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Anti-angiogenic effects of cationic
zinc (II) phthalocyanine derivatives
through photodynamic therapy
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In this study, the in vitro photodynamic therapy (PDT) activity of two zinc phthalocyanines (ZnPcl
and ZnPc2) was systematically examined in human umbilical vein endothelial cells, focusing on
PDT-induced cytotoxicity, reactive oxygen species (ROS) generation, and inhibition of angiogenic
processes. Both the ZnPcs demonstrated minimal cytotoxicity in the absence of light, confirming
their safety as photosensitizers. ZnPc-PDT led to significant cell death via apoptosis. ZnPcl exhibited
enhanced ROS generation, particularly at elevated concentrations. Furthermore, ZnPcl-mediated
PDT showed more pronounced inhibition of endothelial cell migration, invasion, and capillary-like
tube formation than ZnPc2. Wound-healing assays revealed a substantial delay in human umbilical
vein endothelial cell (HUVEC) migration following ZnPc1-PDT, which also displayed a more significant
inhibition of VEGF-induced directional migration and invasion. Endothelial tube formation was more
effectively disrupted by ZnPc1-PDT, even at lower concentrations, compared to ZnPc2. Collectively,
these findings highlight the superior cytotoxic and anti-angiogenic properties of ZnPcl compared with
ZnPc2, highlighting its potential as a highly effective photosensitizer for photodynamic therapy. The
ability of ZnPc1 to simultaneously target tumor cells and disrupt angiogenesis establishes it as a potent
candidate for integrated cancer therapies that combine both antitumor and antiangiogenic strategies,
offering a more effective approach to combat cancer progression.

Keywords Angiogenesis, Photodynamic therapy, Phthalocyanine, Migration, Invasion

Angiogenesis, the formation of new blood vessels from pre-existing ones, plays a crucial role in tumor growth
and metastasis by delivering oxygen and nutrients to rapidly dividing tumor cells'. Targeting angiogenesis is a key
strategy in cancer treatment, as it disrupts the blood supply necessary for tumor growth and metastasis, making
it a highly effective therapeutic approach for limiting cancer progression®. Photodynamic therapy (PDT) is a
highly effective treatment that employs photosensitizers (PS), light, and molecular oxygen to generate reactive
oxygen species (ROS), targeting and destroying tumor cells without damaging the surrounding healthy tissue®.
In recent years, the ability of PDT to not only destroy tumor cells but also impair tumor vasculature, specifically
by inhibiting angiogenesis, has attracted significant attention~. Szafraniec et al. reported that PDT effectively
induces apoptosis in endothelial cells. Their findings further demonstrated that, compared to tumor cells,
endothelial cells were significantly more sensitive to photodynamic therapy, highlighting their enhanced efficacy
against the vascular component of tumors?. Suzuki et al. reported the vascular shutdown effect of PDT, showing
that PDT effectively induced cell death and resulted in disintegration of endothelial tube structures in vitro®. It
has also been shown to exhibit a pronounced inhibitory effect on endothelial cell migration, metalloproteinase
activity, and tube formation, demonstrating potent disruption of key processes involved in angiogenesis®.
Chemically and photochemically robust phthalocyanines (Pcs) have large extinction coefficients and favorable
quantum yields. In addition, the absorption and fluorescence maxima in the presence of appropriate substituents
and the central metal (Zn, Al, or Ga) can be easily modified!®!!. Thus, Pcs are advanced second-generation
photosensitizers, known for their strong absorption in the 650-850 nm region, which allows for deeper tissue
penetration during photodynamic therapy, improving the effectiveness of the treatment!2. Phthalocyanin-
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mediated photodynamic therapy has shown significant potential for inducing both apoptosis and necrosis
through the generation of reactive oxygen species (ROS)!*>-!>. Moreover, recent studies have highlighted the
significant potential of phthalocyanine molecules in targeting angiogenesis by interfering with key processes,
such as endothelial cell migration, invasion, and tube formation, thereby effectively inhibiting fundamental
pathways crucial for vascularization!®!”. Zinc phthalocyanines, in particular, show intense fluorescence in
the near-IR region; therefore, they are of interest in materials science and biomedical fields. ZnPcs can be
used against bacteria owing to their optical sensitivity, and can also be used for cancer treatment in PDT!81°,
Schmidt et al. (2018) investigated the anti-angiogenic effects of zinc phthalocyanine-mediated photodynamic
therapy (ZnPc-PDT) using a chorioallantoic membrane (CAM) assay. Their research revealed that ZnPc-PDT
significantly reduced angiogenic sprouting, increased the number of non-perfused areas, and induced substantial
degeneration of the vascular network in CAM!S. Kuzyniak et al. also reported that ZnPc-PDT induced significant
degradation of blood vessels and the complex capillary network within CAM, thereby highlighting the anti-
angiogenic properties of Pc-based photosensitizers!’. In this study, we report the in vitro photodynamic therapy
activities of peripheral and non-peripheral tetra-substituted cationic zinc phthalocyanines (ZnPcl and ZnPc2)
in HUVECs. Specifically, we underscore the comparative analysis of two distinct zinc phthalocyanines (ZnPcl
and ZnPc2) in terms of their photophysical properties, cytotoxicity, and anti-angiogenic effects which represents
a systematic evaluation that has not been previously reported. Furthermore, our study uniquely investigates the
differential impacts of these derivatives on endothelial cells, providing valuable insights into the development
of photosensitizers with enhanced therapeutic potential for photodynamic therapy. PDT-induced cytotoxicity,
generation of reactive oxygen species, and the underlying mechanisms of cell death were investigated. Moreover,
the inhibitory effects of ZnPc-PDT on key endothelial cell functions essential for angiogenesis, including wound
healing, directed cell migration, invasion, and capillary-like tube formation were examined. In our previous
study, we demonstrated the effectiveness of PDT using ZnPc molecules in various cancer cell lines (data not
shown). ZnPc-PDT exhibited a remarkable capacity to induce targeted cytotoxicity in tumor cells and inhibit
processes critical for angiogenesis. These findings collectively underline the substantial potential of ZnPcs as
photosensitizers in PDT for effective anti-angiogenic therapy, capable of both direct tumor destruction and
disruption of the vascular supply essential for tumor growth and metastasis.

