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ABSTRACT: In this study, a reactive oxygen species (R@Sjes tioketaiox ReTo) u 3t
! O o 2 ..

responsive nanoparticle system was designed for combinipg®y™ | wob § WY o e -
photodynamic therapy (PDT) and chemotherapy for q;aim/,z/\ omgr“vkdﬂwuksxsﬂ';%”“ T B

tongue squamous cell carcinoma (OTSCC)-targeted w&g=1Y " ,; PR
ment. A PEGIated prodrug (RPTD) of doxorubicin (DOX) « . —

RPTD/HP nanoparticle

via thioketal linkage and cRGD peptide ngation was
synthesized and then used to prepare nanoparticles for
encapsulating photosensitizer hematoporphyrin (HP). Thus, the obtained HP-loaded RPTD (RPTD/HP) nanopatrticles had

a regular spherical shape and small size, approximately 180 nm. The RPTD/HP nanoparticles showed a remarkable PDT
e ciency and successfully induced ROS generation upon laser irradiation both in vitro and in vivo. DOX exdaibited signi
ROS-responsive release property from RPTD/HP nanoparticles because of the rupture of the thioketal linker. In OTSCC cells,
RPTD/HP nanopatrticles were @ently internalized and showed poterices on cell growth inhibition and apoptosis

induction after laser irradiation. In OTSCC tumor-bearing mice, RPTD/HP nanopatrticles displayed excellent tumor-targeting
ability and notably suppressed tumor growth through multiple mechanisms after local laser irradiation. Taken together, we
supplied a novel therapeutic nanosystem for OTSCC treatment through combining PDT and chemotherapy.
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INTRODUCTION comments, light, photosensitizer, and molecular 8xygen.
hotosensitizers can undergo photochemical reaction upon

Oral tongue squamous cell carcinoma (OTSCC) is th&’hotos , RS X
tivation with laser irradiation at a spesiavelength and

commonest oral cancer. Even with combined treatment . . . .
surgical operation, chemotherapy, and clinical radiation, tfjgPSeguently induce the generation of reactive oxygen species
global 5-year survival rate of OTSCC patients is less than 685£S): which can directly kill cancer cells by inducing
because of local-regional recurrence and lymph node meg¥idative damages to lipids, proteins, and nuclei¢“agids.
stasig? Many OTSCC patients are diagnoseditigy at the ~ 1arge amount of ROS can also destroy tumor vascliatdre
middle or late stage, and thus unfortunately lose the chancedfivate antitumor immunity of the Host, thus exerting
surgery. Furthermore, ablative surgery is often unacceptabldf@rect anticancer ects. Some investigations have also
OTSCC patients because it will severely impair the or&hown that PDT can distinctly enhance chemotherapgye
structure and functions, for example, speech, mastication, dh@rug-resistant cancérdt can be seen that PDT has many
swallowing. Other traditional treatments such as chemothera@fjvantages for OTSCC treatment and is favorable for
and radiotherapy also cannot suppress OTSCC deterioratiBfeserving the oral structure and functions. o
e ectively because of their lack of tumor-targeting ability and/ However, there are limitations in the clinical applications of
or their signicant toxicities? Besides, drug resistance Photosensitizers by their poor water-solubility, short circu-
induced by long-term chemotherapy will also reduckdtion half-life, and low tumor-targeting afilitfrhe
therapeutic ecacy and further lead to treatment failune. ~ application of nanocarrier technology can overcome these
view of these facts, it is increasingly necessary to expldfaitations. Nanocarriers have many advantages for carrying
e ective therapeutic strategies for improving the survival agdticancer drugs such as good solubilization to indissolvable
life quality of OTSCC patients.
Photodynamic therapy (PDT) is an advanced noninvasieceived: May 19, 2018
method and has been extensively applied for treating variousepted: August 14, 2018
cancers and nonmalignant diseases. PDT involves three Reylished: August 14, 2018
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Scheme 1. lllustrations for Synthesis of RPTD and Preparation of RPTD/HP Nanopatrticles (A) and Synergisticdt
PDT/Chemotherapy Combination Treatment Mediated by RPTD/HP Nanoparticles on OTSCC (B)

drugs, tumor-targeted drudglivery, drug delayed and ultrasound wave are attracting more and more attention
controlled release, and high bioavaildbilkg. is known to  because of their controlled and on-demand drug release
all, nanocarriers can deliver drugs targeting tumors via tpeopertie$>>° In consideration of the inductioreet of PDT
enhanced permeability and retention (EPRXtE® and on ROS generation, ROS-responsive nanocarriers have unique
furthermore can enhance drug accumulations in the tumor sievantages on combining PDT with other treatiiéhtsor
through surface-modation of antibodies or ligands for the example, the thioketal bond can be rapidly cleaved upon ROS,
receptors overexpressed by cancer'@éll§he RGD and currently it has been used as a chemical linker to design
(arginine glycine aspartic acid) peptide is a well-known ROS-responsive nanocarrier for codelivery of a photosensitizer
ligand of integrin v 3, which is often overexpressed in and a chemotherapeutic drug. The ROS generation triggered
malignant tissues such as OT$E€Hence, many RGD by photochemical reaction can destabilize these nanocarriers,
peptide-modied nanomaterials have been prepared fothus releasing a chemotherapeutic drug and obtain synergistic
targeted delivery of photosensitizérsAdditionally, nano-  anticancer ects>>*°

carriers can simultaneously encapsulate photosensitizers ard view of the facts described above, we designed a ROS-
other therapeutic agents (chemotherapeutic drug, gene m@sponsive nanoparticle system for combining PDT and
immune regulator), and thus obtain synergistic anticancehemotherapy for OTSCC-targeted treatment. As shown in
e ects by combining PDT with other treatment meftidds. Scheme A, a PEGlated prodrug of doxorubicin (DOX) is
Recently, smart nanocarriers that can respond to stimulagnthesized through thioketal linkage and cRGD (cyclo-
outside such as enzyme, pH, temperature, ROS, amdginine glycine aspartic acic-phenylalaninecysteine)
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peptide modication. This prodrug, named as RPTD, has arand stirred for 2 h at room temperature to activate one end carboxyl
amphiphilic property and can form nanoparticles in aqueo@gup of diacetoxyl thioketal. mPEG (200 mg, 0.1 mmol) was

