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Background: Sono-photodynamic therapy (SPDT) is a novel anti-cancer strategy that has showed excellent preclinical anti-
tumor effects by combining the advantage of photodynamic and sonodynamic therapy. Sensitizer is the most important ele-
ment in SPDT, which directly influences the cytotoxicity of SPDT. This study investigated the effect of using sensitizer PCN 224
(PCN224-SPDT) in SPDT on mouse hepatocellular carcinoma Hepa1-6 (mouse hepatoma cells).
Methods: Hepa1-6 cells were divided into a control group, PCN224 alone group (PCN224), ultrasound treatment alone
group (US), PDT (photodynamic therapy) group (PCN224 + 5 J/cm2 laser), SDT (sonodynamic therapy) group (PCN224 + 1
W/cm2 ultrasound) and SPDT group (PCN224 + 5 J/cm2 laser + 1 W/cm2 ultrasound). The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazole ammonium bromide (MTT) was used to detect cytotoxicity. The uptake and distribution of PCN224 in Hepa1-6
cells were determined by fluorescence staining. Flow cytometry was used to analyze intracellular reactive oxygen species (ROS)
levels, cell membrane permeability, DNA damage, cell apoptosis levels, and mitochondrial membrane potential. Scanning trans-
mission electron microscopy (SEM) was used to observe the changes in cell microstructure.
Results: PCN224-SPDT induced severe damage to the cell membrane, mitochondrial and deoxyribonucleic acid (DNA), ulti-
mately resulting in cell apoptosis.
Conclusions: This work suggests that PCN224 is a new sensitizer for SPDT, and PCN224-SPDT can cause Hepa1-6 cells multisite
damage and induce cell apoptosis via ROS production.
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Introduction

Photodynamic therapy (PDT) is a kind of physical
modality used in the clinical treatment of superficial tumors
[1,2]. Compared with traditional strategies, such as surgery,
chemotherapy and radiotherapy, PDT can eliminate tumor
cells without severe side effects. Photosensiters, laser light
and oxygen are the three important elements in PDT. In
PDT, photosensiters absorb energy from laser light, which
is transferred to oxygen to produce reactive oxygen species
(ROS), and then the ROS plays cytotoxic to tumor cells
[3,4]. Furthermore, the preferential enrichment of some
photosensitizers in tumor tissues due to the rapid prolifer-
ation of tumor cells and the property of photosensitizers,
and the local site light irradiation can reduce the off-target
toxicity to surrounding tissues [5]. Furthermore, numerous
studies have showed that PDT can combine with other ther-
apeutic modalities and cause synergetic effects [6]. How-
ever, the poor penetration of laser light dramatically limits
the application of PDT in deep-site tumors [7].

Unlike laser light, ultrasound can penetrate deep tissue
(about 8~10 cm) [8] as a readily available, inexpensive and
non-invasive method. Ultrasound has been widely used as
a diagnostic tool, drug delivery and anti-tumor therapy [9].
In addtion, the combination of ultrasound and sonosensi-
tizers called sonodynamic therapy (SDT) has emerged as
a promising anti-cancer modality since its development in
the late 1980s. In SDT treatment, ultrasound is used to ac-
tivate sensitizers to generate cytotoxic ROS. As PDT has
a high penetration of ultrasound, it can target on deep-site
tumors and activate sonosensitizers in tumor cells, achiev-
ing tumor suppression or clearance [10]. Because most sen-
siters can be activated by light and ultrasound, the combina-
tion of SDT and PDT (sono-photodynamic therapy, SPDT)
is used for anti-tumor research. SPDT showed a synergetic
anti-tumor effect by enhancing cellular ROS production and
cell apoptosis [11].

