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In recent years, photodynamic therapy (PDT) studies have gained considerable attention as a non-invasive
method used to fight cancer. In this study, a series of structurally similar photosensitizers (PSs) with
incremental positive electric charges (ZnPc-4, 8 and 12) was investigated via in vitro and in vivo
experiments. Photodynamic antitumor studies of these PSs, including phototoxicities, cellular uptake, the
production of reactive oxygen species (ROSs) and the process of apoptosis, were conducted in the
murine breast carcinoma cell line 4T1. The results indicated that the amount of positive electric charges
in PSs is a key factor in influencing the efficacy of PDT. Furthermore, we established a hepatocellular
carcinoma (H22) tumor-bearing mouse model to detect the antitumor activities of three PSs. ZnPc-4, 8

and 12 demonstrated significant antitumor effects and no obvious systemic damages in vivo (PDT
Received 9th May 2019 ffects: ZnPc-4 > ZnPc-8 > ZnPc-12) ting that th t of positive electric ch
Accepted 14th July 2019 effects: ZnPc nPc nPc-12), suggesting that the amount of positive electric charges was
important to PSs, as well as the PDT effects. Our study not only indicates that ZnPc-4, 8 and 12 were

DOI: 10.1039/c9ra03486b highly potent anticancer PSs, but also suggests that adjusting the amount of positive electric charges is
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1 Introduction

Considering the high morbidity and severe risk of cancer
patients, more focus and research studies have to be directed
toward issues of improving the therapeutic effect and quality of
life for cancer patients."* Photodynamic therapy (PDT) is
a minimally invasive therapeutic procedure already approved
for cancer therapy owing to its better selectivity and fewer side
effects compared to those of radiotherapy and chemotherapy.*”
The mechanism of PDT consists of three essential processes.
First, the specific accumulation of photosensitizers (PSs) occurs
in the tumor tissues after drug delivery. Then, the tumor regions
are irradiated with light at a special wavelength matching the
absorption spectrum of the PSs, leading to the generation of
reactive oxygen species (ROSs). Finally, the ROSs can react
directly with a biological substrate and create toxicity to the
nearby biomacromolecules, causing the death of cancer
cells.®* It is regrettable that although PDT has been approved
in many countries for treating various types of diseases, its
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able to promote the PDT effects in cancer therapy.

application still remains a serious challenge, especially the
effects of PSs.”***

For antitumor PDT treatments, the structure and property of
PSs play key roles in their efficacy. Numerous PSs have been
reported to eliminate tumor cells each year, but still remain
clinically underutilized for antitumor therapy.'**® Most PSs are
restricted by poor water solubility, inadequate penetration
depth, as well as aggregation in aqueous solutions.”>* Zinc
phthalocyanine (ZnPc) is one type of PS with advantageous
photophysical properties for PDT. In particular, many factors
were demonstrated to influence the efficacy of ZnPc and PDT,
such as electric charges.”*** The PSs with different properties
and amount of electric charges exhibit obvious effects on blood
transmission, drug uptake and intracellular metabolism.>>?® It
was reported that positively charged particles tend to enhance
its water solubility, rate of drug uptake and anticancer effect
while the neutral particles are more inclined to aggregate in
water and the negatively charged particles show poor cellular
uptake in most cases.”*° Thereby, the positively charged
particles have been widely used to improve the effects of anti-
tumor therapy. However, the relationship between the amount
of positive electric charges and PDT efficacy still remains
unclear, which possibly limit the development of PSs and PDT.

To address such a problem, in this study, we evaluate the
PDT efficacies of ZnPcs with different amounts of positive
electric charges by developing a series of cationic ZnPcs con-
taining incremental positive electric charges: ZnPc(TAP),"" (n =

This journal is © The Royal Society of Chemistry 2019
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4, 8,12, denotes the material ratio of CH;I and ZnPc(TAP),, and
is referred to as ZnPc-4, 8, 12). These PSs were synthesized
according to our previously reported procedure.** In particular,
ZnPc(TAP),, a precursor compound of ZnPc-4, 8 and 12 without
any positive electric charge has been proven to be an efficient PS
in cancer therapy, owing to its great phototoxicity with low dark
toxicity.*> We further investigated these PSs in vitro and in vivo to
demonstrate the relationship between the different amounts of
positive electric charges and the PDT efficacy, including the
phototoxicities, cellular uptakes, ROSs generations, apoptosis
detections, and PDT efficacies in H22 tumor-bearing mice. The
results demonstrated that the amount of positive electric
charges in ZnPcs was a key factor that prominently affected the
PDT effects in anticancer therapy.

