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www.rsc.org/ Solid tumor hypoxia hinder photodynamic therapy (PDT) efficacy. Adenosine triphosphate (ATP) generation route of

hypoxia tumor cells was an ineffective glycolysis processes, but ATP is crucial for rapid and uncontrolled growing and
dividing. ATP depletion would inhibit DNA replication and glutathione (GSH) biosynthesis, which could inhibit its
proliferation and make it sensitive to PDT treatment. In this regard, a nanoscale metal-organic framework nanoparticle,
consisted of Cu* and carboxyl modified zinc phthalocyanine (ZnPc-(COOH)s) ({Cug(ZnPc-(COOH)s)}n, ZPCN), was design and
prepared. In the dark cycle, ATP could deprive Cu® from ZPCN and form copper-ATP complex. ATP in above complex could
be destroyed by copper mediated Fenton reaction and finally induce ATP depletion to inhibit its proliferation and make it
sensitive to PDT treatment. In the light cycle, ZPCN could generate abundant cytotoxic reactive oxygen species to suppress
tumor growth. These results demonstrated the potential applicability of the new strategy to overcome hypoxic tumor
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treatment

Introduction

As a noninvasive treatment for cancer, PDT has received
considerable attention in recent years. PDT employs light-
excited photosensitizers (PS) to activate the transformation of
surrounding O, into cytotoxic reactive oxygen species (ROS),
such as singlet oxygen (102), H,0,, superoxide radical (0, )
and hydroxyl radical (-OH), to cause irreversible damage to
malignant cells. 12 Furthermore, under appropriate light
irradiation position control at tumor site, PDT offers the
advantage of an effective and selective method of destroying
diseased tissues without damaging adjacent healthy ones for
tumor targeting treatment. 3 Hypoxia, which is caused by an
inadequate oxygen supply, is increasingly being recognized as
a characteristic feature of solid tumors. *® Hypoxia is believed
to be one of the major causes for the failure of many kinds of
cancer treatment, including chemotherapy (by up-regulating
drug efflux P-glycoprotein expression to enhance drug
resistance), ’ 8 radiotherapy (by decreasing ionizing radiation
effect), ° photothermal therapy (by up-regulating heat
resistance heat shock proteins expression) 1011 gnd PDT. *?
PDT depends on the ability of light irradiated PS to transfer
energy from light to the surrounding O, to generate cytotoxic
ROS to kill tumor cells. > In other words, the therapeutic
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by PDT.

outcome of PDT is strong O, dependent. 1316 |y light of this,

integration of a PDT system with high activity under hypoxia
condition could be promising for enhanced anticancer therapy.

To solve this problem, several different strategies were
exploited to overcome tumor hypoxia and to improve the
therapeutic effect. The first effective strategy is increasing O,
concentration to relieve hypoxia by in situ catalase H,0, to
generate O, or directly delivering O, to hypoxic tumor. 41719
Another very useful strategy is combining PS with a hypoxia-
activated prodrug to contribute a highly effective synergistic
cancer therapy. 20,21 Beyond that, using vascular-disrupting
agents (VDA) to effectively starve the tumor to death, by
depriving it of vital nutrients and oxygen, leading to tumor
necrosis, is another good option to obtain satisfied treatment
efficacy. 2

ATP, a nucleoside triphosphate, is classified as the most
important energy source for most of the physiological
biochemical process. Hypoxic cancer cells ATP generation rely
on glycolysis processes which is an ineffective ATP generation
route comparing with well-oxygenated conditions. Cancer cells
are strong ATP dependent to support their unique
physiological processes, such as active DNA replication and
high levels of GSH to build a strong antioxidant defence, to
maintain their rapid and uncontrolled growing and dividing. =
2% DNA replication is the cornerstone for cancer cell
proliferation and GSH could consume ROS and sharply reduce
PDT activity. Therefore, we proposed that if we deplete ATP in
hypoxic cancer cells, they would weak and be more sensitive
to PDT treatment to obtain the highly effective cancer therapy
under hypoxic condition.
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Scheme 1 Schematic presentation of anticancer mechanism of ZPCN.

To verify this hypothesis, herein, a new nanoscale metal-
organic framework nanoparticle, consisted of cu* and
carboxyl modified ZnPc-(COOH)g based on the bond between
cu** and COO ({Cug(ZnPc-(COOH)g)},, ZPCN), 27,28 \yas prepared
and used for hypoxic cancer treatment. As shown in scheme 1,
ZPCN maintain inactive state during the delivery process in
blood because during this process, it maintains in aggregation
form. After been entrapped by cancer cells, ATP could deprive
cu® from ZPCN and make its disaggregation because of the
higher affinity of phosphate to Cu” than that of COO * and
the active ZnPc-(COOH)s was released. Similar like Fe3+, cutis
also an effective Fenton regent to generate hydroxyl radical. 30
3 This fearsomely-reactive hydroxyl radical, once generated,
attacks whatever it is next to. Its lifetime inside cell is
vanishingly small, so, it reacts at its site of formation. 32
Therefore, during the dark cycle of the treatment, the Fenton-
type reaction, in which copper ion in its complex with ATP
reacts with H,O, (cancer cells would produce excessive
amounts of H,0, and cause significant increase of H,0, level in
the tumor microenvironment) 13,3334 ¢5 form OH to damage
ATP (because they are close enough) and induce its depletion
inside cells. ** ATP depletion could inhibit DNA replication and
decrease GSH level to provide a weak and sensitive cell state
for PDT. %% During the light cycle of treatment, ROS could be
generated after light irradiation. Finally, the synergistic of
above cycles could cause mitochondrial membrane potential
hyperpolarization or depolarization and induce effective cell
apoptosis under hypoxic condition. Therefore, the potential
applicability of a new strategy to overcome hypoxic tumor
treatment by PDT is successfully demonstrated.

