-
mation on the non-radiative fast deactivation of the excited singlet states, on population
of the dye long-lived states, and on the dye ability to generate the reactive oxygen spe-
cies [12]. The photophysical parameters obtained are given in Table 1. According to
these data, an appreciable fraction («) of the whole energy adsorbed is exchanged into
heat with involvement of the singlet state (71 % to 80 %) in the nanosecond time range
(below 200 ns). This process competes with light emission and the S; — T transition.
Due to low efficiency of the former, the effectiveness of triplet generation was about
53 % to 55 %. These values were obtained taking into account the known energy of the
triplet state (ET = 155.4 kJ - mol~!) [15]. In deoxygenated solutions, the porphyrin
triplet state generally has a lifetime of several hundred microseconds. Molecular oxy-
gen strongly reduces the lifetime of the triplet stage with the biomolecular quenching
constant typical of a diffusion-controlled process (i.e., (1 to 2) x 10°M~1 - s~ [14].
Hence, the observed fraction (Sa) of the triplet state quenched by oxygen is higher
than 0.98 in air equilibrated solutions (Table 1). The results for protic solvents are
slightly overestimated as compared to those in aprotic solvents.

Literature values for the quantum yield of singlet oxygen generation by HP vary
over wide ranges, from 0.13 to 0.42 in aqueous solutions and from 0.43 to 0.93 in
organic solvents [5,16,17]. These large differences may be due to the experimental
conditions, which play a substantial role in estimation of porphyrin cytotoxicity med-
iated by singlet oxygen, e.g., water/buffered solutions or high concentrated sample,
so they can induce dye aggregation. For example, @ in methanol reported for HP
changes from 0.93 to 0.65 [3,5,6,14,16,17] and the latter value is in a good agree-
ment with that obtained by photothermal measurements (Table 1). Analysis of the
results confirms high efficiency of triplet—triplet energy transfer between HP and oxy-
gen, independent of the micro-environment, so it can be expected also for HP in lipid
moiety.

Langmuir monolayers may be considered as model systems of liposome-type drug
carriers or even cell membranes [10]. It is known that HP easily forms aggregates;
hence, in order to overcome this effect and supply monomeric HP in the formula-
tion for clinical use, it is necessary to look for appropriate carriers. Liposomes can
substantially reduce dye aggregation, preserving its pharmacological action [13] and
finally they can selectively deliver the active photosensitizers to hyperproliferating
tissues. By using the monolayer technique, it is possible to reproduce and investigate
the arrangement at the water subface of the lipid molecules that form the liposomal
coating with incorporating and interacting HP molecules.
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Table 1 Some photophysical parameters estimated for HP in organic solvents

Solvent Atmosphere o (£0.02) (3] o1 D SA

Acetone Air 0.77 0.04 0.55 0.64 1.16
Argon 0.71

Ethanol Air 0.78 0.07 0.53 0.54 1.02
Argon 0.72

Methanol Air 0.80 0.05 0.53 0.52 0.98
Argon 0.72

«, fraction of excitation energy exchange into heat promptly (in shorter time than time resolution of appa-
2
ratus); @, fluorescence yield, dp = P é OOLDR "—2 where @R is the fluorescence quantum yield of
n
R
the reference. /, Ir; OD, ODR; and n, nRr are the areas under the fluorescence curves, the absorption
intensities and refractive indices of the sample and reference, respectively; @, is the yield of dye’s triplet
generation calculated using @1 = %’;’ 11— o ) where Ej,), is the molar energy of the incident photons and
ET is the energy of the triplet state (in kJ - mol™ b, o A 1s the yield of singlet molecular oxygen production
Epy(l _D[au”)
e T

estimated based on @A = g—ztpp where Eg is the energy of singlet state (kJ - mol~!) and

E A is the energy of the oxygen singlet state (EA = 94KkJ - mol~1); S, is the fraction of dye’s triplet state
quenched by molecular oxygen
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Fig. 1 Surface pressure—mean molecular area (r—A) isotherms of HP and its mixture with DPPC (mole

fraction (v:v) of components: 1:0 (solid), 0:1 (dashed), 1:1 (dotted), 1:4 (dashed-dotted)); inset—molecular
structure of the dye

