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Abstract: One of the key factors contributing to the poor prognosis of glioblastoma is the treatment 

resistance of glioma stem cells (GSCs). In this study, the authors used MGG8, a patient-derived GSC 

line established from human glioblastoma, to evaluate the efficacy of photodynamic therapy (PDT) 

using talaporfin sodium (NPe6)—a second-generation photosensitizer—and a semiconductor laser 

approved for clinical use in Japan. Under favorable oxygenation conditions, NPe6-PDT induced a 

dose- and fluence-dependent suppression of mitochondrial metabolic activity in MGG8 cells, 

mirroring responses previously observed in conventional glioblastoma cell lines. A similar pattern of 

cell death was noted, with both apoptosis and necrosis occurring in a time-dependent manner. 

Secondary reactive oxygen species (ROS) levels were also increased following PDT, indicating 

sustained intracellular oxidative stress. Given that GSC resistance is partly attributed to hypoxic 

microenvironments that diminish treatment-induced oxidative damage, these findings suggest that 

strategies to enhance tissue oxygenation could improve the therapeutic efficacy of NPe6-PDT against 

GSCs. This study represents the first experimental system to investigate NPe6-PDT in patient-derived 

GSCs and provides a foundation for future translational research. 

Keywords: talaporfin sodium; photodynamic therapy; glioma stem cells; apoptosis; reactive oxygen 

species 

 

Introduction 

Glioblastoma (GBM) is an aggressive brain tumor for which the current standard of care includes 

maximal safe surgical resection followed by adjuvant chemoradiotherapy. Despite these efforts, most 

patients experience tumor recurrence—typically within two years—and ultimately succumb to the 

disease [1–3]. Notably, 80–90% of recurrences occur locally, arising from residual tumor cells that 

evade initial resection and cytotoxic treatments [2,4]. These residual cells, which cannot be fully 

eliminated even with advanced surgical and adjuvant techniques, are thought to include glioma stem 

cells (GSCs)—a treatment-resistant subpopulation capable of initiating tumor regrowth [4–6]. 

GSCs were first identified in 2004 as undifferentiated, tumor-initiating cells within glioma tissue 

[7,8]. Since then, they have been recognized as a key contributor to GBM recurrence and resistance to 
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therapy. Numerous studies have demonstrated that GSCs are highly resistant to both radiotherapy 

and chemotherapy, making them a critical barrier to curative treatment [9]. As a result, there is 

growing interest in developing strategies to specifically target or suppress the function of GSCs in 

order to improve patient outcomes. 

The authors have demonstrated that PDT using the second-generation photosensitizer talaporfin 

sodium, mono-L-aspartyl chlorin e6 (NPe6), and its excitation laser induces apoptosis and necrosis 

in glioblastoma cells [10–14]. In clinical cases, intraoperative application of PDT to the resection cavity 

after maximum safe resection significantly prolonged progression-free survival (PFS) and overall 

survival (OS) [15–17]. PDT is currently recognized in Japan as an effective and safe treatment for 

primary malignant brain tumors and is covered by national health insurance [15]. However, even in 

previous in vitro studies, complete cell death was not observed in various standard glioma cell lines 

[10,11,14]. Although it prolonged PFS in clinical cases [17,18], approximately 60% of patients 

eventually developed local recurrence [18]. In other words, there are glioma cells that are resistant to 

PDT in both in vitro experiments and clinical settings. It is therefore highly likely that these cells 

contribute to tumor regrowth, and that complete elimination of GSCs, which are characterized by 

treatment resistance, may be difficult even with PDT. 

In the present study, the authors used a GSC line established from human brain tumor tissue by 

their collaborators to investigate whether NPe6-mediated PDT exerts a cytocidal effect on GSCs. 

Furthermore, the authors compared 5-aminolevulinic acid (5-ALA)-based PDT, which has been 

developed primarily in Europe and the United States [19,20], with NPe6-mediated PDT to evaluate 

their respective capacities to generate secondary reactive oxygen species (ROS). 

