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ABSTRACT

The determination of photostability for Mg-BChl a, Zn-BPheo a and Cu-BPheo a irradiated with red light (= 630
nm, 870 lux) and equilibrated with air for 20 min in acetone-water and methanol-water solvents at various
percentages of water has been done. The presence of light and oxygen in the pigment solution cause the pigment
instable. The pigment stability toward photooxidation is extremely influenced by solvent properties, including
oxidation potential value and solvent abilities to form coordination and aggregate. Degradation products of pigment
during irradiation treatment can be detected by increment of absorption at the absorption spectrum or occurrence of
new positive absorption bands at the different absorption spectra. Cu-BPheo a is a promising photosensitizer based
on its stability toward photooxidation in acetone-water solvents.
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INTRODUCTION

Bacteriochlorophyll (BChl) a is a bacteriochlorin-
type chlorophyll which is the most widely distributed. It is
present in the reaction center (RC) and the core-
antennas of most anoxygenic bacteria, as well as in the
peripheral antennas of the purple bacteria [1-3]. As
chlorophylls (Chls), generally, BChls have several
functions in photosynthesis, such as: the light
harvesting, transferring the excitation energy into RC
and the primary charge separation crosses
photosynthetic membranes [3-4]. The molecular
structure of BChl a contains one of Magnesium (Mg)
atoms in the center of its macrocycle where the central
Mg atom coordinates with four pyrrole rings (Fig. 1).

In recent decades, there has been a growing
interest in the use of BChl a and its derivatives in
medical field by giving consideration for photophysical
and photochemical properties as efficient and promising
sensitizers in  photodynamic therapy known as
Photodynamic Therapy (PDT) [5-7]. PDT is a cancer
therapy that requires a joint action of a photosensitizer,
light, and oxygen [8]. PDT uses the toxic of reactive
oxygen species (ROS) produced from photosensitizer
and combined with light energy to attack and destroy the
cancer tissue. BChl a has a relatively higher molar
extinction coefficient at the near-infrared wavelength
(Amax = 760-780 nm, € = 4-10 x 10* M cm™), therefore
the light penetration into the tissue becomes maximum
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[9-10] and the ftriplet energy is still high [11] for
generating ROS [12-13].

Insolubility of BChl a in the water restricts its
usage for PDT. Therefore, the chemical modifications
of BChl a are necessary to carry out through
modification of substituents or to replace the center Mg
atom. These chemical modifications can enhance their
solubility, their capacity to form ROS, their ability to
attain and bind specifically cancer tissue rather than
normal tissue [14-15]; replacement of metals in BChl
can also change the redox potential of macrocycle and
the transition energy of electron [16-17]. Fiedor et al.
[18] have been successful in making a water-soluble
BChl through esterification with a polar amino acid as
serine methyl ester. Early investigation showed that
17° ester between bacteriochlorophyllide a and serine
methyl ester (BPheide-ser) as a promising sensitizer
for PDT compared with BChl. This result was
considered to be the basic investigation of
photophysical for this new molecule [19-20].

Recently, PDT development focuses on the
finding of new sensitizers which have better
photophysical and photochemical properties than
previous sensitizers. One of the characteristics of the
sensitizers is its tendency to form aggregates. The
basic principle of BChl aggregation is its molecule
property that can function as donor and acceptor of
electron in energy transfer [21]. Research on the
aggregation process of (B)Chl has been done in two types
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Fig 1. Chemical Structure of Mg-BChl a, Zn-BPheo a,
and Cu-BPheo a. M = Mg, Cu, Zn

of solvents, such as formamide-water, methanol-water,
and acetone-water [22-30]. The two types of solvent
system are intended to produce hydrogen bonds to
resemble an in vivo condition of hydrogen bonds of
peptide moiety in protein [31].

