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Two cationic zinc phthalocyanines have been tested for their interactions with several DNA secondary structures.
Despite different aggregation properties, both phthalocyanines bind to DNA in monomeric forms. The strong
photodynamic activity of phthalocyanines was demonstrated by in vitro experiments and correlate well with high
singlet oxygen yields determined experimentally with 1,3-diphenylisobenzofurane. Both phthalocyanines ac-
cumulate in the cell cytoplasm prior to radiation; however, only the octacationic photosensitizer was observed in
the cell nuclei after irradiation.

1. Introduction

Transition metal phthalocyanines (Pcs) are well known functional dyes
used as colorants in industry [1-6], active components in information re-
cording devices [7-11], and catalysts [12-16]. It is known that the axially
or core-substituted closed-shell Pcs, especially aluminum, silicon, and zinc
derivatives, are suitable for applications in photodynamic therapy (PDT) of
cancer [17-29]. Indeed, one of the sulfonated aluminum phthalocyanines
(AlPcs, also known as Photosense [30,31]) is currently in clinical use in
Russia. The key advantages of closed-shell transition metal phthalocyanines
for PDT applications lie in their easily tunable optical properties and triplet
state formation, which in turn are responsible for effective singlet oxygen
production needed for photodynamic action. Recently, studies have been
performed on the effectiveness of the polycationic zinc phthalocyanines
(ZnPcs) for antimicrobial [32] and anticancer PDT applications [33];
however, unlike in well studied sulfonated AlPc derivatives, very little is
known about the binding and photodynamic action of such Pcs with dif-
ferent DNA secondary structures [34-36]. Thus, in this paper we discuss
the binding and photodynamic activities of two cationic ZnPcs (Pcl and
Pc2, Chart 1) for single-stranded (SS-DNA), double-stranded (DS-DNA),
and G-quadruplex DNA (G4-DNA).

2. Materials and methods
2.1. Materials
The MCF-7 cell line (gift from Dr. Spencer Gibson) was maintained

in a humidified incubator at 37 °C with 5% CO,, grown in Dulbecco's

* Corresponding authors.

Modified Eagle's Medium (DMEM) (Invitrogen, Burlingon, ON, Canada)
supplemented with 10% fetal calf serum (FCS) (Invitrogen). DNA sub-
strates were purchased desalted and lyophilized from Integrated DNA
technologies (IDT). The following sequences of DNA were used: SS-DNA
(5’AGCGTTAGCGTTAGCGTTAGCG3’), DS-DNA was formed by the ad-
dition of (5’°CGCTAACGCTAACGCTAACGCT3’) to the SS-DNA, G4-DNA
(5’AGGGTTAGGGTTAGGGTTAGGG3’). Phthalocyanine samples Pcl
and Pc2 were received from Professor E. A. Lukyanets. 1,3-
Diphenylisobenzofurane was purchased from Sigma and used as re-
ceived.

2.2. UV-vis and MCD spectroscopy

UV-vis spectra were collected on a Jasco V-770 spectrophotometer
and magnetic circular dichroism (MCD) spectra were measured with a
Jasco J-1500 CD spectrometer using a Jasco MCD-581 electromagnet
which was operated at 1.0 T. The absorption spectra for the DNA ti-
trations were collected with a Varian Cary 50 spectrophotometer and
the fluorescence data were measured on a Varian Eclipse spectro-
fluorometer.

2.3. DNA binding titrations and singlet oxygen yields

All absorbance titrations were run in an aqueous 50 mM 2-(N-
morpholino)ethanesulfonic acid (MES) buffer (pH = 7.0) and 100 mM
KCl mixed solution. Pc1 and Pc2 were diluted until a nominal absor-
bance of 2 A.U. at the Soret/Q-band was achieved in the optical spec-
trum. A 100 uM solution of DNA was prepared by heating the dissolved
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Chart 1.

