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In order to improve water-solubility and photodynamic activity of 2(3), 9(10), 16(17), 23(24)-tetra-
((amino)methyl)phenoxy)phthalocyaninato-zinc (ZnPc) simultaneously, here, we present the first
attempt to introduce heavy atoms (Br and I) to ZnPc though a simple method by synthesizing the
hydrobromide and hydriodate protonation salt derivatives of ZnPc. Researches indicated that these
protonation salt derivatives of ZnPc can stably disperse in aqueous system for a long time. Furthermore,

the internal heavy atom effect from hydriodate in the ZnPc molecules enhances the intersystem crossing
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(ISC) efficiency of ZnPc during its photo-exciting process. Therefore, the generation of reactive oxygen
species (ROSs), especially singlet oxygen (10,), is significantly improved, which leads to an improved
in vitro photodynamic therapy (PDT).

© 2014 Published by Elsevier Ltd.

1. Introduction

PDT, a clinical therapeutic modality, has great potential to
become an efficient theranostic approach for noninvasive treat-
ment of tumors [1-3]. Its basic principle is as follows: the photo-
sensitizing drug retains in target cells, followed by the excitation by
light of a suitable wavelength. Then the light-activated photosen-
sitizers (PSs) transfers the absorbed photon energy to surrounding
oxygen molecules, generating cytotoxic ROSs, mainly 10, [4,5],
which result in the death of tumor cells [6,7].

Pcs-polyamine, a group of hydrophobic PSs, have been inten-
sively investigated due to their potential targeting ability, strong
light absorption at PDT windows (600—900 nm) and low intrinsic
toxicity; however, the water solubility and ROSs generation ability
of Pcs-polyamine is unsatisfactory [8]. Therefore, finding a new
method to improve water solubility and photosensitive anti-tumor
activity of Pcs-polyamine has attracted great attention in the field
of PDT research [9,10]. The classical method was to synthesize the
derivatives of Pcs-polyamine. However, this approach involves

* Corresponding author. Tel./fax: +86 025 85891761.
E-mail address: shwei@njnu.edu.cn (S. Wei).

http://dx.doi.org/10.1016/j.dyepig.2014.11.002
0143-7208/© 2014 Published by Elsevier Ltd.

complicated synthetic steps, which are not general and not always
possible [11]. So, finding a simpler way to achieve the goal has
attracted much attraction. 0, is generally considered to play a
main role in PDT process. Therefore, one possible way is to
modulate the photo-physical process of Pcs-polyamine by intro-
ducing a certain inner molecular interaction to increase the 'O,
generation efficacy.

As shown in Scheme 1, 10, is produced through the reaction
between the long-lived triplet state of PS (°PS;*) and surrounding
oxygen molecules. Irradiation of a sensitizer with visible light leads
at first to the formation of the excited singlet state ('PS;*) and then
by intersystem crossing (ISC) to the excited triplet state (*PS;*). The
energy transfer from >PS;* to triplet oxygen (30,) results in the
formation of the highly reactive '0,, so the quantity of '0, is
depended on the efficiency of ISC ('PS;* to 3PS;*). It's well known
that the rate of ISC can be increased as a result of enhanced spin-
orbit coupling by the presence of heavy atoms [12—14]. So, if we
can introduce heavy atoms into the structure of Pcs-polyamine,
their photodynamic activity could be greatly increased.

Our previous research indicated that preparing the hydrochlo-
ride derivatives of Pcs-polyamine can greatly increase its solubility
in aqueous system [8]. Considering this, if we can synthesize
hydrobromide and hydriodate derivatives of Pcs-polyamine, both
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Scheme 1. The diagram depicting the electronic transition states and energy transfer
phenomena between the photo-sensitizer molecule and oxygen in photodynamic
therapy that ultimately leads to oxidative cell damage.

the water solubility and anti-cancer activity of Pcs-polyamine
would be greatly improved. Based on this conception, here, the
hydrochloride (ZnPc1), hydrobromide (ZnPc2) and hydriodate
derivatives (ZnPc3) of Pcs-polyamine bearing 2(3), 9(10), 16(17),
23(24)-tetra-((amino)methyl)phenoxy)phthalocyaninato-zinc
(ZnPc) were synthesized and their photodynamic anti-cancer ac-
tivity were compared. Results indicated that the water solubility of
ZnPc1, ZnPc2 and ZnPc3 was greatly increased. And the introduced
heavy atoms can modulate the photo-physical process of ZnPcs,
which can improve their 10, generation ability and, thereby, the
in vitro photodynamic efficacy to cancer cells.