Photostability of sensitizers, depends on their
structures (by chemical modification of substituents and
central metals) and environments (solvent and in the
presence or absence of a quencher) [32-35]. Hence it is
interesting to conduct research on the photostability of
BChl a and its derivatives as a photosensitizer in two
types of solvent systems that are acetone-water and
methanol-water. Based on the above background, the
purposes of this study are to determine the photostability
of BChl a and its derivatives and to identify
photodegradation products during irradiation treatment
with red light and saturation with air.

EXPERIMENTAL SECTION
Materials

Samples used in this research were pure pigments
of Mg-BChl a, Zn-BPhe a and Cu-BPhe a, which were
obtained from the chlorophyll laboratory of Ludwig-
Maximilian University, Munich, Germany. Acetone,
methanol (PA, Merck) and aquadest were used as
chemical solvents.

Instrumentation

Absorption spectra of pigments were measured
after and before irradiation using a Varian Cary 50,
UV-Vis spectrophotometer (Varian, Palo Alto, CA) in the
range of 325-1100 nm.

Procedure

Stock Solution of Pigment

Each pigment was dissolved into either acetone or
methanol and their absorbance in the maximum
absorption of Q, band was adjusted to 1.

Pigment Irradiation (Fiedor et al. [32]; Limantara
[33]; Limantara et al. [34] have been modified)

Pigment stability toward the light irradiation and
saturation with air was observed with the water addition
of a variety of volumes, such as: 0.00; 0.25; 0.50; 0.75;
1.00; 1.25; 1.50; 1.75; 2.00 mL, into the stock solution
of pigment with the result that the total volume of
solution became 3 mL or the water percentage added
into pigment solution is 0.00%; 8.33%; 16.67%;
25.00%; 33.33%; 41.67%; 50.00%; 58.33%; and
66.67%. Pigment solution was stirred by using a
magnetic stirrer in open cuvette and it was irradiated
with daylight from the volpi lamp (Intralux 6100) using a
red filter RG 630 (Schott, A = 630 nm). The light
intensity at the surface of pigment solution was set at
870 lux in room temperature. The exposure periods
were 0; 0.5; 1; 3; 5; 10; 15 and 20 min.

Data Analysis

Position and absorbance of soret, Q, and Q,
bands were analyzed with a Spina 3x23 program
(created by Katsumoto, Y., Hiroshima University,
Japan).

RESULT AND DISCUSSION
UV-Vis Absorption Spectra

Absorption spectra of Mg-BChl a, Zn-BPhe a, and
Cu-BPhe a in acetone and methanol solvents are
shown in Fig. 2. Absorption spectra of Mg-BChl a and
its derivatives present four types of absorption bands
often called by Qy, Q,, soret or B (B, and By) in order of
increasing their transition energy. These bands
demonstrate a characteristic pairwise dependence
when the central metal is changed. The B, dan Qy
transition energies are strongly affected by changing
the central metal or adding of the axial ligands that can
determine the coordination states. In contrast, weak
and indistinct shifts are seen for the B, dan Q, bands
[14]. These results can be monitored when replacing
the central Mg metal of BChl a by Cu in acetone
solvent, for example, resulted in blue shifts of Q, and B,
bands as much as 36 nm and 22 nm, respectively,
whereas Q, and B4 bands are only shifted below 3 nm.
Large shifts of By, and Q4 bands and minor shifts for By
dan Q, bands are also seen for the Zn metal.

The four absorption bands can be described in
terms of electronic transitions among the two highest
filed molecular orbitals and two normally unoccupied
orbitals [36]. The strong absorption band of Q, Mg-BChl
a is present at 770 nm and 772 nm in acetone and
methanol, respectively. Q, band has a dipole transition
oriented along the axis connecting the nitrogens of rings |
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Fig 2. Absorption spectra of BChl a (A), Zn-BPhe a (B)

and Cu-BPhe a (C) in acetone &——) and methanol (——)
solvents.

and lll. The weaker transition, Q,, in 578 nm and 606 nm
is polarized along the perpendicular axis connecting
rings Il and IV. Two overlapping bands, soret bands, are
the stronger energy transitions from B, band at 391 nm
in acetone and methanol solvents and B, band at 358
nm and 367 nm in acetone and methanol, respectively.