media through self-assembly. Photosensitizer hematoporphg#ggolved in 10 mL of DMSO and then added dropwise into the above
(HP) has a large ring conjugate structure and can be mixture. After stirring for 36 h, the reactant solution was transferred

e ciently encapsulated into RPTD nanoparticles via into a dialysis bag with 1 kDa molecular weight oit&/CO),

tacking int i ding t . F’éﬁ% puri ed by dialysis in deionized water, and further freeze-dried to
stacking Iinteraction according 1o our previous tus obtain mPEG-thioketal carboxylic acid (PT). Next, PT was activated

obtaining HP-loaded RPTD (RPTD/HP) nanoparticles. yith EDC/NHS in DMSO at an equimolar ratio for 2 h. B4}
Scheme B illustrates the function mechanisms of RPTD/was desalted overnight in triethylamine solution and then mixed with
HP nanoparticles on OTSCC by combining PDT andEDC/NHS-activated PT. After 48 h of reaction at room temperature,
chemotherapy. RPTD/HP nanoparticles can reach and hbe reactant solution was ped by dialysis as mentioned above and
accumulated in the tumor through the ERRteand speai nally freeze-dried to obtain PTD. It should be noted that all steps
binding of the cRGD peptide with integnn3 overexpressed Were done in the dark. _

on OTSCC cells. After cell internalization, HP loaded by The CRGD peptide was next conjugated to PTD through the

RPTD/HP nanoparticles can induce the intracellular RO ichael addition reaction between the sulfydryl group in the cRGD

. . L . eptide and maleimide moiety in mPEG. BrieTD was dissolved
generation upon laser iradiation, thereby leading to ﬂ% pDMSO and diluted withtydeionized v’i/ater to obtainnal

mitochondria-mediated cell apoptosis. Meanwhile, the thiggcentration of 10 mg/mL, thus forming a micellar dispersion. The
ketal linker between DOX and PEG will rupture by the ROSRGD peptide was dissolved in deionized water at a concentration of
and subsequently DOX can be released from RPTD/HR mg/mL and subsequently added into the above solution at a cRGD
nanoparticles to exert its antitumarats. All these show that peptide/PTD weight ratio of 1/5. Next, the mixed solution was stirred
RPTD/HP nanoparticles will facilitate OTSCC treatmentunder nitrogen atmosphere for 2 h at room temperature in the dark,
through combining PDT and chemotherapy. In this study, thahd then puried by dialysis to remove unreacted cRGD peptide.
synergistic ecacy of RPTD/HP nanoparticles against Finally, RPTD was obtained by freeze-drying.

OTSCC was also investigated both in vitro and in vivo. The chemical structures of MPEG, cRGD peptide, PT, PTD, and
RPTD were commed by Fourier transform infrared spectroscopy

