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ABSTRACT

Since mitochondria are the key regulators for many cellular behaviors and are susceptible to

hyperthermia and reactive oxygen species, mitochondria-specific reagents for simultaneous

targeting, imaging, and treatment are highly desirable in cancer theranostics. Herein, we

developed a mitochondria-targeted cyanine dye IR825-Cl which possesses two separated

excitation wavelength channels for both red fluorescence imaging and near-infrared (NIR)

photothermal therapy (PTT). For imaging, IR825-Cl could rapidly enter into cells and

selectively target mitochondria. Although IR825-Cl was completely quenched in water,

interestingly, this dye had a turn-on response of red fluorescence (610 nm) in mitochondria

under 552 nm excitation due to its polarity-responsive fluorescence emission. More

interestingly, IR825-Cl could realize the selective mitochondrial staining of cancer cells over

normal cells, and could thus serve as an ideal fluorescent probe for identifying cancer cells in

normal tissues, which will be extremely beneficial for cancer theranostics. For PTT, we

demonstrated that under 808 nm NIR laser irradiation, this dye could efficiently convert optical

energy into heat, realizing mitochondria-targeted photothermal cancer therapy. Collectively,

this molecule realized both high fluorescence emission (QY > 43%) and effective

light-to-heat conversion (17.4%), enabling its applications for wash-free fluorescence imaging

for mitochondria and highly efficient fluorescence imaging-guided PTT.
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1. INTRODUCTION

Mitochondria, the powerhouse of cells, are indispensable for energy production and cell
survival. Besides, mitochondria are important regulators of many cellular behaviors, including
cell apoptosis, calcium homeostasis, free radical production, and cell growth and
differentiation."” Generally, mitochondrial dysfunctions are closely associated with several
human diseases such as aging, neurodegenerative diseases, and cancer.’ Therefore,
maintaining a healthy population of mitochondria is essential for cell survival.* Mitochondrial
imaging for probing the morphology and functions of mitochondria is crucial for evaluating
the cellular state, and many fluorescent probes have been developed for the visualization and
detection of mitochondria.”” On the other hand, mitochondria are the key regulators of the
intrinsic pathway of apoptosis,' which serves as a cell suicide program to eliminate cells in
the organism.'® Therefore, mitochondria-targeted therapeutic strategies hold great promise for
cancer treatment due to their minimized toxic side effect, decreased multi-drug resistance, and
improved therapeutic outcomes.'' Photodynamic therapy (PDT), a form of phototherapy
involving light and a photosensitizer, is used in conjunction with molecular oxygen to elicit
cell death via the production of toxic radicals and reactive oxygen species (ROS)."*'® Another
important form of phototherapy is photothermal therapy (PTT), which utilizes heat generated
from optical energy to cause thermal ablation of cancer cells with minimal invasiveness and
high efficiency.'”>* In particular, mitochondria-targeted PTT has attracted considerable
interest because mitochondria are highly sensitive to hyperthermia® and ROS,*® which may

trigger mitochondrial ROS burst to cause apoptotic cell death.”’
Previous studies have shown that by linking a mitochondrial targeting ligand, such as
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triphenylphosphonium (TPP), and a fluorescent tag to the photothermal agent (PTA) can
achieve simultaneous mitochondrial imaging and mitochondria-based PTT.”>*® However,
these strategies may confront with many practical problems, such as unsatisfied repeatability,
toxicity concerns, and tedious chemical conjugation.”” Besides, the conjugation of additional
fluorescent tags may alter the pathway of the as-designed drugs (which may lead to
compromised therapeutic efficacy) or lose the fluorescence tracking ability of the drugs once
the fluorescent tags are released.'’ Therefore, it is imperative to develop a therapeutic agent

with intrinsic fluorescence and mitochondrial targeting property.

Currently, lipophilic cationic heptamethine cyanine dyes have drawn much attention due to
their mitochondrial targeting ability.”**' Many cyanine-based probes have been developed for
the selective detection of mitochondrial ROS, glutathione, cysteine, pH, mitochondrial
polarity, nitroreductase activity, and mitophagy.**** Some cyanine-based molecules or

50-61

composite materials possess a strong near-infrared (NIR) absorption character, and they
can realize not only phototherapy but also NIR fluorescence imaging under a single
wavelength excitation.”””> However, effective PTT is always contradictory to fluorescence

imaging in those systems, because a high fluorescence quantum yield (QY) usually

compromises the photothermal conversion efficiency (77).”

Herein, we report a NIR heptamethine cyanine dye IR825-CIl with separated wavelength
channels for simultaneous mitochondrial imaging as well as mitochondria-targeted PTT. As
illustrated in Scheme 1, IR825-Cl with lipophilic indolium cation and benzyl group can
rapidly enter into cells and selectively target mitochondria. Although IR825-Cl was

completely quenched in water, interestingly, this dye had a turn-on response of red
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fluorescence (610 nm) in mitochondria under 552 nm excitation. Besides, the cyanine dye

with high NIR absorption also enabled effective PTT upon NIR (808 nm) laser irradiation.

Collectively, the rationally designed IR825-Cl fundamentally addressed all the

abovementioned paradox, making it an ideal agent in mitochondria-based imaging with strong

fluorescence emission and highly efficient imaging-guided PTT.

Scheme 1. Schematic Illustration of Mitochondrial Imaging and Mitochondria-Targeted PTT

of IR825-Cl.