Many sensitizers have been used in SPDT treatment,
such as Chlorin e6, Sinoporphyrin sodium, sonnelux, and
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chlorophyll [12–14]. Seeking novel photo/sonosensitizers
is vital for SPDT treatment in anti-tumor fields. PCN224 is
nanoparticles showing high photo-oxygenation efficiency,
good biocompatibility, and high stability, and it is a kind of
porphyrin-based Metal-organic frameworks (MOFs) using
porphyrins (TCPP) as organic linkers to form MOFs [15]
to combine the advantages of porphyrins andMOFs. More-
over, the nanoscale PCN224 has been used in drug delivery,
bioimaging, and tumor therapy [16]. The high porphyrin
loading capacity, free diffusion of oxygen and singlet oxy-
gen in the pores of PCN224 make it efficient photosensitiz-
ers [17]. However, whether PCN224 can also be activated
by ultrasound has never been reported. In this study, we
aim to use PCN224 in the SPDT and investigate the effects
of PCN224-SPDT on the mouse liver cancer Hepa1-6 cells
in vitro.

Materials and Methods

Materials
PCN224 (R-PN1009) was purchased from Xi’an

Ruixi Biological Technology Co., Ltd. (Xi’an, China). The
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT, 298-93-1), N-acetylcysteine (NAC,
38520-57-9) paraformaldehyde, glutaraldehyde (111-30-8)
and propidium iodide (PI, 25535-16-4) were obtained
from Sigma Chemical Company (Darmstadt, Germany).
The 2’,7’-Dichlorofluorescein diacetate (DCFH-DA,
2044-85-1) and Hoechst 33342 (HO, 875756-97-1) were
purchased from Molecular Probes Inc. (Eugene, OR,
USA). Tetramethylrhodamine methyl ester (115532-50-8)
was purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Dimethyl sulfoxide (67-68-5) was obtained
from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China).

Cell Lines
Hepa1-6 (Mouse hepatoma cells) cells were purchased

fromATCC (American type culture collection, Rockefeller,
MD, USA) and cultured in the Dulbecco’s Modified Eagle
Medium (DMEM, 12430054, Gibco, New York, NY, USA)
supplemented with 10% fetal bovine serum (FBS, 10099-
141, Gibico, New York, NY, USA) and 1% antibiotics at
37 °C in a humidified atmosphere of 5% CO2. The PCR
(Polymerase Chain Reaction) method for detection of my-
coplasma in cells was free of mycoplasma contamination,
and the cell lines were identified by the STR (Short Tandem
Repeat) method.

Cells were cultured in T25 culture flasks and passaged
when the cells covered about 70%–80% of the bottom of
the flask. We discarded the original medium, washed twice
with PBS (phosphate buffered solution) and added 1 mL of
0.25% (w/v) trypsin to digest the cells. When observing
the cell morphology under a microscope, we added 5 mL of
complete medium to terminate the digestion when the cells

became round. Next, we mixed the cells by gently blowing
with a pipette, aspirated all the cells and centrifuged at 1000
rpm for 5 min. Finally, we discarded the supernatant and
cultured the cells with a new medium.

SPDT Apparatus and Protocol
The laser generator (excitation wavelength: 658 nm;

Manufacturer: Blueprint Optoelectronics Technology Co.,
Beijing, China) was used for PDT. The laser radiation inten-
sity was 79.6 mW/cm2, and cells were irradiated 63 s. The
total dose of laser energy was 5 J/cm2 (intensity× radiation
time). For SDT treatment, 1.0 MHz ultrasound apparatus
(WED-100, Welld, Shenzhen, China) was applied to gen-
erate ultrasound. The 1 W/cm2 ultrasound intensity and 1
min treatment time were used in SDT and SPDT treatment
groups.

Hepa1-6 cells were seeded in 12-well plates (8 × 104
cells/well) and cultured overnight. Cells were divided into
six groups: untreated control, PCN224 alone, ultrasound
treatment alone, PDT (PCN224 + 5 J/cm2 laser light), SDT
(PCN224 + 1 W/cm2 ultrasound), and SPDT (PCN224 + 1
W/cm2 ultrasound + 5 J/cm2 laser light). Cells in control
and ultrasound-alone groups were incubated with serum-
free DMEM for 4 h, and cells in the ultrasound-alone group
received 1 W/cm2 ultrasound exposure for 1 min. Cells in
other groups were firstly incubated with 10 µg/mL PCN224
in serum-free DMEM for 4 h and then received correspond-
ing treatments. For SPDT treatment, cells were first ex-
posed to ultrasound and then irradiated with 5 J/cm2 laser
light.