2. Experiments
2.1. Materials and characteristics

4-nitrophthalonitrile (1) was used after being recrystallized
from CH3OH. 4-(aminomethyl) phenol (2), (chloromethanetriyl)
tribenzene and other necessary chemicals were obtained from
commercial suppliers and used without further purification unless
otherwise stated. The 1,8-diazabicyclo[5,4,0]-undec-7-ene (DBU)
and the disodium salt of 9,10-anthracenedipropionic acid
(ADPA) were from Sigma. 3-[4,5-Dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) and Hoechst 33342 were
from Amosco and used as received. Dulbecco's minimum essential
medium (DMEM) and fetal calf serum (FCS) were from Gibico. All
organic reagents were of analytical grade and were purified ac-
cording to reported procedures before use. Thin Layer Chroma-
tography (TLC) was performed on silica gel GF254 plates. Silica gel
(300—400 mesh) was wused for preparative column
chromatography.

Infrared spectra were measured in KBr pelletson on IR-
Spectrometer Nicolet Nexus 670. 'H NMR and 3C NMR spectra
were recorded using a Bruker Advance 400 MHz NMR spectrom-
eter. Elemental analyses were taken with Vario MICRO Elementar.
The relative content of zinc and chlorine (zinc and bromine, zinc
and iodine) of the ZnPc1 (ZnPc2 and ZnPc3) were obtained using
energy dispersive spectrometer (EDS, Noran Vantage, Thermo
Norman). UV—Vis spectra were recorded on spectrophotometer
Cary 5000, Varian. Fluorescence spectra were recorded on Perkin
Elmer LS 50B fluorescence spectrophotometer. The fluorescence
lifetimes were determined from time-resolved intensity decay by
time-correlated single photon counting (TCSPC) method. A 665 nm
LED was used as light source.

2.2. Synthesis of dyes

Compound 3 was prepared from the reaction between com-
pound 1 and compound 2. Moreover, compound 4 was obtained
from the reaction between compound 3 with (chloromethanetriyl)

tribenzene that has active —NH groups. K>COs3, a base that is often
effective in the reaction of a phenol with nitro substituted phtha-
lonitrile at 60 °C, does work well in reaction that generates com-
pound 3. All spectral data supported the proposed structures of
precursor compounds 3, 4 and 5.

2.2.1. 4-(4-(aminomethyl)phenoxy )phthalonitrile (3)

4-nitrophthalonitrile (1.41 g, 8.14 mmol), compound 4-(amino-
methyl) phenol (1.50 g, 12.18 mmol) and dry K,COs; (2.24 g,
16.21 mmol) were mixed in dry DMF (6 mL) under nitrogen at
60 °C, then CH,Cl, (10 mL) was added as solvent, and they were left
to stir for 6 h. During the whole process, the reaction was moni-
tored by TLC using ethyl acetate and a few drops of triethylamine
for elution. After cooling to room temperature, the solution was
poured into water (80 mL) and a little saturated salt water was
added into the above solution. A few minutes later, the mixture was
automatically divided into two layers. The upper tangerine solution
was the product of synthesis and dried over anhydrous sodium
sulfate. In the end, compound 3 was purified by column chroma-
tography with silica gel as column material and methanol/ethyl
acetate (2:1) solvent system as elution. Yield: 1.41 g (69.5%). MP.
79 °C. IR (KBr, cm™1): 3364 (NH3), 3080 (Ar—H), 2840 (CH;), 2230
(CN), 1590, 1490, 1250, 1070, 710. '"H NMR (400 MHz, DMSO-d6):
0 (ppm) 8.08 (d, 1H, J = 8.8 Hz, Ar), 7.72 (d, 1H, J = 2.8 Hz, Ar),
746 (d, 2H, J = 8.8 Hz, Ar), 7.31-7.34 (m, 1H, Ar), 713 (d, 2H,
J = 8.4Hz, Ar), 3.76 (s, 2H, CH,), 2.28 (s, 2H, NHy). *C NMR
(100 MHz, DMSO-d6): d (ppm) 161.9, 152.4, 142.3, 136.7, 129.6,
122.7, 122, 120.6, 117.1, 116.4, 115.9, 108.3, 45.4. Anal. Calcd. For
Ci5H11N30: C, 72.28; H, 4.45; N, 16.86; O, 6.42. Found: C, 72.12; H,
4.30; N, 16.78.