Materials and Methods 

MGG8 Glioma Stem Cell Line and Spheroid Culture Conditions 

MGG8 is a patient-derived GSCs line that HW’s group established at Massachusetts General 

Hospital [21,22]. It was derived from the surgical specimen of a patient with a large, irregular, ring-

enhancing mass on gadolinium-enhanced T1-weighted magnetic resonance imaging (MRI), 

consistent with invasive glioblastoma in the left temporal lobe [21]. Histologically, the tumor 

displayed typical glioblastoma features, including microvascular proliferation and pseudopalisading 

necrosis, but also contained highly undifferentiated components resembling primitive 

neuroectodermal tumor (PNET)-like elements [21]. The MGG8 cell line, derived from the initial 

culture of the resected tissue, was transplanted into the mouse brain, where it recapitulated a 

glioblastoma containing a PNET-like component similar to the original tumor [22]. MGG8 is 

characterized by activation of the PTEN/PI3K pathway and exhibits MGMT promoter methylation. 

Its genomic profile includes amplification of MYCN (2p24.3), PDGFRA (4q12), and MDM2 (12q15), 

along with homozygous deletion of CDKN2A/B (9p21.3) [22]. 

MGG8 cells were cultured as spheroids in EF20 medium, which consists of Neurobasal medium 

(Invitrogen Inc., Carlsbad, CA) supplemented with L-glutamine (3 mM; Mediatech Inc., Manassas, 

VA), B27 supplement (Invitrogen Inc., Carlsbad, CA), N2 supplement (Invitrogen Inc., Carlsbad, CA), 

heparin (2 μg/mL; Sigma-Aldrich Co., St. Louis, MO), EGF (20 ng/mL; R&D Systems Inc., 

Minneapolis, MN), and FGF2 (basic FGF, 20 ng/mL; PeproTech Inc., Cranbury, NJ). 

Spheroids were dissociated using the NeuroCult™ Chemical Dissociation Kit (StemCell 

Technologies, Cambridge, MA) during passaging or prior to cell analysis. 

Photosensitizers Reagents 

Talaporfin sodium (NPe6) was provided by Meiji Seika Pharma Co., Ltd. (Tokyo, Japan), and 5-

Aminolevulinic acid hydrochloride (5-ALA) was obtained from Sigma-Aldrich Co. (St. Louis, MO). 
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Quantification of NPe6 Uptake in MGG8 Cells 

MGG8 cells were seeded at 1 × 10⁵ cells per 35-mm dish in RPMI 1640 medium supplemented 

with 10% fetal bovine serum (FBS) and cultured at 37 °C in a 5% CO₂ atmosphere for 3 days. After 

incubation, the cells were washed with calcium- and magnesium-free Dulbecco’s phosphate-buffered 

saline [DPBS (–)] and incubated with 0–100 μM NPe6 for either 1 hour or 4 hours under dark 

conditions in 10% FBS–RPMI 1640. After incubation with NPe6, the cells were washed once with in 

DPBS (–), and NPe6-positive fluorescent cells were quantified by flow cytometry (excitation: 405 nm; 

emission: 660 nm). 

Photodynamic Therapy Protocol for MGG8 Cells 

MGG8 cells were seeded at 1 × 10⁵ cells per 35-mm dish and cultured in RPMI 1640 medium 

supplemented with 10% fetal bovine serum (FBS) (10% FBS–RPMI 1640) at 37 °C in 5% CO2 

atmosphere for 3 days. After incubation, the cells were washed with DPBS (–), and the GSCs spheroid 

cultures were incubated with either 0–60 μM NPe6 for 1 hour or 0–1000 μM 5-ALA for 24 hours in 

10% FBS–RPMI 1640. Following NPe6 incubation, the cells were washed with DPBS (–), immersed in 

fresh 10% FBS–RPMI 1640, and subjected to laser irradiation. PDT protocols were as follows: for 

NPe6-PDT, cells were irradiated with a 670 nm semiconductor laser (Intense Co., Cedar Knolls, NJ) 

at a power density of 50 mW/cm², delivering a total light dose of 0–10 J/cm²; for 5-ALA-PDT, cells 

were irradiated with a 635 nm laser under the same power and fluence conditions. 

