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Phthalocyanines - In Vitro Phototoxic Antimicrobial Anti-

cancer Agents
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Anzhela Galstyan,*® and Jens Voskuh!*

Abstract: In this contribution we report on the synthesis,
characterization and application of water-soluble zinc(ll)
phthalocyanines, which are decorated with four or eight
umbelliferone moieties for photodynamic therapy (PDT).
These compounds are linked peripherally to zinc(ll) phthalo-
cyanine by a triethylene glycol linker attached to pyridines,
leading to cationic pyridinium units, able to increase the
water solubility of the system. Beside their photophysical
properties they were analyzed concerning their cellular
distribution in human hepatocyte carcinoma (HepG2) cells as

\

well as their phototoxicity towards HepG2 cells, Gram-positive
(S. aureus strain 3150/12 and B. subtilis strain DB104) and
Gram-negative bacteria (E. coli strain UTI89 and E. coli strain
Nissle 1917). At low light doses and concentrations, they
exhibit superb antimicrobial activity against Gram-positive
bacteria as well as anti-tumor activity against HepG2. They
are even capable to inactivate Gram-negative bacteria, where-
as the dark toxicity remains low. These unique water-soluble
compounds can be regarded as all-in-one type photosensi-
tizers with broad applications ranges in the future. )

Introduction

In these days of increasing pathogen load, which come up with
multi drug resistance against antibiotics’” and unwanted side
effects of chemotherapeutics in tumor therapies, alternative
treatment methods gain more and more importance.”” One of
these promising approaches is the so-called photodynamic
therapy (PDT), which targets cancer cells.”’ A more specialized
treatment is the antimicrobial PDT (aPDT), which could be used
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to inactivate bacteria, algae or yeasts. Although both are
already used in the clinics, the demand on efficient, non-toxic,
water-soluble and easy to synthesize photosensitizers (PS)
remains high.”

The idea behind both concepts is based on the “photo-
dynamic effect’™ and the activation by light of a so-called
photosensitizer (PS). From its singlet ground state, the PS is
activated to an excited singlet state, which can undergo
intersystem crossing to the excited triplet state, followed by a
decay to the triplet ground state energy. From this state energy
of PS can be transferred to triplet oxygen (*0,), which leads to
the generation of cell toxic singlet oxygen ('0,). Besides this
type Il photochemical reaction, a type | reaction can occur as
well. In that case the excited triplet state of the PS reacts
directly with nearby biomolecules. A hydrogen atom or an
electron is subtracted, forming radicals, which can then react
with oxygen. Reactive oxygen species (ROS)"” like superoxide
anion radicals (0,7*), hydrogen peroxide (H,0,) and hydroxyl
radicals (HO")® are formed.®™? They can induce oxidation
processes of organic structures and subsequently immediate
cell death or apoptosis.”

Depending on the application (e.g. injection” or superficial
application”), the requirements concerning the PS have to be
chosen individually and should be adapted to the demand of
the therapy. For example, if the light to activate the PS needs to
pass through the patient’s skin the absorption maximum should
be within the biological window to allow for a deep penetration
depth of the light.® Moreover, among others a good PS should
have a high extinction coefficient, low dark toxicity and a high
selectivity towards the target (bacteria, tumor cells)."”

The most common photosensitizers beside others are
porphyrins (PORs) and phthalocyanines (PCs)."'* They absorb
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light in the red to near infrared region of the visible
spectrum,”' but due to their planar topology they show an
intrinsic aggregation tendency in physiological aqueous
media.”' Commonly, this favors non-radiative relaxation path-
ways of the excited states of the PS leading to an inhibition of
the singlet oxygen production. Examples for strategies to
overcome this drawback are the incorporation of bulky hydro-
philic groups on the periphery of the PS or the incorporation of
water-insoluble PSs into micelles as well as carrier systems,
which allow, due to hydrophobic interactions, the penetration
of the lipid bilayer of cell membranes."*'® Furthermore, hydro-
phobic guest molecules in the periphery of a PS can be
incorporated inside the hydrophobic cavity of a hydrophilic
host molecule. This simultaneously increases the water solubil-
ity and the bulky host-guest complex serves as sterically
demanding group to prevent the PS from -t stacking.!'>'