DNA to 95°C for 5min before a slow cooling to room temperature
(5°C/min). Absorption and fluorescence spectra were collected after
each 1yuL addition of DNA solution until saturation was achieved.
Singlet oxygen yields were determined using 1,3-diphenylisofurane as a
singlet oxygen scavenger following standard procedure [37]. The
custom-made apparatus used was a 100 W white-light bulb in a 60 W
lamp which was equipped with a 630-760 nm band pass filter. The
intensity was calculated to be 1326 W/m?. A 1 cm cuvette was used for
all experiments. In all experiments, concentration of Pcl and Pc2 in a
buffer solution was held between 107> and 10™°M

2.4. Cell culture and reagents

MCEF-7 cells were seeded at 50,000 cells per well in 24-well cell
culture plates (Thermo-Fisher Scientific). Pc1 and Pc2 compounds were
dissolved in water and sterilized using a 0.22 uM cellulose syringe filter
prior to cell treatments. After 24 h, Pc1 or Pc2 or water was added to
the cell culture media to a final concentration of 5 uM and incubated at
37 °C 5% CO, for a further 24 h. The cells were then rinsed with PBS
and the media replaced with fresh DMEM + FCS. For the experiments
with fixed cells, the samples were irradiated (or not) for 5min with a
FluorChem Q imager (Protein Simple) using the CY5 excitation filter
(620-720 nm band pass). Cells were returned to the incubator for 4h
before imaging. Immunofluoresence experiments were performed as
described previously [38] using AlexaFluor 488 conjugated anti-H2A.X
(P139S) antibody (Thermo-Fisher Scientific, CR55T33), Prolong Dia-
mond mounting media containing DAPI (4’,6-diamidino-2-pheny-
lindole, Thermo-Fisher Scientific) and imaged at 40 x using an EVOS FL
Auto imaging system (Thermo-Fisher Scientific). For live cell imaging,
samples were irradiated for only 1 min before the cell culture media
was changed to Live Cell Imaging Solution (Thermo-Fisher Scientific)
and the cells were imaged on the EVOS FL Auto imaging system. In-
dividual wells were used for each time point to minimize the effect of
additional reactive oxygen species (ROS) produced by imaging the
phthalocyanine compounds (using the CY5 filter with band pass be-
tween 620 and 700 nm) that would affect the progression of cell death
in further time points. The LD50 for Pcl and Pc2 were not calculated;
the non-irradiated cells did not suffer from the treatment and the signal
from the H2AX antibody is very close to background with no distinct
foci observed.

2.5. DFT calculations

Density Functional Theory (DFT) and Time-Dependent DFT
(TDDFT) calculations were conducted using Gaussian 09 software [39].
Hybrid TPSSh exchange-correlation functional [40] was used in all
cases. A standard 6-311G(d) basis set was used for all atoms [41]. The

first 80 excited states were considered in TDDFT calculations. Mole-
cular orbital compositions were determined using QMForge software
[42] and the frontier orbitals were visualized using GaussView pro-
gram.

3. Results and discussion
3.1. UV-vis and MCD spectra

It is well-known that the formation of phthalocyanine H-aggregates
results in a blue-shift of the low-energy Q-band, reduces phthalocya-
nines' fluorescence quantum yield and diminishes PDT activity [43-47].
Thus, it was important to evaluate aggregation behavior of the Pc1 and
Pc2 in water as physiological solvent. The UV-vis and MCD spectra of
tetracationic and octacationic zinc phthalocyanines Pcl and Pc2 in
water are shown in Fig. 1.

In both cases, the Q-band can be identified as a strong MCD A-term
centered at 695 nm (Pcl) or 679 nm (Pc2). It is clear from the UV-vis
and MCD spectra that in water the degree of aggregation of tetra-
cationic Pcl is significantly higher than that in Pc2. In the case of Pc2,
the Q-band shoulder centered at 613nm can be clearly seen in its
UV-vis spectrum and is associated with the positive MCD signal at
617 nm. In contrast, a broad band at ~650 nm was observed in the case
of Pcl in water, and is associated with a very strong positive signal in
the MCD spectrum centered at 634 nm. From the MCD spectra, the
intensity ratio of signals between the positive portion of the A-term at
667 nm and shoulder at 617 nm is clearly much larger for Pc2 com-
pared to the same ratio between positive signals at 686 (A-term) and
634 (shoulder) nm for Pcl. The appearance of the broad, positive MCD
signal at 634 nm in the case of Pcl is indicative of the formation of H-
aggregates in solution for this compound [48-52]. The formation of
aggregates in Pc1 was further confirmed by its UV-vis spectra taken in
methanol and DMSO solutions, where the monomeric form of Pcl
dominates the spectrum (Fig. 2).