IR825-ClI

@m’&’wxz@; Ukt

552 nm
laser

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. Unless stated otherwise, all chemicals and solvents were

commercially obtained from commercial suppliers and used without further purification. 2,3,3-

Trimethyl-4,5-benzo-3H-indole, benzyl bromide, and
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3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) were obtained from
Aladdin (China). Indocyanine green (ICG) and rhodamine 123 (Rhod 123) were purchased from
Sigma Aldrich. Staurosporine (STS), calcein acetoxymethyl ester (calcein-AM), and propidium
iodide (PI) were purchased from KeyGen Biotech. Inc., Nanjing, China.
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG) were ordered from Avanti
Polar Lipids (USA). Deionized water (18.2 MQ cm) was purified by a Milli-Q system (Millipore).

2.2. Synthesis and Characterization of IR825-CL. As depicted in Figure la, compound 17
(7.60 g, 20 mmol, 2.0 eq), compound 27 (1.73 g, 10 mmol, 1.0 eq), and anhydrous sodium acetate
(0.82 g, 10 mmol, 1.0 eq) were dissolved in acetic anhydride (250 mL), followed by stirring at 70
°C for 0.5 h under a N, atmosphere, resulting in a green solution. After completion of the reaction,
the mixture was cooled to room temperature and dichloromethane (DCM) was then added,
followed by being washed with a saturated aqueous solution of sodium bicarbonate. The organic
extracts were dried over Na,SOy, filtered and evaporated. The crude product was purified by
recrystallization from methanol-ether to produce compound 3 as a dark green solid. The
as-synthesized product was characterized by 'H NMR, °C NMR, and ESI-MS. 'H NMR and "*C
NMR spectra were recorded on a Bruker Avance 300 MHz instrument. Mass spectra (MS) were
measured with an Agilent 1260-6230 TOF LC-MS instrument. '"H NMR (300 MHz, DMSO-dy): 0
8.35 (t, J=7.8 Hz, 4H), 8.07 (dd, J, = 8.7 Hz, J, = 7.8 Hz, 4H), 7.72 (dd, J; = 9.0 Hz, J, = 7.5 Hz,
4H), 7.54 (t, J="1.8 Hz, 2H), 7.43 ~ 7.30 (m, 10H), 6.47 (d, J =14.4 Hz, 2H), 5.70 (s, 4H), 2.60 (t,
J=5.1 Hz, 4H), 2.01 (s, 12H), 1.80 (t, J = 5.4 Hz, 2H). °C NMR (75 MHz, DMSO-d,): 6 174.0,
148.0, 142.4, 140.0, 135.0, 133.5, 131.5, 130.5, 129.9, 129.0, 127.8, 127.8, 127.5, 126.8, 126.5,
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125.1, 122.3, 111.8, 101.8, 50.8, 47.3, 27.1, 25.7, 20.2. High-resolution MS (ESI): m/z calcd for
Cs,HysNoCL' [M — Br]": 735.3506, found: 735.3550.

Absorption spectra were measured by a UV—vis spectrophotometer (UV-2600, Shimadzu, Japan)
at the wavelength range of 300—900 nm. Fluorescence emission spectra of IR825-Cl excited by
552 and 580 nm were obtained by a spectrofluorophotometer (RF-5301PC, Shimadzu, Japan) and
fluorescence emission spectra excited by 780 and 808 nm were collected with a fluorescence
spectrometer (F-4600, Hitachi, Japan). IR825-Cl stock solution with a concentration of 10 mg/mL
was prepared in DMSO and diluted with different solvents to a desired concentration prior to
measurements.

The relative fluorescence quantum yield (QY) of IR825-Cl under 580 or 808 nm laser excitation
was determined using rhodamine B in ethanol (QY = 0.970)* and ICG in methanol (QY =

0.043)’° as the standard references and calculated using the following equation (1):”

F A
OYjpgs.c = QY x —RELLx > (1
Fy Argrs.ci

where QYRrsas.c1 and QY5 are the relative quantum yields of IR825-Cl and the standard reference,

respectively; Frgas.cr and Fgs are the integrated fluorescence intensities of IR825-Cl and the

standard reference; Argys.c; and As are the absorption values of the two samples at the excitation

wavelength.

2.3. Preparation of Neutral and Negatively Charged Liposomes. To prepare neutral

liposomes, 4 mg of POPC was hydrated with 2 mL of phosphate-buffered saline (PBS) solution.

Then, the lipid suspension was vortexed for 2 min and sonicated using a tip sonicator at 30 W with

a 6 s-interval (4 s-pulse on, 2 s-pulse off) for a total of 2 min-pulse period. For negatively charged

liposomes, typically, POPC and POPG powders were weighed separately with a molar ratio of 3 :
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1 and dissolved in chloroform. The solution was evaporated under N, gas and completely

vacuum-dried prior to use. Next, the POPC/POPG liposomes were prepared followed by the

aforementioned procedure. To measure the hydrodynamic diameter and zeta potential of the

as-prepared liposomes, 200 pg/mL liposomes in PBS solutions (pH = 7.4) were characterized by a

Zetasizer (Nano ZS, Malvern, UK). For UV—vis absorption and fluorescence measurements, the

liposome solutions were diluted with PBS solutions and mixed with an equal volume of 10 pg/mL

IR825-C1 in PBS solutions to reach the final concentration of 10, 20, 50, 100, 200, 300, and 500

pg/mL. The mixed solutions were incubated for 30 min at room temperature before measurements.

