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ARTICLE INFO ABSTRACT

Keywords: Ru(II) compounds are potential candidates for photodynamic therapy (PDT) and auxiliary ligands may have an
Ru impact on the property of the resulting coordination compounds. In the present study, two Ru(II) compounds

Tfetrazole based on 5-(2-pyrazinyl)tetrazole (Hpztz) and two classic auxiliary ligands, 2,2’-bipyridine (bipy) or 1,10-phe-
Ligands nanthroline (phen) have been prepared and characterized, namely [Ru(pztz)(bipy),][PFs] (1) and [Ru(pztz)
Egior (phen),]1[PF¢] (2). The nanoparticles (NPs) of the two compounds have been prepared by self-assembly in

aqueous solution. In vitro MTT assay on HeLa cells show that [Ru(pztz)(phen),][PF¢] with a lower ICs (half-
maximal inhibitory concentration) of only 7.4 ug/mL is superior to that of [Ru(pztz)(bipy).]1[PFe] (17.8 ug/mL)
under irradiation. Meanwhile, negligible dark toxicity have been also observed for the two compounds. In ad-
dition, in vivo fluorescence imaging suggests that [Ru(pztz)(phen),][PF¢] NPs are able to target to the tumor by
enhanced permeability and retention effect (EPR). Furthermore, in vivo phototherapy on nude mice demonstrate
that such NPs can effectively inhibit the growth of the tumor. After treatment for 10 cycles, an obvious decrease
in the tumor volume can be observed while the normal tissues, including heart, liver, spleen, lung and kidney,
suffer from no damage, indicating the high phototoxicity, low dark toxicity and excellent biocompatibility of [Ru

(pztz)(phen),][PFs] NPs.

1. Introduction

Cancer has become the second leading cause of death, following
cardiovascular and cerebrovascular diseases, and it has already posed a
great threat to the health of human beings. According to the statistics,
people in growing number are newly estimated to have been diagnosed
with cancer in 2018 [1]. Traditional therapies, such as chemotherapy,
radioactive therapy, usually suffer from the disadvantages of invasion,
non-targeting and recurrence. Photodynamic therapy (PDT), a rela-
tively newly developed one, is well acknowledged for low systemic
toxicity and non-invasion, promising its potential for cancer treatment
[2-11]. On the one hand, among the well-established photosensitizers
(PSs), for instance, porphyrin (first generation), phthalocyanine
(second generation), have been developed as theranostic agents
[12-17]. On the other hand, tetrazole-based coordination compounds
have been widely used as functional materials, owing to not only their
intriguing structure topology, but also potential application as ad-
vanced materials, such as magnetism, homogeneous catalysis and en-
ergetic materials [18-25]. Ruthenium(II) complexes capable of light-

* Corresponding authors.

triggered cytotoxicity are appealing potential prodrugs for photo-
dynamic therapy [26-31]. For example, D. Havrylyuk et.al reported the
photochemical properties and structure-activity relationships of Ru"
complexes with pyridylbenzazole ligands as promising anticancer
agents [32]. However, investigation concerning Ru(II) compounds
based on tetrazole ligands are limited.

Inspired by the observations, to explore the potential of Ru(II)
compounds based on tetrazole-carboxylates, two new compounds based
on 5-(2-pyrazinyl)tetrazole (Hpztz), namely [Ru(pztz)(bipy).][PFs] (1)
and [Ru(pztz)(phen),]1[PF¢] (2) (phen = 1,10-phenanthroline) have
been designed and prepared. The nanoparticles (NPs) of these com-
pounds can be obtained by self-assembly in water. In vitro study in-
dicates [Ru(pztz)(phen),][PF¢] (2) is superior to [Ru(pztz)(bipy),]
[PF¢] (2) because the half inhibitory concentration (ICsp) of compound
2 is lower than that of compound 1, which may be ascribed to differ-
ence of the auxiliary ligand. Both of the compounds NPs can be uptaken
by HeLa cells and capable of generating ROS in vitro with DCF as a
probe. [Ru(pztz)(phen),][PFs] (2) has been chosen to further study the
phototherapy efficacy in vivo. Fluorescence imaging guided
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Scheme 1. Illustration of Ru(Il) compounds for cancer phototherapy.

phototherapy demonstrate that such NPs can effectively inhibit tumor
growth with irradiation while the normal organs suffer from no da-
mage, including heart, liver, spleen, lung and kidney, suggesting the
low dark toxicity, high phototoxicity and excellent biosafety of such
NPs (see Scheme 1).

