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Abstract

A novel Zn(Il) phthalocyanine derivative (ZnPcF) bearing four antifungal structures of fluconazole was synthesized by a two-step proce-
dure starting from 4-nitrophthalonitrile. First, phthalonitrile-azole derivative was prepared by a nucleophilic ipso-nitro substitution reaction
between 4-nitrophthalonitrile and fluconazole. The cyclotetramerization of phthalonitrile-azole with Zn(II) acetate in the presence of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) results in the formation of the ZnPcF as a mixtures of constitutional isomers with 27% yield. Absorption
and fluorescence spectroscopic studies were analyzed in different media. The results show that ZnPcF is lowly soluble in polar solvents or in
reverse micellar systems. However, addition of HCI produce an increase in the monomerization of ZnPcF in N,N-dimethylformamide (DMF)/water
(10%, v/v) and in benzene/benzyl-n-hexadecyldimethyl ammonium chloride (BHDC, 0.1 M)/water (W, = 10). A value of 0.19 was calculated for
the fluorescence quantum yield (¢r) of this photosensitizer in DMF/water (10%)/HCI 1.2 mM. The photodynamic activity of ZnPcF was eval-
uated using 9,10-dimethylanthracene (DMA). An enhancement in the singlet molecular oxygen, O»('A,), production was obtained in acidified
DMF/water or BHDC micellar system, which represent an appropriate system to induce monomerization of ZnPcF. Preliminary studies to evaluate
the photodynamic activity of ZnPcF were tested against a typical yeast Candida albicans. These results indicated that ZnPcF is an interesting
antifungal agent because it has antimycotic activity in dark and its efficiency increases in the presence of light due to the photodynamic inactivation

caused by the photosensitizer moiety.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Phthalocyanines derivatives exhibit a high absorption coeffi-
cient (¢>10° M~ cm™!) in the visible region of the spectrum,
mainly in the phototherapeutic window (600-800nm) and a
long lifetime of triplet excited state to produce efficiently
singlet molecular oxygen, Oz(lAg). Based on these proper-
ties, one of more recent applications of phthalocyanine in
medicine is in the detection and cure of tumors by photo-
dynamic therapy [1]. In this way, photodynamic inactivation
(PDI) is a new promising approach to treat microbial infec-
tions. PDI is based on the administration of a photosensitizer,
which is preferentially accumulated in the cells. The subsequent
irradiation with visible light, in the presence of oxygen, specifi-
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cally produces cell damages that inactivate the microorganisms
[2-4].

Superficial skin mycosis, either caused by Candida species
or dermatophytes, is one of the most frequent diseases in human
beings and animals. The search for new therapeutic approaches
is stimulated by the fact that standard drug treatments are pro-
longed and the appearance of drug resistant strains is more
frequent in high-risk groups [5]. Candida albicans, which is a
common inhabitant of the mouth, throat, digestive tract and skin,
can become pathogenic mainly in hosts with a compromised
immune system [6]. Resistance of C. albicans against traditional
antifungal, such as fluconazole, is increasing in such patients
[7-9]. These trends underscore the importance of developing
novel strategies for treatment of fungal infections. Thus, in the
last years several photosensitizers have been investigated for PDI
applications [10—-13]. However, the interest in this field and the
need for new molecules with improved characteristics is always
high owing to the large variety of therapeutic applications.
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In this paper, a novel Zn(II) phthalocyanine derivative bear-
ing four structures of fluconazole (ZnPcF) was synthesized.
The azoles are antifungal agents that act inhibiting the activ-
ity of cytochrome P4504py of the fungi. The azoles contain an
imidazolic ring, which is involved in the pharmaceutic activity
[14—16]. In particular, fluconazole has a hydroxylic group that
allows binding this structure with a photosensitizer by alcohoxy
bound. This covalent binding should not affect significantly the
biological activity of the azole group. Thus, this structure present
potential application as antifungal agent, not only because it
could inactive microbes in dark, but also the activity could be
enhanced by irradiation with visible light due to the photody-
namic activity of the photosensitizer moiety.

