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New Cy5 photosensitizers for cancer phototherapy:
a low singlet—triplet gap provides high quantum
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Highly efficient triplet photosensitizers (PSs) have attracted increasing attention in cancer photodynamic
therapy where photo-induced reactive oxygen species (ROSs, such as singlet oxygen) are produced via
singlet—triplet intersystem crossing (ISC) of the excited photosensitizer to kill cancer cells. However,
most PSs exhibit the fatal defect of a generally less-than-1% efficiency of ISC and low yield of ROSs, and
this defect strongly impedes their clinical application. In the current work, a new strategy to enhance the
ISC and high phototherapy efficiency has been developed, based on the molecular design of a thio-
pentamethine cyanine dye (TCy5) as a photosensitizer. The introduction of an electron-withdrawing
group at the meso-position of TCy5 could dramatically reduce the singlet—triplet energy gap (AEg) value

(from 0.63 eV to as low as 0.14 eV), speed up the ISC process (t;sc = 1.7 ps), prolong the lifetime of the
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Accepted 21st September 2021 triplet state (zt = 319 us) and improve singlet oxygen (O,) quantum yield to as high as 99%, a value
much higher than those of most reported triplet PSs. Further in vitro and in vivo experiments have shown

DOI: 10.1039/d1sc04570a that TCy5-CHO, with its efficient O, generation and good biocompatibility, causes an intense tumor
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Introduction

Various classes of chromophores are potential candidate triplet
photosensitizers (PSs) that have been used in a wide range of
applications such as photodynamic therapy (PDT)," photo-
catalysis,” triplet-triplet-annihilation upconversion,® and
photovoltaics.* After being excited by light of a specific wave-
length, the triplet PS reaches the excited state. Unlike the short-
lived singlet state, the life span of the triplet state can reach
microseconds or even milliseconds.'®* The long lifetime of the
T, state ensures the conversion of light energy to chemical
energy, for example, for initiation of efficient intermolecular
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ablation in mice. This provides a new strategy for designing ideal PSs for cancer photo-therapy.

energy transfer to generate singlet oxygen or application in
photovoltaics and photocatalysis via electron transfer. Gener-
ally, triplets are of lower energy than singlets based on Hund's
rule of maximum multiplicity. Therefore, the electron can reach
the triplet state from the excited singlet state via intersystem
crossing (ISC),* whose efficiency determines the quantum yield
of T;. Thus, the efficiency of the ISC is the key feature of triplet
PSs.

Substantial efforts have been devoted to enhancing the ISC
of chromophores. One of the general strategies in this regard
involves incorporating heavy atoms such as heavy halogen
atoms (Br and I) and transition metals into the chromophore
core.” Heavy atoms can help achieve efficient ISC by enhancing
spin-orbit coupling (SOC).*>® This heavy-atom strategy, while
having led to the development of numerous triplet PSs, is still
not applicable in many cases because the enhanced SOC also
accelerates the transition from T; to S,.° Also, heavy atom
substitution always results in higher dark toxicity, which limits
their biological applications.’® To date, cyclic tetrapyrroles,**
methylene blue,"” and phenalenone'® have been recognized as
heavy-atom-free PSs. To systematically develop new PSs, several
tailor-made strategies have been developed to produce heavy-
atom-free PSs displaying efficient ISC. For instance, thiona-
tion of the carbonyl group in a chromophore is a new approach
to reduce the energy gap between the S, and T,, states, leading
to efficient transition to the triplet state.'* However, the various
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reactive oxygen species (ROSs) produced by PSs or other oxides
perform single-atom sulfur-for-oxygen replacements, which
bring about the inactivation of the PSs, implying that these PSs
are not stable under light and cannot be reused.*® Twisted -
conjugation systems'® and orthogonal compact electron donor-
acceptor dyads' have also been used to facilitate the ISC
process, which also lead to relatively short absorption wave-
lengths. Based on the aggregation-induced emission (AIE)
skeleton, the D-7t-A strategy has been proven to be an efficient
way to enhance ISC for AIE PS construction.'® Recently, the Zhao
group showed that a nearby free radical can transform the
electronic configuration of a chromophore so that the ISC
becomes a spin-allowed transition, which also helps enhance
the ISC.” The instability of free radicals as an ineluctable
drawback should not be ignored. Although these aforemen-
tioned insightful patterns have introduced new ideas for
enhancing the ISC of PSs, developing a PS that displays both
efficient ISC and other desired properties, e.g., concise chemical
construction, near infrared (NIR) light activation, and good
water solubility, is still a challenge.

