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Abstract
Cancer has been a serious threat and impact on the health and life of human. Phototherapy is considered as a promising 
therapeutic method to replace the traditional treatment in clinic owing to its noninvasive nature and high efficiency. Photoini-
tiators have long been used in the field of photopolymerization; however, few studies have been carried out on their potential 
as anticancer agents under light irradiation. In this study, the effect of a photoinitiator, diphenyl (2, 4, 6-trimethylbenzoyl) 
phosphine oxide (TPO), on breast cancer is investigated and the related mechanism is elucidated. It is found that TPO has 
low dark toxicity and significant phototoxicity. TPO can inhibit cell growth and development and promote cell apoptosis 
through a mitochondrial pathway under light irradiation. Further studies show that cell apoptosis is induced by free radicals 
produced from the photolysis of TPO to activate JNK phosphorylation. Overall, we identify the antitumor effects of TPO 
in vitro for the first time, and provides a proof of concept for its application as a novel photolatent therapeutic drug.

Graphical abstract

1 Introduction

Malignant tumors have high morbidity and mortality, which 
cause millions of deaths annually. [1–3] With the develop-
ment in fundamental knowledge of cancer biology, diagno-
sis, and treatment, the overall mortality rate of some com-
mon tumors has declined. At present, the commonly used 
clinical treatment methods include surgery, radiotherapy, 
chemotherapy, and hormone therapy [4]. However, all of 
these treatments have drawbacks or limitations, such as dis-
turbing side effects, high treatment fees, and drug resistance 
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[5–8]. Within this context, non-invasive and non-destructive 
treatments have become increasingly attractive, attributing 
to the advantages including avoiding the unsightly scars and 
infection risks associated with surgery, reduced pain and 
discomfort, shorter recovery time, and more acceptable cost.

Phototherapy of tumors is minimal invasiveness with low 
side effects, principally containing photodynamic therapy 
(PDT) and photothermal therapy (PTT), offering new pos-
sibilities in cancer treatment [9–13]. PDT employs photosen-
sitizers (PSs) to activate oxygen molecules into reactive oxy-
gen species, such as singlet oxygen and superoxide anions, 
to kill cancer cells and destroy malignant tumor [14–16]. 
Therefore, the killing effect of PDT depends largely on oxy-
gen concentration. Meanwhile, the hypoxic environment in 
tumor greatly reduces the efficacy of PDT [17, 18]. PTT, on 
the other hand, converts light energy into heat energy via 
photothermal transducing agents (PTAs) to heat the local 
areas and ablate tumors [19, 20]. Compared to PDT, PTT is 
not restricted by oxygen and only requires a suitable light 
source and efficient PTAs. Intriguingly, both Xia’s group and 
Zhang’s group took advantage of the photo-thermal effect 
of gold nanocages in combination with a thermal initiator 
2,2′-azobis[2-(2-imidazoline-2-yl) propane] dihydrochloride 
(AIPH) to generate toxic alkyl radicals [21, 22]. These free 
radicals react directly with cellular components or oxygen to 
produce harmful free radicals. However, PTT or the combi-
nation with thermal initiators usually begins when the tem-
perature reaches above 44 °C, which has problems, such as 
photothermal instability and poor photothermal conversion 
efficiency [23]. Besides, the actual temperature fluctuates 
greatly and is hard to control, which usually results in low 
therapeutic efficacy or overheating damage [24–26].

Photoinitiators (PIs) are widely used in fields, such as 
photocuring, 3D printing, and dental materials. PIs are 
well-developed, diverse, and inexpensive. According to the 
types of active species produced, PIs can be distinguished as 
free-radical and cationic PIs. Free-radical PIs can be further 
divided into cleavage type PIs (i.e., type I PIs) and hydrogen 
abstraction type PIs (i.e., type II PIs) [27–29]. Under the 
irradiation stimulation, type I PIs can directly photolyze into 
reactive radicals. Also, several researchers have employed 
radicals generated from PIs to eradicate cancer cells [30]. 
However, the mechanism for PIs to kill cancer cells remains 
unclear.