2.2.2. 4-(4-((tritylamino )methyl)phenoxy ))phthalonitrile (4)

A mixture of anhydrous compound 3 (1.00 g, 4.01 mmol) and
finely ground anhydrous K;COs3 (111 g, 8.02 mmol) in CH,Cl,
(40 mL) was stirred under nitrogen at room temperature. Then,
(chloromethanetriyl) tribenzene (1.34 g, 4.81 mmol) in CH,Cl,
(40 mL) was added dropwise to the solution over a period of 5 h,
and the system was stirred for another 2 h after the titration
finished. The formed solid material and K,CO3 were filtered off and
the filtrate was washed with water (3 x 100 mL). The solution was
dried over anhydrous sodium sulfate. After filtered, the solvent was
evaporated in vacuum; the residue was purified by column chro-
matography with silica gel as column material and ethyl acetate/
petroleum ether (2:1) solvent system as elution. Yield: 1.58 g
(80.2%). M..P. 205 °C. IR (KBr, cm~1): 3320 (NH), 3080 (Ar—H), 2840
(CH3y), 2230 (CN), 1590, 1510, 1490, 1250, 710. '"H NMR (400 MHz,
DMSO-d6): 3 (ppm) 7.73 (d, 1H, ] = 8.8 Hz, Ar), 7.61 (d, 6H, ] = 1.2 Hz,
Ar), 7.59 (d, 2H, J = 0.8 Hz, Ar), 7.07—7.55 (m, 12H, Ar), 7.056 (d, 2H,
J =2 Hz, Ar), 3.416 (s, 2H, CHy), 1.96 (s, 1H, NH). 1*C NMR (100 MHz,
DMSO-d6): & (ppm) 162.0, 152.2, 145.8, 139.3, 135.4, 130.1, 128.6,
128.0,127.9,127.3,126.5,121.4,121.3,120.6, 117.6, 115.5, 115.0, 108.7,
71.0, 47.3. Anal. Calcd. For C34H35N30: C, 83.07; H, 5.13; N, 8.55; O,
3.25. Found: C, 82.02; H, 5.08; N, 8; O, 3.18.

2.2.3. 2(3), 9(10), 16(17), 23(24)-tetra-((tritylamino )methyl)
phenoxy) phthalocyaninato-zinc (5)

The same procedure was used for the synthesis of the com-
pound 5 in literature. Compound 5 was synthesized with addition
of substituted phthalonitrile compound 4 (700 mg, 1.42 mmol) and
stoichiometric amounts of related anhydrous metal salts
Zn(CH3C00); (163.28 mg, 0.89 mmol) to the reaction media at
reflux temperature in n-pentanol (6 mL) and by the catalyst of DBU
(200 pL) for 24 h. After precipitating the crude products in CH30H
(80 mL), the deep blue solid product was washed with H,O and
CH3OH till the filtrate was colorless. The green crud product was



X. Chen et al. / Dyes and Pigments 114 (2015) 93—104 95

purified by passing through a sillica gel column with dichloro-
methane/methyl alcohol (1:5). Yield: 1.576 g (80.0%). M.P. >200 °C.
IR (KBr, cm’l): 3490, 3425, 3130, 1620, 1400, 1230, 1040, 710, 486.
TH NMR (400 MHz, DMSO-d6): d (ppm) 7.61—7.59 (br, 16H, Pc-H),
7.56 (s, 4H, Pc-H), 7.50 (s, 4H, Pc-H), 7.39—7.28 (m, 60H, Pc-H),
7.08 (s, 4H, Pc-H), 3.36 (s, 8H, CH;). >C NMR (100 MHz, DMSO-
d6): 3 (ppm) 146.1, 136.4, 129.6, 128.7, 128.0, 127.8, 127.6, 126.4,
120.3,119.4, 119.2,117.0, 102.7, 98.9, 77.4, 51.6, 49.5, 47.5, 45.8, 43.1,
31.9, 29.7, 9.8, 6.8. Anal. Calcd. For C136H100N1204: C, 80.40; H, 4.96;
N, 8.27. Found: C, 80.20; H, 4.78, N, 8.28.

2.24. 2(3),9(10), 16(17), 23(24)-tetra-((amino )methyl )phenoxy)
phthalocyaninato -zinc(ZnPc)