2. Experimental section
2.1. Materials and apparatus

All the chemicals were purchased from Sigma (Shanghai Co.Ltd)
and used without further purification. The precursors were prepared
according to a literature method [33]. The 'H NMR and '*C NMR
spectra were recorded on Bruker DRX NMR spectrometer (500 MHz) in
DMSO at 298K as the internal standard (8 = 7.26 ppm). UV-vis spectra
were recorded on a spectrophotometer (UV-3600, Shimadzu, Japan).
The DLS were measured on a 90 Plus particle size analyzer (Brookhaven
Instruments, USA). SEM was conducted on an FEI quanta 200F micro-
scope. The bio-images of the tumor, heart, liver, spleen, and kidney
were recorded on a PerkinElmer IVIS Lumina K.

2.2. Synthesis of [Ru(pztz)(bipy).]1[PFs] (1)

cis-[RuCl,(bipy).] (0.52 g, 1 mmol) and NH4PFg (0.539 g, 2.2 mmol)
were dissolved in 30 mL ethanol and heated at 90 °C with stirring for
5h, and the mixture was filtered. Then, a mixture of Hpztz (2 mmol,
0.288 g) and 20 mL ethanol was added to the filtered solution, and the
solution was stirred overnight. Next, a mixture of 1 g NH,PFg and dis-
tilled water (20 mL) was added to the solution, and the solution was
stirred for 10 min. The mixture was extracted with DCM (30 mL) three
times and dried with MgSO,4. This mixture was then evaporated to
dryness under reduced pressure. The crude product was dissolved in
some acetone and poured into a large amount of hot ethanol. Re-crys-
tallization of the crude product gave rise to the formation of [Ru(pztz)
(bipy).][PFe]. Yield: 40%."HNMR (500 MHz, DMSO) 9.4 (1H, s), 8.8
(J =12.8, 7.6, 3.6 Hz, 4H, m), 8.5 (J = 2.4 Hz, 1H, d), 8.1 (J = 20.8,
12.8, 5.2 Hz, 4H, m), 7.9 (J = 5.2Hz, 1H, d), 7.8 (J = 4.8 Hz, 1H, d),
7.7 (2H, s), 7.6 (J=17.2, 12.8, 5.6Hz, 2H, m), 7.5 (2H, s), 7.4
(J = 5.2Hz,1H, d), '*C NMR (125 MHz, DMS0):160.3, 157.5, 152.2,
146.8,146.1, 142.7, 138.1, 128.2, 127.5, 124.8, 124.2, 157.16, 152.80,
150.72, 138.84, 137.16, 134.74, 127.35, 125.56, 123.93, 105.44;

Elemental analysis: calculated: C: 42.56, H: 2.71, N: 19.85%, found: C:
42.42, H: 2.68, N: 19.81%. MS (ESI) for Cy5H;9N;oRUPFg, calculated:
705.52 found: 705.43; IR (KBr, cm™!'): 3341(s), 1606(s), 1566(s),
1523(s).