In general, the photo-treatment of Gram-negative bacteria
is more challenging than of Gram-positive bacteria due to their
additional outer phospholipid membrane. In contrast, Gram-
positive bacteria feature a thick but porous peptidoglycan
layer."" Since both have an overall negatively charged cell
surface, cationic PSs™*'” are the compounds of choice for the
treatment of bacteria. Due to their opposite surface charges the
cationic PSs are more efficiently bound to the bacterial surface
and taken up by them. To pass the phospholipid bilayer an
amphiphilic character is advantageous. To achieve an effective
treatment of the bacteria the PS should bind to or pass through
at least one barrier. Moreover, a plunge of the PS inside the
oxygen-rich lipid bilayer"'® can be desirable, which allows the
inactivation of bacteria in very low concentrations and light
doses.™

Another class of molecules with antibacterial, anti-inflamma-
tory, antiviral,"” antifungal® or anti-cancer properties are
coumarins (2H-chromen-2-ones).">® As diverse as their phar-
macological activities are their applications in materials
science."™ Literature examples are known where scientist
combine the outstanding optical properties of coumarins and
PSs like PORs or PCs."™ Concerning the examples including

phthalocyanines, most of them are only tested in organic
[21]

solvents?” or tend to aggregate in water,”? are tested only
against cancer cells*"? bacteria (Gram-negative and Gram-
positive)®*?! and/or fungi®®" or are not even tested in
vitro."2%2224 |n 2014 Zhou et al. have investigated a zinc(ll)

phthalocyanine conjugate with coumarin derivatives for dual
photodynamic and chemotherapy. Although the PC was used
for the photodynamic effect, a cooperative effect with the
coumarin led to a dark toxicity hence a chemotherapeutic effect
against human hepatocarcinoma cells (HepG2) (for a literature
survey of different PC systems see Table S5, Supporting
Information).?'

In this publication, we present two of the first water-soluble,
positively charged, umbelliferone decorated tetra- and octa-zinc
(I) phthalocyanines, which feature an all-in-one behavior. These
compounds exhibit superior water solubility, activity against
Gram-positive and Gram-negative bacteria as well as HepG2
cells and will be for sure of high interest for future biomedical
applications.

Chem. Eur. J. 2021, 27, 14672 - 14680 www.chemeurj.org

Results and Discussion
Synthesis

In this study a four-fold as well as an eight-fold substituted
cationic zinc(ll) phthalocyanine (Figure 1) were synthesized and
investigated according to their photophysical and photodegra-
dation properties. The halogenated 7-hydroxycoumarin (umbel-
liferone) ligand (I-EO;-Umb) was synthesized in a three step
reaction route according to known literature procedures®
(Scheme S1, Supporting Information). We have chosen triethy-
lene glycol as short flexible linker to increase the water
solubility of the molecule. Furthermore, they contribute to the
hydrophilic-hydrophobic balance of the final phthalocyanines.
The synthesis of the tetra-substituted zinc(ll) phthalocyanine
(ZnOPy,-(EO5-Umb),) proceeds over a three step synthesis
(Scheme S2, Supporting Information), which starts from com-
mercially available 4-nitrophthalonitrile and 3-hydroxypyridine.
In a nucleophilic aromatic substitution reaction® in the
presence of dry finely ground potassium carbonate, 4-(pyridine-
3-yloxy)phthalonitrile was formed. The phthalonitrile was iso-
lated by precipitation in 92% yield. The cyclotetramerization
with zinc(ll) acetate and catalytic amounts of 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU) in 1-pentanol was performed in
accordance to a literature known cyclization reaction with
zinc(I).?” The crude intermediate (ZnOPy,) was isolated after
column chromatography on silica gel as well as size exclusion
chromatography on Sephadex LH-20. Due to broadened signals
in the NMR (due to strong aggregation) the intermediate was
directly quaternized with I-EO;-Umb. To ensure a complete
conversion to the tetra-substituted phthalocyanine, the reaction
mixture was stirred at 70°C for 14 d. After size exclusion
chromatography on Sephadex LH-20, the product ZnOPy,-(EO;-
Umb), was obtained in 98 % yield. Since regioisomers could not
be separated by size exclusion chromatography the product
was used as mixture of different regioisomers as obtained by
cyclotetramerisation. Well separated signals without further
impurities in the '"H NMR spectrum were detected (Figure S9,
Supporting Information). The structure of the new zinc(ll)
phthalocyanine was confirmed by 1D- and 2D NMR, Fourier-
transformed infrared (FTIR) (Figure S21, Supporting Information)
and high-resolution mass spectrometry (HRMS) (Figure S17-S18
Supporting Information). In the FTIR spectrum the appearance
of new absorption bands of the carbonyl function of the
umbelliferone lactone ring (-C=0) at 1720 and 1707 cm™' are

