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Abstract

Here, we have synthesized and characterized a @actightable photosensitizer
(PS)8a in which two well-designed boron dipyrromethen©@PY) derivatives are
utilized as the photosensitizing fluorophore ancergpher respectively, which are
connected by a disulfide linker via two succes$ive(l) catalyzectlick reactions. The
fluorescence emission and singlet oxygen productbrBa are suppressed via
intramolecular fluorescence resonance energy ®an@RET) from the excited
BODIPY-based PS part to quencher unit, but botlthem can be simultaneously
switched on by cancer-related biothiol glutathi¢8&H) in phosphate buffered saline
(PBS) solution with 0.05% Tween 80 as a resultlefage of disulfide. Alsd8a
exhibits a bright fluorescence image and a subatdROS production in A549 human
lung adenocarcinomaHelLa human cervical carcinoma and H22 mouse hemato
cells having a relatively high concentration of GSkkreby leading to a significant
photocytotoxicity, with 1G, values as low as 0.4, 0.67 uM and 0.48uM,
respectively. In addition, the photosensitizer bareffectively activated and imaged in
H22 transplanted hepatoma tumors of mice and sleogtsong inhibition on tumor
growth. All these results suggest that such a G&pansive photosensitizer based on
FRET mechanism may provide a new strategy for tuiaugeted and fluorescence

imaging-guided cancer therapy.
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1. Introduction

Photodynamic therapy (PDT) utilizes light as theergg source to excite the
photosensitizer (PS), then the excited PS readts axygen in tissues inducing the
production of reactive oxygen species (ROS), wihesults in localized cell apoptosis
and necrosis. PDT as a new modality, has sevestihcli advantages over traditional
treatments (including chemotherapy, radiotherapyg, surgery) in solid tumors, such
as low side effects, minimally invasiveness andigdde multidrug resistance (MDR)
[1-3]. However, the clinical use of this treatmdat limited by the low cancer
selectivity of currently available photosensitizéesding to phototoxicity against
normal tissues [4, 5]. To address these problehesetare several commonly used
methods. One is conjugation of PS to a targetiggnkd, such as biotin [6, 7], folic
acid [8, 9], saccharide [10], peptides [11, 12}imody [13] and tamoxifen [14] etc.,
which can greatly improve the specificity of PS tiamor tissues. Another is
encapsulating the photosensitizers with nanométed®, 16], in which utilizes the
enhanced permeability and retention (EPR) effe@ciueve passive transport of the
photosensitizers to the tumor tissues. Alternagjvattivatable photosensitizers are
novel but effective agents for selective PDT whidve drawn widespread attention
in recent years for their unique characteristiGslL[4.

Activatable photosensitizers that mainly basedloaréscence resonance energy
transfer (FRET) [18-20], intramolecular charge #fen (ICT) [21, 22], photo-induced
electron transfer (PET) [23, 24] and self-quencheechanisms [25, 26] are in a
passive state in normal tissues. However, whenggoito tumor tissues, with regard
to the special microenvironments like hypoxia [2Z8], specific physiological
enzymes [29, 30], acidic environment [31, 32] andos, the photo-physical and
photo-chemical properties of which can be restomeduding fluorescence emission

and photodynamic effect. Considering the signifiadifferences in the concentration
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of glutathione (GSH) between the intracellular @-rhM) and the extracellular (~
2 UM) [33, 34], and the much higher levels in canagiscthan in normal cells [35],
GSH-responsive photosensitizers has attracted mubehtion [36-39].

As a class of versatile fluorescent molecules, balipyrromethenes (BODIPY's)
have many excellent photo-physical and photo-chalmicoperties, such as large
molar extinction coefficients, high photo-stabilapd low sensitivity to physiological
environment [40, 41]. More importantly, their spatiproperties can be finely tuned
by modifying the BODIPY core [42], which is beneéitto the design of activatable
photosensitizer. In this study, we choose two céireflesigned BODIPY derivatives as
the photosensitizing fluorophore and quencher sy, both are linked each other
through a disulfide bridge to construct a glutatie@esponsive photosensitifa for
near infrared (NIR) fluorescence imaging-guidedgeéing photodynamic therapy
(Scheme 1). Due to intramolecular FRET process é&tPS and quencher moieties,
the activatable PS remains a silent state, asi#t,rée fluorescence emission, ROS and
photodynamic activity can be obviously quenched.weler, they will be
simultaneously restored when treated with glutatdio(Scheme 1). The
GSH-responsive properties of this photosensitiasrideen validated in vitro as well as

in vivo.

Fluorescence/
ROS restoration
Fluorescence/

ROS quenching R =¥~ O~~~ Os

Scheme 1. Schematic illustration of proposed activation mertisia.



