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A B S T R A C T

In this study, to discover potentially selective and safe therapeutic candidates for photodynamic therapy (PDT), 
new quinoline-derived silicon phthalocyanine compounds (8K-C3-D-Si and 8K-C3-D-SiQ) were synthesized, 
characterized, and their PDT potential was evaluated. The synthesized compounds were characterized using 
spectroscopic methods such as FT-IR, 1H NMR, 13C NMR, MS, and UV–Vis. In photochemical measurements, the 
singlet oxygen production capacities and photostabilities of the compounds were investigated, and observed that 
8K-C3-D-SiQ exhibited a higher effectiveness (ΦΔ = 0.088 ± 0.009 for 8K-C3-D-Si and ΦΔ = 0.345 ± 0.034 for 
8K-C3-D-SiQ). The IC50 value of 8K-C3-D-SiQ in the human endometrial cancer cell line (HEC-1B) after 24 h of 
incubation in the presence of light was found to be 84.18 ± 14.84 nM. In cells treated with 0.1 μM 8K-C3-D-SiQ, 
late apoptosis was detected at 54.03 ± 3.10% and necrosis at 22.74 ± 5.98% under light exposure. At the 
molecular level, western blot results showed increased p53 and cytochrome c expression and suppression of 
topoisomerase IIα (Topo-IIα). Ab initio quantum mechanics (QM) predicted its electronic structure and molecular 
docking with DNA-Topo-II complex indicated that, with a unique binding, 8K-C3-D-SiQ could wrap around the 
DNA G-segment with two 1-methylquinolinium-8-oxypropyl substituents occupying both DNA cleavage sites. In 
conclusion, 8K-C3-D-SiQ may be considered a promising candidate for PDT due to its high singlet oxygen pro
duction, potent phototoxicity, topoisomerase inhibition, and apoptosis induction.

1. Introduction

Cancer is a disease characterized by cells that have lost their control 
mechanisms and continue to multiply uncontrollably [1]. In 2022, 
approximately 20 million people were diagnosed with cancer, and 10 
million people lost their lives due to the disease [2]. Cancer also incurs 
high economic costs globally, which are expected to reach $25.2 trillion 

between 2020 and 2050 [3]. Endometrial cancer (EC) originates in the 
endometrial cells that form the inner lining of the uterus, and risk factors 
include genetic factors, aging, obesity, and increased estrogen levels [4]. 
Tumor suppressor gene loss, oncogene activation, and epigenetic 
changes play key roles in EC development [5]. In 2020, more than 
417,000 new cases of EC and approximately 97,000 deaths were re
ported worldwide [6,7]. The primary approach in adjuvant therapy is 
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surgery; chemotherapy and radiotherapy may be used as adjuncts. 
Although chemotherapy has reduced recurrence and improved survival 
in some subgroups, it has been insufficient in advanced stages [8].

Photodynamic therapy (PDT) is a targeted approach with high tumor 
selectivity and minimal side effects. In PDT, a photosensitizer, light, and 
molecular oxygen generate reactive oxygen species (ROS), which lead to 
cell death via apoptosis, necrosis, or autophagy [9–11]. Apoptosis is 
programmed cell death that occurs via intrinsic (mitochondrial) and 
extrinsic (death receptor) pathways; the p53 protein responds to DNA 
damage and regulates cell death [12,13]. In PDT, ideal photosensitizers 
must selectively accumulate in cancer tissue, exhibit low toxicity, absorb 
light in the 600–800 nm range, and be easily eliminated from the body 
[14,15]. Phthalocyanines are second-generation photosensitizers; they 
provide high light absorption, low toxicity in the dark, and favorable 
photochemical properties with metal ions [10,16]. Silicon (IV) phtha
locyanines are ideal candidates due to their axial coordination sites. This 
hexacoordinated geometry allows for the attachment of two bulky 
substituents, which is thought to effectively prevent π–π stacking in
teractions. By reducing aggregation, the axial groups may significantly 
enhance singlet oxygen yields. In addition, while peripheral and non- 
peripheral substitution improve solubility and biocompatibility, the 
axial scaffold provides a versatile platform for bioactive ligands to target 
specific intracellular components [17,18].

Topoisomerases play a critical role in DNA replication and tran
scription; their overexpression in cancer cells contributes to uncon
trolled proliferation [19]. Increased expression of topoisomerase IIα has 
been demonstrated in EC [20,21]. Topoisomerase inhibitors may 
enhance the efficacy of chemotherapy and PDT, but clinical drugs have 
serious side effects [22,23]. The integration of PDT and Topo-IIα inhi
bition may represent a promising dual-therapeutic strategy. While PDT- 
induced ROS can generate oxidative DNA lesions, the concurrent inhi
bition of Topo-IIα may hinder the repair of these damages and poten
tially stall the replication fork, which could contribute to a synergistic 
increase in genomic instability.

Quinoline is a nitrogen-containing heterocyclic aromatic compound 
found in the structure of many natural compounds. Quinoline and its 
derivatives have been reported in the literature to exhibit various bio
logical and pharmacological activities, including antimalarial, antibac
terial, antifungal, antihelminthic, cardiotonic, anticonvulsant, anti- 
inflammatory, and analgesic effects [24]. The main reason for select
ing quinoline ligands in this study is that the potential of quinoline and 
its derivatives to inhibit topoisomerase enzymes has been reported in the 
literature [25–27]. Moreover, it has been shown that organic com
pounds containing quinoline have the capacity to generate singlet oxy
gen and can be used in PDT applications [28–30]. Additionally, the 
ability to quaternize the quinoline group via nitrogen atoms to render it 
water-soluble enhances the biocompatibility and biodistribution of 
these compounds in PDT, providing a significant advantage in their 
selection.

