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HIGHLIGHTS

e Zinc phthalocyanine binds in mono-
meric form to the heme pocket in
apomyoglobin.

® The photosensitizer bound to apo-
myoglobin retains the photophysical
properties normally observed in or-
ganic solvents.

® Rapid and efficient binding to cultured
tumor cells indicates high bioavail-
ability of the compound.

® The compound exerts high phototoxic
effects on treated cells.
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GRAPHICAL ABSTRACT

ABSTRACT

The spectral and the photophysical properties of phthalocyanines have made these dyes attractive for applica-
tions in photodynamic therapy of cancer. One important known issue of these compounds is their tendency to
aggregate in aqueous media, which decreases their fluorescence, triplet, and singlet oxygen quantum yields. We
report on the use of apomyoglobin as a carrier for zinc phthalocyanine (ZnPc) to overcome solubility limitations
of the dye. We show that the protein is able to bind ZnPc in monomeric form, preserving its photophysics.
Confocal fluorescence imaging of PC3 and HeLa cells, treated with the complex between ZnPc and apo-
myoglobin, demonstrates that the photosensitizer is uptaken quickly by cells. Illumination of treated cells
strongly decreases viability, as demonstrated by live/dead fluorescence assay.
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1. Introduction

Cancer photodynamic therapy (PDT) is a treatment that uses a
combination of otherwise non-toxic chemicals, termed photosensitizers
(PS), and visible light, to produce reactive oxygen species (ROS) cap-
able of killing tumor cells [1-3]. Preferential accumulation of the drugs
in the tumor tissue and localized illumination with visible light of
suitable wavelength at optimized times allow to generate ROS, in many
cases singlet oxygen ('), within the neoplastic tissues with good se-
lectivity [2]. To improve preferential accumulation in cancer vs normal
cells, targeted photodynamic therapy, based on different approaches,
has been suggested as a promising strategy [4-7]. Efficient and precise
PS loading of sensitive cellular structures is of paramount importance to
achieve the desired photoinduced damages. In fact, the short lifetime of
10,, about 3 ps in water, means that the longest distance between the
molecular oxidation targets and the site of '0, generation is roughly
0.1 pm [8]. Thus, fluorescence imaging of the PS has been used to assess
cellular distribution.

Phthalocyanines (Pc) have been proposed as promising PS for PDT
[9] and have been the subject of several investigations aimed at im-
proving their spectral and chemical properties [10]. These compounds
have a prominent absorption band in the far red portion of the visible
spectrum, ideal for an optimal light penetration in tissues, with very
high molar extinction coefficient. Pcs form chelates with several me-
tallic ions, for which photoexcitation leads to fluorescence emission,
triplet formation and 'O, sensitization. In particular, z.

inc phthalocyanine (ZnPc) is characterized by an intense absorbance
band at 674 nm with molar extinction coefficient 2,8 x 10°cm ™M™},
and singlet oxygen quantum yield (®,) 0.67 [11].

A general characteristic of Pcs is their low solubility in water, which
leads to aggregate formation that impairs their photophysical proper-
ties. To overcome this limitation, chemical modifications of the dyes
[12,13] or the use of suitable carriers have been proposed [14-20].

The potential of proteins as carriers for Pc was explored using bo-
vine serum albumin (BSA) as a cargo system [18,19]. BSA was shown to
be fully functional in preserving fluorescence emission and singlet
oxygen photosensitization of ZnPc, making it an effective PS against
HelLa cells [19]. It is worth noting that some photochemical reactions
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with BSA amino acids lead to Trp photooxidation products [18].
Moreover, tetrasulfonated aluminium phthalocyanine was conjugated
to maleylated BSA [21]. The complex was proven to be phototoxic to-
wards macrophage-like J774 cells, whereas little activity was appreci-
able on the non-phagocytic EMT-6 cell line. ZnPc was also delivered
conjugated to other serum proteins, in particular low density lipopro-
tein (LDL) [4].

We have recently used apomyoglobin (apoMb), i.e. the protein
portion of myoglobin from which the heme has been removed, as a
carrier for hydrophobic PSs like hypericin [22-25]. Binding of the PS to
the hydrophobic pocket, normally hosting the heme, prevents PS ag-
gregation and preserves its photophysical properties.

