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No presente estudo, o papel de diferentes centros metdlicos (magnésio, zinco e cobre) sobre
o cardter hidrofilico de metaloclorofilas foi avaliado. O solvatocromismo, assim como 0 processo
de agregagdo para esses compostos, em misturas dgua/etanol foram avaliados usando medidas de
fluorescéncia e de espalhamento de luz ressonante (ELR), visando caracterizar o comportamento
desses compostos. Independente da metaloclorofila estudada, a presenca de ao menos 60% de dgua
resulta em incremento considerdvel na emissao de fluorescéncia apresentada por esses compostos.
Isso, provavelmente, € uma conseqiiéncia direta de uma menor agregagdo, o que € confirmado
pelos resultados de ELR. Adicionalmente, os resultados sugerem que as clorofilas de magnésio e
de zinco devem ser promissores agentes fototerapéuticos para emprego em Terapia Fotodinamica.

In this study the role of different metal centers (magnesium, zinc and copper) on the enhancement
of the hydrophilic character of metallochlorophylls, was evaluated. The solvatochromism as well as
the aggregation process for these compounds in water/ethanol mixtures at different volume ratios
were evaluated using Fluorescence, and Resonant Light Scattering (RLS) measurements, aiming
to characterize the behavior of these compounds. Independently on the studied metallochlorophyll,
the presence of at least 60% of water results in a considerable increase in the fluorescence emission,
probably a direct consequence of a lower aggregation of these compounds, which is confirmed by
the results from RLS measurements. Additionally, the results suggest that magnesium and zinc
chlorophyll should be promising phototherapeutic agents for Photodynamic Therapy.
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Introduction

Photosynthetic pigments represent a kind of “lifeblood”
of all photoautotrophic organisms. There are basically three
classes of natural photosynthetic pigments: chlorophylls,
carothenoids and phycobilins.! In nature, there are
approximately 10 types of chlorophylls, isolated from
the green part of the plants. In some organisms only
chlorophyll is detected, while in other species, the main
chlorophyll is accompanied by other green pigments.
This principal component is the chlorophyll o (Figure 1),
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which is found together with the chlorophylls b, c, d and
the protochlorophyll.? It is important to register that the
version of chlorophyll oo without metallic center, where
Mg?*is substituted by two hydrogen atoms, is known
as pheophytin o, which has been previously evaluated.?
This derivative can be obtained by the acid hydrolysis of
chlorophyll o (Figure 2).*

Chlorophyll o has a ubiquitous role as electron donor
in photochemical reactions of oxygenic photosynthesis,
in which two kinds of photosystem, namely photosystem
I (PSI) and photosystem II (PSII), cooperatively drive
photosynthetic electron flow from water to NADP*. The
reduced cofactor, NADPH, is used for CO, fixation.’
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Figure 1. Structural representation of chlorophyll o.

COO——CnoH3g

COO—=CxoH39

Figure 2. Schematic representation of the conversion of chlorophyll o to
pheophytin, through acid hydrolysis.

Indeed, PS-I and PS-II have been intensively studied with
different aims in the literature.®® It is a porphyrin derivative
classified as chlorin, being metallated with Mg>* (Figure 1).
Differently from porphyrins, the molar absorptivity of the
Q bands of chlorin (assigned to the S;—S, ©T-7* electronic
transition) is considerably intense,”'° occurring into the
“Phototherapeutic Window”.!° Besides, this class of
compounds tends to present considerably long-lived triplet
excited states, being promising phototherapeutic agents in
Photodynamic Therapy (PDT).'-

However, one of the main limitations of chlorins and
other promising phototherapeutic agents for PDT is related
to the high hydrophobic character of these compounds.'®!
The high hydrophobic character tends to provoke significant
aggregation of these macrocycles in water or physiological
medium. Consequently, several trials have been developed
in order to use metallochlorins as phototherapeutic agents
for PDT, since the presence of the metallic center should
decrease the hydrophobic character of the macrocycle.!®
In this way, several researchers have focused their efforts
on macrocyclic metallic complexes as prototypes of new
photosensitizers (PS) in order to improve the efficiency of
their photodynamic action in PDT.