Experimental
Chemicals

The 1, 8-diazabicyclo [5, 4, 0]-undec-7-ene (DBU), 4-
Nitrophthalonitrile, dimethyl 5-hydroxyisophthalate, 9, 10-
anthracenedip-ropionic acid (ADPA) and ATP was obtained
from Sigma-Aldrich. Dulbecco’s minimum essential medium
(DMEM) was from Gibco. Fetal bovine serum (FBS) was from
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Sijiging. ATP Assay Kit, 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazoliumbromide (MTT), Hematoxylin and Eosin
Staining Kit(H&E), 2,7-dichlorodi-hydrofluorescein diacetate
(DCFH-DA), Dihydroethidium (DHE), Rhodamine 123, Cell Cycle
Analysis Kit, Annexin V-FITC Apoptosis Detection Kit, GSH and
GSSG Assay Kit were obtained from Beyotime. Mitotracker
green, Lysotracker blue and singlet oxygen sensor green
(SOSG) were from thermo fisher. BES-H,0,-Ac was from Wako
Chemicals. The necessary solvents were used after purification
according to the reported literature. Chromatographic
purifications were performed on silica gel columns (300-400
mesh, Qingdao Haiyang Chemical Co., Ltd, China). All chemical
reagents were obtained from commercial suppliers and used
as received unless otherwise stated.

Characterization

Ultraviolet-Visible (UV-Vis) absorption spectra were obtained
by a Varian Cary 50 spectrophotometer. Fluorescence spectra
were recorded on a Cary Eclipse fluorometer. Infrared spectra
were obtained by Bruker Tensor infrared spectrometer. Zeta
potential was detected with Malvern Zetasizer Nano 90
measurements in aqueous system. Transmission Electron
Microscope (TEM) images were got by Hitachi H7650
transmission  electron  microscope. Morphology and
fluorescence inside cells was monitored by a Nikon Ti
microscope and Nikon Ti-E-A1R confocal laser scanning
microscope. 'H NMR and **Cc NMR spectra were recorded using
a Bruker Advance 400 MHz NMR spectrometer. Mass spectra
were obtained on UltrafleXreme MALDI-TOF-MS spectrometer.
Elemental analysis was measured by Vario MICRO Elementar.
Fluorescence lifetime and fluorescence quantum yield were
obtained using a Horiba Jobin Yvon FM-4P-TCSPC system. Flow
Cytometry (FCM) analysis was carried on a Beckman XL flow
cytometer. Differential thermal analysis (TG-DTA) was taken
on Perkin Elmer Diamond TG-DTA analyser in N, atmosphere
at a heating rate of 10 °C min’. A 665 nm LED (5 W) was used
as light source.

OH COOCH
NC NO, NG o 3
NC
H,;CO0C COOCH; NC
COOCH,

n-pentanol | Zn(OAc),
DBU

ZnPc{COOH)g
COOH

R=-0 R= -0
COOH COOCH,

Scheme 2 The synthetic route of ZnPc-(COOH)s.
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Synthesis of ZnPc-(COOH)g

ZnPc-(COOH)g was synthesized using our previous methods. 38
All the compounds were detected by melting point (M.P.),
infrared spectra (IR), 'H Nuclear Magnetic Resonance Spectra
(1H NMR) and UltraflexXreme MALDI-TOF-MS. ZnPc-(COOH)g
synthetic route was shown in Scheme 2.

Compound 1 was synthesized as following process. Under
N, atmosphere, 4-nitrophthalonitrile (0.25 g, 1.45 mmol),
dimethyl 5-hydroxyisophthalate (0.30 g, 1.45 mmol) and
potassium carbonate (0.29 g, 2.89 mmol) were mixed in 8 mL
DMF was stirred at 75 °C for 8 h. Then, 50 mL water was added
into the solution after it cooling to room temperature and the
product was extracted by ethyl acetate. The impurities in ethyl
acetate were removed by washing ethyl acetate solution using
water and saturated sodium chloride for 3 times. Ethyl acetate
was removed by vacuum distillation. The obtained product
was further purified by silica gel column chromatography using
ethyl acetate / petroleum ether (1:2, v/v). Finally, pure
compound 1 as white solid was obtained (454.9 mg, 92.6%).
M.P. was 125°C; IR (KBr, vmax/cm'l): 3425, 3084, 2233, 1735,
1584, 1493, 1316, 1264, 1008, 837, 765. '"H-NMR (400 MHz,
DMSO-dg): 6/ppm: 8.32 (t, 1H, J=1.6 Hz, Ar), 8.13 (d, 1H, J=8.8
Hz, Ar), 7.90 (d, 2H, J=1.6 Hz, Ar), 7.86 (d, 1H, J=2.8 Hz, Ar),
7.54 -7.51 (m, 1H, Ar). *C-NMR (100 MHz, DMSO-dg): & /ppm:
165, 160.7, 154.9, 136.8, 133.0, 126.9, 125.7, 123.6, 123.3,
117.3, 116.2, 115.7, 109.7. Anal. Calcd for C;gH:,N,0s: C,
64.29; H, 3.60; N, 8.33. Found: C, 64.31; H, 3.57; N, 8.29.