2. Resultsand discussion
2.1. Molecular design and synthesis

The rationally designed GSH-responsive PS includlesee modules, a
BODIPY-based photosensitizing chromophore, a BODBDM@Sed quencher and a
bio-reducible disulfide linker. Here, BODIPY deriixees are selected as the PS and
guencher, which are mainly due to their excelldmtp-physical and photo-chemical
properties, such as strong absorptions in the leislhd near-infrared region (NIR),
and high photo-stability. It is noteworthy that ithepectral properties can be finely
tuned by reasonable chemical modification of theDB®Y core. Fig. 1 shows the
detailed synthetic route for the activatable B& According to the previously
reported procedures, we first synthesized BOD4HY] being as the photosensitizing
agent, the disulfide linkeésa [43] and BODIPY-based quenché{44]. Both PS4 and
guencher7 have an alkyne group, they were then linked byid&5a via two
successive Cu) catalyzed azide-alkyne cycloaddition reactionafford 8a with the
overall yield of 48%. Two iodine atoms were ancldote the pyrrole rings of
BODIPY core, boosting intersystem crossing and Isingxygen t0,) production,
made it be an ideal PS. Owing to intramolecularghdransfer (ICT), quenchér
bearing twoN,N-dimethylamino moieties had a relatively weak flegzence emission
and a red-shift absorption at ca. 705 nm, whicH exrlapped with the emission of
BODIPY 4. Therefore, upon PS unit was excited, there wdaa@da highly efficient
energy transfer iBa between the PS and quencher moieties. As a reshat,
fluorescence emission an@, production were inhibited. When GSH was added, both
of them were restored. By contrast, the controlugravith the non-cleavable C-C
linker, 8b, was also synthesized by employing a similar paitoBriefly, BODIPY 4
was treated witthb, followed by7 to give8b in a moderate yield d0% (Fig. 1). All
the new compounds were purified readily by colurhnromatography on silica gel

and characterized with various spectroscopic method
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Fig. 1. Synthesis of the GSH-responsive photosensifaemnd the control compourgt.

2.2. Spectroscopic and photosensitizing properties

The photo-physical and photo-chemical propertiedhef target compoun8&a
together with the references8b, 4 and 7 were measured in both
N,N-dimethylformamide (DMF) and phosphate buffereihealPBS) solution (pH=7.4,
with 0.05% Tween 80), respectively. The resultssam@marized in Table 1. As shown
in Fig. 2, PS4 had an absorption maximum of 662 nm and fluoreseeamission at
620-850 nm in DMF. In particular, this emission wally covered by the absorption
spectra of BODIPY-based quenclreiFig. 2b). Thus, when compoud (or 8b) was
selectively excited at 610 nm, the emission froemmgbiencher moiety around 768 nm
(769 nm) was observed while the emission of PS ani698 nm (697 nm) was
negligible (Fig. 2c), which indicated a highly efént FRET process was occurred in
8a (or 8b) from PS to quencher unithe fluorescence quantum yield of BODIRWas
0.24 in DMF, while that of the BODIPY donor part&f was significantly reduced to
0.003. So, the quenching efficiency of the anilsubstituted BODIPY irBa was



estimated to be 0.99. The singlet oxygen quantutdyiof8a, 8b and4 were also
determined by employing 1,3-diphenylisobenzofur@PBF) as the indicator and
unsubstituted zinc(ll) phthalocyanine (ZnPc) as téference [45]. It could be seen
from Table 1 that BODIPY was a highly efficient singlet oxygen generatoDiMF
and PBS containing 0.05% Tween 8®,E0.38and 0.30). As expected, after
conjugation with the aniline-substituted BODIPYg tproducts8a and 8b exhibited
extremely low®,in both DMF and PBS. The pH-responsive propertieg and 8a
were then investigated by electronic absorptionfararescence emission spectra. As
shown in Fig. S2 and Fig. S3, both compounds aensitive to neutral and weakly
acidic environment with the pH value higher thais8.we believe that 8a would not

be protonated whether it is in vitro and in vivgperments.

Table 1. Photo-physical/photo-chemical data of compoundiifierent solvents.

Solvent Compounds ~ A2bS (nm)  Agm.2(nm) o.° ®,°
4 662 698 0.24 0.38
7 705 773 0.043 0.007
DMF 8a 664, 704 768 0.052 0.018
8b 664, 705 769 0.049 0.020
4 662 697 0.11 0.30
PBS 708 744 0.014 0.006
(0.05% Tween 80) 8a 668, 709 742 0.021 0.015
8b 669, 708 744 0.019 0.016

3 Excited at 610 nnf Relative to unsubstituted zinc(ll) phthalocyani@eRc) in DMF as the referenc@d=
0.28).° Relative to unsubstituted zinc(Il) phthalocyani@aRc) in DMF as the referenc@{= 0.56).
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Fig. 2. (a) UV-Vis absorption spectra df(-3), 7 (- -), 8a ((I) and8b (—) (all at 10uM) in DMF; (b) Overlaps
between the fluorescence spectrig € 610 nm) of P& (-[3) and the absorption spectrum of quenchér -) in
DMF and (c) fluorescence emission specka£ 610 nm) o#4 (-), 7 (- -), 8a (1)) and8b (—) (all at 10uM) in
DMF.



