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Abstract:

Current photodynamic therapy (PDT) is sufferingniréimited efficacy towards hypoxia tumors

and severe post-treatment photo-toxicity such gig-induced skin damages. To make PDT more

effective in cancer treatment while being patiemtortable, herein, a hexylamine conjugated

chlorin e6 hCe6) as the photosensitizer together with a lipapmear-infrared (NIR) dye

1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarppacine iodide (DIR) are co-encapsulated into

polyethylene glycol (PEG) shelled liposomes. In tlobtained DiRRCe6-liposome, the

photosensitizing effect ofiCe6 is quenched by DIR via fluorescence resonaneegg transfer

(FRET). Interestingly, upon irradiation with a 786% NIR laser to photobleach DiR, both

fluorescence and photodynamic effect lo€e6 in DiRhCe6-liposome would be activated.

Meanwhile, such NIR irradiation applied on tumork mice with intravenous injection of

DiR-hCe6-liposome could result in mild photothermal hegt which in turn would promote

intra-tumor blood flow and relieve tumor hypoxiagntributing to the enhanced photodynamic

tumor treatment. Importantly, compared HGe6-loaded liposomes, DiREe6-liposome without

being activated by the 785-nm laser shows muchr®kie photo-toxicity, demonstrating its great

skin protection effect. This work demonstrates @npsing yet simple strategy to prepare

NIR-light-activatable photodynamic theranostics fymergistic cancer phototherapy, which is

featured high specificity / efficacy in tumor trergnt with minimal photo-toxicity towards the skin.



1. Introduction

Photodynamic therapy (PDT) relies on the singleygex generated from light activated
photosensitizers (PSs) to kill diseased cells [IF8]date, several different formulations of PSg.(e
Photofrir® and Visudyn&) have been approved by the food and drug admatiistr (FDA) of USA
to treat various diseases including cancers [3Hbjvever, as an oxygen-requiring cancer therapy,
the therapeutic efficacy of PDT to treat solid tusnis severely affected by the existence of hypoxia
in tumors originated from the abnormal tumor groy&h 6-9]. Moreover, the residual PSs in the
skin and eyes post treatment would induce longAggihoto-toxicity to those tissues / organs even
under normal sunlight and indoor lights, signifitgmeducing the life quality of those patients pos
PDT [10-12]. Therefore, development of new genermatf photodynamic agents and techniques
with excellent tumor specificity, the capability d@ercome hypoxia-associated resistance in cancer
PDT, as well as the minimal post-treatment phoigeity, would be of great importance in the
development of photodynamic cancer treatment.

With the advance of nanotechnology, a great vanétyano-drug delivery systems (NDDSSs)
have been extensively explored and found to be igingiin improving the bioavailability of many
water insoluble drugs including PSs and enhandmaiy ttumor accumulation via the enhanced
permeability and retention (EPR) effect, so asctueve more efficient cancer treatment [13-20]. In
recent years, many smart NDDSs responsive to iat@mexternal stimuli (e.g. acidic pH values,
redox, enzyme, light) have been developed to ingptbe selectivity and efficiency of PDT [21-29].

In particular, several different groups includingr® have uncovered that modulating tumor



oxygenation levels to relieve tumor hypoxia withastmano-agents via different approaches (e.g.
by in-situ production of oxygen inside the tumar,improve blood oxygen delivery into tumors)
would be able to improve the treatment efficacPBIT [30-35]. However, although superior tumor
specific treatment outcomes have been demonstratethose studies, how to reduce the
photo-toxicity of those newly developed photodynam&no-agents to healthy tissues such as skin
remains a largely unexplored issue to our best keye.

Therefore, in this study, a near-infrared (NIR)hticactivatable liposomal Ce6 agent with
efficient skin protection is constructed by simplyencapsulatingCe6 and DiR molecules into the
bilayers of polyethylene glycol (PEG) shelled lipoges Figure 1). It is demonstrated that the
as-prepared DiRCe6-liposome shows remarkably reduced Ce6 fluonescesinglet oxygen
generation and cell killing ability owing to flu@eence resonance energy transfer (FRET) from
hCe6 to DiR with strong NIR absorbance. Interestingfter NIR irradiation with a 785-nm laser to
photo-bleach DiR, the fluorescence as well as stngkygen generation capability b€e6 at its
guenched status in such DiCe6-liposome would be efficiently recovered. Theref with
DiR-hCe6-liposome as an NIR-activatable photodynamictagee can use a 785-nm NIR laser
with a relatively high laser power density (0.7~¥W0cni®) to control PDT triggered by a 660-nm
light emitting diode (LED, 2 mW cif). In vivo experiments in a mouse tumor model igHer
carried out. By utilizing the strong absorbance dhmrescence of DIR, the gradual tumor
accumulation of DiRiCe6-liposome after intravenous (i.v.) injection abserved under both

photoacoustic (PA) and NIR fluorescence imagingtallly, the 785-nm laser irradiation locally



applied on the tumor would not only activéwée6 as evidenced by its recovered fluorescence, but

also lead to a mild photothermal heating to promatea-tumor blood flow and relieve tumor

hypoxia, ultimately resulting in a superior synstmi therapeutic effect during in vivo phototherapy

of tumors with DiRhCe6-liposome. Furthermore, a detailed in vivo eadun of photo-toxicity of

DiR-hCe6-liposome is carried out. Comparedhtoe6-liposome which results in significant skin

photo-toxicity, DIRhCe6-liposome induces no appreciable photo-toxitwtytreated mice at the

tested doses. This study demonstrates an innovatte simple approach to construct an

NIR-activatable photodynamic agent with high thex#tc selectivity / efficacy together with

minimized photo-toxicity to healthy tissues suclskis.

