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Two-photon photodynamic therapy (TP-PDT) is a promising approach for the treatment of cancer because
of its better penetration depth and superior spatial selectivity. Here, we describe an azo group containing
cyclized-cyanine derivatives (ACC1 and ACC2) as a two-photon activated, type | based photosensitizer
(PS). These small-molecule and heavy atom-free organic dyes showed marked reactive oxygen species
(ROS)-generating ability under physiological conditions, as well as fast loading ability into the cells and
negligible dark toxicity. Live cell analyses with one- and two-photon microscopy revealed that these
dyes showed higher ROS generation ability upon two-photon excitation than upon one-photon
excitation via the type | process. The PSs have superior PDT properties compared to conventional
Visudyne and 5-ALA under mild conditions. These characteristics allowed for precise PDT at the target
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Introduction

Photodynamic therapy (PDT) uses a synthetic photosensitizer
(PS) that generates reactive oxygen species (ROS) upon photo-
illumination. The generated ROS induces cell death due to
organelle or vasculature damage." PDT has significant advan-
tages over conventional cancer treatments owing to its non-
invasiveness, instant healing process, and lack of drug resis-
tance.” Recent interest in the development of PDT agents has
led to the development of various photosensitizers including
porphyrin derivatives and heavy atom- and sulfur-containing
derivatives.> As most of these dyes are utilized with one-
photon (OP) and linear excitation, ROS are produced
throughout the beam pathways and cause injuries to
surrounding healthy tissues. In addition, heavy atom-
containing dyes have shown dark toxicity.* Another major
issue is hypoxia sensitivity of PS during the photochemical
pathway. Most PSs generate singlet oxygen (*0,) through energy
transfer to molecular oxygen upon excitation (type II). The
hypoxic tumor environment and short lifetime of 'O, reduce
therapeutic efficacy, resulting in the need for high loading
concentrations of PSs and/or prolonged light exposure times.®

“Department of Chemistry, Department of Energy Systems Research, Ajou University,
Suwon 443-749, South Korea. E-mail: kimhm@ajou.ac.kr

*Department of Energy Systems Research, Ajou University, Suwon 443-749, South
Korea

T Electronic supplementary information (ESI) available: Synthetic procedures for
NCC1, ACC1 and ACC2; computational data; "H-NMR, *C-NMR, and HRMS data;
supplemental figures and tables (PDF). See DOI: 10.1039/d0sc05686¢

{ V.J. and C. S. L. contributed equally to this work.

© 2021 The Author(s). Published by the Royal Society of Chemistry

PDT applications and in designing various PSs.

Two-photon excitation (TPE) is an alternate tool in PDT,
which utilizes low-energy light in the near infrared (IR) region
(700-950 nm) to penetrate deeper into tissues with minimum
photodamage to the healthy tissues.® Additionally, TP-PDT can
be used with greater spatial precision owing to the quadratic
dependence of TPE on the local photon intensity.” Hence, the
production of ROS can be controlled at the confined region to
the focal plane of the laser beam, enabling treatment of the
target pathologic site deep inside the tissue without damaging
the surrounding healthy tissue.® In combination with TPE, PS,
which generates cytotoxic ROS via hypoxia-tolerant electron
transfer type I photoreaction is beneficial. However, to the best
of our knowledge, there has been no report of a two-photon
excitable, type I based PS.

Over the years, the high biocompatibility of azo group-
containing dyes has been utilized in developing a fluores-
cence off-on imaging system for sensing various bio-analytes
and enzymes.® The non-radiative decay of azo dyes can be
attributed to fast internal conversion from a short-lifetime
singlet exited state to the ground state.'® However, their fluo-
rescence quenching processes are barely understood. An azo
bridge has been used as a deactivating unit in PS, and upon
removal of the azo bridge with external sources, PS was found to
regain its 'O, generation ability."* Cyanine dyes are commonly
utilized as imaging agents with high molar absorptivity.
However, their development has been limited by photo-
instability due to the open chain polymethine bridge. We
speculated whether the combination of the azo group and
cyanine dye could be used as a PDT agent, if the cyanine dye is
modified to enhance the photostability.
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Herein, we report azo group-containing cyclized-cyanine
derivatives (ACC1 and ACC2) as two-photon activatable and
type I based PSs (Scheme 1). These dyes showed higher ROS
generation ability in two-photon excitation than in one-photon
excitation. These small-molecule and heavy atom-free dyes
showed marked ROS-generating ability via the type I process,
fast loading ability into cells, and negligible dark toxicity.
Furthermore, they have superior PDT properties compared to
conventional PSs (5-ALA and Visudyne) under low PS loading
concentration and TP excitation power.

