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Designing targeted-delivering and stimuli-responsive nanocarriers for photodynamic therapy (PDT) is an appealing method,
especially, targeting delivery of photosensitizers to mitochondria as the most sensitive cellular organelles to reactive oxygen
species (ROS) could significantly enhance the therapeutic efficacy of PDT. In this study, we synthesized triphenylphosphonium
bonded PEG-NH, (TPP-PEG-NH,) and bridged to chlorin e6 (Ce6) via thioketal (TK) linkage to obtain red light-triggered,
amphiphilic copolymer (TPP-PEG-TK-Ce6), which could self-assemble into micelles with an average size of 160 nm and zeta
potential of +20.1 mV. The in vitro release behavior of TPP-PEG-TK-Ce6 nanocarriers showed a light-activated way and was
dependent on the H,O, concentration. TPP-PEG-TK-Ce6 nanocarriers exhibited high cytotoxicity against C6 cells with
illumination. Confocal laser scanning microscopy observation indicated that TPP-PEG-TK-Ce6 nanocarriers were efficiently
internalized into the mitochondrion of C6 cells, released Ce6 via light activated. By contrast, in the case of TPP-PEG-NH,
directly bonded Ce6 (TPP-PEG-Ce6) nanocarriers, little Ce6 was found in the mitochondrion. The stronger fluorescence in the
mitochondrion of TPP-PEG-TK-Ce6 nanocarriers originated from the mitochondrial-targeting capability of TPP and the
cleavage of TK linkages activated by light irradiation, which greatly improved the cellular uptake of TPP-PEG-TK-Ce6
nanocarriers and released more Ce6 in the mitochondrion. This work provided a facile strategy to improve PDT efficacy.

1. Introduction

Photodynamic therapy (PDT) is a photochemistry-involved
treatment process that exploiting of photosensitizers (PSs),
which could be light-activated by irradiation of a specific
wavelength of light, to generate cytotoxic reactive oxygen
species (ROS), thus causing cell apoptosis and tissue destruc-
tion [1-5]. The application of PDT is limited by short life
time, tumor nonspecificity, rapid cellular elimination, and
low diftusion radius of singlet oxygen (SO) [6-9]. Especially,
SO that caused the death of tumor cells has a short half-life
of <40ns and could only be effective within a limited dis-
tance of <20 nm after generation [10], therefore, it is supe-
rior to deliver PSs to critical subcellular organelles with
higher susceptibility to ROS not just into tumor cells [11,

12]. Mitochondria acted as the power house of cells to regu-
late the actions of ATP production, ROS generation, and
programmed cell death (apoptosis) [13, 14]. Moreover,
mitochondria dysfunction could result in a series of diseases
such as Alzheimer’s disease, diabetes, and cancer [15-17].
Mitochondria play a vital role in the death of cancerous cells,
so directly delivering PSs into mitochondria is emerging as a
preferential strategy to improve the PDT efficacy [18-20].
Many drug delivery nanocarriers that chemically modified
with mitochondrial-targeting groups such as lipophilic
ligand triphenylphosphonium (TPP) and zwitterionic oligo-
peptides [21-23] have been demonstrated to successfully
deliver PSs into mitochondria of cancerous cells.

In addition, another pivotal parameter to elevate PDT
efficacy is the controlled release capability of PSs of the
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nanocarriers in tumor microenvironment via light activation
[24]. In contrast to traditional pH, redox, enzyme, and
temperature-responsive  nanocarriers, = ROS-responsive
nanocarriers for PDT have attracted more attention as self-
triggered delivery systems owing to PSs generated much
ROS on light irradiation which could result in cleavage and
degradation of the ROS-responsive nanocarriers. For exam-
ple, thioketal (TK) linkages are readily cleaved in ROS-
enriched tumor microenvironments [25-28]. The released
PSs from ROS-responsive nanocarriers could further accel-
erate the susceptibility of exposed PSs to light for generating
much more SO to kill tumor cells. Wang et al. have utilized
ROS-activable thioketal (TK) bond as a linkage between
doxorubicin (DOX) and polyphosphoester (PPE-TK-DOX)
and constructed Ce6@PPE-TK-DOX NPs via coself-assem-
bly, which were stable in physiological conditions and could
induce localized ROS generation resulting in rapid cleavage
of the TK bond via illumination. Simultaneously, DOX was
released and activated with high controllability by light to
significantly enhance the therapeutic efficacy and minimize
the side effect [26]. Tosi et al. have synthesized ROS-
responsive conjugate, namely, mPEG-TK-Cy5, and demon-
strated that, differently to non-ROS-responsive control con-
jugate (mPEG-Cy5), mPEG-TK-Cy5 showed a selective
release of Cy5 in response to ROS in both, ROS-simulated
conditions, and in vitro on glioblastoma cells [27].