ZnPc-(COOH)g was synthesized by following protocols.
Under N, atmosphere, compound 1 (0.25 g, 0.75 mmol) and
Zn(OAc), (0.09 g, 0.47 mmol) were added to 8 mL dried n-
pentanol and stirred at 90 °C for 1 h. Then, DBU (0.1 mL, 0.67
mmol) was added and the mixture was heated to 130 °C and
stirred for another 12 h. Then, the solvents were removed
under reduced pressure. Silica gel column chromatography
using ethyl acetate / petroleum ether (1:2, v/v) and methanol/
dichloromethane (1:5, v/v) was used to purify the product. The
vacuum-dried product was washed by NaOH and methanol
(1:4, v/v, 50 mL) at 60 °C for 12 h. The impurities were
removed by filtration. Then, 10% HCl was added to above
solution drop by drop until many dark green solid precipitates.
Above purification process was repeated 3 times to obtain
pure ZnPc-(COOH)g (0.06 g, 24.3%). M.P.>200 °C, IR (KBr,
Vma/cm™): 3436, 3083, 2922, 1710, 1593, 1463, 1265, 1227,
1116, 974, 838, 758.'"H-NMR (400 MHz, DMSO-d¢): 5/ppm:
13.37 (br, 8H, COOH), 8.93-8.54 (m, 4H, Pc-H), 8.34-7.76 (m,
12H, Ar), 7.47-7.24(m, 8H, Pc-H). HRMS (MALDI-TOF) m/z:
1296.682, (Calculated. For Cg4H3;NgO50Zn: 1296.102). Anal.
Calcd for CgaH3,NgO,0Zn: C, 59.20; H, 2.48; N, 8.63. Found: C,
59.19; H, 2.47; N, 8.65.

{Cug(ZnPc-(COOH)3)}, (ZPCN) preparation

100 pL of ZnPc-(COOH)g (10 mM) and 100 pL of CuCl, solution
(160 mM) were mixed in 10 mL Tris-HCI buffer (pH =7.4). The
mixture was stirred for 30 min to form ZPCN. The result ZPCN
was purified by dialysis the solution using a 12-14 kDa cut-off
cellulose membrane for 24 h to water.

This journal is © The Royal Society of Chemistry 20xx

Chemical method to detect 102

102 was detected using ADPA because it could interact with
102 to generate its endoperoxide, which induce its absorbance
intensity decreasing. The mixture of 3 mL drugs solutions and
150 puL ADPA (5.5 mM) was irradiated by 665 nm light and
their UV-Vis spectra changing were recorded. The decay of
[ADPA] follows first order kinetics as the following Eq.

In([ADPA],/[ADPA],) = —kt

Where [ADPA]; and [ADPA], are the concentrations of ADPA
after and before irradiation, respectively. Therefore, the
relative rate constant k can be extrapolated by a linear fit using
the experimental points and calculated.

Cell culture

Human lung alveolar basal carcinoma epithelial cells (A549
cells) were cultured in DMEM containing FBS (10%, v/v),
penicillin (100 U/mL) and streptomycin (100 pg/mL) in an
incubator (Thermo Scientific) at 37 °C under an atmosphere of
5% CO, and 5% O, to simulate hypoxia microenvironment of
solid tumour. *

Cellular intracellular distribution

A549 cells were seeded onto glass-bottom dishes at a density
of 1x10° cells per dish in 1 mL of medium and incubated for 24
h before treatment of ZPCN, and ZnPc-(COOH)s separately.
After 4 h incubation, DMEM with LysoTracker blue (100 nM)
and Mitotracker green (100 nM) were replaced and incubated
for 30 min before observation. LysoTracker was observed
using a 405 nm laser; the emission wavelength was 425 to 475
nm and appeared blue. Mitotracker was observed using a 488
nm laser; the emission wavelength was 510 to 540 nm and
appeared green. ZnPc-(COOH)g and ZPCN were observed using
a 647 nm laser; the emission wavelength was 700 nm and
appeared red.

Apoptosis assay by MTT and flow cytometry

The apoptosis of A549 cells induced by ZPCN, ZnPc-(COOH)g or
free Cu®" was studied by MTT and flow cytometry assay.
Untreated A549 cells served as the control. To detect the dark
toxicity, after exposure to various drug formulations, Cu2+,
ZPCN, and ZnPc-(COOH)g, at equivalent concentrations (ZnPc-
(COOH)g: 7.5 uM; Cu**: 60 puM) for 48 hours in DMEM (10%
FBS), MTT solution was added to each well to detect cell
viability based on the absorption of the formazan product
dissolved in DMSO. To detect the light induced toxicity, after
exposure to various drug formulations, Cu2+, ZPCN, and ZnPc-
(COOH)g, at equivalent concentrations (ZnPc-(COOH)g: 7.5 puM;
cu**: 60 uM) for 24 hours, the cells were irradiated by light for
5 min. Then, the cells were re-incubated in incubator for 24 h
and cell viability was detected using MTT assay. In addition,
after re-incubation, cells were thoroughly washed with cold
PBS and collected for treatment using Annexin V-FITC
Apoptosis Detection Kit according to the manufacturer’s
protocol to detected cell apoptosis.

In vitro ATP deprivation detection

J. Name., 2013, 00, 1-3 | 3
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For determination of intracellular ATP concentration, A549
cells were seeded in 6-well plates at a density of 1x10’ /well.
After incubated in incubator for 12 h, the cells were treated by
various drug formulations, Cu2+, ZPCN, and ZnPc-(COOH)g, at
equivalent concentrations (ZnPc-(COOH)g: 7.5 pM; cu*": 60 uM)
for 48 hours in DMEM (10% FBS) incubated overnight. After
that, cells were washed with cold PBS and lysed with ATP lysis
buffer. The ATP levels were measured according to the
protocol of the ATP assay kit.

