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Photodynamic activity of water-soluble phthalocyanine
zinc(II) complexes against pathogenic microorganisms
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Abstract—Photodynamic activity of tetrakis-(3-methylpyridyloxy)- and tetrakis-(4-sulfophenoxy)-phthalocyanine zinc(II) toward
the gram-positive Staphylococcus aureus, the gram-negative Pseudomonas aeruginosa, and the fungi Candida albicans was studied.
The drug uptake dependency with an inverse behavior to the cell density was observed. The cationic photosensitizer completely inac-
tivated S. aureus and C. albicans, and with 4 log10 P. aeruginosa. The photoinactivation at mild experimental conditions, such as
drug dose of 1.5 lM and fluence of 50 mW cm�2 for 10 min irradiation time, was shown.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The widespread occurrence of antibiotic-resistant micro-
organisms has necessitated considerable need for new
antimicrobial modality treatment. Photodynamic ther-
apy (PDT) as a method utilizes visible or ultraviolet
light in combination with a photosensitizing agent to in-
duce several phototoxic reactions, which results in cell
damage or death.1 Photodynamic reaction involves a
light absorption by a photosensitizer to excite the mole-
cule to the excited singlet state. This excited state under-
goes intersystem crossing to the long-lived triplet state,
which can react with molecular oxygen inducing reactive
species such as singlet oxygen, superoxide, and radicals.2

These reactive species can oxidize the surrounding bio-
organic molecules, such as proteins, nucleic acids, lipids,
leading to cell death. The photodynamic activity is
determined by the photophysical and photochemical
properties of the photoreactive dye including: (1) the
lipophilicity and ionization, (2) the molecular extinction
coefficient, (3) the quantum yield of triplet state forma-
tion, (4) the quantum yield of singlet oxygen formation
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if the reaction occurs by the type II pathway, and (5) the
redox potentials of the excited states, which is important
for the type I mechanism.3

PDT appears as a promising technique against bacteria,
viruses, and fungi, and for the local treatment of infec-
tions.4–6 Progressive development of a large number of
synthetic and natural compounds for antimicrobial pho-
todynamic therapy has occurred.7 The first published re-
sults more than a century ago described acridine
hydrochloride for the photoinactivation of microorgan-
isms.6,8 The phenothiazine dyes as methylene blue and
toluidine blue showed promising results with bacteria
and fungi.9 Several cyanine dyes like pyrvinium and stil-
bazium, and merocyanines were studied for the photoin-
activation of microbes in plasma and serum.10,11 The
photosensitizers with highly conjugated molecules like
porphyrins and phthalocyanines possess improved opti-
cal properties.12 Phthalocyanines, which are character-
ized with far red wavelength absorption (>670 nm),
long triplet life time (�1 ms), and high quantum yields
of singlet oxygen generation (>0.2), have been studied
as drugs in microbial photodynamic inactivation.13 An
additional important factor for a good photodynamic
response is drug uptake into cell originates.14 It is deter-
mined by the charge and hydrophobicity balance of the
photosensitizers. The macrocycles have flexible struc-
tures to the substitution and by addition of suitable
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substituents an improved accumulation and photody-
namic activity can result.15

The positively charged phthalocyanines can effectively
photoinactivate both, gram-positive and gram-negative
bacteria.16 The gram-positive Staphylococcus aureus
are more susceptible to photoinactivation than gram-
negative Pseudomonas aeruginosa due to the morphol-
ogy characteristics of their membranes.17,18 The yeast
Candida albicans has a nuclear membrane. It was
observed that the photosensitizer bound to the cell enve-
lope and none or very little entered the cell. Thus, result-
ing in some resistance to the photoinactivation.19,20 By
modifying the treatment conditions such as the incuba-
tion time, surrounding solvents or detergents, drug dose,
fluence rate, and light energy the photoinactivation of
the resistant species can be enhanced.