Herein, in this study, we integrated the mitochondria-
targeting moieties and ROS-triggered groups into the nano-
PDT system. Detailedly, we have synthesized amphiphilic tri-
phenylphosphonium- (TPP-) PEG linked chlorin e6 (Ce6) via
ROS-responsive thioketal (TK) bonds (TPPPEG-TK-Ce6),
which could self-assemble into spherical nanoparticles. Fur-
thermore, the release behaviors, cell cytotoxicity, and intracel-
lular distribution of Ce6 were comprehensively investigated.

2. Materials and Methods

2.1. Materials. 3-Mercaptopropionic acid and ethanedia-
mine were purchased from Sinopharm Chemical Reagent
Co. Ltd. (China). Acetone and CH,CIl, were distilled before
use. Ce6, 5-bromovaleric acid (Br-C,Hg-COOH), triphenyl-
phosphine, polyethylene glycol 2000 (PEG,,), polyethylene
glycol monomethyl ether 2000 (mPEG,,,), methanesulfo-
nyl chloride, 4-dimethylaminopyridine (DMAP), N,N’-dicy-
clohexylcarbodiimide (DCC), 3-[4, 5-dimethylthiazol-2-yl]-
2, 5-diphenyltetrazolium bromide (MTT), dichlorofluores-
cein diacetate (DCFH-DA), and dimethylsulfoxide (DMSO)
were obtained from Sigma-Aldrich (St. Louis, USA).
RPMI1640 medium, fetal bovine serum (FBS), antibiotic
penicillin/streptomycin, and trypsinase were obtained from
Gibco BRL (Grand Island, USA). Hoechst 33258, Mito-
Tracker® Red, MitoTracker® Green, and Mitotracker® Red
CMXRos were purchased from Invitrogen (Eugene, OR,
USA). Other chemicals if not specified were all commercially
available and used as received. C6 cells were purchased from
Chinese Typical Culture Center (CTCC) (Wuhan Univer-
sity, China) and cultured in RPMI1640 supplemented with
10% FBS and 1% antibiotics (100 U mL™ penicillin and
100 ug mL™" streptomycin) at 37°C in a humidified air atmo-
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sphere containing 5% CO,. Milli-Q water, with a resistivity
of 18.2 MQ cm’’, was obtained by a Milli-Q Plus gradient
system (Millipore Corporation, Bedford, USA) and used
for all the experiments.

2.2. Synthesis and Characterization. The synthesis procedures
of NH,-PEG-NH, (1), 4-carboxbutyltriphenylphosphonium
bromide (TPP-C,-COOH, 2), TPP-PEG-NH, (3), and
HOOC-TK-COOH (4) are according to the reported work [12].

TPP-PEG-TK-COOH (5): HOOC-TK-COOH (0.126 g)
with 0.060g of DMAP and 0.110g of DCC was dissolved
in anhydrous dichloromethane. Then, 1.229 g of TPP-PEG-
NH, was added into the mixture and stirred for 12 h at room
temperature. Finally, the products were precipitated by icy
ether and dried in vacuum, yield 64.47%.

TPP-PEG-TK-NH, (6): 0.737 g of TPP-PEG-TK-COOH
with 0.036 g of DMAP and 0.063 g of DCC was dissolved in
25mL of anhydrous dichloromethane and stirred for 1h.
Then, excessive ethylenediamine was added into the mixture
and further stirred for another 12h at room temperature.
The mixture was precipitated by icy ether and dried in vac-
uum, yield 44.99%.

The amphiphilic copolymer containing TPP and TK
groups (TPP-PEG-TK-COOH-Ce6, 7): 0.060 g of Ce6 with
0.012g of DMAP and 0.021g of DCC was dissolved in
25mL of anhydrous tetrahydrofuran in dark. After that,
0.277 g of TPP-PEG-TK-NH, in 10 mL of anhydrous tetra-
hydrofuran was slowly added into the mixture and reacted
for 12h at room temperature in dark. Then, the mixture
was precipitated by icy ether, and the obtained product
was further dialyzed against distilled water for 72h in a dial-
ysis tube (MWCO 3500 cutoff) and dried in vacuum, yield
54.8%. The controls of the amphiphilic copolymer without
TPP group or TK group were synthesized as before by
replacing TPP-PEG-NH, and HOOC-TK-COOH with
mPEG-NH, and oxalic acid, respectively.