In this study, we explore the possibility of exploiting apoMb as a
carrier for the hydrophobic drug ZnPc. Although larger in size than
hypericin, we find experimentally that the dye binds to apoMb. Binding
of metal phthalocyanines to apo-hemoglobin was previously demon-
strated [26,27]. The complex self assembles and is characterized by
fluorescence emission and triplet state formation. We show that the dye
is effectively solubilized and is delivered quickly and in good yield to
HeLa and PC3 cells, resulting in phototoxic effects that strongly reduce
cell viability. Although devoid of targeting capability, the construct
holds potential as a delivery agent in tumor PDT.

2. Materials and methods
2.1. Chemicals

Zinc-phthalocyanine (ZnPc) was from Sigma Aldrich (St. Louis,
MO). Stock solutions were prepared by dissolving ZnPc in dimethyl
sulfoxide (DMSO). Concentrations were determined spectro-
photometrically  using the molar extinction coefficient
282,000M " 'em ™1

Horse heart myoglobin was from Sigma-Aldrich. We prepared apo-
myoglobin (apoMb) from myoglobin using standard biochemical pro-
cedures as described previously [23,25,28,29]. Solutions were prepared
using phosphate buffered saline (PBS) buffer, pH = 7.4.

Fig. 1. Absorption (red line) and emission (black line) spectra

of ZnPc in DMSO (a) and in PBS buffer (b). Absorption (c),
b fluorescence (d) excitation (solid lines) and emission (dotted
lines) spectra of ZnPc at increasing apoMb concentrations
(0.6, 4.0 and 14.3uM). Arrows indicate increasing protein
concentration. Observed changes saturate at the highest re-
ported concentration. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 2. Absorption (a) and fluorescence emission (b) spectra of ZnPc in DMSO
(1 uM, black) ZnPc-apoMb before (green) and after (red) centrifugation. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

2.2. Cell cultures and cell survival assays

HeLa cells were grown in DMEM supplemented with 10% Fetal
Bovine Serum and 1% pen/strep and glutamine. For the viability assay,
HelLa cells were seeded on Nunc (ThermoFisher) at 60-80% confluence
and were used after incubation at 37 °C and 5% CO,, for 24-48 h.
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performed to determine the viability of cells. Calcein-AM and ethidium
bromide were diluted in the medium and added to cell cultures. By
intracellular esterase activity, the calcein-AM is metabolically con-
verted by live cells in a green fluorescent product, termed calcein.
Instead, Ethidium bromide is readily absorbed by dead cells, labelling
DNA with a deep red emission. Cells are incubated with these reagents
for 10-15min at 37 °C and imaged by confocal spinning disk at 37 °C
and 5% CO,.

2.3. Spinning disk microscopy

We used a spinning disk confocal microscope comprising TiE in-
verted Microscope with Okolab incubation system, 4 laser lines
(405 nm, 488 nm, 561 nm, 640 nm) and two spinning disks containing
about 20,000 pinholes coupled to the same number of microlens
(Yokogawa CSU-X1) necessary to focus the excitation laser light. The
fluorescence light was collected by an Andor EMCCD camera Ixon3
897, characterized by high sensitivity and temporal resolution. A con-
centrated PBS solution of the complex ZnPc-apoMb was added to the
cell buffer. Final concentration of apoMb in all experiments was kept at
30 uM to ensure full binding of ZnPc.

2.3.1. PS Uptake analysis

Fiji was used to extrapolate fluorescence profiles of 10 pixel thick-
ness for several cells on each frame [22,30]. These profiles were ana-
lyzed using a Matlab script, where the fluorescence intensity was cal-
culated at the plasma membrane and inside the cell as a function of
time.

This analysis was applied to several cells to determine the accu-
mulation curve. These measurements were performed using Hela and
PC3 cells at the temperature of 37 °C R.H. 95% and flow 0.6 1/min.
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Fig. 3. Triplet state decay of ZnPc in DMSO (a, black line) and bound to apoMb (b, grey line) monitored through the triplet-triplet absorption at 500 nm. The red solid
lines are the best fits to single exponential decays. Panel (c) reports the absorption spectra of ZnPc in DMSO before (black) and after (red) the flash photolysis
experiment, evidencing some degree of bleaching of ZnPc. (d) Excitation fluorescence anisotropy for the complex ZnPc-apoMb. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. First row (transmission). PC3 cells illuminated without PS. Second (transmission) and third (fluorescence) rows: effect on PC3 cells treated with ZnPc
(100 nM) after 5, 10, and 15 min of illumination. Fourth (transmission) and fifth (fluorescence) rows: effect on PC3 cells treated with ZnPc-apoMb (100 nM) after 5,

10, and 15 min of illumination. ApoMb was 30 uM. Scale bar 10 pm.