The photodynamic activity of two new water-soluble
phthalocyanines, one cationic tetrakis-(3-methylpyridyl-
oxy)- and one anionic tetrakis-(4-sulfophenoxy)-phthalo-
cyanine zinc(II), was evaluated toward the representative
strains of the three main groups of human pathogens:
the gram-positive S. aureus MS (methicillin-sensitive),
S. aureus MR (methicillin-resistant), the gram-negative
P. aeruginosa, and the fungi C. albicans. The drug uptake
into the microorganisms in dependence on the cell density
was evaluated. The photodynamic inactivation at
different treatment conditions such as drug dose,
cell–drug binding, cell density, light fluence, and irradiation
time was studied.
2. Results

2.1. Phthalocyanines

Phthalocyanine zinc(II) complexes (ZnPcs) with differ-
ent charges were evaluated as photodynamic agents for
bacteria and fungi (Scheme 1). The diamagnetic metal
ions in a closed-shell arrangement such as zinc(II) deter-
mine a high fluorescence quantum yield (0.3) and long
triplet lifetimes (1 ms) with high triplet quantum yields
(0.6) and therefore a high probability of energy or electron
transfer, as was confirmed in our previous work.21–24

The hydrophilic character of ZnPcs was determined by
distribution coefficients of ZnPcs between octanol-1
and 0.01 M Tris-buffer, pH 7.0.25–27 The anionic ZnPcs
and the cationic ZnPcMe are well soluble in water and
can easily aggregate in aqueous solutions.21–23 The
Scheme 1. Molecular structures of substituted Zn(II)-phthalocyanines.
monomer formation has concentration dependence in
aqua media and both ZnPcs exhibit monomer/dimer
equilibrium. The aggregation can be reduced by use of
a carrier system or by addition of detergents.21 DMSO
dissolves well all studied compounds and in the mono-
mer state.21,24

2.2. Phthalocyanine uptake by microorganisms

The amount of photosensitizer bound to the microbial
cells with densities between 105 and 109 cells/mL by
using the fluorescence spectroscopy setup was evalu-
ated.28 The fluorescence signal of the organic extracts
from the cells was recorded for the spectral range 650–
800 nm after excitation at k = 635 nm. It was possible
to determine quantitatively the phthalocyanines at a
low therapeutic concentration of 1.5 lM. Figure 1a
and b present the uptake of ZnPcMe and ZnPcS for
methicillin-resistant S. aureus, P. aeruginosa, and for
C. albicans at different cell densities. The phthalocyanine
bound to the bacterial cells and the fungi decreased with
increasing of cell density.

The uptake by methicillin-resistant S. aureus was two
orders higher compared to P. aeruginosa and one order
compared to the fungi C. albicans. An inverse depen-
dence of the drug accumulation on the cell densities
was determined. There was not any charge dependency
on the uptake of the studied compound.

2.3. Photoinactivation at different cell densities

The photodynamic inactivation with the cationic
ZnPcMe and the anionic ZnPcS of the studied microor-
ganisms with different cell densities was compared
(Fig. 2). Both S. aureus strains and C. albicans were suc-
cessfully treated with the result of no survival at cell den-
sities between 106 and 108 cells/mL and 6 lM ZnPcMe
(Fig. 2a). In the case of P. aeruginosa at higher cell con-
centrations (107 and 108 cells/mL) the survival fraction
dropped to 6 log10 and 4 log10, respectively. In contrast,
the anionic ZnPcS with the same drug concentration
(6 lM) was not sufficient to photoinactivate the gram-
negative P. aeruginosa (Fig. 2b). For the yeast C. albi-
cans the photoinactivated cells were only 1–2 log10, when
treated with ZnPcS (Fig. 2b). The methicillin-resistant
S. aureus treated with ZnPcS was deactivated less than
4 log10 for all tested cell densities, and 4 log10 for S. aur-
eus, MS at the lowest cell density (106 cells/mL). The ef-
fect was negligible at higher cell densities of the treated
species with the exception of the resistant strain S. aur-
eus (4 log10).

The dark toxicity of the photosensitizers was negligible
at the used dye concentration (<0.5 log10 decrease of via-
ble cells). The experimental results for all three different
control groups were comparable (<0.5 log10 decrease of
viable cells).