2. Materials and methods
2.1. General

Absorption and fluorescence spectra were recorded on a Shi-
madzu UV-2401PC spectrometer and on a Spex FluoroMax
fluorometer, respectively. Proton nuclear magnetic resonance
("H NMR) spectra were recorded on a FT-NMR Bruker Avance
DPX400 multinuclear spectrometer at 400 MHz. FAB mass
spectra were taken with a ZAB-SEQ Micromass equipment. The
refractive indexes (1) were measured using an Atago NAR-1T
(Tokyo, Japén) refractometer. Silica gel thin-layer chromatogra-
phy (TLC) plates 250 wm from Aldrich (Milwaukee, WI, USA)
were used. All the chemicals from Aldrich were used without
further purification. Benzyl-n-hexadecyldimethyl ammonium
chloride (BHDC) from Sigma (St. Louis, MO, USA) was recrys-
tallized twice from ethyl acetate and dry under vacuum over
P,0s. Solvents (GR grade) from Merck (Darmstadt, Germany)
were distilled. Ultrapure water was obtained from Labconco
(Kansas, MO, USA) equipment model 90901-01.

2.2. Sensitizers

Zinc phthalocyanine (ZnPc) from Aldrich was used as
received. According to the synthetic procedure, phthalocyanine
macrocycle is obtained as a mixture of the corresponding regioi-
somers.

Phthalonitrile-fluconazole (PnF): A solution of 4-
nitrophthalonitrile (200mg, 1.16 mmol) and fluconazole
(352mg, 1.16mmol) in 15mL of N,N-dimethylformamide
(DMF) was stirred for 10 min under argon atmosphere. Then,
dry potassium carbonate (1.5 g, 10.8 mmol) was added and the
mixture was heated at 80 °C for 3 h. The mixture was treated with
water (50mL) and extracted with dichloromethane/methanol
(5%) (two portion of 50 mL each). The solvent was removed
under reduced pressure. The product was purified by flash
chromatography (silica gel, dichloromethane/methanol 5%)
yielding 175mg (35%) of the pure phthalonitrile PnF. TLC
(silica gel) Ry (dichloromethane/methanol 5%) = 0.26. '"H NMR
(DMSO-ds, TMS) § [ppm] 4.52, 4.70 (AB, 4H), 6.15 (d, 2H,
J=7.8Hz), 6.85 (m, 1H), 7.16 (m, 1H), 7.17 (m, 1H), 7.76 (s,
2H), 8.00 (d, 2H, J=7.8 Hz), 8.01 (dd, 1H, J=2.2 Hz, 8.6 Hz),
8.18 (d, 1H, J=8.6Hz), 8.29 (s, 2H), 8.34 (d, 1H, J=2.2).

FT-IR (KBr) cm™! 3117, 3038, 2910, 2860, 2232, 1619, 1507,
1382, 1270, 1210, 1144, 1104, 960, 848. MS m/z 432 (M%)
(432.1259 calculated for Co;H4F>NgO). Anal. calcd. C 55.33,
H 3.21, N 26.12, found C 55.27, H 3.26, N 26.05.
Phthalocyanine-fluconazole (ZnPcF): A solution of
phthalonitrile PnF (60 mg, 0.14 mmol) and zinc(Il) acetate
dihydrate (11 mg, 0.05mmol) in 10mL of n-pentanol was
stirred for 10 min under argon atmosphere. Then, 30 wL of
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, 0.20 mmol) was
added and the mixture was refluxed for 18h. The reaction
mixture was cooled to room temperature and precipitated with
50 mL of cyclohexane and filtered. The solid was recrystallized
from methanol/water and it was washed with cyclohexane,
acetone and water to yield 17mg (27%) of ZnPcF. FT-IR
(KBr) cm™! 3110, 3040, 2905, 2840, 1620, 1510, 1380, 1245,
1206, 1148, 1102, 1042, 956, 845. FAB-MS m/z 1792 (M™*)
(1792.4326 calculated for Cg4Hs6FgN3004Zn). Anal. caled. C
56.21, H 3.14, N 24.97, found C 56.10, H 3.02, N 25.05.

2.3. Spectroscopic studies

Spectra were recorded using 1 cm path length quartz cells at
25.0£0.5°C. The fluorescence quantum yield (¢r) of ZnPcF
was calculated by comparison of the area below the corrected
emission spectrum with that of ZnPc as a fluorescence standard,
exciting at Aexc =610nm [17]. A value of ¢ =0.28 for ZnPc in
DMF was calculated by the comparison with the fluorescence
spectrum in pyridine using ¢ =0.30 and taking into account the
refractive index of the solvents (n (DMF) = 1.431; n (DMF/water
10% [HCI]=1.2mM) =1.425) [18].