2.4. General spectroscopic instrumentation

Absorption spectra were measured with a Jasco V-650 (Jasco
Europe) spectrophotometer. Fluorescence excitation, emission and an-
isotropy spectra were collected with a Perkin Elmer LS50 spectro-
fluorometer (PerkinElmer, Waltham, MA).

2.5. Laser flash photolysis

Laser-flash photolysis was performed by a previously described
setup [31]. Photolysis was achieved by the tunable output of an Integra
(InnoLas Spitlight 300 pumping at 355nm a GWU Versascan optical
parametric oscillator). Excitation wavelength was set at 650 nm. The
monitoring beam was obtained from the output of a 75W Xe lamp
(Oriel). Absorbance changes were detected through a monochromator
(MS257 LOT-Oriel) with a 5-stage photomultiplier (applied Photo-
physics) whose output was directly fed into the 50 Q input of a digital
oscilloscope (LeCroy LT374). Triplet-triplet absorption was followed at
500 nm.

3. Result and discussion
3.1. Spectroscopic properties of ZnPc-apoMb

The characteristic blue colour of ZnPc in organic solvents like di-
methyl sulfoxide (DMSO) is due to the intense absorption peaks in the
near UV (~ 350 nm, Soret band) and the red at 674 nm (Q-band). In the
solid state and within ZnPc aggregates, these bands generally split into
two components due to the excitonic coupling between overlapping
molecules [32].

A typical absorption spectrum of monomeric ZnPc in DMSO is
shown in Fig. 1a, where it is clearly appreciable the intense absorption
band peaked at 674 nm. Under these conditions, ZnPc is also fluor-
escent (black line in Fig. 1a), with emission peaked at 684 nm, and yield
of 0.2 [33,34]. Photoexcitation of ZnPc in DMSO also leads to triplet
state formation in high yield (0.5) [35].

When the ZnPc is dissolved in aqueous solutions, due to dye ag-
gregation, the absorption spectrum changes dramatically, and the red
band becomes broader and splits in two peaks (623 and 680 nm) (red
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Fig. 5. Fluorescence intensity as a function of time from ZnPc (100 nM) following addition to HeLa (a) and PC3 (c) cells. Fluorescence intensity as a function of time
from ZnPc (10 nM) bound to apoMb (30 uM) in HeLa (b) and PC3 (d) cells. Time O min is the intensity before PS injection. Black symbols, plasma membrane; red
symbols, cytoplasm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

solid line in Fig. 1b). Under these conditions, ZnPc fluorescence be-
comes negligible (black curve in Fig. 1b). Aggregation of ZnPc leads to
fast non-radiative deexcitation of the excited state and prevents triplet
state formation and fluorescence emission.

Aggregation of ZnPc in aqueous buffers can be avoided if the dye is
solubilized by a carrier. Following a procedure we have applied to other
hydrophobic compounds [22,23,25], we have explored the possibility
of using apomyoglobin (apoMb) as a carrier for ZnPc. When in the
presence of apoMb, ZnPc is expected to spontaneously bind to the hy-
drophobic pocket normally occupied by the heme.

Fig. 1c shows the effect on the absorption spectrum of a progres-
sively increasing concentration of apoMb in the presence of ZnPc. The
band at 680 nm increases in intensity and gets sharper, becoming more
similar to the spectrum observed in DMSO. The observed spectrum
reflects the simultaneous presence of monomeric ZnPc molecules bound
to apoMb and others aggregated in the aqueous solution.

However, for those molecules that are bound to apoMb, the protein
matrix offers an apolar environment that protects their excited states,
preserving fluorescence emission as can be seen in the fluorescence
excitation and emission spectra in Fig. 1d. It is worth pointing out that
the shape of the fluorescence excitation closely reminds that observed
in DMSO, indicating that only well solubilized ZnPc molecules con-
tribute to the observed fluorescence emission. It should be noticed that
the estimate of the fluorescence quantum yield when bound to apoMb is
made difficult by the presence of aggregated, non-fluorescent molecules
in solution, that give a contribution to the absorption of photons at the
excitation wavelength. Even at high protein concentrations, much
higher than the ZnPc concentration (as in Fig. 1c¢), it is virtually im-
possible to rescue all aggregated proteins once they are formed in the
buffer solution [18]. It is possible to remove those aggregates only by
centrifugation (vide infra) or dialysis [18]. It is worth mentioning that
ZnPc does not show any fluorescence enhancement in the presence of
myoglobin (data not shown), an indication that when the heme pocket

is not available, the dye is not sticking to alternative binding sites.