In this work, breast cancer (BC) cells were selected 
to explore the potential of PIs as anticancer agents under 
light irradiation. The cytotoxicity, phototoxicity, and other 
properties of three different type I PIs were compared. 
The investigated PIs include diphenyl (2,4,6-trimethyl 
benzoyl) phosphine oxide (TPO), 2-(4-Methoxystyryl)-
4,6-bis(trichloromethyl)-1,3,5-triazine (triazine) and 
2,4,6-trimethyl-benzoyl di-phenyl phosphinate (TPOL) 
(the structures are shown in Fig. 1). It is found that TPO is 

the most promising PI due to its low dark cytotoxicity and 
significant phototoxicity under light exposure. The effect of 
TPO on the growth, migration, and death of breast cancer 
cells with or without irradiation and the mechanism of the 
TPO-mediated cancer cell death were further investigated. 
Our results provide a proof-of-concept basis for the applica-
tion of PIs as potential new photosensitive anticancer drugs.

2  Materials and methods

2.1  Materials

Diphenyl (2,4,6-trimethyl benzoyl) phosphine oxide (TPO), 
2,4,6-trimethyl-benzoyl di-phenyl phosphinate (TPOL) 
and 2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-
triazine (triazine) were provided from Tianjin Jiuri Co. 
(China). Methanol and diammonium 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonate) (ABTS) were obtained 
from Guangdong Reagent Chemical Co. (China). N-acetyl 
cysteine (NAC), 2',7'-dichlorofluorescent yellow diaceta-
tethe (DCFH-DA) and crystal violet (CV) were acquired 
from Sigma Chemical Co. (USA). Fetal bovine serum (FBS) 
was acquired from Gibco (USA). 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), ethylene 
diaminetetraacetic acid (EDTA), Roswell Park Memorial 
Institute-1640 medium (RPMI-1640), Dulbecco’s modified 
Eagle’s medium (DMEM), Hoechst 33342, Annexin V/pro-
pidium iodide (PPI) kit and Calcein AM/PPI kit were pur-
chased from Keygen BioTECH (China). Common antibodies 
associated with apoptosis, such as the Caspase family and 
JNK-related proteins, were all purchased from Cell Signal-
ing Technology Co. (USA).

2.2  Methods

2.2.1  Cell line and cultivation

Breast cancer cell line from human (MCF-7 cells) and 
mouse (4T1 cells) were acquired from the Cell Bank of 
Shanghai Institute of Cell Biology. MCF-7 and 4T1 cells 
were grown in DMEM or RPMI 1640 medium containing 
10% (v/v) FBS and 100 μg/ml penicillin, respectively. The 
cells were provided with a high humidity atmosphere at a 
temperature of 37 ℃ and 5%  CO2. When it reaches 80% con-
fluence, cells were isolated by 0.25% trypsin supplemented 
with 0.01% EDTA.

2.2.2  Cell viability analysis

The MTT assay was used to examine the influence of TPO 
on the viability of MCF-7 and 4T1 cells. Cells were seeded 
at a density of 6 ×  103 cells each well in 96-well plates and 
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incubated overnight. TPO (5, 10, 20, 40 and 80 μM) was 
then applied to the cells and cultured in two kinds of envi-
ronment [dark for up to 24 h or exposed to LED@405 nm 
for different irradiation times (0, 1, 5, 10, and 15 min)]. After 
adding MTT (0.5 mg/mL) and co-incubation with cells for 
4 h, the liquid was aspirated, then DMSO was added to dis-
solve the purple formazan formed in the plate. Finally, using 
a microplate reader to measure the absorbance of different 
wells at 490 nm. Cell viability was calculated with formula: 
OD(sample)/OD(control) × 100%.