Results and discussion

The design of the core dye focused on using the conformational
rigidity of hemicyanine to produce a cyclized-cyanine (NCC1,
Scheme 1), with the expectation that intramolecular rotation
would halt the instability of the excited state, such as photo-
isomerization."” In addition, NCC1 contains an electron push-
pull system through linear m-conjugation between the amine
and indolinium sites. Dimethyl aniline was coupled with NCC1
to generate an azo bridge-containing a dye (ACC1), which
controls the photo-electronic properties of the resulting dye.
ACC2 has a methoxy group at the ortho position of the azo
bridge, giving it a more electron-rich character than ACC1.

The synthetic routes of these dyes are outlined in Scheme 1.
Key intermediate 1 was prepared through condensation
between 4-nitrosalicylaldehyde and N-alkylated indolenine
(Scheme S1, ESIt). Next, intramolecular cyclization via
a conventional method, which utilizes H,SO, and BBr3, failed to
yield the desired NCC1 dye because of the presence of an
electron-withdrawing NO, group on compound 1."* A one-pot
reduction-cyclisation method using SnCl, was found to
produce NCC1 dye in moderate yield (32%). ACC1 and ACC2
were prepared via a SgAr-type reaction between the diazonium
salt of NCC1 and N,N-dimethyl aniline derivatives, confirmed by
'"H-NMR, *C-NMR, and high resolution mass spectrometry
(ESD).+

In PBS buffer (pH 7.4), NCC1 has an absorption maximum
(Aaps) at 532 nm and a fluorescence emission maximum (q) at
570 nm with an impressive fluorescent quantum yield (®y) of 60%
(Fig. 1). The Ay of ACC1 and ACC2 were shifted to longer
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Scheme 1 (a) Chemical structures of Visudyne, 5-ALA, ACC1, and
ACC2. (b) Synthetic route to ACC1 and ACC2.
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Fig. 1 (a) UV-vis absorption spectra of 1 uM NCC1, ACCl and ACC2in

PBS 7.4 and (b) fluorescence emission spectra of 1 pyM NCC1, ACC1
and ACC2 in PBS at 530 nm excitation (solid line) and phosphores-
cence spectra of 5 mM NCC1, ACC1 and ACC2 in EtOH at —196 °C
(dotted line).

wavelengths at 565 and 586 nm, respectively, at which the molar
absorptivity of ACC2 (2.7 x 10* M™' cm™') was 1.5-fold
higher than those for NCC1 (1.8 x 10* M~ ' em™") and ACC1
(1.6 x 10" M~" em™"). These spectral red shifts are likely due to
the extended conjugation length and/or enhanced intramolecular
charge transfer character. In contrast, the fluorescent and phos-
phorescence emission of ACC1 and ACC2 was negligible (Fig. 1b).
The value of the two-photon action cross section () for NCC1,
measured by the fluorescence method, was 103 GM (10°° em* s
per photon), while the values for ACC1 and ACC2 could not be
determined because of their weak emission (Fig. S1, ESIt).* This
remarkable fluorescence quenching in one- and two-photon
processes could be attributed to intersystem crossing and/or
thermal relaxation, which led us to assess the ROS generation
efficiency.
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Fig. 2 (a) Fluorescence spectra of 5 uM DHR 123 with 20 uM of ACC1
and ACC2 for 30 min at A;ps (OP) or 770 nm (TP) in the presence or
absence of Vitamin-C (Vc, 100 pM) to detect generation of ROS in PBS
buffer (pH 7.4). (b) ABDA absorption degradation study at A,ps (OP) or
770 nm (TP) irradiation for 30 min with 20 pM of ACC1 and ACC2 in
H,O. (c) Fluorescence intensity of 5 uM DHR 123 with 20 pM ACC1 and
ACC2 showing differences in ROS generation upon TP excitation
wavelength in PBS buffer (pH 7.4). (d) Fluorescence intensity of 2.5 uM
DHR 123 showing the difference in ROS generation with 10 uM of
ACC1 and ACC2 with A,ps (OP) or 770 nm (TP) irradiation for 60 min at
50 uW incident power.
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Fig. 3 (a) Confocal fluorescence images of Hela cells containing 1 uM
ACC2 and 10 puM DHR 123 after OP and TP irradiation. (b) Fluorescence
intensity of 10 uM DHR 123 with 1 pM ACC2 according to ROS
generation upon OP and TP irradiation. (c) After TP excitation, the cells
were stained with 10 uM PI. Excitation: 488 nm (for DHR 123) and
552 nm (for Pl). Emission: 495-540 nm (green, DHR 123) and 650-
700 nm (red, Pl). Two-photon scanning laser: 770 nm, 1.6 mW, 1.3 s per
scan. All images share the same scale bar: 60 um.

