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An axially substituted aluminum phthalocyanine—[60]fullerene derivative supramolecular dyads have been prepared.
For the first time, such structures were evaluated as the type | photosensitizers for photodynamic therapy (PDT).
Compared to the native dye, the fluorescence in the obtained compounds is partially quenched and efficiency of sin-
gletoxygen production is reduced. The dyad aluminum phthalocyanine—phenyl-Ceo-butyric acid encapsulated in poly-
vinylpyrrolidone nanoparticles showed a threefold increase in the superoxide anion-radical generation compared to
the native dye, which indicates the promising potential ofthis dyad as a type | photosensitizer for PDT.
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Yepes akcuanvHoe 3amewetue Obliyu NOIYyYeHbl CYRPAMOIeKyapHble OUaodbl HA OCHO8e PMANOYUAHUNA ATIOMUHUS U
npou3eoonvix gyinepena. Bnepevie maxue cmpykmypuvl Oviiu oyenenvl Kax gomocencubuiuzamopsl | muna ons
ucnoav308anus 6 pomoounamuyeckou mepanuu. Ilo cpasHeHuro ¢ UCXOOHbIM KpAcumenem 8 NOLYYEHHbIX Ouaoax
NPOUCXOOUM YACMUYHOe myuleHue (PIyopecyeHyuu U CHUNCeHUue IQPHeKMUgHOCmY 2eHepayuu CUHSIEMHO20 KUCL O-
pooda. Unkancynupoeannas 6 HAHOUACMUYbl NOAUSUHUINUPPOIUIOHA Ouada manoyuanun aromunus—genu-Ceo-
MACAAHAA KUCTOMA 2€HEPUPOBALA CYNEePOKCUO AHUOH-PAOUKAIL 8 MPU PA3A CUNbHee, YeM UCXOOHbLI KpACcUmens, 4mo
noKasvlgaem nepcnekmusHOCmy 0aHHOU 0uaosl 8 kavecmse omocencudburuzamopal muna oaa OUT.

KmoueBble cioBa: @DrajonuaHNH aMOMUHHSA, IPOW3BOJHBIE (yJUIEpeHA, CyNpaMoJeKyJsipHas apaga, Macc-
CIIEKTPOMETPHUS, KBAaHTOBBIH BBHIXON (IIyopecleHIHH, (OTOXMMUYECKass AKTHBHOCTh, T€HEpaIus CYNepOKCHUA.

Intoduction zers are able to generate superoxide radical O2°*-, hydrogen
peroxide H2O., hydroxyl radical HO® and/or non-oxygen

In recent years, Type | photosensitizers for photody- free radicals under light irradiation. Type | photochemical
namic therapy (PDT) have attracted increasing interest reactions are significantly less dependenton the concentra-
from researchers all over the world.[*2] Such photosensiti- tion of oxygen in the medium than the Type Il mechanism
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which involves singlet oxygen photogeneration. In addi-
tion, the hydroxyl radical HO® is considered to be more
cytotoxic than 10213

Type | mechanism of photodynamic action was
shown for inorganic (metal oxides,[*] carbon nanomateri-
als®l), organicl®! and hybridl’] nanomaterials. The same
applies to different small molecules such as methylene blue
derivatives, boron-dipyrromethanes (BODIPY) dyes, com-
plexes of transition metals with macroheterocycles and
other organic ligands.[2! Unfortunately, only a small num-
ber of such structures meet the extensive list of PDT drug
requirements: biocompatibility, low dark toxicity, strong
light absorption in the red/near-infrared (NIR) region, so-
called «tissue transparency window» etc.

One of the promising approaches to the creation of
biocompatible Type I photosensitizers is the use of organic
donor-acceptor structures. They do not contain heavy met-
als and are capable of forming the long-lived charge trans-
fer (CT) state upon irradiation. In particular, in such struc-
tures, [60]fullerene can act as an efficient electron accep-
tor, and a dye that absorbs in the red/NIR region can act as
a donor.[8] Due to the rigid structure, fullerene has a low
reorganization energy of electron transfer, which favors the
formation of the long-lived CT state in donor-acceptor dy-
ads.[¥1 1t has been reported that porphyrin-Cso dyad forming
photoinduced CT state retained a high phototoxic activity
toward cancer cells even under hypoxic conditions.[101 We
have previously detected an increase in Oz°- formation
compared with the original dye in the cases of non-
covalent xanthene dye—Cso dyad!*!] and covalent dyads
based on fullerene and dyes ruboxyl,['21 pyropheophor-
bide*3land chlorin es.[*]