Characterization: 'H nuclear magnetic resonance (‘H
NMR) spectra were recorded on a Varian Unity 300 MHz
spectrometer (Varian, USA) and tetramethyl silane as an
internal standard.

2.3. Preparation of Micelles. Micelles were prepared by dial-
ysis. Briefly, 20 mg of amphiphilic copolymer was dissolved
in 4mL of DMSO. Then, the solution was transferred to a
dialysis tube (MWCO 3500 cutoff) and dialyzed against dis-
tilled water for 72 h. The dialysis water was exchanged every
4h on the first day, and then every 12 h in the following 48 h.
After that, the mixture was stored at 4°C before use, and the
entire procedure was carried out in the dark. The obtained
micelles with TPP (mitochondrial-targeting) and TK groups
(ROS-triggered) were designated as TRM, micelles without
TPP group were designated as RM, and micelles without
TK groups were designated as TM.

2.4. Characterization of the Micelles. The average hydrody-
namic particle sizes, polydispersity index (PDI), and zeta
potential of the micelles in phosphate-buffered saline (PBS,
10mM, pH7.4) were monitored by a ZETA-SIZER Nano
Series ZEN3600 (Malvern Instruments Ltd, UK). The
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FiGure 1: The synthesis pathway of TPP-PEG-NH, (a), HOOC-TK-COOH (b), and the amphiphilic copolymer of TPP-PEG-TK-Ce6 (c)

morphology of the polymeric micelles was carried out on a
JEM 2010 FEF transmission electron microscope (TEM,
JEOL, Japan).

2.5. Cytotoxicity Assay. The cell viability of TRM, TM, and
RM was evaluated against C6 cells by MTT assay. Typically,
the cells were seeded into 96-well plates at a density of 5 x
10* cells per well and incubated in 100 L RPMI1640 contain-
ing 10% FBS at 37°C in 5% CO, atmosphere for 24 h. Another
100 4L micelles dispersed in culture medium with various
concentrations of Ce6 were separately added into each well.
After the micelles were incubated with cells for 24h, the
medium was removed. The cells were washed thrice with
PBS to remove noninternalized nanoparticles, and 200 uL

fresh culture medium was added to each well. Then, the cells
were irradiated with LED light (630 nm, 30 mW cm™, 5min)
or not, and the cells were further cultured for another 24h.
Subsequently, 100 yL culture medium and 20 uL MTT solu-
tion (5mg mL" in PBS) were added to each well and further
incubated for 4h at 37°C. After that, the medium was replaced
by 150 uL DMSO to dissolve the formazan blue crystal. The
absorbance of the solution was measured at 570 nm using a
microplate reader (Versa max, USA).
Cell viability was expressed as follows:

OD
—_sample 5 100%,
control

Cell viability (%) = (1)
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FIGURE 2: 'H NMR spectra of TPP-PEG-NH,, TPP-PEG-TK-COOH, TPP-PEG-TK-NH,, and TPP-PEG-TK-Ce6 in DMSO-D6 at 25°C.

where OD,,, .. and OD__ . are the absorbance values
of the treated ceﬁs and the untreated control cells, respec-
tively, which were obtained after subtracting the absorbance
of DMSO.

2.6. Confocal Laser Scanning Microscope (CLSM). C6 cells
were seeded in confocal dishes at a density of 5.0 x 10* cells

per well and cultured for 24 h. Then, the cells were separately
treated with TRM, TM, and RM, according to 2 ugmL™" Ce6.

After 4h incubation, the culture medium was removed, and
the cells were washed thrice with PBS7.4 to remove nonin-
ternalized nanoparticles. Then, the cells were irradiated with
LED light (630 nm, 30 mW cm?, 5min). Later, the cells were
stained with 200 L. Hoechst 33258 (5ugmL™ in PBS) for
10min, further stained by 1mL Mitotracker® Green
(100nM) for 15min, and were rinsed with PBS thrice for
CLSM. Simultaneously, the quantitative experiments were
conducted. After treatment with the same samples, the cells
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were washed with PBS thrice, trypsinized for 1min, and
resuspended in 600 uL distilled water. 500 uL cell suspension
was centrifuged to collect cells for the assay of quantitative
cellular uptake. The collected cells were broken by Triton X-
100, and the supernatant was collected for fluorescence mea-
surement. The protein concentration was determined by the
remaining 100 uL cell suspension, which was examined by a
BCA assay kit. The quantitative intracellular Ce6 contents
were determined by the fluorescence values of Ce6 normalized
against the corresponding protein concentration.