Control Vit.C NaN,

Fig. 4 Confocal fluorescence images of Hela cells incubated with 1
uM ACC2 before and after TP irradiation. Live/dead cellimages of Hela
cells were obtained using 10 uM Pl before and after TP irradiation. After
incubation for 15 min, the cells were stained with PI. Note that the cells
were pretreated with or without Vitamin C (Vc; 50 pM) or sodium azide
(NaNsz; 100 puM). Excitation: 552 nm (for Pl). Emission: 650-700 nm
(red, PI). Scanning laser: 770 nm, 1.6 mW, 1.3 s per scan. The experi-
ment was run for up to 100 scans. Allimages share the same scale bar:
60 pum.

Two-photon (-)

Two-photon (+)

The ROS generation ability of ACC1 and ACC2 in PBS buffer
was evaluated in the presence of a general fluorescent turn-on
ROS indicator, dihydrorhodamine 123 (DHR 123)."* Upon OP
irradiation at A, using a fluorescence spectrophotometer for
30 min, the emission signal of DHR 123 increased marginally
(Fig. 2a). Interestingly, upon TP irradiation at 770 nm for 30 min
at 100 mW power, a strong emission at 526 nm in ACC1 solution
was observed (Fig. 2a), due to the ROS-mediated oxidation of
DHR 123."*¢ Furthermore, an approximately 4-fold higher

© 2021 The Author(s). Published by the Royal Society of Chemistry
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efficiency was observed with ACC2 than with ACC1. However,
under similar TP exposure both PS in the presence of antioxi-
dant Vitamin-C (Vc, 100 uM), the fluorescence of oxidised DHR
123 at 526 nm suppressed significantly (Fig. 2a).** ROS inhibi-
tion studies in the cuvette revealed, DHR 123 turn-on response
completely reduced upon Tiron addition (a well-known super-
oxide scavenger) and the DHR 123 fluorescent intensity was
unaffected by the other radical scavengers (Fig. S2a and bt).*®
Even though intracellular DHR 123 turn-on response was not
affected by Tiron treatment, but we observed fluorescence
depletion upon peroxynitrite inhibition, a known reactive
nitrogen species usually forms in the cell due to abundance of
superoxide radical (Fig. S2c and dt)."” These studies indicates
superoxides are probably generated by the developed PS.
Furthermore, the core dye (NCC1) showed no spectral changes
in DHR 123, indicating that the azo bridge likely plays a crucial
role in the TP-excited ROS generation (Fig. S3, ESIT).Under
similar OP and TP conditions, 'O, generation efficiency was
tested using 2,2'-[9,10-anthracenediylbis(methylene)]dimalonic
acid (ABDA). Upon OP and TP irradiation, there was no signif-
icant spectral change in ABDA (Fig. 2b), indicating that ACC1
and ACC2 mainly generate ROS via a type I photochemical
reaction. The TP exposure (30 min at 100 mW power) tests at
different wavelengths in the range of 750-900 nm indicated that
770 nm is an optimum excitation source for ROS generation,
and ACC2 is more efficient than ACC1 (Fig. 2c). To elucidate
whether the more efficient ROS generation in TP than in OP
depends on the incident light power, we compared OP (Anax)
and TP (770 nm) exposure under similar irradiation powers (50
uW, Fig. 2d). The results showed that both ACC1 and ACC2 dyes
tend to generate significantly higher amounts of ROS for TP
irradiation than for OP (Fig. 2d). Next, the stability of azo group
on PS under biological relevant reducing agent glutathione
(GSH) and photostability under TP conditions has been exam-
ined. The absorptions and fluorescence spectra of ACC1 and
ACC2 indicated that azo bridge barely affected by 10 mM GSH
and continuous TP irradiation for 30 min (Fig. S4a and bt)."**®

