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Radiotherapy has been extensively applied to cancer therapy in clinical trials. However, radiation
resistance and dose limitation generally hamper the efficacy of radiotherapy. There is an urgent need for
radiosensitizers with high efficiency and safety to enhance the anti-tumor effect of radiotherapy. In this
paper, a selenium-containing (Se) ruthenium (Ru) complex (RuSe) was designed as a radiosensitizer to
synergistically augment the killing effect of radiotherapy on nasopharyngeal carcinoma cells. In this
system, the heavy atomic effect of Ru enhances the photoelectron production triggered by X-rays, thus
inducing a burst of reactive oxygen species (ROS). In addition, Se atoms with a strong polarization
property were introduced into the ligand of the metal complex to enhance the tumor chemo/
radiotherapy effect. Consequently, RuC with a weak atomic polarization effect, as a comparison for
RuSe, was also rationally explored to elucidate the role of Se atoms on chemo/radiotherapy
sensitization. Indeed, compared with RuC, RuSe at a sub-toxic dose was able to potentiate the lethality
of radiotherapy after preconditioning with cancer cells, by inducing ROS over-production, decreasing
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the mitochondrial membrane potential, and arresting the cell cycle at the sub-G1 phase. Furthermore,
upon radiation, RuSe was superior to RuC, by inducing apoptotic cell death by activating caspase-3, -8,
and -9. In summary, this study not only demonstrates an effective and safe strategy for the application
of RuSe complexes to the cancer-targeted chemo/radiotherapy of human cancers, but also sheds light
on the potential mechanisms of such Se-containing drugs as efficient radiotherapy sensitizers.
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10th Anniversary Statement

The Journal of Materials Chemistry B is one of the most important journals for researchers in the field of materials with applications in biology and medicine.
The development of selenium-containing materials and their application in cancer therapy has been a hot topic in the material science field and has grown
with the Journal of Materials Chemistry B. 1 sincerely celebrate the 10th anniversary of the Journal of Materials Chemistry and would like to contribute further to
the advance of the journal.

Introduction

A malignant tumor of the head and neck is most likely to be
nasopharyngeal carcinoma (NPC), especially in the south and
southeast coastal areas of China."? Currently, radiotherapy and
chemotherapy are the most important means of treatment of
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NPC.*>" Excitingly, with the rapid development of tumor radio-
therapy and radiation physics, the maximum irradiation dose
on tumor tissue and the lowest damage to surrounding normal
tissue have become the goals of scientists.'®™** Over the last
twenty years, although intensity-modulated radiation therapy
(IMRT) and a combination therapy of radiotherapy and che-
motherapy have undergone important developments, the prog-
nosis of NPC patients caused by treatment-related toxic side
effects is still a huge challenge.>'*'* Enhancing the sensitivity
of tumor cells to radiation is an effective way to improve the
effect of radiotherapy, reduce the dose of radiotherapy and
relieve toxic side effects after radiotherapy.'>° Therefore, the
development of radiosensitizers is imperative.
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Ruthenium (Ru), as a rare transition metal, belongs to
the VIII group in the periodic table, the same as platinum.
Ru complexes are widely regarded as a valid alternative to
platinum-based anticancer drugs, because they have some
similar characteristics.”’ > As anticancer drugs, compared with
platinum-based anticancer drugs, Ru complexes persist longer
in blood circulation, which will enhance the treatment effect. At
the same time, Ru complexes have much lower toxicity in vivo,
which will reduce damage to the body.>*”>° Ru complexes have
been widely researched and two of them are the DNA-binding
NAMI-A and KP1019.>*' Previously, we found that Ru com-
plexes can obviously inhibit the formation of vascular endothe-
lial cells through their anti-angiogenesis mechanism.*® Then,
an Ru complex is highly specific for mitochondria, where the
Ru complex leads to the excessive generation of ROS, causing
activation of the endogenous apoptosis of cancer cells via an
endoplasmic reticulum stress signal pathway.’’* However,
they still have problems such as a lack of selectivity and poor
antitumor activity. Therefore, it is necessary to improve their
structure.

Selenium (Se), as an essential trace element in the human
body, has been extensively studied for its good antitumor
effect.>>*' The Se atom has a relatively incompact atomic
structure and its outer electrons are easily excited by photo-
electron stimulation; therefore, it is also being investigated as
a radiosensitizer.*>*? In addition, our latest study shows that
Se atoms have a strong polarization effect, which can con-
struct the electrophilic center of the complex, and then
strengthen the binding between the complex and protein of
a cancer cell to inhibit the activity of the tumor cell.** There-
fore, the introduction of an Se atom will effectively comple-
ment the tumor killing effect of an Ru complex and provide
better safety.