Reducing the singlet-triplet energy gap (AEs) is another
mechanism considered to be crucial in promoting the ISC.*®
Subsequently, the low AE, of the PS will ensure high singlet
oxygen ("O,) quantum yield (QY) which is a central element for
treatment efficiency.”® Despite this discovery providing an
opportunity for developing novel heavy-atom-free PSs, the
practice of this concept hitherto has managed to determine how
to realize appropriate molecular designs. In the current work,
we developed a new PS design strategy by introducing an
electron-withdrawing group (EWG) at the meso-position of the
thio-pentamethine cyanine dye (TCy5) to realize a reduction of
AE and achieve an ISC enhancement (Fig. 1a). The ISC effi-
ciency of the dye increased with the introduction of more
strongly electron-withdrawing substituents. This molecular
design strategy was indicated to be generally applicable to TCy5
scaffolds. As a result, TCy5 modified with a quaternary ammo-
nium salt of benzothiazole (Btz) demonstrated an improved 'O,
QY, up to 99%—and hence, to the best of our knowledge,
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performed better as an 'O, generator than has any previously
reported PS. To further demonstrate the application of the PSs,
TCy5-CHO was selected for PDT because of its efficient 'O,
generation and good photostability. It showed powerful
suppression of tumor cell proliferation and promising tumor
therapy in vivo. This result showed TCy5-CHO to be an ideal
heavy-atom-free PS, and hence indicated the promise of
applying the triplet PS design strategy to a wider range of fields.

Results and discussion

Compared to the aforementioned triplet PS design strategy,
systematic chemical modification of the chromophores may
lead to tunable properties of the AEy, as well as subsequent
improvement of ISC performance. Because of their excellent
properties, such as NIR absorption, good water solubility and
tailorable structures, cyanine dyes were chosen initially. Herein,
we synthesized a series of designed TCy5 derivative compounds
and studied their production capacity for ROSs. As illustrated in
Fig. 1a, both the ISC and fluorescence originated from S; and
there is a general rule for designing triplet PSs: decreasing the
AE value can enable the ISC to compete with the other process.
Following the rule, we established a series of new triplet PSs by
altering the meso-substituents (X) appended to TCy5 (Fig. 1b). In
the beginning, we selected a generally used NIR absorbing
chromophore, TCy5-H, which possessed intense absorption in
the NIR region (A,ps = 669 nm, & = 1.92 x 10° M ' cm™ ') and
a high fluorescence quantum yield (®r = 56%) (Table 1).

Effect of substitution at the meso-position of TCy5

The succinct and versatile chemistry of TCy5 made it possible
for us to carry out a rapid divergent synthesis of a series of TCy5
PSs. By performing the Knoevenagel condensation reaction,
a group of new TCy5 compounds (TCy5-H, TCy5-Ph-MeO, TCy5-
Ph-NO,, TCy5-CHO and TCy5-Btz) with various kinds of group
(X) appended to (substituted into) the TCy5 core were synthe-
sized and characterized (Schemes S1-S31). Compared to the

a *
I -
S d
i O S¢ i, IA Egr
\\\\ —_— shssnnnn
> [ 5} \\ \\
=11] I \ = v ‘oaesesfbssssssans
o o \
@ () N, .
- @ L) » OMe
Ld- I o e TCy5-Ph-OMe - S@
| 2 : (ol
— . R ~ S
= E 3
! A,
l H NO,
l So v L TCy5-Ph-NO, ) L TCy5-Btz )
=
Fig. 1 (a) Schematic illustration of the strategy for our NIR excited TCy5 system via the optimization of the singlet—triplet energy gap (AEg) by

a meso-substitution group (X). (b) Molecular structures of the photosensitizers (TCy5-H, TCy5-Ph-MeO, TCy5-Ph-NO,, TCy5-CHO and TCy5-