and proton nuclear magnetic resonance spectroseopMR)
EXPERIMENTAL SECTION using a NEXUS 470 IR spectrometer (Nicolet, USA) and AVANCE
Materials. Diacetoxyl thioketal was synthesized by our lablll NMR spectrometer (400 MHz, Bruker, Germany). The DOX
according to the previous repdrMaleimide-PEG-amine (MAL- contents in PTD and RPTD were detected using an ultraviolet
PEG-NH, mPEG, MW = 2000) was obtained from Yare Biotech IncVisible (UV vis) spectrophotometer (U-3310, Hitachi, Japan) at 488
(Shanghai, China). DGXCI, HP, N-hydroxysuccinimide (NHS), nm.
and 1-ethyl-3-(3-dimethyl amino-propyl)carbodiimide hydrochloride Preparation and Characterization of RPTD/HP Nanopar-
(EDC) were purchased from J&K Scientitd. (Beijing, China). ticles. RPTD/HP nanopartlclgs containing HP and DOX ‘were
The cRGD peptide with a purity of 96.8% was obtained fronprepa(ed by sel_f-assembly using the dialysis method. In detail, HP was
Synpeptide Co., Ltd. (Nanjing, China). Cyanine 5.5 (Cy5.5) andIst dissolved in methanol at a concentration of 1.0 mg/mL and
singlet oxygen sensor green (SOSG) were obtained from Therrgiifred overnight at room temperature. After being dissolved in
Fisher Scientt (Waltham, USA). Rhodamine 123 (Rh123§- 4 DMSO at a concentration of 10 mg/mL, RPTD was added dropwise
diamidino-2-phenylindole (DAPI), and,72dichlorouoresc in into the above solution of HP (DOX/HP molar ratio was 1/4). Next,
diacetate (DCFH-DA) were obtained from Sigma-Aldrich (St_the mixture was placed into a dialysis bag with 2 kDa MWCO after 12
Louis, USA). h of stirring in the dark, and dialyzed in deionized water for 12 h with
The human OTSCC cell line, CAL-27, was obtained fromwater change every 3 hally obtaining RPTD/HP nanoparticles.
American Type Culture Collection (Manassas, VA, USA). Thé&or comparison, HP-loaded PTD (PTD/HP) nanoparticles (without
human oral epithelial cell line (HOEC) was obtained from BeNamodi cation of the cRGD peptide) were prepared by the same
Culture Collection (Beijing, China). Both CAL-27 and HOEC cellsmethod, and RPTD and PTD nanoparticles without loading of HP
were cultured in L120-Dulbe'scmodied Eagle medium (Gibco, ~ were also prepared meanwhile.
Life Technologies, USA) containing 10% (v/v) fetal bovine serum The morphologies of nanoparticles prepared above were
(FBS) and 1% (v/v) penicillin/streptomycin. The cells were characterized using a HT7700 transmission electron microscope
incubated at 37C under an atmosphere of 5% ,CEBor PDT (TEM, Tokyo, Japan). The size and size distributions of nanoparticles
treatment, CAL-27 cells were irradiated by a 633 nm laser for 10 mivgre determined using a Zeta sizer Nano ZS detector (Malvern
at an intensity of 100 mw/émaccording to the method we Instruments, Worcestershire, UK). The in vitro stabilities of PTD/HP
previously reportéd. and RPTD/HP nanoparticles were investigated through monitoring
Female BALB/c nude mice with a body weight a&f 20y were the changes of their size and size distribution during 5 day storage in
obtained from Vital River Laboratory Animal Technology Co., Ltddeionized water and 10% FBS solution. Furthermore, we also
(Beijing, China). The mice were raised in a speeithogen-free  evaluated the  stacking interaction between HP and RPTD by
environment and fed with normal diets. The animal model fomonitoring the intermoleculauorescence quenching. RPTD was
OTSCC was established by subcutaneously injecting CAL-27 catiéxed with HP in methanol at a DOX/HP molar ratio of 1/4, and
into the oxters of mice at %0.C cells/mouse. For PDT treatment, then the uorescence emission spectrum of this mixture was recorded
the tumors in the mice were irradiated by a 633 nm laser for 10 min ab a RF-5301uorescence spectrophotometer (Shimadzu, Japan) at
an intensity of 100 mwW/énaccording to the method we previously an emission wavelength of 395 nm. Tieeescence emission spectra
reported” All the procedures mentioned above were approved by thef free HP and free DOX were also scanned at the same HP and DOX
Tianjin Medical University Animal Care and Use Committee andoncentrations.
executed according to the China Physiological St@igtling Evaluation of ROS-Responsivity of RPTD/HP Nanoparticles.
Principles in the Care and Use of Animals First, we evaluated the ROS-responsive cleavage ability of the
Synthesis and Characterization of RPTDmMPEG-thioketal-  thioketal linker in PTD using the NMR method as reported
DOX conjugate (PTD) wagst synthesized by connecting mPEG previously? In detail, PTD was incubated in DMSO solution
and DOX, respectively, to the two end carboxyl groups of diacetoxydntaining KO, (400 mM) and CuGl(3.2 M) for 48 h at 37°C.
thioketal through amide bonds. Brj22 mg of diacetoxyl thioketal Then, the solution was placed into a dialysis bag with 1 kDa MWCO
(0.1 mmol), 12 mg of NHS (0.1 mmol), and 20 mg of EDC (0.1 and dialyzed in deionized water to fully remove DMSO, and further
mmol) were mixed in 4 mL of anhydrous dimethyl sulfoxide (DMSO)reeze-dried to acquire the sample. FinaltRVR spectrum of
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this sample was _detected using an AVANCE IIl NMR spectrometer ¢ = IC5, (HP in nanoparticles with laser irradiation)
and compared with that of PTD.
Next, the ROS generations triggered by RPTD/HP nanoparticles /1C 5¢HP in HP with laser irradiation)
upon di erent times of laser irradiation at 633 nm at 100 miV/cm
were detected using @orescent probe of SO$G-or comparison,
the ROS generations in solutions of phosphagedulisaline (PBS), /1C 5{DOX in nanoparticles)
free DOX, free HP, and PTD/HP nanoparticles were also detected
after laser irradiation. The concentrations of HP and DOX used in the We also used the LIVE/DEAD Cell Staining Kit to visualize the
above experiments were 4.0 and g/®L, respectively. cytotoxicity of RPTD/HP nanopartlcles. combined with laser
Finally, we evaluated the ROS-responsive release of DOX frdwdlatlon in CAL-27 cells. The cells received the same treatments
RPTD/HP nanoparticles. RPTD/HP nanoparticles were irradiated b§> described above for the MTT assay, and were then stained with
a 633 nm laser for 10 min at 100 mWicTinen, these nanoparticles caCéin-AM and ethidium bomodimer-1. After that, the cells were
were placed into dialysis bags with 1 kba MWCO and diaIyze'jq{;agﬁ;j using a IX7luorescence microscope (Olympus, Tokyo,
separately in PBS solutions with pH values of 7.4 and 652137 pan).

. . ell Apoptosis Assay.CAL-27 cells were seeded into 12-well
under shaking at 100 rpm. At the scheduled times, 0.5 mL of relea%q es at a density o110 cells/well. After preincubation of 24 h,

media were collected and 0.5 mL of fresh media were added at @ cells were treated with free DOX, free HP, PTD/HP, and RPTD/
same time. Finally, the DOX concentrations in the released medig nanoparticles for 2 h at the HP and DOX concentrations of 4.0
were measured by a UNs spectrophotometer at 488 nm. For and 1.0 g/mL, respectively. Some of these cells were processed with
comparison, the DOX releases from RPTD/HP nanoparticles witholgser irradiation, and then all the cells were further incubated for 24 h.
laser irradiation were also evaluated in PBS solutions at pH 7.4 agdxt, the cells were treated with the Annexin V-APC Apoptosis
6.5. Detection Kit (BD Biosciences, USA) andlly analyzed usingw
Cellular Uptakes of PTD/HP and RPTD/HP Nanoparticles.  cytometry.
Cellular uptakes and intracellular distributions of PTD/HP and Evaluations of Mitochondrial Membrane Damage and
RPTD/HP nanoparticles in CAL-27 and HOEC cells wese Subcellulgr Locatlpns of Cytochrome c. The_ same treatments
visualized by confocal microscopy according to our previou&reportvere carried out in CAL-27 cells as described above for the cell