2.4. Light dose effect on photoinactivation

The photoinactivation with ZnPcMe was evaluated for
different irradiation times after bacterial suspensions



Figure 1. The number of phthalocyanine molecules bound to the microorganism’s cells with different cell densities and incubated for 10 min with

1.5 lM ZnPcs: (a) ZnPcMe and (b) ZnPcS.
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were washed out to remove the unbound photosensitizer
(Fig. 3). As can be seen, the therapeutic response after
washing was lower in comparison to the unwashed bac-
teria of S. aureus. This result suggests that the molecules
non-bound to the cells can result in the bacterial photo-
inactivation after irradiation.

The photoinactivation of the microorganism was
determined for different irradiation times, respectively,
the various light doses (12, 30, and 60 J cm�2). The
complete photoinactivation with the cationic ZnPcMe
even for the low light dose applied to S. aureus strains
was observed (Fig. 4a). In case of the gram-negative
bacteria treated with ZnPcMe at 30 J cm�2 a photoin-
activation of 4–5 log10 was observed and at a dose of
60 J cm�2 it was 5–6 log10 (Fig. 4a). C. albicans treated
with ZnPcMe at light dose 30 J cm�2 was fully pho-
toinactivated. The anionic ZnPcS was active only at
a dose of 60 J cm�2 and an effect of 3–4 log10 photoin-
activation for S. aureus, MR was obtained (Fig. 4b).
P. aeruginosa treated with ZnPcS at light dose
60 J cm�2 was not photoinactivated. The similar
results were observed for C. albicans after ZnPcS
treatment (Fig. 4b).

In summary, the use of the cationic ZnPcMe is prefera-
ble for the photoinactivation of wide range of different
pathogenic microorganisms compared to the anionic
ZnPcS. With exception of P. aeruginosa a total cell kill-
ing was achieved. A notable effect for P. aeruginosa was
seen at low cell density and high light dose.
3. Discussion

Phthalocyanine zinc(II) complexes bearing different sub-
stituents (Scheme 1) were employed to evaluate the effi-
ciency of the photodynamic inactivation of selected
three classes of pathogenic microorganisms. The studied
phthalocyanines exhibit the Q-band absorption at
k = 675 nm and the fluorescence maximum in DMSO
at k = 690 nm.21,24,28 The quantum yield of singlet oxy-
gen generation as was previously obtained by us, follow-
ing the energy transfer from the excited triplet state as
reactive species, was of the order of 0.55 and indepen-
dent on the substituents.21–23

Representative strains of major human pathogens like
the gram-positive and the gram-negative bacteria, and
the yeast were studied. The uptake of photosensitizers
by microorganisms is an important feature for the effi-
cacy of photoinactivation.29 The phthalocyanine uptake
from the studied microorganisms was determined
(Fig. 1). The results showed that the cell–drug binding
for the bacteria and the fungi decreases with increasing
cell density. The electronic charges of the studied pht-
halocyanines seem to be of not great importance. Anti-
microbials like cationic phthalocyanines can bind well to
bacteria walls.30 In the case of ZnPcMe for S. aureus the
uptake was similar to C. albicans, and two orders more
than P. aeruginosa (Fig. 1a). The uptake for the yeast
C. albicans is comparable to the bacteria S. aureus, but
different mechanism of the photosensitizer’s influx and
target organelles upon irradiation occurs.19 The found



Figure 3. Photosensitizer-cell binding dependency on the photoinac-

tivation of S. aureus, methicillin-resistant (107 cell/mL) after 10 min

incubation with 1.5 lM ZnPcMe and irradiation with a fluence rate of

50 mW cm2 for different times, respectively, the light doses (*P < 0.05,

compared with untreated bacteria).

Figure 2. The photoinactivation of microorganisms with different cell

densities irradiated with a fluence rate of 100 mW cm�2 for 10 min

after 10-min incubation with 6 lM ZnPcs: (a) ZnPcMe and (b) ZnPcS

(*P < 0.05, compared with untreated bacteria).
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low amount of ZnPcMe in P. aeruginosa was apparently
non-sufficient to cause a significant photoinactivation
(4 log10) at high light dose (60 J cm�2). ZnPcS was taken
up from the gram-negative bacteria cells a half of the
amount compared to the uptake from gram-positive
bacteria and fungi (Fig. 1b).