Based on this information, this study aims to investigate the PDT 
activities of newly synthesized quinoline-derived silicon phthalocyanine 
(8K-C3-D-Si and 8K-C3-D-SiQ) in a human endometrial cancer cell line 
(HEC-1B) and their potential effects on topoisomerases, which play a 
critical role in the pathophysiology of EC. The HEC-1B cell line was 
specifically selected for this study as it represents a model of moderately 
to poorly differentiated Type II endometrial carcinoma, which is typi
cally more aggressive, less responsive to conventional hormone therapy, 
and often associated with p53 mutations and high Topo-IIα expression. 
Within this scope, the photochemical properties of the two synthesized 
compounds were first examined, followed by an evaluation of their PDT 
efficacy against HEC-1B cells. Subsequently, apoptosis/necrosis analysis 
was performed using flow cytometry to determine cell death mecha
nisms, and the expression of p53, cytochrome c, caspase-3, and Topo-IIα 
was examined using the western blot method to evaluate the suitability 
of the compounds for PDT.

2. Results and discussion

2.1. Synthesis and characterization

The synthetic route of the original compounds investigated in this 
study is illustrated schematically in Fig. 1. The structural features of the 
obtained compounds were characterized using FT-IR, 1H NMR, 13C 
NMR, UV–Vis, and mass spectrometric techniques. Initially, the com
pound coded as 8K-C3-Cl, which is not original, was prepared following 
a previously reported procedure in the literature [31]. Subsequently, 8K- 
C3-Cl was dissolved in acetone, and 3,5-dihydroxybenzyl alcohol was 
added in the presence of potassium carbonate (K₂CO₃) and 18-crown-6. 
The reaction mixture was stirred at 70 ◦C for 48 h, during which the 
formation of 8K-C3-D-OH was observed. In the 1H NMR spectrum of 8K- 
C3-D-OH recorded in DMSO‑d₆, signals corresponding to 15 aromatic 
protons were observed in the range of 8.83–6.40 ppm, while a signal at 
5.05 ppm was attributed to the Ar–CH₂–OH proton. Additionally, signals 
corresponding to 14 aliphatic protons appeared between 4.39 and 2.26 
ppm (Fig. S1a). The 13C NMR spectrum exhibited resonances assigned to 
13 aromatic carbons in the range of 160.00–99.93 ppm and 4 aliphatic 
carbons between 65.38 and 29.18 ppm (Fig. S1b). In the mass spectrum, 
a molecular ion peak at m/z 533.29 [M + Na]+ (Fig. S2) was detected, 
which is consistent with the proposed molecular composition. The 
stretching vibrations of the functional groups belonging to 8K-C3-D-OH 
are presented in Fig. S3. In the subsequent step, 8K-C3-D-OH was 
reacted with silicon phthalocyanine dichloride (SiPcCl₂) in toluene in 
the presence of an appropriate amount of sodium hydride (NaH) at 
110 ◦C for 24 h, leading to the formation of the axially disubstituted 
silicon phthalocyanine derivative 8K-C3-D-Si. The FT-IR spectrum of 
8K-C3-D-Si displayed characteristic aromatic C–H stretching vibrations 
at 3050–3003 cm− 1 and aliphatic C–H stretching vibrations at 
2925–2861 cm− 1, while the absence of the O–H stretching band pre
viously observed at approximately 3255 cm− 1 for 8K-C3-D-OH indicates 
the involvement of the hydroxyl group in axial coordination (Fig. S4). 
The 1H NMR spectrum of 8K-C3-D-Si recorded in CDCl₃ showed signals 
at 9.55–9.53 ppm and 8.24–8.21 ppm, corresponding to Pc–Hα and 
Pc–Hβ protons, respectively (Fig. 2a). Additional aromatic proton signals 
were observed at 8.96 ppm and within the range of 8.10–5.54 ppm, 
while aliphatic protons appeared between 4.14 and 2.07 ppm. Notably, 
a signal at − 0.74 ppm was assigned to the Si–O–CH₂ protons. The 13C 
NMR spectrum revealed multiple carbon resonances distributed be
tween 158.25 and 28.79 ppm (Fig. 2b). The UV–Vis spectrum of 8K-C3- 
D-Si recorded in chloroform exhibited characteristic Q and B bands at 
678 and 351 nm, respectively, which are typical of silicon phthalocya
nine systems (Fig. S5). In addition, the MALDI-TOF mass spectrum 
showed a molecular ion peak at m/z 1559.080 [M]+ (Fig. 3a). In the 
final step, 8K-C3-D-Si was dissolved in chloroform and treated with an 
excess amount of methyl iodide (CH₃I) under dark conditions at room 
temperature for four days, resulting in the formation of the water- 
soluble silicon phthalocyanine derivative 8K-C3-D-SiQ. The FT-IR 
spectrum of 8K-C3-D-SiQ (Fig. S6) was found to be largely similar to 
that of the precursor compound, displaying aromatic and aliphatic C–H 
stretching vibrations at 3035 cm− 1 and 2964–2873 cm− 1, respectively. 
The UV–Vis spectrum recorded in DMF showed Q and B bands at 676 
and 348 nm, respectively (Fig. S5). The mass spectrum of 8K-C3-D-SiQ 
exhibited a prominent peak at m/z 556.413, which was tentatively 
assigned to the triply charged sodium adduct [M − 3I + 3Na − 4H]3+

(Fig. 3b). This assignment may indicate that the detected ion originates 
from a partially quaternized/deiodinated species, since not all four ni
trogen atoms are necessarily quaternized or retained with iodide coun
terions under MALDI conditions. Taken together, the spectroscopic and 
analytical data confirm that the synthesized silicon phthalocyanine de
rivatives are consistent with the proposed molecular structures. The 
obtained compounds were stored in a vacuum desiccator for use in 
subsequent studies.
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2.2. Photochemical properties of 8K-C3-D-Si and 8K-C3-D-SiQ

The PDT efficiency of photosensitizers is generally reduced due to 
the tendency of these compounds to aggregate, which adversely affects 
light absorption and the generation of cytotoxic singlet oxygen. To 
address this limitation, non-aggregating phthalocyanine derivatives 
have attracted considerable attention. In particular, silicon phthalocy
anines bearing bulky axially coordinated substituents are known to 
exhibit negligible aggregation. These structural features make them 
promising candidates for high-performance PDT applications [17,32]. In 
accordance with the aggregation-related considerations discussed 
above, the aggregation tendencies of the two synthesized quinoline- 
substituted phthalocyanines were investigated. For this end, UV–Vis 
spectroscopic analyses were performed at varying concentrations (1–10 
μM) in DMSO. As shown by the spectral profiles in Fig. 4, no significant 
aggregation behavior was observed for either compound within the 
studied concentration range.