The cells were incubated with PTD/HP and RPTD/HP nanoparticle@POPLOSiS assay. To detect damage of the mitochondrial
for 6 h at the HP and DOX concentrations of 4.0 andglniL, membrane, the treated cells were stained sequentially with Rh123

respectively. After staining with DAPI, the cells were observed un (jd Hoechst 33342 (Invitrogen, Carlsbad, USA),reiy imaged

r - -
. ?/ confocal microscopy. To observe the subcellular locations of
an FV-1000 confocal microscope (Olympus, Tokyo, Japan). Mor ytochrome (Cyt ¢), the treated cells were stained with MitoTracker

over, we also observed the intracellular locations of RPTD/HRS oqp (M7514, Eugene, USAXed with 4% paraformaldehyde
nanoparticles in CAL-27 cells at 2, 6, and 12 h after laser irradiatiqpra), and blocked with 1% BSA. After that, the cells were processed
Add|t|ona“y, the Uptakes Of PTD/HP and RPTD/HP nanoparticleSsequentia“y W|th anti_cw monoc'ona' antibody (Abcam' Cam_

by CAL-27 and HOEC cells were quantitatively detected 08ing  bridge, UK, 1:1000 of dilution) and Alexa-647-conjugated goat
cytometry. After 6 h of incubation with PTD/HP and RPTD/HP antirabbit antibody (Life Technologies, 1:300 of dilution). Finally, the
nanoparticles, the cells were digested, collected, and wash@&gt c subcellular locations were observed under a confocal
sequentially, and then resuspended in PBS. Afterwards, the cellutéroscope.

uorescence intensities were detected usingytometry (Beckman Tissue Distribution and Intratumoral Accumulation of
Coulter, California, USA). RPTD/HP Nanoparticles.Cy5.5, a near-infrarediorescent dye,

Detection of Intracellular ROS Generation. The ROS was rst encapsulated into PTD/HP and RPTD/HP nanoparticles to

generations in CAL-27 cells trigged by RPTD/HP nanoparticleB'€Pare PTD/HP/Cy5.5 and RPTD/HP/Cy5.5 nanoparticles.
with laser irradiation were assessediycytometry and confocal B'i€ ¥, Cy5.5 and HP were mixed in methanol at a weight ratio 1/
microscopy according to the method we previously refdFed 10 and stlrreq for 12 h. Next, this mixture was processed using the
: : ; ; ' ethod described above for the preparation of PTD/HP and RPTD/
ow cytometric detection, the cells were incubated with free DO>E‘1P nanoparticles. and thus obtained PTD/HP/CV5.5 and RPTD/
free HP, PTD/HP, and RPTD/HP nanoparticles for 2 h at the HPH b ' yo

. ; P/Cy5.5 nanoparticles.
and/or DOX concentrations of 4.0 and HonL, respectively. Some Next, we evaluated biodistributions and intratumor accumulations

of these cells were irradiated by laser, and then all the cells WeFePTD/HP/Cy5.5 and RPTD/HP/Cy5.5 nanoparticles in OTSCC
further incubated for 12 h. After that, the cells were processed Withice using the livingiorescent imaging technique. In detail, CAL-27
DCFH-DA, and then the intracellularorescence intensities were tumor-bearing mice were randomly divided into four groups with 3
detected using aow cytometer. For confocal microscopic mice/group and then intravenously injected with sterile physiological
observation, the cells were treated by the same method as mentioseline (the control), free Cy5.5, PTD/HP/Cy5.5, and RPTD/HP/
above, stained with DAPI, anchlly observed under a confocal Cy5.5 nanoparticles, respectively. At the scheduled times, these mice
microscope. were imaged using a vis in vivo imaging system (PerkinElmer,

Cytotoxicity Assessment. Cytotoxicities of RPTD/HP nano- Waltham, USA). Afterwards, all the mice were cakriand their
particles alone and combined with laser irradiation in CAL-27 celf8ajor organs (heart, liver, kidney, spleen, and lung) and tumors were
were determined using the MTT assay. \Brithe cells were _coIIe(_:ted for observing theorescence distributions under an in vivo
incubated with various concentrations of free DOX, free HP, PTDIMaging system.

HP, and RPTD/HP nanoparticles for 2 h. Some of these cells wee Evaluation of in Vivo Antitumor Activities of RPTD/HP
. . L anoparticles. CAL-27 tumor-bearing mice were randomly divided
processed with laser irradiation, and then all the cells were furth

incubated for 48 h. Next, the cells were treated with the MTT reageI to 10 groups with 5 mice/group and treated separately with sterile

A ) siological saline (the control), free DOX, free HP, PTD/HP, and
and then detected using an ELX800 absorbance microplate reaggdtp/yp nanoparticles, in combination with and without laser

(Bio-Tek Epoch, Winooski, USA). According to the previous¥eport, jrradiation. Al treatments underwent intravenous injection once every
we further calculated the combination index (CI) values of PTD/HP3 ( for four consecutive times. The doses of HP and DOX were,
and RPTD/HP nanoparticle-mediated combination treatments ofespectively, 12 and 3 mg/kg. At 24 h after administration, the tumors
PDT and chemotherapy. The calculation formula was shown &sthe mice were processed with laser irradiation. During the whole
follows, and the ClI value >1, =1, and <1 represented antagonistreatment period, the tumor sizes and mouse body weights were
additivity, and synergism, respectively. monitored continuously. After treatments, all the mice wereeshcri

+ 1C5(DOX in nanoparticles with laser irradiation)
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Figure 1.Chemical characterizations of PTD and RPTD. IR (AfardMR spectra (B) of PTD, mPEG, and diacetoxyl thioketal. (C)
Comparison 0H NMR spectra of PTD and cleaved PDT in DMSO solution contagiygiti CuC). (D) *H NMR spectra of RPTD, PTD,
and cRGD.

and their major organs and tumors were removed for furthgohotosensitizer in this study. The synthesis route of RPTD is
experiments. _ shown in Scheme A. First, PTD was synthesized by
The above tissue and tumor samples wem@ with 4% PFA, connecting mMPEG and DOX separately to the two end

embedded with para, and then cut into sections with &1 cag?oxyl groups of diacetoxyl thioketal through amide bonds

thickness. For histopathological analysis, these sections were sta - .
with hematoxylin & eosin (H&E) and then observed under agl% characterized by the IR and NMR mettiadsre A