After the cells incubated by micelles (2 ugmL™ Ce6) for
4h, 1 mL Mitotracker® Green CMXRos (100 nM) was added
into the dish and incubated in DMEM for 20 min. After that,
the cells were washed by DMEM, further incubated in
DMEM containing 10% FBS for 10 min and irradiated by
LED light. Finally, the cells were further stained by Mito-
tracker® Red and Hoechst 33258 for 15min, respectively,
washed and observed by CLSM. For quantitative analysis,
the procedure was similar as that for the CLSM imaging of
intracellular ROS. After illumination, 0.5mL of trypsin-
EDTA solution (0.25%) was added to detach the cells, blown
down with DMEM containing 10% FBS, and then centri-
fuged (1000 rpm, 5min). The collected cells were washed
by PBS thrice and analyzed by flow cytometer (CyAN-
ADP, Beckman). The excitation wavelength was 488 nm,
and the emission filter was at 525 nm.

3. Results and Discussion

3.1. Synthesis and Characterization of TPP-PEG-TK-Ce6. To
synthesize amphiphilic TPP-PEG-TK-Ce6, TPP-PEG-NH,
was firstly reacted with HOOC-TK-COOH, then, chemically
transferred carboxyl-terminated TPP-PEG-TK-COOH into
amino-terminal TPP-PEG-NH, via reacting with ethylene-
diamine (TPP-PEG-TK-NH,). Subsequently, TPP-PEG-
TK-NH, was further conjugated with Ce6 (Figure 1).

The 'H NMR spectrum of TPP-PEG-NH,, TPP-PEG-
TK-COOH, TPP-PEG-TK-NH,, and TPP-PEG-TK-Ce6 is
shown in Figure 2. The proton peak a that appeared at §
3.5-3.7ppm was observed, which indicated the distinct
PEG peaks. The proton peaks of b at § 7.5-7.9 ppm were
assigned to the presence of TPP moieties. The peaks of ¢

(b)
FIGURE 3: Size distributions of TRM measured by DLS (a) and the TEM image of TRM (b). Scale bar was 200 nm.

observed at & 1.4-1.8ppm were assigned to the methyl
groups of TK. The appearance of peak d at § 6.7 ppm of
TPP-PEG-TK-NH, indicated the distinct -NH, groups
when TPP-PEG-TK-COOH chemically modified into
amino-terminated TPP-PEG-TK-NH,. Finally, after TPP-
PEG-TK-NH, conjugated with Ce6, the distinct peaks f
and d at § 9.6-10 ppm were assigned to the carboxyl groups
of TPP-PEG-TK-Ce6. All these representative peaks in the
results of "H NMR spectrum of TPP-PEG-NH,, TPP-PEG-
TK-COOH, TPP-PEG-TK-NH,, and TPP-PEG-TK-Ce6
demonstrated the successful synthesis of TPP-PEG-TK-
Ce6. The Ce6 content of the amphiphilic copolymer was cal-
culated by the peak of TK bond and the characteristic peak
of Ce6, which was 1.06:1 and calculated the content of
Ce6 was 17.6%.

3.2. Preparation and Characterization of the Micelles.
Amphiphilic copolymers could self-assemble into micelles
with core-shell structure. The micelles of TRM were self-
assembled from the amphiphilic copolymers of TPP-PEG-
TK-Ce6 by dialysis via solvent exchange. As shown in
Figure 3(a), dynamic light scattering (DLS) results revealed
that TPP-PEG-TK-Ce6 aggregated into monodisperse nano-
particles with an average particle size of 160nm
(PDI=0.288), and the zeta potential was +20.1mV. The
morphology of TRM was further examined by TEM, which
confirmed that the amphiphilic copolymers of TPP-PEG-
TK-Ce6 could self-assembled into approximate spherical
nanoparticles in water, and their average diameter was close
to 150nm (Figure 3(b)), which was consistent with the
results of DLS detection. Moreover, the average particle size
of the controls of TM and RM was 158 nm and 166.4nm
with zeta potential of +21.2mV and +12.4mV, respectively.

