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Photodynamic therapy (PDT) employing two-photon (TP) excitation is increasingly recognized to
induce cell damage selectively in targeted areas, underscoring the importance of developing TP
photosensitizers (TP-PSs). In this study, we developed BSe-B, a novel PS that combines a selenium
containing dye with biotin, a cancer-selective ligand, and is optimized for TP excitation. BSe-B
demonstrated enhanced cancer selectivity, efficient generation of type-| based reactive oxygen species
(ROS), low dark toxicity, and excellent cell-staining capability. Evaluation across diverse cell lines (Hela,
A549, OVCAR-3, WI-38, and L-929) demonstrated that BSe-B differentiated and targeted cancer cells
while sparing normal cells. BSe-B displayed excellent in vivo biocompatibility. In cancer models such as
three-dimensional spheroids and actual colon cancer tissues, BSe-B selectively induced ROS production
and cell death under TP irradiation, demonstrating precise spatial control. These findings highlight the
potential of BSe-B for imaging-guided PDT and its capability for micro treatment within tissues. Thus,
BSe-B demonstrates robust TP-PDT capabilities, making it a promising dual-purpose tool for cancer
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Introduction

Photodynamic therapy (PDT) for cancer stands out for its
reduced side effects, noninvasiveness, and site-specific treat-
ment capabilities, distinguishing it from traditional cancer
therapies such as surgery and chemotherapy.'™ PDT employs
photosensitizers (PSs) activated by light, which interact with
oxygen or biological substrates to generate cytotoxic singlet
oxygen ('O,) or reactive oxygen species (ROS), thereby inducing
cell damage and death.>™*® However, clinically approved PSs
such as chlorine, porphyrin, and phthalocyanine are effective
primarily for superficial diseases, such as skin cancer, due
to their limited tissue penetration under ultraviolet-visible
(UV-vis) light (<700 nm).""*? In addition, they have disadvan-
tages, including limitations in intravenous administration
owing to low solubility and lack of cancer-selective
ability.”*™® To overcome these limitations, researchers are
developing PSs with enhanced cancer-targeting capabilities.
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Cancer-selective ligands are gaining attention in diagnosis
and treatment, playing a critical role in selectively delivering
PSs to cancer cells.'®'” Cancer cells often overexpress various
tumor-specific receptors, including certain vitamin receptors
that promote rapid growth, proliferation, and cell survival.'®>°
For example, receptors for biotin (vitamin B7) are notably
overexpressed on the surface of cancer cells found in cervical
cancer, lung cancer, breast cancer, and colon cancer.'®?'>*
Several PSs have significantly improved cancer selectivity by
utilizing biotin as a targeting ligand.>* " Therefore, leveraging
biotin as a targeting ligand to deliver PSs to cancer cells
represents a promising PDT strategy toward enhancing treat-
ment efficacy while minimizing off-target effects.
Furthermore, PDT can benefit significantly from advance-
ments in imaging technology. Fluorescence imaging plays a
crucial role in visualizing cellular and molecular processes
within living organisms and offers real-time insights into
various physiological and pathological conditions. However,
most PDT agents lack imaging capabilities. Combining ima-
ging ability with cancer-targeting PSs could revolutionize
imaging-guided therapies, enabling precise treatment guidance
and therapeutic outcome assessment. Furthermore, the inte-
gration of two-photon excitation (TPE) offers advantages over
traditional UV-Vis excitation by employing longer-wavelength
near-infrared (NIR) light, which penetrates more deep into
tissues with reduced photodamage.”®*> The nonlinear charac-
teristics of TPE confine PS activation to precise locations,
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minimizing collateral damage to healthy tissues and facilitat-
ing micro treatment within tissues.***® The development of
PSs optimized for TPE conditions (TP-PSs) represents a promis-
ing frontier in PDT research, addressing current limitations
and expanding the scope of PDT applications in clinical
settings.