microscope. For further evaluation of tumor angiogenesis, the tumfOWS the IR spectra of diacetoxyl thioketal, mPEG, PTD, and
sections were stained immunohistochemically with rabbit polyclor@$signments of characteristic peaks. In the IR spectrum of
antibody against CD31 (Abcam, Cambridge, UK) according to thEDT, the stretching vibrations of the benzene skeleton in DOX
method we previously reportédifter staining with hematoxylin, and ether bond in the PEG backbone were obviously visible at
these sections weneally observed using aorescence microscope. 1500 1600 and 1100 crh respectivelfigure B shows the
_ Statistical Analysis. All detections underwent at least three !4 NMR spectra and signal assignments of diacetoxyl thioketal
SD deviation: Studest test was used for siaisical analysio gnd a T deuterated DMSO, mPEG, and PTD in_ deuterated
: g g = chloroform. Characteristic peaks at 1.5, 3.6, 6.7, aBd7.5
value of less than 0.05 denoted statisticalcsigoe. opm in theH NMR spectrum of PDT were attributed,
respectively, to the protons of methyl groups in thioketal,
RESULTS AND DISCUSSION methylene groups, and the terminal maleimide group in the
Synthesis and Characterization of RPTDRPTD, a PEG backbone, and aromatic ring in DOX. The results
ROS-responsive PEGIlated prodrug of DOX, was synthesizadntioned above vezd that DOX was favorably conjugated
and then used to prepare nanoparticles for carrying with mPEG via thioketal linkage. We also evaluated the ROS-
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Figure 2 Characterization and ROS-responsive drug release behavior of RPTD/HP nanopatrticles. (A) Fluorescence emission spectra of DOX, H
and RPTD/HP nanoparticles. (B) TEM image of RPTD/HP nanoparticles. (C) Size distribution of RPTD/HP nanoparticles. (D) ROS
generations in solutions of PBS, DOX, HP, PTD/HP, and RPTD/HP nanoparticleseaéer tilnes of laser irradiation (633 nm, 100 mw/

cn?) using SOSG as an indicator. (E) In vitro releasteprof DOX from RPTD/HP nanoparticles aedént pH values. +L and. represent

with and without laser irradiation, respectively.

responsive cleavage ability of the thioketal linker in PTD usimgport?’ By using a simple dialysis method, RPTD nano-
the NMR method previously report@difter incubation in  particles were prepared and exhibited a spherical shape with a
DMSO solution containing,8, and CuCJ, mimicking a  small size of approximately 160 nm. The photosensitizer HP
ROS environment, the proton signal of methyl groups ihas a large ring conjugate structure in a molecule, and
thioketal at 1.5 ppm was notably weakefedre C). This therefore it could be eiently encapsulated into RPTD
indicated that the thioketal bond in PTD was partially cleavedanoparticles through  stacking. First, we evaluated the
by ROS. stacking interaction between HP and RPTD using a
The cRGD peptide is highly spedor integrin 3 thatis uorescence quenching method. As showiyime 2, the
often overexpressed by OTSCC téifddence, we used the mixture of HP and RPTD displayed sicanitly reduced
cRGD peptide to prepare a novel OTSCC-targeted druguorescence signals as compared to both free HP and RPTD at
carrier in this study. As shownSnheme A, the cRGD  the same concentrations, eamng a strong stacking
peptide was conjugated with PTD to synthesize RPTInteraction between these two molecules. RPTD/HP nano-
through the Michael addition reaction between the sulfydryarticles prepared at a DOX/HP molar ratio of 1/4 had a
group in the cRGD peptide and maleimide moiety in mPEGspherical shap€&ifure B) and a small size of about 180 nm
The chemical structure of RPTD was characterized using thdth a relatively narrow distributiofigure £). During 5
NMR method in deuterated DMSO. The proton signals of thelays of storage in deionized water and 10% FBS, RPTD/HP
benzene ring (7.Z.5 ppm) and the amino groups (B® nanoparticles maintained almost unchangedsSize® (S1A
ppm) in the cRGD peptide were clearly visible, and meanwhidend polydispersity indexésglire S1B demonstrating their
the proton signal of the maleimide group at 6.7 ppm almosixcellent in vitro stability.
completely disappeared in theNMR spectrum of RPTD In view of the ROS-responsive cleavage of the thioketal
(Figure D). Thus, it can be seen that RPTD was successfullinker between DOX and PEG in RPTD, we believed DOX
synthesized through a highlycent coupling reaction could be controllably released from RPTD/HP nanoparticles
between the cRGD peptide and PDT. The DOX contents inthrough the HP-induced ROS generation upon laser
PTD and RPTD were detected using M¥ spectropho- irradiation. To evaluate this ROS-responsive drug release
tometry and their values were approximately 17.8 and 13.98&havior, werst monitored the ROS generations induced by
respectively. RPTD/HP nanopdicles after dierent times of laser
Characterization and ROS-Responsive Drug Release irradiation by using alorescence probe SOSG. The detection
Behavior of RPTD/HP Nanoparticles.Because of the results are shown kfgure B. Compared to PBS and free
existence of both hydrophobic DOX and hydrophilic PEGDOX, free HP, PTD/HP, and RPTD/HP nanoparticles
RPTD had a sigréant amphiphilic property. Therefore, it notably enhanced the SOS@rescence intensities during
could self-assemble to form nanoparticles through hydrtdie 10 min laser irradiation period, indicating that large
phobic interaction in aqueous media according to our previoasnounts of ROS were produced in these systems. At the same
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HP concentrations, the ROS productions induced by PTD/HP
and RPTD/HP nanoparticles were almost equivalent to those
induced by free HP. This meant that HP maintained a high
PDT e ciency even after encapsulation into these nano-
particles. Next, we detected the in vitro DOX releases from
RPTD/HP nanoparticles at drent pH values in the case of
laser irradiation or not. The DOX releaselgsaare shown in
Figure E. The DOX release was notably accelerated after laser
irradiation (100 mW/c/ 10 min) at both pH 7.4 and pH 6.5,
indicating that the thioketal linkage between DOX and PEG
was successfully cleaved by the generated ROS. Additionally,
DOX had an accelerated release rate at pH 6.5 from RPTD/
HP nanoparticles whether with or without laser irradiation.
This was perhaps because DOX has an enhanced solubility in
weak acid solution than in neutral and alkaline ones.
Evaluation of Speci ¢ Cellular Uptake and Subcel-
lular Distribution. It is well known that modiation with
targeting peptide can provide smednteractions between
nanoparticles and cancer cells, and therefore ceamda
tumor-accumulation, cellular internalization, and intracellular
location of nanoparticles. Integrim 3, a common cell
adhesion molecule overexpressed in tumor vasculature and
some cancer cells, plays key roles in tumor neovascularization
and cancer cell migration, invasion, and metastasis. The cRE@ure 3.Cellular uptakes and subcellular distributions of PTD/HP
peptide is a potent antagonist for integvir8 and has been and RPTD/HP nanoparticles. The confocal microscopic images of