To examine the greater ROS generation in TPE, the electronic
structures of ACC1 and ACC2 were estimated by quantum
mechanical calculations. In both molecules, the S, state had the
largest oscillator strength (Tables S1 and S2, ESIt), which might
be responsible for the absorption at 580 nm. The energy gap
between S; and the lower-lying triplet states (T, T, and T3) was
between 0.4 and 1.1 eV (Fig. S5, ESIT). While the oscillator
strength of S, was very low, the S; state had an appreciable
oscillator strength, which could be excited by a two-photon of
770 nm radiation. The energy gaps for S; and Ts were 0.01 and
0.07 eV, respectively. This much smaller energy gap between
singlet and triplet states via TPE as compared to that via OPE
may facilitate fast intersystem crossing, whereas the higher
energy gap through OPE may facilitate thermal relaxation (for
more details, see ESIT). Indeed, under OP exposure to the ACC2
solution, a higher temperature was observed than that for TPE
(Fig. S6, ESIT).

ACC1 and ACC2 were incubated in live HeLa cells and tested
using OP microscopy (OPM) and TP microscopy (TPM). The
OPM and TPM images of ACC1-labelled cells showed a modest

Chem. Sci, 2021, 12, 427-434 | 429
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Fig. 5 Confocal fluorescence microscopic images of Hela cells treated with 1 uM ACC2 after TP irradiation (770 nm) different number of scans
as a function of irradiation time (a) under normoxia (b) under hypoxia condition. Live/dead cell images of HelLa cells were obtained using 10 uM PI
and 2 uM Hoechst 33342 before and after TP irradiation. Excitation: TP 750 nm (for Hoechst 33342) and 552 nm (for PI). Emission: 380-480 nm
(blue, Hoechst 33342) and 650-700 nm (red, PI). (c) Dead cell ratio (cytotoxicity) with 1 uM ACC2 is defined as the number of Pl positive cells to
the total number of cells under hypoxia and normoxia. Scanning laser: 770 nm, 3.6 mW, 1.3 s per scan. (d) In vitro dead cell ratio curves produced
using 1 pM ACC2 at a TP wavelength of 770 nm and 1.3 s per scan using 5 discrete laser powers (1.1, 1.6, 2.1, 2.5, and 3.2 mW). (e) Log(LDs) plotted

against log(laser power™). Scale bar, 120 pm.
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Fig. 6 Confocal fluorescence images of Hela cells with different
staining times and concentrations. The cells were treated with PSs
under various incubation conditions (1 mM 24 h for 5-ALA, 10 uM 2.5 h
for Visudyne, 10 or 1 uM for 2.5 h or 0.5 h for ACC1 and ACC2).
Incubated cells were exposed to OP irradiation (638 nm or A5s) or TP
irradiation (770 nm) for 100 scans. After incubation for 15 min, the cells
were stained with 10 uM PI. For images, excitation was 552 nm (for PI).
Emission: 650-700 nm (red, Pl). Scanning laser: 770 nm, 1.6 mW, 1.3 s
per scan. All images share the same scale bar: 60 um.

fluorescence signal (Fig. S7a, ESIT). These signals might be due
to the partially decomposed azo bridge that produced the NCC1
dye during incubation. The xyA mode spectra of NCC1-incu-
bated cells were identical to those from ACC1-labelled cells and
the decomposed ratio was approximately 10%, as determined
by their intensity calibration (Fig. S7a and b, ESIt). A similar
result was observed for ACC2. These signals could be useful for
analyzing the morphological aspect and image-guided process.
Next, we subjected ACC1 and ACC2 to dark toxicity using CCK-8
kit assays. The cell viability of these PS incubated in HeLa cells

430 | Chem. Sci, 2021, 12, 427-434

for 24 h was reasonable in the absence of TP exposure (Fig. S8,
ESIY), indicating decent dark toxicity.

