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Multifunctional Organelle-Targeting Probes for Intracellular
Imaging and Enhanced Cancer Phototherapy

Weijun Ma,!? P! Chen Xie,*?! Xiaomin Li,®! Leo K. B. Tam, ! Yue Wu,® Rui Wang,?!
Pak-Lun Lam,"?) Ho-Fai Chau,'®! and Ka-Leung Wong*!!

Photodynamic therapy (PDT) represents a promising modality
for cancer treatment; however, its clinical application is hindered
by challenges such as glutathione (GSH)-mediated quenching of
reactive oxygen species (ROS) and autofluorescence interference
during visible light imaging. This study introduces Cy-NBD-5F,
a photosensitizer engineered to address these limitations. Upon
activation by GSH, Cy-NBD-5F exhibits 5.5-fold fluorescence
enhancement at 701 nm, producing its reduced form, Cy-OH-

1. Introduction

Photodynamic therapy (PDT) has gained significant attention as
a cancer treatment,!"! due to its minimally invasive procedure,
low toxicity, and repeated application without drug resistance.!
In normal cells, the oxidative balance is maintained by both the
reducing agent glutathione (GSH) and the oxidizing agent reac-
tive oxygen species (ROS), while in cancer cells, this balance is
disrupted and GSH is overexpressed to 10 mM, compared to 1-
2 mM in most normal cells.®! This GSH overexpression has been
widely used as a biomarker to activate phototheranostic, and
some compounds have been reported to moderate the intra-
cellular ROS and GSH levels to achieve therapeutic outcomes.
Meanwhile, short-wavelength excitation is not suitable for PDT
because of its limited tissue penetration and adverse health
effects. The concept of precision medicine, which focuses on
maximizing the elimination of tumor tissue while reducing side
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5F, which demonstrates enhanced ROS generation, including a
1.4-fold increase in singlet oxygen and 1.2-fold increase in super-
oxide anion radicals. Under light irradiation, Cy-OH-5F induces
significant cytotoxicity (ICso < 3 pM). Additionally, the molecule
predominantly localizes within lysosomes and the endoplasmic
reticulum, showing organelle-specific effects to improve thera-
peutic efficacy. These findings show the potential of Cy-NBD-5F
as a precise and effective tool for cancer theranostics.

effects on normal tissue, is widely recognized in the context of
exploring effective treatment methods for cancer.l®!

From a microscopic view, organelle- targeted PDT has shown
strong appeal due to its unique advantages.®! The presence
of specific targets can prevent photosensitizers from off-target
accumulation and ensure accurate delivery to subcellular com-
partments, thereby reducing damage to normal tissues during
therapy,”! it may also induce immunogenic cell death (ICD).[!
For instance, recent studies have demonstrated that lysosomes
can induce ICD through targeted PDT."! On the other hand, it
is important to note that endoplasmic reticulum (ER) stress is
also recognized as a significant signaling pathway that triggers
ICD, which makes ER another subcellular target."! Neverthe-
less, the targeting of a single organelle is challenging in terms
of achieving the anticipated therapeutic effect. One promis-
ing approach involves the simultaneous targeting of multiple
subcellular organelles.™

To overcome these issues, activatable photosensitizers which
can generate superoxide anion radicals (O,"") and hydroxyl
radicals (OH¢) in hypoxic tumor environments are designed for
biomarker-mediated release of active phototherapeutic moieties
while exhibiting fluorescent signals and exerting PDT to destroy
tumor cells.™” Hemicyanines, as a subclass of cyanine dyes,
feature the D-m-A-based intramolecular charge transfer (ICT)
mechanism, and have been widely applied.™ Qu et al. linked
bromine substituted hemicyanine structures with commercial
anticancer drug 50-DFUR through H,0, sensitive diborate ester
groups to form anticancer prodrugs.™ Peng et al. synthesized
a tumor activating photosensitizer ICy-N with enhanced PDT
effect by modulating the indole segment of hemicyanine dye
with iodine atoms.™ In vivo studies have indicated that ICy-N
has potential for utilization in tumor hypoxia imaging and near-
infrared (NIR) tumor ablation. Recently, Miao et al. designed
and synthesized an APN activatable hemicyanine dye-based
phototheranostic probe (CyA), which activates fluorophotoa-
coustic signal-guided PDT and immunotherapy for effective
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Scheme 1. Molecular structures and proposed mechanism of Cy-NBD-5F for
GSH-responsive imaging and photodynamic therapy. Upon activation by
intracellular GSH, Cy-NBD-5F transitions to Cy-OH-5F, enabling fluorescence
turn-on, enhanced intersystem crossing (ISC), and increased ROS
generation.

tumor treatment.®! These good works provide a foundation
for designing and synthesizing new phototheranostic based on
hemicyanine dyes, although most organic photosensitizers are
designed for “always-on” fluorescencent signal, which can lead
to inability to activate biomarkers for therapeutic diagnosis,
while the “off-on” property allows for minimal background
fluorescence and a high signal-to-noise ratio at tumor sites, so
that improving diagnostic precision.!"®!