Small molecule-based dyes (such as fluorescent probes and
PS) are easy to synthesize, allowing for various applications and
modifications. They are also suitable for application to biolo-
gical samples owing to their excellent staining ability on
cells.’”° We recently reported on a dimethylaminonaphtha-
lene (DAN) scaffold featuring an electron push-pull system,
which has been used to design various two-photon fluorescent
probes.*® These dyes exhibit significant two-photon excitation,
primarily due to their efficient internal charge transfer (ICT)
characteristics. Herein, we performed a simple chemical mod-
ification of the DAN structure by incorporating selenium,
resulting in BSe-B (Fig. 1a). BSe-B includes a cancer-targeting
unit (biotin) known for its high tumor affinity and low mole-
cular weight.*""*> We explored the cancer selectivity and ther-
apeutic efficacy of BSe-B in various cancer models, including
different cell lines and tissues. Although several two-photon
photosensitizers are based on small molecules (Table S1 and
Scheme S2, ESIt), there have been no reports of selenium-
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Fig.1 (a) Chemical structure of BSe-B; (b) fluorescence spectra of
DHR123 and (c) absorbance spectra of ABDA containing BSe-B after white
LED irradiation (0-30 min); (d) fluorescence and (e) bright field images of
Hela cells; cells were stained with BSe-B (2 uM). After probe staining, cells
were irradiated with a two-photon (TP) laser at 730 nm. Excitation:
730 nm; emission: 450-600 nm. Scanning laser: 730 nm; 1.4 mW;
1.3 s per scan; 100 scans. Scale bar: 30 uM.
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containing, small molecule-based two-photon excited photo-
sensitizers that target cancer cells and generate reactive oxygen
species through type-I process. Incorporating imaging capabil-
ities into PDT agents, such as BSe-B, not only facilitates precise
treatment guidance but also enables real-time monitoring of
therapeutic responses. This integration represents a significant
advancement, potentially improving PDT treatment outcomes
while minimizing off-target effects.

Results and discussion
Synthetic strategy and design of BSe-B

BSe-B is composed of BSe (TP-PS) conjugated to oligomeric
ethylene glycol (a hydrophilic linker) and biotin (a cancer-
targeting unit) (Fig. 1). We conjugated a hydrophilic linker in
the middle to avoid affecting the ROS generation efficiency of
BSe and the cancer selectivity of biotin. BSe-B can be easily
modified to exploit the advantages of small-molecule dyes.
First, a hydrophilic linker and biotin are conjugated to a
6-(methylamino)-2-naphthaldehyde structure using an amide-
coupling reagent. Cyclization was then performed using bis(2-
aminophenyl)diselenide and an acid catalyst. Consequently, we
obtained BSe-B in a few simple steps (Scheme S1, ESIt). The
BSe-B structure was confirmed using 'H-NMR, *C-NMR, and
high-resolution mass spectrometry. The detailed synthesis
steps are provided in ESL

Photophysical characteristics and ROS generation ability of
BSe-B

The photophysical characteristics of BSe-B were determined in
each solvent (Fig. S1 and Table S2, ESIt). A maximum absorp-
tion wavelength of 370 nm and a maximum emission wave-
length of 487 nm were observed. The absorption and emission
spectra of BSe-B are red-shifted compared to the sulfur-
containing BTDAN dye (Table S2, ESIt), which may be attrib-
uted to the enhanced internal charge transfer character. The
fluorescence quantum yield (@) of BSe-B was calculated to be
46% in EtOH/phosphate-buffered saline 1:1 (10 mM, pH 7.4).
The calculated TP action cross-section (8&) was roughly 50 GM
at 740 nm (Fig. S2, ESIf). The intensity of the TP excited
emission spectra exhibited a linear dependence on the square
of the incident laser power, confirming nonlinear absorption
(Fig. S2, ESIY). The significant 0@ value of BSe-B highlights its
potential for effective imaging and therapy in deeper tissue
layers.*® We demonstrated the ability of BSe-B to generate ROS
but not singlet oxygen (*0,) in PBS buffer (Fig. 1b and c). Each
indicator, DHR123 (ROS) and ABDA ('0,), was mixed with BSe-
B and irradiated with white light. Consequently, the fluores-
cence intensity of DHR123, oxidized by the generated ROS,
increased.*®* However, since 'O, was not produced, decomposi-
tion of the ABDA absorption spectrum was not observed.**
Under two-photon irradiation, the PL intensity of DHR123
enhanced significantly, whereas the absorbance of ABDA
remains unchanged which demonstrating the type-I ROS pro-
duction of BSe-B (Fig. S3, ESIt). ROS inhibition studies were
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conducted to confirm the specific ROS produced by BSe-B (Fig.
S3, ESIT). The results showed that BSe-B primarily generates the
0,°" radical and partially produces NOO™~ under both white
light and two-photon irradiation.

