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Similar to many other anticancer therapies, photodynamic therapy (PDT) also suffers from the intrinsic
cancer resistance mediated by cell survival pathways. These survival pathways are regulated by various
proteins, among which anti-apoptotic protein Bcl-2 plays an important role in regulation of programmed
cell death and has been proved to involve in protecting against oxidative stimuli. Confronted by this
challenge, we propose and validate here a novel upconversion photosensitizing nanoplatform which
enables significant reduction of cancer resistance and improve PDT efficacy. The upconversion nano-
photosensitizer contains the photosensitizing molecules - Zinc phthalocyanine (ZnPc) and Bcl-2 inhibitor
- ABT737 small molecules, denoted as ABT737@ZnPc-UCNPs. ABT737 molecules were encapsulated, in a
pH sensitive way, into the nanoplatform through Poly (ethylene glycol)-Poly (i-histidine) diblock co-
polymers (PEG-b-PHis). This nanosystem exhibits the superiority of sensitizing tumor cells for PDT
through adjuvant intervention strategy. Upon reaching to lysosomes, the acidic environment changes the
solubility of PEG-b-PHis, resulting in the burst-release of ABT737 molecules which deplete the Bcl-2 level
in tumor cells and leave the tumor cells out from the protection of anti-apoptotic survival pathway in
advance. Owing to the sensitization effect of ABT737@ZnPc-UCNPs, the PDT therapeutic efficiency of
cancer cells can be significantly potentiated in vitro and in vivo.

© 2017 Published by Elsevier Ltd.

1. Introduction

(ROS). The resulting oxidative damage causes tumor cell death,
vascular shutdown, and an anti-tumor immune response that ul-

Photodynamic therapy (PDT) has been well-accepted in clinics
as a prospective alternative to conventional anticancer therapies
such as surgery, radiotherapy and chemotherapy. PDT entails the
systemic administration of a photosensitizer (PS), its accumulation
in tumor tissue, and subsequent irradiation of the PS-replete tumor,
leading to the localized photoproduction of reactive oxygen species
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timately culminates in the removal of tumor [1]. However, the ROS
generated by PDT also sets off a stress response, as part of cell
survival mechanism that contributes to cancer cells responding to
PDT-induced oxidative stress and cell injury [2]. For example,
antioxidant response can be triggered by activation of redox sen-
sitive transcription factors, resulting in an increase in detoxifying
and antioxidant enzymes. The heat shock response can be induced
by over expression of heat shock proteins, leading to a decrease of
active apoptosomes. Proteotoxic stress is set off by activation of
anti-apoptotic pathways, etc. [3] These survival mechanisms are
perceived as causing certain types of cancer insusceptible to PDT
and making tumor microenvironment contribute to tumor survival,
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resulting in therapeutic resistance. Rationally, if the generation of
those molecules involved in PDT resistance are inhibited, the
quality of therapy can be improved greatly.

Proteins in the Bcl-2 family mainly regulate programmed cell
death, and the anti-apoptotic members, such as Bcl-XL and Bcl-2,
are overexpressed in many cancers and contribute to tumor initi-
ation, progression and resistance to therapy. Numerous studies
have demonstrated that tumors upregulate antiapoptotic proteins
as an adaptive response against oxidative stress [4,5]. Among many
antiapoptotic proteins, Bcl-2 is the most typical one located mainly
in the outer mitochondrial membrane [6]. Hochman et al.
demonstrated higher oxidative damage and susceptibility to ROS in
brains of Bcl-2 deficient mice compared with that of wild-type mice
[7]. Overexpression of Bcl-2 shifts the cellular redox potential to a
more reduced state, thus presents relatively high antioxidant ca-
pacity, facilitating cancer cells' survival from oxidative stimuli and
lowering the sensitivity to ROS [8].

ABT737 molecules, an inhibitor of Bcl-2 proteins, could bind to
the hydrophobic groove of anti-apoptotic proteins, preventing the
dimerization of anti-apoptotic proteins with pro-apoptotic. The
released pro-apoptotic proteins (like Bax and Bak) oligomerize on
the mitochondrial outer membrane and permeabilize it, resulting
in the release of apoptogenic proteins that mediate cellular de-
molition [9]. There has been several reports on the application of
anti-apoptotic protein Bcl-2 inhibitors to sensitize tumor cells to
PDT-induced damage [10,11]. However, the inhibitors and photo-
sensitizers were injected separately in most cases, it is difficult to
realize the simultaneous optimal accumulation of both inhibitors
and photosensitizers in tumor cells, especially for in vivo treatment.
Moreover, the Bcl-2 inhibitors are lack of tumor targeting. It should
be noted that the anti-apoptotic protein Bcl-2 expressed not only in
tumor cells but also in normal cell. How to inhibit the expression
level of Bcl-2 in tumor cell, rather than affecting the protection role
of Bcl-2 in normal cells, is thus a big issue. On the other hand, recent
advances in nanotechnology and nanomedicine have provided
some efficient strategies to deal with the challenges in traditional
PDT, like (i) the limited tissue penetration depth of ultraviolet to
visible excitation light, which confines traditional PDT to superficial
tumors; (ii) the very short lifetime and limited diffuse distance of
ROS, which need specific delivery of photosensitizers to sub-
cellular organelles for exerting effective toxicity; (iii) the hypoxic
tumors exhibit less effective to PDT treatment, etc. [12—17] How-
ever, little research performed on PDT therapeutic resistance and
the underlying biology.