Assessment of Relative Mitochondrial Metabolic Activity 

After PDT, the cells were incubated for 3 days in 10% FBS-RPMI 1640. They were seeded into a 

96-well culture plates at 1 × 10⁵ cells per well, and relative metabolic activity was measured using 

MTT assay (Sigma-Aldrich, St Louis, MO) with microplate reader. 

The MTT assay was used to evaluate mitochondrial metabolic activity as an indicator of 

cytotoxic response. Although it is often used as a proxy for cell viability, the MTT assay does not 

directly measure cell death or long-term survival. 

Assessment of Secondary Reactive Oxygen Species (ROS) Production 

Dissociated MGG8 cells were seeded at 1 × 10⁵ cells per 35-mm dish and cultured in 10% FBS–

RPMI 1640 for 3 days. Following incubation, the cells were washed with DPBS (–), then incubated 

with either 30 μM NPe6 for 1 hour or 60 μM 5-ALA for 24 hours in 10% FBS–RPMI 1640. After 

incubation, cells treated with NPe6 were irradiated with a 670 nm semiconductor laser at a total light 

dose of 5 J/cm² (laser power: 50 mW/cm²), and cells treated with 5-ALA were irradiated with a 635 

nm semiconductor laser under the same conditions. Following PDT, the cells were washed with DPBS 

(–). Immediately (0 h) and 3 hours (3 h) after PDT, the cells were incubated with fresh culture medium 

containing 25 μM 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA; Life Technologies Co., 

Carlsbad, CA) for 30 minutes. After incubation, the cells were washed once with DPBS (–) and 

transferred to a 24-well microplate. DCF fluorescence intensity was measured using fluorescence 

spectroscopy. Intracellular ROS levels were expressed as DCF fluorescence intensity normalized to 

the total protein content (mg), as determined using the BCA Protein Assay Kit (Thermo Fisher 

Scientific Inc., Waltham, MA). To avoid artifactual oxidation of the DCFH probe during light 

exposure, DCFH-DA was added immediately after irradiation. This post-irradiation protocol is 

intended to detect sustained oxidative stress caused by long-lived ROS species (e.g., hydrogen 

peroxide, lipid peroxides), rather than short-lived primary ROS such as singlet oxygen or hydroxyl 

radicals. 

Quantification of Apoptosis and Necrosis by Flow Cytometry 

Dissociated MGG8 cells were seeded at 1 × 10⁵ cells per 35-mm dish and cultured in 10% FBS–

RPMI 1640 for 3 days. After incubation, the cells were washed with DPBS (–), and incubated with 60 
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μM NPe6 for 1 hour in 10% FBS–RPMI 1640. Following PDT treatment, the cells were washed once 

with DPBS (–) and cultured again in 10% FBS–RPMI 1640. After 4 or 24 hours of incubation, the cells 

were transferred to 96-well plate and stained with Live/Dead Fixable Near-IR Dead Cell Stain (Life 

Technologies Co., Carlsbad, CA). After removal of the supernatant, the cells were further stained 

with Annexin V–PE conjugate (Life Technologies Co., Carlsbad, CA). The stained cells were then 

transferred to flow cytometry tubes, and the rates of apoptosis and necrosis were analyzed by flow 

cytometry. 

Statistical Analysis 

The data are presented as mean ± standard deviation (SD) and were analyzed for statistical 

significance using analysis of variance (ANOVA) and Student’s t-test. A P value less than 0.05 was 

considered statistically significant. 