observed, which is in well accordance with the literature.2™
Re Ry ZnOPy,-(EO;-Umb),
Ro R, | Ry=H
N\ ®
:\l N R = 20 l\N/e\/O\/\o/\/O O 0
4 \Zn/ \N s Z
J iN + Regioisomers
YT ZnOPyg-(EO3-Umb)g
N
R R, L %O \%/\/0\/\0/\/0 00
R, Rq z z

Figure 1. Chemical structure of the zinc(ll) phthalocyanines ZnOPy,-(EO,-
Umb), and ZnOPy,-(EO;-Umb); used in this study.
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Furthermore, during the ionization process in the mass
spectrometry counter ions are removed showing masses for the
molecular ion minus four iodides (Figure S17-5S18, Supporting
Information).

The octa-substituted zinc(ll) phthalocyanine (ZnOPyg-(EO;-
Umb)g) was synthesized in a three-step synthesis route
(Scheme S3, Supporting Information). Firstly, the commercially
available 4,5-dichlorophthalonitrile was converted in a nucleo-
philic substitution reaction®® into 4,5-Bis(pyridin-3-yloxy)
phthalonitrile (CN,-OPy,). After flash column chromatography
on silica gel the product was obtained in 91% yield, which is
higher than stated in the known literature procedure.”” The
cyclotetramerization of the dinitrile with zinc(ll) acetate pro-
ceeded with a higher yield (57%) than for the previously
discussed ZnOPy,. This could be due to the purification step,
which was changed to washing and centrifugation instead of
column chromatography. The last step was the quaternization
with I-EO;-Umb, which was completed after 14 d at 70°C. After
purification by size exclusion chromatography on Sephadex LH-
20 the product ZnOPy,-(EO5;-Umb); was obtained in 81 % yield.
The resulting product was analyzed by 1D- (Figure2 and
Figure S15-5S16, Supporting Information) as well as 2D NMR
spectra and mass spectrometry (Figure 2 and Figure S19-520,
Supporting Information).

As already observed for the tetra-substituted compound,
the '"H NMR spectrum of ZnOPy,-(EO;-Umb),; shows separated
signals without impurities, too. Moreover, in the FTIR spectrum
the appearance of the coumarin carbonyl band of the lactone
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ring is observed at 1722 and 1707 cm™'. The mass spectrometric
analyses showed molecular ions partially freed from counter
ions. Figure 2 shows the spectrum of the most intense peak for
[M-5I1°F, which agrees very well with the calculated spectrum.
Additionally, 1D- and 2D NMR spectra as well as FTIR spectra
confirmed the successful synthesis of the compound.

Photophysical characterization

To study the aggregation behavior of the compounds,
electronic absorption spectra (UV-vis) were recorded. Both
phthalocyanines were investigated in concentrations from
0.25 uM to 10 uM in three different solvents, namely water,
phosphate buffered saline (PBS) and N,N-dimethylformamide
(DMF). Here solutions in PBS are the most interesting ones,
since these conditions are the closest to biological media. The
results are listed in Table 1. The corresponding spectra are
shown in the Supporting Information (Figure $23, Supporting
Information).

Characteristically two strong absorption bands are detected
in substituted phthalocyanines, the Q-band at around 600-
700 nm®? and the B- or Soret-band at 300-350 nm.?? H-type
aggregation can be detected by a blue shift of the Q-band,
accompanied by a decrease of the molar absorption
coefficient®'? as well as a deviation from the Lambert-Beer
linear relationship.”” The tested phthalocyanines ZnOPy,-(EO;-
Umb), and ZnOPy,-(EO;-Umb); showed over the whole con-

B) ZnOPy,-(EO,-Umb),
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Figure 2. (A) Excerpt of the HR-ESI-MS spectrum with measured and calculated traces of ZnOPyg-(EO;-Umb), and (B) 'H NMR spectrum in DMSO-d; of ZnOPy,-

(EO;-Umb),.