In this study, we carefully constructed an Se-containing Ru
complex (RuSe) and systematically studied its killing effect and
its mechanism on NPC cells (CNE-2). Moreover, we compared
the inhibitory effect of an Ru complex (RuC) without Se on
CNE-2. The results revealed that RuSe complexes could signifi-
cantly inhibit the activity of CNE-2 through inducing ROS over-
production, decreasing the mitochondrial membrane potential,
and bringing about the sub-G1 arrest of CNE-2 cells; as a result,
they induce DNA damage and death receptor activation, achiev-
ing antitumor effects. Furthermore, under the action of X-rays,
the heavy atom effect of the Ru coordination center and the
photoelectric effect of the Se atom enhance the X-ray killing
ability of RuSe. Importantly, RuSe showed a stronger antitumor
effect than RuC with or without X-rays, which is consistent with
our expectations. In conclusion, we have confirmed that Ru
complexes are novel cancer targeting drugs highly sensitive to
X-rays, which can exert highly efficient and safe cancer radio-
therapy to enhance the anticancer effect. Moreover, the
research also shows that Se can strikingly enhance the photo-
electric effect and the Compton effect, aimed at heightening the
radiosensitization of a tumor. This work will provide a feasible
paradigm for the development of Se-containing complexes for
NPC therapy.
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Experimental
Materials

Ru complexes were synthesized based on previous work.** MTT,
PI, Annexin V-FITC, JC-1, DCFH-DA were obtained from Sigma-
Aldrich. Caspase Activity Assay Kits and BCA Kit were obtained
from Beyotime Biotechnology. RPMI Medium 1640 and FBS
were obtained from Gibco.

Cell culture and MTT assay

Human nasopharyngeal carcinoma cell lines (CNE-2cells), were
purchased from the American Type Culture Collection (ATCC,
Manassas, VA) and incubated in 1640 medium with fetal bovine
serum (10%), streptomycin (50 units per mL) and penicillin
(100 units per mL) under a CO, (5%) environment at 37 °C.
As previously reported, an MTT assay was used to test the
viability of cells with or without X-ray irradiation. Briefly, the
CNE-2 cells were preincubated on 96-well plates at 2 x 10> cells
per well. After 24 h, the CNE-2 cells were pretreated with Ru
complexes for 4 h, they were irradiated by X-rays (4 Gy) and
continued to culture for a further 72 h, followed by a supple-
ment of MTT for 4 h. After that, the formazan crystals were
dissolved in 150 pL of DMSO added to each well. The cell
viability was assessed by formazan at an absorbance of 570 nm.
The synergistic effect of the drugs was evaluated using iso-
bologram analysis.*>"*®

Cell cycle analysis

The CNE-2 cells were preincubated in 6 cm dishes (2 x
10* cell per mL, 5 mL per dish). After 24 h, the CNE-2 cells
were pretreated with Ru complexes for 4 h, and they were
irradiated by X-rays and continued to culture for a further
72 h. Treated or untreated cells were collected and fixed with
pre-cooled 70% ethanol overnight at —20 °C, followed by staining
with PI in darkness. Finally, the results of the cell cycle were
analyzed by CytExpert and Flow]Jo.

Apoptosis analysis

The CNE-2 cells (2 x 10* cell per mL, 5 mL per dish) were
seeded in 6 cm dishes for adherence for 24 h. These CNE-2 cells
were irradiated by X-rays after pretreatment with Ru complexes
for 4 h, and continued to culture for a further 72 h. The treated
or untreated CNE-2 cells were collected and mixed with a
binding buffer, and then stained with Annexin V-FITC and PI
for 15 min at 37 °C in darkness. Finally, the apoptosis rate of
the CNE-2 cells was analyzed by CytExpert.

Mitochondrial membrane potential analysis

The CNE-2 cells, 2 x 10 cell per mL (5 mL), were transferred
into 6 cm dishes. After 24 h, the attached CNE-2 cells were
co-incubated with Ru complexes for 4 h, and irradiated by
X-rays (4 Gy). After culturing for a further 72 h, the treated or
untreated cells were collected, and followed by staining with
JC-1 for 30 min at 37 °C in darkness. Finally, the mitochondrial
membrane potential of the CNE-2 cells was analyzed by
CytExpert.

This journal is © The Royal Society of Chemistry 2023
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ROS generation

The CNE-2 cells were pre-inoculated on 6 cm dishes (2 x 10*
cell per mL, 5 mL per dish). After adhering for 24 h, the CNE-2
cells were co-treated with Ru complexes for 4 h; then they were
irradiated by X-rays and continued to culture for a further 72 h.
The different groups of treated cells were collected, and stained
with DCF for 30 min at 37 °C in darkness. Finally, these treated
or untreated cells were observed under a fluorescence micro-
scope and analyzed by CytExpert.