The formation of H-aggregates in the case of Pcl can be easily ex-
plained by its lower positive charge compared to Pc2 where its octa-
cationic nature precludes si-it interactions between two phthalocyanine
cores due to strong electrostatic repulsion. As expected, the introduc-
tion of four electron donating groups to a-positions on the core of Pcl
resulted in a significant red-shift of the Q-band compared to Pc2
(705nm in DMSO for Pcl monomer vs. 682nm in DMSO for Pc2
monomer).

3.2. DFT and TDDFT calculations

In order to correlate the red-shifts in Pcl versus Pc2 with their
electronic structures, Density Functional Theory (DFT) calculations
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Fig. 1. UV-vis and MCD spectra of Pcl and Pc2 in water.
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Fig. 3. DFT-predicted energy level diagram for Pc1 and Pc2.

were conducted on both compounds. The DFT-predicted energy dia-
gram is shown in Fig. 3 and frontier orbitals are pictured in Fig. 4.

In both cases, the DFT-predicted highest occupied molecular orbital
(HOMO) orbital resembles the classic Gouterman's “a;,” and the lowest
unoccupied molecular orbital (LUMO) and LUMO + 1 orbitals resemble
Gouterman's “e;” pair of orbitals [53,54]. TDDFT-predicted UV-vis
spectra of Pc1 and Pc2 are compared to the experimental data in Fig. 5.

In good agreement with the experimental data, the TDDFT-pre-
dicted energy of the Q-band in Pcl (717 nm) is red-shifted compared to
that predicted for Pc2 (661 nm). In addition, a set of intra-ligand
charge-transfer transitions from the electron-donating alkoxy groups to
LUMO and LUMO + 1 have been predicted by TDDFT for Pc1 at 457 nm,

which is in good agreement with experimental data on Pcl and the
similar phthalocyanines with electron-donating groups located at the a-
positions of phthalocyanine core [55,56].

3.3. Singlet oxygen generation

In order to estimate the potential photodynamic activity of Pc1 and
Pc2, singlet oxygen formation yields for these two photosensitizers in
DMSO were determined using 1,3-diphenylisobenzofuran (DPBF) as a
singlet oxygen scavenger (Fig. 6) [37].

Upon irradiation of Pcl and Pc2 in DMSO/DPBF solutions at Q-
band wavelengths, rapid degradation of the singlet oxygen scavenger
was observed while no decrease of Q-band intensity was detected. The
singlet oxygen generation abilities of Pc1 and Pc2 are quite high and
virtually equivalent to that observed in unsubstituted ZnPc in DMSO,
likely indicative of the minor influence of the peripheral substituents on
the formation and lifetime of triplet states in these photosensitizers.

3.4. DNA-binding studies

The interactions between Pcl and Pc2 and DNA have been in-
vestigated for SS-DNNA, DS-DNA, and G4-DNA structures, both by
UV-vis and fluorescence spectroscopy (Figs. 7 and 8).

Based on these experiments, the binding features of Pc1 and Pc2 to
all three tested DNA structures were similar. In the case of octacationic,
less aggregative Pc2, the DNA binding follows the general trend ob-
served for the other phthalocyanine photosensitizers used in PDT of
cancer [57-63]. For all three DNA structures, an approximate 10%
decrease in intensity and 7 nm red-shift of the Q-band were observed in
the corresponding Pc2 UV-vis spectra. The observed red-shift does not
correspond to the monomerization process as solutions of Pc1 in DMSO
and MeOH have a higher-energy Q-band. Such change can only be as-
sociated either with DNA-phthalocyanine interaction or J-aggregation.
The changes in the Q-band intensity and energy were associated with
an initial strong decrease of the fluorescence band observed at 693 nm.
During saturation titration experiments an increase in fluorescence in-
tensity at 698 nm was consistently observed (Fig. 8). Again, such be-
havior is indicative of the strong interaction between Pc2 photo-
sensitizer and DNA molecules.