Studies in reverse micelles were performed using a stock
solution of BHDC 0.1 M, which was prepared by weighing and
dilution in benzene. The addition of water to the corresponding
solution was performed using a calibrated microsyringe. The
amount of water present in the system was expressed as the molar
ratio between water and the BHDC present in the reverse micelle
(Wo =[H>OJ)/[BHDC]). In all experiments, Wy =10 was used.
The mixtures were sonicated to obtain perfectly clear micellar
system [19].

2.4. Steady state photolysis

Solutions of 9,10-dimethylanthracene (DMA, 35 M) and
photosensitizer in different media were irradiated in 1cm
path length quartz cells (2mL) with monochromatic light at
Lirr=670nm for ZnPc and Aj,=678nm for ZnPcF (sensi-
tizer absorbance 0.3) from a 75W high-pressure Xe lamp
through a high intensity grating monochromator, Photon Tech-
nology Instrument [19]. The light intensity was determined as
1.5 mW/cm? (Radiometer Laser Mate-Q, Coherent). The kinet-
ics of DMA photooxidation were studied by following the
decrease of the absorbance at Ay,x =378 nm. The observed rate
constants (kops) were obtained by a linear least-squares fit of
the semilogarithmic plot of InAg/A vs. time. Photooxidation of
DMA was used to determine singlet molecular oxygen, 02(1 Ag),
production by the photosensitizer [19,20]. ZnPc was used as
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the standard, @A =0.56 in DMF [21] and @A =0.62 in benzene
[22]. Measurements of the sample and reference under the same
conditions afforded @A for ZnPcF by direct comparison of the
slopes in the linear region of the plots. The reaction of DMA with
10, sensitized by the standard ZnPc was compared in DMF and
in DMF/water (10%, v/v) [HCI] = 1.2 M and insignificant differ-
ence was found between both media. All the experiment were
performed at 25.0 0.5 °C. The pooled standard deviation of
the kinetic data, using different prepared samples, was less than
5%.

2.5. Microorganism and growth conditions

C. albicans strain (PC31) recovered from human skin lesion
was previously characterized and identified. The fungal strain
was identified according to conventional procedures [23]. Pri-
mary classification of colonies from plates was based on
colony characteristic (pigmentation and shape), mode of veg-
etative reproduction, formation of hyphae or pseudohyphae
and ascopore production. Identification of the yeast isolates to
species level was done using the API 20C AUX (BioMérieux,
Marcy I'Etoile, France) system of carbohydrate assimilation pro-
files.

C. albicans strain was grown aerobically overnight in
Sabouraud (Britania, Buenos Aires, Argentina) broth at 37 °C
to stationary phase. An aliquot (1 mL) of this culture was asepti-
cally transferred to fresh fluid Sabouraud (3 mL) medium, which
produces to an absorbance of ~0.75 at 650 nm. Cells were har-
vested by centrifugation of broth cultures (3000 rpm for 15 min)
and re-suspended in 4 mL of 10 mM phosphate-buffered saline
(PBS, pH 7.0). Then the cells were diluted 1/10 in PBS, corre-
sponding to ~10% colony forming units (CFU)/mL. In all the
experiments, 2 mL of the cell suspensions in Pirex brand culture
tubes (13 mm x 100 mm) were used and the sensitizer was added
from a stock solution of ZnPcF (5 x 10~*M) in DMF/water
(10%) [HC1] = 3.3 mM. This amount of HCI does not affect the
cultures because they are in PBS and the pH is not significantly
changed with the addition of 40 pL. ZnPc and fluconazole were
added from a stock solution (5 x 1074 M) in DMF. Viable C.
albicans cells were monitored and their number calculated by
counting the number of colony forming units after appropriated
dilution on Sabouraud agar plates. Fungal cultures grown under
the same conditions with and without photosensitizers kept in
the dark as well as illuminated cultures without sensitizer served
as controls.