Herein, we propose an intelligent NIR laser-triggered nano-
photosensitizer for relieving the resistance of cancer to PDT based
on the important role of Bcl-2 protein involved in PDT resistance as
well as the unique properties of upconversion nanoparticles.
Upconversion nanoparticles enable deeper tissue penetration due
to near-infrared (NIR) excitation, negligible autofluorescence
background and enhanced photostability [18—22]. The novel
nanophotosensitizer integrates Bcl-2 inhibitor - ABT737 molecules
and the photosensitizing molecules - Zinc phthalocyanine (ZnPc)
into a single upconversion nanocarrier, denoted as ABT737@ZnPc-
UCNP. Specifically, encapsulation of ABT737 molecules into the
nanocomplex is realized through pH-sensitive Poly (ethylene
glycol)-Poly (i-histidine) diblock copolymers (PEG-b-PHis), which
could attenuate the in vivo toxicity and enhance the tumor accu-
mulation of ABT737. The dynamic subcellular distribution of
ABT737@ZnPc-UCNPs demonstrates their internalization proceed-
ing from endolysosome to cytosol, and then to mitochondria. Once
the nanocomplex reaches lysosomes, the acidic environment
changes the solubility of the outer functional polymer PEG-b-PHis
resulting in the burst-release of ABT737 molecules which inhibit
anti-apoptotic protein Bcl-2 and the cancer cells are thus more

sensitive to PDT (Fig. 1a). In vitro and in vivo studies were carried
out to monitor the susceptibility to ROS, the mechanism of cancer
cell death, the tumor angiogenesis as well as the levels of antioxi-
dant enzymes in PDT mediated by ABT737@ZnPc-UCNPs and the
control group of ZnPc-UCNPs. Our results indicate that the
ABT737@ZnPc-UCNPs can significantly potentiate PDT efficiency
through preventing tumor cells evasion of apoptosis internally and
making the tumor microenvironment susceptible to oxidative
stimuli externally, which offers a potentially new adjuvant inter-
vention strategy to improve PDT effect.

2. Materials and methods
2.1. Materials

YCl3-6H,0 (99.9%), YbCl3-6H,0 (99.9%), ErCls-6H,0 (99.9%),
NaOH (98%), NH4F (98%), 1-octadecene (90%) and Oleylamine (OM)
were purchased from Sigma-Aldrich. Fluoresceinyl cypridina
luciferin analogue (FCLA) was purchased from Tokyo Kasel Kogyo
Co. Tokyo, Japan. ABT737 was purchased from Selleck Chemicals
(Houston, TX). All chemicals were used as received without further
purification. 2, 9, 16, 23-tetracarboxylic Zinc phthalocyanine and
poly (ethylene glycol)-poly (L-histidine) (PEG-PHis) diblock copol-
ymer were synthesized according to the references. [24].

2.2. Characterization

The transmission electron microscopy (TEM) was performed on
a Tecnai G2 F20 S-TWIN D573 electron microscope operated at
300 kV TEM. Ultraviolet—visible (UV—VIS) absorption was
measured by a UV-3101 spectrophotometer at room temperature.
The fluorescent emission spectra were measured by a Hitachi F-
4500 fluorescence Spectro fluorimeter at room temperature. Cell
imaging was collected by using a modified confocal laser scanning
microscope under excitation of 980 nm laser light (CLSM, Nikon C2
microscope with a CCD camera).

2.3. Ligand exchange assembly of UCNPs with ZnPc(COOH),4

The hydrophobic UCNPs solution (~10 mg, purified and
dispersed in 2 mL of cyclohexane) was mixed with the different
amounts of ZnPc(COOH ). After adding 2 mL Tetrahydrofuran (THF),
the solution was stirred vigorously over 24 h at 30 °C. UCNPs-ZnPc
nanocomplex was then centrifuged and washed with acetone to
remove any unreacted ZnPc(COOH)4. The obtained nanocomposites
were redispersed in DMSO for further use.

2.4. Surface functionalization with PEG-PHis and ABT737

The number average molecular weight (Mn) of PEG-Phis is 4193
(PEG2000-Phis2193) and the polydispersity index (PDI) is 1.20.
NMR and size exclusion chromatography (SEC) charts were given in
Fig. S1. Briefly, 6 mg PEG-PHis, 0.1 mg ABT737, and 0.3 mg UCNPs-
ZnPc were mixed with 2 mL of Dimethyl Sulphoxide (DMSO), fol-
lowed by the addition of 2 mL pH = 9.2 buffer. The solution was
then transferred to a bag (cut-off 3500 MW) for dialysis against
pH = 9.2 buffer for 2 days. Subsequently, the as-prepared micelles
were purified through centrifugation to remove the excess free
polymer and ABT737, then filtered with a 0.22 pm filter. Due to
hydrophobic-hydrophobic interactions, this strategy can produce a
stable polymer shell on UCNPs-ZnPc and convenient for encapsu-
lating the ABT737 molecules in the hydrophobic shell.
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Fig. 1. (a) Conceptual graphical overview of the constructed ABT737@ZnPc-UCNPs nanophotosensitizer potentiating PDT efficiency through inhibition anti-apoptosis in cancer cells.
(b) The construction of ABT737@ZnPc-UCNPs nanophotosensitizer. (c) TEM image of oleylamine (OM)-capped NaYF,: Yb**, Er** UCNPs. (d) TEM image of ZnPc-UCNPs nano-
complex. (e) and (f) TEM image of ABT737@ZnPc-UCNPs nanophotosensitizer after staining with phosphotungstic acid to enhance the contrast and the visualization of the polymer

shells, which was measured to be about 2.86 nm.