2 Experimental section
2.1 Synthesis and materials

The series of ZnPc compounds with varying amounts of positive
electric charges were synthesized according to our previously
reported study.** Chemicals were purchased either from Sigma-
Aldrich (St Louis, MO, USA) or from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). UV-vis and fluorescence
spectra of ZnPc compounds were measured by a Synergy 4
multi-mode microplate reader. The planar LED light source
fitted with a 96-well plate containing 24 lamps emitting red light
was customized from Uniglory Electronics (HK) Co., Ltd. The
animal light source (Luma Care Medical Group) was purchased
from Newport Beach, CA, USA. The sub-cellular localizations
were studied by an Olympus FluoView™ FV1000 laser scanning
confocal microscope (Olympus Corp., Tokyo, Japan). Cell
apoptosis was detected by Annexin V-FITC Apoptosis Detection
Kits (MultiSciences Biotech Co. Ltd., China) and measured by
a flow cytometer (BD Biosciences, USA).

2.2 Cells and cell culture

The cell lines used in this study were murine breast carcinoma
cell line 4T1 and mouse hepatocellular carcinoma cell line H22.
4T1 cells were maintained in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 100 U mL ™" penicillin and 100 pg mL™~" streptomycin at
37 °C in a humidified incubator with 5% CO, atmosphere. The
mouse hepatocellular carcinoma cell line H22 was grown in
culture before being frozen in liquid nitrogen. Both cell lines
were purchased from the Shanghai Institute of Cell Biology,
Chinese Academy of Sciences (Shanghai, China).

2.3 Phototoxicities and dark toxicities of ZnPc-4, 8 and 12 in
vitro

4T1 cells at a density of 5 x 10* per mL culture medium in
a volume of 200 pL per well were placed in 96-multiwell plates
and incubated overnight. The cells were incubated with ZnPc-4, 8
and 12 at various concentrations (0.012, 0.037, 0.111, 0.333, 1, 3,
9, 27 uM) for 2 h, and then treated with the culture medium to
wash out the unbound agents before a fresh medium was added.
The plates were illuminated for 1 min (2.5 J cm ™2, at 660 nm) by
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a planar LED light source and returned to the incubator. Dark
toxicities of ZnPc-4, 8 and 12 were measured in parallel. After 24 h
incubation, the survival rates of cells were measured on a BioTek
microplate reader using the MTT colorimetric assay.

2.4 Cellular uptakes of ZnPc-4, 8 and 12

Cellular uptakes of ZnPc-4, 8 and 12 were detected by fluores-
cence analysis. 200 uL of exponentially growing 4T1 cells (1.5 x
10° per mL) were placed in 96-multiwell plates and divided into
two groups. After 12 h incubation, cells of the first group were
incubated with 1 pM ZnPc-4, 8 and 12 for various periods of
time (2, 4, 8 and 16 h), respectively. The cells of another group
were incubated for 8 h with ZnPc-4, 8 and 12 at various
concentrations (0.11, 0.33, 1, 3 and 9 pM), respectively. In
addition, the control column in the plate was filled with only
culture medium as a blank. Then, all cells were dealt with sterile
PBS buffer to remove unbound agents before being lysed with
0.1 mL lysis buffer (0.1 M NaOH, 1% SDS) to give a homogenous
solution. A BioTek microplate reader was used to measure the
fluorescence of cell lysates with 1., = 610 nm and Ay, = 694 nm.
The concentration of the cellular proteins was determined with
the BCA Protein Assay Kit (BioTek Corporation, Beijing, People's
Republic of China) and the results were expressed as nmol mg ™
cellular proteins.