Btz) in this study.
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Table 1 Photophysical and photosensitizing properties of TCy5 compounds

Aaps/Mm (e x 10> M ' em™1) Aem/IM O5° (%)
Compounds DCM* Water” DCM* Water” DCM Water D, (%)
TCy5-H 669 (191.6) 654 (55.6) 690 675 56 11 0
TCy5-Ph-OMe 673 (95.2) 656 (31.1) 697 676 64 5 0
TCy5-Ph-NO, 664 (120.1) 650 (60.6) 684 672 23 0.5 0
TCy5-CHO 627 (116.4) 591 (57.9) 665 644 21 2 63
TCy5-Btz 649 (52.8) 630 (33.5) 673 660 4 0.6 99

“In dichloromethane (DCM) with a concentration of 2 uM. ? In ultrapure water (UW) with a concentration of 4 uM. ° Absolute fluorescence
quantum yield (@5) upon irradiation at the corresponding absorption maxima. ¢ Singlet oxygen quantum yield (@) is determined using Rose

Bengal (RB) for TCy5 (®A(RB) = 0.75 in water).

peak absorption and fluorescence wavelengths of TCy5-H, these
wavelengths were found to be red-shifted when electron-
donating groups (EDGs) were substituted into the core of
TCy5-H and blue-shifted when electron-withdrawing groups
(EWGs) were substituted into the core. The blue shift was
attributed to the electron-deficient nature of X at the meso-
position of the TCy5 moiety. The various TCy5 compounds
strongly absorbed UV-visible light over a wide wavelength range,
from as low as about 500 nm to as high as about 730 nm
(Fig. 2a), i.e., overlapping with the “therapeutic window” of 600-
900 nm. In comparison with the organic phase, the five
compounds also exhibited good solubility in ultrapure water
(UW), important for their biological application prospects
(Fig. S1at). Their broad absorptions and high molar extinction
coefficients suggested their strong light-harvesting abilities,
a feature beneficial for PDT.

The fluorescence quantum yield (&@g) values for TCy5-H,
TCy5-Ph-MeO, TCy5-Ph-NO,, TCy5-CHO and TCy5-Btz in DCM
were determined to be 56%, 64%, 23%, 21%, and 4%, respec-
tively (Fig. 2b and Table 1). The high @y of the initial compound
TCy5-H demonstrated that it mainly underwent a radiative de-
excitation. The even higher & observed when the electron-
donating group 4-methoxybenzene was substituted into the
meso-position of TCy5-H to produce TCy5-Ph-OMe illustrated
that the electron-donating group might have strengthened the
radiative process. The decrease of @ (in DCM) to 23% when X
was changed to the electron-deficient Ph-NO, was expected. And
as shown above, when the aldehyde group was introduced at the
meso-position of TCy5, the fluorescence quenching was much
more obvious, and the powerfully electron-withdrawing
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Fig. 2 (a) Absorption and (b) fluorescence of TCy5 compounds (2 uM)