2. Materialsand methods

2.1 Materials

Ce6 was purchased from Frontier Scientific, In@-dipalmitoyl-snglycero-3-phosphocholine

(DPPC) was purchased from Xi'an ruixi Biologicalch@ology Co., Ltd. PEG-5000 conjugated

1,2-distearoyl-sn-glycero-3-phosphoethanolamine RBSWPEGy) was purchased from Laysan

Bio Inc. DIR was purchased from AAT Bioquest Inchdlesterol was purchased frod&K

Scientific Ltd. Hexylamine, N-(3-DimethylaminoprdpyN-ethylcarbodiimide hydrochloride

crystalline (EDC), N-Hydroxysuccinimide (NHS), and

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazain bromide (MTT) were all purchased from
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Sigma-Aldrich. All other chemicals were purchaseairf China National Pharmaceutical Group

Corporation. RPMI-1640 medium and fetal bovine ser{FBS) were purchased from Thermo

Fisher Scientific Inc.

2.2 Synthesis of hCe6

hCe6 was prepared by conjugating commercial Ce6 gttylamine in the presence of EDC

and NHS. Briefly, Ce6 (100 mg, 0.17 mmol), hexylaen(88uL, 0.68 mmol), EDC (132 mg, 0.68

mmol), NHS (77 mg, 0.68 mmol) and trimethylamin&f; 95 pL, 0.68 mmol) were dissolved in

10 mL anhydrous dichloromethane and stirred at rdemperature for 24 h. Afterwards, the

reaction mixture was condensed by rotary evaporattmd then purified by thin layer

chromatography (TLC) using a mixture of dichloroheete / ethyl acetate (1 : 2, v/v) as the solvent

system (RF, 0.7). Afterwards, the individual bandswscraped, dispersed with methanol and

centrifuged to collect the supernatant. The sudekesynthesis ofhCe6 was confirmed by the

matrix-assisted laser desorption / ionization tiofdlight mass spectrometry (MALDI-TOF MS)

and high performance liquid chromatography (HPLEy¢re S1, supporting information).

2.3 Liposome preparation

To prepare DiRRCe6-liposome, the lipid mixture of DPPC, cholesteDSPE-mPEG, hCe6

and DIiR at a molar ratio of 6 : 4 : 0.5 : 0.5 : Q&s dissolved in chloroform and then dried under a

rotary evaporator. Afterwards, the dried lipid fiwas hydrated with phosphate buffered saline



(PBS) and stirred at 4% for 30 min, followed by extruded through a 200 pafycarbonate filters
at 45 °C for 20 times. The obtained DilRe6-liposome was condensed with an Amico filtercev
with a molecule weight cut-off (MWCO) of 100 kDa {INpore, Bedford, MA) for further use.

For hCe6-liposome, it was prepared with the same praeeddopted for the preparation of
DiR-hCe6-liposome just without the addition of DIiR. Tle&e distribution, absorbance and
fluorescence spectra of DiRCe6-liposome andhCe6-liposome were recorded using a Malvern
zetasizer (nano-ZS90), a UV-vis-NIR spectrometehefino Fisher), and a FluoroMax 4
luminescence spectrometer (HORIBA Jobin Yvon), eespely. The morphology of
DiR-hCe6-liposome stained by phosphotungstic acid (¥6)vivas observed under transmission
electron microscopy (TEM, Tecnai F20, FEI). Theaamtrations of DiR antdCe6 were quantified
using their absorbance at 760 nm and 664 nm witbsreatinction coefficient of 196.3 mL mg

cm* and 45.9 mL mg cm’?, respectively.

2.4 Characterization of DiR-hCe6-liposome with 785-nm laser irradiation

DiR-hCe6-liposome at a DiR concentration of B mL™* was subjected to a 785-nm laser for
10 min at a power density of 1 W @mThen, the size distribution, absorbance and dscence
spectra of the irradiated DiREe6-liposome were recorded using the same parasnasethose
mentioned above. Moreover, the absorbance andelfeence spectra d¢fCe6-liposome after
exposure to 785-nm laser irradiation at 1 W?cfor 10 min were also measured under the same

parameter settings.



2.5 Evaluation of the singlet oxygen generation ability of DiR-hCe6-liposome

The solutions of DiRiCe6-liposome with and without 785-nm laser irradiat
hCe6-liposome and free Ce6 at a Ce6 concentratidh 0¥l were mixed with SOSG at a final
concentration of 2.pM in PBS and then subjected to irradiation by a-660LED light at 2 mW
cm? At 5, 15 and 30 min p.i., 10pL sample was pipetted out from each well and their
fluorescence intensities were recorded using aimaodte microreader (Varioskan Flash, Thermo

Fisher).

2.6 Céllular uptake of DiR-hCe6-liposome

4T1 murine breast cancer cells was ordered fromrivaue Type Culture Collection (ATCC)
and maintained according to the recommended proeeéor flow cytometric analysis, 4T1 cells
were seeded in a 12-well plate at a density ofi8’cells per well and incubated at %7 for 24 h.
Then, the cells were incubated with fresh mediumaioing DiRhCe6-liposome with and without
785-nm laser pre-irradiation (1 W &rfor 10 min), hCe6-liposome, and free Ce6 at a Ce6
concentration of %M for another 2 h. After that, the medium was reswirom the plate and cells
were then washed twice with ice-cold PBS, trypsidizcollected, and analyzed using a BD Calibur
flow cytometer.