Clonogenic assays

The CNE-2 cells (2 x 10° cells per well) were preincubated in 6
well plates for 24 h. The CNE-2 cells were pretreated with Ru
complexes for 4 h, and irradiated by X-rays (4 Gy). After
continuing to culture for 7 days, the CNE-2 cells were washed,
fixed, and stained by crystal violet. Finally, the numbers of
colonies were counted with ImageJ. The survival percentage
was applied to assess the effect after treatment.*”

Migration analysis

The CNE-2 cells of the logarithmic growth phase were incu-
bated in 6-well plates (50 x 10 cells per well). Furthermore, the
cells were fostered in serum-free medium for 6 h, scratched at
the bottom of 6-well plates, and washed three times with PBS.
After treatment with Ru complexes for 24 h, the CNE2 cells were
stained with Hoechst 33342, whose migration images were
captured with a fluorescence microscope. Migration rate =
100% — (D1/Dy x 100%), where D, is the scratch distance
measured at 0 h, and D, is the scratch distance measured after
24 h of healing.

Invasion assay

Transwell chambers evenly covered with matrix gel were placed
in a 37 °C incubator for 4 h, causing the matrix gel to solidify.
The CNE-2 cells were preincubated in the upper Transwell
chamber (50 x 10" cells per well) with serum-free medium.
Finally, these CNE2 cells with Ru complex treatment for 24 h
were washed, fixed, and stained by crystal violet, whose inva-
sion images were captured with a microscope. Invasion rate =
(N1/Ny) x 100%, where N, is the number of cells in the control
group, and N; is the number of cells in the drug group.

Caspase activity

The CNE-2 cells in the logarithmic growth phase were preincu-
bated in 10 em dishes (1 x 10> cells per mL, 10 mL per dish) for
24 h. The CNE-2 cells were pretreated with Ru complexes for 4 h
before irradiating by X-rays (4 Gy), and cultured for another
72 h. The treated or untreated cells were collected, the proteins
of which were picked up through the lysis buffer, the concen-
tration of which was gauged by a BCA kit. The 96-well plate
containing 100 pg of total protein and 5 pL of specific caspase-
3, -8, and -9 substrate enzymes was placed in a 37 °C incubator
for 2 h. Finally, the caspase activities were determined with
excitation at 380 nm and emission at 440 nm by a multi-
functional fluorescence enzyme labeling instrument.

This journal is © The Royal Society of Chemistry 2023
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Statistical analysis

The data for all experiments were collected in at least triplicate
and shown as mean =+ SD. Differences between two groups were
examined by the two-tailed Student’s ¢ test. Difference with
P < 0.05 (¥), P < 0.01 (**), P < 0.001 (***¥) or P < 0.0001 (****)
was considered statistically significant.

Results and discussion

Se-Containing Ru complex and X-ray combination therapy can
effectively inhibit the survival rate of CNE-2 cells