Results 

Uptake of NPe6 by MGG8 

As shown in Figure 1A, NPe6 uptake by MGG8 cells increased over time. After a 4-hour 

exposure to 50 μM NPe6, approximately 70% of the cells were NPe6-positive, compared to a lower 

uptake at 1 hour. 

 

Figure 1. Intracellular uptake and early metabolic Effects of NPe6 in MGG8 cells. (A) Intracellular accumulation 

of NPe6 after 1-hour and 4-hour incubation at various concentrations was assessed by flow cytometry. The 

proportion of NPe6-positive fluorescent cells increased with longer incubation times, indicating efficient 

internalization of the photosensitizer. (B) Following incubation with NPe6 for 1 or 4 hours, cells were irradiated 

with a 670 nm laser at 5 J/cm² and 50 mW/cm². Metabolic activity was measured 3 days post-PDT using the MTT 

assay, which reflects NAD(P)H-dependent mitochondrial reductase function and serves as an early indicator of 

photodynamic cytotoxic stress. 

Effect of NPe6 Incubation Time on Early Metabolic Response in MGG8 

As shown in Figure 1B, the relative metabolic activity of MGG8 cells measured three days after 

NPe6-PDT treatment (670 nm wavelength, 50 mW/cm², 5 J/cm²) was nearly identical between the 1-

hour and 4-hour incubation conditions, despite differences in NPe6 uptake. These results 

demonstrate that NPe6 is biologically active upon internalization and helped determine appropriate 

incubation and irradiation parameters for subsequent experiments, which were performed using a 1-

hour incubation period with NPe6. 
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Dose- and Fluence-Dependent Changes in Early Mitochondrial Metabolic Activity in MGG8 Following 

NPe6-PDT 

Figure 2 shows the differences in relative metabolic activity of MGG8 cells depending on the 

energy density of 670 nm, 50 mW/cm² laser light, following a 1-hour incubation with various 

concentrations of NPe6. Incubation with NPe6 alone, without subsequent laser exposure, did not 

reduce metabolic activity at any tested concentration. A significant decrease in metabolic activity—

indicative of a cytotoxic effect—was observed when cells were irradiated after 1-hour incubation with 

NPe6 at concentrations of 20 μM or higher. An irradiation energy of 5 J/cm² or more was considered 

appropriate for inducing this effect. 

 

Figure 2. Dose- and fluence-dependent changes in early mitochondrial metabolic activity in MGG8 following 

NPe6-PDT. At both 5 J/cm² and 10 J/cm², relative metabolic activity decreased as the concentration of NPe6 

increased. At concentrations of 10 μM or higher, the cytotoxic effect of NPe6-PDT was clearly dependent on both 

NPe6 dose and light fluence. MGG8 cells were incubated with NPe6 for 1 h. After replacing the medium, cells 

were irradiated with a 670 nm laser at a power density of 50 mW/cm². Mitochondrial metabolic activity was 

assessed by MTT assay three days post-irradiation. 

The half maximal inhibitory concentration (IC₅₀) of NPe6 in PDT against MGG8 cells was 

determined to be 40 μM with 5 J/cm² irradiation and approximately 20–25 μM with 10 J/cm² 

irradiation. However, even at 60 μM NPe6 combined with 10 J/cm² irradiation, a residual population 

of cells retained measurable metabolic activity, indicating that the cytotoxic effect was not complete 

under these conditions. 

Dose- and Fluence-Dependent Changes in Early Mitochondrial Metabolic Activity in MGG8 Following 5-

ALA–PDT 

Figure 3 shows the survival curves of MGG8 cells after exposure to 5-ALA at various doses for 

24 h followed by laser irradiation of the 635 nm, 50 mW/cm2 at various energy densities. When 5-

ALA was administered without subsequent laser irradiation, no reduction in metabolic activity was 

observed. Similar patterns of decreased metabolic activity were seen following 5 J/cm² and 10 J/cm² 

irradiation in a dose-dependent manner with 5-ALA, although the curve for 1 J/cm² irradiation 

differed slightly from those at higher energy densities. The IC₅₀ of 5-ALA was assessed to be roughly 

230 µM after 24 hours of exposure to 5-ALA, followed by laser irradiation at 5 J/cm² or 10 J/cm². Even 
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at higher concentrations, however, the cytotoxic effect was not complete: as with NPe6-PDT, 

approximately 20% of the metabolic activity of MGG8 cells remained after treatment with the 

maximum dose of 5-ALA and 10 J/cm² laser irradiation. 