Under the condition of ice-water bath, compound 5 (500 mg,
0.25 mol) and excess trifluoroacetic acid (TFA) (0.5 mL) were dis-
solved in CH,Cl, (10 mL) and stirred for 1 h. Then, the reaction
mixture was heated to room temperature and left to stir for another
2 h. The crude product was collected by filtration and washed
successively with CH;Cl,. Thereafter, the green solid was dissolved
in H,O and precipitated by adjusting PH to 9—10. The residue
product collected by filtration was washed successively with H,O
and CH3OH. The product was vacuum-dried at 50 °C for 12 h to
afford the final. M.P. >200 °C. IR (KBr, cm*l): 3410, 3240, 2840
(CHy), 2230 (CN), 1630, 1420, 1120, 1005, 620. 'H NMR (400 MHz,
DMSO0-d6): 3 (ppm) 12.7 (s, 8H, NHy), 8.98—8.96 (br, 4H, Pc-H), 8.55
(s, 4H, Pc-H), 8.37 (s, 4H, Pc-H), 7.78—7.66 (br, 8H, Pc-H), 7.54—7.45
(br, 8H, Pc-H), 3.36 (s, 8H, CH3). 13C NMR (100 MHz, CDCl3): & (ppm)
159.4, 159.07, 158.7, 157.9, 157.7, 135.0, 131.7, 130.3, 129.2, 1271,
124.6,121.5,119.8, 119.4, 117.5, 114.6, 115.0, 108.2, 103.4, 100.1, 45.9.
Anal. Calcd. For CggH44N1204: C, 67.83; H, 4.17; N, 15.82. Found: C,
67.44; H, 4.22; N, 15.70.

2.2.5. Hydrochloride, hydrobromide and hydriodate derivative of
2(3), 9(10), 16(17), 23(24)-tetra-((amino)methyl)phenoxy)
phthalocyaninato-zinc (ZnPc1, ZnPc2 and ZnPc3)

ZnPc1 (ZnPc2, ZnPc3) was suspended in 5 mL redistilled water
in a reaction bulb and warmed to reflux. Excess 5% HCl (HBr, HI)
aqueous was added into the solution drop-wise until ZnPc1
(ZnPc2, ZnPc3) was totally dissolved under 40 °C. After adding
solution into the acetone, the crude precipitation was collected by
filtration, then thoroughly washed by dichloromethane and dried
in vacuum. The title product ZnPc1 (ZnPc2, ZnPc3) was obtained as
dark blue solid. Yield: 0.23 g (93.8%). The relative content of
elemental chlorine (bromine and iodine) in ZnPc1 (ZnPc2, ZnPc3)
was analyzed through EDS. Quantitative analysis shows that the
mean atomic ratio of Cl/Zn (Br/Zn and I/Zn) of ZnPc1 (ZnPc2,
ZnPc3) respectively was 0.188 (0.186 and 0.186). Compared with
the standard value 0.125, the results confirmed our desired out-
comes that one ZnPc1 (ZnPc2, ZnPc3) molecule contains eight HCl
(HBr and HI) in its structure. Since the elemental analysis, FI-IR, 'H
NMR spectroscopy, electronic spectroscopy and mass spectra of
three ZnPcs are analogous to those of compound ZnPc, they are not
described in detail here.

2.3. Photodegradation studies

Photostability studies of ZnPcs used in this work were carried
out in H,O by monitoring the decrease in the Q-band absorption
before and after irradiation with 665 nm LED using UV—Vis
spectrophotometer.

24. 102 generation detection

10, is one of the most active traits among the reactive oxygen
and holds a prominent role in various biological and chemical

processes [15,16]. 10, was generated by photoexcitation of the
ZnPcs molecules in their soret band with laser pulses at
k = 355 nm followed by the energy transfer between the triplet
state of ZnPcs and the ground state of the solvated O, molecules.
10, generation was determined by the ADPA bleaching method.
ZnPcs (5 x 107® M) and ADPA (5.5 x 10~® M) were mixed and
irradiated. The reaction was monitored spectrophotometrically by
measuring the decrease in optical density every 1 min at an
absorbance maximum of 378 nm of ADPA. All samples were air
equilibrated.

2.5. Cellular uptake of ZnPc1, ZnPc2 and ZnPc3 in HelLa cells

Hela cells were incubated under the same experimental con-
ditions with ZnPc1, ZnPc2 and ZnPc3 (the concentration: 1.5 uM)
for respectively 2, 4, 6 and 24 h in the dark. After respectively 2, 4, 6
and 24 h incubation, the drug concentration remaining in the
medium was detected and calculated. All cellular uptake amounts
were calculated according to the standard curves.

2.6. Intracellular ROSs detection by DCFH-DA

In order to evaluate the ability of the ZnPcs to generate ROS
in vitro, the probe DCFH-DA was used as a fluorescent probe [17,18].
The non-fluorescent DCFH-DA can be oxidized to the fluorescent
DCF in the presence of ROSs. At first, cells (with about 60%
confluence) in a 6-well plate suspension in the medium were
combined with ZnPc1, ZnPc2 and ZnPc3, and incubated in incu-
bator (37 °C, 5% CO;) for 24 h. Then, the plates were washed with
sterile PBS, and the DCFH-DA was added into the wells. After in-
cubation for 0.5 h, cells were washed with PBS and illuminated for
about 15 min.