We evaluated the effect of two Ru complexes and radiotherapy
on cell viability in vitro by MTT assay to study the effect of
different Ru complexes on tumor radiotherapy sensitization.
Firstly, we gauged the effect of different doses of X-rays on cell
viability alone in vitro by MTT assay. The results indicated that
different doses of X-ray irradiation have varying degrees of
killing effect on the survival of CNE-2 cells in vitro. As shown
in Fig. S1 (ESIt), the viabilities of cells treated with X-rays alone
were 92.14% (2 Gy) and 72.99% (4 Gy), while the viabilities of
cells treated with X-rays (6 Gy) and X-rays (8 Gy) alone were
58.30% and 52.88%, respectively. Moreover, we detected the
effect of different concentrations of two Ru complexes on cell
viability alone in vitro by MTT assay. The results showed that
the antitumor activity of RuSe was higher on CNE-2 human
cancer cells than that of RuC (Fig. 1(B)). Without radiotherapy,
Se ligand substitution had little effect on cell viability.
In addition, we detected the effect of X-ray and Ru complex
combination therapy on cell viability in vitro by MTT assay.
X-ray and Ru complex combination therapy has been found to
have significantly different effects on cell viability. Using Ru
complexes or X-rays alone did not result in significant differ-
ences in cell viability. With increasing radiation dose, the
cytotoxicity of Ru complexes on CNE-2 human cancer cells
increased. Furthermore, RuSe combined with radiotherapy
showed higher efficiency in killing CNE-2 human nasopharyn-
geal carcinoma cells than RuC combined with radiotherapy.
For instance, the viabilities of cells treated with 20 pmol L™*
(uM) RuSe or 20 pM RuC alone were 77.71% and 86.21%,
respectively; however, for their combined therapy with 2 Gy,
the cell viabilities decreased to 71.66% and 79.38%. Excitingly,
the cell viabilities of their combined therapy with X-rays (4 Gy)
were 45.94% and 56.92%, which were marked decreased.
Obviously, the enhancement in cytotoxicity is due to the sub-
stitution of an Se-N bond for an C-N bond. Then, we studied
the ICs, of X-rays, Ru complexes and their combined therapy on
CNE-2 cells. IC5o can accurately express the killing effect of
drugs on CNE-2 cells. The ICs, for treatment with RuSe alone
was slightly lower than the ICs, for treatment with RuC alone.
Importantly, for treatment with RuSe and X-rays, their differ-
ence was more obvious (Fig. 1(C)). For instance, ICs, values for
treatment with RuSe and RuC alone were 84.13 + 22.42 uM and
109.23 + 28.48 pM, respectively, while their combined therapy
with 4 Gy immensely decreased the ICs, to 17.13 + 1.87 uM and
36.05 £ 5.99 uM. The killing effects of the two Ru complexes on
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Fig.1 Ru complexes strengthen the radiosensitivity of CNE-2 cells. (A) Structure of Ru complexes and their radiosensitization mechanisms. (B) Under
combination with X-rays, the cell viability of CNE-2 cells treated with RuSe or RuC for 72 h. (C) The corresponding ICsq values. (D) Isobologram analysis of

the effect of RuSe on cell viability.

CNE-2 cells were different, as was the case with the radio-
sensitization effect. Furthermore, we determined whether they
are synergistic or antagonistic by isobologram analysis.
As shown in Fig. 1(D) and Fig. S2 (ESIt), when the radiation
dose is 4 Gy and the concentration of Ru complexes is 20 uM or
40 pM, they show synergistic sensitization. Importantly, to
evaluate the safety of RuSe and RuC, the cell viability analysis
of normal cells (NP-69, human immortalized nasopharyngeal
epithelial cells) was supplemented with RuSe or RuC (Fig. S3,
ESIYT). The results showed that the safety of RuSe and RuC for
NP-69 cells was high when the concentration can achieve a
good antitumor effect. For example, the survival rates of NP-69
cells at 20 pM RuSe or RuC were 83.6% and 76.2%, respectively.
Even under the action of X-rays, NP-69 cells still maintained a
cellular survival rate of more than 50% (Fig. S3A and B, ESIY),
and the killing effect was mainly contributed by X-rays. Impor-
tantly, the effect of RuSe or RuC on the cell viability of CNE-2
tumor cells was significantly lower than that on normal cells
(Fig. S3C and D, ESI¥). These results suggest that RuSe or RuC
will have good biosafety. Although we did not complete the
in vivo safety analysis in time, we have reason to believe that
RuSe has great potential in combination with radiotherapy for
nasopharyngeal carcinoma.

Multiple linear regressions and cell cycle

To compare the anticancer effect of different Ru complexes in
combination with X-rays on CNE-2 cells, we use multiple linear
regression analysis to assess their anticancer effect. Under 4 Gy,

5610 | J Mater. Chem. B, 2023, 11, 5607-5618

the inhibited concentrations of RuC and RuSe were computed
to be 331.94 and 89.35, respectively (Fig. 2(A)-(D)). The result
indicated that RuSe exerted a more obvious synergistic radio-
therapy effect than RuC. Furthermore, accumulating numbers
of studies have indicated that most anti-cancer drugs influence
the occurrence and development of cancer mainly via influen-
cing the cell cycle. Cell cycle arrest or apoptosis can lead to cell
growth inhibition. We studied the kinetics of Ru-complex-
induced cell death by treating the cells with different doses
and analyzing the further anti-cancer mechanisms of different
Ru complexes in CNE-2 cells by flow cytometry analysis.
As shown in Fig. 2(E)—(I), compared with the control group,
the sub-G1 arrest of CNE-2 cells treated with 40 pM RuC
increased by 6.84%, while the sub-G1 arrest of CNE-2 cells
treated with 40 pM RuSe increased by 18.25%. For the respec-
tive drug groups, the sub-G1 arrest of RuSe was slightly higher
than that of RuC. Compared with the control group, the sub-G1
arrest of CNE-2 cells treated with 40 uM RuC and X-ray (4 Gy)
combination therapy increased by 11.54%, while the sub-G1
arrest of CNE-2 cells treated with RuSe (40 pM) and X-ray (4 Gy)
combination therapy increased by 23.35%. Compared with the
control group, the S arrest of CNE-2 cells treated with 20 uM
RuC increased by 9.23%, while the S arrest of CNE-2 cells
treated with 20 uM RuSe increased by 18.35%. Simultaneously,
the G2/M arrest of CNE-2 cells treated with 20 pM RuC or 40 pM
RuC increased by 11.38% and 3.29% respectively, while the G2/M
arrest of CNE-2 cells treated with 20 uM RuSe or 40 pM RuSe
increased by 20.88% and 32.6%, respectively. In addition,