2.5. Loading capacity and ABT737 release profiles

The standard absorption curve of ZnPc(COOH)4 in DMSO solu-
tion was made with the absorption range from 0.3 to 0.6. UCNPs of
10 mg were mixed with various amounts of ZnPc(COOH),. After
removing free ZnPc(COOH)4 by centrifugation and washing, a
certain amount of UCNPs-ZnPc was diluted by DMSO, UV—VIS ab-
sorption spectra of UCNP-ZnPc were recorded. UV—VIS absorption
spectra of UCNPs were also measured as background in the same
way. The ZnPc(COOH),4 loading capacity = [amount of ZnPc(COOH )4
in the UCNPs (g)]/[amount of UCNPs-ZnPc (g)] x 100. ABT737
loading capacity was measured in the similar way. The release of
ABT737 from the nanocomplex was evaluated by equilibrium
dialysis method against different pH buffer and monitored by
UV-VIS spectrometry at 431 nm to determine the rate and cu-
mulative release amount of ABT737. Singlet oxygen was measured
according to the references. [26].

2.6. Cell viability assay

Cell viability was measured according to the standard MTT
(Sigma Aldrich) assay method (see supporting information for
details).

2.7. Immunostaining

For investigation of intracellular distribution dynamics of
nanophotosensitizer, cells were incubated with 20 pg/mL
ABT737@UCNPs-ZnPc for different times (1 h, 6 h, 10 h, and 24 h) at
37 °C and washed with PBS three times. we used 300 nM Mito-
Tracker Green for 40 min to stain the mitochondrion, 500 nM
LysoTracker Red for 1 h to stain lysosome at 37 °C following by
gently washed with PBS three times. Upconversion fluorescence
and subcellular organelle imaging were then performed using a
Nikon confocal microscope. Apoptosis was evaluated by DAPI that

specifically targets nucleus. Cells were incubated with 20 pug/mL
UCNPs-ZnPc or ABT737@ZnPc-UCNPs for 24 h and washed thrice
with PBS. After 10 min exposure of 980 nm light at 0.4 W/cm?, the
cells were allowed to incubate for an additional 24 h to induce
apoptosis. Cells were fixed by 4% paraformaldehyde and stained by
DAPI (0.1 mg/mL) for 10 min. The samples were washed by PBS 3
times, followed by observation with Nikon confocal microscope. For
the flow cytometry analysis, they were trypsinised and stained by
Annexin V-FITC and propidiumiodide (AnnexinV Apoptosis Detc-
tion Kitll, BD Biosciences, SanDiego, CA) to measure the cells
experiencing apoptosis. The process was executed using FACScan
flow cyometer (Becton Dickinson, Franklin Lakes, NJ). For JC-1
assay, cells were incubated with 20 pg/mL UCNPs-ZnPc or
ABT737@ZnPc-UCNPs for 24 h and washed thrice with PBS. After
10 min exposure of 980 nm light at 0.4 W/cm?, the cells were
allowed to incubate for an additional 24 h to induce apoptosis. The
cells were then stained by JC-1, washed, and taken for imaging on a
Nikon confocal microscope. Fluorescence of J-monomer and J-
aggregate could be detected simultaneously under 488 nm exci-
tation. In order to investigate the morphology of mitochondrion,
cells were incubated with 20 pg/mL UCNPs-ZnPc or ABT737@ZnPc-
UCNPs for various time (12 and 24 h) and washed thrice with PBS.
After 10 min exposure of 980 nm light at 0.4 W/cm?, the cells were
allowed to incubate for an additional 24 h to induce apoptosis. The
cells were stained by 250 nM MitoTracker Red, washed, and taken
for imaging on a Nikon confocal microscope.

2.8. Western blot and others

Antibodies were purchased as the following, and suppliers and
the dilution ratio were also marked: rabbit monoclonal anti-Bak
(1:1000), rabbit monoclonal anti-Bcl-2 (1:1000), rabbit mono-
clonal anti caspase-3 (1:500) mouse monoclonal anti-cytochrome C
(1:200), horseradish peroxidase-labeled Goat Anti-Mouse second-
ary antibody (1:1000), horseradish peroxidase-labeled Goat Anti-
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Rabbit (1:1000) secondary antibody were purchased from Beyo-
time Biotechnology, Shanghai, China. See supporting information
for the details. In vivo PDT, immunohistochemical analysis and
antioxidant enzymes analysis. See details in Supporting
information.