Table 1. Photophysical parameters of ZnOPy,-(EO;-Umb), and ZnOPy,-(EO,;-Umb); in water, PBS and DMF (* Q-band).

Compound Anss/NM (log;, £)© Jg/nm®@ Agm/nmM Stokes-shift™ @, @

Solvent A/nm v/em™!

ZnOPy,-(EO;-Umb),

H,0 683 (5.15)*, 614 (4.44), 326 (4.88), 289 (4.72) 684 691 8 170 0.5240.09' 0.17+£0.05

PBS 683 (4.89)%, 616 (4.32), 326 (4.76), 288 (4.60) 684 691 8 170 0.05-+0.02' 0.03+£0.01

DMF 679 (5.27)%, 671 (5.24)*, 608 (4.54), 327 (4.94) 679 683 4 86 0.57 +0.03" 0.19+0.04
671 684 13 283 - -

ZnOPy,-(EO;-Umb),

H,O 681 (5.29)%, 614 (4.51), 323 (5.08), 289 (4.99) 682 687 6 128 0.64+0.09'" 0.15+0.08

PBS 682 (5.21)%, 616 (4.20), 323 (5.00), 288 (4.91) 684 689 7 149 0.1240.04 0.0540.01

DMF 678 (5.35)%, 611 (4.57), 325 (5.14), 293 (5.01) 677 683 5 108 0.4440.02" 0.17£0.05

[a] Values for solutions with a concentration of c=1.0 uM. [b] ROS quantum yields were measured using the relative method. The values are the mean £
standard deviation of three replicates. [c] Fluorescence quantum yields were measured using an integrating sphere. The results are the mean =+ standard
deviation in a concentration range of 0.5-10 puM. [d] ADMDMA was used as reactive trap and methylene blue (@, =0.52)"" as reference. [e] DPBF was used
as reactive trap and unsubstituted zinc(ll) phthalocyanine (ZnPC) (@, =0.56)"" as reference.

Chem. Eur. J. 2021, 27, 14672-14680  www.chemeurj.org 14674 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202102255

centration range in all solvents sharp Q-bands between 678-
683 nm accompanied by a vibrational band®” at 608-616 nm,
which is typical for monomers in solution."® Only ZnOPy,-(EO;-
Umb), showed in DMF a split of the Q-bands, which is typical
for metal free phthalocyanines.”” But the difference between
both maxima (8 nm) is just visible at low scan rates and is much
less significant than for metal free phthalocyanines, where the
difference between the two bands is in the range of 30-
35 nm.B" Since there is no decrease in the molecular absorption
coefficient detectable and the mass spectrum showed the
molecular ion with zinc(ll) in the center, the Q-band split is
supposed to occur due to different regioisomers in the sample.
Compared to unsubstituted phthalocyanine (1,,,=670 nm; log
(€)=5.37)®? a bathochromic shift (9 respectively 8 nm) of the Q-
band in DMF is observed for the tetra- as well as the octa-
substituted phthalocyanine. This phenomenon is known for
phthalocyanines with oxygen bridged groups in the
periphery.?" This bathochromic shift increases if the solvent is
changed to water or PBS (Table 1). The B-bands of the
phthalocyanines are located in the range of 288-327 nm. Due
to an overlap of the B-band of the PC core and the coumarin
substituents in that region, bands are broadened.?'>*?

Furthermore, all absorption maxima and molar absorption
coefficients agree very well with the literature.*****>*% The
lowest molar absorption coefficients are found for PBS followed
by water and the highest were determined in DMF, which
correlates with the solubility of the compounds in these
solvents. Moreover, a linear correlation of the Lambert-Beer law
is found for both phthalocyanines in water, PBS and DMF,
suggesting that they are present in their monomeric form.”!