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Cell cycle distribution analysis treated by different Ru complexes in combination with X-rays. (A) and (B) Histograms of the inhibitory effects of
different Ru complexes combined with X-rays on CNE-2 cells, and (C) and (D) the normal probability scatterplots of regression standardized residuals. y is
cell viability, x; is X-ray dosage, and x, is concentration of Ru complexes. (E) Flow cytometric analysis of different Ru complexes on cell cycles with or

without X-rays. (F)—(l) Quantitative analysis of CNE-2 cell cycle arrest.

compared with the control group, the S arrest of CNE-2 cells
treated with 20 pM RuC and X-ray combination therapy or
40 pM RuC and X-ray combination therapy increased by 1.58%
and 2.17% respectively, while the S arrest of CNE-2 cells treated
with 20 pM RuSe and X-ray (4 Gy) combination therapy or
40 pM RuSe and 4 Gy combination therapy increased by 7.47%
and 5.91% respectively. In brief, the sub-G1 arrest with combi-
nation therapy was obviously higher than that of the single
Ru complex group. Whether for the respective drug group or
the combination therapy, the sub-G1 arrest of RuSe was higher
than that of RuC. Different Ru complexes induced dose-

This journal is © The Royal Society of Chemistry 2023

dependent sub-G1 arrest, and so did co-treatment with Ru
complexes and X-rays. Radiotherapy mainly leads to sub-G1
arrest. In the single drug group, the G2/M arrest of RuSe was
obviously higher than that of RuC. In the combined radio-
therapy group, the S arrest of RuSe was slightly higher than that
of RuC. Overall, it was likely that sub-G1 arrest was primarily
responsible for cell death induced by Ru complexes. Both the
single drug group and the combination therapy induced dose-
dependent sub-G1 arrest, which demonstrates that the single
drug group and the combination therapy may induce apoptosis
of CNE-2.
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Colony formation

For further confirmation of the radiosensitization effects of Ru
complexes, we measured the inhibition of colony formation by
co-treatment in CNE-2 cells. A colony formation experiment can
gauge cell proliferation ability, invasiveness, and sensitivity
to killer factors. The colony formation rate shows two major
features of cell population dependence and proliferation
ability. This experiment was used to evaluate the sensitivity of
two Ru complexes, X-rays and their co-treatment to the proli-
feration ability or population dependence of tumor cells.
As shown in Fig. 3(A) and (C), the inhibition of Ru complexes
on colony formation was stronger than that of X-rays. Co-
treatment with Ru complexes and X-rays inhibited the growth
of CNE-2 cells more obviously than single therapeutic sche-
dules. For instance, the cell viability of cancer cells treated by
40 uM RuSe, 40 uM RuC or X-rays (4 Gy) alone were 51.17%,
68.48% and 75.37%, respectively. However, the cell viability of
cancer cells co-treated with 40 pM RuSe and 4 Gy X-ray was
0.76%. And the cell viability of cancer cells co-treated with
40 pM RuC and X-ray (4 Gy) was 18.29%. The results showed
that Ru complexes increase the influence of the inhibition of
X-rays on the formation of colonies and the cell viability of
cancer cells. Overall, compared with RuC, RuSe had a signifi-
cant effect on improving radiosensitization and inhibiting
tumor cell adherence and proliferation, which may be related
to the strong polarization and the loose electron cloud structure
of Se atoms.