3. Results and discussion
3.1. Synthesis and characterization of the nanophotosensitizer

The construction of ABT737@ZnPc-UCNPs is illustrated in
Fig. 1b. The oleylamine (OM)-capped NaYF4: 30% Yb®*, 2% Er’*
nanocrystals were prepared via a solvothermal method [23] and
used as the donor. 30% Yb>* doping concertation was used in this
case, instead of 20% Yb>* generally applied in the current studies, to
increase the red upconversion luminescence (UCL) at 650 nm (the
upconvrsion luminescence spectrum was given in Fig. S2.), facili-
tating the maximum spectra overlap integral between the donor
NaYFs: 30% Yb3*, 2% Er’* nanocrystals and the acceptor
ZnPc(COOH)4 molecules. The transmission electron microscopy
(TEM) in Fig. 1c ensures that the OM-capped NaYF4: 30% Yb>*, 2%
Er’* UCNPs possessed uniform morphology with sizes around
26 + 2 nm. A ligand exchange strategy, where the carboxyl groups
of ZnPc(COOH)4 could readily replace the original oleylamine li-
gands and coordinate to Ln3*, was applied to construct the ZnPc-
UCNPs nanophotosensitizer in order to shorten the energy trans-
fer distance between the UCNPs and the surface anchored ZnPc.
Such a process did not alter the size and morphology of UCNPs, as is
shown in Fig. 1c and d. PEG-b-PHis polymers (the characterization
of the polymer was given in Fig. S1) were subsequently used to
stabilize ZnPc-UCNPs in biological media due to hydrophobic-
hydrophobic interactions. During this process, ABT737 molecules
could also be physically encapsulated into the hydrophobic layer of
the polymer to form the ABT737@ZnPc-UCNPs. The PEG-b-PHis
confers the nanophotosensitizer's response to local pH changes.
The stability of PEG-b-PHis depends on the hydrophobicity. At
lower pH, protonation of the amine group makes the hydrophobic
imidazole group in the histidine repeat unit into hydrophilic [24].
The critical micelle concentration (CMC) of nanoparticles was
15.6 pg/mL above pH7.4, which prevented the nanophotosensitizer
from dissociation upon dilution in the blood stream in vivo. The
CMC increased significantly on decreasing the pH below 7.2.
Moreover, when pH dropped to 5, the CMC could not be detected.
As indicated in Fig. S3, the maximum of the cumulative release of
ABT737 in ABT737@ZnPc-UCNPs was observed at pH 5. Therefore,
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when the ABT737@ZnPc-UCNPs nanophotosensitizers entered the
acidic environment, such as endo-/lysosome, the hydrophobic layer
of the polymer became hydrophilic, swelling and fracture, leading
to the release of ABT737 molecules. After encapsulation, the
average size of the particles was measured by TEM to be 29 nm,
which is in good consistency with the diameter of the original OM-
capped nanoparticles. However, the dynamic light scattering (DLS)
analysis showed an increase in the size of the nanocomplex after
encapsulation (see Fig. S4). The nanoparticles grew to approxi-
mately 70 nm, which can be attributed to the addition of the
organic shell to the inorganic core. The organic polymer shell could
be directly visualized using TEM after staining the sample with
phosphotungstic acid, which increased the contrast and displayed
the shells as halos around the nanoparticles (Fig. 1e). The polymer
shell thickness was thus determined about 2.86 nm (Fig. 1f). It
should be noted that during TEM sample preparation, the organic
portion will contract around the nanoparticles as drying occurs
resulting in an organic layer that is not as large as measured using
DLS, which has also been observed by other groups [25].

The successful formation of ABT737@ZnPc-UCNPs was also
evidenced by the absorption spectrum (Fig. S5). Encapsulated by
polymer, the ABT737@ZnPc-UCNPs were transferred from DMSO to
aqueous phase, where the peak at 417 nm is attributed to ABT737
molecules, and the one at 709 nm comes from ZnPc which is
slightly red-shifted referenced to that of ZnPc(COOH)4 at 702 nm in
DMSO, ascribing to the phase transfer resulting in closer approx-
imity between ZnPc(COOH)4 molecules. The optimal loading ca-
pacity of ZnPc(COOH)4 and ABT737 molecules in ABT737@ZnPc-
UCNP nanocomposites was determined as 4.37 wt% and 7.25 wt%,
respectively (See details in Figs. S6 and S7 and experimental sec-
tion). The releasing behaviors of ABT737@ZnPc-UCNP nano-
composites in two different buffer solutions (pH 7.4 and 5.5) were
studied and the results were provided in Fig. 2a. A typical two-
phase-release profile was observed in both solutions i.e. a rela-
tively rapid release followed by a sustained and slow release over a
prolonged time up to several hours. The time constants are, how-
ever, pH dependent. ABT737-release from ABT737@ZnPc-UCNPs
nanocomposites at pH 5.5 is much faster which is mainly due to
the increased protonation of the polymer at lower pH. In contrast,
the ZnPc molecules on the surface of UCNPs were quite stable in pH
5.5 buffer solution - as high as 96.8% ZnPc survived after 24 h
stirring (Fig. S8). We further examined the production of 10, from
ABT737@ZnPc-UCNPs in live cells using 2,7-dichlorfluorescein-
diacetate (DCFH-DA). DCFH-DA distributes in live cells and emits
bright green fluorescence in the presence of 10, [26]. Mouse lewis

Fig. 2. (a) The release curve of ABT737@ZnPc-UCNPs nanophotosensitizer at different pH values. (b) Detection of intracellular reactive oxygen production by DCFH-DA staining in
LLC cells incubated with ABT737@ZnPc-UCNPs at different times following by 980 nm laser irradiation (0.4 W/cm? for 10 min). Scale bar, 50 um.
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lung carcinoma (LLC) cells were incubated with the same amount of
ABT737@ZnPc-UCNPs at different times followed by 980 laser
irradiation (0.4 W/cm? for 10 min). The oxidatively stressed cells
showed green fluorescence (Fig. 2b), indicating a significant in-
crease of 10, after 24 h incubation.

3.2. Intracellular distribution dynamics of nanophotosensitizer

To comprehend the mechanism underlying this increase, the
internalization and organelle localization process of the
ABT737@ZnPc-UCNPs were monitored. We have incubated the cells
with ABT737@ZnPc-UCNPs at different times followed by treat-
ment with mitotracker and lysotracker, respectively. Considering
that the ABT737@ZnPc-UCNPs could exhibit red and green lumi-
nescence under 980 nm excitation, the potential colocalization
between ABT737@ZnPc-UCNPs and lysosome (or mitochondrion)
should yield a yellow/orange overlap when the images are merged.
As indicated in Fig. 3, confocal images provide spatial and temporal
information about the intracellular distribution of the
ABT737@ZnPc-UCNPs, which occurred in a time-dependent
manner. ABT737@ZnPc-UCNPs were internalized into mouse LLC
cells and then gradually trafficked to endosomes/lysosomes at 1, 6
and 10 h (Fig. 3a, b and c). Within 24 h, most ABT737@ZnPc-UCNPs
gradually entered and filled the lysosomes, as evidenced by the
more colocalization (Fig. 3¢ and d, the quantitatively analysis of
colocalization was given in Fig. S9). Whereas red emission of
ABT737@ZnPc-UCNPs presented diffused pattern at the first 6 h
exhibiting no obvious overlap with green mitrotracker (Fig. 3e and
f). At 10 h, some appeared in mitochondria in a punctuated lumi-
nescence pattern (Fig. 3g) and the number increased gradually. At
24 h, the ABT737@ZnPc-UCNPs exhibited aggregation and yellow

color was clearly observed in mitochondria (Fig. 3h and Fig. S9).
Based on these results we can draw a picture that ABT737@ZnPc-
UCNPs locate at the cell membrane at the beginning and then
enter the cell to form endosomes, which are then mixed together
with lysosomes. The endosomal/lysosomes membrane is fractured
by the proton-sponge effect of imidazile groups [27], facilitating the
release of ABT737 molecules and ZnPc-UCNPs nano-
photosensitizers. The released ABT737 molecules move to mito-
chondrial, endoplasmic reticulum, and nuclear membranes to
inhibit Bcl-2 [28], whereas ZnPc-UCNPs migrate to mitochondria as
internalization proceeds.