in DCM. Slit = 5/5.
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quaternary ammonium salt yielded the strongest fluorescence
quenching (@r = 4% in DCM). The @ in the aqueous phase also
confirmed that the EWG could cut down radiative transition.
Therefore, we ascribed the decreased @ to the EWG at the meso-
position. For each of the TCy5-EWG compounds, the wave-
length of the center of the residual fluorescence in solution was
shorter than that for reference compound TCy5-H (Table 1).
This blue-shifted fluorescence emission was an indication of
the orderly tunable conjugation between the TCy5 core and
meso-substituted moiety. Compared with that of TCy5-H, the
reduced fluorescence lifetime of TCy5-EWG was quite consis-
tent with the fluorescence quantum yield measurements
(Fig. S2 and Table S1t). These results showed a marked
dependence of the reduction in the radiative process efficiency
on having an EWG at the meso-position of the TCy5. The
implication would be a promising indication of the availability
of another efficient nonradiative decay channel for the S, state
of each of the TCy5-EWG compounds, with ISC being one of the
probable relaxation channels.

10, detection and PDT efficiency

To better understand the distinct fluorescence quenching
effects of the EWGs, molecular oxygen activation by the samples
in water under NIR light irradiation was investigated. In our
preliminary experiments, all TCy5 units having an EWG in the
meso-position showed very high activity toward *0,, supporting
the key role of EWGs in the ROS generation (Fig. 3). It has been
shown that triplet photosensitizers for 'O, generation can be
probed using 9,10-anthracenediylbis(methylene)dimalonic acid
(ABDA), which selectively reacts with 'O,, resulting in a decrease
in ABDA absorbance.?” In our experiments, aqueous solutions
containing ABDA and the various TCy5 compounds, respec-
tively, were exposed to NIR light, and the extent of any decrease
in the concentration of ABDA was measured. A negligible
decrease was observed for TCy5-H and for TCy5-Ph-OMe,
demonstrating their negligible 'O, production capacities
(Fig. 3c and S3f). Meanwhile, when TCy5-Ph-NO, was tested,
a slight decrease in the concentration of ABDA was observed;
this decrease indicated some enhancement of 'O, generation as
a result of introducing the EWG. The intensity of the charac-
teristic absorbance of ABDA showed a sustained decrease with
time when testing TCy5-CHO as well as when testing TCy5-Btz

Chem. Sci., 2021, 12, 13809-13816 | 13811
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Fig. 3 Time-dependent UV-vis absorption spectra for 9,10-anthracenediyl-bis(methylene)-dimalonic acid (ABDA) over (a) TCy5-CHO and (b)
TCy5-Btz under 10 mW cm™2 LED light irradiation in ultrapure water. (c) Decrease in the absorbance value of ABDA at 380 nm under NIR LED
irradiation. (d) Fluorescence images of MCF7 cells containing TCy5 (5 uM)/SOSG (10 M), indicating the O, generation of TCy5 dyes upon
660 nm light irradiation with a 20 J cm™2 light dose; for SOSG, emissions are collected at 500-580 nm (1, = 488 nm). Scale bar = 20 pm. (e)
Dark toxicity effect of TCy5 compounds on MCF7 cells. (f) Phototoxicity effect of four TCy5 compounds on MCF7 cells under 10 mW cm™2 light

irradiation for 10 min.

(Fig. 3a and b), suggesting efficient production of 0, in each
case. The '0, quantum yield (®,) values of TCy5-CHO and TCy5-
Btz were calculated to be 63% and 99%, respectively, using 1
mW cm > NIR light and Rose Bengal (RB) as the standard (¥, =
75% in water) (Fig. S4F). A comparison of our results with the
literature showed these @, values to be higher than the @,
values of most photosensitizers reported to date. The presence
of '0, was then tested for again using electron paramagnetic
resonance (EPR) spectroscopy (Fig. S5t). The results of this
experiment indeed suggested that 'O, was the predominant
species, reflecting the energy transfer behavior in TCy5-CHO
and TCy5-Btz. Of all the TCy5 samples investigated, TCy5-Btz
was unusual in that it suddenly lost its efficacy within five
minutes—with the nearly complete photobleaching in that
short time frame undermining its further application (Fig. 3b
and S61). In contrast, the comparatively good photostability of
TCy5-CHO ensured its ability to consistently generate a high
amount of 'O, (Fig. 3a).2

To understand the striking difference between the rate of
photobleaching of TCy5-CHO and that of TCy5-Btz, their cyclic
voltammograms were acquired (Fig. S7 and Table S2t).
Compared to TCy5-CHO, TCy5-Btz presented a lower irrevers-
ible oxidation potential, of 0.77 V, which might have been one of
the reasons for its sharp photobleaching.