The fluorescence images of 5 pug/mL IR825-Cl in water and POPC/POPG solution (with a

liposome concentration of 300 pg/mL) were imaged by a Cri Maestroin and PerkinElmer in vivo

imaging system with excitation wavelength of 580 nm and emission wavelength of 620 nm.

2.4. Cell Culture. HeLa (human cervical cancer cell), A549 (lung cancer cell), HepG2 (liver

cancer cell), MCF-7 (breast cancer cell), AT II (normal lung cell), or L02 (normal liver cell) cells

were cultured in high-glucose complete Dulbecco’s modified Eagle medium (DMEM)

supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL

streptomycin. All the cells were incubated at 37 °C in a humidified incubator with 5% CO,.

2.5. Subcellular Localization. To observe the subcellular localization of IR825-Cl, HeLa cells

were first incubated with IR825-CI (5.0 pg/mL) for 15 min, then, co-stained with Rhod 123 (10

uM) for 30 min before imaging under a confocal laser scanning microscope (TCS SPS, Leica,

Germany) using a 63x objective lens. Rhod 123 was excited with a 488 nm laser and its

fluorescence emission was collected at 500—550 nm and IR825-Cl was excited with a 552 nm

laser and its fluorescence emission was collected at 580—660 nm. To observe the subcellular
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localization of IR825-Cl in A549, HepG2, and MCF-7 cells, the same experimental procedures
were conducted as described above. To observe the subcellular localization of IR825-Cl in AT II
and LO2 cells, cells were first incubated with IR825-Cl1 (5.0 pg/mL) for 6 h, and then co-stained
with Rhod 123 (10 uM) for another 6 h. Finally, the confocal fluorescence images were taken
immediately following the same procedures as described above.

2.6. Optimization of Staining Concentration. HeLa cells were first stained with 10 uM Rhod
123 for 30 min. After PBS washing, cells were stained with 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, and
8.0 pg/mL IR825-CI for 15 min, respectively. Finally, confocal fluorescence images were taken
immediately.

2.7. Long-Term Confocal Imaging. HeLa cells were treated with 100 puL of culture medium
containing 5.0 pg/mL IR825-C1 and placed into a cell incubator for different incubation time (1, 2,
3,4, 6, 12, and 24 h). Before imaging, the treated cells were stained with 10 uM Rhod 123 for
another 30 min. Then, the confocal fluorescence images were taken immediately with excitation at
488 and 552 nm and emission at 500—550 and 580—660 nm, respectively.

2.8. Confocal Imaging of HeLa Cells after Treatment with ICG. HeLa cells were treated
with 100 pL of culture medium containing 5.0 pg/mL ICG and placed into a cell incubator for 30
min. Before imaging, the treated cells were washed by PBS for three times and stained with 10
puM Rhod 123 for 30 min. Then, the confocal fluorescence images were taken immediately with
excitation at 488 and 633 nm and emission at 500—550 and 700—800 nm, respectively.

2.9. Isolation of Mitochondria from HeLa Cells. Mitochondria were isolated from cultured
HeLa cells using a mitochondria isolation kit (Beyotime Institute of Biotechnology, Haimen,
China). Briefly, the collected cell pellets (5 x 10" cells) were washed twice with cold PBS,

9
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resuspended in mitochondria extraction solution (provided in the kit) and stirred in a homogenizer.
Then, the obtained suspensions were centrifuged at 1000 g at 4 °C for 10 min and the supernatant
was collected for further centrifugation at 11000 g at 4 °C for 10 min. The supernatant was
discarded and the resultant precipitated mitochondria were collected. Next, the isolated
mitochondria were incubated with 5.0 pg/mL IR825-Cl in a PBS solution at room temperature for
30 min before fluorescence measurements.

2.10. Evaluation on the Change of Mitochondrial Transmembrane Potential. HeLa cells
were seeded into a 96-well confocal plate (5 x 10° cells per well) for 12 h. After PBS washing,
HeLa cells were stained with 10 pM Rhod 123 and 5.0 ug/mL IR825-Cl for 30 min, respectively.
Then, the treated cells were washed with PBS for three times and incubated with 100 pL of
DMEM culture media containing 1 uM STS for 6 h. Finally, the confocal fluorescence images
were acquired immediately with excitation at 488 and 552 nm and emission at 500—550 and
580—660 nm, respectively.

2.11. Confocal Imaging of Normal and Cancer Cells by IR825-Cl. For confocal imaging,
A549 and AT 1I cells were stained with 5.0 ug/mL IR825-CI for 30 min, respectively. Then the
confocal fluorescence images were taken immediately with excitation at 552 nm and emission at
580—660 nm.

For confocal imaging of A549 and AT II cells co-cultured with different population ratios, the
A549 and AT II cells with the ratios of 1 : 1, 1 : 5, and 1 : 10 were seeded in a 96-well confocal
plate and incubated in a humidified incubator with 5% CO, for 24 h. After PBS washing, the cells
were incubated with 100 pL of culture media containing 5.0 ug/mL of IR825-Cl for 30 min, and
then the confocal images were taken immediately.
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For confocal imaging of A549 and AT II cells co-cultured with the ratio of 1 : 1 at different
incubation time pionts (1, 6, 12, and 24 h), 2.5 x 10° AT II cells and 2.5 x 10° A549 cells per well
were seeded in a 96-well confocal plate and incubated in a humidified incubator with 5% CO, for
24 h, respectively. After PBS washing, the cells were incubated with 100 pL of culture media
containing 5.0 pg/mL of IR825-C1 for different time periods (1, 6, 12, and 24 h), and then the
confocal fluorescence images were taken immediately.