Since aggregated ZnPc reduces the bioavailability of the compound,
due to the difficulty in recovering the molecules to a monomeric state,
we have explored the possibility of removing the aggregates by cen-
trifugation, and retrieving apoMb bound ZnPc in the supernatant.

Fig. 2a compares the absorption spectra of ZnPc bound to apoMb
before and after centrifugation with that of ZnPc in DMSO. It is evident
that the spectrum of the supernatant after centrifugation is close to the
one observed for ZnPc in a suitable solvent like DMSO, thus confirming
the presence of a (mostly) monomeric compound. Fluorescence emis-
sion is also comparable in shape (although of lower intensity) for the
centrifuged ZnPc-apoMb sample and ZnPc in DMSO. An estimate of the
binding constant between ZnPC and apoMb is made difficult by the
high tendency to aggregate of the compound. However, when ZnPc is
increasingly added in low amount to an apoMb solution, binding is
quantitative, suggesting a high affinity for apoMb, as previously re-
ported for similar systems [26,27].

Laser flash photolysis experiments were performed, to verify for-
mation and decay of the triplet state of the compound in DMSO
(Fig. 3a) and bound to apoMb in PBS buffer (Fig. 3b).

For the complex ZnPc-apoMb, we observe a longer triplet lifetime
(10.3 = 0.1ps) in comparison with ZnPc in DMSO (0.9 + 0.1ps). A
similar value was previously observed for hypericin bound to apoMb,
for which we found a triplet lifetime of 11.1 = 0.4 us [25]. This sug-
gests that the degree of shielding from molecular oxygen of ZnPc and
hypericin when bound to the heme pocket is similar. The absorbance
change observed for ZnPc-apoMb is approximately one half the value
observed for ZnPc in DMSO, indicating a twofold reduction of the tri-
plet yield (i.e. ~0.3). This is expected to lead to a comparable decrease
in singlet oxygen yield. It is worth noting that some bleaching occurs
(Fig. 3c) during the laser flash photolysis experiments on ZnPc in
DMSO, where highly energetic laser pulses are used to excite the
sample. A much smaller effect is observed when ZnPc is bound to
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apoMb, indicating a protective effect of the protein environment.

Finally, to verify binding of ZnPc to apoMb we also performed
fluorescence anisotropy measurements (Fig. 3d). When ZnPc is dis-
solved in DMSO, its anisotropy is negligible, as expected for the fast
rotational motion of the molecule. However, when the ZnPc is bound to
apoMb, rotational averaging is much slower, and this results in fluor-
escence anisotropy different from zero (Fig. 3d).
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Fig. 6. Dark- and photo-toxicity assays using the lived-dead
fluorescence assay. When cells are dead a red emission is
observed, whereas green fluorescence emission is observed
when cells are alive. ZnPc fluorescence is cyan. Scale bars are
500 um. HeLa cells with ZnPc 500nM in PBS (a), ZnPc
+apoMb 100 nM (b), ZnPc 500 nM in DMSO (c), 5.2 ul DMSO
(d). Mlumination in the central region for 5min at 647 nm
with power of 2.5mW (Irradiance 130 mW/cm?) in the pre-
sence of ZnPc-apoMb (500 nM) (e) and without PS (f). ApoMb
was 30 uM in all experiments. Light fluence for the 5min il-
lumination was 40 J/cm?®. Image acquisition was performed
using a 4x objective 0.45NA for the large image (left and
center columns) and a 20X for the inset (right column).
Images are 512 X 512 pixels. The right column reports images
collected on the areas with the same colored border in left
column. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.)