 

Figure 3. Dose- and fluence-dependent changes in early mitochondrial metabolic activity in MGG8 following 5-

ALA-PDT. The IC₅₀ of 5-ALA was approximately 230 µM under an irradiation dose of 5 J/cm². MGG8 cells were 

incubated with 5-ALA for 24 hours, washed with PBS, and subsequently irradiated using a 635 nm laser at a 

power density of 50 mW/cm². Mitochondrial metabolic activity was evaluated three days post-irradiation using 

the MTT assay. 

Comparison of Secondary ROS Accumulation Induced by NPe6-PDT and 5-ALA–PDT 

As shown in Figure 4, in the NPe6-PDT group, a strong ROS signal was observed immediately 

after PDT, with a relative reduction to about one-fifth after 3 h. In contrast, the ROS signal in the 5-

ALA-PDT group was much lower than that of NPe6-PDT and remained relatively sustained over the 

3-hour period. It should be noted that these measurements reflect long-lived oxidative products 

detected post-irradiation, and not real-time generation of short-lived ROS species. 
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Figure 4. Secondary ROS Accumulation following PDT. Cells were incubated with NPe6 (60 µM) for 1 hour or 

with 5-ALA (60 µM) for 24 hours, then washed with PBS and irradiated either at 670 nm (NPe6, 50 mW/cm²) or 

at 635 nm (5-ALA, 50 mW/cm²). DCFH-DA (10 µM) was applied after irradiation—either immediately (0 h) or 3 

hours post-PDT (3 h)—and cells were incubated for 30 minutes before fluorescence measurement using a 

spectrophotometer. Because the probe was added post-irradiation, the observed DCF fluorescence reflects 

longer-lived secondary ROS (e.g., hydrogen peroxide, lipid peroxides) rather than short-lived primary ROS such 

as singlet oxygen or hydroxyl radicals. All groups were treated under identical conditions to enable valid 

comparative assessment of sustained oxidative stress induced by each PDT protocol. For positive controls, 

oxidative stress was induced using 10 mM H₂O₂. 

Time-Dependent Apoptosis and Necrosis Induced by NPe6-PDT in MGG8 Cells 

As shown in Figure 5, flow cytometry analysis revealed changes in the cell death pattern of 

MGG8 cells between 4 and 24 hours after PDT. The proportion of cells in the apoptotic fraction was 

17% at 4 hours, decreasing to 7% at 24 hours. In contrast, the proportion of cells in the necrotic fraction 

increased from 42% at 4 hours to 63% at 24 hours. 

 

Figure 5. Time-dependent apoptosis and necrosis in MGG8 following NPe6-PDT. Cells were incubated with 30 

µM NPe6 for 1 hour, and PDT treatment was performed at 5 J/cm2 and 50 mW/cm2. (A) At 4 and 24 hours after 

PDT, cells were stained with Annexin V and Live/Dead Fixable Near-IR stain (×100) and analyzed by flow 

cytometry to evaluate apoptosis. (B) Flow cytometry analysis revealed that the proportion of cells in the 

apoptotic fraction decreased from 17% at 4 hours to 7% at 24 hours, while the proportion of necrotic cells 

increased from 42% to 63%, indicating a temporal shift from apoptosis to necrosis after PDT. 