2.2.3  Live/dead staining

Cells were seeded in 48-well plates with 2 ×  104 4T1 or 
MCF-7 cells per well. After cultivation of 24 h, the cells 
were washed with PBS and incubated with 200 μL of TPO-
dissolved medium for 4 h (the concentration of TPO was 
0, 5, and 20 μM). Following that, cells were subjected to 
LED@405 nm for 15 min. A working solution of 10 μM 
Calcein AM and 10 μM PPI in PBS was prepared and incu-
bated together for 30–45 min. The staining solution was 
aspirated to terminate the incubation and the fluorescently 
labeled cells were checked by an inverted microscope.

2.2.4  Cell migration assay

Migration assays were carried out with cell chamber (Fal-
con, USA) in accordance with the manufacturer's protocol. 
After starvation for 12 h, the MCF-7 cells (6 ×  104 cells 
each well) and 4T1 cells (1 ×  105 cells each well) mixed 
with 200 μL medium without serum were delivered to the 
upper compartment of the transwell, while the lower com-
partment contained 800 μL of RPMI 1640/DMEM with 20% 
FBS. Methanol was used to fix cells that migrated to the 
lower compartment for 30 min, which were then stained with 
0.1% crystal violet for 15 min at ambient temperature. Unmi-
grated parts were eliminated with a cotton swab. Finally, the 
migrated cells were observed and counted with an optical 
microscope (magnification × 40).

2.2.5  Extracellular free‑radical generation

The determination method of ABTS was consistent with the 
previously reported method. The free radicals were meas-
ured by the reaction between TPO/TPOL/triazine solution 
and ABTS solution in DMF. The mixture was exposed to 
LED@405 nm for 5, 10, 15, 20, and 25 s. The absorbances 

Fig. 1  Investigation of free radical generating efficiencies of PIs. A–C 
UV/Vis spectra of A TPO (1 mM), B triazine (30 μM) and C TPOL 
(5 mM) irradiated with diverse time through LED@405 nm. a TPO 

(1 mM), b triazine (30 μM) and c TPOL (5 mM) with ABTS (3 mM) 
irradiated with different time through LED@405 nm
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of the mixture within range of 400–800  nm were then 
recorded.

2.2.6  Intracellular free‑radical detection

Using Hoechst 33342 and DCFH-DA fluorescent probes, the 
production of free radicals in cells was assessed. In a 24-well 
plate, MCF-7 and 4T1 cells were seeded with a density of 
2 ×  104 cells per well and incubated overnight. Then, the 
cells were exposed to the diverse concentrations of TPO 
(0, 5, and 20 μM) for 4 h and irradiated by LED@405 nm 
for 15 min. Following TPO treatment, the culture medium 
was replaced with PBS containing DCFH-DA (10 μM) and 
Hoechst 33342 (5 μg/ml) and cultivated about 20 min. Fluo-
rescence images were captured as soon as possible with a 
fluorescence microscope at 488 nm (magnification 40×).

2.2.7  Annexin V/propidium iodide (PPI) staining

The Annexin V/PPI apoptosis detection Kit (KeyGEN, 
China) was used to measure cell apoptosis according to the 
kit's protocol. 4T1 cells (1 ×  105 cells each well) and MCF-7 
cells (1.5 ×  105 cells each well) were incubated in a six-well 
plate and then separated into light and dark groups. Follow-
ing that, various TPO dosages were given. The light-groups 
were irradiated for 15 min by LED@405 nm after 4 h of 
growth. The cells were isolated and stained with 5 μM of 
Annexin V and PPI. Finally, a flow cytometer was used to 
examine the samples.