In vitro GSH deprivation detection

For determination of intracellular GSH concentration, A549
cells were seeded in 6-well plates at a density of 1x107 /well.
After incubated in incubator for 12 h, the cells were treated by
various drug formulations, Cu2+, ZPCN, and ZnPc-(COOH)g, at
equivalent concentrations (ZnPc-(COOH)s: 7.5 uM; cu*: 60 uM)
for 48 hours in DMEM (10% FBS) incubated overnight. After
that, cells were washed with cold PBS and their GSH
concentrations were measured according to the protocol of
the GSH and GSSG Assay Kit.

In vitro ROS generation detection

Intracellular ROS generation was detected using following
method. A549 cells were cultured in DMEM with 10% FBS with
the density of 1x10° cells/mL in incubator for 24 h. Then,
DMEM (10% FBS) with various drug formulations, Cu2+, ZPCN,
and ZnPc-(COOH)g, at equivalent concentrations (ZnPc-
(COOH)g: 7.5 uM; cu*: 60 UM) was replaced, separately. After
24 h incubation, DMEM with DCFH-DA (10 uM), DHE (5 uM),
SOSG (10 uM) and BES-H,0,-Ac (5 uM) were replaced and
incubated respectively for 30 min. Then, cells were washed
with PBS for three times and irradiated for 5 min. Finally, cells
were monitored by fluorescence microscopy.

Cell cycle analysis by flow cytometry

Flow cytometric analysis was performed to study the effect of
various formulations of drug on the cell cycle. A549 cells were
seeded in 24-well plates at a density of 1x10’ /well. After
incubated in incubator for 12 h, after exposure to various drug
formulations DMEM solution (10% FBS), Cu2+, ZPCN, and ZnPc-
(COOH)g, at equivalent concentrations (ZnPc-(COOH)g: 7.5 uM;
cu*": 60 uM) for 24 hours, the cells were irradiated by light for
5 min. Then, the cells were re-incubated in incubator for 24 h.
After that, cells were washed with PBS and their cell cycle
were detected using cell cycle analysis Kit.

Mitochondria dysfunction detection

Methods for quantifying mitochondrial transmembrane
potential based on rhodamine 123 fluorescence were similar
to those reported previously. a0 Briefly, following experimental
treatment, cultures were incubated for 30 min in DMEM
containing 5 uM rhodamine 123. Cultures were washed with
PBS and fluorescence was quantified using a flow cytometer
(488 nm excitation).

In vivo biocompatibility and anti-tumour growth efficiency

Female BALB/c nude mice (3-4 weeks old) were purchased
from Comparative Medicine Centre of Yangzhou University. All
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animal experiments were carried out in accordance
with regulations of the Nanjing Committee of Use and Care of
Laboratory Animals, and all experimental protocols were
approved by the Animal Ethics Committee of Nanjing Normal
University. For biocompatibility study, female Kunming mice
were divided into 3 groups and intravenously injected through
tail vein for saline, ZnPc-(COOH)g and ZPCN (ZnPc-(COOH)g per
administration was 20 mg/kg, cu® per administration was 160
mg/kg). Their body weight was recorded every day and after
20 days, the mice were sacrificed and their organs (heart, liver,
spleen, lung, kidney, and brain) were taken out for the
assessment using H&E staining for histological analysis.

For anti-tumor growth study, female BALB/c nude mice
were subcutaneously injected with A549 cells to establish the
tumor xenograft (tumor volume about 100 mm3). The mice
were divided into 3 groups including control group, ZnPc-
(COOH)g and ZPCN (ZnPc-(COOH)g per administration was 1.5
mg/kg, cu® per administration was 12 mg/kg). The drugs were
intravenously injected through tail vein to nude mice 1 time
every two days. 665 nm LED was used to irradiate the tumor
position carried out after injection of drugs for 12 h. The body
weight and the tumor volume were recorded every day. After
20 days, the mice were sacrificed and their tumor tissue were
taken out for the assessment using H&E staining for
histological analysis.

Statistical analysis

All biochemical experiments were performed in duplicate and
an average of the results were used. Statistical analysis was
done and the mean, standard deviation, standard error, and
the significant changes were expressed as the mean + SD. P <
0.05 was considered to be statistically significant.

Results and discussion
ZPCN formation and ATP triggered decomposition

The carboxylate group has strong affinity with cu™. Therefore,
we proposed that in ZPCN, each ZnPc-(COOH)g linker is
coordinated to eight different Cu,(COO), paddlewheel units
through the carboxylate groups and interconnects these
27

All the
parallel layers are slipped with each other and further stacked

binuclear paddlewheel units into 2D infinite layers.

into a 3D supramolecular architecture through m-m stacking
interactions. ** To verify this hypothesis, the complexation
processes between ZnPc-(COOH)g and Cu® was monitored
clearly by UV-visible and fluorescence spectra by molar ratio
methods. For the molar ratio method, a series of solutions
containing different concentrations of Cu®" and a constant
concentration of ZnPc-(COOH)g (10 puM) were prepared, and
the absorbance at a wavelength at 680 nm was plotted against
the molar ratio of [Cu2+] / [ ZnPc-(COOH)g]. Two straight lines
of different slopes can be derived from the plot, and the molar
ratio where the two lines cross reflects the composition of the
complex. “2 And the results indicated that Cu®* form 8:1
complexes with ZnPc-(COOH)g (Fig. 1). Besides, the two
absorbance peaks of ZnPc-(COOH)g at 640 nm and 680 nm
were ascribed to its aggregate and monomer form, separately.