In vitro studies have revealed that absorption
maximum, absorbance, and shape of Mg-BChl a bands
depend on solvent polarity [37-38], temperature [39],
occurrence of the central Mg atom ligation [40] and
aggregation of Mg-BChl [41]. Although all absorption
bands reacted to solvent polarity, however, Q, and B,
bands were reported very sensitive to Mg coordination
state [40], while Q, band was very responsive to
aggregation of Mg-BChl a [42].

Solvent Dependence on the Coordination State

Qy band can be used to distinguish the penta and
hexa coordination states of Mg-BChl a. The influence of
different solvents on Q, band of Mg-BChl a has been
related to a change from penta to hexa coordination
shown by the existence of one or two axial ligands. In
non-polar solvents (carbon tetrachloride), BChl a forms
self-aggregation due to interactions between the central
Mg atom of one BChl a molecule and the keto C-O
group in ring V and acetyl C-O group in ring | of another

BChl a molecule. In polar nucleophilic solvents (diethyl
ether), BChl a exists as five-coordinate monomeric
complexes in which the central atom is penta-
coordinated to the four nitrogen (N) atoms of the BChl
a macrocycle ring and one solvent molecule, while in
stronger nucleophilic solvents (tetrahydrofuran and
methanol), BChl a forms hexa-coordinate monomeric
complexes in which the central Mg atom is coordinated
to two solvent molecules forming an axial ligand on
both sides of the macrocycle ring. In both nucleophilic
solvents, penta and hexa ligations of the central Mg
atom are formed by Mg-O bond [14,30,40,43-46].
When the central Mg atom of BChl a forms
hexacoordinate, then the position of Mg atom is parallel
in plane of the macrocycle, whereas Mg position is out
of plane of the macrocycle if it forms penta-
coordination. Coordination states of Mg-BChl a and its
derivatives in various solvents have been investigated
[14, 30]. Heriyanto et al. [30] revealed that according to
the position of Q, band, coordination states of Mg-BChl
a in acetone solvent is in penta-coordination, while its
hexa-coordination is formed in methanol solvent. Zn-
BPhe a either in acetone or in methanol solvents are in
penta coordination. Cu-BPheo a in acetone solvents
remains in tetra-coordination, while its coordination
state in methanol alters to penta- coordination.

Water Effect on Aggregation Process

Qy band is very sensitive to aggregation process
which causes this band to become red-shifted, followed
by a decrease in absorbance and finally new bands
formed that are aggregates of Mg-BChl a and its
derivatives. The key of in vivo Mg-BChl a aggregation
appears from its characteristic as an electron pairwise
donor at keto group (C-9 position) and an electron
acceptor at unsaturated coordination of the central Mg.
Dimer and oligomer forms of Mg-BChl a can be
detected by addition of new bands at longer
wavelength than Q, band [41,47]. Type of aggregation
is very dependent on the presence of foreign
nucleophylic, i.e., water. Water will compete with other
solvents to coordinate with the central Mg atom.
Therefore the shift of Q, band, closely related to
coordination states between the center metal atom and
solvent, can also be used to observe the aggregation
process. There is similar pattern of the shift Q, band
and the formation of new bands which are the
aggregates of Mg-BChl a and its derivatives in the
addition of water with a certain percentage. Methanol-
water mixtures can form aggregates of Mg-BChl a and
its derivatives with a smaller percentage of water
compared to acetone-water mixtures. The ability of
each pigment in order to form aggregates is as follows
Cu-BChl > Zn-BChl > Mg-BChl [30].
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Fig 3. Absorption spectra of Mg-BChl a (A), Zn-BPheo a (B) and Cu-BPheo a (C) in acetone (1) and methanol (2)
solvents during 0 and 20 min irradiation treatments with red light and saturated with air.