We tested the ROS-generating ability of ACC1 and ACC2 in
live cells. The dye-loaded cells were subjected to TP irradiation
at 770 nm with an incident power intensity of 1.6 mW (290 X
290 um?) for 100 scans (1.3 s per scan). Remarkably, instant cell
bleb formation was observed in the bright field and fast ROS
production within the cells was confirmed by an increase in
DHR 123 fluorescence intensity (Fig. 3a, b and S9, ESI). The
ACC2 dye showed higher ROS production than ACC1 in the
cells, as observed in PBS buffer. However, when OP irradiation
was maintained at 488 nm (or 552 nm), there were no signifi-
cant cell blebs in the bright field and no measurable ROS
(Fig. 3a and b). This result showed the advantage of using these
dyes themselves or with other imaging agents for the moni-
toring process in the nontoxic OP mode, and then for PDT by
changing to TP mode. In an attempt to demonstrate that the TP
irradiation of ACC1- and ACC2-labeled cells caused apoptosis,
PDT analysis was performed with propidium iodide (PI), a well-
known red-fluorescent nuclear counterstain to detect dead cells
in a population.* HeLa cells to TP irradiation at the target area.
Along with increasing DHR 123 intensity, apparent PI nucleus
accumulation with intense red fluorescence was observed only
at the target area (Fig. 3c and S10, ESI). A similar result was
obtained with ACC1 (Fig. S11, ESI}). The control experiment
with NCC1 incubated with HeLa cells resulted in bright fluo-
rescent emission without photodamage (Fig. S12, ESIY).

To elucidate intracellular TP-PDT via ROS radical-driven
(type I) versus singlet oxygen generation (type II), cellular
experiments in the presence of ROS scavengers have been

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Schematic diagram of the process of forming multicellular tumor spheroids (MCTSs). (b—d) Confocal fluorescence images of 10 uM

ACC2 with 10 uM DHR 123 in HeLa MCTSs. (b) Bright-field image combined with the fluorescence of DHR 123 showing the ROS occurrence of
specific Z-section in MCTSs. The expanded image corresponds to an enlarged view of the white box area in the image after TP irradiation. (c)
Fluorescence images of DHR 123 and ACC2 showing ROS generation before and after TP irradiation. (d) Cross-sectional image of the enlarged
image in (b), showing ROS generation at a specific depth, and (e) image at depths 1-4 (blue dotted line) in (d). Excitation: 488 nm. Emission: 495-
540 nm (green, DHR 123) and 590-640 nm (red, ACC2). Scanning laser: 770 nm, 1.6 mW, 1.3 s per scan.

conducted. As shown in Fig. 4 and S13 (ESI),} control experi-
ments using ACC1 and ACC2, respectively, incubated with HeLa
cells and upon TP irradiation and subsequent PI staining
confirmed that most of the cells underwent apoptosis. In
addition, the cells underwent apoptosis in the presence of the
singlet oxygen scavenger NaNj. In contrast, in the presence of
Vitamin-C (a well-known ROS scavenger), no cell toxicity was
observed (Fig. 4). These results indicate that TP-illuminated cell
apoptosis occurred through the type I PDT process.
Subsequently, the dead cell ratio was measured under
different excitation powers (Fig. 5). PDT efficiency was deter-
mined by the cell staining method with PI and Hoechst 33342
for counting the dead and live cells, respectively. Irradiation at
770 nm of ACC2-loaded cells showed an increase in the number
of PI-stained cells, whereas the non-irradiated region showed
Hoechst stained cells, indicating that cell apoptosis was a result
of TP irradiation (Fig. 5a). In order to mimic of hypoxia state
deep within solid tumor, under hypoxic condition (5% CO,, 2%
0,) HelLa cells cultured for 4 h and under same condition 1 uM
ACC2 incubated in HeLa cells for 1 h.'® For precise hypoxic
conditions, HeLa cells were cultured in stage-top incubator
system (LCI, Seoul) ensured hypoxic conditions maintained
during PDT and dead cell ratio studies. Importantly, under
hypoxic conditions 1 uM ACC2 maintained PDT effect and PDT
efficiency in comparison with normoxia (Fig. 5b and c). The
dead cell ratio plot revealed that ACC2-loaded cells showed
cytotoxicity of 40% within 10 scans. Upon increasing the
number of scans to 100, ACC2-loaded cells showed complete
cell ablation (Fig. S14b, ESIT). ACC1 exhibited similar behavior,
except for a marginally lower efficiency (Fig. S14, ESIt). In