3.2. Fluorescence imaging of ZnPc in PC3 cells

The increased solubility of ZnPc due to binding to apoMb results in
enhanced availability and photosensitizing ability of the compound in
comparison to pure ZnPC dissolved in DMSO. We demonstrate this
concept with PC3 cells (Fig. 4). When ZnPc is administered using a
concentrated DMSO solution, after one hour of incubation, uptake by
PC3 cells occurs to a lower extent than when ZnPc is delivered bound to
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apoMb (Figs. 4, 0 min). After illumination, phototoxicity is more evi-
dent for ZnPc bound to apoMb, for which extensive morphological
changes are observed (Figs. 4, 5, 10, 15 min) while for ZnPc alone it is
difficult to identify clear signs of photo-oxidative damage to the cells. In
this case, only bleaching of the dye is evident from the time sequence.

Image acquisition was done with a frame rate of one per minute for
19 min, laser power of (389 uW), and exposure (500 ms) with a 100 x
objective, 1.4 NA. The images are 512 X 512 pixels with a pixel size of
0.249 um/px. 8 averages were performed to minimize the noise. All
measurements were done with an incubation system.

3.3. Cellular uptake of ZnPc-apoMb

Spinning disk confocal microscopy was used to follow fluorescence
emission from ZnPc (or ZnPc bound to apoMb), beginning right after
addition to the medium and for about 50 min.

In order to minimize phototoxic effects, very low ZnPc concentra-
tions were used in these experiments, and the imaging was performed
by acquiring one frame every 2 min for the first 16 min, and finally one
frame every 5 min.

Fluorescence intensity at the plasma membrane and in the cyto-
plasm were determined following a previously established protocol
[22]. Data averaged on several cells were plotted as a function of time
(Fig. 5). When ZnPc is dissolved in the cell medium, the concentration
of the dye rapidly increases in the cells, both for PC3 and HeLa, with a
slightly higher initial concentration on the plasma membrane.
Bleaching gradually reduces the fluorescence intensity in time, as al-
ready observed for the images of treated PC3 cells reported in Fig. 4.
When ZnPc is delivered using apoMb as a carrier, the concentration on
the plasma membrane appears to grow faster, mostly for HeLa cells, and
bleaching is observed to a much lower extent. At later times, the
fluorescence emission is observed rather uniformly in the cells, with no
evidence of accumulation at specific sites. There is no evidence of the
preferential accumulation at the plasma membrane we recently re-
ported for hypericin [22], or indication of specific binding to cell
components. Future investigations may provide additional details of the
PS distributions.

Although the binding of ZnPc to apoMb is rather strong, it is un-
likely that the PS is internalized as the full construct, given the lack of
specific interactions of the protein scaffold of myoglobin with the
plasma membrane constituents. Using apoMb labeled with fluorescein
isothiocyanate, we recently demonstrated that the protein loaded with
hypericin dissociates from the PS compound, and remains in the
medium where cells are held, whereas hypericin is bound by the plasma
membrane of HeLa and PC3 cells [22]. Thus, it seems reasonable to
assume that apoMb loaded with ZnPc behaves similarly and acts as a
passive carrier, enhancing the solubility of ZnPc. When in the presence
of the cellular membrane, the higher affinity for the lipid phase is ex-
pected to drive ZnPc to the cellular structure, where the chemical
nature of the compound determines the observed cellular distribution
(Fig. 4).

3.4. Cellular phototoxicity of ZnPc-apoMb

Finally, three-colour large field images were acquired using live
HeLa cells to assess dark- and photo-toxicity of ZnPc or ZnPc complexed
with apoMb. The first two detection channels show live (green), and
dead (red) cells whereas the last one is used to image ZnPc (Cyan).

Cells exposed to ZnPc (delivered in a buffer, Fig. 6a), or to ZnPc
bound to apoMb (Fig. 6b), do not result in dark toxicity, (last column).
The central column shows that when ZnPc is delivered in a buffer, it is
nonfluorescent, whereas when ZnPc is delivered bound to apoMb, it
preserves fluorescence emission. When ZnPc is delivered as a con-
centrated DMSO solution (Fig. 6¢), dark toxicity is evident, essentially
due to the presence of DMSO, as demonstrated by the control experi-
ment where only DMSO was added to the cell medium (see Fig. 6d).
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As observed above (Fig. 6b), when ZnPc bound to apoMb is deliv-
ered to the cells, its dark toxicity is negligible. But when light is shone
on the sample, it quickly leads to cellular death (Fig. 6e). Control with
light alone (with no PS) clearly shows no toxicity (Fig. 6f). The ob-
served phototoxicity is remarkably high, the reduction in cell viability
being observed at 500 nM and after just 5min of illumination, corre-
sponding to a light fluence of 40 J/cm>.