2.12. Photothermal Performance of IR825-CL The photothermal conversion efficiency (7) of

IR825-Cl was evaluated according to a reported method.”””®

Briefly, 300 pL of Nj-saturated water
containing 20 pg/mL IR825-Cl or 20 pg/mL ICG was put in a 500 pL centrifuge tube and
irradiated by a NIR laser (808 nm, 5.0 W/enr’, total power 1.0 W) for 2 min. The laser was then
switched off and the solution was cooled naturally. N,-saturated pure water was used as a control
group. An Ai50 NIR thermal imager was used to record the temperature changes.

The 5 of IR825-Cl and ICG was calculated using the following equations (2-5):

— hS (Tmax — ];urr) _ Qdis

2
1(1-107" @)
S
hS=%4=—""1 (3
7,
t
=— 4
=) @
T-T
0 — Surr 5
Tmax _I;UH ( )

In Eq. 2, & and S are the heat transfer coefficient and surface area of the container, respectively.

Tmax and Ty, are the final and initial temperature of the solution. Qg represents the heat

dissipation of solvent, / is the laser power (typically / = 1.0 W) and Ags is the sample absorbance
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at 808 nm. The Agyg for IR825-Cl and ICG were 1.117 and 1.294, respectively. In Eq. 3, m and C
are the mass (0.3 g) and heat capacity (4.2 J gf1 °C71) of water. In Eq. 4, z, is time constant which
was calculated by the linear fitting of ¢ versus —In(6). Wherein, ¢ is the time after irradiation
(Figure S14a) in unit of second (s). In Eq. 5, 0 is the dimensionless driving force and 7 is the
solution temperature. According to Figure S14, the (Tiax — Tsur) for IR825-CI and ICG was 28.7
and 27.5 °C, respectively; trgrs.ci and 7icg were calculated to be 212 and 186 s, respectively.
Therefore, the AS of IR825-Cl was 5.9 mW/°C and that of ICG was 6.8 mW/°C. The Qg of
IR825-Cl and ICG were measured to be 9.49 and 10.84 mW, respectively. Substituting these
parameters into the above equations, the 7 of IR825-Cl and ICG was calculated to be 17.4% and
18.5%, respectively.

2.13. Photothermal Evaluation of IR825-Cl. The photothermal properties of IR825-Cl was
evaluated according to our previous work.” IR825-Cl solutions with different concentrations (0, 2,
5,8, 10, 15, and 20 pg/mL) were placed in 500 puL centrifuge tubes and irradiated by an 808 nm
NIR laser at 1.0 W/em® for 5 min (beam spot 0.8 x 0.8 cmz) at 25 °C, respectively. An Ai50 NIR
thermal imager was used to record the temperature changes and acquire thermal images of the
solution over time.

2.14. Cytotoxicity Evaluation of IR825-Cl and Its Photodegradation Products. The
cytotoxicity of IR825-Cl against HeLa cells was determined by MTT assay. Typically, 5 x 10
HeLa cells per well were seeded in a 96-well plate and incubated for 24 h in a humidified
incubator with 5% CO,. Then the culture media were carefully aspired and cells were treated with
100 pL of culture media containing 0, 2, 5, 8, 10, 15, and 20 pg/mL of IR825-Cl, respectively,
followed by incubation for another 24 h. Next, 10 pL of MTT solution (5.0 mg/mL in PBS) was
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added to each well and incubated with the cells for 4 h. The formed formazan crystals were
dissolved in 150 puL. of DMSO. Following that, the plate was shaken for 10 min and the
absorbance was measured at 570 nm on a microplate reader (Multiskan FC, Thermo-Scientific,
USA). Each group was measured in triplicate. To evaluate the cytotoxicity of the photodegradation
products of IR825-Cl, 1.0 mg/mL IR825-Cl solution was placed in centrifuge tubes and irradiated
with an 808 nm NIR laser at 1.0 W/cm? for 2 h (beam spot 0.8 x 0.8 cmz) to obtain completely
photodegraded products. Then, MTT assay was carried out following the same procedure as
described above.

2.15. In Vitro PTT. To evaluate the in vitro photothermal therapeutic effect of IR825-Cl, 5 x
10° HeLa cells per well were seeded in a 96-well plate and incubated for 24 h in a humidified
incubator with 5% CO,. Then cells were incubated with 100 pL of culture media with different
concentrations (0, 2, 5, 8, 10, 15, and 20 pg/mL) of IR825-Cl for 4 h. After PBS washing, cells
were exposed to 808 nm laser irradiation (1.0 W/em®) for 5 min in a 37 °C incubator. After another
24 h of incubation, the relative cell viabilities were determined by MTT assay as described above.