Encouraged by these promising results, we set out to deter-
mine the intracellular characteristics of these TCy5 dyes,
specifically in MCF?7 cells, and did so by using confocal laser-
scanning microscopy (CLSM). Furthermore, we tested and
compared the intracellular 'O, generation abilities of these
TCy5 compounds by using the specific 'O, probe Singlet Oxygen
Sensor Green (SOSG) (Fig. 3d). When subjected to 660 nm-
wavelength irradiation, only the TCy5-CHO-treated MCF7 cells

13812 | Chem. Sci, 2021, 12, 13809-13816

displayed obvious green fluorescence. TCy5-Btz showed only
limited activation of SOSG, attributed to the above-described
instability of TCy5-Btz upon being irradiated; and only rela-
tively dim green fluorescence signals were observed in TCy5-H-,
TCy5-Ph-MeO-, and TCy5-Ph-NO,-treated cells, primarily due to
their limited ISC capacities. These results revealed the superi-
ority of TCy5-CHO, over the other TCy5 compounds, at
promoting 'O, generation.

In light of the above promising results in cells, the potential
of the TCy5 compounds to act as PDT agents was determined by
using the MCF7 cells. Their levels of cytotoxicity in the dark and
upon being exposed to light were investigated by using the
methyl thiazolyl tetrazolium (MTT) assay for quantitative eval-
uation of cell viability. All TCy5 compounds were investigated
with equal doses of light irradiated onto the different types of
cell. In principle, an ideal PDT PS should be essentially nontoxic
in the dark and highly toxic upon being exposed to light.
Promisingly, TCy5-Ph-MeO, TCy5-Ph-NO,, TCy5-CHO, and
TCy5-Btz were found to be noncytotoxic in the dark in the MCF7
cells, while TCy5-H showed a cytotoxic profile in the range from
0.03 to 2 uM (Fig. 3e). When irradiated with 660 nm-wavelength
light (10 min, 10 mW c¢m™?), TCy5-Ph-MeO, TCy5-Ph-NO,, and
TCy5-Btz each showed little toxicity, with a half-maximal
inhibitory concentration (ICs,) of greater than 2 pM (Fig. 3f).
In contrast, TCy5-CHO showed notable phototoxicity upon
being irradiated with light, with an ICs, value of only 0.25 uM.

Theoretical calculations and transition absorption
measurements

To better understand the relationship between the chemical
modifications of the TCy5 framework and the resulting ROS

© 2021 The Author(s). Published by the Royal Society of Chemistry
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generation, we performed time-dependent density functional
theory (TD-DFT) investigations on the singlet and triplet excited
states of the various TCy5 molecules. Their ground state geom-
etries were optimized at the B3LYP/6-31+G(d, p) level of density
functional theory (DFT). As shown in Fig. 4a, the entire LOMO
distribution was determined from the DFT calculations to be
fixed at the TCy5 core, while a clear difference between the
HOMO and LUMO distributions of TCy5-Btz was observed. Above
all, the respective AEg values of the tested TCy5 compounds
ranged from 0.14 to 0.63 eV. Specifically comparing the AE
values of TCy5-Ph-NO,, TCy5-CHO and TCy5-Btz, measured to be
0.61 eV, 0.50 eV, and 0.14 eV, respectively, showed how equip-
ping TCy5 with a powerful EWG at the meso-position can result in
a relatively low AE and easy access to the triplet state; thus TCy5-
Btz could efficiently produce ROSs. The trend observed here was
in agreement with that for the @, experimental results.