Central Metal Effect on Photostability

Stability of Mg-BChl a and its derivatives against a
red light in the solution saturated with air at room
temperature can be observed according to alteration in
the absorption spectra during irradiation process. The
absorption spectra of Mg-BChl a, Zn-BPheo a and Cu-
BPheo a in acetone and methanol solvents during
20 min irradiation process can be shown in Fig. 3. Based
on the pigment absorption spectra, Mg-BChl a and its
derivatives have different stability. Obvious change
occurred in the decrease of absorbance of Q, band
especially in Mg-BChl a and Zn-BPheo a, while the other
absorption bands have a smaller decrease compared
with the Q, band. This result is caused by the red light
used in this study which has a greater absorption
wavelength than 630 nm, so that Q, band becomes
more susceptible to irradiation. The percentage
decrease in absorbance for Q, band of Mg-BChl a is
79.06% and 87.56% in acetone and methanol solvents,
respectively. These percentages are higher than that of
Zn-BPheo a, i.e. 38.74% and 65.45%. Whereas the Q,
band absorbances of Cu-BPheo a did not decrease
during 20 min of irradiation treatment. Mg-BChl a is most
unstable pigment against a red light when compared
with Zn-BPheo a, while Cu-BPheo a is the most stable

pigment. The order of these pigments stability is almost
similar to the experimental results conducted by Fiedor
et al. [32] and Limantara et al. [34]. Fiedor et al. [32]
revealed that the existence of the central metal in BChl
influences the photooxidation rate. This fact is based
on the oxidation potential value of each pigment (Mg-
BChl a = 0.56 V; Zn-BPheo a = 0.67 V; Cu-BPheo
a = 0.75 V; in acetone solvent), where the pigment
having a higher oxidation potential value shows slower
degradation rate. Moreover Fiedor et al. [32] suggested
that the pigments with the central metal preferring
higher coordination numbers, i.e. Mg-BChl a, undergo
much faster photooxidation rate in all solvents.

Solvent Effect on Photostability

Dependence of acetone and methanol solvents
on the photostability of Mg-BChl a, Zn-BPheo a and
Cu-BPheo a can be seen through changes in the
absorption spectra (Fig. 3, the absorption spectra of
Mg-BChl a and its derivatives in both acetone-water
and methanol-water mixtures at various percentages of
water are not shown in this paper). The absorption
spectra of Mg-BChl a and its derivatives after
irradiation have shown absorbance changes, either
decrease or increase in absorbance according to the
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arrows direction in those absorption spectra. Decrease
in absorbance of a band shows that the pigment has
undergone a degradation process, while the increase in
absorbance indicates that the degradation products have
been formed in those absorption regions.

Absorption spectra of Mg-BChl a and Zn-BPheo a
show a larger change when both pigments are dissolved
in methanol solvent than in acetone solvent (Fig. 3). This
larger change can be clearly observed on the
absorbance decrease of Q, band of Mg-BChl a in
methanol solvent reaches 87.56%, whereas its
absorbance decreases in acetone is only 79.06%. The
absorbance decrease of other bands, Q, and B, bands,
does not follow the trend of Q, band. This is influenced
by Mg-BChl a in methanol solvent undergoing a faster
photooxidation rate which the degradation products
formed have absorption in the regions nearest Q, dan B,
bands. However their absorption spectra are overlapping
each other.