This journal is © The Royal Society of Chemistry 20xx
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Interaction between Cu®* and ZnPc-(COOH)g induced ZnPc-
(COOH)g aggregation. The PDT activity of aggregate was much
lower than the monomer form. Therefore, ZPCN could

Absorbance
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Fig. 1 (A) UV-Vis spectrum changes of ZnPc-(COOH)g in aqueous solution upon addition
of Cu”". [ZnPc-(COOH)g] = 10 uM, [Cu®] = 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100
uM; (B) Molar ratio plots for Cu**-ZnPc-(COOH)s obtained by plotting the absorbance at
680 nm as a function of the molar ratio of Cu®* to ZnPc, (C) Fluorescence spectrum
changes of ZnPc-(COOH)g in aqueous solution upon addition of cu®. [ZnPc-(COOH)g] =
10 pMm, [Cu“] =0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 uM; (D) Molar ratio plots for
Cuz"-ZnPc-(COOH)g obtained by plotting the fluorescence intensity at 695 nm as a
function of the molar ratio of Cu** to ZnPc-(COOH).

significantly minimized the ROS production efficiency of ZnPc-
(COOH)g. Similar results were detected in fluorescence results.
The fluorescence of ZnPc-(COOH)g was sharply decreased after
interacting with cu* and also proved cu® form 8:1 complexes
with ZnPc-(COOH)g. The formation of ZPCN was also proved by
IR and TGA spectra (Fig. S2). As showing in Fig. 2, the 3D
supramolecular ZPCN were well dispersed in aqueous solution
with the average diameter of 50 nm.

A B

—— ZnPc-{(COOH),

2

—— ZnPc-(COOH),

——zPCN
05| ——ZPCN+ATP
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Fig. 2 (A) Absorbance spectra of ZnPc-(COOH)g, ZPCN and ZPCN+ATP; (B) fluorescence
emission spectra of ZnPc-(COOH)s, ZPCN and ZPCN+ATP; (C) TEM image (1) and size

This journal is © The Royal Society of Chemistry 20xx

distribution (2) of ZPCN; (D) TEM image (1) and size distribution (2) of ZPCN+ATP.
Bar=200 nm.

Upon the introduction of ATP, the strong affinity between
cu®* and ATP can promote the disassembly of the ZPCN and
the process can be observed by monitoring the monomer form
and  fluorescence recovery of ZnPc-(COOH)s. The
disassemblyprocess was also verified by fluorescence life time
and quantum yield regain results (Table S1). And TEM image
also indicated that after ATP adding for 30 min, the structure
of ZPCN was damaged and their size was decreased
accordingly (Fig. 2).

102 generation ability and photobleaching property

As we mentioned above, forming ZPCN greatly induce ZnPc-
(COOH)g aggregation, which could obviously minimize its 102
generation capability. ATP adding could induce monomer
recovering, which could cause 102 generation capability
recovering. To verify this hypothesis. 102 generation ability of
ZnPc-(COOH)g, ZPCN and ZPCN+ATP were studied and
compared. ADPA can react with 102 to produce its
endoperoxide, which would cause its absorption intensity
decreasing. Fig. 3 shows the decrease in absorption intensity in
different samples, including ZnPc-(COOH)g, ZPCN and
ZPCN+ATP, as a function of the time of light exposure. The
absorption intensity of ZnPc-(COOH)s and ZPCN+ATP show a
sharp decrease with the time of light exposure, indicating the
generation of 102. On the contrary, ZPCN produced almost no
change in the absorption intensity of ADPA with the same
irradiation time. The relative rate constant k of ZnPc-(COOH)sg,
ZPCN and ZPCN+ATP were -1.26x107, -0.03x10 and -0.93x10°
2 The 102 generation ability of ZPCN and ZPCN+ATP were much
higher than that of commercial photosensitizer porphyrin (k=-
0.04><10'2) under the same experiment condition. Above
results confirmed that forming ZPCN could significantly
minimized the 102 production efficiency of ZnPc-(COOH)g and
ATP could deprive Cu®* in ZPCN and induce its 102 production
efficiency recovering.

All the Ps used in PDT are known to be degraded or when
exposed to light. Such photobleaching of Ps can be either a
disadvantage or an advantage. If the sensitizer bleaches too
rapidly during illumination, tumor destruction may be
incomplete. On the other hand, the photobleaching could be
used to decrease the concentration of sensitizer in the body
and thus shorten the period of photosensitivity in patients
following PDT. a3 Thus, ideal PS should have efficient ROS
generation capability to ensure its PDT efficacy and high
photobleaching rates to avoid side effect after PDT treatment.
Above results indicated that our PS have satisfied 102
generation ability. Therefore, their photobleaching during 102
generation process were detected and compared. As shown in
Fig. 3, upon exposure to the 665 nm light, the color of ZnPc-
(COOH)g (or ZPCN+ATP) in aqueous solution changed from
blue to colorless and a distinct decrease in absorbance was
observed, indicating their photobleaching process during 102
generation process. On the contrary, no photobleaching was
detected in ZPCN because ZnPc-(COOH)g existing in aggregate
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form, which has low 102 generation ability but strong
photostability. These results indicated that ZPCN has efficient
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Fig. 3 Absorbance spectra of the drugs, including ZnPc-(COOH)g (A), ZPCN (B) and (C)
ZPCN+ATP, with ADPA, after irradiation at 665 nm for 0, 20, 30 and 40 s. (D) The best fit
to the experimental points of the same sample, where the value of k obtained; the
absorption spectra of ZnPc-(COOH)g (E), ZPCN (F) and (G) ZPCN+ATP after irradiating
with 665 nm LED; (H) photobleaching percent of ZnPc-(COOH)g, ZPCN and ZPCN+ATP in
40 s irradiation; insert panel: colour of all drugs after irradiation for 40 s.