Analysis of different Ru complex and X-ray combination
therapies on the mitochondrial membrane potential

The change in mitochondrial membrane potential is consistent
with cell apoptosis. Typically, ROS over-production in mito-
chondria is regulated by the mitochondrial membrane potential
(A¥,).*"*® The radiosensitivity of cancer cells is intimately con-
nected to mitochondrial function, so we studied how mitochon-
drial dysfunction affects tumor radiosensitivity. Therefore, JC-1
flow cytometry was used to measure the impact of Ru complexes
and X-rays on A¥,,. As shown in Fig. 3(B), (D), (E), compared with
the control group, the deprivation of AY,, after treatment with
20 pM RuC and 40 pM RuC increased by 2.13% and 4.39%,
respectively, and the lack of AY¥,, after treatment with 20 pM RuSe
and 40 uM RuSe increased by 7.24% and 10.39%, respectively. For
the respective drug groups, the deficiencies of A, of RuSe were
slightly higher than those of RuC. The insufficiency of A¥,, after
treatment with X-rays (4 Gy) increased by 8.55%. The above results
show that Ru complexes alone or X-rays alone did not lead to an
obvious change in AY,, in cells. Simultaneously, compared with
the control group, the absence of AV, after treatment with 20 pM
RuC and X-ray combination therapy or 40 uM RuC and X-ray
combination therapy increased by 3.48% and 8.75%, respectively,
and the scarcity of AY,, after treatment with 20 uM RuSe and
X-ray combination therapy or 40 uM RuSe and X-ray combination
therapy increased by 13.00% and 21.97%, respectively. For the
combination therapy group, the poverty of A¥,, of RuSe was
obviously higher than that of RuC, as a result of the loose electron
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cloud structure of Se atoms (Fig. S4, ESIt). The above results show
that cells treated with combined treatment lost much more AY,,,
than cells treated with single Ru complexes, as reflected in the
sharp increase in the population in the definition part of green
fluorescence. As AV, is lost, the fluorescence of JC-1 shifts from
red to green. The percentage of green fluorescence represents
early dead cells. These results demonstrate that co-treatment with
Ru complexes and X-rays restrained cell multiplication via mito-
chondrial damage, and caused a poverty of A¥,,, and ROS over-
production, and eventually induced sub-G1 arrest and apoptosis.
The decreasing AV, will increase ROS content, which will further
affect mitochondrial dysfunction. The persistence of defective
mitochondria produces dangerous levels of ROS, damages its
membrane and other components, and destroys cells.

Different Ru complex and X-ray combination therapies induce
CNE-2 cells apoptosis

We gauged the effect of different Ru complexes, X-rays and
their combination therapy on induced CNE-2 cell apoptosis via
flow cytometry analysis.*® As shown in Fig. 4(A)~(C), CNE-2 cells
were treated with different Ru complexes, X-rays and their
combination therapy, among which the cell apoptosis changed
in both the radiotherapy group and the non-radiotherapy
group. For instance, compared with the control group, the late
stage of cell apoptosis of CNE-2 cells treated with 40 uM RuC
increased to 12.13%, while that with RuSe increased to 22.83%.
Therefore, compared with the control group, the cell total
apoptosis of CNE-2 cells by RuSe was higher than that by
RuC. In addition, X-rays further enhance the effect of apoptosis.
Under X-rays (4 Gy), the apoptosis of CNE-2 cells treated with
40 pM RuC increased to 28.59%; moreover, that with RuSe
increased substantially to 59.63%. Compared with the RuC or
RuSe alone groups, the apoptosis induced by the combined
treatment group increased by 2.4 and 2.6 times. We also
examined apoptosis induced by RuC or RuSe at different drug
concentrations (Fig. S5, ESIt). As we expected, RuC and RuSe
both showed a concentration-dependent increase in apoptosis:
furthermore, RuC or RuSe showed a sensitization effect on
radiotherapy. Importantly, the effect of RuSe was significantly
stronger than that of RuC, which is consistent with the con-
clusions stated above. In summary, the sensitization effect of Se
atomic polarization enhanced radiotherapy that we have
designed has been strongly verified by the results of apoptosis.

Upward caspase-3, caspase-8 and caspase-9 activity induced by
different Ru complexes

Caspases are a group of proteinases with similar structure
in cytoplasm, which have tight ties to cellular apoptosis and
take part in the adjustment to cellular growth, differentiation,
and apoptosis.”®®" Among them, caspase-3, -8, and -9 are
typical executors of apoptosis. Since Ru complexes show a
sharp radiation-induced cancer cell apoptosis on CNE-2 cells,
we further investigated the effects of the respective drug group
and the co-treatment on caspase activity to detect the radical
mechanism. Then we performed fluorometric measurement
to investigate the activated caspase-3, -8, and -9. As shown in
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Fig. 4(D), the respective drug group and the co-treatment
increased the three activated caspases, which clearly showed
the activation of intrinsic and extrinsic apoptotic pathways. For
instance, caspase-3, caspase-8, and caspase-9 were stimulated
to 171.90%, 129.36% and 136.59% (% of control) by RuSe, and
144.11%, 121.65% and 120.86% (% of control) by RuC. Simulta-
neously, caspase-3, caspase-8 and caspase-9 were stimulated to
303.26%, 151.50% and 229.90% (% of control) by co-treatment
with RuSe and X-rays, and 199.71%, 132.15% and 160.18%
(% of control) by co-treatment with RuC and X-rays, which
indicated that the apoptosis-inducing capacity of RuSe was
apparently better than that of RuC when acting with X-rays.
Taken together, the anticancer function had a tight relation-
ship to the activation of caspase family signals. In order to
prove that RuC/RuSe induces apoptotic cell death by activating
caspase-3, -8, -9, we investigated apoptosis by adding caspase