Starting from the absorption data, fluorescence spectra
were recorded. As shown in Figure 3 the absorption and
excitation spectra of both PCs coincide with each other. This is
also true for the spectra recorded in PBS and DMF (Figure S24,
Supporting Information). The emission spectra are mirror
images of the excitation- and absorption spectra. The shape of
the recorded spectra is in agreement with previously reported
spectra for coumarin substituted zinc(ll) phthalocyanines.*'

Interestingly, the excitation- and emission spectra start to
vary at high concentrations. A splitting of the Q-bands is
observed by formation of a blue shifted and a red shifted band.
This starts at concentrations greater than 3.0 to 5.0 uM
(Figure S25-526, Supporting Information) indicating that at
high concentrations interactions between the molecules and
their substituents takes place. All recorded maxima of the
excitation- and emission spectra as well as the calculated
Stokes-shifts for solutions at 1.0 uM are summarized in Table 1.

As stated in Table 1, the calculated Stokes-shifts between
the absorption and the emission wavelength are relatively
narrow but comparable to values for zinc(ll) phthalocyanine
complexes in the literature 24323%

The determination of the absolute fluorescence quantum
yields (&) (Table 1 and Figure S27, Supporting Information)
were performed in an integrating sphere. While the values are
comparable for the measurements for ZnOPy,-(EO;-Umb),
respectively ZnOPys-(EO;-Umb),; in water (0.17 and 0.15) and
DMF (0.19 and 0.17), a decrease of the fluorescence quantum

Chem. Eur. J. 2021, 27, 14672 - 14680 www.chemeurj.org
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Figure 3. Absorption- (-; black), excitation (- - -) and emission (-; blue)
spectra of (A) ZnOPy,-(EO;-Umb), and (C) ZnOPyg-(EOs-Umb), (1.0 pM in
H,0). Lambert-Beer law verified at 4,,,, of (B) ZnOPy,~(EO;-Umb), and (D)
ZnOPyg-(EO;-Umb),.

yield is observed in PBS (0.03 and 0.05). Moreover, it was
observed that the @ values do not vary with the concentration
(0.5-10 uM) if the absorption factor is high enough. If there is
nearly no absorption measureable the values differ drastically.
This is the reason why for the values in Table 1 the values for
0.25 uM solutions were excluded. The results imply that an
aqueous medium does not induce significant aggregation or
quenching of the excited-state of the PS. But, it must be taken
in mind, that a higher salt concentration like in PBS can cause
aggregation or quenching effects. Nevertheless, it is well known
that PCs tend to disaggregation upon binding to proteins or
when they are taken up by cells.®” This can lead to reactivation
of phototoxic properties.

It is known that low fluorescence quantum yields can be an
indicator for high singlet oxygen quantum yields (®,)."" Singlet
oxygen ('0,) is considered as the main species involved in PDT,
as the most potent PSs have high @, values." Even in the
aPDT the predominant process is based on type Il processes.""”
However, type | reactions are favored if Gram-negative bacteria
should be targeted cause they are more susceptible to *OH
than '0," The @, were measured utilizing the relative
method.®® As reactive traps for 'O, we have used 9,10-
anthacenyl-bis(methylene)dimalonic acid (ADMDMA)"® in aque-
ous media (water and PBS) and 1,3-diphenylisobenzofuran
(DPBF)™ in DMF. Depending on the solvents, soluble reference
substances with literature known @, were used. In organic

14675 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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solvents unsubstituted zinc(ll) phthalocyanine (ZnPC) (®,=
0.56)"" and in aqueous solutions methylene blue (MB) (®,=
0.52)%" served as references. Control measurements were
performed under the same conditions without addition of the
photosensitizer.

ADMDMA reacts with 'O, to its non-emissive
endoperoxide.®® Due to the fact that ADMDMA has more than
one emission maximum the decay of the emission intensity
integral (Agy=380-550 nm, Ag=370 nm) was determined as
function of the irradiation time t (Figures S29 and S31,
Supporting Information). For the measurements in DMF, DPBF
served as trapping-agent. It reacts with 'O, as well as super-
oxide anion radicals (0,*”) to form o-dibenzoylbenzene (DBB),
which destroys the m-system of the isobenzofuran.®® The
formed product is no longer able to absorb or emit visible
light.®? The decay of the absorption maximum at 414 nm can
be followed as a function of the irradiation time t (Figure S32,
Supporting Information).