From this point of view, phthalocyanine and its deriva-
tives are highly attractive for the creation of such fullerene-
dye dyads. Phthalocyanines have successfully proven
themselves as photochemically stable Type Il photosensi-
tizers in PDT of malignant tumors.[!5-18] Phthalocyanines
can act as efficient donors in photoinduced electron trans-
fer due to their readily ionizable m-electron system and as
red/NIR dye antennas.[19

To obtain a stable fullerene-dye dyad, a number of
studies have used axial coordination between a metal ion in
the phthalocyanine and the fullerene derivative. For exam-
ple, a supramolecular coordination of pyrrolidinofullerenes
and zinc phthalocyanine is often used for that purpose.[2024
Titanium (1V),[2%] silicon,[261 manganese(lll),[271 and other
metals can also be applied for the axial coordination of
pyrrolidinofullerenes to the central metal ions in the
phthalocyanine. Nevertheless, we have not found any data
in the literature on testing such complexes as Type | photo-
sensitizers for PDT.

Thus, the present work aimed to obtain do-
nor—acceptor dyads formed by axial coordination of alumi-
num phthalocyanine and monosubstituted fullerene deriva-
tives and study their photophysical and photochemical
properties as Type | photosensitizers for PDT.

Experimental

General

Chemicals. Phthalonitrile, aluminum chloride hexahydrate,
DPBF (1,3-diphenylisobenzofuran), NADH (nicotinamide ade-
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nine dinucleotide), NBT (nitro blue tetrazolium chloride), EDTA
(ethy lenediaminetetraacetic acid) were purchased from Sigma-
Aldrich. Chlorobenzene and silica gel (40-60 um, 60 A) were
purchased from Acros organics. Fullerene Cgo (99.5%) was pur-
chased from Fullerene Center, Nizhny Novgorod. Other reagents
and solvents were used without further purification.

Equipment for chemical characterization. Matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectra were taken on a Bruker Autoflex Il mass spectrometer
with 2,5-dihy droxybenzoic acid as the matrix.

Synthesis

Precursors of supramolecular dyads were synthesized by the
described methods: aluminum phthalocyanine chloride PcAl,?®!
cyclopropane fullerene derivative — phenyI-Ceo-butyric acid (1)1
— for dyad Il and pyrrolidinofullerene — Ceo-substituted benzoic
acid (1) — for dyad IV.

Supramolecular dyads 111 and 1V (Figure 1). Aluminum
phthalocyanine chloride (1 eqv) and corresponding fullerene de-
rivatives (1 eqv) were dissolved in a mixture of pyri-
dine/chlorobenzene (1:1, vol/vol). The reaction mixture was
boiled with continuous stirring for 6 hours. After completion of
the reaction, the solvent was removed under reduced pressure, the
product was isolated by gel permeation chromatography (Bio-
Beads S-X1, Bio-Rad) in pyridine. For dyad Il found C 84.828,
H 1.896, N 8.575 % (calculated for C102H26N9O2Al: C 85.292, H
1.825, N 8.777 %). For dyad IV found C 85,703, H 1.967, N
7.822 %, (calculated for CiosH27NsO2Al: C 86.188, H 1.896, N
7.807 %). MS(MALDI-TOF): m/z = 1436 [M+H], calculated for
Ci0sH2sNsO2Al 1436 (dyad IHI); m/z = 1437 [M+H]*, calculated
for C102H27N9O2Al 1437 (dyad |V).

Solubilization of compounds under study in the water with
polyvinylpyrrolidone. To evaluate superoxide anion generation in
water solution, hydrophobic compounds — the reference dye and
dyads — were encapsulated into nanoparticles of polyvinylpyrroli-
done (PVP, Mr ~ 45000, Sigma) using a modified procedure for
dissolving native fullerene Ceo in water.¥ The compound under
study was dissolved in pyridine, and a solution of PVP in pyridine
was added (compound under study/PVP = 1:10, mol/mol).

Figure 1. Synthesis of PCAl-Ceo dyads Il and IV.
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Pyridine was removed on a rotary evaporator. The residue was
redissolved in 3-5 mL of water using an ultrasonic bath, and then
the water was also removed on a rotary evaporator to completely
remove traces of pyridine. Then, water was added again to
achieve 0.1 mM compound concentration. The hydrodynamic
radius of the obtained nanoparticles in an aqueous solution was
measured by the previously described dynamic light scattering
(DLS) method.[*!