Cytotoxicity Detection
MTT test was used to analyze cytotoxicity. After dif-

ferent treatments, cells in each group were harvested, and
100 µL cell suspension was added to a 96-well plate for
another 24 h incubation. After 24 h, viability was deter-
mined by adding 10 µL MTT solution (5 mg/mL in PBS)
to each well, and the mixture was incubated for additional
4 h at 37 °C in a CO2 incubator. The nitrogen crystals were
dissolved in pure dimethyl sulfoxide, and the absorbance
at 570 nm was recorded using the Thermo Scientific Mi-
croplate Reader (Multiskan Sky, Thermo Fisher, Waltham,
MA, USA, 1510-02362). The cell survival rate was calcu-
lated using this equation:

Cell survival rate (%) =
ODtreatment group/ODcontrol group × 100%.

For the inhibitory experiment, a 7.5 mM concentra-
tion of the special ROS scavenger NAC was added to the
culture medium when PCN224 was loaded, and the follow-
ing treatments were the same as in the MTT test.

Cell Morphology Observation
Hepa1-6 cells were seeded in 12-well plates (8 × 104

cells/well) overnight and then subjected to different treat-
ments. After 24 h, the cell morphology in different groups
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was observed under an inverted fluorescence microscope
(IX73, OLYMPUS, Tokyo, Japan), and the representative
cells were amplified.

Cell Uptake
Hepa1-6 cells were seeded in 12-well plates overnight.

Then cells were divided into three groups: Control,
PCN224, and PCN224 plus ultrasound. The control group
was added with serum-free DMEM. The other two groups
were added with serum-free DMEM containing 10 µg/mL
PCN224 and incubated for 4 h before cells were harvested.
The intracellular PCN224 fluorescence intensity was ana-
lyzed by flow cytometry (Accuri® C6 Plus, BD, Franklin
Lakes, NJ, USA).

Cell Location
Hepa1-6 cells were inoculated in 24-well plates con-

taining 14 mm diameter coverslips overnight. After being
incubated 10 µg/mL PCN224 for 4 h, cells were washed
three times with PBS and then fixed in 4% paraformalde-
hyde for 10 min. After being washed with PBS, cells were
stained with l µg/mL (HO) in PBS at 37 °C for 5 min. The
PCN224 red fluorescence and Ho blue fluorescence images
were recorded under a forward fluorescence microscope
(DP72, OLYMPUS, Tokyo, Japan).

Intracellular Reactive Oxygen Species Determination
The 2’,7’-Dichlorofluorescein diacetate (DCFH-DA)

was used as a probe to detect the intracellular generation
of ROS [18]. Hepa1-6 cells were seeded in 12-well plates
(8 × 104 cells/well) overnight, and 4 µM DCFH-DA was
added into each well. After 0.5 h of different treatments,
cells were harvested and analyzed by flow cytometry (Ac-
curi® C6 Plus, BD, Franklin Lakes, NJ, USA ).

Cell Membrane Permeability Analysis
As a macromolecule, PI can not penetrate the intact

cell membrane. When cell membrane permeability in-
creases or is damaged, PI can penetrate into cells and bind to
DNAmolecules. The intracellular PI fluorescence intensity
reflects cell membrane damage [19]. Hepa1-6 cells were
seeded in 12-well plates (8 × 104 cells/well) and cultured
overnight. PI was added to a cell culture medium treated
with SDT, PDT and SPDT for 10 min. At the end, cells
were harvested and analyzed by flow cytometry (Accuri®
C6 Plus, BD, Franklin Lakes, NJ, USA).