The UV-vis and fluorescence DNA titrations data for Pcl are quite
different as Pcl has a higher tendency to form H-aggregates both in
water and buffer solutions. Indeed, during the DNA titration experi-
ment, we observed increasing intensity and red-shifting of the Q-band
for all three DNA structures tested. This increase in intensity was ac-
companied by a decrease of the absorption intensity of the H-aggregate
of this compound. Thus, we speculate that during DNA binding with
Pcl, this photosensitizer's H-aggregates convert into the monomeric
form of the Pc which binds to DNA. As the monomeric form of the Pcl
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Fig. 6. Singlet oxygen production UV-vis spectra for Pcl and Pc2 in DMSO using DPBF.

has higher DNA-binding affinity (because of the less demanding steric
restrictions), and since H-aggregates of Pcs are non-fluorescent in
nature [64,65], it was not surprising that an initial decrease in fluor-
escence intensity was observed (Fig. 7) during titration experiments.
However, once non-fluorescent H-aggregates monomerized and interact
with DNA, the overall fluorescence of the DNA-Pcl assemblies in-
creases as expected (Fig. 7). Overall, these DNA titration experiments
suggest strong interactions between both Pcl and Pc2 photosensitizers
and all three DNA structures investigated, consistent with non-specific
interactions with the phosphodiester backbone. Therefore, there is
promise in a broad spectrum of pharmacological activity of Pcl and
Pc2 photosensitizers with a variety of DNA structures beyond those
tested.

3.5. Photosensitizer/cell interaction study

To evaluate the potential of Pc2 as a photosensitizer for photo-
dynamic therapy as compared to Pcl, the changes in cell morphology,
nucleolar compaction, and DNA damage (via histone H2AX P139S
phosphorylation) in MCF-7 cells that were treated with Pc1 or Pc2 both
pre- and post-irradiation were compared.

As a reference and control, the top two rows of Fig. 9 show healthy,
adherent cells with normal nuclei and only a background signal from
the DNA damage marker. As expected, no change is observed if these
cells are not irradiated at the appropriate wavelength that excites the
dyes. In contrast, cells treated with Pcl (Fig. 9) and irradiated show
cellular rounding, nuclear compaction and detachment from the
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Fig. 7. UV-vis and fluorescence spectra of the DNA titrations involving Pc1l.

extracellular matrix, consistent with apoptotic cells [66], and DNA
damage, a hallmark of PDT [67,68]. Cells that were not irradiated ap-
pear healthy but do have a markedly higher background signal from the
DNA damage marker than the untreated cells. Direct detection of Pcl
using the CY5 light filters in the microscope proved troublesome; while
some of the dye can be observed by our microscope in the non-irra-
diated sample, fluorescence is not observed post-irradiation. When Pc1
was observed pre-irradiation, it appears to be diffuse and in the cyto-
plasm with some cells having compact granules containing Pc1 present
in their nuclei. The lower photostability of the Pc1 compared to Pc2 is
not surprising as its DFT-predicted HOMO energy is significantly higher
than the HOMO energy in Pc2, which makes Pc1 more prone to oxi-
dative degradation and is in agreement with earlier observations on
phthalocyanines bearing electron-donating groups at the a-positions of

the macrocyclic core [55,56].