For confocal laser scanning microscopy (CLSM) obeton, 4T1 cells were seeded in a

24-well plate containing circle glass coverslides aensity of 3 x 10cells per well. After being



incubated at 37°C for 24 h, the cells were cultured with fresh noedi containing
DiR-hCe6-liposome with and without 785-nm laser prediagion (1 W cnif for 10 min),
hCe6-liposome, and free Ce6 at a Ce6 concentrafidrnu for another 2 h. Then, the cells were
washed twice with PBS, fixed with 4% paraformalgiéd solution, stained with
4,6-diamino-2-phenyl indole (DAPI), and then imagadder the CLSM (Leica TCS-SP5II,

Germany).

2.7 Cytotoxicity of DiR-hCe6-liposome

The NIR light activatable cytotoxicity and dark toky of DiR-hCe6-liposome were
evaluated on 4T1 cells by utilizing the standardTVASsay. Briefly, 4T1 cells were seeded in the
96-well plate at a density of 1 x “igells per well and incubated at 3¢ for 24 h. Then, fresh
medium containing DifhCe6-liposome with and without 785-nm laser prediagion (1 W cnf
for 10 min),hCe6-liposome, and free Ce6 of various concentrativare added to corresponding
wells and incubated for 2 h at 8C. Afterwards, the medium containing materials wen@oved
from the wells and cells were then washed twicd WiBS and re-cultured in fresh medium before
being irradiated with the 660-nm LED light at 2 mdti? for 15 min. Another 22 h later, 28 of
MTT stock solution (5 mg mt) was added into each well and then incubated vetfs at 37°C
for 4 h before discarding the medium and dissolving formazan by adding 150 DMSO.
Finally, the absorbance of each well at 570 nm warded by a microreader (Model 680,

Bio-Rad) to determine the relative cell viabilities



The dark toxicity of DiRRCe6-liposome was evaluated according to the sameegure as
aforementioned for determining the NIR light actalde cytotoxicity of DiRRCe6-liposome apart

from the cells were not irradiated with the 660-bBED light.

2.8 In vivo NIR fluorescence and PA imaging of DiR-hCe6-liposome:

Female Balb/c mice and Balb/c nude mice of 18~2@ege purchased from Nanjing Sikerui
Biological Technology Co. Ltd. and used under pcots approved by the laboratory animal center
of Soochow University. To build the 4T1 tumor mqdelx 16 4T1 cells in 50uL PBS were
subcutaneously injected to the back of each mouse.

For NIR fluorescence imaging, mice with tumor sizés~100 mni were i.v. injected with
DiR-hCe6-liposome at a dose of 3.5 mg*apdy weight (in terms of Ce6). At 1 h, 2 h, 4 t &nd
24 h p.i., the mice was anesthetized and image@rumdviaestro in vivo optical imaging system
(Cambridge Research & Instrumentation, Inc) withigtion at 735 nm.

For PA imaging, those tumor-bearing mice were dmtizted and then injected with
DiR-hCe6-liposome at dose of 3.5 mgkigody weight (in terms diCe6). Then, at 5 min, 15 min,
30 min, 1 h, 2 h, 4 h and 24 h p.i., the tumoraagias imaged using the Visualsonic V&&100

LAZER system with an excitation wavelength at 700. n

2.9 In vivo pharmacokinetics of DiR-hCe6-liposome



To explore the blood circulation profile of DiRGe6-liposome, DiRCe6-liposome at a dose
of 3.5 mg kg body weight (in terms ofiCe6) was i.v. injected to three healthy Balb/c mise
different time intervals, ~2QlL blood was taken out from each mouse and therdlya¢th blood
lysis buffer containing 1% sodium dodecylsulfateDE, 1% Triton X-100, 40 mM
tris(hydroxymethyl)aminomethane (tris) acetate,mi®l ethylenediaminetetraacetic acid (EDTA),
10 mM dithiothreitol (DTT). Then, the fluoresceniceensity of each sample was recorded using
the Varioskan Flash multimode microreader.

For analyzing the biodistribution profile of DiREe6-liposome, three 4T1 tumor bearing mice
with a tumor size of ~100 mhreceived i.v. injection of DifCe6-liposome at a dose of 3.5 mg
kg body weight (in terms dfiCe6). At 24 h p.i., the mice were sacrificed andmeagans/tissues
including liver, spleen, kidney, heart, lung, stamaintestine, skin, muscle and tumor were then
collected and homogenized in 1 mL lysis buffer wghFluko homogenizer. Afterwards, the
fluorescence intensity of each sample after appatgpdilution was recorded using the Varioskan

Flash multimode microreader.

2.10 Invivo NIR laser induced activation of DiR-hCe6-liposome

The capability of the 785-nm NIR laser irradiatioractivate DiRRCe6-liposme in vivo inside
the tumor was evaluated using a Maestro in vivacapimaging system. 3 female Balb/c nude
mice bearing 4T1 tumor of ~100 miwere i.v. injected with DifiCe6-liposome at a dose of 3.5

mg kg* body weight in terms of Ce6. 24 h later, the micere anesthetized and imaged under



523-nm and 735-nm excitations to collect fluoreseesignals ohCe6 and DIR, respectively. Then,
the tumors were exposed to a 785-nm laser at a mpdemesity of ~0.7 W cfiA The tumor
temperature was maintained at ~%5 as recorded using a NIR thermal camera (Fotrig) 22
throughout the 20-min laser irradiation. Afterwardee mice were imaged again under the
aforementioned parameter settings. Finally, therflacence emission at 660 nm under 523 nm
excitation HCe6 fluorescence) and that at 800 nm under 735xaitagon (DiR fluorescence) from
the tumor before and after 785-nm laser irradiati@ne quantified in order to determine how such

NIR laser irradiation would activate DiRZe6-liposome in the tumor.