2.2.1. Singlet oxygen quantum yield (ΦΔ) of 8K-C3-D-Si and 8K-C3-D-SiQ
PDT involves the light activation of photosensitizer compounds to 

generate ROS in cancer cells. The efficiency of this process depends on 
photostability and the capacity to produce singlet oxygen. High photo
stability ensures that the compound remains stable upon after photo
activation, while high singlet oxygen generation enables maximal 
biological efficacy in target cells [32,33]. In this study, singlet oxygen 
generation ability of the synthesized photosensitizers were evaluated in 
DMSO using 1,3-diphenylisobenzofuran (DPBF) as a singlet oxygen 
scavenger. All experiments were performed in triplicate and monitored 
using UV–Vis spectrophotometry. Singlet oxygen quantum yields were 
calculated based on the time-dependent decrease of DPBF. The singlet 
oxygen quantum yields of the synthesized compounds were determined 
as ΦΔ = 0.088 ± 0.009 for 8K-C3-D-Si and ΦΔ = 0.345 ± 0.034 for 8K- 
C3-D-SiQ. The water-soluble derivative (8K-C3-D-SiQ) exhibited higher 

singlet oxygen production (Fig. 5). In a study by Ünlü et al., the singlet 
oxygen quantum yield of the bis-{4-[(E)-(quinolin-3-ylimino)methyl] 
phenol} derivative silicon phthalocyanine compound was calculated to 
be 0.35 [34]. This value is similar to that of the quaternary (3,5-bis(3- 
(quinolin-8-yloxy)propoxy)phenyl) derivative of silicon phthalocyanine 
compound used in our study. However, in a study by Değirmencioğlu 
et al., the singlet oxygen quantum yields of silicon phthalocyanine 
compounds disubstituted with 1-(4-(3-(6-hydroxyhexyl)-3,4-dihydro- 
2H-benzo[e][1,3]oxazin-6-yl)piperazin-1-yl)ethanone and 1-(4-(3-(2- 
(2-hydroxyethoxy) ethyl)-3,4-dihydro-2H-benzo[e][1,3]oxazin-6-yl) 
piperazin-1-yl)ethanone, as well as their water-soluble derivatives 
were investigated. The singlet oxygen quantum yields for these com
pounds were reported as 0.04, 0.05, 0.41, and 0.31, respectively [35]. 
These results are consistent with our findings for the quaternized de
rivative, indicating a similar trend in which water-soluble or quater
nized substituents enhance singlet oxygen generation.

2.2.2. Photodegradation quantum yield (Φd) of 8K-C3-D-Si and 8K-C3-D- 
SiQ

In this study, the resistance of the compounds to photodegradation 
was evaluated by exposing them to intense irradiation for 3000 s. All 
experiments were conducted in DMSO, and changes in absorbance were 
monitored as a function of time. As shown by the UV–Vis spectra (Fig. 6), 
all compounds exhibited photostability comparable to that of structur
ally related phthalocyanines reported in the literature. After irradiation, 
the Q-band absorbance of 8K-C3-D-SiQ decreased by about 25%. The 
calculated photodegradation quantum yields (Φd = 1.77 × 10− 5 for 8K- 
C3-D-Si, and Φd = 1.19 × 10− 5 for 8K-C3-D-SiQ) confirmed the good 
photostability of the compounds and their consistency with the values 
reported in the literature [36–38].

Fig. 1. The synthetic route of diaxially disubstituted quinoline silicon (IV) phthalocyanine (8K-C3-D-Si and 8K-C3-D-SiQ).
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2.3. In vitro PDT effects of 8K-C3-D-Si and 8K-C3-D-SiQ

Following the photochemical analyses, the cytotoxic and phototoxic 
effects of 8K-C3-D-SiQ, which was considered more suitable for PDT, 
were evaluated. The effects of different concentrations (0.0003–1 μM) 
on cell viability were assessed under both dark and light conditions (660 
nm, 4.5 mW/cm2, 10 min) at incubation times of 24, 48, and 72 h. The 
results are presented in Table S1 and Fig. 7. Under dark conditions, cell 
viability generally remained at 80–100% at low concentrations 
(0.0003–0.01 μM), suggesting no significant cytotoxicity. On the other 
hand, at 0.03 μM, cell viability decreased to 58.8 ± 5.4% at 72 h, and at 
0.1 μM, it decreased to 50.3 ± 7.9% under light irradiation. At 1 μM, cell 

viability under dark conditions remained between 53 and 78%, indi
cating limited dark toxicity. In contrast, a pronounced phototoxic effect 
was observed under light irradiation, with cell viability decreasing to 2.8 
± 0.5%, 1.6 ± 0.3%, and 2.3 ± 0.3% at 24, 48, and 72 h, respectively. 
Overall, 8K-C3-D-SiQ exhibited a strong phototoxic effect in the pres
ence of light, particularly at concentrations of 0.03 μM and above, where 
cell viability was significantly reduced. At 1 μM, cell viability was almost 
completely abolished under light conditions. In contrast, toxicity under 
dark conditions remained limited, and cell viability was largely 
preserved.