The light-induced damage leading to cell death is confined to the
illuminated area (the rectangle with a yellow border), as can be ap-
preciated in the insets (right column, red border for the illuminated
areas, green border for the non-illuminated area or for the illuminated
sample in the absence of PS, panel f). The portions of the sample that
were not exposed to visible light do not show any sign of reduced cell
viability (cells fluoresce green, i.e. they are viable). On the contrary,
portions of the sample that were treated with ZnPc-apoMb and were
exposed to visible light are characterized by red fluorescent cells (i.e.
they are dead).

4. Conclusions

In this work, we demonstrate that zinc phthalocyanine forms a
stable complex with apomyoglobin, that preserves the photophysics of
the PS in aqueous solutions. The complex can be used to deliver the PS
to cultured tumor cells. Major advantages are that the uptake by cul-
tured cells is very fast and efficient, with no evident dark toxicity. The
water solubility, the high extinction coefficient in the red portion of the
spectrum and the high singlet oxygen yield make this construct an ef-
ficient PS. When illuminated with visible light, a moderate fluence is
sufficient to induced extensive cell death in cultures treated with nM
concentrations. Chemical modifications of the protein, or fusion of the
protein gene with specific peptides or proteins may allow to introduce
targeting properties to the photosensitizing compound which, in its
present form, is devoid of any selectivity for cell lines.

Acknowledgements

LC, CV and SA acknowledge support from Azienda USL di Piacenza,
Italy, and Fondazione di Piacenza e Vigevano, Piacenza, Italy.

References

[1] T.J. Dougherty, C.J. Gomer, B.W. Henderson, G. Jori, D. Kessel, M. Korbelik,

J. Moan, Q. Peng, Photodynamic therapy, J. Natl. Cancer Inst. 90 (1998) 889-905.

[2] D.E.J.G.J. Dolmans, D. Fukumura, R.K. Jain, Photodynamic therapy for cancer, Nat.

Rev. Cancer 3 (2003) 380-387.
[3] P. Agostinis, K. Berg, K.A. Cengel, T.H. Foster, A.W. Girotti, S.0. Gollnick,
S.M. Hahn, M.R. Hamblin, A. Juzeniene, D. Kessel, M. Korbelik, J. Moan, P. Mroz,
D. Nowis, J. Piette, B.C. Wilson, J. Golab, Photodynamic therapy of cancer: an
update, CA Cancer J. Clin. 61 (2011) 250-281.

[4] W.M. Sharman, J.E. van Lier, C.M. Allen, Targeted photodynamic therapy via re-
ceptor mediated delivery systems, Adv. Drug Deliv. Rev. 56 (2004) 53-76.

[5] A.M. Bugaj, Targeted photodynamic therapy — a promising strategy of tumor

treatment, Photochem. Photobiol. Sci. 10 (2011) 1097-1109.

E.J. Hong, D.G. Choi, M.S. Shim, Targeted and effective photodynamic therapy for

cancer using functionalized nanomaterials, Acta Pharm. Sin. B 6 (2016) 297-307.

S. Kwiatkowski, B. Knap, D. Przystupski, J. Saczko, E. Kedzierska, K. Knap-Czop,

J. Kotlifiska, O. Michel, K. Kotowski, J. Kulbacka, Photodynamic therapy — me-

chanisms, photosensitizers and combinations, Biomed. Pharmacother. 106 (2018)

1098-1107.

P.R. Ogilby, Singlet oxygen: there is still something new under the sun, and it is

better than ever, Photochem. Photobiol. Sci. 9 (2010) 1543-1560.

I. Rosenthal, Phthalocyanines as photodynamic sensitizers, Photochem. Photobiol.

53 (1991) 859-870.

[10] J. Zhang, C. Jiang, J.P. Figueir6é Longo, R.B. Azevedo, H. Zhang, L.A. Muehlmann,
An updated overview on the development of new photosensitizers for anticancer
photodynamic therapy, Acta Pharm. Sin. B 8 (2018) 137-146.

[11] A. Staicu, A. Pascu, A. Nuta, A. Sorescu, V. Raditoiu, M.L. Pascu, Studies about
phthalocyanine photosensitizers to be used in photodynamic therapy, Romanian
Rep. Phys. 65 (3) (2013) 1032-1051.