We confirmed the staining ability of BSe-B and the effect of
TP-PDT on HeLa cells. As shown in Fig. 1d, BSe-B is efficiently
taken up by HeLa cells, likely due to a specific ligand-receptor-
mediated endocytosis process, and it does not form aggregates
after being labeled for 30 minutes. Additionally, when the cells
were irradiated with a TP laser, the cell-bleb phenomenon was
observed, indicating that the cells were damaged (Fig. 1e).*’
BSe-B also has the advantage that diagnosis and treatment can
be performed simultaneously because its fluorescence intensity
allows cell imaging. In short, BSe-B, which displayed good ROS
generation ability in cuvettes and cells and excellent cell-
staining ability, has potential as a PDT tool.

ROS generation and PDT effect of BSe-B in cells

The dark toxicity and phototoxicity of BSe-B were evaluated
using the CCK-8 assay (Fig. 2a). After incubating HeLa cells with
BSe-B, the cells were divided into groups irradiated with light or
kept in the dark. Cells exposed to light showed a marked
decrease in viability, particularly evident at concentrations
>0.2 pM, demonstrating BSe-B’s high phototoxicity with mini-
mal dark toxicity. We assessed the ability of BSe-B to induce cell
damage via ROS generation after TP laser irradiation. ROS
generation was evaluated using the dichlorodihydrofluorescein
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diacetate (DCHF-DA) assay, in which DCHF-DA, a non-
fluorescent compound, enters cells and reacts with ROS to
produce fluorescent dichlorofluorescein (DCF).*® Upon irradia-
tion of HeLa cells with a TP laser in the presence of BSe-B and
DCHF-DA, a significant increase in DCF fluorescence was
observed (Fig. 2b), indicating effective ROS production by
BSe-B.

Further investigation using ROS and 'O, scavengers eluci-
dated the mechanism of PDT induced by BSe-B (Fig. 2c). HeLa
cells treated with BSe-B were divided into control, vitamin C
(ROS scavenger, 100 pM), or NaN; ('O, scavenger, 100 uM)
groups, followed by propidium iodide (PI) staining to assess
cell death.””*® In the absence of TP laser irradiation, PI
fluorescence indicative of cell death was absent across all
groups. Conversely, upon TP laser irradiation, PI fluorescence
was observed in the control and NaN; groups, whereas the
vitamin C group showed no PI fluorescence. This suggests that
during PDT, BSe-B predominantly operates via a type-I mecha-
nism involving ROS generation. These findings underscore BSe-
B’s efficacy in ROS-mediated PDT and its potential as a targeted
cancer therapy.

We conducted cell viability testing using fluorescence-
activated cell sorting (Fig. 2d). HeLa cells were divided into a
control group stained with dimethylsulfoxide alone or an
experimental group stained with BSe-B (10 uM). These groups
were further subdivided into non-irradiated and TP-irradiated

groups. Apoptosis was assessed using Annexin V and PI
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Annexin V-A

(a) Viability of HeLa cells after white LED irradiation or non-irradiation; the cells were treated with BSe-B. After irradiation, the cells were incubated

for 24 h. The viability was measured using CCK-8. (b) Fluorescence images of Hela cells co-stained with dichlorodihydrofluorescein diacetate (DCHF-
DA) (10 uM) and BSe-B (2 uM); (c) fluorescence images of Hela cells treated with BSe-B (2 pM), vitamin C (100 uM), or NaNsz (100 puM). Excitation: 488 nm
(DCHF-DA, PI). Emission: 500-550 nm (DCHF-DA), 650-700 nm (PI). Scanning laser: 730 nm, 1.4 mW, 1.3 s per scan, 100 scans. Scale bars: (b) 40 um
and (c) 70 pum. (d) Cell viability of BSe-B using FACS analysis in Hela cells; control (dimethylsulfoxide only), BSe-B (10 uM) staining followed by non-
irradiation, and TP-irradiation at 730 nm after BSe-B (10 puM) staining. After all procedures, the cells were stained with Annexin V and Pl (mean &+ SD, n = 3).
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staining.**>' The control group showed high cell viability (over
99%), whereas the group stained with BSe-B and not irradiated
with TP exhibited cell viability of more than 83%. In contrast,
TP irradiation led to more than 77% of apoptosis in the BSe-B
stained group. Additionally, to determine the ICs, of BSe-B
under TP conditions, the live/dead cell ratio was calculated
using Hoechst 33342 (live cell indicator) and PI (dead cell
indicator).**"”**> HelLa cells stained with BSe-B at concentra-
tions in the range of 0.2-20 pM were irradiated with a TP laser,
revealing an ICs, value of approximately 4.9 uM (Fig. S4, ESIT).
These findings emphasized the potent apoptotic effect of BSe-B
under TP irradiation, highlighting its potential as an effective
photosensitizer in targeted cancer therapies.

