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Managing glioma, a particularly aggressive form of brain cancer, poses significant challenges because of its
inherent resistance and the intricate nature of the central nervous system. Photodynamic therapy (PDT),
which uses photosensitizers to target and destroy cancer cells while minimizing damage to surrounding
healthy tissues, has emerged as a novel and effective approach for glioma treatment. In this study, we
designed and synthesized a novel photosensitizer, ITIC, for potential application in glioma therapy. By
employing nanotechnology, we enhanced the water dispersibility of ITIC. ITIC nanoparticles (NPs) exhibit
near-infrared absorbance and are light-activatable for generating reactive oxygen species (ROS), which
allows for effective killing of cancer cells. Furthermore, the unique chemical structure of ITIC makes it easy
to conjugate ITIC with targeting ligands to enable specific recognition and uptake by glioma cells in both
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Introduction

Gliomas are extremely invasive tumors that are primarily located in
the brain. Unfortunately, they are often associated with a poor
prognosis, frequent recurrence, and low five-year survival rates."™
Existing treatments for gliomas, including surgery, radiotherapy,
and chemotherapy, can yield less than ideal outcomes and sig-
nificant side effects because of the complex nerve structure of the
brain and the invasive nature of gliomas.”®

To address these challenges, researchers are exploring drug
delivery systems as promising approaches for clinical therapy.®™*
One noteworthy approach, which is garnering attention, is photo-
dynamic therapy (PDT), a noninvasive and precisely targeted
cancer treatment method.">*® PDT involves the administration
of a photosensitizer, followed by the application of light of
specific wavelengths to generate reactive oxygen species
(ROS),” which leads to the destruction of tumor cells.'® PDT
offers optimism for more effective future treatments. Photosen-
sitizers (PSs) play a crucial role in PDT, and an ideal PS should
possess high phototoxicity, low dark toxicity, and excellent
stability.">*° Photodynamic therapy has proven to be safe and
effective in treating various cancers, including intracranial malig-
nant gliomas, resulting in significant attention from the medical
community.”** The success of photodynamic therapy (PDT) in
treating gliomas depends on the activation of photosensitizers that
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in vitro and in vivo studies, thereby increasing the precision of glioma cell detection and engagement.

accumulate in the tumor.”>?® To address this requirement, we
propose a drug delivery strategy."***' A promising photosensiti-
zer, designated ITIC (Scheme 1), which can improve the effective-
ness of PDT for antitumor therapy, has been identified. PDT has
several advantages, such as minimal systemic toxicity and non-
invasiveness, over traditional therapies. The success of PDT relies
on the ability of photosensitizers to generate reactive oxygen
species (ROS), which can cause apoptosis of tumor cells by
oxidizing cellular components such as mitochondria and nuclei.

Experimental section
Materials and equipment

All the necessary reagents were obtained from Sigma-Aldrich
and were used without purification. The human glioblastoma
U87MG cells used in this study were acquired from the Cell
Bank of the Shanghai Institute of Biochemistry and Cell Biol-
ogy, Chinese Academy of Sciences (CAS). For spectroscopic

Scheme 1 The structure of ITIC.
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analysis, "H NMR and "C NMR spectra were measured in
CDCIl; by using a Bruker DRX NMR spectrometer operating at
400 MHz, with the residual solvent used as the internal
standard. UV-vis spectra were obtained by using a UV-3600
spectrophotometer from Agilent. The morphology and struc-
ture of ITIC nanoparticles were determined via transmission
electron microscopy (TEM) and dynamic light scattering (DLS)
(JEM-2100, JEOL). Cell apoptosis was analyzed via a flow
cytometer (BD Biosciences, USA).

Synthesis and characterization of ITIC

ITIC was prepared via a condensation reaction by treating ITC
(0.1 mmol) and malononitrile (0.25 mmol) with ammonium
acetate (0.25 mmol) and potassium carbonate (0.25 mmol)
(Fig. S1, ESTH). 'H NMR 7.79 (2H, s), 7.48 (2H, s), 7.32-7.28
(2H, d, J = 4.0 Hz), 7.24 (2H, s), 7.17-7.13 (2H, d, J = 4.0 Hz),
7.05 (2H, s), 6.96 (2H, s), 4.09-4.03 (4H, m), 2.03-2.88 (4H, m),
2.81-2.72 (8H, m), 1.83-1.76 (2H, m), 1.74-1.64 (14H, m), 1.46-
1.29 (54H, m), 0.97-0.88 (24H, m). *C NMR: 192.02, 167.37,
141.77, 138.47, 137.09, 136.90, 135.58, 135.46, 134.77, 134.47,
130.92, 128.80, 126.20, 124.78, 122.86, 120.09, 44.83, 40.85,
31.33, 29.43, 25.95, 22.53, 14.26, 14.17, 14.01, 10.97. MALDI-
TOF calculated: 1498.49, found: 1498.65.