Highest singlet oxygen quantum yields for ZnOPy,-(EO;-
Umb), were calculated in DMF (@, =0.57), which is comparable
to the unsubstituted reference (ZnPC). The octa-substituted
phthalocyanine (ZnOPyg-(EO;-Umb)g) exhibits with 0.44 a 13%
lower singlet oxygen quantum yield (Table 1). However,
ZnOPy4-(EO;-Umb); showed the highest value in water (@, =
0.64), which is remarkably higher than the singlet oxygen
quantum yield of the reference methylene blue with 0.52.5°
Depending on the aqueous medium the results are better for
both species in water than in PBS. For ZnOPy,-(EO;-Umb), the
value decreases from 0.52 in water to 0.05 in PBS, while for
ZnOPy,-(EO;-Umb)g it decreases from 0.64 to 0.12 respectively.
The extent of exciton coupling increases for closely stacked
molecules, which influences the rate of non-radiative relaxation
leading to a reduction in ROS formation. In water symmetrically
spaced positive charges in the close proximity to the phthalo-
cyanine macrocycle contribute to the monomerization of the
dyes. Strong dependence of ROS generation from the media
indicates the formation of aggregates caused by the high ionic
strength of PBS. This goes along with a minor reduction of the
molar absorption coefficient ¢, indicating the potential presence
of some aggregates in the solution. This phenomenon was
already described in the literature, whereby the aggregation
tendency was much larger in these cases and was already
visible in the UV-vis spectra.l2*34 40

Since cells and bacteria are cultivated in PBS the values in
PBS will have more relevance for in vitro tests. A slight
aggregation tendency in this medium is not a limitation for the
application as PS for PDT, since it is known that PCs tend to
disaggregation while taken up by cells or upon binding to
proteins.“"

From the literature it is known that the @&, decrease in
water"®*% o PBSBP* compared to DMSOP* or DMF.>'
Compared to the literature the results in DMF as well as PBS are
in an equal range than the results for coumarin tetra-
substituted zinc(ll) phthalocyanines.”'** Values in water were
often measured together with Triton X-100 to induce monomer-
ization to increase the @, to measurable values and are
therefore not comparable.**

Chem. Eur. J. 2021, 27, 14672 - 14680 www.chemeurj.org

Cell culture experiments

The cytotoxicity of the molecules was investigated in human
hepatocarcinoma cells (HepG2). To examine if the phthalocya-
nines were internalized into the cells, we performed live cell
imaging using CLSM (confocal laser scanning microscopy). To
differentiate between cellular compartments the nuclei were
stained with Hoechst 33342 and the cytoplasm with CellBrite®
Green. The cells were then incubated for 30 min at 37°C in
phthalocyanine containing media. The CLSM images (Figure 4
and Figure S33, Supporting Information) showed that both
phthalocyanines were internalized. Remarkably, both com-
pounds were not only present in the cytoplasm, but even
seemed to accumulate at distinct structures inside the nucleus
in a pattern that resembled intranuclear domains like the
nucleoli. To further evaluate the internalization of the com-
pounds, we generated image stacks. Of note, this was a
demanding task using live cell microscopy due to the photo-
dynamic nature of the compound. However, we succeeded to
generate tomographic videos and 3D images of the cells
(Figures S34-S35 and videos S1-S2, Supporting Information).
Slices through these models show, that the compounds are
completely surrounded by the cytoplasmic stain and the
presumably intranuclear accumulations are indeed located in
the nucleus.

Figure 5 shows the dose and concentration dependent
survival values for both phthalocyanines at concentrations of
1uM and 10 uM upon irradiation with >600 nm light. The
graphs show that both phthalocyanines exhibit already at low
concentrations (1 uM) and light doses (1.1 J/cm?) a remarkably
reduced cell viability. This is an advantage for the patients in
later use in the PDT since less drugs and light can be used.
Therefore, potential side effects and burns associated with pain
are reduced. After irradiation for 15 min at 1.2 mW/cm? (1.1 J/
cm?) nearly 80% of the cells died in the presence of ZnOPy,-
(EO5-Umb),, whereas around 60% died when ZnOPy,-(EO;-
Umb), was added.

This indicates that the phototoxicity of the tetra-substituted
phthalocyanine is higher in the initial phase. However, regard-
ing longer irradiation times, for example 60 min, the octa-
substituted phthalocyanine seems to be more stable and can
sufficiently produce reactive oxygen species to kill cells. Addi-
tionally, a dark control experiment without irradiation and an
irradiation control experiment without photosensitizer have
been performed (Figure S36, Supporting Information). During
both irradiation control experiments, cell viability was unaf-
fected even after 60 min of irradiation.