The cytotoxic and phototoxic effects of 8K-C3-D-SiQ on L929 cells 
were investigated at different concentrations (0.0003–1 μM) and 

Fig. 2. a) 1H and b) 13C NMR spectra of 8K-C3-D-Si recorded in CDCl3.

G. Seyhan et al.                                                                                                                                                                                                                                 Inorganic Chemistry Communications 190 (2026) 116860 

4 



incubation times (24, 48, and 72 h) (Table S2). At low concentrations 
(0.0003–0.003 μM), cell viability under dark conditions remained be
tween 95 and 115%, while under light irradiation cell viability was 
largely preserved (82–103%), indicating no significant cytotoxicity. 
These findings suggest that the compound is relatively safe at low doses. 
In contrast, with increasing concentration, light-dependent toxicity 

became more pronounced. At concentrations of 0.01–0.03 μM, cell 
viability under light conditions decreased to 69 and 56%, respectively, 
whereas at 0.1 μM, cell viability further declined, reaching 23% at 72 h. 
At the highest concentration tested (1 μM), cell viability under light 
irradiation dropped to 4–8% at all time points, demonstrating a strong 
phototoxic effect of the compound.

Fig. 3. MALDI-TOF mass spectra of the a) 8K-C3-D-Si and b) 8K-C3-D-SiQ.

G. Seyhan et al.                                                                                                                                                                                                                                 Inorganic Chemistry Communications 190 (2026) 116860 

5 



Although various studies have been conducted on EC cell lines in the 
presence of PDT agents such as hematoporphyrin and hypericin [39,40], 
the use of phthalocyanines against endometrial cancer cell lines is quite 
limited. One such study in this area involves a quaternized {3,5-bis[(3,5- 
bis{3-[3-(diethylamino)phenoxy]propoxy}benzyl)oxy]phenyl} deriva
tive silicon phthalocyanine compound developed by our research group 
[41]. This compound exhibited effective phototoxic activity under white 
light (17.5 mW/cm2, 60 min), but cell viability remained at 

approximately 20% at a concentration of 1 μM. In contrast, cell viability 
was almost eliminated at a concentration of 1 μM in the presence of 
quinoline-derived compounds. Chen et al. reported that quinoline-8- 
yloxy-substituted zinc phthalocyanine (ZnPc-Q1) exhibited strong 
photodynamic activity across multiple cancer cell lines (H460, Bel7402, 
HepG2, MDA-MB-231, KB, ACHN, and SH-SY5Y). Under light irradia
tion, the compound significantly reduced cell viability through anti
proliferative and apoptotic effects, showing higher in vitro anticancer 

Fig. 4. Aggregation behavior of 8K-C3-D-Si and 8K-C3-D-SiQ compounds in DMSO. a) UV–Vis spectrum of 8K-C3-D-Si in DMSO; b) UV–Vis spectrum of 8K-C3-D-SiQ 
in DMSO.

Fig. 5. Photochemical measurements of 8K-C3-D-Si and 8K-C3-D-SiQ. a) Change in DPBF concentration upon irradiation in the presence of 8K-C3-D-Si; b) Change in 
DPBF concentration upon irradiation in the presence of 8K-C3-D-SiQ; c) Time-dependent change in DPBF absorbance in the UV–Vis spectra of the compounds.
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activity compared to Photofrin [42]. These findings indicate that the 
quinoline-derived compound has a stronger photodynamic potential in 
terms of PDT.

2.4. Effects of 8K-C3-D-SiQ on cell death mechanisms

2.4.1. Apoptosis/necrosis analysis
In this study, flow cytometry was used to investigate the effects of 

8K-C3-D-SiQ, which exhibited phototoxic activity in the HEC-1B cell 

line, on cell death mechanisms under light irradiation. The compound 
was evaluated at concentrations of 0.003, 0.01, 0.03, and 0.1 μM. The 
results are presented in Table S3 and Fig. 8. As shown in Table S3 and 
Fig. 8, 84.45 ± 1.79% of cells in the control group remained viable, 
indicating that the majority of cells maintained viability under normal 
conditions. At concentrations of 0.003 and 0.01 μM, cell viability 
remained high at 84.90 ± 0.63% and 80.81 ± 4.58%, respectively. In 
these groups, early apoptosis ranged between 2.2 and 2.3%, while late 
apoptosis showed a slight increase compared to the control group, 

Fig. 6. Photostability of a) 8K-C3-D-Si and b) 8K-C3-D-SiQ.

Fig. 7. Cytotoxic and phototoxic effects of 8K-C3-D-SiQ on HEC-1B cells. a) 24 h, b) 48 h, and c) 72 h incubation. Light irradiation (660 nm, 4.5 mW/cm2) for 10 min. 
Statistical significance is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the corresponding dark condition at the same concentration. Positive 
control: methylene blue (1 μM). Cell viability values for methylene blue were as follows: at 24 h, 61.40 ± 5.50% (dark) and 18.20 ± 3.70% (light); at 48 h, 41.10 ±
4.40% (dark) and 5.00 ± 0.90% (light); and at 72 h, 16.90 ± 3.30% (dark) and 4.20 ± 0.20% (light). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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reaching up to 12.45 ± 2.29%. No significant changes in necrosis rates 
were observed at these low concentrations. At 0.03 μM, cell viability 
decreased markedly to 44.53 ± 7.73%, indicating that more than half of 
the cells had entered cell death pathways. In this group, the late 
apoptosis rate increased to 24.98 ± 6.60%, while necrosis increased to 
17.71 ± 12.13%. Additionally, early apoptosis was elevated to 3.04 ±
0.42% compared with the lower concentration groups. These findings 
suggest that both apoptotic and necrotic mechanisms were simulta
neously activated at this concentration. At the highest concentration 
tested (0.1 μM), the most pronounced cytotoxic effect was observed. Cell 
viability declined to 22.94 ± 2.57%, with 54.03 ± 3.10% of cells un
dergoing late apoptosis and 22.74 ± 5.98% progressing to necrosis. The 
high rate of late apoptosis at 0.1 μM suggests a rapid activation of the 
cell death cascade. This fast progression likely stems from the dual ac
tion of 8K-C3-D-SiQ. The combined effect of PDT-induced oxidative 
stress and Topo-IIα inhibition creates a robust assault on the cell. Such 
an intense multi-level impact may contribute to the progression toward 
late-stage apoptosis, potentially reducing the involvement of early 
apoptotic events. Early apoptosis levels remained low, indicating that 
most cells directly advanced to late apoptosis or necrosis. These results 
show that 8K-C3-D-SiQ induces cell death in a dose-dependent manner 
under light irradiation; cell viability is preserved at low doses, whereas 
late apoptosis appears to predominate.