Calculation of the ROS quantum yield in DCM

The ROS quantum yield ('O, QY) of ITIC was determined with
1,3-diphenylisobenzofuran (DPBF) as the 'O, indicator, with
methylene blue (MB) as the standard substance. A mixture of
DPBF and ITIC in DCM was prepared, with the DPBF absorbance
adjusted to 1.0 and the ITIC absorbance adjusted to approximately
0.2-0.3. After the mixture was exposed to laser irradiation
(660 nm), UV-vis spectra were recorded at different time intervals.
The ROS quantum yield was subsequently calculated according to
eqn (1).

Sps

Paaric) = PamB) X — X

Fyvp
1
Sum 1)

Fps

where MB stands for methylene blue, S is the slope of a plot of the
absorbance of DPBF (at 418 nm) versus the irradiation time, and F
is calculated as F = 1-10~°P, where OD represents the optical
density of the sample and MB at 660 nm.

Preparation of ITIC NPs

To prepare ITIC NPs, a blend of ITIC (2 mg) and DSPE-PEG _ 5490
(20 mg) was dissolved in tetrahydrofuran (THF). This blend was
then added to 5 mL of distilled water under ultrasonication
conditions. The mixture was subsequently transferred to a fume
hood to extract tetrahydrofuran and was kept in a dimly lit area
for later use. THF was removed through vacuum evaporation,
and the ITIC NPs were filtered through a 220-nm filtration
membrane for further application.

Cell culture

To maintain US87MG cells, DMEM (Gibco, Thermo Fisher
Scientific) with 10% fetal bovine serum (FBS; Gibco, Thermo
Fisher Scientific) was used. The culture medium contained
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100 units mL~" penicillin and 100 mg mL ™" streptomycin. The
cells were kept in a humidified incubator with 5% CO, at 37 °C.

MTT assay

To determine the viability of US7MG cells, a 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric
assay was conducted. The cells were seeded into 96-well plates at a
concentration of 1 x 10" per well in 100 L of culture medium and
incubated for 24 hours before exposure to various concentrations
of ITIC NPs for specified times. The control cells were treated with
0.5% DMSO. In the illumination group, the cells were irradiated
with a laser (660 nm, 0.5 W cm™~?) for 5 minutes. The cells were
incubated for an additional 12 hours after irradiation. Next, 10 puL
of the MTT solution (5 mg mL ™" in PBS) was added, and the
mixture was incubated for 4 hours. The supernatants were
removed, and 100 puL of DMSO per well was added to dissolve
the formazan crystals. The absorbance was measured at 492 nm by
using a Thermo Mk3 microplate reader. A cell growth inhibition
curve was generated by plotting cell growth inhibition against the
drug concentration, and the half-maximal inhibitory concentration
(ICs0) was determined by using the GraphPad Prism 8 software
(GraphPad Software, Inc., La Jolla, CA, USA).

Fluorescence imaging of intracellular reactive oxygen species (ROS)

A green fluorescent probe, 6-carboxy-2’,7'-dichlorofluorescein
diacetate (DCF-DA; Sigma-Aldrich) was used to measure the
intracellular ROS levels. U87MG cells were placed into a con-
focal dish and exposed to ITIC NPs (at a concentration of 10 pug
mL ") in the medium for 24 hours. After that, the cells were
stained with 2 mL of DCFH-DA (10 uM) at 37 °C for 20 minutes.
The cells were washed three times with PBS and exposed to
laser irradiation (660 nm, 0.5 W cm™?) for 10 minutes. Fluores-
cence images were captured by using an Olympus IX 70
inverted microscope at an excitation wavelength of 633 nm,
and the DCF signals were collected from 500 to 600 nm.

Annexin V-FITC/propidium iodide (PI) staining

The analysis of apoptosis involved dual staining with annexin
V-FITC and propidium iodide (PI). Following treatment with
ITIC NPs, US7MG cells were collected and subsequently stained
by using an annexin V-FITC/PI cell apoptosis detection kit
(KeyGen Biotech, Nanjing, China). The cell apoptosis rates were
then assessed via a flow cytometer (BD, San Jose, CA, USA), with
or without prior irradiation.

Live and dead cell assay

To assess the effect of ITIC NPs on the viability of U87MG cells,
we utilized a live/dead cell double-staining kit sourced from
Sigma-Aldrich Trading Co., Ltd. This kit includes calcein-AM
and PI, which fluorescently stain viable and dead cells, respec-
tively. Following the manufacturer’s guidelines, we analyzed
the slides with a confocal microscope.