2.7. Cell morphology

For routine maintenance, HeLa cells were cultured in suspension
in DMEM medium supplemented with 10% FCS and incubated at
37 °C in humidified air with 5% CO,. Cell growth inhibition was
evaluated using a standard colorimetric MTT assay [19]. Before
treatment with ZnPcs, the cells were seeded in 96-well plates and
incubated overnight. The density of cells in the medium was about
10,000 cells per well. After treatment with ZnPcs overnight and
being irradiated by light, cells were washed with PBS three times
and the cell morphology changes were observed under a fluores-
cence microscope.

2.8. Hoechst 33342 staining

Chromatin condensation was detected by nuclear staining with
Hoechst 33342 [20]. After treatment with ZnPcs overnight and
being irradiated by light, cells were washed with PBS three times
and treated with 25 pg mL~! Hoechst 33342 at 37 °C with 5% CO; in
the dark for 30 min. Nuclear morphology change was observed
under a fluorescence microscope.

2.9. Darktoxicity

In the cytotoxicity test, the same concentrations of ZnPcs were
suspended in DMEM and were ultrasonicated for 30 s to prevent
agglomeration. To determine the darktoxicity, HeLa cells were
seeded into 96 well plates at a density of 5 x 10° cellsjcm? and
incubated for 24 h in growth medium to allow for attachment. Cell
cytotoxicity was assessed by using the classical MTT colorimetric
assay [21,22].
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2.10. In vitro anti-cancer activity studies
For photo-induced anti-cancer experiments, HeLa cells were

incubated as described above, and 24 h later, the old medium was
replaced by fresh medium (without FCS) with ZnPc1, ZnPc2 or
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ZnPc3, separately. Following 24 h incubation, the culture medium
was replaced by FCS-free medium and rinsed for three times by PBS
to remove adhered drugs. The cells were immediately exposed to
light (10 W) and after 24 h incubation, cells viability was measured
as described above [23].
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Scheme 2. The synthetic route of the novel phthalonitrile (3 and 4) and phthalocyanine compounds (5, ZnPc, ZnPc1, ZnPc2 and ZnPc3).
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2.11. Statistical analysis

The assay was conducted with three replicates for each
treatment. Data were expressed as mean + SD of the indicated
number of experiments. Statistical differences in dark cytotox-
icity and phototoxicity potential assay were determined using
Student's test. P < 0.05 was considered to be statistically
significant.
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Fig. 1. Absorption spectra of the ZnPc1, ZnPc2 and ZnPc3 in H,0 (A), DMSO (B) and
CH30H (C). (Concentration = 5 x 1076 M).

3. Results and discussion
3.1. Synthesis

The synthetic route employed to access three dyes (ZnPc1,
ZnPc2 and ZnPc3) is shown in Scheme 2. The dyes were pre-
pared from ZnPc, which was synthesized according to a pub-
lished procedure [8,9]. ZnPcl, ZnPc2 and ZnPc3 of Pcs-
polyamine bearing ZnPc were synthesized and their photody-
namic anti-cancer activity were compared though the present
paper. Notably, the water solubility of ZnPc1, ZnPc2 and ZnPc3
was greatly increased. And the introduced heavy atom can
modulate the photophysical process of ZnPcs, which can improve
their 10, generation ability and, thereby, the in vitro photody-
namic efficacy to cancer cells.

3.2. Aggregation studies

Molar extinction coefficient (¢) is depended on the physical
and chemical properties of PSs and subsequently affected the 10,
production efficiency and in vitro anti-cancer activity. Therefore,
e values of ZnPc1, ZnPc2 and ZnPc3 in different polar solvents,
such as Hp;O0, DMSO and CH3OH (solvents polar:
H,0 > DMSO > CH3OH), were studied by UV—Vis spectra. The
typical UV—Vis spectra of the ZnPcs usually exhibited charac-
teristic monomer absorption band ~680 nm with aggregate ab-
sorption band at 630—640 nm [24,25]. The three ZnPcs all
formed aggregates in H,0, while showed monomeric behaviors
in CH30H and DMSO. As shown in Fig. 1, the absorbance intensity
of ZnPc1, ZnPc2 and ZnPc3 in different polar solvents were
different, which indicated that they had different ¢ values in
these solutions. As shown in Table 1, these values suggested that
ZnPc3 had the sharpest intensity in H,0, CH30H and DMSO in Q
bands which due to the electronic structure of the heavy atom
ZnPc rings are perturbed resulting in alternation of the ground
and excited state electronic structures. Comparing studies indi-
cated that with the change of the structure, the ¢ also changed
thus enhances the absorption intensity, which implies its strong
photodynamic activity.