2.5 In vitro measurement of the ROSs

The ROS generations of ZnPc-4, 8 and 12 were measured with
2,7-dichlorofluorescein diacetate (DCFH-DA) as an intracellular
probe for the ROSs. DCFH-DA is a stable, non-fluorescent
molecule that readily crosses the cell membrane and is hydro-
lyzed by intracellular esterases to the non-fluorescent DCFH,
which is rapidly oxidized in the presence of peroxides to the
highly fluorescent dichlorofluorescein (DCF) upon oxidation by
ROS. After a 2 h incubation by ZnPc-4, 8 and 12 (1 uM), 10 uM
DCFH-DA was introduced and cultured with cells for 30 min in
the dark. Then, the cells were washed with PBS and the fluo-
rescence of the plates was detected as a base value without
illumination. Thereafter, all cells were repeated with illumina-
tion for 30 seconds (1.25 J em™>, 660 nm) by a planar LED light
source and the fluorescence was measured until the signal
began to flatten. Meanwhile, we further investigated the
experiment in which the cells were treated by a similar light
dose, but with different concentrations of ZnPcs (1, 3, 9 uM) for
2 h leading to ROS generation. The control group treated
without PSs was measured in parallel. Finally, the intracellular
accumulation of DCF fluorescence was observed by a BioTek
microplate reader at an excitation wavelength of 488 nm and
emission wavelength of 525 nm.

2.6 Fluorescence imaging and apoptosis detection

For the fluorescence imaging assay, the 4T1 cells were incubated
with ZnPc-4 and further irradiated by a LED light source (660 nm)
to investigate the apoptosis of the PSs. The fluorescence imaging
of cells before and after treating with ZnPc-4 was performed
using a fluorescence microscope. In addition, we detected the cell
apoptosis by Annexin V-FITC Apoptosis Detection Kits. 4T1 Cells
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were planted into a 6-well plate at a density of 5 x 10* per mL
culture medium in a volume of 2 mL per well and incubated
overnight. Then, the cells were incubated with ZnPc-4, 8 and 12
(0.5, 1 uM) for 30 min, respectively. The plates were carefully
washed thrice with PBS before a 30 s illumination (1.25 J em ™2,
660 nm). Following that, the 4T1 cells were detached with 0.25%
trypsin without EDTA, washed thrice with ice-cold PBS and re-
suspended in 500 pL binding buffer. Subsequently, the cells
were incubated with 5 pL annexin V-FITC and 10 pL propidium
iodide for 15 min under dark conditions and analyzed by flow
cytometry. We carried out the apoptosis experiments in the 4T1
cell lines without PSs as the control.

2.7 Establishment of Hepatoma-22 (H22) tumor-bearing
Kunming mouse model

The Kunming mice (4 weeks old, 17-23 g) were purchased from
Shanghai SLAC Laboratory Animal Co. Ltd., China. All experi-
ments were performed following the guidelines of the Institu-
tional Animal Care and Use Committee of Fujian Institute of
Research on the Structure of Matter, Chinese Academy of
Sciences and the committee also approved the experiments. To
establish the H22 tumor-bearing mouse model, the mouse
hepatocellular carcinoma cell line H22 was passaged weekly
through mice in the form of ascites. Then, the ascites were har-
vested from the peritoneal cavity of a tumor-bearing mouse 6
days after inoculation. Subsequently, the cells were diluted with
sterilized saline to adjust the concentration at a density of 1.0 x
10” per mL, and 0.2 mL aliquots were subcutaneously inoculated
into the right side of the back in the Kunming mice. The therapy
experiments were begun when the tumor length (the longest
diameter of the tumor) and width (diameter perpendicular to the
length) reached 5-7 mm and 4-6 mm, respectively.

2.8 PDT efficacies of ZnPc-4, 8 and 12 in the H22 tumor-
bearing Kunming mice

The H22 tumor-bearing Kunming mice were randomly divided
into four groups (8 mice per group) of mice with the equivalent
average of initial tumor size (~100 mm®) and body weight (~23
g). The mice of three PS-treated groups were respectively injec-
ted with ZnPc-4, 8 and 12 (40 pM in saline) via the caudal vein at
a dosage of 0.2 pmol kg™, while the mice of the control group
were injected with an equivalent volume of saline solution. 12
hours later, the tumors of the tumor-bearing mice were illu-
minated with a 680 nm light source (Luma Care Medical Group)
for 5 min at a light dose of 50 ] cm 2. The PDT efficacies were
monitored by measuring the body weight and tumor sizes every
day. The tumor sizes were estimated by the formula (W x L)/2,
where W and L represent the tumor width and tumor length,
respectively, and were recorded daily throughout the experi-
ment. The PDT efficacies against the H22 tumor in mice were
evaluated by a tumor growth-inhibition and tumor weight
analysis.