Discussion 

In the past, glioblastoma was referred to as glioblastoma multiforme, reflecting its highly 

heterogeneous pathological morphology—a complex mixture of tumor cells exhibiting various 

degrees of differentiation. However, since all cancers originate from a series of genetic mutations 

initiated in cancer stem cells, it is reasonable to consider that developing therapies targeting GSCs 

may offer the most effective strategy for eradicating glioblastoma. Yet, as research on cancer stem 

cells has advanced, their strong resistance to cell death and therapies has emerged as a major 

challenge. 

The development of NPe6, a second-generation photosensitive chlorin derivative, and its 

application in PDT has offered renewed hope to glioblastoma treatment. NPe6 was developed by a 

Japanese company, and the authors were the first to introduce NPe6-based PDT as a therapeutic 

strategy for malignant brain tumors. Clinical studies have demonstrated that this approach 

significantly prolongs both median progression-free survival (mPFS) and median overall survival 
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(mOS) in patients with glioblastoma [16–18]. This procedure was approved by the Japanese 

government 10 years ago as an adjunct to the standard treatment for glioblastoma, and it is now 

routinely performed at many medical institutions across Japan. However, even with the addition of 

PDT, tumor recurrence is inevitable, and patients succumb to the disease [18,23]. This indicates that 

PDT cannot eradicate all infiltrating tumor cells, and that a subpopulation of glioblastoma cells 

remains resistant to this therapy. Moreover, a closer examination of recurrence patterns following 

PDT reveals a higher frequency of distant recurrence and cerebrospinal fluid (CSF) dissemination 

compared to conventional therapy [18,23]. This may suggest that while PDT improves local tumor 

control and prolongs mPFS, it may also lead to relatively increased rates of distant relapse and CSF 

seeding. GSCs, which are believed to reside in the subventricular zone, may be particularly resistant 

to PDT [24–26]. Furthermore, there is emerging evidence that PDT may activate the proliferative and 

migratory capacities of treatment-resistant GSCs [26,27]. 

The authors investigated the cytotoxic response of NPe6-mediated PDT in MGG8, a GSC line 

established from a human glioblastoma patient, by assessing both early mitochondrial dysfunction 

and subsequent apoptotic or necrotic cell death in vitro. To evaluate whether GSCs exhibit greater 

resistance to PDT than conventional glioma cells, these responses were compared with previously 

published data from standard glioblastoma cell lines [10–14]. 

The IC₅₀ values of NPe6 in glioma cell lines such as U251, A172, and T98G , as reported by 

Tsutsumi et al. [10] and malignant meningioma cell lines such as HKBMM and KMY-J reported by 

Ichikawa et al. [14], were comparable to the IC₅₀ value observed in the MGG8 glioma stem cell line 

in the present study, approximately 25–30 μg/mL [10,13,14]. These results do not suggest that MGG8 

is resistant to NPe6-PDT. The pattern of cell death induced by NPe6-PDT in MGG8 cells included 

both apoptosis and necrosis. Although the balance between these modes of cell death varied over 

time after treatment, the overall pattern was comparable to that observed in conventional glioma cell 

lines treated with NPe6-PDT [10–14]. The necroptosis reported by Miki et al. in malignant glioma 

cells treated with NPe6-PDT [11,13] was also observed in the GSC line MGG8. In summary, GSCs 

exhibited sensitivity to PDT comparable to that of standard glioma cell lines, suggesting that 

intraoperative PDT applied to the walls of the resection cavity after maximal tumor resection may 

contribute to the elimination of residual GSCs in clinical practice [15–18]. 

To assess early-phase cytotoxic responses to PDT, the authors used the MTT assay to evaluate 

dose- and fluence-dependent changes in mitochondrial metabolic activity. While MTT does not 

directly measure long-term survival or clonogenic potential, it offers a reproducible and quantitative 

readout of NAD(P)H-dependent mitochondrial reductase activity—an early cellular function that is 

highly sensitive to oxidative damage [28,29]. Given that PDT rapidly impairs mitochondrial function, 

decreases in MTT signal serve as biologically meaningful indicators of acute cytotoxic stress. 