‘*N OH N/\

2.6. Photosensitizer binding to yeast cells

Suspensions of C. albicans (2mL, ~10° CFU/mL) in PBS
were incubated in dark at 37 °C with 10 uM of sensitizer for
different times. The cultures were centrifuged (3000 rpm for
15min) and the cell pellets were re-suspended in 2% aque-
ous SDS (2 mL), incubated overnight at 4 °C and sonicated for
30 min. The concentration of sensitizer in the supernatant was
measured by spectrofluorimetry (Aexe =668 nm, Aey =676 nm
for ZnPc; lexe =675 nm, Aep =682 nm for ZnPcF) in solution
of 2% SDS in PBS. The fluorescence values obtained from each
sample were referred to the total number of cells contained in
the suspension. The concentration of the photosensitizer in this
sample was estimated by comparison with a calibration curve
obtained with standard solutions of the sensitizer in 2% SDS
([sensitizer] ~ 0.005-0.1 puM).

2.7. Growth delay of C. albicans cultures

Cultures of C. albicans cells were grown overnight as
described above. A portion (1 mL) of this culture was trans-
fer to 20 mL of fresh Sabouraud broth medium. The suspension
was homogenized and aliquots of 2mL were incubated with
10 uM of sensitizer at 37 °C. The culture grown was measured
by turbidity at 550 nm using a Tuner SP-830 spectrophotome-
ter. This A was chosen because phthalocyanines absorbs in the
range of 600—700 nm. Then the flasks were irradiated with vis-
ible light at 37 °C. The light source used was a Novamat 130
AF slide projector equipped with a 150 W lamp. The light was
filtered through a 2.5 cm glass cuvette filled with water to absorb
heat. A wavelength range between 350 and 800 nm was selected
by optical filters. The light intensity at the treatment site was
30 mW/cm? (Radiometer Laser Mate-Q, Coherent). Total flu-
ence was 864 J/cm? after 8 h of irradiation. In all cases, control
experiments were carried out without illumination in the absence
and in the presence of sensitizer. Each experiment was repeated
separately three times.

3. Results and discussion

3.1. Synthesis of Zn(Il) phthalocyanine-fluconazole
derivative

Zn(II) phthalocyanine substituted by four fluconazole units
(ZnPcF) was synthesized by a two-step procedure [24]. First,

NC

CN
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80°C, 3h N N~
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Scheme 1. Synthesis of phthalonitrile derivative PnF.
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Scheme 2. Synthesis of phthalocyanine ZnPcF.

the phthalonitrile derivative bearing a fluconazole moiety
(PnF) was prepared by a nucleophilic ipso-nitro substi-
tution reaction of 4-nitrophthalonitrile with fluconazole in
the presence of KyCO3 (Scheme 1). This dinitrile deriva-
tive PnF was isolated by flash chromatography (silica gel,
dichloromethane/methanol 5%) with 35% yield. The cyclote-
tramerization of PnF with Zn(Il) acetate in the presence of
organic base 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) was
performed in n-pentanol (Scheme 2). After reflux for 18 h, the
reaction results in the formation of the corresponding ZnPcF as
mixtures of constitutional isomers with 27% yield. The prod-
uct was precipitated with cyclohexane and filtered. Then, it was
re-precipitated from methanol/water and the solid washed with
cyclohexane, acetone and water. This procedure yields a mix-
ture of four regioisomers with a fluconazole group at the 2- or
3-positions of each benzene ring in the ZnPcF molecule [25].

In the structure of ZnPcF, the fluconazole centers are isolated
from the phthalocyanine macrocycle ring by alcohoxy bonds.
This spacer provides a higher mobility of the azole moiety,
which could facilitate the interaction with the heme group of
the cytochrome [14-16].