Methods

Materials

Human umbilical vein endothelial cells (HUVECs), endothelial basal media EBM-2, and EGM-2 SingleQuots
were purchased from Lonza (Switzerland). Penicillin—streptomycin and HanKs Balanced Salt Solution
(HBSS) were purchased from Thermo Fisher Scientific (United States). The apoptosis/necrosis Detection Kit
and Calcein AM were purchased from Abcam (Cambridge, UK). The cell proliferation reagents WST-1 and
27’-dichlorofluorescin diacetate (DCFDA) were purchased from Sigma Aldrich (United States). Matrigel
Matrix, BioCoat Angiogenesis System, FluoroBlok 24 Multiwell Insert Plates with a 3.0 were purchased from
Corning (United States).

Cell culture

HUVECs were cultured in endothelial basal media (EBM-2) supplemented with 1% penicillin (10,000 Units/
ml) - streptomycin (10,000 Units/ml), and EGM-2 SingleQuots containing growth factors (insulin-like growth
factor, human fibroblast growth factor, human epidermal growth factor, vascular endothelial growth factor) and
ascorbic acid, heparin, hydrocortisone, and 2% fetal bovine serum (FBS). The cells were passaged three times per
week, considering their population doubling times. Mycoplasma tests were conducted monthly on the cell lines
using a Lucetta 2 Luminometer and MycoAlert Plus Mycoplasma Detection Kit.

Photodynamic therapy

HUVECs were seeded into 96-well plates (5 x 10* cells/well) and incubated in a humidified incubator (37 °C,
5% CO,) for 24 h. ZnPc molecules (1-10 uM) were administered to the cells and further incubated for 1 h to
facilitate cellular uptake. Photodynamic therapy (PDT) was applied using CETONI LED equipment (Germany),
delivering 20 joules cm™2 at the appropriate wavelength (650-670 nm), based on the absorption characteristics
of the ZnPc molecules.

Cytotoxicity assay

Cell viability was assessed 24 h post-treatment using a colorimetric WST-1 assay. The culture medium was
replaced with WST-1 solution (1:10, in complete media) and incubated at 37 °C for 3 h. Absorbance values were
recorded at 450 and 650 nm using a Cytation 5 multi-plate reader. Percentage viability was calculated relative to
the untreated controls. The concentration range of ZnPc molecules for PDT was determined based on the dark
cytotoxicity results.