At low concentrations of 1 uM no dark toxicity could be
monitored. In contrast, at high concentrations such as 10 pM
ZnOPy,-(EO;-Umb), exhibited a minor toxicity (cell viability of
around 75%) after 60 min while nearly no dark toxicity was
observed for ZnOPy;-(EO;-Umb); (cell viability of 859%). Of note,
while we reduced unwanted light exposure to the possible
minimum it was not possible to shield these highly reactive
compounds completely during the cell culture application. We
therefore performed additional dark experiments for 72 h to
investigate if the observed dark toxicity is related to the dark

14676 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. Live cell microscopy images of HepG2 cells treated with ZnOPy,-(EO;-Umb), or ZnOPy,-(EO;-Umb); (red). The nuclei were stained with Hoechst
33342 (blue) and the cytoplasm with CellBrite” Green (green). Scale bars represent 10 um. See Figure S33 (Supporting Information) for additional images and

controls.
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Figure 5. Viability of HepG2 cells after photodynamic treatment with (A)
ZnOPy,-(EO;-Umb), or (B) ZnOPy,-(EO;-Umb)g. The cells were treated with
the respective compound concentrations and then exposed to 1.2 mW/cm?
light (> 600 nm) for 0 min (Control), 15 min (1.1 J/cm?), 30 min (2.2 /cm?),
45 min (3.2 J/cm?) or 60 min (4.3 J/cm?). Error bars are the mean = standard
deviation from three replicates.

exposure time (Figure S36, Supporting Information). Even after
72 h incubation in compound-supplied medium, the cell
viability did not decrease further, indicating the minor dark
toxicity observed is unrelated to the dark exposure, but
presumably a phototoxic artefact introduced during initial
handling.

In vitro antimicrobial experiments

Since it is known that Gram-negative and Gram-positive
bacteria have a different composition of outer membranes""

Chem. Eur. J. 2021, 27, 14672 - 14680 www.chemeurj.org

both type of bacteria were tested. As representative Gram-
positive bacteria B. subtilis strain DB104 and S. aureus strain
3150/12 were used, as well as the Gram-negative E. coli strains
Nissle 1917 and UTI89. Among these, S. aureus strain 3150/12
and E. coli strain UTI89 are clinical isolates. To evaluate binding
efficacy of ZnOPy,-(EO;-Umb), and ZnOPy,-(EO;-Umb); to
microorganisms, fluorescence images were recorded. Therefore,
bacterial suspensions labelled with Hoechst 33342 were further
incubated with the corresponding photosensitizer for 15 min at
37°C in the dark. Hoechst 33342 visualizes the DNA inside the
bacterial cell membrane while the photosensitizer can be
detected by its characteristic red emission. As shown in Figure 6
(Figure S38, Supporting Information), Gram-positive bacteria
were uniformly labeled with ZnOPy,-(EO;-Umb), or ZnOPy,-
(EO5-Umb),. In the merged images the blue emissive bacteria
DNA (Hoechst) and the red emissive photosensitizer nicely
overlap.

Although the majority of Gram-negative bacteria were
labeled as well, some unstained bacteria were also detected. To
evaluate antimicrobial efficiency, bacterial strains were incu-
bated in the dark with the corresponding photosensitizer at
1 uM or 10 uM as final concentration for 15 min at 37°C and
irradiated for 15 or 30 min (660 + 24 nm). Subsequently serial
dilutions were plated on lysogeny broth (LB) agar plates and
the number of colony-forming units (CFU) was counted after
incubation at 37 °C for 24 h. Within two groups of Gram-positive
or Gram-negative bacteria the results for both phthalocyanines
are comparable. In Figure 7 the graphs for B. subtilis strain
DB104 and E. coli strain Nissle 1917 are shown (graphs for E. coli
strain UTI89 and S. aureus strain 3150/12 can be found in
Figure S37, Supporting Information).