2.4.2. Western blot analysis
In this study, the effects of 8K-C3-D-SiQ on cell death mechanisms in 

the HEC-1B cell line were investigated by analyzing the expression levels 
of p53, cytochrome c, and caspase-3 (widely accepted markers of 
apoptotic pathways) using western blotting. In addition, the expression 
levels of Topo-IIα proteins, which plays and important role in cancer 
pathophysiology, were also analyzed by western blotting. The results are 

presented in Fig. 9. Under light irradiation, Topo-IIα expression was 
significantly decreased in the 8K-C3-D-SiQ-treated group compared to 
the control group (***p < 0.001). In the methylene blue group, Topo-IIα 
expression was almost completely suppressed. No significant change in 
caspase-3 expression was observed in the 8K-C3-D-SiQ-treated group 
compared to the control, whereas caspase-3 expression was not detect
able in the methylene blue group. The expression of p53, a key protein 
involved in apoptosis and the DNA damage response, was significantly 
upregulated in the 8K-C3-D-SiQ-treated cells (***p < 0.001), whereas no 
expression was detected in the methylene blue group. Similarly, the 
levels of cytochrome c, a marker of mitochondrial apoptosis, were 
significantly increased in the 8K-C3-D-SiQ treated group compared to 
the control (*p < 0.05), while no expression was observed in the 
methylene blue group.

The obtained findings indicate that the 8K-C3-D-SiQ exerts a multi
faceted effect by both suppressing cell proliferation and activating 
apoptotic mechanisms. First, the significant decrease in Topo-IIα 
expression suggests that 8K-C3-D-SiQ exerts a regulatory effect on DNA 
topoisomerase enzymes. Inhibition of Topo-IIα may disrupt DNA repli
cation and chromosome segregation, thereby suppressing cell cycle 
progression [43]. The observed increase in p53 protein expression in
dicates that the compound activates the DNA damage response and 
stimulates tumor suppressor mechanisms within the cells. Activation of 
p53 is known to induce both cell cycle arrest and apoptosis [44]. The 
increased release of cytochrome c into the cytoplasm further indicates 
activation of the mitochondrial apoptotic pathway [45]. The upregula
tion of p53 and cytochrome c strongly supports that 8K-C3-D-SiQ in
duces mitochondria-mediated apoptosis. However, the lack of 
significant caspase-3 change suggests a potential shift toward a caspase- 
independent mitochondrial pathway. In such cases, factors like AIF or 
Endo G can drive programmed death even without executioner caspase 

Fig. 8. Apoptosis/necrosis analysis of 8K-C3-D-SiQ under light irradiation on HEC-1B cells. a) negative control; b) 0.003 μM; c) 0.01 μM; d) 0.03 μM; e) 0.01 μM of 
8K-C3-D-SiQ. Light irradiation (660 nm, 4.5 mW/cm2) for 10 min.
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activation [46]. Alternatively, this result may be due to a time- 
dependent caspase-3 peak that was not captured within the 24-h 
experimental window. Furthermore, while methylene blue is known 
for its excellent light-induced ROS yield, its application is often limited 
by a lack of targeting and rapid clearance in its free form [47]. In this 
study, the complete absence of protein bands in the methylene blue- 
treated group reflects this high ROS output, leading to non-specific 
cellular collapse and protein degradation. In contrast, the selective 
protein changes in the 8K-C3-D-SiQ group demonstrate a more regu
lated, targeted response. Overall, these findings suggest that, under light 
irradiation, 8K-C3-D-SiQ activates apoptotic mechanisms in HEC-1B 
cells through a combination of Topo-IIα inhibition and mitochondrial 
signaling.

2.5. Molecular modelling

2.5.1. Molecular geometry of 8K-C3-D-Si and 8K-C3-D-SiQ
Molecular structures of the silicon complexes were predicted using 

DFT calculations, which suggested certain variations in their geome
tries. Regarding 8K-C3-D-Si, the axial groups connected to silicon were 
aligned quasi-parallel with respect to phthalocyanine ring. Fig. 10A il
lustrates the extensive array of intramolecular electrostatic contacts 
between the central phthalocyanine ring and 8K-C3-D-O-substituents, 
which were much more spread out in the case of 8K-C3-D-SiQ 
(Fig. 10d). Specifically, one 1-methylquinolinium-8-oxypropyl substit
uent attached to each 3,5-dihydroxybenzyl was axially stretched out, 
while the other 1-methylquinolinium-8-oxypropyl substituent stretched 
parallel to the phthalocyanine. This arrangement was clearly apparent 
in the optimized structure. Frontier molecular orbital (FMO) analysis 
also revealed notable differences between the complexes. While HOMO 
and LUMO orbitals were mainly localized around the phthalocyanine of 
8K-C3-D-Si close to the silicon center (indicating a site vulnerable to 
chemical modifications), LUMO orbitals were predicted to be localized 
on one of the parallel 1-methylquinolinium rings of 8K-C3-D-SiQ, which 
we will hereafter be referred to as the “LUMO ring” (Fig. 10).