3.3. Fluorescence spectra and properties

To avoid being quenched by water, the fluorescence spectra
and time-resolved fluorescence measurements of the ZnPcs were
carried out in CH30H. As shown in Scheme 1, the electrons in the
ground state (PS) are excited to the vibrational levels of excited
state (1PS;*) during the electronic excitation process. Then the
electrons in the vibrational levels of excited state fall to the major
singlet excited state via vibrational relaxation. Finally, the elec-
trons in the major singlet excited state can return to any one of the
vibrational levels of ground state (PS), with the fluorescence
emission [12,26]. In addition, the heavy-atom effect of ZnPc2 and
ZnPc3 results in higher spin-orbit coupling parameter and faster
intersystem crossing (ISC). Thus the density of electrons accu-
mulating in the triple state increases. Since many electrons hop to
the triplet state, the emitting fluorescence of the minor and major

Table 1
Lambert—Beer's law generated related constant as shown in Table 1.

Compound eznpc1 (H20) eznpc2 (DMSO) eznpc3 (CH30H)
ZnPc1 0.0482 0.134 0.090
ZnPc2 0.0473 0.145 0.096
ZnPc3 0.0570 0.155 0.135
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Fig. 2. Fluorescence spectra of the ZnPcl, ZnPc2 and ZnPc3 in CH30OH.
Concentration = 5 x 10~® M; Excitation wavelengths: 610 nm.

singlet excited state (600—750 nm) drop dramatically. So, as
shown in Fig. 2, it was clear to see that the fluorescence intensity
significantly reduced in ZnPc2 and ZnPc3 compared to that in
ZnPcl.

3.4. Time-resolved fluorescence spectra

The fluorescence lifetimes of ZnPcs have been proved to be
important parameters for practical applications of fluorescence and
ROS generation process [27]. So, to further confirm the heavy atom
effect in ZnPc2 and ZnPc3, time-resolved fluorescence experi-
ments were conducted. Time-resolved fluorescence measurements
of ZnPcs were made by using 625 nm diode laser excitation and the
decay curves of ZnPcs were shown in Fig. 3. The fluorescence life-
times of the ZnPcs were obtained by the method of time-correlated
single-photon counting (TCSPC). The average lifetimes of ZnPc1,
ZnPc2 and ZnPc3 were 3.3 ns (x* = 0.96), 3.0 ns (x? = 0.96), and
2.8 ns (x* = 0.90), respectively. The decrease in fluorescence life-
times of ZnPc2 and ZnPc3 compared with that of ZnPc1 can be
caused by the presence of heavy atom effect which can enhance
spin-orbit coupling and, correspondingly, there is an increase in the
probability of the ISC. In this case, with an increase in population of
the triplet level, an increase in 'O, sensitization may also occur,
which could further support that the heavy-atom effect did take
place in the ZnPcs.

3.5. Photodegradation studies

Photostability is very important for PSs in PDT process. The ideal
PSs should have high photostability to avoid the PSs molecule
destruction during irradiation process [28,29]. Photodegradation
was characterized by the decrease in the intensity of the Q band in
the absorption spectra on exposure to light of ZnPcs. The spectral
changes during irradiation was given in Fig. 4 and the Q band
absorbance of the ZnPcs barely decreased during light irradiation,
which indicated that ZnPc1, ZnPc2, and ZnPc3 all had great pho-
tostability. As a result, this pentad dye showed appropriate stability
for photo-induced anti-cancer applications.

3.6. 702 generation detection

10, is one of the most active traits among the ROSs and holds a
prominent role in the processes of PDT [30,31]. Generation of '0,

was detected by the chemical trapping method, using the ADPA as a
10, sensor. To avoid chain reactions induced by ADPA in the presence
of 10, the concentration of ADPA was lowered to 5 x 10> M. ADPA is
bleached by '0, to its corresponding endoperoxide. We have
monitored 0, generation by detecting the characteristic peak of
ADPA locating at 378 nm under irradiation by 665 nm LED and the
rate of '0, was calculated by the following Eq [15].:

In([ADPA], /[ADPA],) = —kt

where [ADPA]; and [ADPA]y are the concentrations of ADPA after
and prior to irradiation, respectively. Values of k are the rate
constant for the quenching of excited PSs by triplet oxygen to
produce '0, and t is the time of irradiation. Fig. 5 showed the
decays of the signal intensity at 378 nm for ZnPc1, ZnPc2, and
ZnPc3 in 5 min, under irradiation by 665 nm LED (interval time:
1 min). All of the ZnPcs could induce photo-oxidation of ADPA
(Fig. 5A—C) and the exact reaction rate constant (k) followed the
order anpcg (0.]0452, RznPc3 = 0.999) > anPcZ (0.08432,
Rznpcz = 0.998) > kznpcr (0.07205, Rznpc1 = 0.991) (Fig. 5D),
which indicated that the '0, generation ability of ZnPc3 and
ZnPc2 were superior to that of ZnPc1. Along with the enhanced
10, generation efficiency, the phototoxic efficacy could also be
enhanced. To check this, we have performed a comparative study
of the in vitro photo-induced anticancer activity of ZnPc1, ZnPc2,
and ZnPc3.