2.2.8  Analysis of the mitochondrial membrane potential 
(MMP)

JC-1 was a well-established probe to the determine MMP. 
As required, 4T1 cells (1 ×  105 cells per well) and MCF-7 
cells (1.5 ×  105 cells per well) were cultured in a 6-well 
plate. After 24 h, the cells were treated with different doses 
of TPO for 4 h. The light group was then irradiated by 
LED@405 nm for 15 min. Cells in all wells were collected. 
Then, the JC-1 staining solution was added to each EP tube 
to make the final concentration of 2 μM and incubated at 
37 ℃ for 20 min. The cells were washed and resuspended 
with PBS and further examined by flow cytometry.

2.2.9  Western blot analysis

In 6-well plates were seeded MCF-7 cells (1.5 ×  105 cells 
per well) for 24 h in. Following TPO treatment, western 

blotting is performed as follows: the prepared lysate buffer 
(RIPA lysate buffer to protease inhibitor ratio of 100:1) 
was applied to the plate on ice for 15 min. Following lysis, 
the supernatant liquid was subjected to centrifugation at a 
speed of 13,000g for 10 min. The concentration of collected 
protein were measure with a Bicinchoninic acid (BCA) kit. 
After gel electrophoresis, the protein band from the gel were 
transferred to a polyvinylidene fluoride (PVDF) membrane. 
Subsequently, 5% nonfat milk was prepared and the band 
on the membrane was blocked. TBST was used to rinse 
away residual skim milk. Then, the primary antibody was 
diluted according to the instructions and incubated with the 
membrane for 10–12 h at 4 °C (the dilution ratio is 1:2000). 
TBST was used to rinse away residual primary antibody for 
several times. Next, the washed membrane was continuously 
incubated with a second HR-conjugated antibody. Finally, 
protein visualization was performed by ECL chemilumines-
cence kit (Beyotime, China) or dark room. The protein's gray 
value was calculated using Image J program. Internal control 
was β-actin (CST, China, 1:500).

2.2.10  Statistical analysis

All experiments were carried out for three times indepen-
dently, and the results were displayed by mean standard devi-
ation (SD). The differences in pairwise comparisons were 
analyzed using the T test. As for the comparisons among 
various groups, one-way analysis of variance (ANOVA) 
was performed. Statistical difference was defined as prob-
ability values of *p < 0.05, **p < 0.01 and ***p < 0.001 or 
#p < 0.05, ##p < 0.01. In addition, *p < 0.05, **p < 0.01 and 
***p < 0.001 vs. control, #p < 0.05, ##p < 0.01 vs. dark group.

3  Results and discussion

3.1  Efficiency of free radical generation 
and phototoxicity of TPO, triazine and TPOL

Most PIs absorb light in the ultraviolet region. It is well 
known that ultraviolet rays are harmful to the human 
body. Therefore, PIs which can be activated under visible 
light irradiation were chosen in current study and visible 
light emitting diodes (LEDs) were used as the light source 
because of the higher safety and much narrower spectral 
line of LEDs compared to Xenon lamps and mercury arc 
lamps [31–33]. To this end, three PIs, TPO, triazine and 
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TPOL were chosen as potential photoactive anticancer 
agents due to their excellent photoinitiating efficiency 
under visible light irradiation. Bisacylphosphane oxides 
(BAPO) has been reported to have many potential appli-
cations as a drug with extraordinary photopotential toxic-
ity and anticancer properties [30]. However, it was shown 
that the BAPO had a significant cytotoxicity to normal 
human cells, while TPO and TPOL had low toxicity [34]. 
Meanwhile, it is demonstrated that triazine was a highly 
efficient type I PI that initiated free radical photopolym-
erization under visible LED by generating chlorine radi-
cals Cl∙ and chloro-carbon radicals Cl–C∙ [34, 35].