Antitumor effects on a nude mouse xenograft tumor model

Female BALB/c nude mice aged between 4 and 5 weeks were
procured from the Comparative Medicine Center of Yangzhou

© 2024 The Author(s). Published by the Royal Society of Chemistry
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University. The study was granted approval by the Clinical
Research Ethics Committee of Nanjing Medical University
[ethical permit number (2023) 233]. The animal experiments
followed the regulatory guidelines governing the ethical treat-
ment of animals intended for research purposes. Nude mice
were injected subcutaneously with U87MG cells at a density of
5 x 10° cells per 100 uL of serum-free medium, and tumor
growth was monitored every other day. When the tumor volume
reached approximately 100 mm?®, the mice were randomly
distributed into the following three groups: (i) the control
group; (ii) the no illumination group; and (iii) the illumination
group. The mice in both the illumination and no illumination
groups were injected ITIC NPs at a dose of 10 pg (100 pg mL ™",
100 pL) via the tail vein, while the control group was administered
PBS. After administration, the tumors in the control and illumina-
tion groups were irradiated with a 660 nm laser for 8 minutes. The
no illumination group did not receive any irradiation. The tumor
volume (V) was measured daily to observe dynamic changes in
tumor growth and was calculated according to the following
formula: V (mm?®) = length x width® x 0.5. The treatment process
spanned twenty days, during which the tumor volume and body
weight of the mice were monitored every two days. After the
treatment ended, all the nude mice were euthanized, and the
tumor tissues were extracted and subjected to histopathological
analysis. Additionally, major organs, such as the heart, liver,
spleen, lung, and kidney, were also extracted and evaluated for
evidence of drug toxicity.

Results and discussion
Synthesis and characterization of ITIC and NPs

ITIC was synthesized through a condensation reaction and char-
acterized by "H NMR, "°C NMR, and MALDI-TOF (Fig. S2-S4, ESI),
with the results confirming its purity. In cancer nanomedicine,
nanoformulations significantly improve colloidal stability and
stealth effects. DSPE-PEG_,yy, was used to encapsulate ITIC to
prepare water-dispersible nanoparticles. DLS analysis revealed that
the ITIC NPs exhibited excellent dispersion and had an average
diameter of 54 nm (Fig. 1a), which was consistent with the TEM
results (Fig. 1b). The ITIC NPs were also stable under physiological
conditions, with their diameter remaining similar in DMEM and
PBS (Fig. S5, ESIT). To illustrate their light-responsive character-
istics, absorbance and fluorescence spectra were recorded. As
depicted in Fig. 1c, ITIC displays a broad absorbance spectrum,
spanning from 550 to 750 nm, with a peak at 676 nm, whereas a
notable redshift is evident for the nanoparticles, with a peak at
739 nm. This shift was similarly observed in the emission spectra
(Fig. 1d).

ROS generation, MTT assay, and flow cytometry results

The capacity to generate reactive oxygen species (ROS) serves as a
gauge of the potential of a photosensitizer for inducing significant
phototoxicity. To assess the ROS generation capability of ITIC
nanoparticles in response to light exposure, we employed a marker
known as DPBF, as illustrated in Fig. 2a and b. The effective

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) DLS of ITIC NPs in water. (b) TEM image of ITIC NPs. (c)

Absorbance spectra of ITIC NPs in DCM and NPs in water. (d) Emission
spectra of ITIC in DCM and NPs in water.
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Fig. 2 (a) Absorbance of DPBF degraded upon irradiation. (b) Linear fitting
of time versus absorbance.

generation of ROS was inferred from the degradation of DPBF
observed at 414 nm, which was attributed to its oxidation,
ultimately resulting in its decomposition. The calculated ROS
quantum yield was 10.27% when methylene blue (MB) was used
as a standard substance. (Fig. S6, ESIT). The ROS generation ability
is lower than that of DPPA,*> DPPTPE® but higher than that of
BDPTPA and BDPA.*

An in vitro investigation was carried out by employing US7MG
cells to demonstrate the enhanced photodynamic therapeutic
efficacy of ITIC nanoparticles (NPs). The cellular uptake of the
ITIC NPs was examined via a confocal live cell imaging system. As
depicted in Fig. 3, the results revealed that the ITIC nanoparticles
were efficiently internalized by the cells (red channel) and
exhibited substantial generation of reactive oxygen species
(ROS) upon light exposure (green channel). The nonfluorescent

Fig. 3 Cellular uptake of and ROS generation by ITIC NPs in irradiated
UB7MG cells.
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DCF-DA underwent a transformation into fluorescent DCF in the
presence of ROS, and all signals seamlessly merged.