© 2021 The Author(s). Published by the Royal Society of Chemistry

addition, the 200 scans of TP irradiation under normoxic (21%
0,) and hypoxic (2% O,) conditions without PSs showed no PI
staining indicates PDT effects on cells contributed by PSs
(Fig. S15, ESIt). The TP-PDT efficiency of ACC1 and ACC2 was
estimated by LDs, under distinct power sources (1.1-3.2 mW).
The TP irradiation at laser powers of 1.1 mW to 3.2 mW showed
LDs, for both dyes with comparable 50% cell death. In addition,
at 1.1 mW power, ACC2 showed complete cell ablation after 100
scans, making it one of the most efficient PS (Fig. S14b, ESIt).>
Furthermore, the linear relationship between log(LDs,) and
log(laser power™ ') was observed. This proves that both probes
underwent a non-linear PDT process (Fig. 5d and S14c, ESIT).
These results demonstrated that both ACC2 and ACC1 are effi-
cient TP type I PSs.2%?

The intracellular localization studies of NCC1, ACC1 and
ACC2 dye has been performed by employing commercially
available organelle trackers.** As sown in dual channel imaging
Fig. S16-S18, ESL, T the fluorescence distribution of NCC1 dye
within cell overlapped significantly with MitoTracker Deep Red
(MTDR) with correlation coefficient of 0.96, whereas for Lyso-
Tracker Green (LTG) and ER Tracker Red (ETR) of NCC1 dye
showed lower Pearson's coefficient values 0.21 and 0.66
respectively (Fig. S16, ESI). Similarly, ACC1 and ACC2 intra-
cellular localization performed against Mito, Lyso, and ER
trackers by studying the NCC1 partial release within cell. Both
PS ACC1 and ACC2 dye showed strong mito-localisation with
Pearson's coefficient values 0.88 and 0.94 respectively. Whereas,
ACC2 and ACC1 probes partially overlapped with Lyso- (PC 0.25
and 0.22) and ER- (PC 0.60 and 0.53). These results confirm that
cyclized-cyanine core on the NCC1 dyes and PS (ACC1 and

Chem. Sci., 2021, 12, 427-434 | 431
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ACC2) may directs obvious preferential mitochondrion accu-
mulation over other vital organelles due to the electrostatic
interaction between mitochondrion and probes (Fig. S17 and
18, ESIY).

To investigate PDT efficiency, our TP PSs were compared
with known FDA-approved 5-ALA and Visudyne, in which
Visudyne has a proven record of TP phototoxicity over photofrin
and 5-ALA.”> Because conversion of 5-ALA to PS protoporphyrin
IX (PpIX) involves heme biosynthesis, HeLa cells were incubated
with 1 mM 5-ALA for 24 h to enhance PpIX production. As
shown in Fig. 6, 5-ALA and Visudyne failed to show TP-
illuminated toxicity, even at higher treatment concentrations
and prolonged incubation. ACC2 and ACC1 showed cell
apoptosis at 10-times lower concentration (1 uM) than that for
Visudyne (Fig. 6), indicating that ACC2 and ACC1 are efficient
TP PSs.

Promising results obtained from the PSs in TP-PDT on 2D
cell culture motivated us to further study its PDT efficiency in
mimicking multicellular tumor spheroids (MCTSs).?® To
demonstrate the ability of the PSs in micro cancer therapy, 2400
um MCTSs were prepared and incubated with ACC2 for 30 min
(Fig. 7). The spatial target region, with a diameter of 40 & 5 um
inside MCTS, was selected and irradiated with 770 nm (100 fs,
80 MHz, 1.6 mW) incident light for TPE along the z-sections.
The 3D images showed ROS generation precisely in the focal
plane of the laser beam. Hence, ACC2 is capable of PDT at the
specific region inside of mimic tumor spheroids without
damage to the non-target region (Fig. 7b-e).