The photoinactivation behaviors of the bacteria S. aur-
eus and P. aeruginosa are in agreement with the differ-
ences in their accumulation behavior in case of
cationic ZnPcMe (Figs. 1a and 2a).

The most microbial species demonstrate two mecha-
nisms of drug uptake: (1) a diffusion-controlled process
and (2) an affinity-mediated binding.18 The accumula-
tion behavior of ZnPcMe and ZnPcS suggests that both
mechanisms are involved. This was proved by washing
of the unbound excess of ZnPcMe from the resistant
S. aureus. The effect of bacterial photoinactivation was
significantly decreased for all irradiation times (Fig. 3).
Obviously, the unbound phthalocyanine produces after
irradiation extracellular singlet oxygen, which is suffi-
cient to cause a significant effect of the decrease of the
survival cells.

The other authors pointed out that based on the interac-
tion of photosensitizers poly-LL-lysine chlorine (e6) con-
jugate, toluidine blue O, and rose bengal with bacteria
S. aureus, Escherichia coli and the yeast C. albicans,
three possibilities exist: tightly bound and penetrate into
cells, only weakly attached, and non-bound.18 Thus sug-
gested that microbial cells have to compete for the nec-
essary amount of photosensitizer, and therefore the cell
density is an important factor. The cell density depen-
dence was observed only in the case of P. aeruginosa
treated with ZnPcMe (Fig. 2a). This can be due to the
limited susceptibility of this strain to photoinactiva-
tion.17 The other microorganisms were fully inactivated
(Fig. 2a). In case of ZnPcS the photoinactivation was 3–
4 log10 for S. aureus, methicillin-resistant at all cell den-
sities (Fig. 2b). The increasing of the cell density resulted
in decreasing of the photoinactivated cells for S. aureus,
sensitive (Fig. 2b). Probably, there is a charge depen-
dence on the effect for the gram-positive and gram-neg-
ative bacteria treated with cationic or anionic
photosensitizer.

The microbial photoinactivation dependence on the
light dose was examined (Fig. 4). The threshold light
dose for the bacteria and fungi was determined. For
example, the resistant strains like P. aeruginosa and C.
albicans irradiated in the range from 12 to 60 J cm�2

showed decreasing in survival ratios from 4log10 and
3 log10 to 6 log10 and 7 log10 (Fig. 4a). Obviously, a much
higher concentration of the excited dye was needed for
the effective photoinactivation of both the resistant
microorganisms. An exception was S. aureus treated
with ZnPcMe with no surviving cells found at low light



Figure 4. Effect of the irradiation time at fluence rate of 100 mW cm�2

on the survival of the microorganisms (107 cell/mL) after 10-min

incubation with 6 lM ZnPcs: (a) ZnPcMe and (b) ZnPcS (*P < 0.05,

compared with untreated microorganisms).
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dose (12 J cm�2). The light dose dependence was pro-
nounced for all bacterial species when treated with the
anionic ZnPcS, with the exception of P. aeruginosa be-
cause of the lack of any photokilling (Fig. 4b). The bac-
teria and the fungi treated with ZnPcS at light dose of
12 J cm�2 were not deactivated. At fluence rate of
100 mW cm�2 and an irradiance of 60 J cm�2 ZnPcS-
inactivated both the S. aureus with 3–4 log10 but could
not inactivate C. albicans. The higher light fluences
can induce a light toxic effect, which was tested on the
controls without photosensitizer.

In summary, it is pointed out that an efficient photosen-
sitizer is capable to give a high photodynamic response
even at high cell density and low light dose. This allows
quantitative evaluation of the photodynamic effect after
treatment of pathogenic microorganisms with different
densities.