Oxidative stress evaluation

Following PDT, intracellular ROS levels were measured at 30 min and 24 h using 2',7’-dichlorofluorescein
diacetate (DCFDA). The culture medium was replaced with DCFDA (10 pM in HBSS), and the cells were
incubated at 37 °C for 30 min. Fluorescence intensity (ex/em: 504/529 nm) was recorded using a Cytation 5
multi-plate reader (Agilent, United States). As a control, 50 uM H,O, was used as a control. The percentage ROS
levels were calculated relative to the untreated control.
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Cellular death mechanism

The mechanism of cell death was evaluated 24 h after photodynamic therapy using an Apoptosis/Necrosis
Detection Kit following the manufacturer’s instructions. Briefly, after PDT, the cells were stained with the
following fluorescent dyes: Apopxin for apoptotic cells, 7-AAD for necrotic cells, and CytoCalcein for live cells,
followed by incubation for 60 min. Images were taken using the Cytation 5 device (Agilent, United States), and
the number of apoptotic, necrotic, or live cells was quantified using Gen5 software.

Wound healing assay

Spontaneous cell migration was assessed using a wound healing assay. Cells were seeded in 96-well plates (1 x 10*
cells/well) and incubated in a humidified incubator (37 °C, 5% CO,) to create a confluent monolayer. Then,
complete medium was changed with starvation medium (EBM-2 supplemented with 0.5% FBS), and incubated
for 18 h to arrest cells in the G, phase of the cell cycle. Wounds of equal size were created on the cell monolayers
using Autostrach equipment. ZnPc molecules (1-10 pM) were administered and PDT was applied to the cells.
The plate was then placed in a Cytation 5 device (5% CO,, 37 °C), and cellular migration toward the wound area
was imaged for 24 h. The wound areas were analyzed using the Gen5 software, and the results were expressed as
the percentage of empty wound areas relative to the control. As control groups, untreated cells (w/0), cells treated
with ZnPc alone without PDT (dark) were used.

Directional migration assay

Directional cell migration was evaluated using the xCELLigence MP real-time cell analysis system (Agilent,
United States)?. The assay was conducted in CIM Plate-16, which functions as a modified Boyden chamber. To
enhance cell attachment, the membrane of the upper chamber was coated with 0.1% gelatin and cells (3 x 103
cells/well) were seeded into the upper chamber. ZnPc molecules (1-10 uM, in starvation medium) were then
administered, and PDT was applied to the cells. The CIM-16 plate was placed in the xCELLigence device, and
impedance-based measurements were recorded every 15 min over a 24-h period to monitor migration in real-
time. As control groups, untreated cells (w/o), with or without chemoattractant (VEGF), and cells treated with
ZnPc alone without PDT (dark) were used.

Transwell migration and invasion assay

Directional cell migration and invasion were assessed using the transwell assay?!. The BioCoat Angiogenesis
System, FluoroBlok 24 Multiwell Insert Plates with a 3 um pore size PET membrane, pre-coated with human
fibronectin, was utilized to evaluate cell migration. For the invasion assay, PET membranes were uniformly
coated with Matrigel matrix. Cells were seeded (3% 10° cells/mL) into the insert plates, ZnPc molecules (1-10
uM, in starvation medium) were administered, and PDT was applied to the cells. A VEGF-containing starvation
medium was added to the lower chamber as a chemoattractant. After 24 h of incubation, the cells were labeled
with Calcein AM, and images were taken using the Cytation 5 device. The number of migrated and invaded cells
was quantified and analyzed using the Gen5 software. As control groups, untreated cells (w/0), with or without
chemoattractant (VEGF) was used.

Tube formation assay

Tube formation assay was performed on 96-well plates pre-coated with 50 pL of Matrigel*>. Cells were seeded
(2x10* cells/mL) in Matrigel-coated wells, ZnPc molecules (1-10 pM) were then administered, and PDT was
applied to the cells. Following PDT, tube formation was monitored at 2, 5, 24, and 48 h using a Cytation 5 device.
Tubes are defined as networks of cells with junctions connecting them, mimicking capillary-like structures. As
control groups, untreated cells (w/0), cells treated with ZnPc alone without PDT (dark) were used.

122

Statistics

Data are expressed as the mean +SD. Comparisons between groups were performed using a two-way ANOVA
with post hoc test. GraphPad Software (RRID: SCR_002798) was used for statistical analysis. Results are shown
as means + SD of three independent experiments. Statistical significance was set at p<0.05.