Conclusions

In summary, azo-containing cyclized-cyanine dyes (ACC1 and
ACC2) as TP and type I PSs were developed. These small-
molecule and heavy atom-free dyes showed marked ROS-
generating ability under physiological conditions, fast loading
ability into cells, and negligible dark toxicity. OPM and TPM
experiments and inhibition studies revealed that PSs selectively
generate ROS via TP excitation and type I processes. These PSs
have superior PDT properties compared to conventional Visu-
dyne and 5-ALA under low loading concentration, incubation
time, and TP excitation power. These characteristics allowed for
precise PDT only at the target region in mimic tumor spheroids.
These results demonstrate that the TP PS will be useful for
efficient PDT applications and for designing various PSs.

Experimental section
Materials and methods

All chemicals and reagents were purchased from commercial
suppliers and used without further purification. All solvents
were purified by a solvent purifier prior to ACC1 and ACC2
probe synthesis by standard methods. Stock solutions of the
probe were prepared by dissolving in DMSO (Sigma-Aldrich, St.
Louis, MO, USA). A full description of the synthesis of the probe
and its intermediates is presented in the ESI Methods section.f
The synthesis results were characterized by "H-NMR, >C-NMR,
and ESI high-resolution mass spectrometry. "H-NMR and “C-
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NMR spectra were recorded using a Bruker 600 MHz spec-
trometer using CDCl;, methanol-d,, and DMSO-d, as solvents.
The chemical shifts are reported in ppm, and the coupling
constant is given in Hz. The spectra of the probe in the
absorption and emission spectra were recorded using a UV-vis
spectrophotometer (S-3100) and a fluorescence spectropho-
tometer (FluoroMate FS-2) with a 1 cm quartz cell, respectively.
The fluorescence quantum yield was determined using Rhoda-
mine 6G (® = 0.98 in MeOH) as the reference.

ROS detection

To determine ROS generation, non-fluorescent dihydrorhod-
amine 123 (DHR 123) was taken with ACC1 and ACC2 dye in PBS
buffer (pH 7.4). The cuvettes were irradiated with two-photon at
770 nm of incident power 100 mW or 50 pW for 10 to 60 min
and by changing the TP wavelength to 750-900 nm. The fluo-
rescence spectra were observed by OP excitation at 500 nm in
each case immediately after each TP irradiation. In addition,
DHR 123 before and after exposure to TP without PS has been
studied (Fig. S3, ESIf). For OP ROS generation studies under
similar conditions, a fluorescence spectrophotometer was used
at the probe's A,ps. Furthermore, NCC1 dye, a precursor of
developed PS, was added to PBS instead of PS subjected to
similar TP conditions.

Singlet oxygen detection

20 pM ACC1 and ACC2 dye was taken with 70 uM 2,2/-[9,10-
anthracenediylbis(methylene)]dimalonic acid (ABDA), in water
and the cuvettes were exposed to two-photon at 770 nm with
power 100 mW for 30 min and absorption spectra were imme-
diately measured to study ABDA decomposition at 380 nm. As
a control, 70 pM ABDA was taken in water and, as before, the
cuvette was exposed to TP and after 30 min 770 nm TP irradi-
ation absorption was measured. For OP singlet oxygen detec-
tion, a fluorescence spectrophotometer was used at the probe's
Aabs-

Quantum mechanical calculations

The geometry of the molecules was optimized in the ground
state at the wB97xd/cc-PVDZ level of theory, and the vertical
excited states were computed at TD-wB97xd/cc-PVTZ for both
singlet and triplet states. The results are summarized in Tables
S1 and S2, ESL}

Photothermal studies

1 mM ACC2 in ethanol was irradiated with 600 nm and 770 nm
under similar incident power for 10 min before measuring the
temperature variation using an IR-thermal camera. Tempera-
ture was measured every minute.

One- and two-photon fluorescence microscopy

Confocal images (ROS generation experiments with DHR 123
and imaging of NCC1 and PI) were obtained using a confocal
microscope (Leica TCS SP8 MP, Wetzlar, Germany) equipped
with an oil immersion 40x objective (numerical aperture, 1.30).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The excitation wavelength and emission slit settings for each
dye were as follows: NCC1 (488 nm and 590-640 nm), DHR 123
(488 nm and 495-540 nm), PI (552 nm and 650-700 nm), and
Hoechst 33342 (TP 750 nm, 400-500 nm).