The decomposition performance of TPO, triazine and 
TPOL were first investigated via measuring their absorb-
ance under irradiation of LED@405 nm. The characteris-
tic peaks of the TPO, triazine and TPOL were all rapidly 
decreased upon exposure of LED@405 nm, as shown in 
Fig. 1A–C, indicating the decomposition of PIs. Further-
more, ABTS was used to indicate the generation of radi-
cal species. ABTS itself is colorless, while the solution 
of  ABTS+• formed after the reaction of ABTS and PIs 
radicals is green with characteristic absorption peak in 
the range of 600–900 nm. The absorption of  ABTS+• rises 
with time, suggesting that all PIs consistently created 
free radicals when exposed to LED@405 nm irradiation 
(Fig. 1a–c). In comparison, no change of UV spectrum 
could be observed from the ABTS alone or ABTS with 
PIs in dark (Fig. S1), implying that the free radicals were 
created by photo-induced breakdown of PIs.

An ideal PI to be used as anticancer agents requires 
low dark toxicity and strong phototoxicity. Therefore, the 
MTT assay was chosen to detect the photo-dark cytotox-
icity of TPOL, TPO and triazine. As shown in Fig. 2A, 
triazine is highly toxic in dark compared to the control. 

The cell viability was only 47.66 ± 1.31% when the con-
centration was 5 μM. However, the dark cytotoxicity of 
TPO and TPOL only manifested when the concentration 
was above 40 μM (p < 0.05). Upon light irradiation, TPO 
had a higher toxicity than TPOL (Fig. 2B, C). Overall, 
these chosen PIs can indeed generate free radicals by pho-
todissociation; however, only TPO had weak dark toxicity 
and strong phototoxicity. Thus, TPO was selected as the 
candidate anticancer agent for subsequent research.

3.2  TPO inhibits the proliferation and migration 
of breast cancer cells

Increasing evidences have shown that low levels of free 
radicals promote cell proliferation, whereas excessive accu-
mulation of free radicals can injure cell components, for 
example the proteins, lipids and nucleic acids, ultimately 
leading to cell death [36]. The effects of TPO on cell growth 
and development were subsequently investigated. We evalu-
ated the cytotoxicity of TPO at different concentrations with 
different irradiation time through MTT assay. As depicted in 
Fig. 3A, the concentration of TPO had a relatively moderate 
influence on cell viability in the dark group, and only when 
the concentration was larger than 40 μM did the cell viabil-
ity differ significantly from the control group (p < 0.05). 
The growth of 4T1 cells in the light group was consider-
ably reduced when TPO concentration increased (p < 0.05). 
Furthermore, prolonged irradiation period significantly hin-
dered cell development. The  IC50 values of TPO exposed to 
LED@405 nm for 5, 10, and 15 min were 31.78, 27.5 and 
22.63 μM, respectively. Similarly, the inhibitory effect of 
TPO on MCF-7 cell viability was still contingent on dose 

Figure. 2.  Phototoxicity of the TPO, triazine and TPOL. 4T1 cells 
were exposed to A triazine, B TPO and C TPOL. They were utilized 
for diverse concentrations (0, 5, 10, 20, and 40 μM) with or without 

the irradiation (LED@405  nm, Distance = 30  cm, Time = 15  min). 
Results are described by the means ± SD of triplicate experiments. 
#p < 0.05, ##p < 0.01 vs. dark group, *p < 0.05, **p < 0.01 vs. control
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and irradiation time (Fig. 3B). However, under the same 
conditions, 4T1 cells were more sensitive than MCF-7 cells.

Since the cell migration ability is of great significance in 
the formation and development of malignant tumors. Next, 
we performed transwell experiments to test whether TPO 
inhibited the migration of BC cells. As proven in Fig. 3C, 
the migration ability of 4T1 and MCF-7 cells progres-
sively decreased with increasing TPO concentration. These 
data collectively indicated that TPO under irradiation of 
LED@405 nm obviously inhibited the proliferation and 
migration of BC cells dependent on dosage and irradiation 
time, showing promise to hinder further tumor development. 
However, reasons behind this phenomenon need to be fur-
ther explored.

