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The development of Ru(i) complexes as luminescent probes has attracted increasing attention in recent
decades. In this study, the nanosized polymers of two Rul(i) complexes [Ru(phen),(dppz)l(ClO4), (1, phen =
1,10-phenanthrolin; dppz = dipyrido([3,2-a:2’,3'-clphenazine) and [Ru(phen),(Br-dppz)l(ClO,), (2, Br-dppz =
11-bromodipyrido[3,2-a:2’,3'-clphenazine) with oligonucleotides were prepared and investigated as
potential tumor-imaging probes. The formation of the nanosized polymers, which had an average width of
125-438 nm and an average height of 3-6 nm, for 1 and 2@oligonucleotides were observed through
atomic force microscopy. The emission spectra indicated that the luminescence of 1 and 2 markedly

increased after binding to oligonucleotides and double-strand DNA (calf thymus DNA), respectively.
Received 26th June 2018 M further studies indicated that 1@oligonucleotides and 2@oligonucleotid ily enter int
Accepted 15th August 2018 oreover, further studies indicate at l@oligonucleotides and 2@oligonucleotides can easily enter into

tumor cells and selectively highlight the tumor area in the zebrafish bear xenograft tumor (MDA-MB-231).

DOI: 10.1039/c8ra05454a In summary, this study demonstrated that 1l@oligonucleotides and 2@oligonucleotides could be developed
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Introduction

Fluorescence imaging has become an increasingly significant
approach among modern medical treatments for tumor diag-
nosis and surgery.” The development of confocal fluorescence
microscopy has enabled the early detection of tumor tissues by
medical professionals through fluorescence imaging,* and
fluorescence-guided surgery can aid surgeons in identifying and
removing malignant lesions.* Although current clinical imaging
agents are excellent for cellular uptake and have low toxicity,*
they suffer from short stokes shifts, short luminescence life-
times, and photobleaching.® An ideal luminophore for cellular
imaging should be photostable, have a high quantum yield,
possess good cell permeability, and exhibit low cytotoxicity.”
Novel luminescence probes should satisfy these requirements
in the future.

“School of Pharmacy, Guangdong Pharmaceutical University, Guangzhou, 510006,
China. E-mail: wenjiemei@126.com; wugiongniu.1113@163.com; hiwcx@hotmail.
com

"Traditional Chinese Medicine College, Guangdong Pharmaceutical University,
Guangzhou, 510006, China

School of Chemistry, Jinan University, Guangzhou, 510632, China

‘Guangdong Province Engineering Technology Centre for Molecular Probe and
Biomedicine Imaging, Guangzhou, 510006, China

T Electronic  supplementary  information available. See DO
10.1039/c8ra05454a

i Equally contribution.

(EST)

This journal is © The Royal Society of Chemistry 2018

as potential tumor-imaging luminescent probes for clinical diagnosis and therapy.

In the past two decades, Ru(u) complexes have been
frequently investigated as luminescence probes because of their
excellent photostability, large stokes shifts, excellent photo-
physical properties, and long lifetimes.® Ru(dppz) systems re-
ported as DNA probes,>'® such as complex 1, have attracted
considerable interest because of the outstanding photophysical
and photochemical properties of Ru(u) complexes and the light
switch-on effect. Although this complex has no luminescence in
water solutions, it can exhibit strong luminescence when
intercalating with DNA." Moreover, several studies have re-
ported that Ru(u) complexes can be utilized in imaging sub-
cellular structures, such as membranes,"” endoplasmic retic-
ulum,® lysosomes,** mitochondria," and nuclei.’® In previous
works, Ru(u) complexes have been modified with cell-
penetrating peptides,'” biotins,"® estradiols,' and oligonucleo-
tides®® to improve their cellular uptake and decrease their
cytotoxicity. An increasing number of studies on the use of Ru(u)
complexes as luminescence probes have confirmed the great
potential of such complexes in clinical imaging. Nonetheless,
the clinical application of Ru(u) complexes is still hampered by
several limitations, particularly the lack of tumor targeting and
location.