: ; _ : : CAL-27 (A) and HOEC cells (C) after 6 h of incubation with PTD/
widely used as aneetive cancer-targeting Ilg%Because HP and RPTD/HP nanoparticles. Flow cytometry analysis of CAL-27

OTSCC cells often overexpress integvit8, we prepared B) and HOEC cells (D) after 6 h of incubation with PTD/HP and
RPTD/HP nanoparticles with surface meation of the (RIgTD/HP nanopamcﬂell

cRGD peptide, and further investigated their spesiiular
uptake and subcellular distribution in OTSCC cells using the
intrinsic uorescence of DOX. First, we compared the cellulgsarticles could eciently induce the intracellular ROS
uptakes of PTD/HP and RPTD/HP nanoparticles in integringeneration. Theuorescence signals of DCF in cells treated
v 3 highly expressed OTSCC CAL-27 ‘¢éfland low-  with free HP, PTD/HP, and RPTD/HP nanoparticles were
expressed normal HOEC cells. As compared with PTD/HRigni cantly enhanced at 12 h after laser irradiafioure
nanoparticles, RPTD/HP nanoparticles exhibited cgtly 4A), conrming the strong PDT eiencies of these
stronger uorescence signals in CAL-27 cells after 6 h ofreatments. We further quantitatively compared the intra-
incubation Eigure A,B). However, this dirence was not cellular ROS levels induced byerknt treatments usingw
visible in HOEC cells=(gure €,D). These results suggested cytometry. As compared to both free HP and PTD/HP
that RPTD/HP nanoparticles could be spadly internalized  nanoparticles, RPTD/HP nanoparticles showed an obviously
into CAL-27 cells through the mediation of the cRGD peptidenigher induction ect on the ROS generation after laser
Free DOX could rapidly dise into CAL-27 cells and was irradiation Figure 8,C), which was because more amount of
mostly located in the cell nucleEgy(re Sp whereas DOX  HP entered CAL-27 cells through the delivery of RPTD/HP
loaded by RPTD/HP nanoparticles was mainly distributed inanoparticles because of the mediation of the cRGD peptide.
the cytoplasmRigure 3). After laser irradiation, DOX was  Synergistic E ects of RPTD/HP Nanoparticles with
obviously released from RPTD/HP nanoparticles and enteracser Irradiation against OTSCC CellsSynergistic ects
the nuclei of CAL-27 cellsigure SB All these results of PDT/chemotherapy combination treatment mediated by
suggested that DOX can be controllably released from RPTIRPTD/HP nanoparticles were investigated in OTSCC cells.
HP nanoparticles through the cleavage of the thioketal borrst, cytotoxicities of dirent treatments were detected by
triggered by the PDT-induced ROS generation. MTT assay and the results are showrigare B. Free HP
Intracellular ROS Generation Triggered by RPTD/HP  only slightly inhibited the growth of CAL-27 cells when its
Nanoparticles with Laser Irradiation. As the eect or concentration increased; on the contrary, PTD/HP and
molecules of PDT, ROS can cause oxidative stress in canR&®TD/HP nanopatrticles exhibited evidently enhanced cyto-
cells, thus leading to cell apoptosis or nettdsisevaluate  toxicities at the same HP concentrations. This demonstrated
the PDT e ciency, we detected the ROS generation in CALthat DOX loaded by these nanoparticles was released partially
27 cells after 6 h of incubation with RPTD/HP nanoparticlesand then exerted its cytotoxicity. After 10 min of laser
and 10 min of laser irradiation. DCFH-DA, a cell-permeablieradiation, the cytotoxicities of free HP, PTD/HP, and
non uorescent precursor, can be cleaved by the intracelluRPTD/HP nanoparticles all increased notably, rimamg
esterases and then transformed intoubeescent dichloro- their strong PDT eciencies. Furthermore, PTD/HP and
uorescein (DCF) upon reaction with intracellular ROS. AfteRPTD/HP nanoparticles showed more potent cytotoxicities
treatment of RPTD/HP nanoparticles with laser irradiationthan free HP. This meant that most of the DOX was released
CAL-27 cells displayed intensive gresmwescenceF(gure from these nanoparticles through ROS-triggered cleavage of
S4A and the uorescence intensity reached a high level at 1the thioketal linker between DOX and PEG. However, laser
h (Figure S4B This demonstrated that RPTD/HP nano- irradiation did not iruence the cytotoxicity of free DOX in
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Figure 4 Intracellular ROS generations in CAL-27 cells using DCFH-DA as an indicator. (A) Confocal microscopic images of CAL-27 cells treatec
with free DOX, free HP, PTD/HP, and RPTD/HP nanoparticles. Flow cytometry analysis (B) and comparison of intracekutsceade

intensities (C) in CAL-27 cells after various treatments. The concentrations of HP and DOX were 4g0randdspectivels* P< 0.01 for

the comparison between two treatment groups.