PDT experiment using a two-photon light source

HelLa cells were incubated (37 °C, CO, 5%) with 1 pM ACC1 or
ACC2 in MEM-free media for 30 min. Before TPM exposure, the
cell culture was washed twice with PBS buffer. The two-photon
excitation source was an 80 MHz mode-locked Mai-Tai® Ti-
Sapphire tunable laser (690-1040 nm, 100 fs laser pulse)
tuned to 770 nm for ACC1 and ACC2, respectively. The two-
photon laser power was calculated by measuring the power at
the end point of the 40x objective lens using a Nova II power
meter (Ophir, Photonics). In all two-photon PDT experiments,
the laser power delivered to the cells was estimated to be 1.6
mW, 1.3 s per scan. The two-photon PDT experiment was per-
formed in the xyt scan mode for different scan numbers (image
size, 512 x 512 pixels; field of view, 290 x 290 pm; scanning
frequency, 80 MHz).

PDT efficiency estimation in normoxia (21% O,)

HelLa cells (7.0 x 10 per dish) were seeded on 20 mm confocal
imaging dishes (glass bottom dish, NEST) and stabilized for
72 h. HeLa cells were incubated with 1 uyM ACC1 and ACC2 for
30 min and a two-photon PDT experiment was performed. After
PDT treatment, the HeLa cells were incubated with 10 uM
propidium iodide (PI) for 30 min. Afterward, cells were washed
and the images were taken using a confocal microscope with
excitation at 552 nm and emissions of 650-700 nm (for PI). To
calculate the dead cell ratio more accurately, 1 uM Hoechst
33342 was stained with PI, and the corresponding ratio (live/
dead) was calculated using the number of blue and red fluo-
rescent dots.

PDT efficiency estimation in hypoxia (2% O,)

For intracellular death cell ratio measurement under hypoxia
environment, firstly, HeLa cells were plated onto glass
bottomed confocal dishes (MatTek) and incubated at 37 °C
under normal incubation condition (5% CO,, 21% O,) for about
72 h. For optimal experimental Hypoxic conditions, Stage-top
incubator system with temperature and humidity control (LCI,
Seoul) was used, which fitted perfectly on microscope for PDT
and cell viability studies under hypoxia. Now, HeLa cells incu-
bated additionally for 4 h under hypoxia condition (5% CO,, 2%
0,) in Stage-top incubator. After that, 1 uM ACC2 was added to
the cell dishes and continued incubation for 1 h under hypoxia.
For more reliably result, the cell culture medium used in the cell
culture and medium of 1 pM ACC2 were bubbled with the mix
gas (5% CO,, 2% O,, and 95% N,) in advance for 30 min. Then,
TP irradiation was performed (770 nm, 1.6 mW, 1.3 s per scan,
10-100 scan) and immediately 10 pM PI and 2 puM
Hoechst33382 was stained for 30 minutes. Finally, using
confocal microscopy the intracellular blue and red fluorescence
from Hoechst33382 and PI signals attributing to two-photon-
triggered PDT effect could be detected. Excitation: TP 750 nm

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(for Hoechst 33342) and 552 nm (for PI). Emission: 425-475 nm
(blue, Hoechst 33342) and 650-720 nm (red, PI).

Generation and analysis of HeLa MCTSs

Three-dimensional (3D) MCTSs were prepared using the liquid
overlay method. A trypsin/EDTA solution was used to separate
HeLa cells in the exponential growth stage into single-cell
suspensions. HeLa cells (2 x 10°) were transferred to 1.5%
agarose-coated transparent 25-well plates with 30 uL of Dul-
becco's modified Eagle medium (DMEM) containing 10%
serum. The single HeLa cells in the wells generated approxi-
mately 2400 pm in diameter of MCTSs on day 4 with 5% CO, in
air at 37 °C in an incubator chamber. After generation of HeLa
MCTSs, each MCTS in a 25-well plate was transferred to 20 mm
confocal imaging dishes (glass bottom dish, NEST) and imaged
using a 40x objective with xyz mode to monitor the volume of
the MCTS.
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