Herein, we designed a small-molecule photosensitizer (Cy-
NBD-5F) based on the hemicyanine dye, the fluorobenzene
moiety for organelle-targeting, and a GSH-activatable functional
group (7-nitro-2,1,3-benzoxadiazole, NBD). With GSH overexpres-
sion in tumor cells, Cy-NBD-5F is reduced to Cy-OH-5F, and ICT
is restored, thereby producing NIR fluorescence and enhanced
inhibitory effects (Scheme 1). The NBD moiety greatly con-
tributes to the enhanced performance in therapeutic treatment,
by avoiding the high dark toxicity from Cy-OH-5F, increasing
the cellular uptake, and moderately enhancing ROS and singlet
oxygen production. We have comprehensively evaluated its ROS
production ability and responsive signaling, applied the com-
pounds to cells, and demonstrated their promising theranostic
applicability.

2. Results and Discussion

2.1. Photophysical Properties

To establish the suitability of Cy-NBD-5F for cell imaging and
PDT, its photophysical properties were thoroughly investigated.
Cy-NBD-5F and Cy-OH-5F were successfully synthesized with
good water solubility (Scheme S1), and their structures were
characterized using 'H/™C/F NMR spectroscopy, ESI mass spec-
trometry, and HPLC. As shown in Figure 1, the maximum
absorption peak of Cy-NBD-5F is at 597 nm, while Cy-OH-5F
exhibits a red-shifted absorption peak at 651 nm, which is con-
sistent with its structural changes. While Cy-NBD-5F shows weak
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Figure 1. a) UV-Vis absorption spectra and b) fluorescence emission spectra
of Cy-NBD-5F and Cy-OH-5F (10 uM) in PBS buffer (pH 7.4, containing 1%
DMSO). Excitation wavelength (Aex) = 670 nm.

fluorescence in PBS buffer (1% DMSO), its reduced product, Cy-
OH-5F, emits strong fluorescence at 701 nm (Figure 1b). This
turn-on NIR fluorescence is advantageous for tumor imaging,
as longer wavelengths enable deeper tissue penetration under
light irradiation.™ The fluorescence quantum yields were mea-
sured to be 0.31% for Cy-NBD-5F and 0.99% for Cy-OH-5F using
methylene blue (MB) as the standard (Figures S1-S3 and Table
ST).

The GSH levels are often associated with diseases.”’ The
time-response profiles of Cy-NBD-5F with GSH are shown in
Figure 2. Upon GSH treatment, a new absorption band at 651 nm
corresponding to Cy-OH-5F increases progressively, while the
absorption intensity of Cy-NBD-5F at 597 nm decreases over time
(Figure 2a). Quantitative analysis of the conversion in solution
was performed by HPLC, monitoring 10 pM Cy-NBD-5F in the
presence of 5 mM GSH in PBS buffer. The conversion rate was
calculated based on the relative peak areas of the reactant and
product. As shown in Figure S4 and Table S2, approximately
90% of Cy-NBD-5F was reduced to Cy-OH-5F within 4 hours.
Simultaneously, the fluorescence intensity at 701 nm increases
significantly (Figure 2b), confirming the conversion of Cy-NBD-
5F to Cy-OH-5F. This molecular transformation is facilitated
by the donor-w-acceptor (D-w-A) configuration of Cy-NBD-5F,
where the removal of the NBD group enhances ICT, resulting
in stronger fluorescence emission. The structural conversion was
further confirmed by ESI-MS analysis, which identified Cy-OH-
5F (m/z = 550.7) and Cy-NBD-5F (m/z = 713.5) as the respective
product and the precursor (Figure S5). Additionally, a linear rela-
tionship between fluorescence intensity and GSH concentration
was obtained in the range of 20-100 uM (Figure 2d), making
Cy-NBD-5F a reliable probe for detecting abnormal GSH in a
practical biological range.