In the present article, the solvatochromism as well as
the self-assembly process for magnesium, zinc and copper
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chlorophylls were evaluated using fluorescence emission
spectroscopy and Resonant Light Scattering (RLS).

Experimental

Eleven water/ethanol (v/v) mixtures containing
magnesium, zinc or copper chlorophyll (Chl,
1.44 x 10°mol L'!) were investigated. The water employed
in the preparation of these mixtures presented Milli-Q
degree, while ethanol was of spectroscopic degree.

Chlorophyll o was extracted from spinach following a
procedure proposed by Dolphin.? Pheophytin was obtained
from chlorophyll o by a reaction with hydrochloric acid
(2 mol L'"). Zinc and copper chlorophylls were obtained
by this procedure: chlorophyll oo was dissolved in a
2:1 (v/v) chloroform/glacial acetic acid mixture. After
that, an excess of zinc or copper acetate was added to this
mixture, which was maintained under magnetic stirring,
at room temperature, for two hours. The reaction mixture
was washed with water to eliminate the excess of metallic
ions. The purification of these compounds was carried out
using thin layer circular chromatography-Chromatotron
(Harrison Research, model 8924) with silica as stationary
phase and a mixture of petroleum ether/ethanol (95:5, v/v)
as eluent. The characterization of these compounds was
performed by '"H NMR (Varian, Gemini 300 MHz).

The excitation and emission spectra were obtained
using a Jobin-Yvon Spex FloroMax-2 spectrofluorimeter
(Emission slit = Excitation slit = 1 mm) and in a Ocean
Optics spectrofluorimeter. The emission spectra were done
using the maximum excitation intensity of both compounds.
Resonant Light Scattering (RLS) spectra were obtained,
in the range between 200 and 800 nm, with AA = 0 nm, in
order to verify the occurrence of auto-aggregation.

All measurements were done at 298 K. The spectra were
obtained using 1 cm of optical pathway quartz cuvettes.

Results and Discussion

Figure 3 presents the emission spectra of magnesium,
zinc and copper chlorophylls, in ethanol. The maximum
emission observed for zinc chlorophyll is slightly blue-
shifted when compared with the one corresponding to
chlorophyll a or copper chlorophyll. This effect is probably
related to a minor contact between solvent and macrocycle
for zinc chlorophyll. Being a metal cation from 2A
family, Mg** presents a significant hygroscopic character,
which must accentuate the hydrophilic character of the
chlorin, favoring the accessibility of polar solvents to the
macrocycle. The higher contact between ethanol and/or
water and the macrocycle, in the case of magnesium
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Figure 3. Emission spectra of the studied chlorophylls (Mg* — ; Zn*----)
in ethanol at 298.15 K. Inset: Emission spectrum of Cu?** chlorophyll
(--++) in ethanol at 298.15 K.

as metallic center, tends to affect more intensely the 1"
orbital as function of its more polarizable and accessible
(external) character, reducing the energy gap between 1
and 1° orbitals. This results in the observed red-shift of
the emission band corresponding to the m-m" electronic
transition of chlorophyll oo when compared with the zinc
as coordination center. A similar behavior is observed for
copper chlorophyll.

Figure 3 (Inset) suggests the occurrence of an intense
fluorescence quenching in copper chlorophyll, certainly
provoked by the paramagnetism of Cu?*. Furthermore,
the specific disposition of the energy levels of the ligand
field distribution in Cu** must favor a significant energy
transfer, possibly associated to Dexter’s mechanism. The
synergism between these characteristics must favor the
changes reported in this paper.