3.3  TPO induces apoptosis of breast cancer cells

To observe the cancer cell-killing effect of TPO more intui-
tively, MCF-7 and 4T1 cells were labeled with Calcein AM 
and PPI, with green fluorescence signifying viable cells 
and red fluorescence signifying dead cells. A fluorescent 
microscope was then used to collect the fluorescence images 
(Fig. 4A, B). It could be observed that almost all cells fluo-
resced green in the dark groups and the TPO-untreated while 
irradiated group, suggesting that TPO or 405 nm LED illu-
mination alone is harmless to cells. As expected, upon irra-
diation (405 nm, 15 min), significant red fluorescence (dead 
cells) was observed, indicating the population of dead cells 
increases with increasing concentration of TPO (Fig. 4C, D).

Fig. 3  TPO suppresses the proliferation and migration of breast can-
cer cells and promotes cell death after irradiation. A The 4T1 cells 
and B MCF-7 cells were treated with TPO (0, 5, 10, 20, 40 and 
80 µM) with irradiation (LED@405 nm, Distance = 30 cm) for vari-
ous time (0, 5, 10 and 15 min) to evaluate cytotoxicity by means of 

MTT assay. C Transwell migration assays. Microscopic images of 
MCF-7 and 4T1 cells migrating through the transwell in the migra-
tion assay. (Magnification 200, Giemsa stain). Results are described 
by the means ± SD of triplicate experiments. #p < 0.05, ##p < 0.01 vs. 
dark group, *p < 0.05, **p < 0.01 vs. control
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Fig. 4  TPO induces apoptosis of breast cancer cells. Fluorescence 
images of A 4T1 cells and B MCF-7 cells co-stained by Calcein AM/
PPI following TPO treatment. (0, 5, 20 μM). Viable cells were pre-
sented in green and dead cells were presented in red, respectively 
(Magnification: × 100). C Statistical analysis of 4T1 cells. D Statisti-
cal analysis of MCF-7 cells. Apoptosis assay of E 4T1 and F MCF-7 

cells using flow cytometry after staining with Annexin V/PPI. Cells 
were treated with 0, 5, 20 µM of TPO with or without irradiation for 
15  min. Scatter plots showing PPI (y-axis) vs. annexin V (x-axis). 
Percentage of the apoptotic G 4T1 cells and H MCF-7 cells. Results 
are described by the means ± SD of triplicate experiments. #p < 0.05, 
##p < 0.01 vs. dark group, *p < 0.05, **p < 0.01 vs. control
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Annexin V/PPI staining and flow cytometry testing 
were chosen to explore if TPO can promote apoptosis. 
More than 95% of the alive cells were observed in both the 
irradiated and non-irradiated control groups, as illustrated 
in Fig. 4E,F. Cells incubated with TPO in dark showed 

negligible cytotoxicity, and cell viability remained above 
90%. However, upon LED@405 nm irradiation, the cell 
apoptosis rate increased dramatically as TPO concen-
tration increased. As shown in Fig.  4G, the apoptotic 
rates of 4T1 cells at 5 μM (16.22 ± 1.26%) and 20 μM 
(29.93 ± 1.08%) of TPO were significantly higher as 

Fig. 5  TPO induces apoptosis through the mitochondrial apoptotic 
pathway. Flow cytometry detection of MMP in A 4T1 and B MCF-7 
cells induced by TPO using the JC-1 assay. C Statistical analysis of 
the proportion of JC-1 monomer in 4T1 cells. D Statistical analysis 
of the proportion JC-1 monomer in MCF-7 cells. E Western blot 

analyses of apoptosis-associated proteins separated by SDS–PAGE. 
F Grayscale analysis of protein bands. Results are described by the 
means ± SD of triplicate experiments. #p < 0.05, ##p < 0.01 vs. dark 
group, *p < 0.05, **p < 0.01 vs. control
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compared with the control group (7.53 ± 0.67%, p < 0.05). 
Likewise, the apoptotic rate of MCF-7 cells at the 0, 5, and 
20 μM were 2.94 ± 0.1%, 5.13 ± 0.23% and 12.99 ± 0.61% 
(Fig. 4H), respectively. All these data confirm that TPO 
has a cancer cell killing ability only upon light irradiation 
and TPO inhibits cancer cell proliferation via inducing cell 
apoptosis.