DNA Fragmentation Analysis
According to previous studies, DNA fragmentation

can be detected by flow cytometry after adding PI to
the cells and permeabilizing them by freeze-thawing [20].
Hepa1-6 cells were seeded in 12-well plates (8 × 104
cells/well) overnight. Instant and subsequent DNA dam-
ages were detected after the 0.5 h and 24 h treatments,

and cells in different groups were harvested and washed
with PBS. After re-suspension in 200 µL PBS containing
5 µg/mL PI, the cells were placed in a 1.5 mL Eppendorf
tube and immediately transferred into tubes in liquid nitro-
gen for 30 s and defrosted for 5 min at 37 °C. This process
allowed the cells to infiltrate and stain damaged DNA with
PI before being analyzed by flow cytometry (Accuri® C6
Plus, BD, Franklin Lakes, NJ, USA).

Apoptosis Assay
Hepa1-6 cells were seeded in 12-well plates (8 × 104

cells/well) overnight and then subjected to SDT, PDT and
SPDT treatments. After further incubation for 12 h, all cells
were harvested and stained with Annexin V-FITC Apopto-
sis Detection Kit (C1062, Beyotime Biotechnology, Shang-
hai, China) according to the manufacturer’s instructions.
Cell apoptosis was analyzed by flow cytometry (Accuri®
C6 Plus, BD, Franklin Lakes, NJ, USA).

Mitochondrial Membrane Potential Assay
Hepa1-6 cells were seeded in 12-well plates (8 × 104

cells/well) overnight and then subjected to SDT, PDT and
SPDT treatments. After 0.5 h in different treatments, cells
were harvested and resuspended with PBS. After adding 1
µL of the 20µMstock TMRM reagent solution (20 nM final
concentration), the cells were incubated for 30 min at 37 °C
and 5% CO2 and analyzed by flow cytometry (Accuri® C6
Plus, BD, Franklin Lakes, NJ, USA).

Cell Microstructure
The cells were planted on 5 mm diameter cell cover-

slips overnight and then received different treatments. After
24 h, the cells were washed three times with PBS, and then
fixed with 2.5% glutaraldehyde at 4 °C overnight. The cells
were dehydrated with 30%, 50%, 70%, 80%, 90%, 95% and
100% ethanol in sequence for 10 min at each gradient. Fi-
nally, tert-butyl alcohol was washed three times for 10 min
each time. The tert-butyl alcohol was crystallized overnight
and freeze-dried. The morphology was observed by scan-
ning transmission electron microscopy.

Statistical Analysis
All data were analyzed and processed mainly with

GraphPad Prism 6.0 software (GraphPad Software Inc., San
Diego, CA, USA), and data representations in the article are
presented as mean ± standard deviations (SD). The t-test
was used for comparisons between two groups, and a one-
way analysis of variance was used for comparisons between
multiple groups. p < 0.05 indicates that the difference is
statistically significant.
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Fig. 1. Cell viability of Hepa1-6 cells with different treatments. (A) Control: No treatment; PCN224: 10 µg/mL PCN224 alone;
US: 1 W/cm2 ultrasound for 1 min alone; PDT (photodynamic therapy): 10 µg/mL PCN224 + 5 J/cm2 laser light; SDT (sonodynamic
therapy): 10 µg/mL PCN224 + 1 W/cm2 ultrasound for 1 min; SPDT (sono-photodynamic therapy): SDT + PDT. All data are expressed
as percentages of control; Error bars represent standard deviations of the means from three independent experiments. ∗p < 0.05; ∗∗p <

0.01 and ∗∗∗p< 0.001 vs. control group. (B) Cells in different groups were observed under a phase-contrast microscope. Representative
images were taken 24 h post-treatment. Scale bar: 100 µm and 20 µm.