To characterize in detail the overall temporal and structural
changes from the absorption to the emission geometry in the
photoexcited sample, transient absorption (TA) spectra of the
TCy5-CHO and TCy5-H compounds dissolved in DCM were
acquired for various delay times.

The evolution of femtosecond TA (fs TA) spectra of TCy5-H
and TCy5-CHO in air-saturated DCM is shown in Fig. S8af
and 4b, respectively. Upon being subjected to a pulsed laser
excitation at 380 nm, TCy5-CHO showed a broad excited-state
absorption (ESA) band in the wavelength range of 450-
570 nm, and a ground-state bleach (GSB) band centered at
630 nm. With increasing delay time, the ESA peak underwent
a red-shift from a wavelength of about 490 nm at 1 ps to 530 nm
at 6.1 ps. Compared with the negligible ESA of TCy5-H
(Fig. s8at), the new intense ESA for TCy5-CHO was due to the
introduction of the EWG.

The ESA band from TCy5-CHO intensified substantially
within 6.1 ps. Arise and set of decays of the trace at 530 nm were
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observed, as shown in Fig. 4b. The rise of the transient species
was characterized by a time constant of 1.7 ps, which indicated
the emergence of a new excited state.

Nanosecond TA spectra for TCy5-CHO in deaerated DCM
were recorded (Fig. 4c) to evaluate the kinetics of the triplet
excited states of TCy5-CHO upon being subjected to pulsed
laser excitation at 355 nm. Remarkably, the ESA band was still
seen for a long time, up to microseconds. Based on the nano-
second TA evidence, the duration of the rise (1.7 ps), shown in
Fig. 4b, was assigned to the ISC process, which is even faster
than that of a heavy-atom-PS. The broad ESA band in the
wavelength range 420—550 nm was as strong as the GSB band,
indicative of an efficient ISC displayed by TCy5-CHO. In addi-
tion, the decay trace at a wavelength of 627 nm showed a single-
component decay (Fig. 4d). The triplet-state lifetime constants
for the TCy5-CHO sample in deaerated DCM were observed to
be 319 ps, and belong to T,. Furthermore, the phosphorescence
spectrum of TCy5-CHO also verified the ISC process (Fig. S9t).

The energy diagram of TCy5-CHO is presented in Fig. 4e.
After TCy5-CHO was excited with NIR light, it will reach S, from
So- The subsequent ISC (1.7 ps) produced the T; state, which
competed with directly recovering to the trans ground state
through a radiative transition (1.2 ns). The subsequent long
ground-state bleach (319 pus) produced the initial Sy. The long
lifetime of the triplet state and fast ISC process are the most
important characters for a triplet PS.

PDT mechanism and efficiency of TCy5-CHO in live cells

Given their cationic characters, specifically with their positively
charged chromophores, we had further thought that TCy5-CHO
should be able to specifically accumulate in the mitochondria.
As shown in Fig. 5a, S10 and S11,7 its specific accumulation in
the mitochondria was observed at an incubation time of 1 h.
Note that, in general, generation of 'O, would be expected to
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(@) The HOMO-LUMO distribution of TCy5 is calculated by TD-DFT (Gaussian 09/B3LYP/6-31+Gl(d, p)). The ground state optimized

geometry by the DFT calculations at the B3LYP/6-31G(d, p) level with Gaussian 09. (b) Femtosecond transient absorption spectra of TCy5-CHO,
covering the time interval from 1 ps to 6.1 ps. (c) Nanosecond transient absorption spectra of TCy5-CHO excited with a nanosecond laser at
355 nm, and (d) decay trace at 627 nm of TCy5-CHO excited at 550 nm. ¢ = 3.0 x 10~° M in deaerated DCM at room temperature. Lifetimes of
the single exponential fitting functions are given in the graph. (e) Schematic reduction of the potential energy diagram to illustrate the origin of