Cancer cell selectivity experiment of BSe-B

The selectivity of BSe-B for cancer cells was evaluated using
HeLa (biotin-positive cervical cancer) and WI-38 (biotin-
negative normal lung) cells (Fig. 3). Following staining with
BSe-B, real-time monitoring of the two-photon excitation
fluorescence (TPEF) intensity was conducted for 60 min in
HeLa and WI-38 cells. The fluorescence intensity of BSe-B was
approximately ten times higher in HeLa cells (cancer cells)
compared with WI-38 cells (normal cells) (Fig. 3a and b).

To confirm the specificity of BSe-B uptake by cancer cells
mediated by the biotin unit, a competition experiment using
free biotin was performed.””** Cells treated with free biotin

BSe-B ol
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10 WI38 (negative)
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Fig. 3 Biotin-conjugated BSe (BSe-B) targeting Hela cells: (a) real-time TP
images of Hela (biotin-positive) and WI-38 (biotin-negative) cells; cells were
treated with BSe-B (2 uM) with or without free biotin (1 mM). (b) Relative
fluorescence intensities were acquired every 10 min. (c) Fluorescence images of
Hela and WI-38 cells; cells were treated with BSe-B (2 uM, 1 h incubation). After
probe incubation, TP irradiation was performed within the white-dashed line
box areas. Excitation: 488 nm (PI), 730 nm (Hoechst 33342, TP), and 750 nm
(BSe-B, TP). Emission: 400-450 nm (Hoechst 33342), 480-520 nm (BSe-B),

and 650-700 nm (PI). Scanning laser: 730 nm, 1.4 mW, 1.3 s per scan. Scale bar:
(@) 40 um, (c) 80 pm (mean + SD, n = 3).

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry B

exhibited a fluorescence intensity similar to that of WI-38 cells
(Fig. 3a and b), indicating that the enhanced uptake of BSe-B in
cancer cells could be attributed to the binding between the
biotin unit and the overexpressed biotin receptor in the cancer
cells.”* In addition, TP-PDT efficacy experiments were con-
ducted on both cancer and normal cells. After incubating each
cell type with BSe-B for 1 h, the cells were irradiated with TP
according to the number of scans. In HeLa cells, cell death
occurred in the TP-irradiated area, whereas no cell death was
observed in the WI-38 cells (Fig. 3c). Similar TP-PDT experi-
ments were performed on other cancer cell types, including
A549 (lung cancer) and OVCAR-3 (ovarian cancer) cells, where
cell death was observed after staining with BSe-B and TP
irradiation. In contrast, TP irradiation of L-929 cells (normal
connective tissue cells) resulted in the death of only a few cells
(Fig. S5, ESIt). These results highlight BSe-B’s potential for
targeted cancer therapy by leveraging biotin-mediated selectiv-
ity and TP excitation for precise imaging and treatment.

Biocompatibility test of BSe-B in vivo

A biocompatibility experiment was conducted to assess the
in vivo safety of BSe-B (Fig. S6, ESI{). Following injection into
mice, the organ morphology was examined using hematoxylin
and eosin (H&E) staining (Fig. S6a, ESIT). The results indicated
no significant morphological changes compared with the con-
trol group, confirming the absence of adverse effects in the
organs tested. Biochemical blood analysis further confirmed
the absence of toxicity, with no notable differences observed
compared with the control group (Fig. S6b, ESIT). Overall, these
findings demonstrate that BSe-B exhibits excellent biocompat-
ibility, supporting its potential for safe use in vivo without
compromising liver or kidney function.

TPM imaging in three-dimensional (3D)-spheroid tumor model
and human colon tissue

In our major experimental observations, a 3D-spheroid tumor
model was used and evaluated (Fig. 4). The fluorescence
intensity of BSe-B in HeLa cell spheroids was 6 times higher
than that of WI-38 cells (Fig. 4a and c). Upon TP irradiation,
there was a significant increase in the PI signal, specifically in
the HeLa spheroids (Fig. 4b and d), indicating BSe-B’s efficacy
in targeting and inducing cytotoxicity in HeLa cells.