3.7. Darktoxicity

Since undesired side effects on normal tissues are one of the
major obstacles in clinical PDT, low darktoxicity is an important
criterion for assessing the efficacy of a PS. In order to evaluate
the darktoxicity of the ZnPcs, Hela cells were exposed to
increasing concentrations of ZnPcs for 24 h and their viabilities
were determined using the MTT assay. The darktoxicity results
showed that ZnPcs were unharmful to cells in the dark even
under a relatively high concentration (1.5 pM, Fig. 6), showing
low darktoxicity of all samples at the drug concentration below
1.5 pM.

3.8. Cellular uptake of ZnPc1, ZnPc2 and ZnPc3 in Hela cells

For the purpose of killing cancer cells, nontoxic light sensitive
ZnPcs need to sneak into the cancer cells first [19]. The uptake of
the ZnPcs into Hela cells in vitro was studied under different in-
cubation time with ZnPcs of same concentration (1.5 uM). As
shown in Table 2, ZnPc1, ZnPc2 or ZnPc3 all could be effectively
taken up by cancer cells and the cell uptaken percents gradually
increased with the increasing incubation time. When the incuba-
tion time was up to 24 h, there was no apparent difference among
the three ZnPcs in the uptake into HeLa cells. So the light-induced
anticancer activity studies were carried out after 24 h incubation
of these drugs.

3.9. Cell morphological studies

Light induced cytotoxic effects of ZnPc1, ZnPc2 and ZnPc3 were
shown in Fig. 7. 480 nm light irradiation of the drug-free cells did
not show any significant changes in cell morphology (Fig. 7A). On
the contrary, drastic changes in the morphology were detected in
the ZnPc1 (Fig. 7B), ZnPc2 (Fig. 7C), or ZnPc3 (Fig. 7D) and 15 min
irradiation treated Hela cells. These cells shrank and fragmented.
These changes were associated with cell death and apparently
induced by the ROSs generated by PSs.
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Fig. 3. Time-resolved fluorescence decays for ZnPc1 (A), ZnPc2 (B) and ZnPc3 (C). (Concentration = 107> M).

3.10. Hoechst 33342 staining

In order to study the photo-damage effect of the ZnPcs on DNA,
Hela cells were stained with Hoechst 33342. Hoechst 33342, a
cell-penetrate nuclear probe that emits blue fluorescence when
bound to DNA, was used to assess DNA changes in nuclear [32]. The
results showed that there was no significant change in cell nuclear

morphology when they were irradiated by 665 nm LED for 15 min.
The dim fluorescence of chromatin occupied the majority of the
Hela cells (Fig. 8A). In contrast, after irradiation, ZnPc1 (Fig. 8B),
ZnPc2 (Fig. 8C) and ZnPc3 (Fig. 8D) treated HeLa cells showed
obvious changes in DNA characteristics, such as shrinkage, chro-
matin condensation, and fragmentation under the same

conditions.
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H,0 (D); (Concentration = 5 x 10~¢ M).

3.11. 10, production of ZnPc1, ZnPc2 and ZnPc3 in Hela cells before and after irradiation. As seen in Fig. 9, obvious DCF fluo-
rescence was detected from the ZnPc1, ZnPc2 and ZnPc3 treated

To further confirm the ROSs generation capability of ZnPcs, Hela cells after irradiation by 665 nm LED, which indicated that
DCFH-DA was used as ROSs trapping reagent to obtain the ROSs they could effectively generate ROSs inside the cells. Compared
generation ability through the changes in fluorescence intensity with ZnPc1, the ROSs generation ability of ZnPc3 obviously
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Fig. 5. Absorption spectra of ADPA in ZnPc1, ZnPc2 and ZnPc3 were irradiated for 0, 1, 2, 3, 4, and 5 min in H,0.



X. Chen et al. / Dyes and Pigments 114 (2015) 93—104 101

B znPct1 I ZnPc2 ZnPc3

100 - =
I I

80 -

60 -

40 -

20-

0-

0.0 0.5 1.0 1.5

Concentration of ZnPc (umol/L)

Cell survival rate %
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Table 2
Cellular uptake percent of ZnPc1, ZnPc2 and ZnPc3 with prolonged incubation time.