3.3. The mechanism of ABT737@ZnPc-UCNPs sensitized cancer cells
to PDT in vitro

3.3.1. In vitro PDT

Based on the information of intracellular distribution, cytotox-
icity of ZnPc-UCNPs and ABT737@ZnPc-UCNPs against LLC cancer
cells was evaluated by MTT assay after 24 h incubation. Dark
toxicity, as a control, was also evaluated. No significant decrease in
viability was observed with ZnPc-UCNPs or ABT737@ZnPc-UCNPs,
as shown in Fig. S10a. When LLC cancer cells were exposed to
NIR light at a relatively low dosage of 0.4 W/cm? for 10 min, the cell
viability (shown in Fig. 4a) in both cases decreased, which was
more profound with higher drug dosage. For example at 120 pg/mL
concentration, ZnPc-UCNPs and ABT737@ZnPc-UCNPs reduced cell
viability up to 57 and 89% respectively, indicating a robust thera-
peutic effect of ABT737@ZnPc-UCNPs as compared to that of ZnPc-
UCNPs. Whereas the same amount of ABT737 alone did not show
any toxic effect regardless of NIR light irradiation or not (Fig. S10b).
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Fig. 4. (a) The cell viability of ABT737@ZnPc-UCNPs mediated PDT. Data was shown as mean + SD, n = 3. (b) DAPI was used to stain the cells. The nuclear morphology was observed
by fluorescence microscopy. Bar:10 um. Arrows represent apoptotic nuclear changes. (c) Cells were stained by AnexinV and PI, and analyzed by FACScan. ABT737@ZnPc-UCNPs
induced apoptosis in 54.1% cells, much higher than 19.9% of ZnPc-UCNPs group, 5.8% of ABT737 group and 5.5% of the control group. (d) Confocal imaging of LLC cells under
488 nm excitation. The cells were incubated with ABT737@ZnPc-UCNPs for 24 h at 37 °C, irradiated by an 980 nm laser, and then stained by 10 pg/mL JC-1. J-monomer and J-

aggregate were detected in the green (500—530 nm) and red (550—600 nm) channels,

legend, the reader is referred to the web version of this article.)

3.3.2. ABT 737@ZnPc-UCNPs intensified the cell apoptosis

Cell death in PDT could follow various pathways including
apoptosis, necrosis, and autophagy-associated cell death. Metal-
lated phthalocyanines were proved to be mainly involved in
apoptotic cell death pathways, resulting in more effective cell death
than other previous generation photosensitizers [29]. The effect of
ABT737@ZnPc-UCNPs on apoptotic death in LLC cells was in the
first place assessed by DAPI stain. DAPI reagent can be easily
assimilated by cells in the initial stages of apoptosis and selectively
stains nuclei of apoptotic cells as intense fluorescent blue. Thus, the
morphological changes in chromatin such as condensation and
fragmentation, which characterize cell apoptosis, can be readily
observed [30]. In our experiments LLC cells were incubated
respectively with ABT737 molecules, ZnPc-UCNPs and
ABT737@ZnPc-UCNPs for 24 h, followed by laser irradiation of
980 nm at 0.40 W/cm? for 10 min and then stained with DAPL From
Fig. 4b the nuclear morphology in ABT737 group exhibited nothing

respectively. Scale bar: 10 um. (For interpretation of the references to colour in this figure

unusual. While the ZnPc-UCNPs and ABT737@ZnPc-UCNPs treated
group enhanced nuclear damage. The significant difference in
apoptosis between these two treated groups was further revealed
by quantitative assessment (Fig. S11). ABT737@ZnPc-UCNPs
increased greatly the apoptosis up to 48.5% compared with that
of ZnPc-UCNPs (13.8%), suggesting better efficacy of ABT737@ZnPc-
UCNPs in inducing cell apoptosis. Flow cytometry with annexin V-
FITC and PI staining provided further support. Annexin V/PI stain-
ing shown in Fig. 4c indicates that treatment of ABT737@ZnPc-
UCNPs induced apoptosis in 54.1% cells, much higher than 19.9%
of ZnPc-UCNPs group, 5.8% of ABT737 group and 5.5% of the control
group. We therefore can concude that the ABT737@ZnPc-UCNPs
improves significantly PDT efficacy.