The specificity of Cy-NBD-5F toward GSH was evaluated
against a panel of potential interfering species, including Cys,
Hcy, Lys, Pro, His, Arg, Ser, Glucose, H,0,, Ca**, and Mg?*. As
shown in Figure 2ef, the addition of 1 mM GSH resulted in
around 5.5-fold fluorescence enhancement at 701 nm, while
negligible responses were observed with the other species,
except for bio-thiols Hcy (200 uM) and Cys (200 uM). Although
Cy-NBD-5F shows reactivity toward homocysteine (Hcy) and
cysteine (Cys), the physiological concentrations of these two
thiols are significantly lower than that of glutathione (GSH) in
biological systems. Typically, GSH exists at concentrations of
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Figure 2. Evolution of Cy-NBD-5F (10 uM) to Cy-OH-5F upon GSH (5 mM) addition, measured via a) UV-Vis spectra and b) fluorescence spectra in PBS (pH
7.4, 1% DMSO). ¢) Fluorescence titration of Cy-NBD-5F (10 pM) with different GSH concentrations (0, 20, 40, 60, 80, 100 puM). d) Linear correlation between
fluorescence intensity at 701 nm and GSH concentration. e) Fluorescence response and f) F/F, values of Cy-NBD-5F (10 uM) in the presence of GSH (1 mM),
Cys (200 pM), Hcy (200 pM), and other relevant species (1 mM). Aex = 670 NM, Ay = 701 NM.

1-10 mM in cancer cells, while Cys and Hcy are present only at
30-200 uM and 5-12 pM, respectively. As a result, the interfer-
ence from Cys and Hcy is minimal under biological conditions.
This selectivity exhibits the potential of Cy-NBD-5F for reliable
GSH quantification.

2.2. Production of ROS

1,3-Diphenylisobenzofuran (DPBF) was used as a singlet oxy-
gen trapping agent, with MB serving as a reference to evalu-
ate singlet oxygen generation.™ As shown in Figure 3b, the
absorbance of DPBF at 415 nm decreased significantly in the
presence of Cy-OH-5F under visible-light irradiation, whereas
Cy-NBD-5F induced only weak DPBF bleaching under identical
conditions (Figure 3a). The singlet oxygen quantum yields (®,)
were calculated as 2.20% for Cy-NBD-5F and 3.14% for Cy-OH-
5F, suggesting that the removal of the NBD group enhances
the ability to generate singlet oxygen (Figure 3c). This enhanced
singlet oxygen generation ability of Cy-OH-5F is promising and
stronger than some reported photosensitizers.!™ This finding is
consistent with the hypothesis that the NBD group suppresses
the electron-donating capacity of hydroxyl groups, thereby lim-
iting ICT and reducing singlet oxygen production. This ROS
production was further validated using Singlet Oxygen Sensor
Green (SOSG), a highly selective probe for emitting strong green
fluorescence after reacting with singlet oxygen.®! As shown in
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Figure S6, no significant change in fluorescence intensity was
observed in the Cy-NBD-5F and SOSG mixture before and after
light irradiation, but after the reaction with GSH, the significantly
enhanced emission from SOSG can be seen to prove the increase
singlet oxygen production.

To explore their Type-l PDT ability, exhibited by superoxide
anion radical (O,"") generation capacity, we used the fluores-
cent probe dihydrorhodamine 123 (DHR123) and the reductant
vitamin (Vc) as indicators.™ As shown in Figure 3d-3f, DHR123
which was nonfluorescent but can react with ROS, generated
from both Cy-NBD-5F and Cy-OH-5F via Type | PDT process,
to emit strong green fluorescence centered at 533 nm. After
the addition of V¢, Cy-OH-5F showed much reduced emission
intensity which further validates that the enhanced DHR123
signal was indeed caused by generated ROS. These results
indicate that both compounds can generate singlet oxygen
and superoxide anion radicals, but their ROS generation effi-
ciency improves after GSH-mediated conversion of Cy-NBD-5F
to Cy-OH-5F. By evaluating the production of different types
of ROS, the reduced product Cy-OH-5F exhibited about 1.4-
fold increase in singlet oxygen generation and around 1.2-fold
increase in superoxide anion radical production compared to
Cy-NBD-5F.

Considering the difference of matrix/solvent polarities in
complex biological condition. The fluorescence properties of Cy-
NBD-5F and Cy-OH-5F were also evaluated in relation to solution
polarity. As polarity decreased, fluorescence intensity increased
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Figure 3. Photodegradation curves of DPBF (120 uM) induced by ROS from a) Cy-NBD-5F (5 uM) and b) Cy-OH-5F (5 pM) in DCM under visible-light
irradiation. c) Decrease in DPBF absorbance at 415 nm. Fluorescence spectra of DHR123 (10 uM) with d) Cy-NBD-5F (10 uM) and e) Cy-OH-5F (10 uM) and Vc