Results

PCN224 can be Used as a Novel Sensitizer for SPDT
in Hepa1-6 Cells

PCN224 had been used as photosensitizers in PDT.
We first detected Hepa1-6 cytotoxicity after PCN224-
SPDT treatment using MTT assays to investigate its po-
tential activity in SPDT. As shown in Fig. 1A, 10 µg/mL
PCN224 or 1.0 W/cm2 ultrasound alone treatment did not
significantly differ from non-treatment control cells. In
contrast, the cell survival rate in SDT group and PDT group
were 79.97% and 76.61%, respectively, and all showed sig-
nificant decreases compared with the control, which im-
plied that PCN224 could be activated by light and ultra-
sound. Furthermore, the survival rate declined to 45.07%
in the SPDT group, showing synergistic cytotoxicity com-
pared with SDT or PDT alone. At the same time, we ob-
served cell morphology using a phase-contrast microscope
24 h after different treatment groups. As seen in Fig. 1B,
cell density was reduced compared with the control group,
and some cells became shrunk and rounded in both SDT and
PDT groups. The cells in the SPDT group showed severe
morphological change. Most cells exhibited apoptotic fea-
tures with severe cell shrinkage, and some cells were frag-
mented. All the results showed that as a traditional photo-
sensitizer, PCN224 could also be activated by ultrasound.
PCN224-SPDT showed an unexpected cytotoxicity effect
in Hepa1-6, therefore PCN224 is an excellent sensitizer in
SPDT.

Cellular Uptake and Distribution of PCN224 in
Hepa1-6 Cells

The accumulation of sensitizers in cells determines
the effect of PDT, SDT and SPDT treatments [21]. The
cellular PCN224 content was measured by flow cytometry

by analyzing PCN224 fluorescence intensity. As shown
in Fig. 2A, compared with the control group, cells in
PCN224 treatment group displayed high fluorescence in-
tensity, which indicates the effective absorption of PCN224
by Hepa1-6 cells in our experiment condition. Moreover,
1 W/cm2 ultrasound treatment significantly increased the
cellular PCN224 content (Fig. 2B), and the improvement of
cell membrane permeability after ultrasound treatment may
contribute to the accumulation of PCN224 in Hepa1-6 cells.
Besides cellular uptake, the distribution of photosensitizers
in cells also played an important role in SPDT treatment. As
indicated in Fig. 2C, the red fluorescence of PCN224 dis-
persed throughout the whole cell, including the cell nucleus
location (blue fluorescence).

Abundant ROS Production Induced by
PCN224-SPDT Treatment Played a Key Role in Cell
Damage

This study detected cellular ROS levels after dif-
ferent treatments using ROS probe DCFHDA (2’,7’-
Dichlorodihydrofluorescein diacetate) combined with flow
cytometry. As indicated in Fig. 3A,B, the ROS positive
cell rate was 1.0% in the control group, and it increased to
13.6%, 3.9% and 20.6% in PDT, SDT and SPDT treatment
groups, respectively.

To further verify the important role of ROS in SPDT-
induced cytotoxicity, we used spectral ROS scavenger
NAC to eliminate ROS and detect cell viability. Data
in Fig. 3C revealed that NAC could relieve cell death in
PDT, SDT and SPDT treatment groups. Furthermore, com-
pared with the data in Fig. 1A, the cell survival rate in the
SPDT group increased from 45.07% to 83.9%. These re-
sults proved that abundant ROS production is an essential
factor for anti-tumor effect of PCN224-SPDT treatment.
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Fig. 2. Uptake and intracellular localization of PCN224 in Hepa1-6 cells. (A) Analyze intracellular PCN224 fluorescence intensity
after 4 h co-incubation of 10 µg/mL PCN224 and Hepa1-6 cells with or without ultrasound (1 W/cm2, 1 min) treatments. The control
represents cells with no treatment. (B) Quantitative analysis of mean fluorescence intensities of different groups. Data are presented as
means± standard deviations from three independent experiments. ∗p< 0.05. (C) Hepa1-6 cells were incubated with 10 µg/mL PCN224
(red channel) for 4 h, and then cells were stained with Ho33342 (HO, nuclear dye, blue channel). After co-loading, cells were visualized
by a fluorescence microscope (merge, purple channel).