[12] F. Giuntini, R. Boyle, M. Sibrian-Vazquez, M.G.H. Vicente, Porphyrin conjugates for
Cancer therapy, Handbook of Porphyrin Science, vol. 27, 2013, pp. 303-416.

[13] N. Mehraban, P.R. Musich, H.S. Freeman, Synthesis and encapsulation of a new zinc
phthalocyanine photosensitizer into polymeric nanoparticles to enhance cell uptake

[6

[7

[8

[9


http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0005
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0005
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0010
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0010
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0015
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0015
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0015
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0015
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0020
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0020
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0025
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0025
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0030
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0030
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0035
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0035
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0035
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0035
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0040
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0040
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0045
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0045
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0050
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0050
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0050
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0055
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0055
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0055
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0060
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0060
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0065
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0065

M. Cozzolino, et al.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

and phototoxicity, Appl. Sci. 9 (2019) 401.

Y.N. Konan, R. Gurny, E. Allémann, State of the art in the delivery of photo-
sensitizers for photodynamic therapy, J. Photochem. Photobiol. B Biol. 66 (2002)
89-106.

S.M.T. Nunes, F.S. Sguilla, A.C. Tedesco, Photophysical studies of zinc phthalo-
cyanine and chloroaluminum phthalocyanine incorporated into liposomes in the
presence of additives, Braz. J. Med. Biol. Res. 37 (2004) 273-284.

J.-p. Taquet, C. Frochot, V. Manneville, M. Barberi-Heyob, Phthalocyanines cova-
lently bound to biomolecules for a targeted photodynamic therapy, Curr. Med.
Chem. 14 (2007) 1673-1687.

D. Bechet, P. Couleaud, C. Frochot, M.-L. Viriot, F. Guillemin, M. Barberi-Heyob,
Nanoparticles as vehicles for delivery of photodynamic therapy agents, Trends
Biotechnol. 26 (2008) 612-621.

E. Alarcén, A.M. Edwards, A.M. Garcia, M. Mufoz, A. Aspée, C.D. Borsarelli,

E.A. Lissi, Photophysics and photochemistry of zinc phthalocyanine/bovine serum
albumin adducts, Photochem. Photobiol. Sci. 8 (2009) 255-263.

A. M.Garcia, H. de Alwis Weerasekera, S.P. Pitre, B. McNeill, E. Lissi, A.M. Edwards,
E.I Alarcon, Photodynamic performance of zinc phthalocyanine in HelLa cells: a
comparison between DPCC liposomes and BSA as delivery systems, J. Photochem.
Photobiol. B Biol. 163 (2016) 385-390.

X. Li, B.-D. Zheng, X.-H. Peng, S.-Z. Li, J.-W. Ying, Y. Zhao, J.-D. Huang, J. Yoon,
Phthalocyanines as medicinal photosensitizers: developments in the last five years,
Coord. Chem. Rev. 379 (2019) 147-160.

N. Brasseur, R. Langlois, C.L. Madeleine, R. Ouellet, J.E. van Lier, Receptor-medi-
ated targeting of phthalocyanines to macrophages via covalent coupling to native or
Maleylated bovine serum albumin, Photochem. Photobiol. 69 (1999) 345-352.

P. Bianchini, M. Cozzolino, M. Oneto, L. Pesce, F. Pennacchietti, M. Tognolini,

C. Giorgio, S. Nonell, L. Cavanna, P. Delcanale, S. Abbruzzetti, A. Diaspro,

C. Viappiani, Hypericin - apomyoglobin an enhanced photosensitizer complex for
the treatment of tumour cells, Biomacromolecules 20 (2019) 2024-2033.

P. Delcanale, F. Pennacchietti, G. Maestrini, B. Rodriguez-Amigo, P. Bianchini,

A. Diaspro, A. lagatti, B. Patrizi, P. Foggi, M. Agut, S. Nonell, S. Abbruzzetti,

C. Viappiani, Subdiffraction localization of a nanostructured photosensitizer in
bacterial cells, Sci. Rep. 5 (2015) 15564.

O. Planas, E. Boix-Garriga, B. Rodriguez-Amigo, J. Torra, R. Bresoli-Obach, C. Flors,
C. Viappiani, M. Agut, R. Ruiz-Gonzalez, S. Nonell, Newest approaches to singlet
oxygen photosensitisation in biological media, in: A. Albini, E. Fasani (Eds.),

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Biophysical Chemistry 253 (2019) 106228

Photochemistry, The Royal Society of Chemistry, London, 2014.