3.2. Spectroscopic studies and solubilization of ZnPcF

3.2.1. Absorption spectroscopy in different media

The absorption spectrum of ZnPcF was studied in differ-
ent homogeneous and microheterogeneous media. Typically, the
spectra of Zn(II) phthalocyanine derivatives show two charac-
teristic long wavelength peaks, one at ~635nm corresponds
to aggregate absorption, while the other at ~675nm is due to
absorption by the monomeric molecule [25-27]. Almost no sig-
nificant absorption bands of ZnPcF are detected between 550
and 750 nm in non-hydrogen bond donor (DMF, pyridine and
dimethylsulphoxide) or hydrogen bond donor (methanol and
water) polar organic solvents and the sensitizer is very poorly
solubilized in these media. Also, negligible solubilization was
observed for ZnPcF in microheterogeneous micellar systems
of cationic benzyl-n-hexadecyldimethyl ammonium chloride
(BHDC) or anionic sodium bis(2-ethylhexyl)sulfosuccinate
(AOT) surfactants. However, the addition of 10% (v/v)
water/HCl 3.3 mM produces the solubilization of ZnPcF mainly
as monomer in DMF, whereas in methanol the two bands
corresponding to the monomer (~672nm) and aggregated
(~640nm) are observed in Fig. 1A. Moreover, ZnPcF is
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Fig. 1. (A) Absorption spectra of ZnPcF in DMF/water (10%, v/v)
[HCI] = 3.3 mM (solid line), methanol/water (10%, v/v) [HCI] = 3.3 mM (dashed
line), benzene/BHDC (0.1 M)/water (W = 10, [HC1] = 5.0 mM) (dotted line) and
DMF/water (10%, v/v) [HCI]=1.1 M (dashed—dotted line), [ZnPcF]=2.5uM;
(B) spectral changes of ZnPcF in DMF/water (10%, v/v) using increasing Hy SO,
concentrations as follows: 1 x 1073, 0.44, 0.87, 1.67 and 2.39 M.
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dissolved as monomer in cationic reverse micelles of ben-
zene/BHDC (0.1 M)/water (Wy =10) when the aqueous pools
are formed from a solution 5.0 mM of HCI (Fig. 1A) but this
procedure was not effective with anionic reverse micelles of
n-heptane/AOT (0.1 M)/water (W = 10) (see below).

Zn(Il) phthalocyanines macrocycles have four nitrogen
atoms, which can participate in acid—base interaction with acid
media. Monoprotonation of the external nitrogen atoms results
in splitting and bathochromic shift of the Q-band [28]. First pro-
tonation shows two bands at ~680 and ~710 nm and it requires
an elevated acid concentration, for example, Zn(II) phthalocya-
nine (ZnPc) in DMF/H;SO4 1.84 M [28]. In our case, it can be
noted that a small band appear at 712 nm in acidified BHDC
system (Fig. 1A). This peak can be assigned to the partial first
protonation of ZnPcF in the reverse micellar system. However,
a new band was not observed in the other organic solvent/water
(10%) media contain 3.3 mM HCI. Also, monoprotonation peak
was not observed with Zn(Il) phthalocyanines derivatives in
water/HC1 0.1 M [29]. On the other hand, when ZnPcF was stud-
ied in DMF/water (10%) at higher HCI concentration (1.1 M) a
new band appears at 715 nm, evidencing the first protonation on
the external nitrogen atoms (Fig. 1A).

Monoprotonation peak was also confirmed in DMF/water
(10%) using H2SO4 as compared with previous results for ZnPc
[28]. Fig. 1B shows the changes in the absorption spectra on
addition of H»SOy4. As can be observed, the protonation occurs
with a clear isosbestic point at ~691 nm, as previously showed
for ZnPc [28]. From the results in Fig. 1B, the formation con-
stant for the first protonation (Kf) of ZnPcF was calculated
giving a value of Ky=0.48+0.01. This value is comparable
to those reported in the literature for protonation of Zn(II)
phthalocyanine derivatives [28]. Thus, a Zn(II) phthalocya-
nine derivative containing phenoxy ring substituted with ¢-butyl
groups (Kf=0.63) was easier protonated than unsubstituted
ZnPc (K¢ =0.23) in acidified DMF medium [28]. Consequently,
protonation take places more readily in the presence of elec-
tron donating peripheral substituents like the alcohoxy groups
in ZnPcF.

3.2.2. Solubilization of ZnPcF in DMF/water

The monomerization of ZnPcF was analyzed in DMF/water
(10%, v/v) at different concentrations of HCIL. As it can be
observed in Fig. 2A, the Q-band around 675 nm is not detected
in absence of acid indicating that ZnPcF is practically insolu-
ble as monomer in this medium. However, as acid concentration
increases, the absorption band of the monomeric form enhances
until the HCI concentration reaches values ~1 mM (Fig. 3). At
this point, addition of a higher acid concentration (1-3.5 mM)
produces only negligible changes in the spectra.