CAL-27 cellsKigure Sp The synergistic ects of PDT and  the rate of normal cells was only 37.4%. Additionally, free
chemotherapy combined treatments mediated by PTD/HBOX whether with laser irradiation or not both contributed to
and RPTD/HP nanoparticles were also evaluated, and their e cell apoptosis, but exhibited no signit di erence in the
values were approximately 0.89 and 0.68 (<1). These resulites of apoptotic cellSigure Sp Accordingly, we deduced
indicated that these treatments had synergistic cytotoxicity titat RPTD/HP nanoparticles can induce the apoptosis of
CAL-27 cells. Moreover, RPTD/HP nanoparticles displayedTSCC cells through combining PDT with chemotherapy.
slightly higher cytotoxicitthan PTD/HP nanoparticles Cell Apoptotic Mechanism Induced by RPTD/HP
whether with or without laser irradiation, which was becaus@anoparticles with Laser Irradiation. Many investigations
RPTD/HP nanoparticles delivered more amounts of HP anflave reported that the mitochondria-mediated apoptosis plays
DOX into CAL-27 cells to exert synergistects. key roles in antitumor ects of PDT. The ROS generation
visualize the synergistic cytotoxicity mentioned above. Agtochondrial membrane and further mediate the release of
shown inFigure B, the live and dead CAL-27 cells aﬁerCytcfrom the mitochondria into the cytoplasm to initiate the
various treatments emitted intensive green andueeels- || apoptosi. Here, we monitored the depolarization of the
cence, respectively. The cells treated with laser irradiation We{g,chondrial membrane in CAL-27 cells witterdht
almost fully alive, which indicated that laser irradiation alor}?eatments using Rh123 asumrescence probe. When the

could not cause the cell damage. At 24 h after laser irradiati% - -
: tochondrial membrane was depolarized, the change of the
free HP (4.0 g/mL), PTD/HP, and RPTD/HP nanoparticles mitochondrial membrane potential will excite Rh123 to emit

(4.0 g/mL HP and 1.0 g/mL DOX) obviously induced the intensive greenuorescence, and thereby we can detect it

cell dea_th; but by coumtst, PTD/HP ar)d RPTD/HP using confocal microscopy aoav cytometry. Compared to
nanoparticles showed more potent inductiaraey, further o o
the control, all treated cells exhibited visible green

con rming the synergistic cytotoxicity of PDT and chemo- uorescence, indicating the polarization of the mitochondrial

therapy. Similar to the results of the MTT assay, RPTD/HP b inth . &) Fi 8 sh th
nanoparticles also exhibited a much higher cytotoxicity thapemprane in these cefisgure ). 'gure & shows theow
PDT/HP nanoparticles perhaps because of their cpeci cytometry results. CAL-27 cells exhibited sinitaescence
uptake by CAL-27 cells. intensities after treatments of free DOX with and without laser

Subsequently, we evaluated the apoptosis of CAL-27 Céq@dlatlon, _whlch should be attributed to the D04>(—|nduced
with di erent treatments, and thew cytometry data are Mitochondrial membrane damage as reported pretidsly.
shown inFigure €. Without laser irradiation, free HP comparison, the intracellularorescence intensities induced
exhibited no sigréant induction eect on the cell apoptosis, Py free HP, PTD/HP, and RPTD/HP nanoparticles were
whereas PTD/HP and RPTD/HP nanoparticles both inducedotably enhanced after laser irradiation, indicating their strong
the cell apoptosis to some extent, indicating that DOX wd3PT e ciencies on the polarization of the mitochondrial
partially released from these nanoparticles. Laser irradiatijg@mbrane. PTD/HP and RPTD/HP nanoparticles, whether
alone only caused the cell apoptosis slightly, but increasedh or without laser irradiation, showed markedly higher
notably the apoptosis rates of CAL-27 cells treated with frg@tencies on the polarization of mitochondrial membrane as
HP, PTD/HP, and RPTD/HP nanoparticles, which ooed compared to free HP. This meant that DOX loaded by these
the strong PDT eciencies of these treatments. Howeverhanoparticles exerted its cytotoxieces. After laser
RPTD/HP nanoparticles with laser irradiation displayed thé&radiation, RPTD/HP nanoparticles induced the mitochon-
highest induction potency on the cell apoptosis, for examplirial membrane polarization at a much higher level than that
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Figure 5.Synergistic @cts of RPTD/HP nanoparticles with laser irradiation against OTSCC cells. (A) Cytotoxicities of free HP, PTD/HP, and
RPTD/HP nanopatrticles alone and with laser irradiation (+L) in CAL-27 cells after 48 h treatments using MTT agsaglu€befEiP in

free HP, PTD/HP, and RPTD/HP nanoparticles with laser irradiation were 4.7, 2.4,gnt_1réspectively; the dgalues of DOX in PTD/

HP nanopatrticles alone and with laser irradiation were 1.7 argirl§Sespectively; the dgralues of DOX in RPTD/HP nanopatrticles alone

and with laser irradiation were 1.5 and @A8L, respectively. (B) Live and dead analysis of CAL-27 cells at 24 h after various treatments. The
concentrations of HP and DOX were 4.0 anddlraL, respectively. (C) Apoptosis analyzedolycytometry in CAL-27 cells at 24 h after
various treatments (Q1: dead cells; Q2: late apoptotic cells; Q3: early apoptotic cells; Q4: notfat 6eliS)and™* P < 0.01 for the
comparison between two treatment groups.

induced by PTD/HP nanoparticles because of their higheabove indicated that RPTD/HP nanoparticles had a powerful
cellular uptake. PDT e ciency and successfully activated the mitochondrial
Cyt c is a small hemeprotein in the mitochondrial apoptosis pathway in CAL-27 cells after laser irradiation.
intermembrane space and its release from the mitochondrialTissue Distribution and Tumor Accumulation of
to cytoplasm is believed to be an early indicator of ceRPTD/HP Nanoparticles in the OTSCC Model Mic&o
apoptosis® Hence, we further observed subcellular distribuevaluate the OTSCC-targeting ability of RPTD/HP nano-
tions of Cytc in CAL-27 cells after various treatments byparticles, we establishednmmuse xenograph model by
immuno uorescence staining. The confocal images are shosubcutaneously implanting CAL-27 cells into BALB/c nude
in Figure €. The blue, green, and rearescence present the mice. Cy5.5 was used as a near-infra@escent dye to
cell nuclear, mitochondria, and @ytrespectively. Laser prepare PTD/HP/Cy5.5 and RPTD/HP/Cy5.5 nanopatrticles.
irradiation eectively promoted the release of €yom the The mice bearing the CAL-27 tumor were injected with these
mitochondria to the cytoplasm in CAL-27 cells treated witmanoparticles via the tail vein, and then their tissue
free HP, PTD/HP, and RPTD/HP nanoparticles. Meanwhiledistributions and tumor accumulations were assessed using
the nuclear translocation of €was also observed in these the in vivo imaging technique. Compared to free Cy5.5, PTD/
treated cells. We believed this was because large amountsiBfCy5.5 and RPTD/HP/Cy5.5 nanoparticles displayed
intracellular ROS resulted in the damage of the nucleaignicantly slowed elimination rates and increased tumor
membrane, and thus increased its permeability. The resutistributions Figure A). They began to appear in the tumors
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Figure 6 Activation eects of RPTD/HP nanopatrticles on the mitochondrial apoptosis pathway. (A) Confocal microscopic images of CAL-27 cells
treated with free DOX, free HP, PTD/HP, and RPTD/HP nanoparticles alone and with laser irradiation. Rh123 was used as a probe for detectin
the mitochondrial membrane potentials with greaescence. (B) Intracellular meaorescence intensities determinedycytometry after