Size and morphology of bacteria and fungi influence
the photoinactivation.18,20 The great size of fungi
(3–5 lm) compared to bacteria (0.5–1 lm) means that
more singlet oxygen is needed for the photokilling of
morphologically convoluted fungi.20 C. albicans was
efficiently photoinactivated with the cationic ZnPcMe
(Figs. 2a), as a result of a good penetration of the
positively charged photosensitizer to the fungi during
irradiation as assumed.19 A mechanistic study suggests
that an active binding on the cell enveloped of C. albi-
cans that caused the membrane damages upon irradi-
ation and a massive influx of drug into the cells
happened.19

The externally generated reactive species can induce cell
damages to the outer membrane, which are significant
for the effect as was shown (Fig. 3). The outer membrane
is preventing the penetration of various compounds into
the cells of gram-negative type bacteria.18 Possibly,
extracellular oxygen or other reactive species are respon-
sible for the effective photoinactivation of P. aeruginosa
(Figs. 2a and 4a). It was photoinactivated with the cat-
ionic ZnPcMe at light dose 60 J cm�2 (Fig. 4a) and there
was not any inactivation with the anionic ZnPcS
(Fig. 4b). The resistance of gram-negative species to
the photosensitizing action of neutral and anionic por-
phyrinoids was explained with the rigid characteristic
of the outer membrane located outside the peptidogly-
can compartment of the wall.20 Obviously, two orders
lower drug uptake into P. aeruginosa compared to the
other studied microorganisms leads to only 4 log10 pho-
toinactivation with ZnPcMe (Figs. 1a and 2a). Never-
theless both photosensitizers showed similar uptake
after 10-min incubation, the photodynamic effect was
different. These observations assumed different accumu-
lation behaviors of the opposite charged molecules
(ZnPcMe and ZnPcS) into gram-negative bacteria upon
irradiation.
4. Conclusions

The efficacy of PDT with tetrakis-(3-methylpyridyloxy)-
and tetrakis-(4-sulfophenoxy)-phthalocyanine zinc(II)
on the studied microorganisms depends on the cell den-
sity, the light dose, and the drug uptake. The cell-photo-
sensitizer binding before irradiation depends on the cell
density. The gram-negative P. aeruginosa can accumu-
late two order lower amounts of the studied photosensi-
tizers compared to the S. aureus and C. albicans. There
was not observed any charge dependence of the drug on
the uptake. Photodynamic response for S. aureus
showed full photoinactivation with the cationic ZnPcMe
(1.5 lM) at fluence rate 50 mW cm�2 after 10-min irra-
diation. The gram-negative P. aeruginosa, and the yeast
C. albicans can be effectively treated with ZnPcMe, but
at high concentration (6 lM) and more powerful light
(100 mW cm�2). The anionic ZnPcS is effective for the
studied bacteria and fungi, but at high drug concentra-
tion (6 lM) and light energy (60 J cm�2). The gram-po-
sitive bacteria S. aureus, the gram-negative bacteria P.
aeruginosa and the yeast C. albicans can be effectively
photodynamically inactivated with the cationic tetra-
kis(3-methylpyridyloxy) phthalocyanine zinc(II). These
results are encouraging for further investigation of the
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proposed phthalocyanine for clinical PDT of bacterial
infections in humans.
Figure 5. Fluorescence spectra of the samples taken after 10-min

incubation with 1.5 lM ZnPcMe of S. aureus, MR (the conditions

described in the inserted box) at excitation with 635 nm.
5. Experimental

5.1. Photosensitizers and other chemicals

The phthalocyanine zinc(II) complexes (Scheme 1), i.e.,
2,9,16,23-tetrakis(3-methylpyridyloxy)phthalocyanine
zinc(II) (ZnPcMe) and 2,9,16,23-tetrakis(4-sulfophen-
oxy)phthalocyanine zinc(II) (ZnPcS), were prepared by
cyclotetramerization of the respective phthalonitriles
according to the synthetical procedures previously
described by Woehrle et al.21–23 All chemicals from com-
mercial sources were of analytical or spectroscopic
grade. The organic solvents were dried and distilled be-
fore use. Stock solutions of the studied phthalocyanines
(1 mM) were prepared in DMSO and stored refrigerated
in the dark. The dilutions to the proper concentrations
(1.5 or 6 lM) were performed in 0.01 M phosphate-buf-
fered saline (PBS), pH 7.4, prior to the experiments. The
absorbance was monitored on Shimadzu UV–vis 3000
spectrophotometer (Japan).

