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A high efficiency and low toxicity radiosensitizer, OsN(PhenOH)Cl3, was designed and synthesized
through substituent regulation. To the best of our knowledge, this is the first osmium-based coordination
complex radiosensitizer. The experimental results shown that this radiosensitizer induced G2/M cell
cycle arrest mainly through induction of intracellular ROS overproduction.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.
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Radiotherapy is one of the most commonly used methods in
tumor treatment, but the efficacy is greatly influenced due to
the dose-limiting of radiotherapy and drug toxicity [1–3]. A
good radiosensitizer (RS) at least needs to have two character-
istics high efficiency and low toxicity. The search for efficient
radiosensitizer for radiotherapy with low-toxicity continues to [24_TD$DIFF]

be a challenge to be solved in clinic. Although the [23_TD$DIFF] research of RS
has made some progress in recent years, the efficiency and
selectivity of RS still needs to be further improved [4,5]. Among
the various radiosensitizers, high-Z (high atomic number)
based coordination complexes have attracted much attention
in recent years since they can improve photoelectric effect and
Compton effect to enhance the efficiency and specificity of
radiotherapy [6–9]. Besides the well-established platinum-
based (Z = 78) complexes [10,11], iridium (Z = 77) [12,13] and
ruthenium (Z = 44) [14–16] complexes have also been reported
as potential RS candidates. On the other hands, osmium (Z = 76)
with similar Z value of platinum and belong to the same sub-
group of ruthenium, osmium complexes should be one of the
most promising candidates. To the best of our knowledge,
osmium-based complexes using as RS have not been reported
until now [17]. Herein we report the first osmium-based
coordination complex RS, OsN(PhenOH)Cl3 (PhenOH = 1,10-
phenanthrolin-2-ol), a high oxidation state osmium(VI) nitrido
chentf@jnu.edu.cn (T. Chen).
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complex using as highly X-ray sensitive low-toxicity radio-
therapeutic drug (Fig. 1a).

Recently, Lau [18–21] and Lippard [22–24] reported that
osmium(VI) nitrido was a useful platform for the construction of
molecular metal-based anti-cancer drugs. Osmium(VI) nitrido
complexes bearing organic ligands exhibit excellent anticancer
properties, and slightly ligand changes can effectively regulate
their anticancer activity. Of all the reported osmium(VI) nitrido
anticancer drugs (Table S1 in Supporting information),
OsN(Phen)Cl3 (Phen = 1,10-phenanthroline) has been studied
most detailly [22–24]. It can cause DNA damage by breaking
Os-Cl bond to release chloride ligand, thus inducing apoptosis of
various cancer cells and cancer stem cells. Based on these reasons,
OsN(PhenOH)Cl3 (Fig. 1b) was designed as a highly efficient RS
with low toxicity.

Introducing strong electron-donating substituent to ligand to
enhance Os-Cl bond for reducing chloride release is a desired
pathway to lower down the toxicity of OsN(Phen)Cl3. In
this work, �OH group was chosen as the representative of
strong electron-donating substituent and the designed
OsN(PhenOH)Cl3 was synthesized and fully characterized ( [26_TD$DIFF]
Figs. S1 and S8 in Supporting information). From the calculated
results we can see, the bond length (Table S2 in Supporting
information) of Os-Cl and Os�N in OsN(PhenOH)Cl3 is obviously
shorter than that in OsN(Phen)Cl3, and the electron density
(Fig. 1c) of Os-Cl and Os�N in OsN(PhenOH)Cl3 is significantly
higher than that in OsN(Phen)Cl3, which elucidated that the
introduction of �OH group can regulate the coordination
environment of osmium(VI) nitrido complex.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) Highly X-ray sensitive low-toxicity radiotherapeutic Os(VI) nitrido
complex induced G2/M cell cycle arrest. (b) Structure of OsN(PhenOH)Cl3. (c) MESP
plots of OsN(Phen)Cl3 and OsN(PhenOH)Cl3. The atoms in red, gray, blue, green and
white denote oxygen, carbon, nitrogen, chlorine and hydrogen, respectively. (d)
Cytotoxic effects of OsN(PhenOH)Cl3 (2.5mmol/L) with/without radiation of X-ray
(4 Gy) on Hela cells. (e) Isobologram analysis of the synergistic antiproliferative
effect of the combined treatment of X-ray and OsN(PhenOH)Cl3 on Hela cells. The
data points in the isobologram correspond to the growth inhibition ratio at 50% in
the combined treatment.