2.11 Evaluation of tumor oxygenation

For ex vivo immunofluorescence staining to evalu#ite tumor hypoxia status, 4T1
tumor-bearing with i.v. injection of DiRCe6-liposomeHCe6 dose = 3.5 mg K were irradiated
with a 785-nm laser at ~0.7 W &nfor 20 min at 24 h p.i. In the meanwhile, micehuiit. injection
of DiR-hCe6-liposome but without laser irradiation wereduas the control. Then, the mice were
intraperitoneally injected with pimonidazole hydntaride (Hypoxyprob&', USA) at a dose of 30
mg kg according to the procedure provided by the manufac. After 90 min, those mice were
sacrificed to collect frozen tumor slices, which revefirstly stained with a mixture of
anti-pimonidazole mouse monoclonal antibody andargiimouse CD31 antibody as primary

antibodies for tumor hypoxia region and blood visssespectively, and then stained with Alexa



Fluo 488 conjugated goat-anti-mouse antibody andamine conjugated donkey-anti-rat antibody

as secondary antibodies.

2.12 In vivo combination therapy with DiR-hCe6-liposome

30 female Balb/c mice bearing 4T1 tumors were ramigadivided to 5 groups. When the
tumor sizes reached ~100 mnwo groups of those mice were i.v. injected withline or
hCe6-liposome, while the other three groups of mieee i.v. injected with DiRiCe6-liposome at
the samenCe6 dose (3.5 mg K. At 24 h p.i.,hCe6-liposome injected mice and one group of
DiR-hCe6-liposome injected mice were irradiated with68-6m LED light at a power density of 2
mW cmi®. Another group of DiRRCe6-liposome injected mice were irradiated with8&-Am laser
for 20 min with the tumor temperature kept at °@5during laser irradiation. The third group of
DiR-hCe6-liposome injected mice were firstly photothdiynheated at ~45C using a 785-nm
laser for 20 min and then followed by 1-h irraddatwith the 660-nm LED light.

The tumor length and width of each mouse were dembusing a digital caliper every two
days since the beginning of the treatment. The tumatume §) was calculated following the
equation:V = LW?/2, in whichL andW refer to the length and width of the tumor in imikters,
respectively. In addition, the body weight of eamcbuse was also measured using a digital balance
every the other day. At day 14 post treatment, rtiee were sacrificed and their tumors were
collected for weighing. Moreover, the main orgamduding liver, spleen, kidney, heart and lung of

saline injected control group and DH&e6-liposome injected combination therapy groupewer



collected, fixed using 4% paraformalclehyde sohitimounted with paraffine, sliced, stained with
H&E, and then imaged using a microscopy. To evalilaé therapeutic effects of those different
treatments, one mouse from each group was sadificgay post laser irradiation, with its tumor
collected and split into two halves for hematoxylnd eosin (H&E) staining and terminal

deoxynucleotidyl transferase dUTP nick end labe{iligdNEL) assay, respectively.

2.13 In vivo photo-toxicity of DiR-hCe6-liposome

To evaluate the in vivo photo-toxicity of DiIREe6-liposome in comparison Ce6-liposome,
50 healthy female mice with hair removed were ramigadivided to 5 groups, with 5 mice of each
group used for recording the body weight and theero6 mice used for other evaluations. Two
groups of mice were i.v. injected with DifGe6-liposome ahCe6 doses of 1.75 mg kgnd 3.5
mg kg*, while the other two groups were i.v. injectedh#iCe6-liposome at the sarh€e6 doses.
At 4 h p.i., the all mice were exposed to a 6604ED light at a power density of 2 mW énior
30 min. At 4 h, 2 days and 8 days post treatméuet,nice from each group were imaged with a
digital camera. Besides, three mice of each groeewacrificed to collect the skin on their back of
with the exact size of 1.5 cm x 1.5 cm for weighatgd h post treatment. H&E staining was also
conducted following the previously mentioned prafoto evaluate light-induced skin damage.
Moreover, the body weight of each mouse was recbuseng a digital balance for 8 days since the

beginning of experiments.



3. Resultsand discussion

In this work, a commercial lipophilic DiIR molecul&ith strong NIR absorbance and
fluorescence, together with the modifie@e6 (by conjugating one Ce6 with three hexylamme t
increase its hydrophobicity, see method sectiondfetails), were co-capsulated into PEGylated
liposomes. In brief, DiRiCe6-liposome was prepared by mixing DPPC, choleister
DSPE-mPEG, hCe6 and DiR at a molar ratio of 6 : 4 : 0.5 : 065 according to standard method
for preparation of liposomes. As expected, DiBe6-liposome showed characteristic peaks of DIR
andhCe6 at 760 nm and 404 nm, respectively, on its NIR absorbance spectruiigure 2a).
The othehCe6 characteristic peak shownh@e6-liposome at ~670 nm overlaid significantly with
the DIR absorbance peak. Dynamic light scatteridigS) measurement revealed the average size of
DiR-hCe6-liposome to be ~150 nm, which was similar tat thf its counterparhCe6-liposome
prepared by adopting the same procedure used f®hDe6-liposome but in the absence of DIR
(Figure 2b). Under TEM, the obtained DiR€e6-liposome showed uniform sphere-like
morphology Figure S2). Moreover, owning to the presence of DiR, thefescence ohCe6 in
DiR-hCe6-liposme was quenched by ~97% in comparison tdah ofhCe6-liposome at the same
hCe6 concentration due to FRET. Such a high FREiEieficy might be attributed to the high
packing density of DIR andCe6 in the bilayers of liposomes, as well as thgelaverlap between
hCe6 emission and DiR absorbance pedkiguf e 2c).