2.9 Statistical analysis

All data represent the group means and standard errors of the
mean (SEM). The in vitro and in vivo experimental data were
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analyzed by the two-way analyses of variance (ANOVA). A prob-
ability value of P < 0.05 was considered statistically significant.

3 Results and discussion
3.1 Optical and photophysical properties of ZnPc-4, 8 and 12

The series of water-soluble ZnPc compounds with various
amounts of positive electric charges (ZnPc-4, 8 and 12) were
synthesized according to our previously reported study (Scheme
1 and ESIt). Characterization of the compounds involved
a combination of methods, including UV-vis and 'H NMR
(Fig. S1 and S27) spectroscopy.® As shown in Fig. 1, the UV-vis
absorption spectra of ZnPc-4, 8 and 12 exhibited absorption
maxima at around 690 nm. Particularly, ZnPc-12 showed the
maximum UV-vis absorption value in comparison with those of
ZnPc-4 and 8 at the same concentrations (approximate 2-3-
fold). The UV-vis absorption values of ZnPc-4, 8 and 12 have
a significant positive correlation with their amounts of positive
electric charges, showing that a more positive electric charge
results in a higher UV-vis absorption value. Meanwhile, the
fluorescence spectra of ZnPc-4, 8 and 12 were consistent with
their UV-vis absorption, showing an overall order of fluores-
cence intensity as ZnPc-12 > ZnPc-8 > ZnPc-4. ZnPc-12 with the
maximum positive electric charges has an observably enhanced
UV-vis absorbance and fluorescence in comparison to ZnPc-4
and 8, suggesting that the amount of positive electric charges
might influence the optical and photophysical properties of the
PSs. In addition, the pK, values of three cationic photosensi-
tizers were relatively similar, showing approximate values from
8.0 to 9.0 (Fig. S37).

3.2 Phototoxicities and dark toxicities of ZnPc-4, 8 and 12 in
vitro

We evaluated the phototoxicities and dark toxicities of ZnPc-4, 8
and 12 in the murine breast carcinoma 4T1 cell line. The cells
were incubated with ZnPc-4, 8 and 12 at various concentrations
(0.012, 0.037, 0.111, 0.333, 1, 3, 9, 27 uM) for 2 h, respectively.
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Scheme 1 Synthesis of ZnPc-4, ZnPc-8 and ZnPc-12.
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After washing out the unbound agents and illuminating with
a planar LED light source (660 nm) at a dose of 2.5 ] cm ™2, the
phototoxicities and dark toxicities were measured using a MTT
colorimetric assay. The results are shown in Fig. 2, and all three
PSs exhibited photodynamic effects for 4T1 cells. The concen-
trations required to yield a 50% growth inhibition (ICs) of PSs
were determined to be 0.66 uM for ZnPc-4, 1.23 uM for ZnPc-8
and 1.34 uM for ZnPc-12 in the 4T1 cells. ZnPc-4 was observed
to have a stronger phototoxicity than ZnPc-8 and ZnPc-12
(approximately 2-3 folds). Significantly, the phototoxicities of
ZnPc-4, 8 and 12 were inversely related to their amount of
positive electric charges; the photodynamic effects decreased
gradually with the increase in the positive electric charges. Such
results are also supported by our previous work, which deter-
mined the ICs, of the non-charged precursor ZnPc(TAP), to be
0.20 uM.*> Meanwhile, nearly 100% 4T1 cells survived after
treatment with ZnPc-4, 8 and 12 without illumination, demon-
strating the low dark toxicities of PSs. These results further
suggest that the amount of positive electric charges cannot
influence the PSs in its dark toxicities.