The activation oBa by GSH was examined by monitoring its spectrahges in
PBS solution containing 0.05% Tween 80. Here, wedlse GSH concentrations to 2
MM and 10 mM, which simulates the extracellular aricacellular bio-distribution of
glutathione respectively. As shown in Fig. 3a d&id. S4, when 2uUM GSH was
added, even if incubated for 720 min in PBS witb5% Tween 80, the changes in
fluorescence oBa at 698 nm were negligible. However, when 10 mM G8&b
added, the fluorescence & at 698 nm was steadily enhanced with the culiare.t
After co-culture for 720 min, the fluorescence cuam yield of 8a from BODIPY
photosensitizer was recovered to be 0.085. Givantkie fluorescence quantum yield
of compound4 in PBS was 0.11, 77% @& was estimated to be cleaved by 10 mM
GSH for 720 min. This process followed pseudo-finster kinetics with js= 5.8 X
102 min™* for 8a (Fig. S5). These results suggested that the disulfond of8a
could be efficiently cleaved resulting in fluoresce restoration of BODIPY-based PS
by a millimolar concentration of GSH, but not a roimolar concentration of GSH. It
means that compour8h can keep stable in a quenched state during bloodlation,
but upon it enters into cancer cells, will be aatid by intracellular GSH. In addition,
we also investigated the control group and fourad the fluorescence intensity 8t
remained almost unchanged regardless of the anod@HH added.

The ability of8a and8b to produce’O, was also explored in PBS solution with
0.05% Tween 80 by using 9,10-dimethylanthracenddADas the'O, scavenger.
DMA can be decomposed B®, from PS under light illumination. As a result, the
fluorescence emission of DMA at 432 nm was vanisAsdlepicted in Fig. 3b and Fig.
S6, there was not obvious changes for fluorescehB&A at 432 nm in the presence
of 8a and8b under irradiation at 670 nm, which indicated b8thand8b couldn't
effectively generate singlet oxygen. However, gd&a with millimolar concentration
of glutathione, the fluorescence of DMA at 432 nesr@ased dramatically (Fig. 3b and
Fig. S6). This was because ttgat was activated by GSH to generd@®, inducing
degradation of DMA. And@a treated with GSH (10 mM) exhibited a slight loweéx

generation efficiency than the reference BODWRBesides, there was no chance to
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activate the reference compoudb with the non-cleavable linker by using any

concentration of GSH. In brief, the intramolecF#RET process iBa quenches most

of their singlet excited state, reducing the fleoence emission and singlet oxygen

generation efficiency, and the glutathione withlimiblar concentration can activate

them.
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Fig. 3. (a) Changes in the fluorescence intensitBa{10 uM) and 8b (10 uM) at 698 nm in PBS with 0.05%
Tween 80 in the presence of GSHL[®@ and 10 mM, respectively); (b) Comparison of thgrdelation rates of
DMA in PBS with 0.05% Tween 80 as monitored by theerdase in fluorescence intensity at 432 nm with
irradiation time both usin8a and8b as the photosensitizers (both atMd) in the presence of GSH (M and 10
mM, respectively).

2.3. In vitro studies

To study the activation @a at cellular level, we first investigated the flascence
imaging by incubating this dye with HelLa, A549 a#e cancer cells as well as HELF
human embryonic lung fibroblast cells. As demonsttan Fig. 4, when treatment of
HelLa, A549 and H22 cells witBa (10 uM) for 8 h, a bright intracellular fluorescence
was observed. The results indicated Batould be well uptaken by the three cancer
cells, and then efficiently activated by intrackllu biothiols. By contrast, the
fluorescence in HELF normal cells with a lower cemttation of GSH was much
weaker than that in the three cancer cells. Other hand, these four cells pretreated
with exogenous GSH (5 mM) for 2 h and followed 8y for another 8 h, the
intracellular fluorescence intensity dramaticaligrieased. These results suggested that
8a remained in a quenched state in normal cellscbuld be activated by biothiols of

higher concentration in cancer cells, thereby legdo an enhanced fluorescence



emission. Besidedor the non-cleavable analog8b, no matter whether pre-treated
with GSH or not, there was almost negligible flismence in all the four cell lines. And
the same conclusion can be reached from flow cytignamalysis (Fig. S7).

To account for the different activated behavior8@ between the cancer and
normal cell lines, we investigated the intracelluESH concentrations in HeLa, A549,
H22 and HELF cells with Total Glutathione Assay Ktig. S8). It could be seen that
the GSH levels in HeLa, A549 and H22 cancer cellseamuch higher than that in
HELF normal cells, which well explained the highastivation of8a in the three

cancer cells.
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Fig. 4. (a) Confocal laser scanning microscopy (CLSM) insagé HelLa, A549, H22 and HELF celbsfter
incubation with8a (or 8b) (10 uM) for 8 h, or cells pre-treated with GSH (5 mMJ b h, followed by treatment of
8a (or 8b) (10uM) for another 8 h; (b) quantitative results of (&) p < 0.01, *** p < 0.001).
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Reactive oxygen species (ROS) is an important factBDT. Next, we examined
intracellular ROS levels @a and8b in HeLa, A549, H22 and HELF cells under light
irradiation by using 2’,7’-dichlorofluorescein detate (DCFH-DA) as the ROS probe.
DCFH-DA itself does not emit fluorescence, butaksdized product DCF by ROS is
highly fluorescent. Therefore, the ROS level inidgy cells can be determined by
monitoring intracellular DCF fluorescence. As shoinnFig. 5, a substantial green

fluorescence of DCF in the green channel and agtred fluorescence of PS in the red