(50 pM) under visible-light irradiation for 5 minutes in aqueous solution (1% DMSO). f) Fluorescence intensity of DHR123 at 533 nm after visible-light
irradiation for 5 minutes (1: DHR123; 2: DHR123 + Cy-NBD-5F + light; 3: DHR123 + Cy-NBD-5F + Vc + light; 4: DHR123 + Cy-OH-5F + light; 5:

DHRI23 + Cy-OH-5F + Vc + light).
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Figure 4. a) Polarity-dependent absorbance of ABDA (100 uM) with
Cy-NBD-5F (10 uM) and Cy-OH-5F (10 uM) at 378 nm in mixtures of
1,4-dioxane and water (v/v%). b) Polarity-dependent fluorescence intensity
of DHR123 (10 puM) with Cy-NBD-5F (10 uM) and Cy-OH-5F (10 pM) at

533 nm in 1,4-dioxane/water solutions (v/v%). c) The fluorescence imaging
of the Hela cells incubated with Cy-NBD-5F (2.5 uM) activated by GSH.
SOSG fluorescence indicates ROS generation under red LED irradiation (5 J)
after 20-hour of incubation. Scale bar = 30 pym.

(Figure S7), highlighting their sensitivity to environmental polar-
ity changes. This characteristic suggests potential applications in
monitoring organelle polarity, such as changes in the ER during
ferroptosis.”) However, the ability to generate singlet oxygen
(Figures 4a and $8,59) and superoxide anion radicals (Figures 4b,
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and S10, S11) decreased with reduced polarity. This behavior is
attributed to the reduced singlet-triplet energy gap (AEst) in
polar environments, which facilitates intersystem crossing (ISC)
and enhances ROS generation.!?!]

2.3. In Vitro Cell Imaging and Photodynamic Therapeutic
Effects

To further assess the applicability of Cy-NBD-5F, its intracellular
ROS generation ability was evaluated in Hela cells following GSH
activation. SOSG was employed as an indicator, as it reacts with
ROS to emit a fluorescent signal. HelLa cells were incubated with
Cy-NBD-5F for 20 hours, followed by two control experiments:
one group was irradiated with a red LED light (5 J), while the
other group was kept in the dark. Noteworthily, red-light irradi-
ation is preferred in biological studies due to its superior tissue
penetration and reduced photodamage. As shown in Figure 4c,
cells incubated with Cy-NBD-5F and exposed to light exhib-
ited a strong fluorescent green signal, whereas the dark control
group displayed only weak fluorescence. This weak fluorescent
signal could be attributed to the reaction between endogenous
ROS and the probe, because ROS are naturally produced in nor-
mal cellular metabolism and are abundant in organelles such as
mitochondria, peroxisomes, and the ER.[?2! These results indicate
that Cy-NBD-5F, after GSH activation, generates ROS efficiently
under light irradiation. This controllable activation minimizes
toxic side effects on normal cells.
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Figure 5. a) Confocal laser scanning microscopy (CLSM) images of Hela
cells incubated with Cy-NBD-5F (2 uM) for 16 hours, showing colocalization
with organelle-specific dyes for the endoplasmic reticulum (ER Tracker
Green), lysosomes (Lyso Tracker Green), and mitochondria (Mito Tracker
Green). Aex = 638 nm. Scale bar = 10 pm.

The subcellular localization of Cy-NBD-5F in Hela cells was
investigated using confocal laser scanning microscopy (CLSM).
Commercial organelle-staining trackers, including mitochondria
(Mito)-Tracker Green, lysosome (Lyso)-Tracker Green, and endo-
plasmic reticulum (ER)-Tracker Green, were employed. As shown
in Figure 5, Cy-NBD-5F preferentially localizes in the ER and lyso-
somes after GSH activation. Costaining with ER-Tracker Green
yielded a Pearson’s correlation coefficient of 0.65, confirming
ER targeting. This targeting is likely attributed to the polyflu-
orophenyl group of Cy-NBD-5F, which enhances its hydropho-
bicity and promotes interaction with the hydrophobic regions
of the ER.!Z! Similarly, colocalization with Lyso-Tracker Green
yielded a Pearson’s correlation coefficient of 0.73, indicating
lysosomal localization. This lysosomal targeting facilitates the
generation of ROS under light irradiation, leading to lysosomal
rupture and subsequent apoptosis through the release of photo-
sensitizers into the cytoplasm.”?*! Further CLSM analysis revealed
that few yellow pixels were observed in the merged images
of Cy-NBD-5F with Mito-Tracker Green, yielding a Pearson’s cor-
relation coefficient below 0.26. This indicates that Cy-NBD-5F
activated by GSH does not localize in mitochondria. The dual
localization of Cy-NBD-5F in the ER and lysosomes highlights its
potential to induce ICD by generating ROS and triggering ER
stress, a promising strategy for photoimmunotherapy.?!