The compression (r—A) isotherms of Langmuir monolayers of a dye-phospho-
lipid, for the molar ratios studied, are given in Fig. 1. To characterize the interactions
between the components and their miscibility, the compressibility modulus was cal-
culated according to Eq. 3. The compressibility modulus versus the surface pressure
is shown in Fig. 2. The presence of DPPC in the mixture has a stabilizing effect on the
monolayer as indicated by the increasing slope of the lines (smaller angle between the
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Fig. 2 Compression modulus versus surface pressure of the HP and DPPC mixtures studied (description
of curves as in Fig. 1)

normal and the linear growing section of the isotherm) observed for the HP-DPPC
mixtures relative to that for the isotherm recorded for pure HP (Fig. 1). The isotherm
recorded for pure DPPC (Fig. 1) reveals a characteristic plateau, within which an
liquid expanded-liquid condensed (LE-LC) phase transition takes place, described
as the region of domain formation. In this region the hydrocarbon chains change the
orientation from almost random- to highly-oriented, with increasing number of mol-
ecules in all-trans conformation [18]. For dye-lipid mixtures at the ratios of 1:4 and
1:1, the region of plateau is extended with respect to that for pure DPPC, which sug-
gests that the LE-LC phase transition (Figs. 1, 2) takes place over a longer time to
7 = 17.5mN - m~! for the area 0.40nm? and to 7 = 15mN - m~! for the area
0.37 nm?.

An addition of DPPC causes an increase in the compressibility modulus so the
layer becomes stiffer in the entire range of pressures studied. For the 1:4 and 1:1
mixtures, the maximum compressibility modulus increases over twice. For the 1:4
mixture, the compressibility modulus reaches a maximum of ~115mN - m~!atz =
40 mN - m~1, while for the 1:1 mixture, its maximum value is close to 95 mN - m~!
atw = 39mN - m™!, ie., lower than the maximum value for pure DPPC. The =
range of the maximum value of the compressibility modulus for DPPC is very wide,
from 28 mN - m~! to 52mN - m—!, which is not observed for other molar fractions.
One of the parameters permitting evaluation of the miscibility of the monolayer com-
ponents is the position of the collapse point as a function of the molar fraction of
the component added. By equating the second derivative of the isotherm to zero, the
above dependence was determined (not shown). It was found to be linear with a high
correlation coefficient (0.944), which points to good miscibility of the compounds
studied in monolayers.

An important thermodynamic parameter bringing information on the character of
interactions between the component of a monolayer is the excess area determined
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Fig.3 Excess area versus surface pressure for HP and DPPC mixtures of 1:1 (solid) and 1:4 (dashed) mole
fractions (v:v)

according to Eq. 1. The excess area (Fig. 3), for 1:1 and 1:4 mixtures of HP and
DPPC, takes positive values (evidencing repulsive interactions) for surface pressures
below 15.0mN - m~! and 17.5mN - m™!, respectively, and negative values (evidenc-
ing attractive interactions) for surface pressures from the values of 15.0mN-m~! and
17.5mN - m~! to about 30.0mN - m~!. For the systems studied, the excess area is
saturated (at —0.06 nm?2, Fig. 3), which corresponds to stabilization of interactions in
them.

Another important parameter is the excess Gibbs energy informing about the mutual
interaction between the monolayer components and the influence of mixing on their
character. Positive values of the excess Gibbs energy mean that the process of mixing
is not thermodynamically preferred, so the mutual interactions between the mono-
layer components are weaker than those between the molecules in a single component
monolayer. The excess Gibbs energy versus the molar fraction of DPPC in the mix-
tures studied is shown in Fig. 4. For the 1:1 mixture, it is lower than zero in the entire
pressure range considered and suggests formation of an ideal mixture, while for the
1:4 system, it takes positive values only for surface pressures below 15.0mN - m™!
which can be related to the plateau on the compression isotherm corresponding to a
much greater contribution of DPPC.

4 Conclusions

The interaction of HP was studied using different organic solvents which can modify
the solvent—dye molecular interactions, and the Langmuir monolayers at air—water
interface which can mimic biological membranes. The type of organic solvent used
does not change the photophysical parameters describing the phototoxicity of the dye,
and the results confirms high efficiency of triplet-triplet energy transfer between HP
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Fig. 4 Excess Gibbs energy as a function of DPPC mole fraction for different surface pressures

and oxygen, independent of the micro-environment, but the presence and phase state
of lipids affect its thermodynamic parameters.

Analysis of the excess area and excess Gibbs energy has permitted identification
of the possible regions of interaction stabilization in two-component monolayers and
provided information on the dependence of miscibility of the monolayer components
on its phase state and composition. It has been shown that HP makes stable mono-
layers on the subphase surface, and for the same contribution of molecules of both
monolayer components, the process of HP-DPPC mixing is thermodynamically pre-
ferred leading to the formation of an ideal mixture.
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