Compound Cellular uptake percent

2h 4h 6h 24 h
ZnPc1 32.3% 47.7% 55.3% 75.7%
ZnPc2 29.5% 41.0% 47.6% 73.6%
ZnPc3 24.9% 35.6% 41.5% 72.6%

increased while that of ZnPc2 obviously decreased, which was
different with 10, detection results using ADPA as a probe.

3.12. Photo-induced anti-cancer activity

PDT is superior in targeting damages to tumor tissue because of
it's the low darktoxicity and high phototoxicity. So, selectively
irradiating tumor tissue can active the PS assembling at tumors,
lead to a localized phototoxicity effect, thus leave the healthy cells
unaffected. All drugs were essentially non-cytotoxic in the absence
of light (Fig. 6), but displayed different degrees of phototoxicity. The
phototoxicity study, represented in (Fig. 10), showed the percent-
age of cell survival after treatment of 1.5 pM ZnPcs and 15 min
illumination by 665 nm LED lamp. After irradiation, ZnPc1, ZnPc2
and ZnPc3 all can induce tumor cell death and the anti-cancer
activity of ZnPc3 was obviously higher than that of ZnPc1 and
ZnPc2 because of the heavy atom effect.

3.13. 10, production of ZnPc1, ZnPc2 and ZnPc3 in HeLa cell lysates

Interestingly, previous results indicated that ZnP¢2 had high 10,
generation ability using ADPA as probe, however, it had low in vitro
ROSs generation ability and anti-cancer activity in cancer cells
compared to ZnPc1 and ZnPc3, which was possibly because of the
affect of physiological or bimolecular environment inside the can-
cer cells [33,34].

To approve this hypothesis, the 10, generation abilities of
ZnPc1, ZnPc2 and ZnPc3 were compared in cell lysates. The result
was shown in Fig. 11. Compared to the results in pure water, the
order of singlet oxygen generation ability of the ZnPcs changed to
ZnPc3 (anpcg = 0.096, Rznpe3z = 0.981) > ZnPc1 (anPcl = 0.049,

Fig. 7. Microscope images of common HeLa cells (A) and cells treated with ZnPc1 (B), ZnPc2 (C) and ZnPc3 (D) and irradiated for 15 min with 665 nm LED. 40 microscope objective.

Bar = 100 um. (Concentration = 1.5 x 10~% M).
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Fig. 8. Fluorescence micrographs of HeLa cells stained with Hoechst 33342. (

A) Normal cells; (

B) Cells treated with ZnPc1 and 15 min of irradiation; (C) Cells treated with ZnPc2

and 15 min of irradiation; (D) Cells treated with ZnPc3 and 15 min of 1rrad1at10n. Bar = 100 um. (Concentration = 1.5 x 10~ M).

Rznpe1 = 0.989) > ZnPc2 (anPcZ = 0.018, Rznpe2 = 0.99]) in cell
lysates. The 10, generation rates of ZnPc2 was much lower than
ZnPc1 and ZnPc3, which was in agreement with the previously
studies of ROSs generation and in vitro anti-cancer activity.

4. Conclusion

To improve water-solubility and photodynamic activity of Pcs-
polyamine for PDT simultaneously, here, we presented the first
attempt to introduce heavy atoms into ZnPc rings by a simple
method of synthesizing the protonation salt formulation of Pcs-
polyamine. Researches indicated that hydriodate derivatives
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Fig. 9. ROSs generation efficiency of ZnPc1, ZnPc2 and ZnPc3 inside the HeLa cells.
(***P < 0.001 vs. Control; Control: cells were exposed to light without ZnPcs, *P < 0.05,
###p < 0.001 vs. ZnPc1).

could disperse in aqueous system and be stable for a long time.
Furthermore, the internal heavy atom effect on the ZnPc molecules
significantly enhanced the efficiency of '0, generation, and
thereby, the in vitro PDT efficacy because the internal heavy atom
effect significantly enhanced the ISC efficiency in the photo-
exciting process. Moreover, all of the results demonstrated that
above method was a simple but effective way to improve water-
solubility and PDT efficiency of Pcs-polyamine simultaneously.
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Fig. 10. Comparative in vitro light-induced toxicity of ZnPc1, ZnPc2 and ZnPc3 under
the same experimental condition (1.5 pM, irradiation by 480 nm LED) (*P < 0.05,
**P < 0.01 ***P < 0.001, photo-induced toxicity of ZnPcs versus photo-induced toxicity
of control; Control: cells were exposed to light without ZnPcs, #P < 0.05, #*P < 0.01,
photo-induced toxicity of ZnPc3 or ZnPc2 versus photo-induced toxicity of ZnPc1).
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