3.3.3. ABT737@ZnPc-UCNPs mediated PDT decreased mitochondrial
membrane potential (4¥m)
There is a consensus that the distinct apoptosis-induced
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signals concentrate in permeability transition, leading to the
dissipation of mitochondrial membrane potential (MMP, A¥m)
[31—-33]. According to the intracellular distribution image of
ABT737@ZnPc-UCNPs (Fig. 3), the nanophotosenzitizers were
primarily located in mitochondrial after 24 h incubation. The
alteration of AWm were evaluated by JC-1 staining in order to
identify whether the apoptosis induced by ABT737@ZnPc-UCNPs
mediated PDT was associated with any effects on mitochondria.
After incubation solely with ABT737, ZnPc-UCNPs and
ABT737@ZnPc-UCNPs for 24 h, respectively, the cells were irra-
diated with NIR light at 0.40 W/cm? for 10 min to induce apoptosis
and then stained by JC-1 dye, which is popularly used to monitor
mitochondrial health because of its potential-dependent accu-
mulation. Under 488 nm excitation, the monomer form of JC-1 (J-
monomer) could be seen in the green channel (500—530 nm) and
the emission shall increase when the membrane potential of
mitochondria decreases. On the other hand, aggregated JC-1 (J-
aggregate) in the red channel (550—600 nm) accumulated within
healthy mitochondria with normal potential [34]. Serious damage
of mitochondria was witnessed by the significant increase of the
green emission of ABT737@ZnPc-UCNPs treated group in Fig. 4d.
We also quantified the ratio of the emission intensity from J-
monomer (green) to J-aggregate (red) (Fig. S12). The cells in the
control group have a ratio of 049 + 0.06, whereas the
ABT737@ZnPc-UCNPs treated group has the highest ratio of
2.38 + 0.08 compared with that of 0.63 + 0.02 for ABT737 alone
group and 1.27 + 0.05 for ZnPc-UCNPs alone group. Several lines of
evidence implicated that Bcl-2 exerted a stabilizing effect on A¥m
[35]. Adding Bcl-2 inhibitor ABT737 molecules decreased lightly
the A¥m. The ZnPc-UCNPs treated group exhibited a damage of
mitochondria to a certain extent due to the generation of ROS.
Similar decrease of A¥m has also been observed in TiO;@UCNPs
mediated PDT [36]. However, the drastic collapse of the A¥m in
ABT737@ZnPc-UCNPs treated group ensures that oxidative dam-
age of ZnPc-UCNPs could be significantly aggravated by inhibition
of Bcl-2.

3.3.4. ABT737@ZnPc-UCNPs mediated PDT influenced Bcl-2 family
proteins
To further understand the mechanism of the apoptosis
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induction by ABT737@ZnPc-UCNPs mediated PDT, the protein
expression of Bcl-2 family in ABT737, ZnPc-UCNPs as well as
ABT737@ZnPc-UCNPs treated LLC cells was measured by Western
blot (see Experimental Section for the details). The activation of
mitochondria is known to be controlled by the family of Bcl-2
proteins, which are composed of proapoptotic proteins (e.g., Bax
and Bak) and antiapoptotic proteins (e.g., Bcl-2, Bcl-xL, and Mcl-1)
[37]. Significant down-regulated expression of the antiapoptotic
protein Bcl-2 occurred in ABT737@ZnPc-UCNPs treated group
referenced to ZnPc-UCNPs group (Fig. 5a and Fig. S13), indicating an
effective inhibition of Bcl-2 by ABT737 molecules. The decrease of
Bcl-2 level in ZnPc-UCNPs group manifested itself that ZnPc-UCNPs
mediated PDT can induce the disruption of mitochondrial function
as well. In contrast, the level of the proapoptotic protein Bak
increased in both ZnPc-UCNPs and ABT737@ZnPc-UCNPs treated
groups. Upregulation of Bak could induce A¥m and mitochondrial
outer membrane permeability (MOMP), leading to cytochrome C
release from mitochondria into the cytosol to promote cell
apoptosis. As expected, the more cytochrome C released from
mitochondria was observed in cells treated with ABT737@ZnPc-
UCNPs compared with those treated with ZnPc-UCNPs, implying
that the addition of ABT737 significantly increased the release of
cytochrome C. While, in the control group or the ABT737 group, no
release of cytochrome C was observed. Cytochrome C, a pivotal
effector of apoptosis, can lead to the activation of caspases in the
apoptosome. Caspase 3 is the main effector caspase that is involved
in apoptosis [38]. ABT737 enhanced the sensitivity of cancer cells to
PDT and facilitated mitochondrion-mediated apoptotic cell death as
the expression of activated-caspase 3 increased significantly
compared to the other groups after PDT treatment. It is known that
mitochondria serve as the energy factory of the cell and the normal
AWm is required for the maintenance of function. Notably, many
more intracellular ABT737@ZnPc-UCNPs were found located in
mitochondria. It is therefore inferred that ABT737@ZnPc-UCNPs
contributes to the mitochondrial damage might be associated
with the cells response to ABT737@ZnPc-UCNPs. The decreased
mitochondrial membrane potential and the activation of mito-
chondrial outer membrane permeability suggest that mitochon-
drial damage might play a key role in response to ABT737@ZnPc-
UCNPs.

ZnPc-UCNPs_12h ABT 737@ZnPc-UCNPs_12h

ZnPc-UCNPs_24h

ABT 737@ZnPc-UCNPs_24h

Fig. 5. (a) Representative quantitative analysis of Bcl-2, Bak, activated Caspase 3 and cytochrome C expression. After normalization with the corresponding GAPDH expression, the
protein expression levels were determined using densitometry scans to obtain quantitative data. The data are expressed as the mean + standard deviation (n = 3). (b) The cells were
incubated with ZnPc-UCNPs or ABT737@ZnPc-UCNPs for 12 h or 24 h at 37 °C, irradiated by a 980 nm laser with dosage of 0.4 W/cm? for 10 min. Then the mitochondrial
morphology was determined by the staining with MitoTracker Red and observed by confocal microscopy. Bar:10 pm. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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3.3.5. ABT737@ZnPc-UCNPs mediated PDT promoted mitochondrial
fission