The inhibitory potential of various concentrations of ITIC
NPs on the growth of U87MG cells was evaluated. Following a
24-hour incubation of the cells with ITIC NPs, an MTT assay was
conducted and yielded an ICs, value of 7.08 pg mL ™" with laser
irradiation, as illustrated in Fig. 4a. Importantly, the incubation of
the cells with the NPs in the absence of light exposure resulted in
minimal toxicity. The phototoxicity of ITIC NPs was lower than that
of the previously reported DPPTPA (4.38 mg mL™')** but higher
than that of PDPP (13.84 mg mL ").*®

An annexin V-FITC/PI double-staining assay was subse-
quently employed to confirm the proapoptotic effects of the
ITIC NPs. Compared with the control group, the U87MG cells in
the illuminated group showed significantly elevated apoptotic
rates following treatment with ITIC NPs (Fig. 4b). These find-
ings demonstrated that ITIC NPs induced typical apoptosis in
U87MG cells, with minimal dark toxicity in the absence of
illumination.

Moreover, to further assess the therapeutic efficacy of ITIC
NPs in vitro, calcein-AM/PI costaining was used (Fig. 4c).
Neither the control group nor the ITIC NP (laser—) group
exhibited noticeable red fluorescence. However, following laser
irradiation, the ITIC NP (laser+) group presented the highest
incidence of cell death, indicating an exceptional synergistic
antitumor effect. These findings aligned with those obtained by
flow cytometry analysis. In summary, ITIC NPs effectively
achieved the anticipated synergistic phototherapeutic effect.

In vivo phototherapy

The present study aimed to investigate the efficacy of in vivo
photodynamic therapy (PDT) in treating glioma tumors with
ITIC NPs. Nude mice with glioma tumors were used for this
purpose. The findings of the present study indicated that the
relative tumor volumes in the control and no illumination
groups increased almost 10-fold. However, the relative tumor

7470 | Mater. Adv, 2024, 5, 7467-7472

View Article Online

Materials Advances

volume in the group treated with ITIC NPs with laser irradiation
increased only 1.2-fold by the end of the study. These observa-
tions suggest that ITIC NPs exhibit significant phototoxicity
and efficacy in treating tumors. Representative tumor images in
the three groups are shown in Fig. 5b. To evaluate the potential
toxicity of ITIC NPs, weight changes in the nude mice were
monitored. The results revealed that there were no significant
differences in the weights of the nude mice among the groups.
These findings indicate that ITIC NPs have low dark toxicity.
After treatment, the tumors and normal organs, including the
heart, liver, spleen, lung, and kidneys, were collected. Hema-
toxylin and eosin (H&E)-stained images of the tumors revealed
that the nuclei were damaged in the ITIC NP (laser+) group. In
contrast, those in the control and ITIC NP (laser—) groups were
in good condition. The TUNEL results further indicated that
the number of positive cells in the tumor tissues from the ITIC
NP (laser+) treatment group was significantly greater than those
in the control and ITIC NP (laser—) groups. The H&E-stained
images of normal organs are presented in Fig. 5e. Compared
with that in the control group, no discernible tissue damage
was observed in the ITIC NP treatment groups. The study
concluded that under irradiation, ITIC NPs could exhibit anti-
tumor activity, and the results suggest minimal toxicity of ITIC
NPs in vivo and significant potential for clinical application.
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Fig. 5 (a) Tumor volume changes in the mice (**P < 0.01). (b) Repre-
sentative images of tumors. (c) H&E and TUNEL staining images of the
tumors in the control, ITIC NP (laser—) and ITIC NP (laser+) groups.
(d) Body weight changes. (e) H&E images of the heart, liver, spleen, lung,
and kidney.
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Conclusion

In conclusion, our research led to the development of a novel
photosensitizer, termed ITIC, which exhibited an exceptional
capability for generating reactive oxygen species (ROS). The ITIC
nanoparticles had a diameter of less than 100 nm and exhibited
good dispersity in water. Upon exposure to laser light, these
nanoparticles effectively penetrated cells and generated ROS,
resulting in potent phototoxicity that led to the elimination of
U87MG cells. Furthermore, these nanoparticles exhibited minimal
toxicity in the absence of laser light, indicating their favorable
biocompatibility. Moreover, an in vivo investigation demonstrated
that ITIC nanoparticles could suppress tumor proliferation with
the assistance of laser irradiation, which provides evidence that
ITIC nanoparticles can be used in preclinical trials. These findings
underscore the potential utility of ITIC nanoparticles as a promis-
ing new option for cancer treatment.
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