It is well established that metallic complexes presenting
a d’electronic configuration, as the coordination compounds
of Cu*, favor a hexacoordinate configuration, with the axial
coordination sites occupied by solvent molecules. Indeed,
water and ethanol are Lewis bases, considered potential
o-donor ligands, capable to coordinate with Cu?*, which
tend to originate a hexacoordinate metallic complex with a
peculiar tetragonal distortion (Jahn-Teller Effect). However,
it is known that the presence of paramagnetic metals
in macrocyclic compounds results in very short triplet
lifetimes, imposing a severe limitation on the usefulness
of such sensitizers as photodynamic agents."

It is evident that, for the chlorophyll derivatives studied
in this work, the presence of the phytol chain (Figure 1)
will introduce some hydrophobic character on these
compounds.'”! However, considering the small electronic
coupling between this alkyl chain and the macrocycle, the
presence of this group certainly will result in a minimal
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effect on the macrocycle solvation with polar solvents, as
reported in this work.

The data from Table 1 and Figure 4 suggest that the
fluorescence of these chlorophyll derivatives seems to
have an important correlation with the level of solvation of
the macrocycle with mixtures of polar solvents. However,
the observed trends are minimal for copper chlorophyll.
The data from Table 1 demonstrate that I, for copper
chlorophyll have extremely low intensities when compared
to magnesium or zinc chlorophylls. In fact, copper
chlorophyll almost does not present fluorescence due to
the paramagnetism of this metal ion. On the other hand,
the difference in the values of I~ between zinc and
magnesium chlorophylls is very low.

For these three metallochlorophylls, the fluorescence
intensity at the A= (I ) tends to increase (Table 1),

max F(max)

mainly between 40 and 60% of water in the ethanol/water

Table 1. Maximum intensities of fluorescence emission for the studied
metallochlorophylls

% water Emission Intensity at A =~ (x107) / Arbitrary Units
Mg Zn* Cu*
0 2.79 2.29 0.04
10 6.50 3.55 0.03
20 7.39 4.37 0.02
30 12.36 4.81 0.03
40 16.35 6.87 0.02
50 39.70 83.54 0.02
60 177.61 850.44 0.08
70 — 1020.81 0.16
80 182.88 — 0.15
90 189.55 848.17 —
710
700+
690
g 680
=
?ﬁ
670
660
650 - T T T T T
0 20 40 60 80 100
water %

Figure 4. Variation of the emission maximum intensity for the studied
chlorophylls (H, Mg*; A, Zn*; @, Cu®) as function of solvent
composition at 298.15 K.
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mixture, mainly for zinc and magnesium chlorophylls.
For copper chlorophyll, the increase of I, -is more
discrete (Figure 3, Inset and Table 1), occurring for water
proportions between 50 and 65%.

Figure 4 presents the correlation between the emission
wavelength at the emission maximum (7»?::“) and the % of
water in the solvent mixture. For magnesium chlorophyll,
the A" tends to suffer a red shift as the water content
increases in the mixture, until about 70% of water, evidently
a consequence of an efficient solvation of the macrocycle,
influenced by the metal centre. The improvement in the
solvation implies in the diminish of the energy gap between
the © and 7* states. A similar behavior is observed for
the absorption spectra of these compounds (not shown).
For copper chlorophyll an opposite effect is initially
observed, probably due to the differentiated characteristics
of this complex, for which the excited state deactivation
is improved by the paramagnetism of the metal centre."
However, between 80 and 90% of water, although not
comparable with the observed for magnesium or zinc
chlorophylls, a small trend of red shift of the emission
band is also observed.

For zinc chlorophyll, the solvation also exerts a
significant role on its fluorescence (Table 1). A significant
red shift is observed for the emission band of this compound
in the range between 60 and 90% of water (Figure 4).
However, below this range, between 0 and 50% of water,
a minimal spectral shift is observed.

For magnesium chlorophyll, in the range between 40
and 60% of water (Figure 5), an abrupt transition in the
emission intensities is observed. Above 60% of water the
absorption (not shown) and emission intensities reach an
optimal condition, indicating that the range between 60 and
100% of water, for the water/ethanol mixtures, constitutes
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Figure 5. Variation of the emission relative intensity for magnesium
chlorophyll as function of the solvent composition at 298.15 K.
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a potential ratio to trials using this chlorophyll derivative
as promising PS for PDT.