2.16. Flow Cytometric Analysis. To evaluate the cell death mechanism induced by
IR825-Cl-mediated PTT, 2.5 x 10" HeLa cells per well were seeded in a 24-well plate and
incubated for 24 h in a humidified incubator with 5% CO,. Then, the cells were incubated with
500 pL of culture media containing different concentrations (0, 2, 5, or 10 pg/mL) of IR825-Cl for
4 h, respectively. After PBS washing, the cells were harvested and resuspended with 300 puL of
serum-free culture media in 500 pL centrifuge tubes. Next, the cells were exposed to an 808 nm
laser (1.0 W/cmz) for 5 min in a 37 °C incubator, followed by centrifugation at 1000 rpm for 5
min. Afterward, the cells were treated with annexin V-fluorescein isothiocyanate (FITC)/PI

13
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apoptosis detection kit (KeyGen Biotech. Inc., Nanjing, China) and analyzed using a flow
cytometer (NovoCyte, ACEA Bioscience, SD).

To compare the in vitro photothermal therapeutic effect of ICG and IR825-Cl, the HeLa cells
were incubated with 500 pL of culture media containing 20 uM ICG or 20 uM IR825-Cl, and then
the flow cytometric experiments were carried out to analyze the apoptosis and necrosis ratios of
the cells following the same procedure as described above.

2.17. Live/Dead Staining. 1 x 10* HeLa cells per well were seeded in a 96-well plate and
incubated for 24 h in a humidified incubator with 5% CO,. Cells were washed with PBS (pH 7.4)
for three times and 100 pL of culture medium containing 10.0 pug/mL IR825-C1 was added to cells
and incubated for another 4 h. Then, the cells were irradiated by an 808 nm NIR laser with
different power densities (0, 0.3, 0.5, and 1.0 W/cmz) for 10 min in a 37 °C incubator. Next, the
cells were co-stained with 10 uM calcein-AM (Ex/Em: 495 nm/515 nm) and 10 uM PI (Ex/Em:
535 nm/617 nm) for 30 min in a 37 °C incubator, washed with PBS and finally imaged by a

confocal microscope.

3. RESULTS AND DISCUSSION

3.1. Spectroscopic Properties of IR825-Cl in Solutions. IR825-Cl1 was
successfully synthesized using the route outlined in Figure la and its chemical
structure was characterized by 'H nuclear magnetic resonance (NMR), °C NMR, and
electrospray ionization mass spectrometry (ESI-MS) (Figure S1-3). We first studied
the optical properties of IR825-Cl in water and various organic solvents. Generally,
cyanine dyes exist as self-assembled aggregates in an aqueous solution via van der

Waals forces and n—n stacking.® According to absorption spectroscopy, the aggregates
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can be distinguished as H-aggregates with blue-shifted absorption (compared to
monomers) or J-aggregates with red-shifted absorption.®' As shown in Figure Ib,
IR825-Cl in methanol exhibited strong NIR absorption at 824 nm, due to the
monomeric form of IR825-Cl. However, its absorption band in water was broadened
with a significantly blue-shifted peak at 745 nm, demonstrating that IR825-Cl mainly
formed H-aggregates in water. Besides, the absorption spectra of IR825-Cl in different
organic solvents (methanol, acetone, acetonitrile, ethanol, and chloroform) indicated
that the maximum absorption of the molecule slightly shifted to a longer wavelength
with the decrease of the solvent polarity (Table S1), implying its modest
solvatochromism. Interestingly, although IR825-Cl emitted negligible fluorescence
signal in water regardless of excitation wavelength, a new fluorescence band was
observed in organic solvents under 580 nm excitation and the QY of IR825-CI in
ethanol was measured to be 43% (Figure 1c). Based on the absorption spectra,
IR825-Cl molecules mainly exist as monomers in organic solvents. Therefore, the
newly emerged fluorescence emission peak is assigned to monomeric IR825-Cl. The
highly quenched fluorescence of IR825-Cl in water might be attributed to the
formation of H-aggregates and the energy in excited state is dissipated elsewhere rather
than through fluorescence emission. We also recorded the fluorescence spectra of
IR825-Cl in NIR region under 808 nm excitation (Figure S4). However, whether in
water or in methanol/ethanol, the fluorescence intensity of IR825-CIl was weak (QY <
0.14%). In comparison, ICG, a common NIR PTA, showed relatively high fluorescence
intensity at 830 nm (QY = 4.3% in methanol).”® Since it is known that an ideal PTA
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should possess both high NIR absorption and low fluorescence QY to ensure the

efficient conversion of optical energy into heat,*” these results implied that IR825-Cl

might serve as an excellent PTA.
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Figure 1. (a) Synthetic route of IR825-Cl. (b) UV—vis absorption spectra and (c) fluorescence

spectra (Ex: 580 nm) of IR825-Cl (5 pg/mL) in different solvents. (d) UV—vis absorption

spectra of IR825-Cl (5 pg/mL) in POPC/POPG solutions at different concentrations. (e)