channel were observed when the A549 cells werenifiated by NIR light after
treatment witt8a for 12 h. It was believed that the intracellulsiots could cleave@a,
which led to a turn-on fluorescence emission aca@mng by a substantial ROS.
Moreover, the intracellular fluorescence in boteegr and red channels was found to be
stronger when the A549 cells were pretreated wilgenous GSH (5 mM), followed
by 8a, which indicated exogenous GSH promoted the reled®S, thereby elevating
the intracellular ROS level. When Vitamin C (VCO@uM), a ROS inhibitor, was
added, the green fluorescence of DCF substantdsiyreased, but there was not
obvious change in fluorescence intensityBaf This is because the ROS produced by
activated8a was heavy eliminated by VC, resulting in a redub€eF fluorescence
emission. The same experiment results were denadedtin HeLa and H22 cells (Fig.
S9 and Fig. S10). In contrast, negligible fluoremeein both channels was observed in
HELF cells and the exogenous GSH can promote thracellular fluorescence
emission and ROS production. For the con8tml the fluorescence in both channels

was few captured for all the four cell lines in aages.
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Fig. 5. CLSM images of (a) A549 and (b) HELF cells inculdatéth 8a (or 8b) (10 uM) for 12 h, pretreated with
GSH (5 mM) for 2 hand then incubated witBea (or 8b) (10 uM) for anotherl2 h or pretreated with VC (1QM)

for 1 hand then incubated witBa (or 8b) (10 uM) for anotherl2 h. The green fluorescence is DCF signals, the
red fluorescence is PS signals; (c) quantitatigelte of DCF green fluorescence in (a) and (k) €0.05, *p <
0.01, ** p < 0.001).

11



In addition, the cytotoxicity o8a and8b was evaluated by MTT assay in Hela,
A549, H22 and HELF cells. The results were desdrineFig. 6. Compoun@a was
basically noncytotoxic against all the four celhds up to 10uM without light.
However, once exposed to light£ 670 nm, 20 mWm 2, 2.4 J cm ?), it was found
that there was a high cytotoxicity to HeLa, A54@ &h22 cancer cells, but not HELF
normal cells. The 163 values, defined as the drug concentrations redjtir&ill 50% of
the cells, are as low as 0.gM (for HelLa cells), 0.44uM (for A549 cells) and 0.48
UM (for H22 cells), respectively. While, the refecer8b showed few toxicity to any
cells in the absence or in the presence of lightwds concluded thaBa could
selectively be activated in cancer cells with me&y high biological thiols leading to a

specific attack to cancer cells.
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Fig. 6. Cytotoxic effects oBa (circles) andBb (triangles) against (a) HelLa, (b) A549, (c) H22 4d) HELF cells
in the absence (closed symbols) and presence gypeinols) of light { = 670 nm, 20 mWm 2, 2.4 3 cmi ?). Data
are expressed as the mean valistandard error of the means of three independgmarenents, each performed
in sextuplicate.

To ascertain the distribution of PS in cellular amgms, the subcellular

localization of8a was also studied in HeLa, A549 and H22 cells (Fid:ig. S11, Fig.
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S12). The cells were first cultured wia, then stained with DAPI, Mito-Tracker
Green and Lyso-Tracker Red which are specific #soence probes for nucleus,
mitochondria and lysosomes, respectively. Finalhe intracellular fluorescence
images of PS and probes were captured via tworeiffechannels by confocal laser
scanning microscopy (CLSM). As demonstratied Fig. 7a, the fluorescence of
Mito-Tracker andBa were well superimposed. And the line traces inlés¢ column
also illustrated this conclusion. In addition, theerimental results in lysosomes were
similar to those of mitochondria (Fig. 7b). By c@#t, the fluorescence images8af
and the DAPI could not be superimposed well (Fig). All above suggested that

GSH-mediated cleavage &4 could occur imitochondria and lysosomes.
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Fig. 7. Visualization of the intracellular fluorescenceA&49 cells for Mito-Tracker (in green, a), Lysoa€ker (in
green, b) and DAPI (in blue, c). The last columfiusrescence intensity profiles of Mito-Trackeyso-Tracker,
DAPI and8a (10uM) traced along the white line in (a, b, c).

2.4. Invivo study

To further confirm the activation @a in solid tumors, the in vivo fluorescence
imaging was performed on H22 tumor-bearing mice floprescence molecular

tomography (FMT) using the FM 2500 system (PerkinElmer Inc.). As shown in
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Fig. 8a, the apparent fluorescence signals in tuwene observed for mouse after
administration wittBa (2 mg/kg, 20QuL) via tail-intravenous injection for 2 h and the
signal intensity increased along with time, imptyithat 8a could be efficiently
accumulated and activated in tumor tissues. WHhle, signals in the surrounding
normal tissues were insignificant, which might hesdo low accumulation or poor
activation of8a in these area. In comparison, for the con8tml significantly weak
fluorescence signals were captured in the wholey boduding tumor tissues as a
result of non-cleavable linker. The same experiaephenomenon was observed in
the ex vivo fluorescence imaging for the harvegstedor and major organs (heart,
liver, spleen, lung and kidney) (Fig. 8b).