3.3 Cellular uptake of ZnPc-4, 8 and 12

To better understand the drug uptakes and relationship between
the amount of positive electric charges and phototoxicities of
ZnPc-4, 8 and 12, the time- and concentration-gradient cellular
uptakes were investigated by fluorescence analysis in the 4T1
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(a) UV-vis absorption spectra of ZnPc-4, 8 and 12. (b) Fluorescence emission spectra of ZnPc-4, 8 and 12 (ex: 610 nm).

cells. As shown in Fig. 3, ZnPc-4, 8 and 12 demonstrated both
time- and concentration-dependent uptake in 4T1 cells. The
time-gradient cellular uptake of the PSs showed that the 4T1 cells
rapidly took up ZnPc-4, 8 and 12 and nearly reached plateaus
after 8 h. The cellular uptake of ZnPc-4 was significantly higher
than those of ZnPc-8 (1.5 fold) and ZnPc-12 (2.5 fold) in the 4T1
cells. Meanwhile, similar results were observed in the
concentration-gradient cellular uptake of PSs, indicating that
a higher concentration of the PSs led to greater cellular uptakes.
The overall order of the cellular uptake of ZnPc-4, 8 and 12 was as
follows: ZnPc-4 > ZnPc-8 > ZnPc-12, which was consistent with
the results of phototoxicities of ZnPc-4, 8 and 12 in the 4T1 cells.
These results suggest that the cellular uptake of the PSs is
probably inversely proportional to the amount of positive electric
charges of the PSs. It was previously reported that positively
charged compounds always enhance their affinity to tumor cells
owing to the attraction of opposite charges. However, the results
indicated that the PS cellular uptake and phototoxicities asso-
ciate with both the property of electric charges and the amount of
positive electric charges of PSs.

3.4 Invitro measurement of ROS

The production of ROSs can cause direct damage to cancer cells,
resulting in cell death. Fluorescence analysis of ROS generation
in 4T1 cells treated with ZnPc-4, 8 and 12 are shown in Fig. 4. All
three PSs induced significant increases of ROS release
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Fig. 2 The phototoxicities (a) and dark toxicities (b) of ZnPc-4, 8 and 12 in 4T1 cells.
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compared to the control group (treated without PSs) in the 4T1
cells. With the light-dose and concentration increases, more
ROSs were released. In addition, there is a significant difference
in ZnPc-4, 8 and 12 on the ROS generations, indicating that the
amount of positive electric charges in PSs were connected with
their ROS generation and eventually affected the PDT efficacy.
The ROS generation of ZnPc-4 was approximately 1.5-fold and 2-
fold that of ZnPc-8 and 12, respectively. Such results were
consistent with their cellular uptakes and phototoxicities,
demonstrating the efficient phototoxicities of the PSs owing to
their higher cellular uptakes and better ROS generations.

3.5 Fluorescence imaging and apoptosis detection

4T1 cells treated with ZnPc-4 were used to investigate fluores-
cence imaging and apoptosis. The fluorescence imaging of cells
before and after PDT was performed using a fluorescence
microscope. The Annexin V-FITC apoptosis detection kit was
used to perform an apoptosis assay by flow cytometric analysis.
As shown in Fig. 5a and b, the PS fluorescence (red color) was
observed in the cytoplasm of the 4T1 cells, suggesting that the
PS had a sub-cellular localization in cytoplasm. Significantly,
the 4T1 cells (after treatment with PSs) and PDT treatments
showed the state of apoptosis (Fig. 5c), especially broken cells
and vacuolation, demonstrating the PDT effects of PS on the
4T1 cells. In addition, the results of the flow cytometric analysis
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are shown in Fig. 5d. The Annexin V/PI staining of the control
cells (660 nm laser irradiation and without PSs incubation)
showed a large viable cell population with less staining for the
apoptotic cells. In contrast, the apoptosis of the 4T1 cells
drastically increased after the treatment with ZnPc-4, 8 and 12.
In particular, the percentage of apoptosis in the ZnPc-4 treated
cells significantly increased from 4.8% (control) to 30.9% (0.5
puM) and 44.3% (1 puM), while the percentage of apoptosis in
ZnPc-8 and 12 treated cells increased slowly (the overall order
was as follows: ZnPc-4 > ZnPc-8 > ZnPc-12). The results were
consistent with the cellular uptakes and ROS generations of PSs,
indicating that the amount of positive electric charges of PSs
was concerned with the cell death after the PDT treatments. The
higher apoptosis of ZnPc-4, in comparison with those of ZnPc-8
and 12 in the tumor cells, plausibly occurred because of the
fewer amounts of positive electric charges, leading to a better
fat-soluble ability and more suitable conditions for tumors.