Results

Cationic phthalocyanines, ZnPcl and ZnPc2 (Fig. 1a, b) were synthesized according to the literature'>* and
their structures were elucidated by widely used spectroscopic measurements ("H NMR, FT-IR, and UV-Vis). The
results confirmed the structure of the Pcs. When the IR spectra of ZnPc1 and ZnPc2 were compared, aromatic,
aliphatic, and etheric CH stretches were detected at 3010-3021, 2924 — 2849, and 1225-1235 cm™! for both Pcs.
In the '"H NMR spectra of both Pc compounds, 12 aromatic protons were detected in the range of approximately
9.16-7.81 ppm, while OCH, and NH, protons appeared at 5.10, 4.21 ppm and 5.33, 4.44 ppm for ZnPcl and
ZnPc2, respectively. NCH, protons were detected in very close proximity at 3.49 ppm (for ZnPcl) and 3.55 ppm
(for ZnPc2). As expected, cationic phthalocyanines, which are insoluble in common organic solvents, are soluble
in water and DMSO. The characteristic B and Q band absorptions were determined from the UV-Vis spectra of
ZnPcs in both water and DMSO. As seen in Fig. 1c, the nature of the solvent and the position of the substituents
affected the aggregation behavior of Pc molecules. In the absorption spectra of ZnPcl and ZnPc2 in DMSO, B
bands were observed at approximately 340 nm, whereas Q bands were observed at 682 and 704 nm, respectively.
Unlike DMSO, water produced double Q bands, which are due to aggregation, at 636 and 670 nm (for ZnPc1)
and 653 and 694 nm (for ZnPc2), respectively. When the UV-Vis spectra of ZnPc taken in DMSO and water
were compared, it was observed that the Q bands were narrower and sharper, and their absorbance was higher
in DMSO, which may be due to the high polar character of water used as the solvent.
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Fig. 1. Chemical structures of (a) peripheral (ZnPcl) and (b) non-peripheral (ZnPc2) tetra-substituted
cationic zinc phthalocyanines. (c) UV-Vis absorption spectra of ZnPc1 and ZnPc2 in DMSO and water
(5%10-5M). (d, e) Dark and PDT-induced cytotoxicity of ZnPcs on HUVEC:s. (f, g) PDT-induced ROS
production in HUVEC. (d) PDT with ZnPcl induced significant cytotoxicity, without affecting cell viability

in the absence of light in HUVECs. In contrast, (e) PDT with the ZnPc2 molecule caused a dose-dependent
cytotoxicity, without affecting cell viability in the absence of light. PDT light dose: 20 joules.cm™2. Results are
shown as means + SD of three independent experiments. *p <0.05, **p <0.01 and ***p <0.001. PDT light dose:
20 joules.cm™2. Results are means + SD of three independent experiments. *p <0.05, **p <0.01 and ***p <0.001.

PDT light dose: 20 joules.cm™.
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A cell viability assay was conducted to evaluate the cytotoxic effects of ZnPc on HUVECs. The results
demonstrated that both ZnPcl and ZnPc2 at concentrations up to 10 pM exhibited no significant toxicity to
HUVEC:s in the absence of light (Fig. 1d, e). Following PDT, cell viability was significantly decreased with
ZnPcl, showing viabilities of 7.2+ 0.4 and 5.4+ 0.2% at concentrations of 1 and 10 uM, respectively, compared
to the control group without PDT (Fig. 1d). Similarly, ZnPc2-PDT induced significant cytotoxic effects on
HUVEGs, particularly at a higher concentration (10 uM), where viability was reduced to 6.5+0.2%, in contrast
to 22.5£5.5% at 1 uM (Fig. le). Unlike ZnPcl, ZnPc2-induced cytotoxicity increased in a dose-dependent
manner, with the highest concentration resulting in the most substantial cell death.

The intracellular ROS levels were measured to evaluate the extent of PDT-induced oxidative stress (Fig. 1f, g).
The results indicated a significant increase in ROS production following PDT, with the most pronounced levels
observed 24 h (delayed) post-treatment. Notably, at a 10 uM ZnPc1 concentration, delayed ROS production post-
PDT exhibited a remarkable elevation, reaching 1208.9 +54.8% of the control, compared to 692.7+53.2% at 1
uM (Fig. 1f). A similar pattern was observed with ZnPc2-PDT, where delayed ROS production was significantly
higher compared to the control group, reaching 436.1+17.7 and 744.5+42.9% at 1 and 10 uM concentrations,
respectively, showing a dose dependent response (Fig. 1g). Moreover, ZnPc1-PDT exhibited a higher level of
delayed ROS production than ZnPc2, and only PDT with 10 pM ZnPc1 resulted in a significant increase in
immediate (30 min post-PDT) ROS production.