This approach is consistent with widely accepted PDT methodologies, in which MTT or similar 

metabolic assays are commonly employed to determine optimal photosensitizer concentrations and 

light fluences prior to conducting mechanistic analyses [30,31]. In the authors’ study, metabolic 

profiling using the MTT assay (Figures 2 and 3) clarified the dose- and fluence-dependent extent of 

mitochondrial dysfunction in GSCs and served as the basis for selecting treatment parameters. In 

summary, Figures 2 and 3 were indispensable in establishing that PDT exerts dose-responsive, 

biologically relevant cytotoxic effects in patient-derived GSCs—an essential step for justifying the 

experimental parameters used throughout this study. 

Recognizing the interpretive limitations of metabolic assays alone, the authors confirmed that 

MTT-detected metabolic suppression was associated with bona fide cell death by incorporating 

Annexin V/PI staining as a second-tier evaluation. This two-tiered strategy aligns with best practices 

in PDT research and strengthens the causal interpretation of cytotoxicity by functionally linking 

mitochondrial dysfunction to specific cell death pathways [30,32–34]. To further validate this link, 

the authors analyzed Annexin V/PI profiles after PDT (Figure 5), which revealed that the metabolic 

suppression measured by MTT corresponded to apoptosis and necrosis. Specifically, a temporal shift 

was observed, from ~17% apoptotic and ~42% necrotic cells at 4 h post-irradiation to ~7% and ~63% 
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at 24 h. These findings demonstrate that MTT-measured loss of metabolic activity reflects a 

biologically meaningful progression of PDT-induced cytotoxicity in patient-derived GSCs. 

The DCFH-DA used in this experiment primarily detects intracellular ROS in vitro, but its 

interpretation requires careful consideration of experimental timing and chemical specificity. DCFH 

is not selective for singlet oxygen and can be oxidized by a range of reactive species, including thiol 

radicals, nitrogen dioxide, peroxynitrite, and redox-active proteins such as cytochrome c [35–37]. To 

minimize the risk of nonspecific photooxidation of the probe during PDT—especially under intense 

light exposure and in the presence of photosensitizers— the authors deliberately added DCFH-DA 

after irradiation. This approach has been adopted in previous PDT studies to avoid false-positive 

signals arising from artifactual probe oxidation [38–40]. 

As a result, the DCF fluorescence measured in our study should not be interpreted as a direct 

indicator of short-lived ROS (e.g., singlet oxygen, hydroxyl radicals), which decay within 

microseconds and are no longer present at the time of probe addition. Instead, the detected signal 

likely reflects longer-lived, secondary oxidative species such as hydrogen peroxide and lipid 

peroxides, which persist and propagate cellular stress after the primary photochemical reactions [41–

43]. Although this design does not enable real-time detection of ROS during irradiation, it captures 

biologically relevant downstream oxidative stress and allows for valid relative comparisons between 

treatment groups. 

Indeed, significant differences in ROS levels were observed between NPe6-PDT and 5-ALA-

PDT, which may be partly attributed to the higher singlet oxygen quantum yield of NPe6 (Φ = 0.77) 

compared to protoporphyrin IX (Φ = 0.56) [44]. Additionally, prior reports suggest that DCFH-

detectable ROS accumulate rapidly in lysosomes after NPe6-PDT, reflecting subcellular localization 

of oxidative events [45]. 

To further improve specificity and temporal resolution in future studies, the authors plan to 

incorporate real-time ROS probes such as Singlet Oxygen Sensor Green (SOSG) or hydroxyphenyl 

fluorescein (HPF) to directly monitor primary ROS generation during PDT. Nonetheless, the authors 

believe the current assay design provides meaningful insight into sustained oxidative stress, which 

is a key component of PDT-induced cytotoxicity in glioma stem cells. 