various treatments. (C) Subcellular locations af iIBYEAL-27 cells after various treatments. The mitochondria were stained with M7514 and
emitted greenuorescence. Cgivas immunaiorescence stained with anti-Cymtibody and emitted redorescence. The concentrations of

HP and DOX were 4.0 and 14/mL, respectivelyP < 0.05 and™* P < 0.01 for the comparison between two treatment groups.

Figure 7.Tissue distributions and intratumor accumulations of free Cy5.5, PTD/HP/Cy5.5 and RPTD/HP/Cy5.5 nanoparticles in CAL-27
tumor-bearing mice. (A) In vivaiorescence images of mice atrdint times post administration. (B) Fluorescence images of hearts, livers,
kidneys, spleens, lungs, and tumors removed from the mice at 24 h post administration.

at 4 h and showed visible tumor-accumulations at 8 and 24dystem. Compared with PTDPHCy5.5 nanoparticles,
Here, the EPR ect played an important role in the tumor- RPTD/HP/Cy5.5 nanoparticles exhibited notably increased
accumulations of PTDH/Cy5.5 and RPTDH/Cy5.5 nano-tumor-accumulatiorrigure B), which should result from the
particles because of their nanoscaled sizes. At 24 h pepecic binding of the cRGD peptide with integrin 3
administration, the main organs and tumors were removeyerexpressed on the CAL-27 cells. The above results meant
from the mice and then analyzed usingpeescence imaging that RPTD/HP nanoparticles had excellent OTSCC-targeting
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Figure 8.Antitumor eects of RPTD/HP nanoparticles in CAL-27 tumor-bearing mice. (A) Curves of tumor growth in mice treated with free
DOX, free HP with laser irradiation, PTD/HP, and RPTD/HP nanoparticles alone and with laser irradiation. (B) Image of tumors removed from
the mice with various treatments. (C) Changes of mouse body weights during the treatment period. (D) Images of tumor sections stained wit
H&E. (E) Images of tumor sections after immunohistochemical staining. Brown color represents neovascular endothelial cells. (F) Relative MVI
in tumors after various treatments. The mice were intravenously injected with free DOX, free HP, PTD/HP, and RPTD/HP nanopatrticles. The
doses of HP and DOX were 12 and 3 mg/kg, respectivelyd.05 and* P < 0.01 compared to the contfti;< 0.05 and™P < 0.01 for the

comparison of the two treatment groups.

ability and could realize the tumor-targeted delivery of HP arfeurthermore, PTD/HP and RPTD/HP nanoparticles showed
DOX. much more signtant inhibitory eects on tumor growth than

In Vivo Antitumor Activities of RPTD/HP Nano- both free DOX and free HP with laser irradiation, which
particles with Laser Irradiation. Encouraged by the resulted from their eient tumor-accumulations mediated by
synergistic ects of PDT/chemotherapy combination treat- the EPR eect. After laser irradiation, PTD/HP and RPTD/
ment based on RPTD/HP nanoparticles in vitro and theitHP nanoparticles further notably slowed the growth speed of
remarkable tumor-targeting property in vivo, we furthetumors, corrming their strong synergistieets of PDT and
investigated the antitumor @ency of RPTD/HP nano- chemotherapy. Additionally, the tumors of mice treated with
particles combined with laser irradiation in CAL-27 tumorRPTD/HP nanoparticles and laser irradiation were the
bearing mice. All treatments including normal saline (themallest in sizeFigure 8), which was because HP and
control), free DOX, free HP, PTD/HP, and RPTD/HP DOX delivered by RPTD/HP nanoparticles were more
nanoparticles with and without laser irradiation were carrieal ciently accumulated in the tumor site through speci
out once every 3 d consecutively four times. The tumor sizbiding of the cRGD peptide with integnn3. The changes
and body weights of the treated mice were monitoredf mouse body weights are showFignre €. Because of the
continuously during the treatment perieidure & shows  toxic and side ects, free DOX with a dose of 3.0 mg/kg
the curves of tumor growth. All treatments remarkablgecreased the body weights of mice. However, the mice
inhibited the tumor growth as compared to the controlreceiving other treatments showed no semi changes in
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their body weights, demonstrating that these treatments are at di erent times after laser irradiation, viabilities of

safe for in vivo applications. CAL-27 cells with free DOX treatment with and without
After treatments, the main organs and tumors were removed  |5ser jrradiation, apoptosis analyzedwycytometry in

from the fmifce r?nd th?” were maﬂe into hist?pathological 4 CAL-27 cells after treatment with free DOX with and

sections for further analysis. From the images of H&E-staine . : L . S

tissue sections, no histopathological changes and injuries \t/ylthout Ia?_er |rra_(illr?t:_(|)gizar:d. mleO?t()OpIC !magetzs (if

appeared in the main organs of all the treated Fiped ISSUE Sections wi staining after various trea

S7. However, the irammatory inltration, cytoplasmic ments PDR)

vacuolation, and even cell necrosis were evidently observed

in the tumors of mice with treatments of PTD/HP and  AUTHOR INFORMATION
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