Under this condition, the monomeric Q-band of ZnPcF
presents a bathochromic shift by ~10 nm when compared with
that of ZnPc as previously observed for Zn(II) phthalocya-

Fig. 2. (A) Absorption, (B) fluorescence emission (Aexc =610 nm) and (C) exci-
tation (Aem =720 nm) spectra of ZnPcF in DMF/water (10%) using increasing
HCI concentrations as follows: 3.2 x 1076,4.3 x 107, 1.7 x 107#,4.3 x 1074,
85x 1074, 12x 1073, 1.7 x 1073,3.3 x 1073 M.
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Fig. 3. Variation of normalized intensities of absorbance at A =678 nm (@),
emission at A =683 nm (M) and excitation at A =678 nm (A) with HCI concen-
trations.

nine derivates substituted by alcohoxy groups [24]. A value of
8.4 x 10* M~ ! em~! was calculated for the molar coefficient (&)
of ZnPcF in DMF/water (10%, v/v) [HCI] = 1.2 mM.

The steady-state fluorescence emission spectrum of ZnPcF
was studied in DMF/water (10%) varying HCI concentration.
As showed above for absorption spectroscopy, the fluores-
cence intensity increases with the amount of acid in solution
(Fig. 2B). Since aggregated phthalocyanines are nonemissive
[27], the emission observed upon excitation at 610 nm occurs
from the monomeric species. The emission spectra show two
bands in the red spectral region with a more intense peak at
~683 nm, which are characteristic of similar Zn(II) phthalocya-
nines [24]. As can be observed in Fig. 3, only small changes in
the intensity are found upon [HC1] > 1 mM. By comparison with
ZnPc as a reference, a fluorescence quantum yields (¢r) value
of 0.19 £0.02 was obtained for ZnPcF in DMF/water (10%)
[HCI]=1.2mM. A small Stokes shift (~5nm) was observed
indicating that the spectroscopic energy is nearly identical to
the relaxed energy of the singlet state. Taking into account the
energy of the 0—0 electronic transitions, the energy level of the
singlet excited stated (Es) was calculated for ZnPcF giving a
value of 1.80 eV. These results are in agreement with those pre-
viously reported for similar phthalocyanines in different media
[29].

Also, the fluorescence excitation spectra of the ZnPcF were
measured in DMF/water (10%) at different HCI concentra-
tions (Fig. 2C), monitoring the emission at 720 nm. As can be
observed in Fig. 2C, the spectra resemble the absorption spec-
tra (Fig. 2A), indicating that the acidified DMF/water medium
promote demonomerization of the ZnPcF.

The studies in homogenic media show that partial mono-
protonation of the nitrogen atoms on the phthalocyanine ring
require high proton concentration (>1 M). However, relatively
lower acid concentrations (<3 mM) are adequate to produce

the ZnPcF monomerization. Under this condition, peripheral
triazole units of fluconazole can undergo protonation (for
example, pK, of 1-methyl-1,2,3-triazol is reported 3.20) [30].
Thus, the repulsion forces associated with the release of the
cationic charge on the protonated heterocyclic groups helps to
produce disaggregation of ZnPcF. Similar results were previ-
ously obtained for compounds with peripheral tertiary amino
groups [31]. In this case, full monomerization was obtained
already at 0.5 mM of HCI due to higher basicity of the tertiary
amines.

3.2.3. Monomerization of ZnPcF in reverse micellar
systems

The absorption spectrum of ZnPcF was analyzed in n-
heptane/AOT (0.1 M) varying the concentration of HCI
contained in the water dispersed in the reverse micelles. The
effect of changing HCI concentrations keeping Wy constant is
shown in Fig. 4A. In previous studies, it was shown that AOT
reverse micellar system very effectively inhibits the aggrega-
tion of cationic phthalocyanine, promoting the formation of
photoactive monomeric species [32]. However, in our case the
solubilization of ZnPcF does not take place in acidified AOT
reverse micelles indicating that this is not an appropriated system
to avoid aggregation of ZnPcF.

Similar studies were performed in benzene/BHDC (0.1 M).
The results are shown in Fig. 4B. The band at ~680 nm, which
can be attributed to the Q-band of the monomeric species,
become more intense when the HCI concentration in the water
microdrop increase. Thus, disaggregation of ZnPcF takes place
when the amount of HCl dispersed increases in the micelles. This
indicates that the sensitizers are mainly solubilized as monomers
in BHDC system containing HCI.