Photophysical Studies

Absorption spectrawere measured using a Cary-60 spectro-
photometer equipped with a thermostated cell. Fluorescence
steady -state spectrawere recorded by a Cary-Eclipse fluorescence
spectrophotometer. Fluorescence quantum yields of the com-
pounds under study were calculated using chlorin es trisodium
salt as a reference (®n = 15% in ethanol®) according to the for-
mula:

_a-10reny o

ch - (1_10—Ai) "12~ef ref ref (1)

where 4i and Arer are absorption intensities at the excitation wave-
length, ni and nrer are refractive indexes of the medium, ai and arer
are areas under the fluorescence spectrum for the compound un-
der study and reference compound respectively.

Photochemical Studies

Detection of singlet oxy gen "0 formation has been done by a
standard method using 1,3-diphenylisobenzofuran (DPBF) probe.!
The cuvette with the pyridine solution of the compound under
study and DPBF (50 uM) was illuminated by a setup based on a
Specord M-40 spectrophotometer equipped with an interface for
computer recording of spectra, a temperature-controlled cell
compartment (set to 20 °C) with integrated LEDs (A = 660 nm,
radiation power = 5 mW), and an Arduino-based control unit. The
absorbance decrease of the DPBF probe was registered every 2 s
of light exposure at 420 nm. Singlet oxygen quantum yields of the
compounds under study were calculated usin? zinc phthalocya-
nine as a reference (®a = 40% in DM SOP) according to the
formula:

n!ref ki

i ref
CDEA = T4 k"_ef(DA 2

where o' and o are areas under the absorbance spectrum (taking
into account the emission spectrum of the photoexcitation
source), k' and k™" are reaction rate constants for photobleaching
of 1,3-diphenylisobenzofuran for the compound under study and
reference compound, respectively.

The superoxide anion radical O2°" generation was evaluated
using standard formazan assay.*® The cuvette was filled with 2 mL
of bidistilled water (pH =6.5), containing NADH (0.4 mM), NBT
(48 uM), EDTA (20 uM) and compound under study in the form
of PVP-based nanoparticles. The cuvette with the solution was
illuminated with the described above setup with the LEDs (A =
= 660 nm, radiation power = 70 mW). The optical density of forma-
zan was measured every 1 minute of light exposure at 560nm. Rela-
tive efficiency of superoxide generation was calculated according
to a formula similar to formula (2), reaction rate constant for alu-
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minum phthalocyanine chloride was taken as one. All measure-
ments of reactive oxygen species (ROS) generation were carried
out at least three times for each compound under study.

Results and Discussion

Characterization of reaction products

The MALDI-TOF mass spectra of the dyads show
peaks of molecular ions corresponding to the Csp-R-COO-
AlPc structure of dyad Ill (negative ions, Figure 2) and
dyad IV (positive ions, Figure 3). The rest of the peaks
belong to different fragments of this structure. For exam-
ple, in the spectrum of dyad Ill, the peak at 895 Da corre-
sponds to the fullerene derivative I, and the peak at 850 Da
corresponds to the product of its decarboxylation. In the
spectrum of dyad IV, the intense peak at 717 Da corre-
sponds to the fullerene derivative Il elimination product,
ylide, coordinated to aluminum phthalocyanine. The frag-
mentation of fullerene derivatives under the conditions of a
mass spectrometric experiment is well-known and leads to
the formation of free Ceoas a thermodynamically stable
product as well as addends in the form of unstable ions and
radical ions.[3¢] For example, it is known that pyrroli-
dinofullerenes decompose to ylides during the ionization
process.[37] Separately should mention the peak at 1310 Da,
which presumably refers to the oxidation product of the
aluminum phthalocyaninein the dyad (Figure 3, inset B).

Absorption and fluorescence spectra

Similarly to the synthesis described above (Figure 1),
a supramolecular dyad composed of a fullerene derivative
Il and aluminum naphthalocyanine was also obtained. The
dyad NcAI-Cso showed an intensive absorption peak at 792
nm in pyridine. Unfortunately, that absorbance peak com-
pletely disappeared within less than an hour after the syn-
thesis of the dyad (Figure 4). We believe that rapid post-
synthetic destruction of the dyad was caused, most likely,
by a significant increase in autoxidation processes due to
the influence of the fullerene core.