102 generation capability to ensure its PDT efficacy and high
photobleaching rates to avoid side effect after PDT treatment.

Comparative Intracellular Localization.

The subcellular localization of PSs could also determine the
outcome of PDT. ** Although lysosomes were considered to be
mere “waste bags” used by the cell to dispose of unwanted
biomolecules, they are now known to partake in numerous key
physiological processes in cancer, such as endocytosis,
autophagy, exocytosis, plasma membrane repair, homeostatic
maintenance, apoptosis and multidrug resistance. Therefore,
in light of this correlation between lysosomes and cancer,
lysosomes have been recently considered as a novel target for
anticancer therapy. #5%¢ The localization of ZnPc-(COOH)g and
ZPCN were investigated by co-incubating photosensitized cells
with lysotracker blue and mitotracker green. As shown in Fig.
4, ZnPc-(COOH)g and ZPCN localize in the same subcellular
region as the lysosome marker, suggesting their affinity to
lysosome. These data implied that ZPCN would decompose
and release ZnPc-(COOH)g inside cancer cells.
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Fig. 4 Localization fluorescence image and in situ fluorescence analysis of ZnPc-(COOH)g
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ZPCN

and ZPCN, with different treatment, with lysotracker blue and mitotracker green in
cancer cells (Bar = 25 nm).

In vitro anticancer activity

The in vitro anticancer activity of the different drugs against
A549 cells were evaluated by MTT assay. As shown in Fig. 5A,
cell survival percent of dark incubation cycle for ZPCN was
about 85.9%, which is possibly caused by Cu®* mediated
anticancer pathway. No obvious dark toxicity was detected in
ZnPc-(COOH)g treated cells. After irradiation (Fig. 5B), cell
survival percent of ZnPc-(COOH)g treated cells was about
55.4%. Almost same cell death percent were detected in cu®
treated cell before (85.9%) and after irradiation (84.5%).
Interestingly, the cell survival decreasing degree of ZPCN
(23.7%) was much bigger than the sum effect of ZnPc-(COOH)g
and Cu2+, which indicated that there are that there are additive
and synergistic anticancer mechanisms in the anticancer
process of ZPCN (synergistic index=1.97) (Table 1).

Defective apoptosis (programmed cell death) represents a
major causative factor in the development and progression of
cancer. The ability of tumor cells to evade engagement of
apoptosis can play a significant role in their resistance to
conventional therapeutic regimens. 47 And, failure to undergo
apoptosis may result in treatment resistance. 8 Therefore,
finding effective ways to induce cancer cells apoptosis could
uncover new and effective strategies to tackle the complexity
of tumor treatment resistance. The apoptosis-inducing effect
of various drugs on A549 cells were detected using Annexin V-
FITC/PI apoptosis detection kit. Annexin V-FITC labels the
phosphatidylserine sites that translocate to the extracellular
membrane upon initiation of apoptosis. Pl labels the
intracellular DNA in the late apoptotic cells where the plasma
membrane has been compromised. Above combination results
could differentiate the apoptotic and viable cells by the

Table 1. Dark (ATP depletion process) and light (ATP depletion process + PDT process, a
synergistic process) cell toxicity comparison of various drugs. Synergistic index was
calculated by dividing the expected growth inhibition rate by the observed growth
inhibition rate. An index more than 1 indicates synergistic effect and less than 1
indicates no synergistic effect. *

Dark Light

cu®™ 83.5% 84.5%

Drugs ZnPc-(COOH)g 97.0% 55.4%

ZPCN 85.9% 23.7%

Expected - 46.8%

Observed - 23.7%
Synergistic index - 1.97

This journal is © The Royal Society of Chemistry 20xx
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flow cytometry. As shown in Fig. 5C, ZnPc-(COOH)g and cu®*

showed the apoptosis-inducing characteristics, and the
apoptosis ratios were 71.10% and 28.22%, separately. Of note,
ZPCN had a prominent apoptosis ratio of 89.41%.

Anticancer mechanism of dark and light cycle

ATP is classified as a nucleoside triphosphate, which indicates
that it consists of three components, a nitrogenous base
(adenine), the sugar ribose, and the triphosphate. ATP is one
of four "monomers" required in the synthesis of RNA.
Therefore, DNA replication and DNA transcription also
consumes ATP. Besides, ATP is often referred to as the energy
supplier for a lot of biological process, such as GSH
biosynthesis. Tumor cells need large amount of ATP as energy
because of their rapid proliferation and glycolysis. Intracellular
ATP concentration sharply decreases could affect ATP needed
physiological processes, such as DNA replication and GSH
biosynthesis. 30,51 reports indicated that although tumor cells
have selected many mechanisms to escape and resist
programmed cell death, they cannot avoid ATP depletion-
induced death, which indicated that ATP is very crucial for cell
surviving. 3 cu® has very strong affinity with phosphate.
Therefore, the bond between Cu and COO could be destroyed
and replaced by the bond between cu* and phosphate in the
present of ATP. The Fenton-type reaction, in which copper ion
reacts with H,0, (malignant cancerous cells would produce
excessive amounts of H,0, and cause significant increase of
H,0, level in the tumor microenvironment 3) to form hydroxyl
radical (OH), a reactive oxygen species that can damage ATP
and induce ATP depletion inside cells. »