3.3. Photodynamic activity in different media

9,10-Dimethylanthracene (DMA) quenches 02(1Ag) by
exclusively chemical reaction, therefore, it was used to evaluate
the ability of ZnPcF to produce Oz(lAg) [19]. The aero-
bic irradiations with monochromatic light (Aj =670nm for
ZnPc and 678 nm for ZnPcF) of photosensitizers in DMF/water
(10%) [HCl]=1.2mM were performed in the presence of
DMA. A time-dependent decrease in the DMA concentration
was observed by following a decrease in its absorbance at
378 nm (Fig. SA). From first-order kinetic plots the values
of the observed rate constant (kons) were calculate for DMA
(Table 1). The quantum yield of Oz(lAg) production (@a)
were calculated comparing the slope for ZnPcF with the cor-
responding slope obtained for the reference, ZnPc. As can be
observed in Table 1, the values of @5 for ZnPcF are quite
reasonable because the low solubilization of this sensitizer as
monomer. While the Oz(lAg) production was negligible in
these medias without HCl. Aggregation of the phthalocyanine
almost invariably causes a shortening of the triplet lifetime and
a drastic reduction of the overall photosensitizing efficiency
[27].

Moreover, the photodynamic activity of ZnPcF was evalu-
ated in benzene/BHDC (0.1 M)/water (Wo =10, [HCI] =25 mM)
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Fig. 4. Absorption spectra of ZnPcF at different HCl concentrations
in the water dispersion in (A) n-heptane/AOT (0.1 M)/water (Wy=10,
[HCI]=1.0x 1072, 2.0x 1072, 2.5x 1072, 5.0x 1072M) and (B) ben-
zene/BHDC (0.1 M)/water (Wp=10, [HCI]=32x107%, 25x1073,
1.0 x 1072,2.0 x 1072, 2.5 x 1072 M).

(Fig. 5B). The results of DMA photodecomposition in the
reverse micellar system show that Og(lAg) production by
ZnPcF reaches a value ~0.3 in the acidified BHDC system
(Table 1). Therefore, this microheterogeneous system provides
an appropriated biomimetic media to produce photodynamic
activity.

3.4. Antimicrobial activity

ZnPcF was tested for its inhibitory activity against C. albi-
cans as a model to assess the microorganism inactivation. First,
the binding capacity to fungal cells of ZnPcF was evaluated after
different incubation times. The C. albicans cultures were treated
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Fig. 5. First-order plots for the photooxidation of DMA (35 wM) photosensi-
tized by ZnPcF (A) and ZnPc (@) in (A) DMF/water (10%) [HCI] 1.2 mM and
(B) benzene/BHDC (0.1 M)/water (W, =10, [HCI] =25 mM). Values represent
mean = standard deviation of three separate experiments.

Table 1
Kinetic parameters (kobs) and quantum yield of 0,(! Ag) production (®4) of
phthalocyanines in different media

Phthalocyanine Medium kobs (s’l) D

ZnPcF DMF/water? (0.80 & 0.04) x 10~ 0.234+0.02°
ZnPc DMF/water® (1.98 + 0.07) x 103 0.56°
ZnPcF BHDC micelles?  (0.50 + 0.03) x 1073 0.3040.02¢
ZnPc BHDC micelles?  (1.02 & 0.06) x 1073 0.62f

2 DMF/water (10%) [HCI]=1.2 mM.

b Relative to ZnPc in DMF.

¢ From Ref. [21].

4 Benzene/BHDC (0.1 M)/water (Wo = 10, [HCI] = 25 mM).
¢ Relative to ZnPc in benzene.

f From Ref. [22].
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Fig. 6. (A) Amount of ZnPcF (A) and ZnPc (@) recovered from C. albicans cells
incubated with 10 uM of photosensitizer for different times at 37 °C in dark, (B)
photosensitized growth delay curves of C. albicans cells treated with 10 uM of
ZnPcF (A) and irradiated with visible light (30 mW/cm?), treated with 10 wM of
ZnPcF (V) and keeping in dark, treated with 80 uM of fluconazole and keeping
in dark (H) in Saboreaoud broth at 37 °C. Control culture untreated irradiated
(@), untreated in dark (). Values represent mean =+ standard deviation of three
separate experiments.

with 10 wM of phthalocyanine at 37 °C in the dark. The amounts
of sensitizer associated with the cells are shown in Fig. 6A. As
can be seen, ZnPcF reaches the highest value of cell-bound sen-
sitizer at ~30 min and prolongation of the incubation time does
not cause appreciable increase in the amount of photosensitizer
bound to C. albicans cells. In these conditions, the binding of
ZnPcF to cells reaches a value of ~0.17 nmol/10° cells. This
value is considerably higher than that found for the cells treated
with ZnPc under similar conditions. Therefore, the four flucona-
zole units contained in the phthalocyanine macrocycle produces
an increase in the photosensitizer binding to yeast cells with
respect to ZnPc.