PCN224-SPDT Induced Multisites Damage in
Hepa1-6 Cells

The above results have preliminarily identified that
the elevated ROS level in SPDT treatment played a key
role in cell damage. According to our results in Fig. 2B,
red fluorescence of PCN224 diffused in the whole cells,
and PCN224-SPDT may induce multi-site damage. PI is
a macromolecule that cannot penetrate the complete cell
membrane, and PI staining can be used to detect cell mem-
brane integrity. We stained the cells with PI or not and
performed flow cytometry analysis, Fig. 4A–D showed that
the PI-positive cells were 5.9%, 8.1% and 24.1% in PDT,
SDT and SPDT groups, respectively, at 0.5 h after treat-
ments. The positive cell rate increased to 12.4%, 18.1%
and 51.8%, respectively, at 24 h after treatments, and it was
significantly higher than the control group.

Fig. 2C showed that PCN224 was also located in the
Hepa1-6 cell nucleus. We next detected DNA fragments

by PI staining using flow cytometry after permeabilized PI
by freeze-thawing. Fig. 5A–D showed that PI positive cell
rates were 6.9%, 7.1% and 11.8% (p< 0.001) in PDT, SDT
and SPDT groups, respectively, at 0.5 h after treatments,
and the positive cell rate increased to 11.2%, 18.3% and
44.0% 24 h after different treatments. All showed a signif-
icant increase compared with the control group. These re-
sults implied that DNA damage caused by PCN224-SPDT
was difficult to be repaired through a cellular repair system
and caused serious cell death.

Mitochondrial membrane potential (MMP) decrease
was a vital hallmark for mitochondrial damage. There-
fore, we detected the MMP of Hepa1-6 cells with differ-
ent treatments to analyze the mitochondrial injury. As we
can see in Fig. 6A,B, 0.5 h after PDT, SDT and SPDT
treatments, 7.4%, 10.8% and 19.9% cells showed lower
MMP, respectively. These preliminary results proved that
PCN224-SPDT induced damage to mitochondria.
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Fig. 3. Intracellular ROSmeasurement. (A) DCFH-DAwas used to detect intracellular ROS production 0.5 h after different treatments.
Cells with DCF fluorescence were analyzed with flow cytometry. (B) Quantification of ROS production in Hepa1-6 cells (n = 3). ∗p <

0.05; ∗∗p < 0.01 and ∗∗∗p < 0.001 vs. control group. (C) Effect of the reactive oxygen species scavenger Nacetylcysteine (NAC) on
SPDT-induced cytotoxicity in Hepa1-6 cells. ∗p < 0.05 between the same group with or without NAC.

Fig. 4. Cell membrane permeability detection. Flow cytometric analysis showing PI uptake by Hepa1-6 cells treated with different
treatments. (A) At 0.5 h after different treatments, Hepa1-6 cells were stained with PI, and PI-positive cells were analyzed by flow
cytometry. (B) Quantification of PI-positive cells in different treatments 0.5 h after treatments (n = 3). (C) At 24 h after treatments,
Hepa1-6 cells were stained with PI and PI-positive cells were detected by flow cytometry. (D) Quantification of PI-positive cells in
different treatments 24 h after treatments (n = 3). ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001 versus control and between groups.
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Fig. 5. Analysis of DNA fragmentation. (A) DNA fragmentation analysis at 0.5 h after different treatments by flow cytometry. (B)
Quantification analysis of DNA fragmentation rate after different treatments (n = 3). (C) DNA fragmentation analysis at 24 h after
different treatments by flow cytometry (n = 3). (D) Quantification analysis of DNA fragmentation rate after 24 h different treatments (n
= 3). ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001 versus control and between groups.

Fig. 6. Detection of the mitochondrial membrane potential of Hepa1-6 cells after treatments. (A) At 0.5 h after treatments, cells
were stained with TMRM and detected by flow cytometry. (B) Quantification analysis of MMP decreased cell rate in different treatments
(n = 3). ∗p < 0.05 and ∗∗p < 0.01.