3.3. In Vitro Release Behaviors. The capability of light-
activated release property of TRM is a vital role that influ-
ences the antitumor therapeutic effects [29-31]. The ROS-
responsive release behaviors of Ce6 from the micelles were
evaluated in simulated physiological environment (PBS7.4)
by irradiated with a LED light for 5min. As shown in
Figure 4(a), the release of Ce6 from TM after 60 h was less
than 9% both with or without illumination. However, the
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FIGURE 4: The release profiles of Ce6 from the controls of TM and RM (a) and TRM (b).

release of Ce6 from RM after 60 h without or with light irra-
diation was 7.3% and 43.8%, respectively, which demon-
strated that the release behaviors of Ce6 from RM micelles
showed a light-activated release way. Moreover, the release
of Ce6 from TRM after 60 h without illumination was only
6.4%, however, under light irradiation, the amount of
released Ce6 reached 45.3%, which also exhibited the light-
activated release behaviors. The controlled release behaviors
on light-activation could be attributed to the ROS cleavage
of TK linkages in RM and TRM. These results indicated that
the in vitro release behaviors of Ce6 from RM and TRM
exhibited ROS responsiveness which may lead to site-
specific controlled release by light-activation in tumor
microenvironment.

3.4. Cytotoxicity. The effect of light irradiation on the cyto-
toxicity of TM, RM, and TRM was investigated on C6 cells
(cancerous cells) using MTT assay. As shown in Figure 5,
all of TM, RM, and TRM were noncytotoxic to C6 cells
when without light irradiation. In addition, even under illu-
mination of 630 nm (30 mW cm?) laser for 5min, TM also
showed a negligible cytotoxicity to C6 cells. Whereas, after
irradiation, both of RM and TRM were more toxic to C6
cells than that without illumination, which showed an obvi-
ous light-activated cytotoxicity to C6 cells. Moreover, when
the Ce6 concentration was 2 ugmL™, the cell viability of
RM and TRM decreased to 36.3% and 22.5%, respectively
(Figure 5), which exhibited a dose-dependent cytotoxicity
of RM and TRM to C6 cells. The highest cytotoxicity of
TRM (IC5, =1.08 ugmL™) than that of TM and RM indi-
cated that the PDT efficacy could further elevated by
mitochondrial-targetability of TPP moieties and ROS-
triggered release of Ce6 in cancerous cells.

3.5. CLSM. To further investigate the subcellular distribu-
tion, the mitochondria of C6 cells after treatment with TM,

120 A

Cell viability (%)

0.05 0.1
Ce6 concentration (ug/mL)

02 033 05 0.67 1.0 1.33 1.67 2.0

Hl TM/o B T™™/w
I RM/o Bl RM/w
I TRM/o Bl TRM/w

FIGURE 5: Dose-dependent cell viability of C6 cells with incubation
of TM, RM and TRM under a 630 nm laser treatment for 5 min at
30 mW/cm? (n=3).

RM, and TRM for 4h were stained by Mito-Tracker Green
and observed by CLSM. As shown in Figure 6, intracellular
Ce6 and mitochondria were indicated as red fluorescence
and green dots, respectively. In the case of treating C6 cells
with RM, no obvious mitochondrial accumulation was
observed because of the rare red dots, whereas, significant
red fluorescence was located in the nucleus of C6 cells
(Figure 6). However, distinct yellow dots representing the
colocalization of green and red dots could be found in the
merged images of TM and TRM treated cells, demonstrating
the successful colocalization between Ce6 and mitochondria.
Moreover, the highest red fluorescence was found in the
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F1GURE 6: (a) CLSM images of C6 cells and intracellular ROS generation after treating with TM, RM, and TRM for 4 h with laser irradiation.
Scale bar was 20 ym. (b) The fluorescence intensity of Ce6 delivered into tumor cells by different nanoparticles.

mitochondria of C6 cells treated with TRM. Furthermore,
the fluorescence intensity of Ce6 that was delivered into C6
cells by different nanoparticles was calculated by Image J.
These quantified results were consistent with the fluores-
cence images, where TRM delivered more Ce6 into C6 cells
in comparison with TM and RM nanoparticles. These results
indicated that more efficient delivery of Ce6 into mitochon-
dria by TRM stemmed from a combination of the better cel-
lular accumulation caused by the mitochondria-targeting
ability of TPP groups via the electrostatic interaction
between the positively charged TRM and mitochondrial
membrane and ROS-triggered release of Ce6 in the
mitochondria.

4. Conclusion

A new kind of amphiphilic copolymer with mitochondria-
targeting and ROS-responsive characteristics was synthe-

sized and self-assembled into micelles for in vitro PDT.
The micelles showed ROS-responsive release of Ce6 under
light irradiation and could efficiently accumulated in the
mitochondria of C6 cells and release Ce6 via ROS triggering,
which exhibited good cytotoxicity to C6 cells. This research
provided a new method for developing mitochondria-
targeting delivery systems for PDT.
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