2.3. Synthesis of [Ru(pztz)(phen).][PFs] (2)

cis-[RuCly(phen),] (0.52g, 1mmol) and NH4PFs (0.539g,
2.2 mmol) were dissolved in 30 mL ethanol and heated at 90 °C with
stirring for 5h, and the mixture was filtered. Then, a mixture of Hpztz
(2 mmol, 0.288 g) and 20 mL ethanol was added to the filtered solution,
and the solution was stirred overnight. Next, a mixture of 1 g NH,PFg
and distilled water (20 mL) was added to the solution, and the solution
was stirred for 10 min. The mixture was extracted with DCM (30 mL)
three times and dried with MgSO,. This mixture was then evaporated to
dryness under reduced pressure. The crude product was dissolved in
some acetone and poured into a large amount of hot ethanol. Re-crys-
tallization of the crude product gave rise to the formation of [Ru(pztz)
(phen),][PFg]. Yield: 35%. H NMR (500 MHz, DMSO) 9.42 (J = 17.2,
8.8, 3.6, 4H, m), 8.8 (1H, s), 8.7 (J = 7.2Hz, 2H, d), 8.4 (2H, s), 8.3
(2H, s), 8.0 (4H, s), 7.6 (J = 8.6 Hz, 3.6 Hz, 4H, t); 3C NMR (125 MHz,
DMSO) 160.9, 153.4, 147.8, 145.4, 143.9, 142.6, 130.8, 130.9, 130.1,
128.5, 126.0. Elemental analysis: calculated: C: 46.22, H: 2.54, N:
18.59%, found: C: 46.32, H: 2.58, N: 18.51%. MS (ESI) for
CaoH19N;oRUPF, calculated: 753.56 found: 753.34; IR (KBr, cm™1):
3341(s), 1606(s), 1566(s), 1523(s).

2.4. Preparation of compound 1 and compound 2 nanoparticles

The nanoparticles of the two compounds were prepared by re-pre-
cipitation. Taking compound 1 as an example, 200 pL of [Ru(bi-
py)2(pztz)1(PFs) (10 mg mL™Y) in tetrahydrofuran (THF) was added to
5 mL of water under ultrasound at room temperature. After the mixture
was stirred for 20 min, THF was removed by purging nitrogen for
20 min.

2.5. Cell culture and MTT assay
HeLa cell lines (Institute of Biochemistry and Cell Biology, SIBS,

CAS (China)) were cultured in regular growth medium consisting of
Dulbecco's modified Eagle's medium (DMEM, Gibco), supplemented
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Fig. 1. (a) Normalized absorbance of compounds 1 and 2 in THF and NPs in water; (b) Normalized PL intensity of compounds 1 and 2 in THF and NPs in water; DLS

and SEM of NPs of (¢) compound 1; (d) compound 2.

with 10% fetal bovine serum at 37 °C under a 5% CO, atmosphere. Cell
viability assays of the nanoparticles of the three compounds were first
dissolved in distilled water and then diluted with DMEM to various
concentrations and put in the 96-well plate. The incubation time is 24 h.
After that, the 96-well plate was irradiated with a xenon lamp (40 mW/
cm?) for 5min. Cell viability was determined using an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. A solu-
tion of MTT in distilled water (5mg mL™!, 20 mL) was added to each
well followed by incubation for 4 h under the same conditions at 37 °C.
Then the liquid was discarded and 200 mL DMSO was added. The ab-
sorbance at 492 nm of the plate was measured on a Bio-Tek microplate
reader at ambient temperature. The cell viability was then determined
by the following equation: viability (%) = mean absorbance in each
group incubated with different concentrations of NPs/mean absorbance
in the control group. The average absorbance of the blank well was
subtracted from the readings of the other wells.

2.6. Invitro cellular uptake and fluorescence imaging of cellular ROS

HelLa cells were incubated with the compounds 1 and 2 NPs at the
corresponding ICs, in a confocal dish for 24 h. Then the solution was
discarded and the cells were washed with PBS (3 mL), followed by the
addition of 1 mL polyoxymethylene for 25 min. Then polyoxymethylene
was discarded and the cells were washed with PBS three times. The
sample that was incubated with the compound 1 and 2 NPs for 24 h was
further incubated with 10 mM of 2,7-dichlorodihydrofluorescein dia-
cetate (DCF-DA) for another 3 min and was washed with 1 mL PBS three
times. This sample was irradiated with a xenon lamp (40 pW cm ~2) for
3 min. The fluorescence images were collected using an Olympus IX 70
inverted microscope. The samples incubated with the compound 1 and
2 NPs for 24h were excited at a wavelength of 405nm and the

fluorescence was collected from 430 to 500 nm. The sample incubated
with DCF-DA under irradiation was excited with a 488 nm laser and the
fluorescence was collected from 490 to 600 nm.