the photophysical processes involved in TCy5-CHO shown in (b)—-(d).
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Fig. 5 (a) Representative confocal colocalization images of mito-

chondria (stained with MitoTracker Green) in MCF7 cells treated with
compound TCy5-CHO (5 uM) for 1 h. For MitoTracker Green and TCy5,
emissions were collected at 500-580 nm (Ao, = 488 nm) and 650—
730 nm (Aex = 640 nm), respectively. Scale bar = 20 um. (b) Evaluation
of mitochondrial membrane potential using probe JC-1 in MCF7 cells
treated with compound TCy5-CHO and irradiated by 660 nm light
with a 2 J cm~2 light dose. For JC-1, emissions are collected at 500—
550 nm (Aex = 488 nm) and 580-630 nm (Aex = 561 Nnm), respectively.
Scale bar = 20 um. (c) Evaluation of tumoricidal efficacy using calcein
AM/propidium iodide (PI) probes in MCF7 cells treated with compound
TCy5 and irradiated with 660 nm light at 2 J cm~2. Cell viability of
HepG2 (d) and 4T1 (e) cells subjected to a range of TCy5-CHO
concentrations under 10 mW cm™2 light irradiation for 10 min. (f) PDT
effect comparison of TCy5-CHO and commercial Ce6 in MCF7 cells.

induce cellular injury and hence disrupt the integrity of the
mitochondria. In the current work, mitochondrial membrane
potential (A¥ ) was measured using a JC-1 assay kit, with this
assay operating based on a direct proportionality between the
red fluorescence of the J-aggregates and the value of A¥,,, and
hence a decline in A¥,,, upon conversion of the J-aggregates to
their monomeric forms (green fluorescence).>* As shown in
Fig. 5b, TCy5-CHO effected a considerable loss of AW, with
a small dose of light, namely, the green fluorescence observed
in the MCF7 cells increased, and the intensities of the red
signals decreased, as TCy5-CHO was irradiated. After the MCF7
cells were co-stained with calcein AM and propidium iodide
(PI), most cells were red-stained (dead) (Fig. 5c). These striking
results provided additional support for the potential effective-
ness of TCy5-CHO as an 'O, PS.

In light of the above promising results in cells, we set out to
investigate more extensive application possibilities for TCy5-
CHO, and did so by evaluating its phototoxic effect in mouse
breast cancer cells (4T1) and human liver carcinoma cells
(HepGz2) (Fig. 5d and e). Strikingly, TCy5-CHO also generated
a phototoxic effect in these two types of cell and did so with ICs,
levels (0.25 uM) similar to those of each other. As shown in
Fig. 5e, the therapeutic efficacy of TCy5-CHO was found to be
superior to that of commercial photosensitizer Ce6 under
irradiation.
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In vivo tumor PDT