Mitochondria in cell form a highly interconnected dynamic
tubular network and undergo frequent fusion and fission, which
maintains mitochondrial morphology and function. Once the bal-
ance is perturbed by apoptosis, mitochondrial tubular network
goes to fragmentation. These changes are essential for downstream
events of apoptosis. In order to determine if the mitochondrial
fission and fusion regulate the response to ABT737@ZnPc-UCNPs
mediated PDT, LLC cells were cultured with ABT737, ZnPc-UCNPs
as well as ABT737@ZnPc-UCNPs for various times and followed
with light irradiation, the mitochondria were then stained and
measured by confocal microscopy (see Experiment Section for the
details). As shown in Fig. 5b, without treatment, the normal mito-
chondria exhibited short tubular-like shapes in LLC cells. ABT737
treatment alone had little impact on mitochondria morphology. In
the group treated with ZnPc-UCNPs for 12 h, the mitochondria
elongated to longer tubules, and became hyper-fused long tubule-
like shapes after 24 h. However, the mitochondria were fissured to
small punctate forms in the group cultured with ABT737@ZnPc-
UCNPs for 12 h, and became even smaller dots after 24 h treat-
ment. In general, we found that ABT737 had little influence on
mitochondrial morphology. ZnPc-UCNPs result in hyper-fusion of
mitochondria in LLC cells in a time-dependent manner. However,
ABT737@ZnPc-UCNPs could overcome ZnPc-UCNPs induced fusion
and reverse to a serious fission. It is well known that mitochondrial
fission sensitizes cells to apoptosis [39]. Based on our observation,
we may come to the conclusion that LLC cells may adapt themselves
to ZnPc-UCNPs mediated PDT through alteration of mitochondrial
morphology, resulting in PDT resistance to a certain extent, and
inhibition of this process by ABT737@ZnPc-UCNPs might recover
the cytotoxic effect.

3.4. In vivo tumor inhibition efficacy

To evaluate the PDT effect of ABT737@ZnPc-UCNPs in vivo, LLC
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—%— ABT 737@ZnPc-UCNPs with light irradiation
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—&— ABT 737 with light irradiation

»
1

Relative tumor volume

(b) ABT 7:?7@ZnPc-UCNPs

tumor-bearing C57/6] mice were intratumorally injected with
ABT737@ZnPc-UCNPs, and the tumor part was irradiated with
980 nm laser light at 0.35 W cm 2 for 5 min for each round, and
totally 4 rounds in a course of treatment. The 980 nm irradiation
dosage was only 105 ] cm 2 for each round. The heating effect of
105 ] cm~2 has also been tested, and the surface temperature raised
only 0.1 °C. Therefore, the light dosage used here had no serious
heating effect. The groups that received intratumorally injected
ABT737 and ZnPc-UCNPs followed by laser exposure with the same
light dosage were taken for comparison. In addition, the groups
injected with ABT737@ZnPc-UCNPs or ZnPc-UCNPs without
980 nm laser irradiation and the group without any processing
were set as controls. The tumor volume in the control groups
increased remarkably during the treatment (Fig. 6a). In contrast,
the group treated with ZnPc-UCNPs grew more slowly and the
group received injection of ABT737@ZnPc-UCNPs grew most
slowly. Body weight changes can also reflect the health condition of
the treated mice. As shown in Fig. S14, the body weight of mice of
the control groups began to decrease from day 8 post-treatment,
indicating that the living quality of the mice was affected by the
tumor burden. For the ABT737@ZnPc-UCNPs treated group, their
body weight gradually increased during 14 days, demonstrating
that PDT treatment based on ABT737@ZnPc-UCNPs can effectively
improve the survival quality of mice and prolong their lifetime. The
excised tumors from these groups (Fig. 6b) confirmed the inhibition
effect - the tumor size under ABT737@ZnPc-UCNPs mediated PDT
treatment was much smaller than the other groups. The tumor
inhibition ratio, calculated based on the tumor size, was 90.3% for
ABT737@ZnPc-UCNPs group much higher than that of ZnPc-UCNPs
group (59.8%), a clear evidence that ABT737 indeed enhanced the
susceptibility of tumor to PDT, thus significantly increased the
therapeutic efficacy of PDT.

Histological analysis of the tumors shown in Fig. 6¢c demon-
strates a mass of aggregated neutrophils in ABT737@ZnPc-UCNPs
group which is different from the control group and ABT737
group, indicating that the ABT737@ZnPc-UCNPs mediated PDT

ZnPc-UCNPs

ABT 737

Control
4 ™

Fig. 6. (a) Tumor growth of mice in different treatment groups within 14 days. Error bars indicate standard deviations, n = 6. (b) Digital photographs of excised tumors from
representative mice after various treatment. (c) H&E stained images of tumor sections from different treatment groups.
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induced acute inflammatory reaction and systemic immunity. The
generated neutrophils also facilitated the death of cancer cells [40].
Some tiny inflammatory cysts were found in ZnPc-UCNPs group,
illustrating that the ZnPc-UCNPs mediated PDT also functioned, but
not as efficient as the ABT737@ZnPc-UCNPs mediated one. Histo-
logical analysis was also performed in heart, liver, spleen, lung and
kidney (shown in Fig. S15) and no pathological changes were
observed.