Apparently, all naphthalocyanine—fullerene dyads
have such low stability. To the best of our knowledge, no
works on the synthesis and study ofthe properties of cov a-
lently bonded naphthalocyanine—fullerene structures have
been published so far. There are only a few works where
the naphthalocyanine—fullerene dyads were studied.[38:39]
These dyads were based on the coordination complexes of
zinc naphthalocyanine and fullerene derivatives containing
pyridine or imidazole fragments capable of coordinating to
the zinc ion. However, even these dyads have not been
isolated and characterized by structural analysis methods
(i.e., NMR).
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Figure 2. MALDI TOF mass spectrum (negative ion mode, DHB matrix) of dyad Ill and its isotopic pattern (inset).
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Figure 4. Absorbance spectraof aluminum naphthalocyanine (1)
and supramolecular dyad NcAI-Cego right after the synthesis (2),
after 2 min (3), 5 min (4), 7 min (5), 15 min (6) of incubation in
pyridine at room temperature.

The absorption spectra of PcAl and supramolecular
dyads Il and IV in pyridine are shown in Figure 5A. The
native dye PcAl has a characteristic Q-band with an ab-
sorption maximum at 677 nm in pyridine. The attachment
of fullerene derivatives to PcAl by extracoordination has
practically no effect on the shape and position of the Q-
band maximum, except for slight differences in the region
of its vibrational satellites. Due to the low solubility of
PcAl in pyridine, its concentration was additionally deter-
mined from the known extinction coefficient (log es76 = 5.31
in DMFI28])), The solubility of supramolecular dyads 1l
and IV in pyridine significantly exceeds the solubility of
the native dye PcAl. We attribute this to the influence of
the large extra ligand (fullerene derivative) which prevents
the aggregation of phthalocyanines. The determined extinction
coefficients for dyads Ill and IV in pyridine (log es77 = 4.87,
log es78 = 5.0 respectively) turned out to be slightly lower
than the extinction coefficient for the native dye (Table 1).

There is no significant change in either the shape of
the fluorescence spectra of dyads or the position of its
maximum compared to the native dye (Figure 5,B). As can
be seen from Table 1, the fluorescence of aluminum
phthalocyanine moiety in the dyads is only partially
quenched. The fluorescence quantum yield decreased by
1.5 times for dyad Ill and 1.2 times for dyad IV relative to
that for PcAl.

Absorbance and DLS spectra of the dyads encapsu-
lated in PVP nanopatrticles

In order to study the generation of superoxide in an
aqueous solution, the obtained compounds were incorpo-
rated into nanoparticles based on polyvinylpyrrolidone.
The size of nanoparticles was estimated using the DLS
method (Figure 6). PcAI-PVP nanoparticles had a bimodal
distribution of average hydrodynamic radius (Rn 3-11 and
50-105 nm). Dyad IV-PVP had a wider distribution with
Rn 3-5, 15-30 and 50-105 nm. The widest size distribution
was observed for dyad IlI-PVP (Rn from 2 to 70 nm). The
differences in the sizes of nanoparticles of the dyads IlI-
PVP and IV-PVP could be related to the different confor-
mation mobility of their linkers between the dye and fuller-
ene core: dyad Ill has the most labile linker of the saturat-
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ed hydrocarbon chain while dyad IV has much more rigid
linker with phenol ring (Figure 1). Such mobility, in turn,
could have a significant influence on the aggregation pro-
cesses of the dyads, encapsulated in PVP nanoparticles
and, ultimately, size distribution of nanoparticles.

As can be seen from the absorption spectra of aque-
ous solutions of nanoparticles (Figure 7), aluminum
phthalocyanine has a tendency to aggregate in the case of
both native dye and supramolecular dyads. A second ab-
sorption band appears at 641 nm, which, most likely, be-
longs to the p-oxodimers of the PcAI-O-PcAl type.

Table 1. Photophysical and photochemical properties of supra-
molecular dyads Il and IV and native dye PcAl.

PcAl Dyad Il Dyad IV
Absorbance Amax, NM 6762 677 678
log(e) at Amax, Mtcm? 5.312 4.87 5.01
Fluorescence Amax, nm 685 685 686
o, % 63.3 41.9 54.5
®,° (mean+SD), % 35.3+4.3  17.2437 215+14
Relative efficiency of
super-oxide generation 1.0 3.0 0.6

in water, a.u.