Pc2 treated cells showed a similar response to irradiation as Pcl
treated cells: detachment, rounding, nuclear compaction, and DNA
damage markers were observed (Fig. 9). Unlike Pcl, Pc2 could be
observed both pre- and post-irradiation. Like Pel, Pc2 is mostly diffuse
and cytoplasmic before irradiation. Post-irradiation, fluorescence from
Pc2 is localized to the cell nuclei. Of note, is that the background-level
signal from the DNA damage marker is significantly less in the non-
irradiated Pc2 treated cells compared to the non-irradiated Pc1 treated
cells. Since mutagenesis of healthy cells that may take up a PDT pho-
tosensitizing agent is a concern, the reduced background DNA damage
signal from Pc2 in the non-irradiated cells may indicate it to be of less
risk to healthy cells.

Next, we followed the timeline of cell death after irradiating the Pc1
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Fig. 8. UV-vis and fluorescence spectra of the DNA titrations involving Pc2.

or Pc2 treated cells by live cell imaging. Remarkably, with only 1 min
of irradiation, changes in cell morphology only 5min into the experi-
ment were observed for the Pc2 treated cells (Fig. 10A).

Concurrent with the beginning of cell rounding, Pc2 foci were ob-
served and began to appear in the nucleus. Over the next 25 min, Pc2
continued to accumulate in the nucleus, which proceeded to round and
compact. At the final 30-minute time point, essentially all cells ap-
peared apoptotic and Pc2 formed the same compact foci that were
observed in the compacted nuclei of the fixed cells (Fig. 9). Pcl-treated
cells only showed marginal change in morphology after 15 min, albeit
by the 30-minute time point, the Pc1 treated cells are in the same state
as the Pc2 treated cells (Fig. 10b).

The change in localization from the cytoplasm to the nucleus by Pc2
after irradiation offers potential insight into the mechanism of cell
death. One possibility for the accumulation of Pc2 in the nucleus after
irradiation is membrane permeabilization by reactive oxygen species.
This process involves dilating the endoplasmic reticulum, poking holes
in the nuclear membrane, and allowing Pc2 access to its preferred DNA
binding partner. The morphological changes that occur simultaneously
with Pe2 re-localization are not mere symptoms of apoptosis but rather
post-mortem events that occur, often hours after initiation of apoptosis
[69]. However, we can detect morphological changes and re-localiza-
tion of Pc2 in as little as 5 min after irradiation. Mitochondrial outer
membrane permeabilization occurs in late stage apoptosis and releases
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caspase enzymes into the cytoplasm, essentially committing the cell to that is in clinical trial for treating cutaneous neoplasms [71,72]. Rapid
death in as little as 10 min [70]. Membrane permeabilization by ROS ROS production by Pcl and Pc2 during irradiation leading to mem-
generation was a mechanism proposed for a silicone phthalocyanine brane permeabilization is consistent with the observed cell death
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Fig. 10. Live cell imaging of MCF-7 cells treated with Pc2 (A) or Pc1 (B) and irradiated for 1 min, and monitored at time points for 30 min. The Cy5 channel allowed

tracking of the Pc2 dye throughout the course of the experiment.

timeline as well as the re-localization of Pc2 after irradiation.
4. Conclusions

Two cationic zinc phthalocyanine photosensitizers (Pc1 and Pc2)
have been tested for DNA binding with three different DNA structures.
It has been shown that tetracationic Pcl is highly aggregated while
octacationic Pc2 stays predominantly monomeric in aqueous solution,
and both have high binding affinities to SS-DNA, DS-DNA and G4-DNA
under physiological conditions. The photodynamic activity of the Pcl
and Pc2 photosensitizers was demonstrated with in vitro experiments,
which indicated a strong potential for the use of these photosensitizers
in the photodynamic therapy of cancer. It was found that the photo-
dynamic action in the in vitro experiments differ significantly from each
other as Pcl is less stable than Pc2. Both Pcl and Pc2 are mostly
present in the cytoplasmic area pre-irradiation; however, only the Pc2
photosensitizer was observed to be localized in the cell nuclei post-ir-
radiation, while the Pcl photosensitizer decayed upon visible light
exposure. Both photosensitizers are very efficient in the generation of
single oxygen species which results in high phototoxicity and apoptosis
of cells.
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