[(Fig._2)TD$FIG]

Fig. 2. Anti-tumor mechanism of co-treatment of Os(N)(PhenOH)Cl3 and X-ray
irradiation. (a) Schematic diagram of G2/M cell cycle arrest in Hela cells induced by
OsN(PhenOH)Cl3 combined with irradiation. (b) Flow cytometry analysis of the
effect combined treatment of X-ray (4 Gy) and OsN(PhenOH)Cl3 (60mmol/L) in the
cell cycle distribution of Hela cells. (c) Western blot analysis for the expression of [20_TD$DIFF]P-
ATM, P-ATR, P-BRCA1, P-histone and P-CDC-2. β-Actin was used as loading control.
The concentration of OsN(PhenOH)Cl3 was 60mmol/L and the dose of radiationwas
4 Gy. (d) Representative photographs of colony formation of Hela cells under the co-
treatment of OsN(PhenOH)Cl3 (8mmol/L) and X-ray irradiation (4 Gy) for 8 days.
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In order to check the regulatory effect of ligand substitution on
cytotoxicity, MTT assay was employed against human cervical
cancer (Caski and HeLa) and normal (E6E7/Ect) cell lines to further
verification. From the data presented in Table S3 (Supporting
information), we can see OsN(Phen)Cl3 shown strong toxicity to
human cervical cancer cell lines (IC50: 8.40 mmol/L for Caski and
2.40 mmol/L for HeLa) and normal cervical cell lines (IC50: 6.89
mmol/L), while OsN(PhenOH)Cl3 shownmuch lower toxicity to cell
lines (IC50: 32.97 mmol/L for Caski and 42.70 mmol/L for HeLa),
especially to normal cells (IC50: 52.03 mmol/L). Obviously, the
change of cytotoxicity is due to the introduction of �OH group, the
enhancement of Os-Cl bond is themajor reason. On the other hand,
the �OH group introduction also decreased the lipophilicity of the
complex (Fig. S2a in Supporting information), which leads to the
decrease of cell absorption (Fig. S2b in Supporting information)
and thus also a possible reason for the lower cytotoxicity
(Table S3). These results clearly proved the substituent regulation
on cytotoxicity and illustrated OsN(PhenOH)Cl3 is a low toxic drug.