The mechanism of cell death induced by ZnPc-PDT in HUVECs was investigated (Fig. 2), and the results
indicated that ZnPc1-PDT induced significant cell death predominantly through apoptosis at a concentration of
1 uM, with 98.3 £3.5% of cells undergoing apoptosis and only 1.3 +0.9% exhibiting necrosis. However, increasing
the ZnPcl concentration to 10 uM caused a marked shift, with the proportion of apoptotic cells decreasing
to 44.3+£0.8%, while necrotic cells increased significantly to 55.6+0.4% (Fig. 2a, c). In contrast, ZnPc2-PDT
induced apoptosis at both the concentrations. At 1 pM ZnPc2, 62.6+1.7% of the cells were apoptotic, whereas
necrotic cells accounted for only 0.3 £0.1%, and 37.2 + 3.4% remained viable. At 10 uM ZnPc2, the proportion of
apoptotic cells increased to 97.9 +1.3%, with necrosis remaining negligible at 0.3 +0.1% (Fig. 2b, d).

The effect of ZnPc-PDT on spontaneous cell migration was assessed using a wound-healing assay (Figs. 3
and 4). The results indicated that PDT treatment with both ZnPc variants significantly reduced the wound
healing capacity of HUVECs in a dose-dependent manner. ZnPc-PDT notably delayed wound closure, whereas
even at high concentrations without PDT, ZnPcs did not cause a significant delay compared to the untreated
control. Higher concentrations of ZnPcs led to complete inhibition of HUVEC migration toward the wound
area following PDT. Wound closure at 24 h post-PDT with lower doses of ZnPc1 and ZnPc2 was 36.5+2.1% and
64.7 +1.5%, respectively.

The effects of ZnPc on directional cell migration and invasion toward VEGF as a chemoattractant were
assessed. Migration across the Transwell membrane toward VEGF-containing medium was evaluated over 24 h
using both image-based (Fig. 5) and impedance-based real-time (Fig. 6) assays. In the no chemoattractant groups,
the percentages of cells that migrated and invaded were 52.3% and 44.3%, respectively. At high concentrations,
ZnPcl induced significant inhibition of migration with no detectable cells, whereas ZnPc2 showed 32.7%
migration relative to the control (Fig. 5). Conversely, at low ZnPc concentrations, PDT only moderately affected
the HUVEC migration. As with lower concentrations, ZnPcl showed slightly stronger inhibition than ZnPc2,
with identified cell percentages of 74.1% for ZnPcl and 86.6% for ZnPc2. The results of the invasion assay
(Fig. 7) followed a pattern similar to that of the migration assay. To evaluate whether the inhibition of HUVEC
migration was time-dependent, the xCELLigence RTCA DP system, a quantitative platform for real-time
monitoring, was used (Fig. 6). Significant reductions in HUVEC migration were observed with both ZnPcl and
ZnPc2 in a time- and dose-dependent manner compared with control cells.

The effect of ZnPc on HUVEC tube formation was evaluated using an Endothelial Tube Formation Assay
(Fig. 8). The control group developed extensive networks of organized interconnected tubes with complete
lumen structures, indicative of typical endothelial tube formation. Similarly, ZnPc without PDT did not impair
tube formation, as evidenced by the intact lumen structures, particularly at lower concentrations. However, at
higher doses of ZnPcl, the tube structures became highly disorganized and incomplete, and were characterized
by fragmented tubes and fewer connections. In contrast to the control, ZnPc-PDT treatment significantly
reduced the total tube length and number of tubes, branches, and nodes. At high concentrations, both ZnPcs
strongly inhibited endothelial reorganization into tube-like networks, even at the early stages, resulting in
isolated round cells or small clusters. At low concentrations of ZnPcl, PDT still exerted an inhibitory effect,
leading to disruption of the tube-like networks, which appeared to be fragmented. In contrast, ZnPc2 at low
concentrations still formed organized and interconnected tubular structures, although with fewer branches and
less organization compared to the controls.