Encouraged by the above results, next, we assdlseih vivo photodynamic
effects of8a by using H22 tumor-bearing mice. They were rangodiNided into five
groups treated with salin8a, 8a+light, 8b and8b+light, respectively. It was found
that for the saline control group after 15 days imistration, there was a fast tumor
growth which could be reflected by the huge chamgésmor sizes (Fig. 9b). Similar
results were obtained for the groups treated wity @a or 8b without light
suggesting negligible dark toxicity. After laseraiation,8a exhibited a significant
inhibition for tumor growth. Comparatively, onlyséight tumor growth inhibition was
achieved for the mice treated wi@b+light. The excellent photodynamic antitumor
performance o8a was also verified by the average tumor weightg.(8¢) and tumor
photographs (Fig. 9d). In order to further confirmvivo anti-tumor effect, tumors
were excised and subjected to histological analisihiematoxylin and eosin (H&E)
staining assay. A high level of cell necrosis apdosis was observed in tBa+light
treated tumor tissues, which was indiscernibletli@ mice receiving the other four
treatments (Fig. 10).

Considering biosafety, we simultaneously monitaitesl body weights of all the
mice every day during the treatment (Fig. 9a),llastrated there were no abnormal

changes among all the groups after injection dutihgays, which demonstrated good
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biocompatibility and low bio-toxicity oBa and 8b. Moreover, the H&E staining
images (Fig. S13) for the major organs (heartrligpleen, lung, and kidney) in the
mice treated witt8a+light and 8b+light further manifested no systemic toxicity &z

and 8b. All the results indicate tha8a can be served as a promising fluorescence

imaging-guided targeting antitumor PS.

(a)

Fig. 8. (a) In vivo fluorescence images of mice bearing? Hi2patocellular tumor taken at different time rafte
intravenous injection o8a, 8b and saline; (b) Ex vivo images of the differengans of mice, including kidney,
lung, spleen, liver, heart, and tumor, which weaeridiced at 24 h after injection (He: heart; Liudr; Sp: spleen;
Lu: lung; Ki: kidney; Tu: tumor).
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Fig. 9. (a) Changes in body weight; (b) Changes in tumdunze; (c) Mean tumor mass; (d) Photograph of the
excised tumors, after treatment wh, 8b, 8a+light, 8b+light and saline. Data are expressed as the medae
standard error of the means of three independgrarements, (% < 0.05, **p < 0.01, *** p < 0.001).
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Fig.10. H&E staining images of tumors for different groupfter 15 days treatment. Red arrows
represent areas of apoptosis and black arrowseas af necrosis.

3. Conclusions

In summary, a novel GSH-responsive NIR PS basdtR#II mechanism has been
synthesized and characterized. This PS can beatati\oy exogenously added GSH
with a concentration of millimolar in PBS solutiomith 0.05% Tween 80, and
endogenous biothiol in the A549, HelLa and H22 carmmdls companying with
significant fluorescence emission, high ROS prodagtand photodynamic effect. The
in vivo studies for H22 tumor-bearing mice demoaigtia strong tumor-imaging and a
substantial tumor growth inhibition ability da with good biosafety. All results
strongly indicate that this kind of GSH-respongiWwmtosensitizer has a great potential

for tumor-targeted and fluorescence imaging-guickatcer therapy.
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4. Experimental
4.1. Genernal

Experimental details regarding the purificationsolvents, instrumentation and

synthesis of compounds5 and7 presented in electronic supplementary information.

4.1.1. Synthesis of 6a

A mixture of4 (50 mg, 44umol) and5a (41 mg, 20Qumol) in dichloromethane (6
mL) was added to a solution of CuS6H,0 (10 mg, 4Qumol) and sodium ascorbate
(30 mg, 150umol) in a 1:1 mixture of water and ethanol (1 mChe mixture was
stirred at room temperature overnight, and then p@asred into water (20 mL),
extracted with dichloromethane three times @ mL). The crude product was further
purified by column chromatography on silica gelngsCHCI,/CH3;OH (30:1, v/v) as
the eluent to givéa as a green solid (36 mg, 67%). NMR (400 MHz, CDCJ): & =
8.13 (d,J = 16.4 Hz, 2 H, CH=CH), 7.75 (s, 1 H, triazole-R)60 (d,J = 8.4 Hz, 4 H,
ArH), 7.58 (d,J = 16.4 Hz, 2 H, CH=CH), 7.19 (d,= 8.4 Hz, 2 H, ArH), 7.14 (dl =
8.4 Hz, 2 H, ArH), 6.96 (d] = 8.4 Hz, 4 H, ArH), 5.29 (s, 2 H, OGH4.74 (tJ = 6.4
Hz, 2 H, NCH), 4.19 (t,J = 4.8 Hz, 4 H, OCh), 3.89 (t,J = 4.8 Hz, 4 H, OCh),
3.78-3.74 (m, 4 H, OC}), 3.72-3.65 (m, 8 H, OCH, 3.61 (t,J= 6.4 Hz, 2 H, ChN3),
3.58-3.54 (m, 4 H, OCH), 3.38 (s, 6 H, OCHJ, 3.21 (tJ = 6.4 Hz, 2 H, SCh), 2.90 (t,
J=6.4Hz, 2 H, SC}), 1.49 (s, 6 H, CH; **C NMR (150.7 MHz, CDG) &: 159.95,
159.16, 150.42, 145.66, 143.52, 139.08, 138.30,2033129.74, 129.69, 129.24,
127.93,123.69, 116.74, 115.69, 114.98, 82.703/¥®.87, 70.65, 70.57, 69.67, 67.54,
62.02, 59.05, 49.84, 48.81, 37.70, 37.52, 17.71;pdRMS (ESI): m/z calcd for
Cs4HesBF2loNgNaGyS,: 1357.2202 [M+Na], found 1357.2205.