To investigate the RS efficacy of OsN(PhenOH)Cl3, we checked
its X-ray sensitivity. Fig. 1d shown the cell viability rate of HeLa
cells treated with OsN(PhenOH)Cl3 (2.5mmol/L) and/or X-ray for
72 h. As shown in Fig. 1d, the cell viability of single Os nitrido drug
or X-ray treatment was similar to that of the blank control group,
and the cell viability decreased significantly after Os nitrido drug
and X-ray treatment. At the same time, after the co-treatment of Os
drug and X-ray, the IC50 value decreased from 42.70mmol/L to
8.17mmol/L, which means that the anticancer efficacy increased
more than [27_TD$DIFF]500% (sensitivity enhancement ratio: 5.23) (Fig. 1d and
Fig. S7 in Supporting information). Furthermore, the radiosensi-
tization property of the Os nitrido complex was identified by
equivalent line analysis (Fig. 1e), and the stability of the complex
under irradiation was verified by UV–vis spectra (Fig. S3 in
Supporting information).
The highly sensitivity to X-ray prompted us to further study the
action mechanism of the Os nitrido drug. We used flow cytometry
analysis to confirm the cell cycle conditions during the treatment
represented by HeLa cell lines (Fig. 2a). The results were presented
in Fig. 2b and Fig. S4 (Supporting information). From the figures we
can see, the peak of G2/M phase in the control group was [28_TD$DIFF]11.97%,
which increased to 20.65% after treatment with Os nitrido drug,
and further increased to 48.38% after the X-ray combined
treatment. This indicated that the co-treatment can induced G2/
M cell cycle arrest. This was further improved by western blotting
experiment (Fig. 2c). Through western we found that the
phosphorylation of CDC-2, a protein that regulates the entry of
cells into mitosis [25], expression was significantly inhibited. On
the other hand, the phosphorylation of DNA repair related kinases,
such as ATM (ataxia telangiectasi amutated kinase)/ATR (ataxia
telangiectasia kinase)/BRCA1 protein, increased rapidly. Further-
more, the phosphorylation of histone, a protein highly related to
DNA expression, was also observed. These phenomena together
prove the fact that radiotherapy sensitized by Os(VI) nitrido
complex leads to DNA damage and eventually causes G2/M cell
cycle arrest. The colony formation assay further confirmed the
inhibition effect on the proliferation of HeLa cells. As can be seen
from Fig. 2d, the cell proliferation decreased seriously after drug
and X-ray therapy.

In order to further understand the cause of G2/M cell cycle
arrest, we checked the changes in intracellular ROS level, since ROS
was reported to be the primary mediator of apoptosis [26]. As can
be seen from [26_TD$DIFF]Figs. 3a and d, the intracellular ROS (reactive oxygen
species) level increased significantly after the Os(VI) nitrido drug
and X-ray combination treatment by employing DCFH-DA
(dichloro-dihydro-fluorescein diacetate) probe [27], the most
widely used probe for intercellular ROS. Among various kinds of
ROS ([26_TD$DIFF]Figs. 3b and c, Table S4 and Fig. S5 in Supporting information),
the increase of superoxide radical (detected by DHE (dihydroethi-
dium) probe [28,29]) and singlet oxygen species (detected by DPBF
(1,3-diphenylisobenzofuran) probe [30,31]) were particularly
significant. As ROS is mainly produced in mitochondria, the
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Fig. 3. Examination of ROS level of Hela cells combined treatment of X-ray (4 Gy) and OsN(PhenOH)Cl3 (15mmol/L) by using (a) DCFH-DA probe, (b) DHE probe and (c) DPBF
probe. (d) Fluorescence picture of the effect of ROS in Hela cells by using DCFH-DA probe. Scale bar = [21_TD$DIFF]400mm.
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Fig. 4. Morphological changes ofmitochondria due to combined treatment of X-ray
(4 Gy) and/or OsN(PhenOH)Cl3 (15mmol/L) in Hela cells. The arrow represents
mitochondrial fragmentation. Scale bar =10mm.
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increase of ROS will cause mitochondrial damage and accompa-
nied with mitochondrial dysfunction. This was also observed by
MitoTracker labelling and Mitochondrial Membrane Potential
experiments [32–34]. As shown in Fig. 4 and Fig. S6 (Supporting
information), the mitochondria of Os(VI) nitrido drug and X-ray
treated cells changed from filamentous to punctate and significant
depletion of DCm was detected. These results indicated that Os
(VI) nitrido drug and X-ray treatment induces G2/M cell cycle
arrest by increasing intracellular ROS tomediate themitochondrial
pathway and DNA damage.

In summary, we designed and synthesized a high efficiency and
low toxicity radiosensitizer, OsN(PhenOH)Cl3, through substituent
regulation. To the best of our knowlege, this is the first osmium-
based coordination complex radiosensitizer. The experimental
results showed that this radiosensitizer induced G2/M cell cycle
arrest mainly through increasing intracellular ROS. Overall, this
study provides information for future rational design high
efficiency and low toxicity radiosensitizer based-on metal
coordination complexes for selective cancer therapy.
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