5.2. Bacterial strains

The following microorganisms were selected: the bacte-
ria gram-positive S. aureus 1337, methicillin-resistant
strain (MRSA) from the Collection of the Institute of
Microbiology, Bulgarian Academy of Sciences, and
S. aureus 509, methicillin-susceptible strain (MSSA)
and gram-negative P. aeruginosa 1390, and the yeast
C. albicans 74 from the National bank for industrial
microorganisms and cell cultures (NBIMCC) Bulgaria.
Brain heart infusion broth (Difco, BD Diagnostic
Systems, Sparks, MD) was used for S. aureus and
P. aeruginosa. YM medium (Difco) was used for
C. albicans. All strains were grown aerobically overnight
at 37 �C. Cells were harvested by centrifugation and
were resuspended in sterile PBS. Prior to the
experiments, they were diluted to cell densities of 109,
108, 107, 106, and 105 cells/mL.

5.3. Light sources

Irradiation of the microorganisms was carried out with
an argon-pumped dye laser system (Spectra Physics,
USA) at the absorption maximum of phthalocyanines
(675 nm). The bacterial suspensions were placed in
1 cm disposable cuvette into thermostated cell holder
at 37 �C and were magnetically stirred during illumina-
tion. The fluence rates were 100 and 50 mW cm�2 and
were controlled with photometer equipment (Spectra
Physics, USA). A red LED (Lumileads, USA) at
635 nm was used as an excitation source for fluorescence
measurements.

5.4. Phthalocyanine binding to cells

The cells with densities of 109, 108, 107, 106, and
105 cells/mL were incubated with ZnPcMe and ZnPcS
(1.5 lM) for 10 min in the dark at 37 �C by gentle
stirring. The supernatants were removed and the un-
bound photosensitizer was washed out with PBS. After
three times washing with PBS, the cells were resus-
pended in THF:aqueous 2% SDS (1:9) and kept in the
dark. Then the samples were centrifuged, and the col-
lected extracts were examined by fluorescence analysis.
The fluorescence experimental set-up built-in from a
red LED as excitation source at k = 635 nm was previ-
ously described.31 Fluorescence signals were obtained
by collection fibers adjusted to a 90� position toward
the excitation beam. The fluorescence spectra were
recorded by using a fibro-optic microspectrometer
(Ocean Optics Inc, USA). The detector was a high-sen-
sitive 4096 element linear CCD-array with 600 lines/mm
grating. The calibration lines were plotted for the sam-
ples with known ZnPcs concentrations. The changes in
the intensity of the fluorescence signals between
solutions in organic solvent and supernatants collected
after incubation and cell’s washing were used for
indication of phthalocyanine binding to the bacteria
(Fig. 5). The amount of phthalocyanine molecules
bound to the bacteria or fungi was determined by using
Avogadro’s number for calculation of the number of
Pc-molecules per cell at the respective cell density.

5.5. In vitro photodynamic inactivation

Bacterial suspensions with different cell densities (106,
107, 108, and 109 cells/mL) were prepared by serial dilu-
tions with PBS. Samples of 1 mL containing the cells
were incubated for 10 min with 5 lL of photosensitizer
stock solution to final concentrations of 1.5 or 6 lM
ZnPcs at 37 �C by gentle stirring. Then the samples were
irradiated at the Q-band maximum of ZnPcs with differ-
ent light doses. At fluence rate 50 mW cm�2 and for dif-
ferent exposure times were reached the light doses of 12,
30, and 60 J cm�2. The control experiments with the
microbial cells were as follows: (1) without photosensi-
tizer, but illuminated, (2) with photosensitizer, but no
light, and (3) only suspension (no photosensitizer, no
light). After irradiation 0.1 ml samples were taken off
and serially diluted (10-fold) with PBS. Aliquots were
spread over agar plates made from appropriate media.
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The number of colonies on each plate was counted fol-
lowing 24-h incubation at 37 �C for the bacterial strains
and after 48-h incubation for the C. albicans. The sur-
vival fraction was calculated as a ratio of the PDI trea-
ted toward means of the control groups 1–3. Each
experiment was carried out three times.

5.6. Statistics

Survival values are expressed as means ± standard devi-
ation (SD). The difference between two means was com-
pared by a two-tailed unpaired Student’s test. P values
of <0.05 were considered as significant.
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