4.1.2. Synthesis of 6b

According to the above procedudd50 mg, 441mol) was treated witBb (40 mg,
210pmol) in the presence of CugGH,O (10 mg, 4Qumol) and sodium ascorbate (30
mg, 150pmol) to giveéb as a green solid (34 mg, 73%H NMR (400 MHz, CDCJ):
§=8.13 (dJ = 16.8 Hz, 2 H, CH=CH), 7.66 (s, 1 H, triazole-A)%0 (d,J = 7.6 Hz, 4
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H, ArH), 7.58 (d,J = 16.8 Hz, 2 H, CH=CH), 7.19 (d= 7.6 Hz, 2 H, ArH), 7.14 (d}
=7.6 Hz, 2 H, ArH), 6.96 (d= 7.6 Hz, 4 H, ArH), 5.28 (s, 2 H, OGH4.40 (tJ = 6.8
Hz, 2 H, NCH), 4.22-4.16 (m, 4 H, OCHi 3.92-3.86 (m, 4 H, OC}ji 3.78-3.73 (m, 4
Hz, OCH), 3.72-3.64 (m, 8 H, OCH, 3.59-3.53 (m, 4 H, OCH, 3.39 (s, 6 H, OCH),
3.28 (t,J = 6.8 Hz, 2 H, ChkN3), 2.01-1.92 (m, 2 H, C§), 1.65-1.56 (m, 2 H, C}),
1.49 (s, 6 H, Ch), 1.46-1.36 (m, 4 H, C}; *°C NMR (150.7 MHz, CDG) 5: 160.09,
159.33, 150.58, 145.78, 143.67, 139.24, 138.44,3433129.89, 129.86, 129.39,
128.06, 122.82, 116.90, 115.84, 115.13, 82.84,7/{20.01, 70.80, 70.71, 69.82, 67.69,
62.26, 59.20, 51.37, 50.47, 30.32, 28.78, 26.3®126.7.83 ppm; HRMS (ESI): m/z
calcd for GeHe7BF2l,NgNaQy: 1321.3074 [M+Na]; found 1321.3076.

4.1.3. Synthesis of GSH-responsive PS 8a

According to the procedure f6a, treatment o7 (26 mg, 41umol) with 6a (50 mg,
38 umol), CuSQ:-5H,0 (10 mg, 40umol) and sodium ascorbate (30 mg, 150o0l)
afforded8a as a green solid (55 mg, 719 NMR (400 MHz, pyridine-g): & = 8.54
(d,J=16.4 Hz, 2 H, CH=CH), 8.40 (s, 1 H, triazole-B)38 (s, 1 H, triazole-H), 8.28
(d,J=16.0 Hz, 2 H, CH=CH), 8.19 (d= 16.4 Hz, 2 H, CH=CH), 7.74 (d= 8.4 Hz,
4 H, ArH), 7.68 (d,) = 8.8 Hz, 4 H, ArH), 7.64 (dl = 16.4 Hz, 2 H, CH=CH), 7.42 (d,
J=8.4Hz, 2 H, ArH), 7.35 (d] = 8.4 Hz, 2 H, ArH), 7.33 (d] = 8.4 Hz, 2 H, ArH),
7.21 (dJ=8.4 Hz, 2 H, ArH), 6.99 (dl = 8.8 Hz, 4 H, ArH), 6.85 (s, 2 H, pyrrole-H),
6.63 (d,J = 8.8 Hz, 4 H, ArH), 5.54 (s, 2 H, OGH5.50 (s, 2 H, OC}), 4.90-4.84 (m,
4 H,NCH), 4.16 (tJ = 4.4 Hz, 4 H, OCH), 3.83 (tJ = 4.8 Hz, 4 H, OCH), 3.74-3.70
(m, 4 H, OCH), 3.70-3.64 (m, 8 H, OC)|, 3.54 (tJ = 4.8 Hz, 4 H, OCbh), 3.39 (tJ =
5.6 Hz, 4 H, SCH), 3.37 (tJ = 5.6 Hz, 4 H, SCh}, 3.29 (s, 6 H, OC}), 2.77 (s, 12 H,
NCHa), 1.55 (s, 6 H, Ck), 1.54 (s, 6 H, Ch); °C NMR (150.7 MHz, CDG)): § =
160.08, 159.27, 158.69, 152.84, 160.00, 150.49,78B45143.90, 143.62, 140.98,
139.18, 138.47, 136.56, 133.30, 130.18, 130.03,0030129.84, 129.80, 129.34,
129.18, 128.38, 127.92, 125.10, 123.93, 123.78,3B17116.86, 115.83, 115.34,
115.11, 114.92, 112.23, 82.82, 72.05, 70.98, 70.0:K9, 69.79, 67.67, 61.99, 59.16,

48.83, 40.36, 37.92, 37.80, 17.82, 14.95; HRMS )ESt/z calcd for
18



Cg4H103BzF4|2N1201052 [M+H]+, 1975.5568, found, 1975.5582.