2.7. In vivo tumor treatment histology examination and bioimaging

The study complies with all institutional and national guidelines
and complied with the Chinese laws. Animal ethical approval was ob-
tained from the Guilin Medical University (SCXK2007-001). 12 nude
mice were purchased and then injected with HeLa cells as the tumor
source into the armpit. When the tumor volumes reached about
100 mm?, the mice were divided into 3 groups at random. Similarly, the
mice in the control group were injected with saline while those in the
other two groups were injected with compound 2 NPs. After 24 h, the
tumors of the control and illumination groups were irradiated by a
Xenon lamp (50 mW/cm?) for 8 min, whereas the mice in the dark
group were not irradiated. The process was conducted for thirty days,
and the tumor size and body weight of every mouse were recorded
every two days. These nude mice were killed after 30 days, and this was
followed by the histology analysis. The main organs (heart, liver,
spleen, lung, and kidney) and the tumor from each mouse were isolated
and kept in 4% formaldehyde solution. After dehydration, the tissues
were embedded in paraffin cassettes and stained with hematoxylin and
eosin (H&E), and the images were recorded on a microscope.

3. Results and discussions

3.1. Characterization of [Ru(pztz)(bipy).][PFs] (1) and [Ru(pztz)
(phen)2][PFs] (2)

The absorbance of compounds [Ru(pztz)(bipy).][PFs] (1) and [Ru

126
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Fig. 2. MTT assay of (a) [Ru(pztz)(2,2’-bipy).][PF¢] (1) and [Ru(pztz)(phen),][PF¢] (2) NPs; (c) Cellular uptake of compounds 1 and 2 NPs and ROS generation with

DCF as probe.

(pztz)(phen),][PFg] (2) in THF and its NPs are shown in Fig. la.
Compound 1 exhibits two peaks at 432 nm and 508 nm and compound
2 at 422 and 498 nm, respectively. In contrast, the absorbance of NPs in
water show red shift. For the emission spectra, red shift was also ob-
served (Fig. 1b). The phenomenon may be attributed to both the ag-
gregation of NPs and the solvent effect. To improve the water dispersity
of these compounds, nano-precipitation was used. SEM (scanning
electron microscope) and DLS (dynamic light scattering) were used to
characterize the size and the diameter of [Ru(pztz)(bipy).][PF¢] (1)
and [Ru(pztz)(phen),][PF¢] (2) NPs. From Fig. 1c and d, it can be seen
that the NPs can self-assemble to form hexagon morphology dis-
tributing from 52 to 99 nm for compound 1 NPs, and 57 to 128 nm for
compound 2 NPs, respectively, suggesting the suitability for enhanced
permeability and retention effect (EPR).

3.2. Invitro MTT assay, cellular ROS generation

To explore the PDT efficacy of [Ru(pztz)(bipy),][PFe¢] (1) and [Ru
(pztz)(phen),][PFs] (2) NPs, MTT assay were performed. As shown in
Fig. 2a and b, for the irradiation group, cell viability tended to decrease
with the increase of the concentration. Both compounds showed high
phototoxicity and compound 2 is superior to compound 1 because the
ICso (half-maximal inhibitory concentration) of compound 2 (7.4 ug
mL~1) is lower than that of compound 1 (17.8 ug mL~1). On the other
hand, the cell viability remained high without irradiation, suggesting
the low dark toxicity of the compound. Fig. 2c shows the cellular uptake
and ROS generation with DCF as a probe of compounds 1 and 2 in HeLa
cells. These NPs can be uptaken by HeLa cells as indicated by the green
fluorescence. In addition, ROS (reactive oxygen species) can also be
generated upon irradiation at 488 nm because the fluorescence can be
lighted.