3.4  TPO induces apoptosis 
through the mitochondrial apoptotic pathway

Next, we employed the JC-1 probe to confirm mitochon-
drial participation in TPO-induced apoptosis. As shown 
in Fig.  5A,B, flow cytometry results showed that cells 
treated or untreated with TPO without irradiation were 
well-polarized. TPO treatment resulted in a great transition 
from red to green fluorescence in BC cells when exposed to 
LED@405 nm (Fig. 5C), demonstrating that TPO promoted 
mitochondrial depolarization. As illustrated in Fig. 5C, the 
ratio of 4T1 cells with high membrane potential decreased 
from 98.2 to 91.6% after exposed to 5 μM TPO and even 
decreased to 54.6% in 20 μM TPO treated group. Likewise, 
the loss of mitochondrial potential in MCF-7 cells caused by 
TPO also showed does-dependent manner (Fig. 5D).

To further clarify whether TPO-induced apoptosis is 
mediated by an extrinsic or intrinsic pathway, we utilized 
western blotting to explored the expression of downstream 
apoptotic-associated proteins. As shown in Fig. 5E,F, the 
expression levels about cleaved caspase-3, -9 and PARP 
were dramatically elevated. Overall, these results con-
firmed that the involvement of the apoptotic pathway in cell 
mortality.

3.5  TPO activates the JNK pathway by inducing free 
radical generation

Free radicals act as an irreplaceable role in various biochem-
ical functions. Alteration of intracellular free radical levels 
are closely related to tumorigenesis and is also considered a 
valuable strategy for the treatment of cancer [37, 38]. Based 
on the results above, it is verified that TPO can undergo 
photolysis to release free radicals after irradiation. We then 
used the DCFH-DA probe to examine the generation of free 
radicals in cancer cells with combined fluorescence micros-
copy and flow cytometry. As shown in Fig. 6A,B, the cells 
treated with the TPO and DCFH-DA in the dark did not 
show any formation of DCF. Upon irradiation, free radicals 
were released dramatically by TPO treatment, as indicated 
by the increase in green fluorescence signal. Furthermore, 
we applied NAC (free-radical scavenger) to validate the 

elevation of free radicals. (Fig. 6C,D). It is found that NAC 
pretreatment can effectively reduce the free radicals induced 
by TPO.

Following that, we examined the effect of TPO on the 
JNK pathway. As present in Fig. 6E, JNK phosphoryla-
tion is enhanced with increasing TPO dose. However, 
the JNK inhibitor SP600125 successfully reversed JNK 
phosphorylation and prevented JNK pathway activation 
(Fig. 6F). The JNK pathway has been validated to be acti-
vated through a range of environmental stresses, such as 
oxidative stress. It is further found that the activation of 
JNK pathway can be effectively inhibited by NAC pretreat-
ment (Fig. 6G). These results revealed that irradiated-TPO 
spark off the JNK pathway by generating radicals, which 
might immediately promote mitochondrial permeability 
to initiate apoptosis.

3.6  TPO induces apoptosis via the activation of free 
radical/JNK pathway

JNK signaling pathway, act as a key stress signal transduc-
tion pathway, is commonly activated in response to adverse 
environmental stimuli. Thus, it can determine the fate of 
the cells. Although increasing researches have indicated that 
JNK was pro-survival in some cell types, abnormal activa-
tion of JNK still plays an irreplaceable role in the mitochon-
dria-dependent intrinsic apoptosis pathway and is considered 
to be an important driver of apoptosis [39, 40].