Then, the effects of 785-nm laser irradiation oa diptical properties of DiIRCe6-liposome

were carefully examined. After being exposed tB&-@m laser for 10 min at 1 W émthe DiR



absorbance in DiRCe6-liposome at 760 nm dropped by ~95% due to tiwe photo-stability of
DiR similar to many other organic small dye molesufigure 2a) [36]. Meanwhile, it was found
that the fluorescence dfCe6 in DIRhCe6-liposome after 785-nm laser irradiation remiika
recovered, owing to the diminished quenching eftdcDIiR to hCe6 after photobleaching of the
former one Figure 2c). In comparison, such a laser irradiation has maiinfluence on the
absorbance and fluorescence propertiesh©@é6-liposome Kigure S3), which has no optical
absorbance at 785 nm. Though obvious changes iitabpgbroperties were observed when
DiR-hCe6-liposome was irradiated by the 785-nm lasttie fluctuation on its size distribution was
noted by the DLS measuremenEidure 2b), indicating the great structural stability of
DiR-hCe6-lipsome during laser irradiation. Afterwardbe tin vitro singlet oxygen generation
abilities of DiRhCe6-liposome before and after exposure to the T@%aser irradiation, as well as
hCe6-liposome and free Ce6 molecules at the same cGeéentration, were measured under
exposure to 660-nm LED light (2 mW &nior 30 min) using a commercial singlet oxygen sens
green (SOSG) kit Higure 2d). It was found that the singlet oxygen generatedility of
DiR-hCe6-liposome was only ~18% and ~16% to thoseh@E6-liposome and free Ce6,
respectively, indicating that the photosensitiziability of hCe6 in DIRhCe6-liposome was
efficiently quenched by DIR via FRET. In contrafst; DiR-hCe6-liposome after activation by the
785-nm laser to photobleach DIR, its 660-nm ligidticed singlet oxygen generation would be
significantly recovered, to ~90% and ~77% compaoeethat of plailhCe6-liposome and free Ce6,

respectively. Taken together, those results indicttat the photodynamic effect of such



DiR-hCe6-liposome at its quenched state would be aetivahder exposure to the 785-nm NIR
laser.

Next, we evaluated NIR-activated PDT with DilRe6-liposome at the cellular level in our
carefully designed in vitro experiments. 4T1 murimeeast cancer cells were incubated with
DiR-hCe6-liposomehCe6-liposome or free Ce6 for 2 h, and then examimefiow cytometry and
CLSM. Flow cytometry measurement uncovered thals delcubated with DiR¥Ce6-liposome
showed rather weak Ce6 signals. However, for tlve#ls incubated with the DiRE€e6-liposome
that was pre-irradiated with the 785-nm laser (XMWF for 10 min), the cellular Ce6 fluorescence
signals were remarkably recovered, reaching a lasdiigh as that for cells incubated with plain
hCe6-liposome. In addition, though free Ce6 hadransgt fluorescence, free Ce6 treated cells
showed weak fluorescence signals, probably atingub the inefficient cellular uptake of free Ce6
molecules Figure 3a). Besides, CLSM observation showed similar restdtshose obtained by
flow cytometric analysisHigure 3b). Strong Ce6 fluorescence signals inside cellevadrserved
for cells incubated with DiRCe6-liposome only after it was pre-activated by #85-nm NIR
laser.

Afterwards, the standard cell viability assay wasducted for cells incubated with various
formulations of Ce6 after phototherapy. Owing toe tlguenching effect of DIR in
DiR-hCe6-liposome, minor photo-toxicity was observed dhose cells treated with
DiR-hCe6-liposome incubation plus 660-nm light exposatethe tested doses. In contrast,

significantly improved cell Kkilling ability of DiRiCe6-liposome was observed upon the



photobleaching of DiR using the 785-nm laser (1 M”dor 10 min) before incubation with cells,
reaching a photodynamic cell killing effect comgaeato that of plaifCe6-liposome. Additionally,
owing to the less efficient cellular uptake as obseé previously Figure 3a&b), free Ce6 showed
relatively weak cytotoxicity to the treated cellsder the same experimental conditioRgy(r e 3c).
Furthermore, DiRiCe6-liposomehCe6-liposome and free Ce6 at the same concentsatighout
660-nm LED light irradiation showed negligible effeon the cell viability Figure 3d), indicating
little dark toxicity of those agents. Collectivelyhose in vitro evaluations demonstrate such
DiR-hCe6-liposome to be a NIR light activatable nanoti®& could be turn on by photobleaching
of the quenching molecule, DIR.

Motivated by those exciting in vitro results, thewvivo performance of DiRCe6-liposome
was carefully studied. Utilizing the strong NIR albsance and fluorescence of DIR, in vivo
fluorescence and PA imaging were conducted to trélsk in vivo accumulation of
DiR-hCe6-liposome in 4T1 tumors grown on Balb/c micet paisavenous (i.v.) injection. Under in
vivo fluorescence imaging, gradually increased Di&rescence signals in the tumor were
visualized following i.v. injection of DiRiCe6-liposome Kigure 4a&S5), similar to our
previously reported results [37]. Considering tH2A imaging could offer superior tissue
penetration and excellent in vivo spatial resoluttwer conventional in vivo fluorescence imaging
[12, 38, 39], we further studied the tumor accurnofaprofile of DiR-hCe6-liposome in 4T1 tumor
bearing mice with PA imaging, which also revealeddgally increased tumor accumulation of

DiR-hCe6-liposomeKigure 4b). More interestingly, it was found that DiRGe6-liposome would



firstly perfuse the peripheral regions of tumorsainin post injection (p.i.) and then increasingly
defuse throughout the whole tumor. This intrigudhstribution pattern might be correlated with the
intra-tumor heterogeneous distribution of bloodsets. Our results collectively evidenced the
excellent tumor homing ability of such DiRGe6-liposome.