Mg-BChl a and Zn-BPheo a in acetone solvent
have a higher stability than in methanol solvent. This
result is in agreement with the experimental result of
Limantara et al. [34] and Fiedor et al. [32]. Photostability
of Mg-BChl a and its derivatives in organic solvents
shows a strong solvent effect on photooxidation rate.
Marsh and Connolly [48] and Fiedor et al. [32] have tried
to connect several solvent properties, namely: oxygen
solubility, singlet oxygen lifetime, solvent polarity,
nucleophilic properties of solvent, and solvent viscosity
on the fotooxidation rate and pigment stability, but their
experimental results have not been able to explain the
phenomena that occurred. Fiedor et al. [32] suggested
that one should perhaps also take into account the
solvent effects on the pigment stability coming from the
tetrapyrrole oxidation potentials. The oxidation potential
of Mg-BChl a in methanol solvent is lower than in other
organic solvents by 0.1 V [49]. Marsh and Connolly [48]
stated that coordination states of the central Mg atom in
organic solvents can be considered to give a significant
effect on photostability of Mg-BChl a. The photooxidation
rate of pigment is slower when the Mg atom is
hexacoordinated or the pigment has a lower stability
than that of Mg atom pentacoordinated. Experimental
results of Marsh dan Connolly [48] are contrary to the
results of Limantara et.al. [34] and this study, where the
photostability of Mg-BChl a in methanol solvent, that has
hexacoordinate, is more unstable compared with
Mg-BChl a pentacoordinated in acetone solvent. We
presume that this fact is related to oxidation potential
values in different organic solvents having different
coordination states.

The photostability of Mg-BChl a and its derivatives
in acetone-water and methanol-water solvents mixtures
is very much influenced by aggregation process or
aggregates of pigment formed after the addition of water
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Fig 4. The plot between absorbance in Q, band and
percentage of water addition during 20 min irradiation
treatment of Mg-BChl a ( o ), Zn-BPheo a ( A ) and Cu-
BPheo a ( ¢ ) in acetone-water (—) and methanol-

water (----++) solvents.

into the pigment solutions. Aggregates of Mg-BChl a in
acetone and methanol solvents are formed after the
addition of water with the percentage at 50% and 42%
respectively. The addition of water with the percentage
of 50% and 30% causes the formation of aggregates of
Zn-BPheo a, while the addition of water with the
percentage of 41.67% and 16.67% produce Cu-BPheo
a aggregates in acetone and methanol solvents
respectively. The decrease in absorbance for Q, band
of Mg-BChl a and its derivatives in acetone-water and
methanol-water after 20 min irradiation treatment can
be shown in Fig. 4. Based on this figure, the
percentage decrease in absorbance for Q, band of
Mg-BChl a in acetone-water solvent mixture is
increased. It gains the highest percentage (93%) at the
time before the aggregates of Mg-BChl formed in
acetone-water solvent mixture or after the addition of
water with the percentage of 42%, then the percentage
decrease in absorbance is decreased up to 66.67%
upon the addition of water. The percentage decrease
pattern in absorbance for Q, of Mg-BChl a in acetone
solvents is similar to Mg-BChl a in methanol solvent
and its derivatives in acetone and methanol solvents.
The stability of Mg-BChl a, Zn-BPheo a dan
Cu-BPhe a in acetone and methanol solvents
decreases after the addition of water until just before
the formation of aggregates, but after the aggregates
formed, their stability increases. The addition of water
with a certain percentage can make a stable aggregate
through coordination bond between C=0 group at Cq of
one BChl a and Mg atom of other BChl a with water as
a ligand. Katz et al. [50] revealed that water is a unique
nucleophile for chlorophyll because not only can water
function as an electron donor, but also at the same
time can form hydrogen bonds. Therefore, hydrogen
bonds formed by water and Mg-BChl a and its
derivatives can increase the aggregates stability.
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Fig 5. Difference absorption spectra of Mg-BChl a (A), Zn-BPheo a (B), and Cu-BPheo a (C) between the pigment
spectrum at 20 min irradiation treatment and the pigment spectrum before irradiation in acetone (1) and methanol (2)

with the addition of water at a certain volume.
Degradation Products of Mg-BChl a and Its
Derivatives

The absorption spectra of Mg-BChl a and its
derivatives in all solvents tested show the presence of
five isosbestic points (Fig. 3). Isosbestic point is the point
in which different molecules are present in the
equilibrium and have the same molar extinction
coefficient [51]. The positions of five isosbestic points for
each pigment dissolved in acetone-water and methanol-
water solvents mixture are different from each other.
This result shows that photooxidation process of
pigments is easily affected by their environmental
changes, in this case the solvent, so it is possible that
the intermediate compounds and the end of degradation
products formed will be different. The amount of
absorbance decrease for Q,, Q and soret bands is
greater than absorbance increase of bands from
degradation products. This condition shows that reaction
stoichiometry allows unbalance and it is due to the
formation of other degradation products or small
compounds of pigment constituent that do not have
absorption in the visible region.