To explore whether TPO-induced apoptosis is related 
to the generation of free radicals and JNK activation, the 
related protein levels were detected by western blotting. 
The cells were intervened with either SP600125 or the 
free radical scavenger NAC. The results were displayed 
in Fig. 7. Compared to the TPO treatment, the presence of 
both SP600125 and NAC could reduce the expression of 
proteins to some extent, indicating that the both of them 
alleviated the cell apoptosis caused by light-irradiated 
TPO. These data imply that TPO-induced free radical/JNK 
pathway activation might strongly correlated in apoptosis 
induction. Using the JNK inhibitor SP600125 (Fig. 7C,D), 
it was demonstrated that TPO-induced apoptosis is asso-
ciated with JNK activation. Moreover, free radicals can 
promote JNK pathway activation, whereas early inter-
ventiont with NAC receded the phosphorylation of JNK 
(Fig. 7A,B). These data suggested that irradiated TPO 
releases free radicals that induce apoptosis through activat-
ing the free radical-dependent JNK pathway by activating 
caspase-9, caspase-3 and PARP (Fig. 8).
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Figure. 6.  TPO activates the JNK pathway by inducing free radical 
generation. A The 4T1 and B MCF-7 cells were treated with TPO (0, 
5, 20 µM) exposed to LED@405 nm for 15 min. Photographs were 
taken using a fluorescence microscope. (Magnification: × 100). C 
Flow cytometry analysis the generation of free radicals. MCF-7 cells 
were grown with a control, b 20  μM TPO, c 20  μM TPO + 5  mM 
NAC, d 5  mM NAC and exposed to LED@405  nm for 15  min, 
respectively. And then incubated with DCFH-DA for 30 min at 37 ℃. 

D Statistical analysis of fluorescence intensity of DCF. E After being 
treated with various dosages of TPO for 4  h, cells were exposed to 
LED@405  nm for 15  min. Using western blotting to examine the 
expression level of p-JNK and JNK. F, G Cells were preincubated for 
2 h with SP600125 (a JNK inhibitor, 25 M) or NAC (5 mM), TPO 
was added and incubated for 4  h, and exposed to LED@405  nm 
for 15  min. Levels of p-JNK and JNK were analyzed. Results are 
described by the means ± SD. n = 3, *p < 0.05, **p < 0.01
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4  Conclusions

In summary, our research identifies the anti-tumor func-
tion of TPO on breast cancer cells in vitro for the first time. 
TPO has low dark toxicity and significant phototoxicity. 
When irradiated with light, TPO restrained the cell growth 
and migration of breast cancer cells, inducing cell death in 
a concentration- and irradiation time-dependent manner. 
This impact is associated with the free radicals generated 

by photolysis. The mechanism may be that the generated 
free radicals break the redox balance in the cell, raise cell 
oxidative stress, activate the JNK signal pathway, initiate 
the mitochondria-dependent intrinsic apoptosis, and cause 
the activation of caspase-9, caspase-3 and PARP. This study 
broadens the application field of photoinitiators and pro-
vides a proof of concept for them as novel phototherapeutic 
drugs with anticancer potential. Moreover, diverse and well-
investigated type II photoinitiators, either one-component or 
multi-component photoinitiators [41, 42], can also be used 

Fig. 7  TPO induces apoptosis via the activation of free radical/
JNK pathway. Cells were pretreated with SP600125 (25  μM) or 
NAC (5 mM) for 2 h, then treated with TPO for 4 h and exposed to 
LED@405  nm for 15  min. A, C Detection of the apoptosis-associ-

ated proteins by western blotting. B, D Grayscale analysis of protein 
bands. Results are described by the means ± SD of triplicate experi-
ments. ##p < 0.01 and ###p < 0.001 vs. TPO-treated group, *p < 0.05, 
**p < 0.01 and ***p < 0.001 vs. control, #p < 0.05
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for phototherapeutic purpose, especially for those used in 
dentistry with proved biosafety.
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