2.5.2. Molecular docking with Topo-II
Topoisomerase poisons such as etoposide are known to target the 

DNA cleavage sites of the enzyme-DNA complex. Crystallographic 
studies have established that each etoposide molecule intercalates be
tween the − 1 and +1 DNA base pairs at the cleavage site via its tetra
cyclic central unit while the fourth ring fits into a pocket of DNA gate 
and the glycone moiety extends to enzyme-DNA interface [48,49]. Prior 
to docking of the silicon complexes, we tested the methodology by 
redocking etoposide to both DNA cleavage sites in order to evaluate the 
ability of the method to reproduce experimentally established binding 
modes. The predicted poses of etoposide were similar to its original 
orientations in the crystallographic structure in both cleavage sites as 
evidenced by the RMSD values (0.3603 and 0.3335 Å). For docking of 
the silicon complexes a large docking region covering both DNA cleav
age sites was defined. However, the docking experiment produced poses 
only for 8K-C3-D-SiQ with docking score (− 13.6 kcal/mol) slightly 
better than those of etoposide (− 11.3 and − 12.2 kcal/mol). The pre
dicted binding pose of 8K-C3-D-SiQ revealed an interesting but effective 
interaction with the G-segment approaching from the minor groove with 
the help of the 1-methylquinolinium-8-oxypropyl substituents, which 
interacted with different parts of the double strand, like the arms of an 
octopus, including both cleavage sites (Fig. 11). One of these sub
stituents intercalated at the same position as etoposide, stacking be
tween thymine (+1) and cytosine (− 1), and forming a hydrogen bond 
with Arg487, similar to etoposide, while the other stacked with adenine 
(− 1) at the second cleavage site. The other two substituents, including 
the LUMO-ring, interacted with the phosphate backbone, while the 
central phthalocyanine ring was positioned in the minor groove 
(Fig. 11). This high-affinity binding mode of 8K-C3-D-SiQ may explain 
how effectively the compound stabilizes the DNA–Topo-II complex, 
thereby stalling the DNA repair process.

3. Conclusion

In this study, the potential of quinoline-substituted silicon 

Fig. 9. Expression of Topo II, caspase-3, p53, and cytochrome c on HEC-1B cells under light exposure in the presence of 8K-C3-D-SiQ. a) Densitometric analysis of 
Topo II; b) Densitometric analysis of caspase-3; c) Densitometric analysis of p53; d) Densitometric analysis of cytochrome c (n = 3). Light irradiation (660 nm, 4.5 
mW/cm2) for 10 min. *p < 0.05, **p < 0.01, ***p < 0.001 indicate a significant difference compared to the control group (Student's t-test).
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phthalocyanine derivatives (8K-C3-D-Si and 8K-C3-D-SiQ) for PDT was 
evaluated. UV–Vis spectroscopic analyses revealed that the synthesized 
compounds showed no significant aggregation, and this may represent a 
significant advantage in terms of PDT efficiency. Photochemical evalu
ations showed that 8K-C3-D-SiQ showed improved performance, 
particularly due to its high singlet oxygen production capacity and good 
photostability consistent with those reported in the literature. Cellular 

studies showed that the 8K-C3-D-SiQ exhibited low toxicity under dark 
conditions, but in the presence of light, it produced a strong phototoxic 
effect in a dose-dependent manner. Flow cytometry analyses revealed 
that cell viability was largely preserved at low concentrations, while cell 
death increased significantly with increasing concentrations, with late 
apoptosis becoming predominant, especially at high doses. Western blot 
analyses showed that the 8K-C3-D-SiQ activated mitochondrial 

Fig. 10. Predicted 3D molecular structures, HOMO and LUMO orbitals of (A-C) 8K-C3-D-Si and (D–F) 8K-C3-D-SiQ, respectively. Ligands are shown in colour stick- 
and-ball representation, intramolecular electrostatic interactions as blue spheres, HOMO and LUMO orbitals as colour surfaces. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Crystallographic binding of etoposide molecules in the DNA cleavage sites of DNA-Topo-II complex acrtive site (A) and the predicted binding of 8K-C3-D-SiQ 
in the same site (B). Ligands are shown in colour stick-and-ball representation, amino acids and DNA bases as grey sticks, protein and DNA backbones as colour 
cartoons, and electrostatic interactions as colour dashed-lines.
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apoptotic pathways as indicated by increased p53 and cytochrome c 
expression under light irradiation, while also suggesting an inhibitory 
effect on cell proliferation by suppressing Topo-IIα expression. Molec
ular modelling predicted the 3D geometry of the silicon complexes, as 
well as how the structure of 8K-C3-D-SiQ could lead to a highly effective 
binding to and stabilization of DNA–Topo-II complex. When all these 
findings are considered together, 8K-C3-D-SiQ may represent a prom
ising photosensitizer candidate for PDT applications due to its high 
photodynamic activity, favorable photochemical properties, and ability 
to induce apoptosis through mitochondria-mediated mechanisms.

4. Experimental section

4.1. Materials and methods

Details of the materials and equipment, photochemical studies, in 
vitro PDT experiments, apoptosis/necrosis detection assays, western 
blotting analysis, and in silico studies of Topo-IIα studies are provided in 
the Supplementary Information.