One major challenge is the treatment resistance characteristic of GSCs. Cancer tissues often 

experience chronic hypoxia due to an imbalance between oxygen supply and demand, and it is 

believed that the more severe the hypoxia, the more readily cancer cells undergo de-differentiation 

and infiltrate normal brain tissue in search of oxygen [46–48]. In addition, the generation of free 

radicals—the principal cytotoxic mechanism of both chemotherapy and radiotherapy—is impaired 

under hypoxic conditions [48,49]. GSCs are thought to reside preferentially in these hypoxic tumor 

niches, particularly in infiltrative tumor regions that remain after surgical resection. These residual 

GSCs are believed to contribute to tumor recurrence by initiating new glioblastomas with varying 

degrees of differentiation [47,48]. 

On the other hand, the primary mechanism of PDT, as studied by the authors, involves the 

excitation of photosensitizers accumulated in tumor cells by specific wavelengths of light. As the 

excited photosensitizers return to their ground state, they transfer energy to molecular oxygen, 

producing highly cytotoxic singlet oxygen, which induces tumor cell death [15]. In other words, the 

efficacy of PDT depends on the concentration of the photosensitizer, the energy density of the 

irradiated light, and the availability of dissolved oxygen within the tissue [15]. A key question, 

however, is whether sufficient singlet oxygen can be generated to achieve cytotoxicity in hypoxic 

tumor regions, where GSCs are typically located. This experimental system was conducted in vitro 

under the normal culture conditions of 21% oxygen concentration, which is naturally an environment 

where singlet oxygen is easily generated. Therefore, the extent to which the observed PDT effects on 

GSCs reflect in vivo outcomes remains uncertain. To more accurately evaluate the effectiveness of 

PDT against GSCs, a hypoxia-adapted in vitro system should be established, with careful control and 

quantification of oxygen concentration. Nonetheless, the current findings suggest that PDT may 

effectively induce cell death in GSC as long as sufficient oxygen is available. Supporting this concept, 
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Germany's group has conducted clinical studies on interstitial PDT (i-PDT) using 5-ALA as a 

photosensitizer [50,51]. In their approach, 100% oxygen is administered via mechanical ventilation to 

enhance ROS production during treatment [50,51]. This suggests that intraoperative oxygen 

enrichment may be a critical strategy to enhance PDT efficacy against GSCs, although it carries 

potential risks such as acute renal failure and myocardial ischemia [52]. 

Although the authors successfully demonstrated the validity of the NPe6-PDT methodology in 

terms of secondary ROS production for future GSC-targeted therapy, generating sufficient ROS in 

the hypoxic microenvironment where GSCs reside remains a challenge. To enhance PDT efficacy 

under such conditions, it is essential to increase the level of dissolved oxygen in the tissue. One 

potential strategy is intraoperative administration of high-concentration oxygen. The authors intend 

to further investigate optimal methods for oxygenating GSCs to improve PDT outcomes, while 

carefully weighing the risk of adverse effects. 

Conclusion 

This study presents the first experimental evaluation of PDT using NPe6 in patient-derived 

GSCs, a population central to treatment resistance and recurrence in glioblastoma. Using the MGG8 

GSC line established from human glioblastoma tissue, the authors demonstrated that NPe6-PDT 

induces suppression of mitochondrial metabolic activity in a dose- and fluence-dependent manner, 

and elicits both apoptotic and necrotic cell death in a time-dependent fashion under normoxic 

conditions—responses comparable to those observed in standard glioma cell lines. Secondary ROS 

levels were elevated after irradiation, indicating sustained intracellular oxidative stress, although 

short-lived ROS were not directly measured. These findings suggest that NPe6-PDT can be effective 

against GSCs under sufficient oxygenation and that strategies to enhance tissue oxygenation could 

further improve its therapeutic efficacy by facilitating singlet oxygen generation in hypoxic tumor 

regions. The authors believe these results provide a novel foundation for optimizing PDT strategies 

targeting therapy-resistant GSCs in glioblastoma. 
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