Cell Apoptosis and Ultrastructural Detection
We next detected cell apoptosis levels induced by

PCN224-SPDT treatment. Fig. 7A,B showed that cell
apoptosis rates were 19.8%, 15.1% and 29.3% in PDT,
SDT and SPDT groups at 24 h after treatment. The SPDT
treatment significantly increased cell apoptosis rate com-

pared with PDT and SDT treatment (p < 0.01). To further
identify the state of cell death induced by SPDT treatment,
we used a scanning electron microscope to observe cellu-
lar ultrastructural (Fig. 8). Compared with negative control
cells, remarkable shrinkage and cell membrane depression
were observed after PDT and SDT treatments. The SPDT-
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Fig. 7. Apoptosis assay. (A) Apoptotic populations of Hepa1-6 cells as a result of different treatments analyzed by Annexin V/PI double
staining method. (B) Total apoptosis rate (%) of Hepa1-6 cells after different treatments (n = 3). ∗∗p < 0.01 and ∗∗∗p < 0.001 versus
control and between groups.

Fig. 8. The microstructure of cells after 24 h different treatments by scanning transmission electron microscopy. Scale bar: 20
µm, 5 µm.

treated cells displayed significant shrinking with cell size
decreased to about 10 µm, and microvilli disappeared with
the appearance of apoptotic bodies. PCN224-SPDT can in-
duce Hepa1-6 cell apoptosis.

Discussion

This study revealed that PCN224 could be used as
a novel sensitizer in SPDT treatment, and PCN224-SPDT
could cause severe cytotoxicity at low PCN224 concentra-
tions and low light or low ultrasound intensities. In addi-

tion, PCN224-SPDT could induce multisite damage, cell
membrane damage, mitochondrial damage, and DNA dam-
age, leading to apoptosis and attributing to the total intra-
cellular distribution of ROS and the overall distribution of
PCN224 in the cell.

The cell distribution of PCN224 was different from
other monomer photosensitizers, such as chloroprotein e6
and DVDMS (sinoporphyrin sodium), which are mainly lo-
cated in the cell mitochondria [22,23]. The difference in
intracellular distribution may be related to the difference
in properties between pure compounds and MOF. There-

https://www.biolifesas.org/


1827

fore, the widespread distribution of PCN224 in Hepa1-6
cells may contribute to the effective cytotoxicity of SDT,
PDT and SPDT. Excessive cytotoxic ROS production dur-
ing SPDT is an essential mechanism for killing tumor cells
[24]. Furthermore, a large amount of ROS in the SPDT
process can oxidize various biological macromolecules and
important enzymes in tumor cells, thus inducing tumor cell
death [25]. Our results show that ROS production is a key
factor in the anti-tumor effect of PCN224-SPDT treatment.

ROS includes singlet oxygen, superoxide anion and
hydroxyl radical, and these species have a very short life-
time (about 10–300 ns) and tight diffusion (about 10–50
nm) in cells [26]. Therefore, the ROS only induces dam-
age around the generation site. In addition, the abundance
of ROS in PCN224-SPDT and ultrasonic vaporization [27]
may lead to immediate cell membrane damage and subse-
quent cellular responses leading to more severe cell mem-
brane damage. Mitochondria are sensitive to external stim-
uli and are susceptible to oxidation, which ultimately leads
to mitochondria-dependent apoptosis [28,29]. Meanwhile,
apoptosis is a programmed type of cell death regulated by
endogenous or exogenous signaling pathways. Mitochon-
drial or DNA damage is the main trigger for the induction
of apoptosis [30]. In conclusion, these studies support our
results that PCN224-SPDT exerts anti-tumor effects by pro-
moting ROS production to induce mitochondrial damage
and DNA damage, leading to apoptosis.

Conclusions

Our results demonstrate that PCN224 can be used as a
novel sensitizer in SPDT treatment. PCN224-SPDT shows
excellent cytotoxicity in Hepa1-6 cells, and PCN224 is lo-
cated in the whole Hepa1-6 cells to induce multi-site injury
via oxidative stress from ROS production under PCN224-
SPDT treatment. The wide cell damage ultimately results
in cell apoptosis.
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