4.2. Synthesis

4.2.1. Synthesis of (3,5-bis(3-(quinolin-8-yloxy)propoxy)phenyl)methanol 
(8K-C3-D-OH)

In a 250 mL round-bottom flask, 0.40 g (2.8 mmol) of 3,5-dihydrox
ybenzyl alcohol and 2.85 g (20.44 mmol) of anhydrous K2CO3 were 
dissolved in 50 mL of acetone. Subsequently, 1.3 g (5.9 mmol) of 8K-C3- 
Cl compound and 0.59 g (2.24 mmol) of 18-crown-6 were added to the 
reaction mixture, and the system was degassed under nitrogen. The re
action was stirred at 70 ◦C for 48 h under a nitrogen atmosphere. After 
completion, the reaction mixture was filtered through black band filter 
paper, and the solvent was removed by evaporation. The crude product 
was purified by column chromatography on neutral silica gel using 
chloroform as the eluent. The product was obtained in 0.90 g yield of 
62%. IR (ATR, νmax/cm− 1): 3255 (O–H), 3066 (Ar–H), 2930–2826 
(aliphatic C–H), 1597 (C=N), 1574, 1505 (C=C), 1456, 1377, 1321, 
1262 (Ar–C–O), 1164, 1109, 1061, 1031, 1010, 971, 821, 790, 729, 680. 
1H NMR (DMSO‑d6, δ ppm): 8.83 (d, 2H, Ar–H), 8.27 (d, 2H, Ar–H), 
7.50 (t, 2H, Ar–H), 7.46 (d, 4H, Ar–H), 7.19 (t, 2H, Ar–H), 6.50 (s, 2H, 
Ar–H), 6.40 (s, 1H, Ar–H), 5.05 (t, 1H, –OH), 4.39 (s, 2H, CH₂–OH), 
4.28 (t, 4H, CH₂–O–Ar), 4.17 (t, 4H, CH₂–O–Ar), 2.26 (m, 4H, 
–CH2–).13C NMR (DMSO‑d6, δ ppm): 160.00, 154.77, 149.40, 145.67, 
140.17, 136.21, 129.47, 127.26, 122.25, 120.07, 109.87, 105.17, 99.93, 
65.38, 64.70, 63.22, 29.18. MS (ESI), m/z: 533.29 [M+Na]+.

4.2.2. Synthesis of 8K-C3-D-Si
In a 50 mL single-neck round-bottom flask, 100 mg (0.16 mmol) of 

silicon phthalocyanine dichloride was dissolved in 10 mL of dry toluene. 
Subsequently, 166 mg (0.33 mmol) of (3,5-bis(3-(quinolin-8-yloxy) 
propoxy)phenyl)methanol (8K-C3-D-OH) was added to the reaction 
mixture, which was stirred for 10 min at room temperature under a 
nitrogen atmosphere. Then, 8 mg (0.33 mmol) of NaH was rapidly 
added, and the reaction mixture was degassed by purging with nitrogen 
gas. The reaction mixure was stirred at 110 ◦C for 24 h under a nitrogen 
atmosphere. After cooling to room temperature, the solvent was 
completely removed by evaporation. The crude product was purified by 
column chromatography on silica gel using a CHCl3:CH3OH (60:1, v/v) 
solvent system as the eluent. The product was obtained as a solid (134 
mg, 52% yield) with a decomposition temperature above 300 ◦C. IR 
(ATR, νmax/cm− 1): 3050–3003 (Ar–H), 2925–2861 (aliphatic C–H), 
1597, 1569, 1499, 1464, 1427, 1376, 1334, 1317, 1289, 1252, 1166, 
1102, 1077, 910, 867, 820, 790, 743. 1H NMR (400 MHz, CDCl3, δ ppm): 
9.55–9.53 (m, 8H, Pc–Hα), 8.96 (d, 4H, Ar–H), 8.24–8.21 (m, 8H, 
Pc–H), 8.10 (d, 4H, Ar–H), 7.44–7.36 (m, 16H, Ar–H), 6.97 (d, 4H, 
Ar–H), 5.54 (s, 2H, Ar–H), 4.14 (t, 8H, Ar–OCH₂) d, 3.23 (t, 8H, 
Ar–OCH₂)b, 2.13–2.07 (m, 8H, –CH₂–), − 0.74 (s, 4H, Si–O–CH₂). 13C 

NMR (100 MHz, CDCl₃, δ ppm): 158.25, 154.66, 149.35, 149.28, 141.42, 
140.35, 135.97, 135.86, 130.75, 129.46, 126.67, 123.52, 121.54, 
119.55, 108.76, 101.29, 99.20, 65.72, 63.58, 58.18, 28.79. UV–Vis 
(CHCl₃) λmax, nm (log ε): 678 (4.99), 647 (4.20), 608 (4.25), 351 (4.50). 
MALDI–TOF–MS m/z: 1559.080 [M]+.

4.2.3. Synthesis of 8K-C3-D-SiQ
In a 50 mL single-neck round-bottom flask, 25 mg (0.016 mmol) of 

the silicon phthalocyanine compound coded as 8K-C3-D-Si was dis
solved in 2.0 mL of CHCl₃. Subsequently, 2.0 mL of iodomethane (CH3I) 
was added to the reaction mixture, which was then stirred for 4 days in 
the dark at room temperature. At the end of the reaction period, the 
precipitated solid was filtered through a glass frit and washed succes
sively with chloroform and diethyl ether to remove unreacted materials. 
The resulting product was stored in a vacuum desiccator for further use. 
The product was obtained as a solid (20 mg, 59% yield) with a 
decomposition temperature above 300 ◦C. IR (ATR, νmax/cm− 1): 3035 
(Ar–H), 2964–2873 (aliphatic C–H), 1596, 1532, 1459, 1429, 1391, 
1333, 1288, 1158, 1121, 1078, 910, 823, 738. UV–Vis (DMF) λmax, nm 
(log ε): 676 (4.98), 642 (4.20), 611 (4.26), 348 (4.71). MALDI–TOF–MS 
m/z: 556.413 [M-3I + 3Na-4H]3+.
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[41] T. Keleş, G. Seyhan, Z. Biyiklioglu, K. Kolci, R. Reis, B. Barut, Dendritic, water- 
soluble, and nonaggregated axially substituted silicon phthalocyanine as a 
potential endometrial anticancer agent, Appl. Organomet. Chem. 38 (2024) e7699.