Furthermore, quantitative in vivo blood circulatiand biodistribution of DiRiCe6-liposome
were determined by utilizing the strong NIR fluaresce of DIR. By measuring the DIR
fluorescence intensities of each blood sample ctglte from healthy mice with i.v. injection of
DiR-hCe6-liposome at different time intervals, it wasirid that DIRhCe6-liposome followed a
two-compartment model during its systemic blooduwgtion, with its first half-life timet{;,) and
second half-life timet{;>3) measured to be 1.6 + 0.44 h and 10.3 * 2.3 peely Figure 4c).

In addition, 4T1 tumor bearing mice with i.v. infen of DiIR-hCe6-liposome were sacrificed at 24
h p.i. Their main organs and tissues were colle@ed homogenized for measuring the DIR
fluorescence intensity. The reticuloendothelialtays (RES) including liver and spleen had high
accumulation of DiRRCe6-liposome, similar to many other NDDSs [40]. k\ehile, the tumor
accumulation reached 6.84 + 0.32 ID% (percentage of injected dose per gram tisshE)¢e
4d). All those results indicate that the excellergatih-like blood circulation profile and high
passive tumor accumulation of such ChRe6-liposome.

Inspired by the in vitro results that the quench@thotosensitizing ability of
DiR-hCe6-liposome could be efficiently recovered by phtgaching DiR using the 785-nm NIR

laser, we herein wondered if its in vivo photoserisig activity could be recovered by the same



way, thereby conferring tumor specific PDT. To alvdirect photothermal ablation of tumors, the
temperature of those 4T1 tumors on mice injectad WiR-hCe6-liposome was monitored using an
infrared thermal camera and kept around@%luring irradiation by the 785-nm laser at 0.7-M0
cm for 20 min for the activation of DiRCe6-liposomeRigure 5a&b). As expected, it was found
that the DIR fluorescence (excitation = 735 nm, ssioin = 800 nm) on tumors of mice with
DiR-hCe6-liposome injection was significantly quenchéegrairradiation by the 785-nm laser for
20 min Figure 5c& d). More excitingly, the fluorescence la€e6 (excitation = 523 nm, emission =
660 nm), which was excited by a shorter wavelengfht source to avoid interference of DiR
fluorescence, showed about two times enhancemetninoors of DiRhCe6-liposome injected mice
after DIR was photobleached by the tumor-focuse8-n& laser. Those results collectively
demonstrate that the mild 785-nm laser irradiatisn a promising strategy to activate
DiR-hCe6-liposome, making it selectively works at thetw site.

In previous studies, it has been reported thargagnent of tumors with a mild hyperthermia
could effectively oxygenate tumors, making them ensusceptible to various treatment modalities
including PDT [41-45]. Therefore, by utilizing exve immunofluorescence staining with the
pimonidazole as the hypoxia staining probe, it feasd that 4T1 tumors without laser irradiation
showed severe hypoxia, which however could be fogmtly relieved after laser irradiation
(Figure 5e). Semi-quantitative analysis of hypoxia-positivgnsls in those tumor slices uncovered
that the percentage of hypoxia-positive area drizadbt dropped from ~38% to only ~12% for

those after the mild NIR-induced photothermal heatiith DiR-hCe6-liposomeKigur e 5f). Those



results indicate that such mild photothermal effedfficient in modulating the tumor oxygenation,
promising for improving the treatment outcomes BfTPsince oxygen is a determinant factor for
efficient PDT [4].

After that, the in vivo NIR light activatable tumospecific therapeutic effects of
DiR-hCe6-liposome were evaluated using 4T1 tumor-beariieg. 30 female Balb/c mice bearing
4T1 tumors with sizes ~100 minwere randomly divided into 5 groups as followscantrol group
by saline injection only; 1l) conventional PDT gmby hCe6-liposome injection plus 660-nm LED
light exposure (2 mW cthfor 1 h) at 24 h p.i.; lll) quenched PDT group DiR-hCe6-liposome
injection plus 660-nm LED light exposure (2 mW gror 1 h) at 24 h p.i.; IV) mild photothermal
heating group by DiiCe6-liposome injection plus tumor-specific 785-ragdr irradiation (0.7 W
cm? for 20 min, with the tumor temperature maintaimed-45°C) at 24 h p.i.; and V) activated
PDT group by DiRaCe6-liposome injection plus sequential 785-nm lasediation (0.7 W ¢l
for 20 min) and 660-nm LED light exposure (2 mW Tfor 1 h) at 24 h p.i. The Ce6 dose was 3.5
mg kg' in all related groups. Then, the tumor sizes arhegroup of mice were recorded using a
digital caliper. It was observed that the tumorvgto of those injected with DiRCe6-liposome
followed by sequential irradiation of 785-nm lasad 660-nm LED light was remarkably regressed,
while treatment ohCe6-liposome injection plus 660-nm LED light irration (conventional PDT)
only showed a moderate tumor growth inhibition efffen those treated mice. On the contrary, the
tumor growth was not obviously disturbed by thatmeents of DiRRCe6-liposome injection plus

either bare 785-nm laser (mild photothermal heatorg660-nm LED light irradiation (quenched



PDT), suggesting that mild photothermal heatinthisttemperature was not able to delay the tumor

growth, DiRhCe6-liposome without activation by the 785-nm lasas an ineffective PDT agent

(Figure 6a). Moreover, similar results were obtained by wéigi the tumors collected from each

treated group of mice at 14 days pHidure 6b). In comparison with the predicted additive effect

by multiplying the tumor growth inhibition ratiosf oconventional PDT group and mild

photothermal heating group, the treatment outcoimthe activated PDT group appeared to be

much more effective, indicating that our developttegy would exhibit promising synergistic

treatment effect over those mono-therapies.