Cell Survival Rate 1%
&

Cell Survival Rate 1%
3

ZoPe{COOH), Gt zpon

Control  ZnPc{COOH),  Cu* zpon Control

Pl

W

Annexin V-FITC

Fig. 5 (A) Dark cell toxicity comparison of various drugs (data are expressed as means +
SD; **P < 0.01 drugs versus control). (B) Light toxicity comparison of various drugs.
(Data are expressed as means + SD; **P < 0.01, ***P < 0.001 drugs versus control; **p
< 0.001 ZnPc-(COOH)s or cu®* versus ZPCN). (C) Flow cytometric analysis of A549 cell
apoptosis induced by different drugs using Annexin V-FITC/PI staining. In each panel,
the lower-left (Q4, Annexin V-FITC, PI), lower-right (Q3, Annexin V-FITC', PI') and
upper-right (Q2, Annexin V-FITC', PI') quadrants represent the populations of the
viable, early apoptotic and late apoptotic cells, respectively.
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To verify this hypothesis, ATP concentration influence by
various drugs were studied. In vitro ATP deprivation and
hydrolysis of various drugs were carried out using ATP assay kit.
Results indicated that the cells incubated with Cu** and ZPCN
could cause obviously ATP concentration decrease (Fig. 6A),
and thus lead to energy shortages within the cells under
investigation. On the contrary, no obvious changing of ATP
decreasing was detected on ZnPc-(COOH)g treated cell
comparing with control cells.

Then, variation of cell cycle arrest induced by various
drugs were studied and compared. Almost no cell cycle
changing was detected in ZnPc-(COOH)g treated cell after 48 h
dark incubation comparing with the untreated cells. The cu*
and ZPCN treated cells incubated for 48 h dark incubation
displayed arrest in the S phase (Fig. 6C). Fig. 6B shows the
statistical data for all of the treatment groups to enable
comparison of the proportion of A549 cells arrested in the S
phase. DNA replication occurs during this phase. S phase arrest
indicated that cell DNA replication inhibition, which is possibly
because of the insufficient ATP supplying. Such a notable
enhancement in cell cycle arrest of ZPCN shows its potential in
combination therapies.

Besides, ATP depletion and 'OH generation could also
inhibit GSH formation or directly destroy GSH (The GSH
depletion is not due to the direct interaction between ZPCN
and GSH because spectral results indicated no direct
interaction between them, Fig. S3). GSH is an important

>

B s phase I G2M phase I 1 phase

wnr
ok

Fluorescence Intensity / X 10° counts

Control  ZnPe{COOM),  Cu™* zpeN Control  ZnPc(COOH),  Cut* zpeN

ome0a
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Channels (P1)

H H H
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4
GSH/ GSSG ratio
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Fig. 6 (A) ATP concentration comparison of various drugs after 48 h dark incubation;
(Data are expressed as means + SD; **P < 0.01, ***P < 0.001 drugs versus control; "P <
0.01, " P < 0.001 Cu** or ZPCN versus ZnPc-(COOH)g) (B) The statistical data for the
impact of drugs on the distribution of A549 cell cycle populations after 48 h dark
incubation; (C) The impact of drugs on the distribution of A549 cell cycle populations
after 48 h dark incubation; (D) GSH level inside cells comparison of various drugs after
48 h dark incubation(*P < 0.05,**P < 0.01, drugs versus control); (E) GSH/GSSG ratio
inside cells comparison of various drugs after 48 h dark incubation(*P < 0.05,**P <
0.01, drugs versus control).

J. Name., 2013, 00, 1-3 | 7



http://dx.doi.org/10.1039/c8tb00334c

Published on 07 March 2018. Downloaded by University of New England on 07/03/2018 04:34:03.

Journal of Materials Chemistry B

antioxidant defence of cells because it could prevent the
damage by ROSs. Therefore, GSH in cancer cells could
consume ROS and sharply reduce PDT activity. In other words,
reducing the GSH concentration inside cells might greatly
improve PDT activity. Reports indicated that an increase in
GSH or GSH/GSSG is indicative of augmented antioxidant
capacity, whereas a decrease is suggestive of diminished
antioxidant defences. > **As shown in Fig. 6D and E, cu® and
ZPCN treated cells all showed GSH and GSH/GSSG decreasing,
which indicated that they could diminished the antioxidant
defences of cancer cells and helpful for the light cycle PDT
process. Based on above results, we could get a conclusion
that during the dark cycle of the treatment of ZPCN, ATP in
cells was depletion, which induce DNA replication inhibition
and antioxidant defence destruction.

We hypothesis that during the light cycle, ROS, including
H,0,, -OH, O, " and 102, was generated inside cancer cells and
induced cell death. DCFH-DA is oxidized by total ROS to a
fluorescent product, dichlorofluorescein (DCF) > DHE, BES-
H,0,-AC and SOSG are specific dye for O, ", H,0, and 102. 3557
As shown in Fig. 7, no obvious O, "~ were detected in all groups,
which indicated that it is not the main ROS during this PDT
process. No 102 generation was detected in cu®* treated cell.
But, cu® could increase DCF fluorescence intensity but
degrease BES-H,0,-AC fluorescence intensity, which indicated
that DCF fluorescence intensity increasing was caused by the
generated -OH from the Fenton reaction of Cu (consuming
H,0, simultaneously). ZnPc-(COOH)g generated H,0, during
PDT process. Theoretically, H,0, generation by ZPCN should be
higher than that of ZnPc-(COOH); because of the decreased
antioxidant defence of cells. However, the H,0, generation by
ZPCN was not higher than that of ZnPc-(COOH)s, which is
possibly because the Fenton reaction of released cu?
consumed the extra H,0,. The total ROS generation ability of
ZPCN was obviously higher than that of ZnPc-(COOH)s. And
such ROS increasing was partly contributed by 102 generation
capability improving. Furthermore, the decreased antioxidant
defence of cells also very helpful for the increasing efficacy.
Based on above results, we could get a conclusion that during
the light cycle of the treatment of ZPCN, abundant ROS was
generated to kill the cancer cells. The dark cycle could not only
induce cell death directly, but also provide a weak antioxidant
microenvironment for light cycle PDT process.