The inactivation effect of ZnPcF was compared with flucona-
zolein C. albicans growth delay cultures. In this way, the cultures
of C. albicans in lag phase were treated with either 10 uM of
photosensitizer or 80 uM of fluconazole at 37 °C. As can be
observed in Fig. 6B, growth was arrested when C. albicans cul-
tures were treated with ZnPcF in dark. This behavior was similar
to that found for fluconazole indicating that ZnPcF is toxic in
dark probably due to the activity of the four fluconazole groups.
Moreover, the cytotoxic activity of ZnPc even increases when
the cultures are irradiated with visible light. The last effect can be
attributed to the photodynamic action produced by the photosen-
sitizer, which enhances the inactivation of C. albicans cells. On
the other hand, cultures treated with unsubstituted ZnPc (10 uM)
mixed with fluconazole (80 wM) and irradiated showed a simi-
lar behavior to that found for C. albicans treated with only with
80 pM of fluconazole. This result is probably influenced by the
low binding of ZnPc to cells indicating, at least in this case,
the necessity of fluconazole bound covalently to phthalocyanine
macrocycle.

4. Conclusions

A novel Zn(Il) phthalocyanine derivative bearing four anti-
fungal structure of fluconazole (ZnPcF) was synthesized from
phthalonitrile-azole derivative with 27% yield. Absorption and
fluorescence spectroscopic studies show that ZnPcF is lowly sol-
uble in polar solvents or in reverse micellar systems. One of the
problems that affect the sensitizing ability of the phthalocya-
nines is the aggregation tendency due to the large 7 conjugate
systems [27,33]. The aggregates present an efficient nonradiative
energy relaxation pathway, diminishing the triplet-state popula-
tion and the O (' A ¢) quantum yield. Therefore, the formation of
aggregation precludes the photodynamic activity. However, for
ZnPcF the addition of HCI produce an increase in the monomer-
ization of ZnPcF in DMF/water (10%) and in benzene/BHDC
(0.1 M)/water (Wy = 10). This acid media ((HCI] < 3.5 mM) does
not produce significant monoprotonation of the external nitro-
gen atoms of the macrocycle. Microheterogeneous systems such
as reverse micelles are frequently used as an interesting model
to mimic the water pockets that are often found in various bioag-
gregates such as proteins, enzymes and membranes [34]. Thus,
water-soluble and water-insoluble compounds can be dissolved
simultaneously in reverse micelles, which simulate a biomimetic
microenvironment [35]. The present studies show that acidified
cationic reverse micelles can efficiently avoid aggregation of
ZnPcF, enhancing its photodynamic activity. The value of ¢p
obtained in DMF/water (10%, v/v, [HCI]=1.2 mM) indicates
that it is appropriated for quantification and detection of the
sensitizer in biological media [24]. The photodynamic studies
show that the values of O, (! Ag) generation are also indicative
that acidified DMF or BHDC micellar media produce monomer-
ization of ZnPcF. However, the values of @A can significantly
change in a different medium, diminishing when the sensitizer is
partially aggregated. Also, the biological microenvironment of
the sensitizer can induce important modifications in the pho-
tophysics of the photosensitizer established in solution [36].
In consequence, there are limitations to predict photodynamic
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efficiencies of sensitizers in biological systems on the basis of
photophysical investigations in solution. Preliminary studies to
evaluate the photodynamic activity of these phthalocyanines
were tested against a typical yeast C. albicans. In the biolog-
ical medium, the amount of sensitizer that remains in solution is
mainly aggregated; however, the photodynamic inactivation of
microorganism is produced by photosensitizers that are bound
to C. albicans cells, which is probably dissolved as monomer
in the cellular microenvironment and from this location the
photodynamic effect takes place inducing the cellular photo-
damages. Thus, the present results indicated that ZnPcF is an
interesting antifungal agent because it has antimycotic activity
in dark and its efficiency increases in the presence of light due
to the photodynamic inactivation caused by the photosensitizer
moiety.
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