The photodynamic therapeutic efficacy of the precursor Cy-
NBD-5F and its active drug Cy-OH-5F was evaluated using
an MTT assay in Hela cells (cervical cancer cells), HTB-9 cells
(bladder cancer cells), MRC-5 cells (normal lung cells), and L-02
cells (normal liver cells). After 24 hours of incubation, Cy-OH-
5F demonstrated higher inhibitory activities to all cell lines
even under dark conditions, compared to Cy-NBD-5F (Figure 6,
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Figure 6. Cytotoxicity of Cy-NBD-5F and Cy-OH-5F under dark conditions
and upon irradiation with red light (635 nm, 0.5 J) at various
concentrations in different cell lines. Cell viability (%) is plotted against the
logarithm of compound concentration.

Table 1. 1Cs,, values (uM) of different cells treated with Cy-NBD-5F and Cy-
OH-5F, under dark conditions and upon irradiation with red light (635 nm,
0.5 J).
Cy-NBD-5F Cy-OH-5F

Hela Dark 10.64 478

Light 3.16 298
HTB-9 Dark 1333 2.96

Light 6.54 266
MRC-5 Dark 14.50 247

Light 12.07 219
L-02 Dark 12.78 3.96

Light 11.48 3.67

Table 1). The different dark ICsy values between the two sam-
ples suggest that the conversion of Cy-NBD-5F to Cy-OH-5F was
partial, which might be due to the subcellular localization GSH.
It has been reported that, compared to cytosol and mitochon-
dria, much less GSH residues in the ER or lysosomes (where our
compounds localize),?! leading to reduced local availability for
prodrug activation.
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Under red light irradiation (635 nm, 0.5 J), Cy-NBD-5F showed
a increase in phototoxicity, with its ICso of 3.16 uM in Hela cells,
close to that of Cy-OH-5F (2.98 uM). This supports the occur-
rence of intracellular conversion. In HTB-9 cells, a similar trend
was observed. Cy-NBD-5F also demonstrated substantial light-
induced cytotoxicity (ICsp = 6.54 uM), indicating effective PDT
potential in this cancer cell line. Although the phototoxicity was
higher for Cy-OH-5F (2.66 uM), the GSH&light-induced toxicity
enhancement still reflects a therapeutically response to red light
irradiation in cancer cells. In contrast, in MRC-5 normal cells,
Cy-NBD-5F maintained high ICsy values under both dark (14.50
uM) and light (12.07 pM) conditions, similar observation in L-02
normal cells, demonstrating minimal conversion and excellent
biocompatibility, due to the lower intracellular GSH levels in non-
cancerous cells. Besides, Flow cytometry analysis of intracellular
compound levels revealed more efficient cellular uptake of Cy-
NBD-5F, as Cy-OH-5F had not fully entered the cells within 12
hours (Figures 512,513, Table S3).

These results emphasize that the photodynamic therapeutic
activity of Cy-NBD-5F is dependent on its selective intracellu-
lar activation, which varies between cell types. The combination
of low dark toxicity, efficient light-triggered cytotoxicity in can-
cer cells, and high safety in normal cells show the promise
of Cy-NBD-5F as a tumor-targeted pro-photosensitizer for
PDT.

3. Conclusion

In summary, this study presents the design and synthesis of
Cy-NBD-5F, a NIR-emitting photosensitizer with promising appli-
cations in cancer imaging and PDT. Cy-NBD-5F exhibits weak
fluorescence and modest ROS generation in its initial form; how-
ever, upon reduction by overexpressed GSH in cancer cells,
its reduced product Cy-OH-5F demonstrates a 5.46-fold fluo-
rescence enhancement at 701 nm, along with a 1.4-fold and
1.2-fold increase in singlet oxygen and superoxide anion rad-
ical generation, respectively. Additionally, Cy-NBD-5F enables
effective monitoring of GSH concentration, with fluorescence
intensity showing a strong linear correlation with GSH lev-
els in the 20~100 pM range. The molecular design, based on
ICT enhancement through NBD removal, was validated through
polarity-dependent fluorescence and ROS generation studies.
Despite polarity changes, Cy-OH-5F consistently outperformed
its precursor Cy-NBD-5F in ROS production and fluorescence
intensity. Furthermore, the dual-organelle-targeting ability of Cy-
NBD-5F, specifically to lysosomes and the ER, underscores its
potential for inducing ICD and advancing photoimmunotherapy
strategies.[*'*!
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