Due to the promising abilities of TCy5 compounds to induce
tumor cell death, we next examined the effect of performing
treatments with TCy5-CHO and TCy5-Btz in vivo. After carrying
out two-hour in situ injections of PBS or TCy5 into 4T1-tumor-
bearing mice, the tumors of these mice were irradiated with
axenon lamp light subjected to an optical filter (660 nm, 50 mW
cm ™ ?). For the in vivo PDT treatment, these mice were randomly
divided into six groups, with each group containing five mice:
(A) a group of mice injected with the PBS control (PBS), (B) mice
treated with 660 nm-wavelength light irradiation after being
injected with PBS (PBS + L), (C) mice only injected in situ with
TCy5-Btz (TCy5-Btz), (D) mice injected in situ with TCy5-Btz and
then treated with light (TCy5-Btz + L), (E) mice only injected in
situ with TCy5-CHO (TCy5-CHO), and (F) mice injected in situ
with TCy5-CHO and then treated with light irradiation (TCy5-
CHO + L). The PDT treatment was conducted 2 h after in situ
injection, and the irradiation was performed with 660 nm-
wavelength light of 50 mW cm™> for 15 minutes (Fig. 6a).
Following the treatment, the PDT effects were evaluated by
monitoring the change in tumor volume (Fig. 6b), number of
mice that survived (Fig. 6¢) and weights of the mice (Fig. 6d) as
well as by performing hematoxylin and eosin (H&E) staining of
the tumor tissues (Fig. 6e). Almost no tumor growth inhibition
or tumor tissue necrosis was observed in the group of mice
subjected to irradiation only, i.e., without the test compounds
(group B), which showed that, by itself, the NIR light irradiation
with the power intensity used had little photothermal effect on
the tumors. Regarding groups C and E, injections of TCy5-Btz
and TCy5-CHO without any subsequent light therapy resulted
in each case in hardly any tumor inhibition, i.e., there was
negligible dark toxicity demonstrated. Regarding group D
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Fig. 6 (a) Schematic illustration of the in vivo photodynamic therapy
by TCy5. (b) The changes of tumor volume of 4T1-tumor-bearing mice
after different treatments: (A) PBS, (B) PBS + light (L) (660 nm, 50 mW
cm™3), (C) TCy5-Btz, (D) TCy5-Btz + L (660 nm, 50 mW cm™2), (E)
TCy5-CHO, (F) TCy5-CHO + L (660 nm, 50 mW cm™2). Data are
expressed as the mean and SD (n = 5 mice per group). (c) Survival line
chart of different mice groups. (d) The body weight changes of mice
receiving different treatments. (e) Typical images of H&E-stained
tumors from mice that underwent different treatments for three days
(scale bar = 100 um). **p < 0.01, ***p < 0.001.
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(TCy5-Btz + L), injection of TCy5-Btz followed by irradiation also
did not show an obvious therapeutic effect, which suggested the
above-described photolability of TCy5-Btz still being an
impediment to its application in vivo. In contrast, the tumor
growth was markedly suppressed by the treatment involving
injection of TCy5-CHO followed by irradiation: here, the tumor
volume inhibition efficiency was found to be about 85%, and
the survival rate was the highest of all of the groups (Fig. 6b and
c).

The H&E staining analysis of the tumor tissue subjected to
TCy5-CHO and light showed obvious necrosis, which indicated
that TCy5-CHO can be effectively activated by NIR energy to
generate ROSs, leading to an intensely phototoxic effect on the
tumor (Fig. 6e). Additionally, neither cell necrosis nor inflam-
mation lesions were detected in major organs such as the lungs,
heart, liver, spleen and kidneys (Fig. S121). These results sug-
gested that TCy5-CHO displayed good biocompatibility and
bioactivity in vivo.

Conclusions

We have demonstrated a new strategy for realizing an orderly
decrease of singlet-triplet energy gaps (AEg), by carrying out
molecular modification and enhancing intersystem crossing
(ISC) based on the heavy-atom-free TCy5. The introduction of an
electron-withdrawing group (EWG) at the meso-position of TCy5
can make it become a triplet photosensitizer. Density functional
theory calculations indicated a decreasing AEg, from 0.63 eV to
0.14 eV, with increasing electron-withdrawing strength of the
EWG. Induced by the EWG, the desired characters for a triplet
PS, a fast ISC process (1.7 ps) and prolonged triplet state (319
us), were achieved. This kind of triplet PS was concluded to
exhibit an exceptional capability to generate singlet oxygen. In
terms of application, TCy5-CHO was found to exhibit excellent
phototoxicity against cancer cell proliferation by disrupting the
integrity of mitochondria with a half-maximal inhibitory
concentration (ICs,) of merely 0.25 pM under mild NIR light (10
mW cm™ >, 10 min). The high efficiency of TCy5-CHO was
retained in different cell lines and was much higher than that of
Ce6. Finally, we have demonstrated that using a powerful
electron-withdrawing group as a substituent (X) might be
a general strategy to develop efficient cyanine PSs. We plan in
our following work to take advantage of this new strategy to
further investigate triplet PSs.
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