Discussion

In this study, the photophysical properties and therapeutic potential of two ZnPc derivatives, ZnPcl and ZnPc2,
were explored in the context of PDT. Both immediate and prolonged ROS generation were examined, along with
evaluations of their effects on cell viability, migration, and invasion, providing insights into the mechanisms by
which ZnPcl and ZnPc2 exert anti-angiogenic effects. A comparative analysis of ZnPcl and ZnPc2 highlighted
distinct behaviors in terms of phototoxicity and anti-angiogenic activity, offering insights into their suitability for
PDT applications, particularly for targeting angiogenesis-dependent tumor growth. The findings indicated that
solvents significantly affected the electronic properties of the ZnPcs, impacting their effectiveness in generating
reactive oxygen species and inducing cytotoxicity in target cells. This solvent sensitivity suggests that a tunable
solvent environment could optimize the photophysical features of these compounds, potentially enhancing their
effect in PDT applications.
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Fig. 2. PDT-induced cellular death mechanism on HUVECs mediated by (a, ¢) ZnPc1 and (b, d) ZnPc2
molecules. Fluorescence images indicated that HUVECs exhibited both apoptosis and necrosis only with
ZnPcl-PDT at high dose, and predominant mechanism with both doses of the molecules was apoptosis (c, d).
Apoptotic cells (Apopxin Green dye, green), living cells (Cyto Calcein Violet 450, blue) and necrotic cells (7-
AAD, red). Scale bar: 200 pum.

A key characteristic of effective photosensitizers is their low cytotoxicity in the absence of light. The
findings confirm the non-toxic nature of the ZnPcs under dark conditions, which is crucial for safe and
effective photosensitizers in PDT. Upon activation with light, both ZnPc1 and ZnPc2 significantly reduced cell
viability in HUVECs, with cytotoxicity increasing in a dose-dependent manner. PDT exerts its cytotoxic effects
primarily through the generation of ROS, which cause extensive damage to cellular components and lead to
cell death?®. In this study, we used DCFDA probe to measure overall intracellular oxidative stress. DCFDA
detects cumulative ROS levels, including hydrogen peroxide, hydroxyl radicals, and singlet oxygen, providing
a broad and representative measure of oxidative stress. This method allowed us to compare the total ROS levels
induced by ZnPcl and ZnPc2 and to observe their correlation with cytotoxic and anti-angiogenic effects. The
consistent increase in oxidative stress measured by DCFDA aligns with the observed biological effects, including
cell death and anti-angiogenic activity, validating its use in our experiments. The use of DCFDA is a widely
accepted approach in photodynamic therapy research for evaluating oxidative stress, especially in initial studies,
without distinguishing individual ROS species?>?. However, species specific detections such as scavenger-based
methods could provide a deeper understanding into the underlying mechanism of ROS generation could be
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Fig. 3. The effect of ZnPcl1-PDT on the spontaneous migration of HUVECs was evaluated using a wound
healing assay. (a) Images were taken at 0, 5, 12, and 24 h, and (b) the wound closure was quantified. At 24 h,
the wounds in the untreated cells and the dark group (w/o PDT) were completely closed. However, PDT

treatment significantly inhibited the wound closure ability of HUVECs in a dose-dependent manner. Scale bar:
1 mm.

useful for further investigation. In order to better understand the underlying mechanisms, ROS formation was
assessed at two key time points: 30 min (immediate) and 24 h (delayed) post-PDT. The significant elevation in
ROS levels, particularly 24 h post-treatment, highlights the prolonged oxidative stress induced by PDT. Results
indicated that ZnPcl triggered a stronger cytotoxic response than ZnPc2 and was also more effective in ROS
production. These findings suggest a clear correlation between cytotoxic response and ROS levels, indicating
that the cytotoxic effect is closely linked to the extent of ROS generation. Numerous studies have underscored
the critical role of ROS generation post-PDT in initiating oxidative damage and subsequent cell death?’, which
is consistent with our findings. PDT initiates ROS production, which leads to cellular damage and triggers
apoptosis, necrosis, or a combination of both. Similar to the cytotoxicity results, ZnPc did not induce apoptosis
or necrosis in the dark. The findings suggest that apoptosis is the primary cell death mechanism induced by
both ZnPc-PDT treatments, particularly at both high and low concentrations of ZnPc2 and only at low doses of
ZnPcl. The observed increase in necrotic cell death, particularly at higher concentrations of ZnPc1, correlated
with the extensive ROS production induced by ZnPc1-PDT. Studies have reported that, while moderate levels
of ROS activate apoptosis, an energy-dependent and regulated process, excessive ROS production triggers
necrosis?®?, which aligns with our findings. Apoptosis requires sufficient intracellular ATP for its execution,
and when ATP levels become inadequate, cells shift toward necrotic death. This transition from apoptosis to
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Fig. 4. The effect of ZnPc2-PDT on the spontaneous migration of HUVECs was evaluated using a wound
healing assay. (a) Images were taken at 0, 5, 12, and 24 h, and (b) the wound closure was quantified. At 24 h,
the wounds in the untreated cells and the dark group (w/o PDT) were completely closed. However, PDT
treatment significantly inhibited the wound closure ability of HUVECs in a dose-dependent manner. Scale bar:
1 mm.