To further confirm the therapeutic effect, both H&E&ining and TUNEL assay were utilized

to analyze histological changes and apoptosis $esEtumors, respectively, at 24 h post various

treatments. From H&E staining, severe morphologgnge and necrosis were observed for tumors

treated with DIRRCe6-liposome injection plus sequential 785-nm Igsetivation) and 660-nm

light (PDT) irradiation, while only moderate damagas observed for tumors of mice post PDT

with hCe6-liposome, and negligible tumor damage was néedther control groups of mice

(Figure 6¢). The apoptosis levels in tumors revealed by TUNiSkay followed the same trend

(Figure 6d). Taken together, those results indicate that ddiEtrhCe6-liposome is a promising

candidate for NIR light activatable synergistic cantherapy, in which the tumor-focused 785-nm

laser irradiation could selectively activate theofadynamic effect of DiRiCe6-liposome

accumulated in the tumor, meanwhile the mild phHwonal heating could efficiently relieve the

tumor hypoxia to further improve the therapeutieef of PDT.



Motivated by the aforementioned in vivo cancer tmment results indicating that
DiR-hCe6-liposome would not show obvious photodynamiectfuntil DIR is photobleached, we
wondered if such DifiCe6-liposome would exhibit reduced photo-toxicibythe skin, which is
often damaged during conventional PDT. Therefdre,hoto-toxicity of DiRRCe6-liposome was
evaluated on mouse skin in comparison with thatplain hCe6-liposome as the example of
conventional PDT to demonstrate the skin protectbility of DiR-hCe6-liposome according to
previously reported methods [46-49]. Healthy fem@alb/c mice with hair removed were
randomly divided to 5 groups: saline control, DRe6-liposome injection with two differehCe6
doses (1.75 mg Kgor 3.5 mg kg), andhCe6-liposome injection with two differemCe6 doses
(1.75 mg kg or 3.5 mg kg). All mice were exposed to the 660-nm LED lightni® cm? for 30
min) at 4 h p.i. While obvious edema was observedhe back ohCe6-liposome injected mice
post light exposureHgure 7a), mice receiving injection of DiRCe6-liposome showed no
appreciable skin side effect after light irradiatiodfo quantitatively compare the edema of mice
with different treatments, three piece of skin & dm x 1.5 cm were taken from the back of three
sacrificed mice of each group and then weightedl latpost light irradiation. It was uncovered that
the skin weight of mice injected with DiREe6-liposome after light exposure showed negligible
difference compared to the saline control, while #kin weights ohCe6-liposome treated mice
showed significant increases upon light exposkrgufe 7b). At 24 h post irradiation, the edema
would gradually disappeared (data not shown), wdlilous erythema and eschar were formed on

the back of mice treated witiCe6-liposome at 3.5 mg Rgpody weight at 2 days post irradiation.



Such dose-dependent sign of skin damage inducdiCbg-liposome would not disappear until 8
days post light irradiatior={gur e 7a).

We further carried out a careful histology exammmabf skins collected from different groups
of mice by H&E staining at 2 days post irradiatioit. was found that the skins of
DiR-hCe6-liposome treated mice remained intact as thsalme control mice post light exposure.
In remarkable contrast, epidermis of those treatitl hCe6-liposome was much thinner than that
of saline control group, and obvious necrosis Waseoved in the region of dermiBigure 7d).
Furthermore, the body weights of different treagealups of mice were recorded for 8 days. It was
found that mice treated withCe6-liposome of 3.5 mg Kgafter light exposure showed obvious
body weight loss, which was not observed for DiRe6-liposome injected mice after light
exposure at the sanh€e6 and optical doseBigure 7c). All these results collectively demonstrate
that our DiRhCe6-liposome is promising in diminishing the seveheto-toxicity of conventional
PDT, highlighting a meaningful strategy in designimew generation of nano-PSs with excellent

selectivity, efficacy and safety.

4. Conclusion

In this study, we designed NIR light activatablgosomal Ce6 and then explored its capacity
for cancer phototherapy with minimal skin photottity. Owing to the strong NIR absorbance of
DiR, the photosensitizing ability dfCe6 in the obtained DiRC€e6-liposome was blocked due to

FRET, but would be easily recovered by exposura #85-nm laser to photobleaching DIR, as



demonstrated in both in vitro and in vivo experitserMoreover, ex vivo immunofluorescence

imaging demonstrated that the mild photothermadatfcould efficiently relieve tumor hypoxia,

subsequently contributing to an effective synergigierapeutic effect in cancer PDT. In addition,

excellent skin protection ability of DiRE€e6-liposome was uncovered by evaluating its

photo-toxicity to the tested mouse skin. Taken tiogle such DiRRCe6-liposome shows several

advantages over most of other conventional nanof®iSthe following reasons: 1) its minimal

photosensitivity to skin would make it much safedamore comfortable for patients; 2) tumor

localized activation would further improve the s#idty of treatment; 3) utilizing the mild

photothermal effect to modulating tumor hypoxia Woproduce a synergistic treatment effect; 4)

its excellent biocompatibility and well defined cpasition would make it much easier for further