3.6 Potent photodynamic efficacies of ZnPc-4, 8 and 12 in
vivo

To evaluate the antitumor efficacies of the ZnPc-4, 8 and 12 in
vivo, we established the H22 tumor-bearing Kunming mice
model, which has a significant advantage that it does not require
the use of immunocompromised mice. Immune reactions are
consistently observed as an important component in the
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Fig.4 The ROS generations of ZnPc-4, 8 and 12 in the 4T1 cells as a function of time (a) and concentration (b). The values are represented as the

mean + SEM, ***p < 0.001, **p < 0.01, *p < 0.05 vs. the ZnPc-4 group.
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Fig. 5 (a and b) Fluorescence microscopy images of 4T1 cells incu-
bated with ZnPc-4. (c) The apoptosis of the 4T1 cells after treatment
with ZnPc-4 and PDT treatment. (d) Flow cytometric analysis of
apoptosis by ZnPc-4, 8 and 12 in 4T1 cells. The values are represented
as the mean + SEM, ***p < 0.001, **p < 0.01, *p < 0.05 vs. the ZnPc-4
group.

photodynamic effect in vivo.**** The ZnPc-4, 8 and 12 were
injected in the mice on day 0 at a dosage of 0.2 pmol kg, while
an equal volume of saline was utilized for the mice of the control
group. 12 h later, all mice were irradiated by laser (680 nm) for
10 min at a light dose of 100 J cm™ 2. The tumor volumes were
monitored daily and the tumor weight was monitored after 10
days. As shown in Fig. 6, we observed that all ZnPc-4, 8 and 12
treated groups displayed significant reduced tumor growth rates
compared to the control group after 10 days. The relative tumor
volume of the ZnPc-4 treated group (~5.6), ZnPc-8 treated group
(~9.0) and ZnPc-12 treated group (~11.3) were reduced by ~3.1
fold, ~1.9 fold and ~1.5 fold, respectively, in comparison to the
saline treated group (~17.5) on the 10th day. Furthermore, the
ZnPc-4 treated group exhibited greater inhibitory effects than the
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Fig. 6 In vivo antitumor efficacies of ZnPc-4, 8 and 12 in H22 tumor-
bearing mice. (a) Relative tumor volume of mice treated with ZnPc-4, 8
and 12. The tumor volumes were normalized to their initial sizes (V/Vy).
(b) Average weights of tumors collected from mice at the end of
various treatments. The values are represented as mean + SEM, ***p <
0.001, **p < 0.01, *p < 0.05 vs. the saline group.
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ZnPc-8 treated group (~1.6 fold) and ZnPc-12 treated group (~2.0
fold), confirming that they are effective PSs and the ZnPc-4 had
the best phototoxicity in comparison to those of ZnPc-8 and 12 in
vivo. The photodynamic anticancer effects were also reflected in
their tumor weights after PDT treatments. The tumor weight of
the ZnPc-4, 8 and 12 treated groups were markedly less than the
saline treated group, which was similar to the tumor growth rates
of the PSs. Meanwhile, there were no obvious body weight shifts
of mice between various treatments (Fig. S47), suggesting low
toxicities of PSs after injection.

4 Conclusions

In summary, to investigate the connection between the PDT
effects and the amount of positive electric charges of photo-
sensitizers, a series of structurally similar photosensitizers with
incremental positive electric charges (ZnPc-4, 8 and 12) were
prepared and investigated in vitro and in vivo. The ZnPc-4, 8 and
12 were all proven to be efficient photosensitizers as they
showed remarkable cellular uptake and phototoxicities in
tumor cells. In addition, ZnPc-4, 8 and 12 demonstrated
significant antitumor effects and no obvious systemic damages
in the H22 tumor-bearing mice model. Particularly, ZnPc-4
demonstrated significantly higher PDT effects than ZnPc-8,
while ZnPc-8 was better than ZnPc-12, suggesting that the
amount of positive electric charges was important to PSs as well
as PDT effects. This study not only indicates that ZnPc-4, 8 and
12 were highly potent anticancer PSs, but also suggests that
adjusting the amount of positive electric charges is able to
promote the PDT treatments for cancer therapy.
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