3.5. Immunohistochemical analysis

In order to further investigate the ABT737@ZnPc-UCNPs medi-
ated PDT effect on Bcl-2 family proteins in vivo, immunohisto-
chemical staining for Bcl-2, Bak and Cytochrome C were carried out
on tissue slices of tumors excised from the four different groups and
illustrated in Fig. 7. Plenty of Bcl-2 proteins were stained in nuclei
and cytoplasm as brown in color in the control, ABT737, as well as
ZnPc-UCNPs groups. However, the color of Bcl-2 protein in vivo
significantly decreased in the group with ABT737@ZnPc-UCNPs
treatment, which strongly indicates that ABT737@ZnPc-UCNPs
mediated PDT dramatically inhibited the expression of Bcl-2
compared with the others. In contrast, the ABT737@ZnPc-UCNPs
treated group exhibited the best positive effect of pro-apoptotic
protein Bak expression among all the groups (more Bak staining

in the cytoplasm). There was no significant difference in expression
of Bak between the control and ABT737 groups. ZnPc-UCNPs
treatment resulted in slightly more positive effect. As expected,
the highest expression of Cyto C in vivo appeared (brown color in
the cytoplasm) in ABT737@ZnPc-UCNPs treated group, in line with
the result that ABT737@ZnPc-UCNPs mediated PDT caused seri-
ously mitochondrial damage in vitro. It is also interesting to note
that the excised tumor from ABT737@ZnPc-UCNPs treated group
was less bloody than the other groups. There is a consensus that the
growth of tumor is related to angiogenesis in the tumor. Bcl-2
proteins were expressed not only in tumor cells but also in
vascular endothelial cells [41]. To check if the inhibition of Bcl-2
effects tumor angiogenesis, tumor microvessel density (MVD)
was evaluated using immunohistochemistry for CD34. MVD can be
used as a stable assessment to evaluate the therapeutic effect in
tumor angiogenesis [42]. CD34 is popularly used as an endothelial
cell marker of tumor vessels, which detects newly formed and
preexisting big blood vessels [43]. As can be seen in Fig. 7, the
expression of CD34 in ABT737@ZnPc-UCNPs treated groups was
significantly decreased, indicating that MVD was reduced in tumor.
In addition, the expression level of vascular endothelial growth
factor (VEGF) was also detected, which is a more explicit growth
factor of stimulating angiogenesis. The treatment with
ABT737@ZnPc-UCNPs had a pronounced inhibitory effect on VEGF

Fig. 7. Representative photographs of the tumor sections from different treatment groups examined by immunohistochemical staining for (A) Bcl-2, (B) Bak, (C) Cyto C, (D) CD34

and (E) VEGFE.
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in tumor compared with the other groups. All these results
demonstrated that the high PDT efficacy of ABT737@ZnPc-UCNPs
came not only from preventing the tumor cells survive from
oxidative stimuli but also from the inhibition of tumor
angiogenesis.

3.6. The tumor antioxidant environment change by ABT737@ZnPc-
UCNPs in vivo

The ROS generated by light irradiated ABT737@ZnPc-UCNPs
in vivo was highly toxic and reactive. However, biological systems
could produce some antioxidant enzymes to combat the delete-
rious effects of ROS. Among many antioxidant enzymes, the
reduced glutathione (GSH) together with glutathione peroxidase
(GPx) and glutathione-S-transferase (GST) is known to contribute
the defence against free radicals, peroxides and a wide range of
xenobiotics and carcinogens [44]. To unravel the relationship be-
tween the ABT737@ZnPc-UCNPs mediated PDT and the antioxidant
enzymes activity, the GSH-related enzymes were assessed in tu-
mors excised (see the Supporting information for the details). The
group without any processing was taken as control. As illustrated in
Fig. 8 and Table S1, the activities of GSH and GST were significant
high in control group, displaying 48.6 + 1.2 and 35.8 + 0.9,
respectively. No statistically significant difference in GSH, GST and
GPx levels were detected between ABT737 and the control groups.
The activities of GSH, GST in ZnPc-UCNPs group were slightly lower
than that of the control group displaying 37.2 + 0.6 and 26.8 + 0.7,
respectively. While there was no significant difference in GPx levels
detected between the two groups. In contrast, all the GSH-related
antioxidant enzymes decreased dramatically in ABT737@ZnPc-
UCNPs group especially for GSH (17.5 + 0.3) and GST (11.4 + 0.8).
The elevation of GSH and GPx in tumor tissues may be markers of
cell proliferation [45,46]. GST plays a key role in detoxifying anti-
cancer agents, thereby preventing their cytotoxic action [47]. Many
reports suggest that oxidative stress can upregulate antioxidant
enzymes that render cells more resistant to succedent oxidative
stimuli [48]. In our studies, all the GSH-related antioxidant en-
zymes exhibit extreme high levels in control and ABT737 groups,
indicating its strong antioxidation ability and high cell prolifera-
tion. Although slight down-regulation of GSH and GST level was
observed in the ZnPc-UCNPs treated group, the activity of GPx did
not change too much compared with the control group,
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Fig. 8. Activities of GSH-related enzymes in tumor extracted from different groups.
GSH, GSH reductase; GST, GSH transferase; GPx, GSH peroxidase. Means + SD, n = 3.

GPx

manifesting that the tumor was still active to defense ROS. On the
contrary, GSH-related antioxidant enzymes were significantly
decreased in ABT737@ZnPc-UCNPs treated group, meaning that the
tumor microenvironment of strong antioxidation was turned to be
sensitive to oxidative stimuli, which holds the main responsibility
for the pronounced PDT effect mediated by ABT737@ZnPc-UCNPs.

4. Conclusion

We have proposed and validated a novel strategy to effectively
ease the cancer resistance to the photodynamic therapy, i.e. to
integrate Bcl-2 inhibitot-ABT737 molecules into upconversion ZnPc
nanophotosensitizers. The role of Bcl-2 in regulating cellular
response to ABT737@ZnPc-UCNPs mediated PDT is unraveled. In-
hibition of Bcl-2 not only prevents tumor cells evasion of apoptosis
internally, as reflected in the decreased AWm, the activation of
MOMP, as well as the promoted mitochondrial fission, but also al-
ters the tumor microenvironment externally, including restraining
the tumor angiogenesis and reducing the levels of antioxidant en-
zymes, which make the tumor very susceptible to oxidative stimuli.
Our study suggests that the strategy of integrating inhibiting en-
tities with photosensitizers, exemplified by ABT737@ZnPc-UCNPs,
can serve as a potential new adjuvant intervention strategy for PDT.
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