Figure 6 shows, for zinc chlorophyll, that a similar
abrupt transition in the emission intensity is observed the
range between 50 and 70% of water. Above 70% of water,
the absorption (not shown) and emission intensities reach
an optimal for the use of this chlorophyll derivative in
assays aiming to establish this compound as PS for PDT.
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Figure 6. Variation of the relative emission intensity for zinc chlorophyll
as function of the solvent composition, at 298.15 K.

In fact, the intense absorption and emission intensities
presented by these two chlorophyll derivatives are relevant
parameters that suggest that, under the presented solvation
conditions, these macrocyclic compounds can be capable to
sensitize Reactive Oxygen Species (ROS), such as singlet
oxygen, an important pre-requisite to be considered in a
selection process of potential photosensitizers for PDT.

Finally, Figure 7 presents the changes observedin I,
for copper chlorophyll. For this compound the observed
changes are much less drastic, with a discrete jump
occurring approximately between 50% and 70% of water.
Due to the known characteristics of compounds possessing
paramagnetic metal ions coordinated to the macrocycle,
this chlorophyll derivative is not suitable for PDT studies.

It is interesting to notice the occurrence of a well defined
sigmoid profile that is typical of many solvent binary
mixture systems. In fact, Roses and co-workers?*?? and
Takayanagi and co-workers* have studied this behavior,
which is probably related to the association of several
factors, such as auto-protolysis and solute-solvent/solvent-
solvent interactions.

Figure 8 and its inset show that, above 40% of water,
the RLS intensity for magnesium and zinc chlorophylls
decreases abruptly, reaching a minimum light scattering
from approximately 60% of water in ethanol/water mixture.
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Figure 7. Variation of the relative emission intensity for copper
chlorophyll as function of the solvent composition, at 298.15 K.
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Figure 8. Variation of RLS relative intensity for magnesium chlorophyll
as function of the solvent composition at 298.15 K. Inset: Changes in the
relative intensity of RLS for zinc chlorophyll, as function of the solvent
composition, at 298.15 K.

This suggests that above this water proportion the
aggregation process should be profoundly maximized.
Thus, this is the optimal condition of a possible application
of magnesium and zinc chlorophylls as phototherapeutic
agents in PDT. It is known that the aggregation of
photosensitizer molecules tends to reduce or suppress
their photodynamic activity. This effect is attributed to the
fact that the formation of aggregates tend to deactivate the
excited states preferentially by non-radiative processes.?*?
For copper chlorophyll a less drastic and well defined
inflexion is observed (not shown).

The present results denote that a minimum presence
of 60% of water in the water/ethanol mixture represents
an optimum optical condition for applications of Zn** and
Mg?* chlorophylls in PDT studies. Ethanol and water are
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probably disposed in an adequate form, generating some
kind of double layer between the metallic complexes and
thus inhibiting the formation of dimers? and consequently
macrocycle aggregation. Based on the important role due
to the water to minimize the aggregation phenomena, water
molecules should be preferentially in contact with the
metallic centre, as consequence of the high charge density
of these ions as well as the higher dielectric constant of
water when compared with ethanol.

Conclusions

The present results denote that magnesium and zinc
chlorophyll have a higher potential to be employed as
photosensitizers in PDT as function of their highest
absorption and emission intensities. Furthermore,
independently of the chlorophyll evaluated in the
spectroscopic measurements, the presence of at least
60% of water in the solvent mixture generates a higher
intensity of absorption and emission. Probably, this fact is
a direct consequence of the lower aggregation process, in
agreement with the RLS data. These optimal conditions
must be considered in a process of preparation of new
photosensitizers to be applied in PDT. New studies are in
course in our group to improve our understanding focused
on the molecular mechanisms of the solvent influence on
the photophysical properties of macrocyclic compounds.
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