J. Comas-Barcel6, B. Rodriguez-Amigo, S. Abbruzzetti, P.d. Rey-Puech, M. Agut,
S. Nonell, C. Viappiani, A self-assembled nanostructured material with photo-
sensitising properties, RSC Adv. 3 (2013) 17874-17879.

H. Przywarska-Boniecka, L. Ostropolska, Complexes of iron and cobalt tetra-
sulfonated phthalocyanines with apocytochrome c, J. Inorg. Biochem. 16 (1982)
183-199.

H. Przywarska-Boniecka, L. Trynda, E. Antonini, Complexes of metal
Phthalocyanines with globin as the models of Heme proteins, Eur. J. Biochem. 52
(1975) 567-573.

A. RossiFanelli, E. Antonini, A. Caputo, Studies on the structure of hemoglobin. I.
Physicochemical properties of human globin, Biochim. Biophys. Acta 30 (1958)
608-615.

S. Abbruzzetti, E. Crema, L. Masino, A. Vecli, C. Viappiani, J.R. Small, L.J. Libertini,
E.W. Small, Fast events in protein folding. Structural volume changes accom-
panying the early events in the N- > I transition of apomyoglobin induced by ul-
trafast pH jump, Biophys. J. 78 (2000) 405-415.

J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch,

S. Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J.-Y. Tinevez, D.J. White,

V. Hartenstein, K. Eliceiri, P. Tomancak, A. Cardona, Fiji: an open-source platform
for biological-image analysis, Nat. Methods 9 (2012) 676.

S. Abbruzzetti, S. Bruno, S. Faggiano, E. Grandi, A. Mozzarelli, C. Viappiani, Time-
resolved methods in biophysics. 2. Monitoring haem proteins at work with nano-
second laser flash photolysis, Photochem. Photobiol. Sci. 5 (2006) 1109-1120.
J.D. Wright, Phthalocyanines, in: K.H.J. Buschow, R.W. Cahn, M.C. Flemings,

B. Ilschner, E.J. Kramer, S. Mahajan, P. Veyssiére (Eds.), Encyclopedia of Materials:
Science and Technology, Elsevier, Oxford, 2001, pp. 6987-6991.

A. Ogunsipe, J.-Y. Chen, T. Nyokong, Photophysical and photochemical studies of
zinc(ii) phthalocyanine derivatives—effects of substituents and solvents, New J.
Chem. 28 (2004) 822-827.

G. Giimriikcii, G.K. Karaoglan, A. Erdogmus, A. Giil, U. Avciata, Photophysical,
photochemical, and BQ quenching properties of zinc phthalocyanines with fused or
interrupted extended conjugation, J. Chem. 2014 (2014) 11.

F. Wilkinson, W.P. Helman, A.B. Ross, Quantum yields for the photosensitized
production of the lowest electronically excited singlet state of molecular oxygen in
solution, J. Phys. Chem. Ref. Data 22 (1993) 113-263.


http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0065
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0070
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0070
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0070
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0075
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0075
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0075
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0080
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0080
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0080
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0085
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0085
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0085
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0090
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0090
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0090
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0095
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0095
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0095
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0095
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0100
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0100
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0100
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0105
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0105
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0105
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0110
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0110
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0110
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0110
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0115
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0115
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0115
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0115
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0120
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0120
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0120
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0120
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0125
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0125
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0125
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0130
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0130
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0130
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0135
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0135
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0135
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0140
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0140
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0140
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0145
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0145
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0145
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0145
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0150
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0150
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0150
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0150
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0155
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0155
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0155
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0160
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0160
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0160
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0165
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0165
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0165
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0170
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0170
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0170
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0175
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0175
http://refhub.elsevier.com/S0301-4622(19)30294-7/rf0175

	Apomyoglobin is an efficient carrier for zinc phthalocyanine in photodynamic therapy of tumors
	Introduction
	Materials and methods
	Chemicals
	Cell cultures and cell survival assays
	Spinning disk microscopy
	PS Uptake analysis

	General spectroscopic instrumentation
	Laser flash photolysis

	Result and discussion
	Spectroscopic properties of ZnPc-apoMb
	Fluorescence imaging of ZnPc in PC3 cells
	Cellular uptake of ZnPc-apoMb
	Cellular phototoxicity of ZnPc-apoMb

	Conclusions
	Acknowledgements
	References