3.3. In vivo fluorescence imaging guided photodynamic therapy

Nanoparticles can be passively targeted to the tumor by EPR effect.
Confocal laser scanning microscope (CLSM) has been taken advantage
of to investigate the uptake of the NPs in the tumor. As shown in Fig. 3a,
no detectable fluorescence can be observed at 0h. After post-injection
for 2 h, the fluorescence of the tumor gradually become stronger while
that is the strongest at 6 h injection, indicating 6 h is the appropriate
time for phototherapy. At 24 h, the tumor still remain fluorescent. Then
the mouse was sacrificed and the fluorescence intensity of the tumor
and other five normal tissues, including heart, liver, spleen, lung and
kidney were measured. The fluorescence intensity of the tumor is the
strongest, followed by liver and kidney, showing the low term retention
of such NPs (Fig. 3b).

3.4. In vivo photodynamic therapy

Since the phototherapy efficacy of [Ru(pztz)(phen),][PF¢] is su-
perior to that of [Ru(pztz)(bipy).][PFs]. In order to evaluate the pho-
totherapy efficacy of [Ru(pztz)(phen),][PF¢] NPs, 12 Hela tumor-
bearing nude mice were divided into three groups at random and used
to investigate the PDT efficacy of [Ru(pztz)(phen),][PFs] NPs in vivo.
As shown in Fig. 4a, the tumor volume increases quickly while that of
the NPs only increase a little slowly. The tumor volume of the control
and the no illumination groups jump at a considerable high speed, re-
spectively while that of the illumination group is almost unchanged,
indicating the outstanding phototherapy efficacy of [Ru(pztz)(phen).]
[PF¢] NPs under irradiation. However, the tumor volume of the no il-
lumination group is a little smaller than that of the control group, which
can be explained by the fact that the sunlight inevitably irradiate the
tumor to inhibit the tumor growth. The body weight in the three groups
increase, respectively, indicating the low dark toxicity and good bio-
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compatibility of [Ru(pztz)(phen),][PF¢] NPs (Fig. 4b). The survival rate
of the mice after sacrifice are shown in Fig. 4c. Hematoxylin and eosin
(H&E)-stained images of the tumors in the control and no illumination
groups (Fig. 4d-f) show the nucleus of HeLa cells remain normal,
suggesting the low dark toxicity themselves. In contrast, the nucleus of
the irradiation group are distorted or even damaged, indicating the
good phototherapy efficacy of [Ru(pztz)(phen),][PF¢] NPs.

To further investigate the bio-compatibility of NPs, the H&E stained
pictures of the normal organs have been illustrated in Fig. 5. the normal
organs (heart, liver, spleen, lung, kidney) in no illumination and illu-
mination groups suffer from no damage, indicating the good biosafety
of [Ru(pztz)(phen),][PF¢] NPs [30-32].

4. Conclusions

In conclusion, two new Ru(II) compounds based on Hpztz have been
prepared by changing the auxiliary ligand, from bipy to phen. The two

128

compounds show both mononuclear structure and the NPs were ob-
tained by self-assembly in water. In addition, negligible dark toxicity
was observed while [Ru(pztz)(phen),][PF¢] is superior to [Ru(pztz)
(bipy),1[PFe] in terms of cytotoxicity upon irradiation. Furthermore,
both in vitro and in vivo study show that [Ru(pztz)(phen),][PFs] with a
low ICso on HeLa cells can effectively inhibit the growth of tumor and
cause no damage to the normal tissues, including heart, liver, spleen,
lung and kidney. Our results suggest that [Ru(pztz)(phen),][PF¢] with
negligible dark toxicity, excellent photo toxicity as well as outstanding
biocompatibility may have potential for imaging guided photodynamic
therapy.
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Fig. 5. H&E stained picture of normal organs, including heart, liver, spleen, lung and kidney.
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