As illustrated in Figure 7, ZnOPy,-(EO5-Umb), and ZnOPy;-
(EO;-Umb), are significantly more active against Gram-positive
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Figure 6. Co-localization of ZnOPy,-(EO;-Umb), and ZnOPy,-(EO;-Umb), (red) with the DNA (blue) in B. subtilis strain DB104, E. coli strain Nissle 1917 and S.

aureus strain 3150/12. The scale bars represent a length of 5 um.

than against Gram-negative bacteria. Even at low concentra-
tions of 1 uM and light doses of 4.5 J/cm? > 5log,,, reduction of
viability was observed, while at 10 uM or higher light doses of
9J/cm? no colony forming units can be counted anymore.
Interestingly, B. subtilis strain DB104 was more suszeptible than
S. aureus strain 3150/12. Contrary to the previously described
HepG2 cells ZnOPy,-(EO;-Umb)g is more active than ZnOPy,-
(EO;-Umb),. Due to the fact that the surface of bacteria is
mostly negatively charged"” it was expected that ZnOPy,-(EQ;-
Umb), with eight positive charges will bind better to the
surface when compared to four positive charges in ZnOPy,-
(EO5-Umb), leading to improved killing of both Gram-positive
and negative bacteria.

For Gram-negative bacteria, a significant reduction of
colony forming units was just observed at higher concentra-
tions (10 uM). No obvious differences were observed between
pathogenic and non-pathogenic E. coli strains. Whereby, for
both phthalocyanines a light dose dependency was detected.
The higher the applied light dose, the higher is the reduction of
bacterial colony counts.

For two selected bacterial strains we performed a live/dead
assay to visualize the photoinactivation of Gram-positive
(B. subtilis strain DB104) and Gram-negative bacteria (E. coli
strain Nissle 1917) (Figure S39, Supporting Information). For B.
subtilis strain DB104 we discovered a clustering into micro-
colonies upon incubation and irradiation going along with a full
inactivation of the bacteria as detectable by the red emission. In
addition, E. coli strain Nissle 1917 showed also remarkable
inactivation in the presence of the photosensitizers, which was
more pronounced for ZnOPy,-(EO;-Umb)g, as observable by a
higher amount of dead (red) bacteria.

Chem. Eur. J. 2021, 27, 14672 - 14680 www.chemeurj.org

Conclusion

To conclude, two water-soluble tetra- and octa-coumarin
substituted zinc(ll) phthalocyanines were successfully synthe-
sized and characterized. Their antimicrobial as well as anti-
cancer photodynamic efficiency against human hepatocyte
carcinoma (HepG2) cells, Gram-positive and Gram-negative
bacteria were investigated. All tested zinc(ll) phthalocyanines
showed a sharp Q-band and a linear behavior concerning the
Lambert-Beer law indicating monomeric species in DMF but
also in water and physiological media as PBS. Where others
need additional solubilization agents like Triton X-100 our
compounds are intrinsically water-soluble. We assume that the
coumarin moieties not only contribute to the hydrophilic-
lipophilic balance of the molecules promoting their uptake by
the cells, but also favor the accumulation of PS in the cell
nuclei, as can be seen in the confocal microscopy images.
Studies to investigate the origin of this remarkable propensity
are currently being carried out in our laboratory. Furthermore,
the photophysical parameters as well as the anti-cancer and
antimicrobial tests have shown that both species are extremely
active upon irradiation. For HepG2 and Gram-positive bacteria
low concentrations and minimal light doses are already
sufficient to kill most of the cells or bacteria. This may reduce
unwanted side effects, the exposure time and the amount of
drug which needs to be administered to the patient. Addition-
ally, nearly no dark toxicity was detected in the experiments.
Moreover, it is possible to treat Gram-negative bacteria as well,
which is more complicated than for Gram-positive bacteria.
Even though, higher light doses and concentrations are needed.
This suggests potential candidates, which can be used not only
in the PDT but also in the aPDT. This allows the drug to be used
regardless of whether one aims at targeting cancer cells, Gram-
positive or Gram-negative bacteria. This opens up a wide range
of possible applications.
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Figure 7. Photoinactivation of (A) Gram-positive B subtilis strain DB104 and
(B) Gram-negative E. coli strain Nissle 1917 with ZnOPy,-(EO;-Umb), and
ZnOPy,-(EO;-Umb)g. The bacteria were exposed to 5 mW/cm? light

(>600 nm) for 15 min (4.5 J/cm?) or 30 min (9.0 J/cm?). Control samples did
not contain PC and were irradiated for 30 min (9.0 J/cm?). Error bars are the
mean =+ standard deviation from three replicates.
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