4.1.4. Synthesis of reference 8b

According to the procedure fér, treatment o7 (26 mg, 4lumol ) with 6b (52
mg, 39umol), CuSQ-5H,0 (10 mg, 4Qumol) and sodium ascorbate (30 mg, 15HGol)
afforded8b as a green solid (52 mg, 68%) NMR (400 MHz, CDCJ): & = 8.13 (dJ
=16.4 Hz, 2 H, CH=CH), 7.63-7.57 (m, 8 H, CH=CHlianazole-H and ArH), 7.55 (d,
J=16.4 Hz, 2 H, CH=CH), 7.51 (d= 8.4 Hz, 4 H, ArH), 7.21-7.14 (m, 4 H, CH=CH
and ArH), 7.13-7.09 (m, 4 H, ArH), 7.06 @@= 7.6 Hz, 2 H, ArH), 6.95 (d] = 8.0 Hz,

4 H, ArH), 6.69 (d,J=8.0Hz, 4 H, ArH), 6.58 (s, 2 H, pyrrole-H), 3.5, 4 H, OCH),
4.31 (tJ=6.8 Hz, 4 H, NCh), 4.17 (tJ=4.0 Hz, 4 H, OCh), 3.87 (tJ=4.4 Hz, 4 H,
OCH,), 3.77-3.73 (m, 4 H, OCH, 3.72-3.64 (m, 8 H, OCH, 3.55 (t,J = 4.0 Hz, 4 H,
OCH,), 3.38 (s, 6 H, OCH), 3.00 (s, 12 H, NC§J, 1.92-1.84 (m, 4 H, CH), 1.46 (s, 6
H, CHs), 1.43 (s, 6 H, Ch), 1.37-1.31 (m, 4 H, CH; **C NMR (150.7 MHz, CDG)): &

= 160.09, 159.29, 158.70, 152.88, 150.99, 150.83,7b, 143.92, 143.64, 140.93,
139.21, 138.45, 136.53, 133.31, 130.18, 129.83,3629129.20, 128.48, 127.96,
125.17,122.94, 122.84, 117.30, 116.87, 115.843¥18915.10, 115.00, 112.23, 82.81,
72.06, 70.99, 70.79, 70.71, 69.81, 67.67, 62.191429.19, 50.26, 40.40, 30.15,
29.83, 25.95, 17.81, 14.94; HRMS (ESHvz calcd for GgHiodB2Fal2N12NaOy
[M+Na]", 1961.6259, found, 1961.6380.

4.2. Photo-physical and photo-chemical studies

4.2.1. GSH-responsive fluorescence emission

8a and8b were dissolved in DMF to obtain solutions with centration of 1 mM,
which were diluted to 1@M with PBS containing 0.05% Tween 80. And then GSH
was dissolved in PBS to obtain a 0.5 M GSH stodutsm. To investigate the effect
of GSH on the disulfide bond, we prepared a mixafr@a (10 uM) with GSH (2uM
and 10 mM) andb (10 uM) with GSH (2uM and 10 mM). All of these solutions
were kept at room temperature during the test. thedluorescence spectra, (= 610

nm) of these solutions were recorded at differiené tintervals.
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4.2.2. GSH-responsive singlet oxygen generation

In order to study the singlet oxygen generatioiciefficy, Firstly, 1 mM stock
solution of 9,10-dimethylanthracence (DMA), 1 mMak solution of compounds and
the stock solution of GSH (0.5 M and 1 mM) weregaed in DMF. Then the mixture
of 8a (or 8b) (10 uM) and DMA with GSH (2uM and 10 mM) were prepared in PBS
with 0.05% Tween 80, followed by illumination witlght (670 nm, 20 mW- ci).
The value were recorded by monitoring the decdluofescence intensity of DMA at

432 nm {..,=370 nm).

4.3. In vitro studies

4.3.1. Intracellular fluorescence imaging, flow cytometry analysis and intracellular

ROS measurements

Hela, A549, H22 and HELF cells with a density of &6lls in 200QuL of DMEM
were seeded in a confocal dish and incubated aysrrat 37°C with 5% C®
Removing the medium and rinsing thrice with PBSteAthat, replacing the medium
with fresh DMEM containing GSH (5 mM, 1 mL). In atdn, we set up a control
group without GSH. Specifically, the cell culturedum (1 mL) was added under the
same conditions, followed by incubation at 37 °@ 60, for 2 h, and then the old
medium was removed. After rinsing twice with PB3,(10uM) or 8b (10 uM) were
added and cultured in a cell culture incubatoBfar and intracellular fluorescence was
detected by laser confocal (excitation wavelengés @33 nm). And under the same
conditions, the intracellular fluorescence intengiais measured by flow cytometry.

As for intracellular ROS measurements, after addiregcompound and culturing
for 12 h, we added DCFH-DA with DMEM and co-cultdr®r 1 h, rinsing with PBS
for 5 times and then changing to serum-free, 1 rithaut phenol red DMEM medium,
the cells were irradiated with light at 670 nm (0N-cmi®) for 3 minutes, and
intracellular fluorescence was detected by lasefamal scanning.A(.,, = 488 nm for
DCF green fluorescence angd, = 633 nm for8a, 8b red fluorescence, respectively).