Mitochondria is a very important ATP and endogenous
ROS generate site, so, ATP depletion and extra ROS burst could
induce mitochondria dysfunction, which can activate apoptosis
pathways capable of inducing cell death. Based on above
conception, we proposed that the dark and light cycle could
have synergistic effect to induce mitochondria dysfunction and
activate apoptosis pathways. The level of mitochondrial
rhodamine 123 uptake is directly related to mitochondrial
transmembrane potential, an indirect indicator of the
dysfunction and energetic status of
mitochondria.”® Mitochondrial damage induces quenching or
enhancing of rhodamine 123, which is called depolarization or
hyperpolarization, and finally induce cell death.

mitochondria
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Fig. 7 Fluorescence images and their Normalized average intracellular fluorescence
intensity of various ROS generation various drugs and light irradiation (Bar=100 nm, Fy4
was the fluorescence intensity of drug treated cells, F. was the fluorescence intensity of
control cells, * P<0.05, ** P<0.01, *** P<0.001 drug treated cells vs. control).

As shown in Fig. 8, ATP depletion could induce
mitochondrial hyperpolarization. But the effect of ROS burst
plus ATP depletion of ZPCN could induce 68.72% cell
mitochondria transmembrane potential depolarization, which
in much higher that ZnPc-(COOH)g treated one (49.69%). These
results indicated that the anticancer mechanism of ZPCN is a
synergistic process rather than being simply aggregated.
Mitochondria transmembrane potential depolarization can
directly induce cell apoptosis. Therefore, the synergistic of
above cycles could cause mitochondrial dysfunction and
induce effective cell apoptosis under hypoxic condition.
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In vivo biocompatibility and anticancer activity

The in vivo biocompatibility of ZnPc-(COOH)g and ZPCN was
very important for their safety using guarantee. Healthy
female Kunming mice were intravenously injected with ZnPc-
(COOH)g or ZPCN. The group intravenously injected with saline
was set as the control group. The body weights of the mice
were recorded every day and the results indicated that no
obvious body-weight losing during 20 days treating (Fig. 9A).
Besides, the tissue sections of heart, liver, spleen, lung, kidney
and brain stained by H&E showed no apparent pathological
changes (Fig. 9B). These preliminary data indicate the high
biocompatibility of ZnPc-(COOH)g and ZPCN.

The in vivo anticancer efficiency assessed on A549 tumor
xenograft in nude mice. The tumor bearing mice were divided
into 3 groups: control, ZnPc-(COOH)g and ZPCN treated groups.
After the intravenous administration of drugs for 6 h, 665 nm
light was directly irradiated on the tumor position. As shown in
Fig. 9C, no obvious body-weight losing was detected after
treating by ZnPc-(COOH)g or ZPCN comparing with control
group during 20 days treatment. On the contrary, the
tumorgrowth was significantly suppressed in the ZnPc-(COOH)g
and ZPCN treated group compared to the control groups (Fig.
9D). In the H&E stained tumor section, only a small portion of
purple blue (nuclei stained by hematoxylin) area in the
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Fig. 9 (A) Kunming mice body weight change as a function of feeding time after ZnPc-
(COOH)g, ZPCN or saline treatment; (B) H&E stained histological sections of heart, liver,
spleen, lung, kidney and brain from the Kunming mice and H&E stained histological
sections of tumor from BALB/c nude mice the after 20 days treating (Bar =100 pum); (C)
BALB/c nude mice body weight change as a function of drugs and light treating time
after drugs treatment; (D) tumor-volume change as a function of drugs and light
treating time after treating with ZnPc-(COOH)g, ZPCN or saline and 665 nm irradiation
(*** P<<0.001 ZPCN treated cells vs. control or ZnPc-(COOH); treated cells).
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ZPCN treated mice, which was obviously smaller than ZnPc-
(COOH)g treated one and the control group.

Conclusions

Solid tumors hypoxic microenvironment is believed to be one
of the major causes for the failure of PDT. Therefore, finding
new PDT system with high activity under hypoxia condition has
attracted great attention during past years. Classic solutions
were based on directly increasing in situ O, concentration
combining PS with a hypoxia-activated prodrug. In this
manuscript, a new strategy was exploited based on ATP
depletion. ATP generation route for hypoxia tumor cells was
an ineffective glycolysis processes, but ATP is very important
for rapid and uncontrolled growing and dividing. Therefore,
finding effective ways to deplete ATP could make cancer cell
weak and sensitive. Based on this concept, we prepared a
nanoscale metal-organic framework nanoparticle ZPCN, which
could deplete ATP after entrapped by cancer cells and induce
satisfied PDT activity. Our research demonstrated the potential
applicability of the new strategy to overcome hypoxic tumor
treatment by PDT.
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