[42] J. Chen, Y. Wang, Y. Fang, Z. Jiang, A. Wang, J. Xue, Improved photodynamic 
anticancer activity and mechanisms of a promising zinc(II) phthalocyanine- 
quinoline conjugate photosensitizer in vitro and in vivo, Biomed. Opt. Express 11 (7) 
(2020) 3900–3912.

[43] T.N. Soliman, D. Keifenheim, P.J. Parker, D.J. Clarke, Cell cycle responses to 
topoisomerase II inhibition: molecular mechanisms and clinical implications, 
J. Cell Biol. 222 (12) (2023) e202209125.

[44] J. Chen, The cell-cycle arrest and apoptotic functions of p53 in tumor initiation and 
progression, Cold Spring Harb. Perspect. Med. 6 (3) (2016) a026104.

[45] B. Alshehri, Cytochrome c and cancer cell metabolism: a new perspective, Saudi 
Pharm. J. 32 (12) (2024) 102194.

[46] J.C. Lien, S.Y. Hsu, F.S. Chueh, Y.S. Ma, Y.L. Chu, Y.C. Chou, K.C. Lai, J.C. Chen, Y. 
P. Huang, R.S. Wu, Newly synthesized PW06 induced cell apoptosis in human 
glioblastoma multiforme GBM 8401 cells through caspase- and mitochondria- 
dependent pathways, J. Biochem. Mol. Toxicol. 39 (5) (2025) e70264.

[47] G. Xia, R. Cao, L. Huang, F. Wang, X. Chu, Q. Zhang, R. Wang, J. Piloto-Ferrer, 
F. Yuan, J. Li, D. Jia, Development of an active loading strategy for methylene blue 
in liposomes and its application in EGFR-targeted photodynamic therapy, 
J. Pharm. Sci. 115 (4) (2026) 104213.

[48] Y. Wang, S. Chen, C. Wu, Y. Liao, T. Lin, K. Liu, Y. Chen, T. Li, T. Chien, N. Chan, 
Producing irreversible topoisomerase II-mediated DNA breaks by site-specific pt 
(II)-methionine coordination chemistry, Nucleic Acids Res. 45 (2017) 
10861–10871.

[49] C.M. Chang, S. Wang, C. Wang, A.H. Pang, C. Yang, Y. Chang, W. Wu, M. Tsai, 
A unified view on enzyme catalysis by cryo-EM study of a DNA topoisomerase, 
Commun. Chem. 7 (2024) 10861–10871.

G. Seyhan et al.                                                                                                                                                                                                                                 Inorganic Chemistry Communications 190 (2026) 116860 

12 

http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0010
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0010
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0015
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0015
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0015
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0020
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0020
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0020
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0025
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0025
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0025
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0030
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0030
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0030
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0030
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0035
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0035
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0040
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0040
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0045
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0045
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0045
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0050
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0050
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0050
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0055
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0055
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0055
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0060
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0060
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0060
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0065
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0065
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0065
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0065
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0070
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0070
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0070
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0070
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0075
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0075
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0075
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0075
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0080
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0080
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0080
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0085
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0085
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0085
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0085
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0090
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0090
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0090
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0090
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0095
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0095
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0095
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0095
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0100
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0100
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0100
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0105
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0105
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0105
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0105
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0110
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0110
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0110
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0115
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0115
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0115
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0115
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0120
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0120
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0125
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0125
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0130
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0130
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0130
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0135
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0135
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0135
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0140
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0140
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0140
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0145
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0145
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0145
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0145
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0150
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0150
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0150
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0155
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0155
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0155
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0160
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0160
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0160
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0165
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0165
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0165
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0170
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0170
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0170
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0170
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0175
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0175
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0175
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0180
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0180
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0180
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0185
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0185
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0185
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0190
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0190
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0190
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0190
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0195
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0195
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0195
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0200
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0200
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0200
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0200
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0205
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0205
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0205
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0210
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0210
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0210
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0210
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0215
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0215
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0215
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0220
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0220
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0225
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0225
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0230
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0230
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0230
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0230
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0235
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0235
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0235
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0235
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0240
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0240
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0240
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0240
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0245
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0245
http://refhub.elsevier.com/S1387-7003(26)00727-6/rf0245


Gökçe Seyhan is a research assistant in the Department of 
Biochemistry at the Faculty of Pharmacy, Karadeniz Technical 
University, and conducts research in the fields of biochemistry, 
pharmacology, and photodynamic therapy.

Yasemin Altun Ali is a research assistant in the Department of 
Pharmaceutical Toxicology within the Division of Pharmaceu
tical Sciences at the Faculty of Pharmacy, Karadeniz Technical 
University. She completed her undergraduate education at 
Karadeniz Technical University, obtained her master's degree 
from Ankara University, and is currently pursuing her PhD at 
the Faculty of Pharmacy, Istanbul University.

Elif Nur Barut is an associate professor at the Faculty of 
Pharmacy, Karadeniz Technical University, and conducts 
research in the fields of pharmacology and experimental dis
ease models.

Manar M. Amin is a PhD student in the Department of Phar
macology, where she is actively involved in academic and 
research activities. Her research focuses on pharmacology and 
experimental disease models.

Turgut Keles is a lecturer at Recep Tayyip Erdoğan University 
and conducts research in the fields of inorganic chemistry and 
general chemistry.

Suat Sari is an associate professor in the Department of Phar
maceutical Chemistry at the Faculty of Pharmacy, Hacettepe 
University, and conducts research in the fields of medicinal 
chemistry, molecular modeling, and computer-aided drug 
design.

Baybars Koksoy is an associate professor in the Department of 
Chemistry at the Faculty of Engineering and Natural Sciences, 
Bursa Technical University, and conducts research in the fields 
of organic chemistry, photochemistry, and light-absorbing 
materials.
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