Mg-BChl a and its derivatives have been
degraded during irradiation treatment and saturation
with air as shown by pigment solutions bleached.
Degradation products can be detected directly by
absorbance increase in absorption spectra (Fig. 3) and
new positive absorption band in the different absorption
spectra between the pigment spectrum after irradiation
for 20 min and the pigment spectrum before irradiation
(Fig. 5). Increase in absorption from spectra absorption
of Mg-BChl a in acetone solvent in the regions of
674—678 nm and 434-435 nm derived from oxidation
or dehydrogenation of ring Il of the bacteriochlorin to
form a chlorine, 2-desvinyl-2-acetylchlorophyll a
[48,52]. According to Limantara et al. [34], chlorines
formed during irradiation have the absorption maximum
at 671.0-677.5 nm comprising mainly the 3-acetyl-Chl
a (AcChl) and its 132-methoxy derivatives. Increased
absorption at 639-643 nm and 422 nm of Mg-BChl a in
acetone-water solvent mixture is also expected from
absorption of chlorine groups. Absorption spectra of
Mg-BChl a in methanol solvent and in methanol-water
solvent mixture are found to have similar increases in
absorption at 631-644 nm and 420—422 nm. Limantara
et al. [34] stated that chlorine groups formed in

Leenawaty Limantara and Heriyanto



160 Indo. J. Chem., 2011, 11 (2), 154 - 162

methanol solvent have absorption at shorter wavelength
(646 and 420 nm) than those formed in acetone solvent.
This phenomenon indicates further modifications at the
isocyclic ring [53]. Mg-BChl a in methanol solvent is also
found in the presence of absorption at 628 nm which is
expected as degradation products from porphyrin
groups. The increases also occurred in 529-532 nm
region that indicate a linear ‘open-chain’ tetrapyrrole, i.e
bilin groups.

The absorption increases at 673-678 nm and
428-429 nm of Zn-BPheo a in acetone-water and
methanol-water solvents mixture are supposed to derive
from chlorine groups which are similar to degradation
products of Mg-BChl a. Increased absorption expected
by degradation products of porphyrin groups and bilin
groups are also observed at 627-631 nm and a broad
absorption around 500-550 nm respectively. Absorption
spectra of Mg-BChl a and Zn-BPheo a also reveal the
increase in absorbance at the region greater than 800
nm representing the formation of (bacterio)chlorine
radical and other cation radicals [34,54-56].

The absorption increases at 415-453 nm and
598-606 nm and the other increase at 942-960 nm
occurred in absorption of Cu-BPheo a aggregates.
Monomeric of Cu-BPheo a forms pentacoordinate and
tetracoordinate in methanol and acetone solvents
respectively, showing the absorbance decreases at Q,
band during irradiation, whereas its aggregates undergo
the increment of absorbance or the increment of
aggregate population. This phenomenon can be
explained by breaking the coordination bond between
Cu atom and solvent with the presence of irradiation
process and dissolved oxygen to facilitate the water
competing with the solvent to form an interaction with the
central Cu atom through Cu-O bond. Degradation
products of Cu-BPhe a are unlike with those produced in
Mg-BChl a and Zn-BPheo a.

CONCLUSION

Cu-BPheo a is a most stable pigment followed by
Zn-BPheo a and Mg-BChl a against photooxidation
during 20 min irradiation with red light and saturation
with air in acetone-water and methanol-water. Chlorine
group, bilin group (linear open-chain tetrapyrroles),
cation radical of (bacterio)chlorine and colourless
compounds are degradation products of Mg-BChl a and
Zn-BPheo a which have been identified, while an
increased absorption of aggregate and other
degradation products are found in the degradation
products of Cu-BPheo a which have not been identified.
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