This journal is © The Royal Society of Chemistry 2023

inhibitors (Z-VAD-FMK). As shown in Fig. 4(A)-(C), compared
with the RuC or RuSe treatment groups, the apoptotic behavior
of CNE-2 was significantly reduced after the addition of caspase
inhibitor. For example, the 40 pM RuC group resulted in about
12.13% apoptotic events, which decreased to 5.39% when
caspase inhibitors were added. Similarly, under the combined
action of X-rays, caspase inhibitors can significantly reduce the
killing effect of RuC or RuSe on CNE-2. For example, the 4 Gy +
40 pM RuSe group caused about 59.63% apoptosis of cells,
while the value decreased to 33.76% under caspase inhibitors.
These results indicated that RuC or RuSe can promote
the apoptosis process by activating the caspase family. The
above results indicated that the respective drug group and the
co-treatment could remarkably decrease mitochondrial mem-
brane potential and induce ROS over-production, ultimately
leading to CNE-2 cell sub-G1 arrest and pathological apoptosis,
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by initiating the mitochondria-mediated intrinsic and receptor-
mediated extrinsic pathways.

Effects of different Ru complex and X-ray combination
therapies on ROS over-production in CNE-2 cells

Studies have shown that ROS over-production is associated
with cell apoptosis.”*>* Compared with normal cells, when
tumor cells are obstructed by exoteric causes, electrons escap-
ing from the mitochondrial respiratory chain in tumor cells
react with O, to generate °O,, which leads to tumor cells
producing a large quantity of ROS, causing an imbalance in
intracellular oxidative stress, destroying cell homeostasis,
bringing about cell apoptosis and exerting an anti-tumor
effect.>®® Theoretically, radiotherapy generates excessive ROS
in cells to induce arrest and apoptosis; thus, we examined the
level of ROS after exposure to different Ru complexes and X-rays
via a DCFH-DA probe. As shown in Fig. 5(A) and (B), different
Ru complexes could induce CNE-2 cells to produce ROS over-
production, among which RuSe had a more obvious effect on
the increase in intracellular ROS than RuC. X-rays alone can
also cause ROS levels to rise, which has a less obvious effect
on the increase in intracellular ROS than RuSe. The result
indicates that different Ru complexes irradiated by X-rays can
rapidly amplify the ROS after entering the tumor cell, among

5614 | J Mater. Chem. B, 2023, 11, 5607-5618

which RuSe and X-ray combination therapy produced a higher
yield of intracellular ROS than RuC and X-ray combination
therapy, suggesting a very intriguing secondary electron emis-
sion behavior of higher atomic number Se, thus enhancing the
cytotoxicity, corresponding to the degree of anti-tumor effect.
We captured the real-time dynamic fluorescence images under
a fluorescence microscope, as shown in Fig. 5(C), where the
intensity of green fluorescence in CNE-2 cells is basically
consistent with ROS levels, and combination therapy produced
a higher yield of intracellular ROS than drug therapy alone. The
above-mentioned results show that radiation sensitizes X-rays
and enhances Ru-complex-induced arrest and apoptosis via
triggering excessive ROS and breaking the normal redox
balance, corresponding to cell cycles and apoptosis.

Anti-migration effect of different Ru complexes on CNE-2 cells

Compared with normal cells, tumor cells are more athletic and
proliferative by escaping normal regulatory mechanisms of
adhesion and growth signals possessed by normal cells. The
keys to tumor growth and metastasis are continuous differen-
tiation, cell invasion and migration.>”*® Treatment failure is a
result of tumor cells migrating to adjacent organs and distant
metastasis via blood vessels or lymphatic vessels. Tumor
growth and metastasis can be controlled by inhibiting cell