BSe-B was applied to biopsy samples obtained from patients
with colorectal cancer at Ajou University Hospital (Fig. 5).
Staining under identical conditions revealed that the TPEF
intensity in cancerous tissues was approximately 8 times stron-
ger than that in normal tissues (Fig. 5a and c). This selective
uptake was evident not only in two-dimensional cell cultures
and 3D spheroids but also in patient-derived colorectal cancer
tissues. TP excitation allows the precise targeting of specific
regions within tissues. Colorectal cancer tissues treated with
BSe-B and DHR123 exhibited increased fluorescence (red) of
DHR123 solely within the irradiated area marked by a white
dotted box (Fig. 5b and d). In contrast, DHR123 fluorescence
was not observed in adjacent normal tissues under the same
conditions. These results underscore BSe-B’s ability to selectively

J. Mater. Chem. B, 2024, 12,12232-12238 | 12235
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Fig. 4 Selectivity and toxicity of BSe-B towards Hela spheroids: (a) 3D-spheroid two-photon fluorescence images of Hela (biotin positive) and WI-38
(biotin negative) cells. Spheroids were stained with BSe-B (10 uM) for 3 h. (b) One-photon fluorescence image of Pl staining in the spheroid. Spheroids
stained with BSe-B (10 uM, 3 h incubation) were irradiated with two-photon lasers at 730 nm and then stained with Pl (10 uM) for 24 h. (c) Two-photon
fluorescence intensity of BSe-B in each spheroid; (d) one-photon fluorescence intensity of Pl in each spheroid; excitation: 488 nm (Pl) and 730 nm (BSe-
B, TP); emission: 480-520 nm (BSe-B) and 650—-700 nm (PI); scanning laser: 730 nm, 1.4 mW, 1.3 s per scan. Scale bar: (a) 50 um, (b) 100 um (mean + SD,
n = 3), (***p < 0.001).
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FL Intensity of DHR123

Normal Cancer Normal Cancer

Fig. 5 Selectivity and toxicity of BSe-B towards patient-derived colorectal cancer tissues: (a) two-photon 3D images of colon cancer and normal tissues.
The tissues were treated with BSe-B (10 uM, 3 h incubation). (b) Z-section images of colon tissues after two-photon laser irradiation on the white-dashed
line box region; the tissues were treated with BSe-B and DHR123. (c) Two-photon fluorescence intensity of BSe-B in colon cancer and normal tissues;
(d) one-photon fluorescence intensity of DHR123 in colon cancer and normal tissues. Excitation: 488 nm (DHR123, OP), 730 nm (BSe-B, TP); emission:
480-520 nm (BSe-B), 500-550 nm (DHR123); scanning laser: 730 nm, 1.4 mW, 1.3 s per scan, 100 scans. The images shown in (b) are merges between
BSe-B (TP, green) and DHR123 (OP, red) (mean £ SD, n = 3), (***p < 0.001).

target and induce cytotoxic effects within distinct regions of color-
ectal cancer tissue ex vivo, highlighting its potential as a promising
therapeutic strategy for future applications.

Conclusions

We developed and synthesized BSe-B, a two-photon photody-
namic therapy (TP-PDT) probe engineered for selective cancer

12236 | J. Mater. Chem. B, 2024,12,12232-12238

targeting. By conjugating a biotin unit to BSe, known for its
potent ROS generation, BSe-B was tailored to possess superior
ROS generation capability, minimal dark toxicity, excellent cell-
staining ability, and remarkable cancer selectivity. This bio-
compatible probe effectively differentiated cancer cells (HeLa,
A549, and OVCAR-3) from normal cells (WI-38, L-929) across
diverse cell lines, demonstrating significant therapeutic
potential. BSe-B in vivo revealed no significant morphological

This journal is © The Royal Society of Chemistry 2024
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changes or biochemical abnormalities in the organs. Further-
more, BSe-B precisely discriminated between cancerous and
normal tissues in 3D-spheroid models and live human colon
tissue samples. Under TP laser irradiation, which offers spatial
selectivity, BSe-B induces cell death and ROS generation deep
within the tissues. This capability underscores BSe-B’s potential
as an advanced TP-PDT tool capable of integrating imaging-
guided therapy, enabling precise treatment and facilitating the
assessment of therapeutic outcomes.
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