clinical translation.
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Figure 2. Effects of 785-nm laser irradiation on the ogdticize distribution, and singlet oxygen
generation profiles of DiRCe6-liposome. (a-c) UV-vis-NIR absorbance specttp DLS size
distribution (b), and fluorescence spectra (chGke6-liposome (1), DiRiCe6-liposome (2), and
DiR-hCe6-liposome with a 785-nm laser irradiatitrgé.m) at 1 W cnf for 10 min (3). Inset in (a)
shows digital photos of these three samples. (d)gl& oxygen generation abilities of
DiR-hCe6-liposome with and without 785-nm laser irradiatas aforementionetiCe6-liposome,
and free Ce6 determined by using a singlet oxygas@ green (SOSG) kit. The concentration of
Ceb6 was UM in those experiments. The error bars were basddmicated measurements.
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Figure 3. Intracellular internalization and cytotoxicity dDiR-hCe6-liposome. (a&b) Flow
cytometric analysis (a) and CLSM observation (bdhef intracellular internalization profiles of free
Ce6, hCeb-liposome, and DiRE€e6-liposome with and without a 785-nm laser pradiation
(L7gsnm 1 W cmi? for 10 min) at the same Ce6 concentration. (c&elaRve viabilities of 4T1 cells
incubated withhCe6-liposome, DiRiCe6-liposome, DiRiCe6-liposome +t7gsnm, and free Ce6 for

2 h, then irradiated with (c) or without (d) a 660 LED light Lesonm) for 15 min followed by
additional 22 h incubation before the standard MiE$ay. The error bars were based on triplicated
measurement$ values were calculated by the Studehttest:*P < 0.05,**P < 0.01 (n = 3).
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Figure 4. In vivo behaviors of DiRCe6-liposome. (a&b) Time-lapsed in vivo NIR fluoceace (a)
and PA (b) imaging of 4T1 tumor bearing mice. FdRNluorescence imaging, the mice were
imaged with an excitation at 735 nm, emission spegithin 780-950 nm, and exposure time of
100 ms. The tumor was indicated by white dashetlesirin those fluorescence images. For PA
imaging, ultrasound (gray) and photoacoustic (red)ges were overlaid with one another. (c&d) In
vivo blood circulation (c) and biodistribution (dprofiles of DiRhCe6-liposome in 4T1
tumor-bearing mice. The data were obtained by tkogrthe fluorescence of DiR in all samples.
Error bars were based on triplicated measurements.
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Figure5. In vivo activation of DIRRCe6-liposome by NIR laser irradiation and the faial tumor
oxygenation. 4T1 tumor bearing mice with an i.yeation of DiRhCe6-liposome were exposed to
a 785-nm laser at ~0.7 W &for 20 min. (a&b) In vivo infrared thermal imagirf@) and the
corresponding tumor temperature change curvesflmrded using an infrared thermal camera. (c)



In vivo DIiR fluorescence bleaching (upper panel)l B6e6 fluorescence recovery (down panel) as
imaged by the Maestro in vivo optical imaging systd he excitation and emission wavelengths
for DIR andhCe6 fluorescence imaging were 735 nm / 800 nm &3dnBn / 660 nm, respectively.
Tumors were highlighted using the red dashed ard@) Relative fluorescence (FL) intensity of
DiR andhCe6 at emission wavelengths of 800 nm and 660 aspmectively, based on the in vivo
images shown in (c). (e) Immunofluorescence stgidhtumor slices from DiRCe6-liposome
injected mice before and after 785-nm laser treatnoé their tumors. Tumor hypoxic regions,
blood vessels and nuclei were shown in green, retlldue, respectively. (f) Semi-quantitative
analysis of the percentage of positive hypoxiaaediefore and after laser irradiation based on the
images shown in (el values were calculated by the Studentiest:*P < 0.05,**P< 0.01 (n = 3).
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Figure 6. In vivo NIR light activated synergistic canceropbtherapy. (a) Relative tumor volume
(VIV,) changing curves of mice after various differeeatments at indicated for 14 daysandV,
stood for the tumor volumes after and before teattnent, respectively. Error bars were based on
five mice in each group? values were calculated by the Studenttest:*P < 0.05,**P < 0.01 (n =
5). (b) Average tumor weight of tumors collectednfr different groups 14 d after the treatment.
Groups |, IlI, 1, IV, and V was used to stand the group of saline (controlhCe6-liposome +
Lesonm (conventional PDT), DiRCe6-liposome Hgsonm (quenched PDT), DiRCe6-liposome +
L7gssm (PTT alone), and DiRCe6-liposome +Lzgspm + Lesonm (@ctivated PDT) in (a&b),
respectively. The predicted addictive effect wascudated by multiplying the tumor growth
inhibition ratios of group Il and group IV. The @osf Ce6 was 3.5 mg KgLesonm andLzgsnm Stand
for 660-nm LED light irradiation at 2 mW cfrfor 1 h and 785-nm laser irradiation at ~0.7 W%m
for 20 min, respectively. (c&d) H&E (c) and TUNEla#ming (d) of tumor slices collected from
mice from various groups at 24 h post laser irraaia
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Figure 7. In vivo photo-toxicity of DiRhCe6-liposome andhCe6-liposome to mouse skin. (a)
Digital photographs of mice after various treatrses indicated at 4 h, 2 days, and 8 days post a
660-nm LED light exposure of 2 mW &nfor 30 min. (b) Weights of skins with a fixed siae1.5

cm x 1.5 cm collected from the sacrificed mice dt gost laser irradiation. The error bars were
based on 3 mice in each grodpvalues were calculated by the Studetttest:*P < 0.05,**P <

0.01 (n = 3). (c) Relative body weight changingvessrwithin 8 days post irradiation. The error bars
were based on 5 mice in each group. (d) MicrograghBl&E stained skins of various groups
collected at 2-days post irradiation.