This journal is © The Royal Society of Chemistry 2023
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invasion and migration. We focused on detecting whether Ru
complexes could effectually restrain the growth of cancer cells
in vitro by repressing the migration and invasion ability of
cancer cells. Apart from effects that are cytotoxic, Ru complexes
at slightly toxic concentrations are able to inhibit cancerome-
tastasis. Therefore, we assessed the influence of Ru complexes
on the migration and invasion capacity of CNE-2 cells via
wound-healing and Transwell assays. Before the wound-
healing experiment, we measured the sub-toxic concen-
tration of different Ru complexes at a concentration of 2.0 x
10° cells per mL of CNE-2 cells via MTT assay. As shown in
Fig. 6(A), we found that at a concentration of 5-15 mmol L
the cell survival rate of CNE-2 cells is about 90%, and Ru
complexes do not show obvious toxicity to CNE-2 cells during
24 h of treatment and have little effect on the normal biolo-
gical function of the cells. As shown in Fig. 6(B) and (C),
compared with the control group, the cell migration rates of
CNE-2 cells treated with 5 uM RuC, 10 pM RuC or 15 uM RuC
are 85.99%, 74.91% and 61.76% respectively, while the cell
migration rates of CNE-2 cells treated with 5 uM RuSe, 10 pM
RuSe or 15 pM RuSe are 69.20%, 48.44% and 47.75%, respec-
tively. Ru complexes by and large have a distinct capacity to
inhibit the migration of CNE-2 cells in a dose-dependent
manner. The in vitro wound-healing assay indicated that the
influence of RuSe was obviously better than that of RuC at the
same concentration.

This journal is © The Royal Society of Chemistry 2023

Anti-invasion abilities of different Ru complexes on CNE-2 cells

Apart from effects that are cytotoxic, Ru complexes at slightly
toxic concentrations have the ability to inhibit cancero-
metastasis.>® A Transwell experiment is often used to assess
the anti-invasion ability of a drug in vitro. Therefore, we
assessed the influence of Ru complexes on the invasion capa-
city of CNE-2 cells via Transwell assays. As shown in Fig. 6(D)
and (E), compared with the control group, the invaded CNE-2
cells after 24 h of treatment with 5 pM RuC, 10 uM RuC or
15 UM RuC are 89.31%, 75.17% and 46.06% (% of control)
respectively, while the invaded CNE-2 cells after 24 h of treat-
ment with 5 pM RuSe, 10 pM RuSe or 15 uM RuSe are 46.80%,
28.09% and 12.27% (% of control) respectively. An in vitro
wound-healing assay indicated that CNE-2 cell invasion was
significantly inhibited by different Ru complexes in a totally
dose-dependent manner, and CNE-2 cells were more sensitive
to RuSe than RuC, as revealed at the same concentration, which
indicated that the introduction of Se strengthened the anti-
invasion effects of RuSe.

Conclusions

At present, there is an urgent need to develop radiotherapy
sensitizers for NPC treatment. Although some ruthenium
complexes have been of wide interest as substitutes for
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Fig. 6 Anti-migration and anti-invasion effects of Ru complexes. (A) Cell viability of CNE-2 cells (20 x 10° cells per mL) treated by different Ru
complexes for 24 h. (B) Anti-migration assay of different Ru complexes on CNE-2 cells. (C) Quantitative analysis of migration inhibition of different Ru
complexes on CNE-2 cells. (D) Anti-invasion assay of different Ru complexes on CNE-2 cells. (E) Quantitative analysis of invasion cells of different

Ru complexes on CNE-2 cells.

platinum-based drugs, their effects are limited and their safety
is not high. Se is an important trace element in the human body
and its antitumor activity has been widely investigated. Impor-
tantly, it is noted that Se atoms have a loose electron cloud
structure, which is easily deformed, resulting in strong polar-
ization effect. The polarization ability can enhance the electro-
philicity of the complex to improve its antitumor effect. In
addition, the loose electron clouds are more easily excited by
high-energy X-rays to produce electrons, which can be involved
in ROS production. In this work, we constructed RuSe by
introducing selenium as a polarized atom into an Ru complex.
As control complexes, we used Se-free RuC complexes to explore
the antitumor activity and mechanism of RuSe. The results are
as follows: (i) RuSe showed a significant radiotherapy sensitiza-
tion effect on CNE-2 cells, which was clearly better than that of
RuC. (ii) The anti-tumor mechanism of RuSe acts mainly through

5616 | J Mater. Chem. B, 2023, 11, 5607-5618

ROS production, mitochondrial damage, cycle arrest and caspase
activity, which affect the normal physiological function of tumor
cells and induce cell apoptosis. (iii) In the two complexes, Ru as
their common ligand center, achieved the effect of radiotherapy
sensitization through the heavy atom effect, while compared with
RuC, the strong polarization effect of Se further enhanced the
programmed death of CNE-2 cells. Therefore, this research pro-
vides a novel approach for the development of radiosensitizers for
clinical NPC, and provides scientific theoretical support and
guidance for Ru complexes in further clinical application.
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