Fluorescence spectra of IR825-Cl (5 pg/mL) in POPC/POPG solutions at different liposome

concentrations (Ex: 580 nm). Inset: Fluorescence images of IR825-Cl solutions (5 pg/mL; left:

in water, right: in 300 pg/mL POPC/POPG solution) under 580 nm excitation.
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Motivated by the fluorescence enhancement of IR825-Cl in organic solvents, we
envisioned that it might achieve a turn-on fluorescence response upon hydrophobic anchoring
into membranes. To this end, liposomes were adopted as model membranes to investigate the
spectral behavior of IR825-Cl. We first prepared neutral liposomes composed of POPC with a
diameter of 55.9 + 18.7 nm and zeta potential of 0.3 mV in PBS (pH = 7.4). In a liposome
solution, the absorption of IR825-Cl at 850 nm gradually rose with the increasing liposome
concentration (Figure S5). This result implied the transformation from H-aggregates to
monomers when IR825-Cl was inserted in the lipid hydrophobic tails. As expected, IR825-Cl
showed gradually increased fluorescence intensities at 610 nm with the continuous addition of
POPC liposomes (Figure S6). Considering that most biological membranes, such as plasma
membrane and mitochondrial outer membrane, are negatively charged,” we prepared
liposomes composed of POPC and the anionic lipid POPG at a molar ratio of 3 : 1, whose size
and zeta potential were measured to be 56.1 £ 21.1 nm and —30 mV in PBS (pH = 7.4). The
increase in the absorption and fluorescence of IR825-CI molecules was also observed after
their binding to the negatively charged POPC/POPG liposomes (Figure 1d,e). However, we
noticed that negatively charged liposomes lead to stronger absorption of IR825-Cl. For
example, 50 pg/mL POPC/POPG liposomes could induce a similar absorption increase of
IR825-C1 to that of 500 pg/mL neutral liposomes (Figure 1d and S5). We also studied the
spectral changes of IR825-Cl in POPC/POPG and POPC solutions in a time-dependent
manner and found that the equilibrium time of the former (5 min) was much faster than that of
the latter (30 min) (Figure S6 and S7). These results demonstrated that IR825-Cl, with a
lipophilic cationic heptamethine core, could more efficiently bind to negatively charged
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membranes via both electrostatic and hydrophobic interactions. Thus, we propose that the

cyanine dye can bind to the negatively charged and hydrophobic mitochondrial membranes

and achieve a turn-on response of visible light fluorescence.

IR825-Cl Rhod 123 Overlay

IR825-Cl|

IR825-C|

Rhod 123

IR825-Cl

Rhod 123

"IR825-Cl

Rhod 123
Figure 2. Confocal fluorescence images of HelLa, A549, HepG2, and MCF-7 cells co-stained

with IR825-Cl and Rhod 123. Scale bar = 10 pum. Plots in the last column represent the

intensity correlation plot of IR825-Cl and Rhod 123.

3.2. Selective Mitochondrial Imaging. One of the most distinguishing features of
mitochondria is their large transmembrane potential (—180 mV) across mitochondrial inner
membrane (negative inside).”® Benefiting from this property, many lipophilic cations tend to
accumulate in mitochondria rather than other organelles driven by the membrane potential
gradient.* Therefore we expect that IR825-C1 may be suitable for mitochondrial targeting and

may achieve responsive fluorescence imaging. To test our hypothesis, human cervical cancer
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(HeLa) cells were co-stained with IR825-Cl and Rhod 123 (a commercial fluorescent probe of

mitochondrion) and imaged under a confocal microscope. The red fluorescence signal

distribution of IR825-Cl (Ex: 552 nm) completely merged with the green fluorescence signal

of Rhod 123 (Figure 2). The Pearson’s correlation coefficient (R,) and overlap coefficient

were 0.94 and 0.96, respectively, indicating the superior selectivity of the IR825-Cl probe for

mitochondrial targeting. In addition, we optimized the imaging concentration of IR825-Cl

(Figure S8) and found that 5 pg/mL IR825-Cl achieved satisfying wash-free mitochondrial

imaging in a short time period (15 min) and could stably accumulate in mitochondria for at

least 24 h without redistribution (Figure S9). Even after 48 h of PBS washing, IR825-CI still

enabled mitochondrial imaging with high quality (Figure S10). Besides, the cyanine dye

could also label the mitochondria of other cancer cells (A549, R.= 0.97; HepG2, R.,= 0.97;

MCF-7, R,= 0.90) (Figure 2), demonstrating their universal mitochondrial staining ability of

cancer cells. To further prove the high affinity of IR825-Cl for mitochondria, the

mitochondria of HeLa cells were isolated and incubated with IR825-Cl for fluorescence

spectroscopic measurements. IR825-Cl in the mitochondrial suspension displayed a

significantly enhanced emission peak at 610 nm (Figure 3), which was the same as that in

liposome solutions. It has been reported that the mitochondrial localization of lipophilic

cations is usually transmembrane potential (A¥m)-dependent. To investigate the influence of

A¥Ym on the mitochondrial accumulation of IR825-Cl, HeLa cells were treated with both

IR825-Cl and Rhod 123 (which is also a A¥m indicator), followed by the treatment of 1 uM

STS to disrupt the A¥m. As shown in Figure S11, neither IR825-Cl nor Rhod 123 could stain

the mitochondria after 6 h of STS treatment, demonstrating that the mitochondrial targeting
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ability of IR825-Cl was also A¥m-dependent.

a Mitochondrion

op

[&)]
»
T

——IR825-Cl
—— IR825-Cl + Mitochondria

N
N
T

N
N
T

FL Intensity (a.u.)
N
[e5]

o
T

> 9e

IR825-Cl 600 630 660 690 720 750

Fluorescent mitochondrion Wavelength (nm)

Figure 3. (a) Schematic illustration of the fluorescence staining of isolated mitocondrion by
IR825-Cl. (b) Fluorescence emission spectra (Ex = 580 nm) of IR825-Cl (5.0 pg/mL) in water

and in isolated mitochondrial suspension, respectively.