necrosis is primarily driven by ROS-induced mitochondrial dysfunction, which impairs ATP production and
disrupts the energy supply required for apoptosis, making necrosis the predominant mode of cell death®*3!.
The enhanced necrotic response observed with ZnPcl at higher concentrations is likely due to excessive ROS
generation, which overwhelms cellular repair mechanisms and leads to a shift from apoptosis to necrosis. In
contrast, ZnPc2 generates moderate levels of ROS, which predominantly trigger apoptotic cell death. These
differences may also arise from variations in the subcellular localization of ZnPcl and ZnPc2, influencing the
type and extent of cellular damage.

Angiogenesis is essential for tumor growth and metastasis, as tumors rely on new blood vessels to supply
nutrients and oxygen. Endothelial cells respond to VEGF secreted by tumor cells under hypoxic conditions
to drive angiogenesis. Endothelial cell migration and invasion are critical processes in angiogenesis and are
essential for tumor growth and metastasis. Consequently, the inhibition of migration and invasion has significant
implications for anti-angiogenic therapy. PDT-induced oxidative stress disrupts cytoskeletal organization, focal
adhesions, and integrin-mediated cell adhesion in endothelial cells, all of which are vital processes required for
migration toward angiogenic stimuli*2. Studies have reported the anti-angiogenic potential of PDT by disrupting
the migration and invasion of endothelial cells and impairing the formation of new blood vessels®*. In addition
to their cytotoxic effects, the anti-angiogenic properties of ZnPc-PDT were evaluated on HUVECs using
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Fig. 5. The effect of ZnPc-PDT on HUVEC migration toward VEGF-containing medium was evaluated using
transwell. (a) After 24 h post-PDT with ZnPcs, the migrated cells were stained with Calcein AM. (b) The
number of migrated cells was quantified after 24 h. The migration of HUVECs was significantly stimulated

by the presence of VEGF as a chemoattractant, while the number of migrated cells was substantially reduced
in the absence of VEGE Both ZnPcs demonstrated an inhibitory effect on migration in a dose-dependent
manner, with ZnPc1 exhibiting significantly greater inhibition than ZnPc2. Notably, at higher concentrations,
ZnPcl completely blocked HUVEC migration. Results are presented as mean +SD (n=3). Scale bar: 200 pm.

spontaneous and directional migration and invasion assays. For migration assay there is an inherit limitation
in distinguishing migration from proliferation. In order to address this, we utilized a starvation medium 18 h
prior to treatment to arrest cells in the G, phase of the cell cycle, thereby effectively inhibiting proliferation.
This approach ensures that the observed effects on migration assays are predominantly attributable to inhibited
migration. The results indicated a stronger inhibitory effect of ZnPcl on wound healing than that of ZnPc2.
Furthermore, HUVEC migration and invasion toward the chemoattractant was significantly inhibited after 24 h
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Fig. 6. Kinetic curves showing HUVEC migration following photodynamic therapy (PDT) with (a) ZnPcl
and (b) ZnPc2 were assessed using the xCELLigence RTCA-DP system. VEGF-containing media served as

a chemoattractant in the lower chamber. Impedance measurements were recorded every 15 min over a 24-h
period. Results are expressed as the mean = SD. PDT light dose: 20 joules.cm~%; Pc concentration range: 1-10
uM. Color codes indicated the concentrations of the molecules: cyan (with VEGF), and slate blue (w/o VEGF),
dark blue (1 pM w/o PDT), magenta (10 uM w/o PDT), green (1 uM with PDT), red (10 uM with PDT).