8Solvent — DMF, pyridine was used for other measurements un-
less otherwise noted

bChlorin es trisodium salt was used as a reference (®fl = 15% in
ethanol*?)

“Zinc phthalocyanine was used as a reference (®a = 40% in
DM SOy
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Figure 5. Absorption (A) and fluorescence (B) spectra of PcAl
(1), dyads 11 (2) u IV (3) in pyridine. Fluorescence intensity was
corrected on the absorbance at Aex = 630 nm.
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study, encapsulated in PP nanoparticles. The concentration of
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Figure 7. Absorption spectra of aqueous solutions of PcAl 2 uM
(2); dyad I 5 M (2); dyad IV 2 uM (3) encapsulated in PVP
nanoparticles.

Photogeneration of reactive oxygen species

The generation of singlet oxygen was studied in pyri-
dine using the 1,3-diphenylisobenzofuran (DPBF) as a
probe (Figure 8,A), singlet oxygen quantum yield ® was
calculated according to formula (2) for all compounds un-
der study (Table 1). A decrease in singlet oxygen genera-
tion efficiency is observed in all dyads compared to the
native dye. The observed effect could be explained by the
influence of the fullerene core of the dyads, which increas-
es the contribution of other energy relaxation pathways of
the photoexcited dye moiety. Furthermore, as in the case of
the fluorescence quantum yield, this effect is more pro-
nounced for dyad IllI: the value of @4 was two times lower
compared to PcAl (17.2% and 35.3%, respectively, Table 1);
the efficiency of dyad IV was 1.6 times less (21.5%, Table 1).
It could also be explained by the different conformation
mobility of their linkers between the dye and fullerene core
of the dyads, as discussed above.
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Figure 8. Kinetics of singlet oxygen generation in pyridine (A)
and superoxide generation in PVP nanoparticles, water solution
(B) of compounds: native dye PcAl (1), control (2), and dyads Il1
(3)and IV (4).

The rate of superoxide photogeneration was measured in
an aqueoussolution of PVP-based nanoparticles (Figure 8,B).
The generation efficiency was evaluated relative to nano-
particles with PcAl (Table 1). For supramolecular dyad 1V,
the efficiency of superoxide generation decreased compared to
the native dye by 1.67 times, which is similar to a decrease in
singlet oxygen generation (Figure 8,A and Table 1). Appar-
ently, in that dyad, electron transfer from aluminum
phthalocyanine to fullerene derivative Il is significantly
hampered, and the most part of the photoexcitation energy
of the dye dissipates to the heat via relaxation pathways. It
leads to a decrease in both the quantum vyield of triplet
formation for aluminum phthalocyanine moiety, which
reduces the singlet oxygen production, and the efficiency of
electron transfer from the dye to fullerene, which, in turn,
reduces the superoxide generation efficiency of the dyad.

The superoxide generation efficiency of dyad IlI, on
the contrary, increased by 3 times compared to the native
dye PcAl. Facilitated electron transfer from the dye to the
fullerene can be explained both by the higher conformation
mobility of the linker and by the higher electron affinity of
the fullerene derivative | compared to derivative Il. The
LUMO energy level of -4.17 eV was estimated for
PCes0BM (a compound with a similar chemical structure to
fullerene derivative I) by the method of cyclic voltammetry
versus the Fc*/Fc redox couple in work,[% while fullerene
derivative Il has higher LUMO level of -3.91 eV, which
was calculated by the same method.[41]
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Conclusion

Using the ability of aluminium ion in the centre of the
phthalocyanine macrocycle to bear an axal ligand, we ob-
tained supramolecular dyads Il and IV based on alumi-
num phthalocyanine and fullerene Ceso derivatives. Com-
pared to the native dye, the fluorescence in the obtained
dyads is partially quenched and the singlet oxygen genera-
tion ability is reduced. Dyad Il based on phenyl-Ceso-
butyric acid and encapsulated in polyvinylpyrrolidone na-
noparticles showed a threefold increase in in the superox
ide anion-radical generation compared to the native dye.
These results suggest the effective formation of the charge
transfer state in this dyad. This makes dyad Il worthy of
attention in the further development of Type | photosensi-
tizers for PDT. Also, the applied approach could be useful
tool for the quick screening dye—fullerene donor-acceptor
pairs and the directed search of the most effective ones.
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