At the same time, in order to prove that the gribdgorescence is caused by the ROS
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generated by the photosensitizer, we added a geedfeated cells with VC (1Q@M,
1 mL) (ROS scavenger) for 1 h and then ad8a&d8b stock solution. Intracellular

fluorescence was detected by laser confocal miomsunder the same method.
4.3.2. Determination of intracellular GSH concentrations

HelLa, A549, H22 and HELF cells with a density oftBkcells in 10 mL of
DMEM were seeded in a 96-well plates and incubatentnight at 37°C with 5% CO
After washed with phosphate buffer saline (PBSetlywith 20QuL of cell lysates on
ice and then were centrifuged (10000 x g) for 10 ati4°C and the supernatant (10
was mixed with 15@L of the Glutathione Assay Kit. Then added(80of 0.5 mg/mL
NADPH solution and mixed well. The level of intrdoéar GSH was determined by
recording the absorbance at 412 nm via a micropéstéer 25 minutes later. And the
protein concentration was then detected using eopiate reader with the BCA Protein

Assay Kit. The final intracellular GSH concentratig expressed in nmol/mg-protein.
4.3.3. Photocytotoxicity studies

To study the cytotoxicity and photocytotoxicity, Nassays against HelLa, A549,
H22 and HELF cells were conducted. Approximatelp®@ells (100uL) each well
were seeded in 96-well plates and inoculated ub#eICQ overnight at 37°C. Then
replacing the medium with fresh DMEM containiBg or 8b (1% DMSO, 0.05%
Tween 80) with different concentrations, respedyivafter incubating for 24 h under
dark conditions, treating the 96-well plates witiht or not after replacing with fresh
DMEM. For the irradiation group, the 96-well plateere irradiated with a 670 nm
LED lamp for 2 minutes with a power of 20 mW-énThen the cells were inoculated
at 37°C overnight under 5% GQ\fter that, the MTT (10 mL, 5 mg/mL) was added to
per well and incubated for 4 h. Next, the DMEM weashoved and added DMSO (100

pL) to each well. Finally, the OD values at 490 nheach well were measured.
4.3.4. Subcellular localization

HelLa, A549, H22 and HELF cells with a density 00680 cells in 1 mL of DMEM

were seeded in a confocal dish and incubated ayletrat 37°C with 5% C® Then8a
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(10 uM) or 8b (10 uM) were added and cultured in a cell culture incabéor 12 h.

DAPI, Lyso-Tracker Red and Mito-Tracker Green ie IDMEM were added into the
dish and incubated for minutes (DAPI: 20 min, Lygacker Red and Mito-Tracker
Green are both 60 min). Subsequently, washed byfeBSstimes and imaged. And the
DAPI, Lyso-Tracker Red and Mito-Tracker Green wexeited at 405 nm, 543 nm and
488 nm, and detected at 425-475 nm, 550-620 nnba0eb70 nm, respectively. And

the compounds were excited at 633 nm and detet&®sDa750 nm.
4.4. Invivo studies

Female KunMing mice (20-25 g) were purchased fram ltaboratory Animal
Services Centre of Wushi, Fuzhou, China. All anieweriments had been approved
by the Animal Experimentation Ethics Committee afzRou University. The mice
were kept under pathogen-free conditions with eeess to water and food. Selecting
mice in good health and then H22 cells’(d@lls/mL, 100uL) were inoculated into the
subcutaneous tissue on the back of the mice and Wieeaverage size of the tumor
reached 50 mf a series of experiments were carried out. Forivo fluorescence
imaging study, nine mice were randomly divided ititeee groups and treated with a
single intravenous injection of salirfsg and8b (2 mg/kg, 20QuL), respectively. And
collecting the whole body images at 0 h, 2 h, 82hh and 24 h post-injection. And the
mice were sacrificed at 24 h after injection toviest the tumor and normal tissues,
including heart, liver, spleen, lung, kidney foetéx vivo fluorescence images.

On the other hand, another 25 mice were randomulgeti into five groups of five
each and the mice were injected with salBeand8b (2 mg/kg, 10QuL) for three
times on the first, fourth and seventh day respeltiand then subjected to laser
irradiation or not after 12 h of each administratigroup 1 for saline (blank control),
group 2 for8a, group 3 for8a with laser (670 nm, 100 mW/cn group 4 fo8b, group
5 for 8b with laser (670 nm, 100 mW/&n Monitoring the tumor volume and body
weight every day for 15 days. Then the mice weceifsged, then tumors were excised
and weighed. For histological examination, tumaosif all five groups and normal

tissues (heart, liver, spleen, lung, and kidneynfigroup 4 and group 5 were harvested,
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fixed overnight in 4% polyformaldehyde solution, ledded into paraffin, sectioned

and stained with hematoxylin and eosin (H&E), antedted by digital microscopy.
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Highlights:

A novel glutathione-responsive photosensitizer has been synthesized.

The photosensitizer can be activated by glutathione in solution and cancer cells.
The photosensitizer exhibits a high photodynamic activity to cancer cells.

The photosensitizer can be efficiently accumulated and activated in tumor.

The photosensitizer shows a strong inhibition on tumor growth.
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