of PDT, particularly at high ZnPc concentrations. The inhibitory effect of ZnPc-PDT on cell invasion was more
pronounced than on migration, suggesting that matrix metalloproteinase activity in the cells may be further
affected by PDT. Real-time migration assay showed that continuous and sustained increases in migration
were exhibited by untreated cells over time, whereas dose-dependent inhibition was induced by ZnPcl and
ZnPc2, consistent with observations from endpoint migration assays. Although ZnPc2-PDT significantly
inhibited cell migration and invasion at high concentrations, ZnPc1-PDT exerted a stronger effect than ZnPc2.
Findings from both the wound healing and transwell assays underscore the potent inhibitory capacity of ZnPc
on HUVEC migration and invasion. In order to extend these investigations, VEGF secretion analysis could
provide a valuable insight for future research to further elucidate the VEGF-related anti-angiogenic mechanisms
of Pcs. Tube formation by endothelial cells is a hallmark of angiogenesis, and its inhibition likely results from
both direct cytotoxic effects on endothelial cells and the disruption of key signaling pathways involved in
angiogenesis®*. The findings indicated that ZnPc1 exhibits a superior inhibitory effect on tube formation, even
at lower concentrations. Inhibition of endothelial cell tube formation through ZnPc1-PDT offers a promising
strategy for blocking tumor angiogenesis, particularly in aggressive tumors, where angiogenesis is critical to
disease progression.

Conclusion

The anti-angiogenic effects of two cationic phthalocyanines (ZnPcl and ZnPc2), whose synthesis and
characterization were carried out in accordance with the literature, were studied. Angiogenesis is a complex,
multi-step process that involves endothelial cell proliferation, migration, tube formation, and matrix remodeling.
ZnPc-PDT demonstrated significant cytotoxic and anti-angiogenic effects in HUVECs. These molecules exhibit
a similar mechanism of action: they generate ROS upon light activation, which subsequently induces endothelial
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Fig. 7. The effect of ZnPc-PDT on HUVEC invasion toward VEGF-containing medium was evaluated using
Matrigel-coated transwell. (a) After 24 h post-PDT with ZnPcs, the invaded cells were stained with Calcein
AM. (b) The number of invaded cells was quantified after 24 h. The invasion of HUVECs was significantly
stimulated by the presence of VEGF as a chemoattractant, while the number of invaded cells was substantially
reduced in the absence of VEGE. Both ZnPcs demonstrated an inhibitory effect on invasion in a dose-
dependent manner, with ZnPc1 exhibiting significantly greater inhibition than ZnPc2. Notably, at higher

concentrations, ZnPcl completely blocked HUVEC invasion. Results are presented as mean + SD. Scale bar:
200 pm.

cell death and disrupts critical angiogenic processes. Although both molecules exhibited dose-dependent effects,
notable differences in efficacy were observed. ZnPcl produced a markedly stronger cytotoxic, anti-migratory,
and anti-angiogenic effect than ZnPc2. In the absence of light, both ZnPc compounds had negligible effects on
HUVEGs, confirming that their inhibitory activities were highly dependent on photodynamic activation. The
overall findings underscore the potential of ZnPcs, particularly ZnPcl, as potent photosensitizers in PDT to
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Fig. 8. The effect of ZnPc-PDT on HUVEC tube formation was assessed following treatment with ZnPcs

and subsequent PDT. Tubular structures, defined as networks of cells forming junctions and elongations
resembling capillary-like structures, were monitored at 5 and 24 h using phase-contrast microscopy. In the
untreated control, HUVECs reorganized into tubular-like formations after 5 h, and complete lumen structures
were observed by 24 h, indicating angiogenesis process. ZnPc treatment inhibited tube formation in a dose-
dependent manner, with ZnPcl exhibiting a greater inhibitory effect than ZnPc2. Even at lower concentrations,
ZnPcl significantly suppressed tube formation. Scale bar: 200 um.
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target both tumor cells and tumor-associated vasculature. By inhibiting key endothelial cell functions, including

the

induction of ROS-dependent apoptosis and the suppression of spontaneous and directed migration, invasion,

and tube formation, ZnPc1-PDT offers a promising strategy for integrated antitumor and antiangiogenic therapy
in cancer treatment.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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