3.3. Preferred Mitochondrial Staining of Cancer Cells over Normal Cells by IR825-Cl.
It is known that the mitochondrial membrane potential (MMP) of cancer cells is usually more
negative than that of normal cells," with a difference of at least 60 mV.** In addition, cancer
cells need more nutrition than normal cells. Therefore, cancer cells will internalize more
IR825-C1 molecules than normal cells for the stronger electrostatic interaction between
IR825-Cl and the mitochondria of cancer cells, resulting in the stronger fluorescence of
mitochondria in cancer cells. To test our hypothesis, normal lung cells (AT II) and cancerous
lung cells (A549) were stained with IR825-Cl and imaged under a confocal microscope
(Figure 4). Under the same incubation and imaging conditions, the mitochondria in A549 cells
with strong red fluorescence were clearly observed; however, very weak fluorescence could
be seen in AT II cells. Thus, the confocal fluorescence images of the A549 and AT II cells
confirmed the preferred interaction between IR825-Cl and cancer cells.

To confirm if IR825-Cl can also differentiate cancer cells from normal cells in a real
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tumor-mimic environment, the cancerous A549 cells and the normal AT II cells were mixed

with the ratios of 1 : 1, 1: 5, and 1 : 10, respectively, and the cell mixtures were co-cultured

in a 96-well confocal plate and then incubated with IR825-Cl. As showed in Figure 5, the

fluorescence of A549 cells is in sharp contrast with that of AT II cells in all the cell mixtures.

In addition, such a sharp fluorescence difference between the two cells did not alter within a

time period of 24 h (Figure S12). The above results demonstrated that IR825-Cl was an ideal

fluorescent probe for identifying cancer cells in normal tissues.

We need to mention that although the fluorescence emission of the mitochondria in normal

cells such as AT II and LO2 stained by IR825-Cl was relatively low at a short incubation time

period (e.g., 30 min), the staining performance was significantly improved when the

incubation time was extended to 6 h with the R, of AT II and L02 reaching 0.95 and 0.96,

respectively (Figure S13), suggesting that the IR825-Cl could also achieve satisfying

mitochondrial staining of normal cells at elevated incubation time.
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Figure 4. Differentiation between cancerous A549 cells and normal AT II cells by IR825-CL.
(a) Bright-field and (b) fluorescence images of IR825-Cl-treated AT II cells. (c) Bright-field
and (d) fluorescence images of IR825-Cl-treated A549 cells. Scale bar = 20 um. Before

imaging, A549 and AT II cells were incubated with IR825-C1 (5.0 ug/mL) for 30 min.
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Bright Field IR825-Cl Overlay

Figure 5. Confocal images of the mixed A549 and AT II cells with the A549/AT II ratios of

(a=<c)1:1,(d-f)1:5,and (g-i) 1 : 10. The dotted circles indicate the presence of A549 cells.

3.4. Photothermal Properties of IR825-Cl. Based on the high NIR absorption and the
superior mitochondrial targeting property of IR825-Cl, we believe that IR825-Cl will be
effective for mitochondria-based PTT. To test this, we first measured the # of IR825-Cl
according to a previously reported method.”””™ The # of IR825-Cl was calculated to be 17.4%,
which is comparable to that of ICG (18.5%) (Figure S14). We then measured the temperature
changes of IR825-Cl solutions at different concentrations upon laser irradiation, and a
concentration-dependent temperature increase upon laser irradiation was observed (Figure 6a).
Particularly, the temperature of 20 pg/mL IR825-Cl solution was found to increase sharply
(~17 °C), while the temperature only increased slightly (~2 °C) in a PBS solution. These
results confirmed that IR825-Cl is also an eligible PTA.

3.5. In Vitro PTT. Subsequently, in vitro PTT and dark cytotoxicity evaluation of IR825-Cl
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were conducted for HeLa cells. In the PTT group, the cells were first incubated with different
concentrations of IR825-Cl for 4 h and then irradiated by an 808 nm laser (1.0 W/cm®) for 5
min. The results revealed a decreasing trend of cell viability with the increasing concentration
of IR825-Cl. Particularly, only 5 pg/mL IR825-CI could kill approximately 70% cancer cells
during PTT and > 95% cell death was observed at higher concentrations of the agent. In the
non-irradiation group, IR825-Cl showed low cytotoxicity at the concentrations below 20
pug/mL (Figure 6b). We also studied the cell death mechanism induced by IR825-Cl-mediated
PTT by using flow cytometry (Figure 7), and it was found that the combined treatment of 10
pg/mL IR825-CI and laser irradiation induced the death of HeLa cells mainly through late
apoptosis/necrosis  (80.15%). To intuitively confirm the phototoxicity of IR825-Cl,
PTT-treated HeLa cells were co-stained with calcein-AM (to stain live cells green) and PI (to
stain dead cells red) (Figure 8a). The results verified that IR825-Cl exhibited excellent
anticancer performance upon NIR laser irradiation. It has been reported that the mitochondria
of cancer cells are highly sensitive to heat shock and only a mild temperature elevation of

mitochondria could induce apoptotic cell death.*

) b 120
Cs;)/18 3 ::: %g Eg;mt mm No Laser
(] 10 pg/mL —* | ~100F Laser
D15( —v— 8 ug/ml B S
% —A— 5 pug/mL —* \; 80l
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Figure 6. (a) Temperature changes of different concentrations of IR825-Cl in PBS solutions

upon irradiation by an 808 nm laser (1.0 W/ecm®) for 5 min. (b) Relative viability of
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IR825-Cl-treated HeLa cells with or without laser irradiation.

a Untreated b Laser C  10ugmLIR825-ClI
0.23% 0.12%| |0.44% 0.48% | |0.57% 0.55%

©CoO~NOUTA,WNPE

0.62% | |97.64%  1.43%| |97.57% = 1.31%

Pl

d 2 pg/mL IR825-Cl + Laser e 5 pug/mL IR825-Cl + Laser f 10 pg/mL IR825-Cl + Laser
' 2.84% - 69.68% 2.95% 80.[15%

57.37% 16.48% 10.99% 8.04% - 8.86%

26 Annexin V-FITC
28 Figure 7. Flow cytometric analyses of the annexin V-FITC/PI staining results of HeLa cells

30 after different treatments as indicated.

33 To highlight the advantages of mitochondrial targeting for photothermal therapy, ICG, a U.S.
36 Food and Drug Administration (FDA) approved dye for routine clinical use, was selected for
comparison. Although the # of IR825-Cl and ICG was almost equal, the PTT outcome of
a1 IR825-C1 was much better than that of ICG (Figure S15), which did not accumulate in
43 mitochondria (Figure S16). Thus, apart from the high » of IR825-Cl, its mitochondrial
46 targeting ability also contributed to the excellent PTT performance. It is worth noting that
IR825-Cl as an organic cyanine dye can degrade into smaller molecules upon NIR laser
51 irradiation,*® we therefore evaluated the cytotoxicity of these photodegradation products
towards normal cells. The results demonstrated that the degraded products possessed

56 negligible cytotoxicity to LO2 cells even at a high concentration of 80 pg/mL (Figure 8b),
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suggesting the little toxic side effect of IR825-C1 during the in vivo PTT treatment. Therefore,
as an ideal mitochondrial imaging agent with turn-on response of visible-light fluorescence as
well as an excellent photothermal agent with few side effects and efficient phototherapeutic

outcome, IR825-Cl meets all the requirements of cancer theranostics.

120}
100+
80+
60+
40}
20+

Cell Viability (%)

0 5 8 10 15 20 30 50 80
Concentration (ug/mL)

Figure 8. (a) Confocal fluorescence images of HeLa cells co-stained by calcein-AM and PI
after PTT treatments with different irradiation doses indicated. (b) Relative viability of L02

cells after incubation with various concentrations of photodegradation products of IR825-C1

for 24 h.

3.6. Advantages of the Two Separated Excitation Channels of IR825-Cl. As depicted in
Figure 9, for conventional NIR PTAs (e.g., ICG) with a single excitation wavelength, the
energy of excited state is dissipated either by internal conversion (vibration as heat) or
fluorescence emission.”” Therefore, these two pathways are antagonistic to each other.
Whereas, IR825-Cl possesses two separated excitation channels: when excited by 552 nm, the
energy is dominantly dissipated through the emission of fluorescence; at the excitation of 808
nm, thermal decay is the main pathway of energy release. Hence, this cyanine dye achieved

both high-quality fluorescence imaging and efficient photothermal conversion.
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Figure 9. Schematic illustration of the photophysical processes for (a) the one-channel model

(such as for ICG) and (b) the two-channel model (such as for IR825-Cl).

4. CONCLUSION

In summary, we have rationally designed a dual-functional cyanine dye IR825-Cl with
separated wavelength channels for simultaneous mitochondrial fluorescence imaging and
mitochondria-targeted PTT. Although IR825-Cl was completely quenched in aqueous
solutions, it presented a turn-on fluorescence response at ~610 nm with a high QY (> 43%) in
organic solvents or in a less polar membrane environment. Benefiting from its lipophilic

3941

cationic property and the help of benzyl groups,*’ IR825-Cl could rapidly enter into cells
and selectively accumulate in mitochondria, which achieved wash-free red fluorescence

imaging for mitochondria due to its polarity-responsive fluorescence enhancement property.

Since NIR fluorescent probes are restricted either by their relatively low QY or the lack of
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commercial NIR fluorescence microscopes, the development of red fluorescent mitochondrial
probe of IR825-Cl can readily find numerous applications in mitochondria-related cell
biology. In addition, IR825-Cl could differentiate cancer cells from normal cells, which
ensures its application as an excellent cancer diagnostic reagent. More importantly, IR825-Cl
possesses high NIR absorption and low fluorescence QY (~0.14%) at the excitation of 808
nm, which ensure its high 5 (17.4%). Therefore, IR825-Cl can serve as an effective
mitochondria-targeted PTA and achieve markedly enhanced anticancer efficacy since
mitochondrion as a critical cellular organelle for cell survival is highly sensitive to
hyperthermia. Taken together, benefiting from its two channel mechanism, IR825-CI can
realize bright fluorescence imaging without the sacrifice of its photothermal conversion
efficiency. Moreover, not only IR825-CI but also its photodegradation products have low
cytotoxicity. We believe that IR825-Cl as a small and dual functional organic molecule with

good biocompatibility will find wide applications in theranostics.
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