Drug targeting is an attractive concept because it can
enhance the therapeutic effects and reduce the system toxicity.*
Drug targeting can be divided into two methods: active target-
ing and passive targeting. Active targeting can be achieved
through several strategies, such as antibodies,*” aptamers,> and
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peptides,** which are the ligands in angiogenic blood vessels or
the cell membrane. Drugs can be modified with these ligands to
target tumor cells. However, these active targeting methods are
unsuitable for solid tumor tissues, thereby limiting their clin-
ical applications. In recent years, the use of nanoparticles for
passive targeting® has attracted considerable attention in
cancer therapy and diagnosis.”® Nanoparticles are defined as
submicron (<1 mm) colloidal systems, which can be classified
as nanospheres or nanocapsules depending on the preparation
process.”” Nanocapsules are vesicular systems that encapsulate
drugs in an aqueous or oily cavity formed from a single poly-
meric membrane. Nanospheres are matrix systems from which
drugs are dispersed throughout the particles. Nanoparticles
deliver drugs to tumor tissues in vivo via physiological barriers,
and the size of the nanoparticles affects the biodistribution in
vivo.”® Owing to solid tumors with abundant abnormal blood
vessel and great membrane permeability, the nano-sized
macromolecular anticancer drugs can easily penetrated into
tumor cells and largely enriched in tumor tissues through EPR-
based selective anticancer nanotherapy. Then, the selective
high local concentration of nano-sized anticancer drugs have
been consider as a potential tumor targeting inhibitor with
minimal side effects in both preclinical and clinical settings.*®
Recent reports have demonstrated that drugs incorporated into
polymeric particles display high selectivity and local concen-
tration.* For example, the anticancer drug DOX, when carried
by nanoparticles, shows distribution in whole body for heart,
liver, spleen, lung, kidney, and so on, but also enhanced accu-
mulation®' and selective delivery in solid tumors. As such, DOX-
containing nanoparticles have been in clinical trials.
Therefore, to reduce the side effects of Ru(u) complexes as
luminescent imaging agents and increase their concentration
in tumor tissues, two Ru(u) complexes (Scheme 1) [Ru(phen),(-
dppz)](ClO,), (1, phen = 1,10-phenanthrolin; dppz = dipyrido
[3,2-a:2',3'-c]phenazine) and [Ru(phen),(Br-dppz)](ClO,), (2, Br-
dppz = 11-bromodipyrido[3,2-a:2’,3'-c]phenazine)  were
designed as Ru(u)@oligonucleotide nanosized polymers and
constructed. The atomic force microscopy (AFM) results of the
Ru(n)@oligonucleotide indicated that Ru(u) complexes can
selectively induce oligonucleotides to transform into nanosized
polymers. The luminescence of the Ru(u) complexes was
enhanced after the addition of oligonucleotides. The stability of
the Ru(u)@oligonucleotide nanosized polymers was assessed
through electronic spectroscopy and circular dichroism (CD)
spectroscopy. The results revealed that both 1 and 2 could
selectively stabilize and bind to oligonucleotides, and that the
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Scheme 1 Molecular structures of 1 and 2.
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Ru(u)@oligonucleotide nanosized polymers should be stable.
Further study shown that Ru(u)@oligonucleotide nanosized
polymers was selectively localized in tumor cells with strong
phosphorescence in cellular and zebrafish xenografts model.
These findings may suggest that 1 and 2@oligonucleotide
nanosized polymers can be utilized as potential luminescence
probes in tumor diagnosis and therapy.

Results and discussion
Synthesis and characterization

The target compounds 1 and 2 have been prepared by heating at
reflux for 6 h under N, atmosphere. The yield for 1 and 2 is
about 67 and 61%, respectively. The mass spectra in acetonitrile
exhibited a peak at m/z 372.5 (100%) for 1 and at 412.3 for 2
(100%) which was ascribed to [M-2C10, ]*" and agreed with the
theoretical value. The chemical shift (6) of 1 in "H NMR at 9.61
(d,J = 1.2 Hz, 1H), 9.59-9.59 (m, 1H), 8.81 (d, / = 1.2 Hz, 1H),
8.80 (t,/ = 1.3 Hz, 2H), 8.78 (d,J = 1.3 Hz, 1H), 8.41 (s, 4H), 8.28
(dt, J = 4.5, 2.3 Hz, 2H) and 8.21-8.18 (m, 4H) ppm can be
attributed to eight H atoms in phen ligands, respectively. The
chemical shift attributed to the phenanthroline ring appeared
at (7.78-8.52) of 7.78 (dd, J = 8.3, 5.3 Hz, 2H), 7.90 (dd, ] = 6.8,
4.0 Hz, 2H) and 8.52 (dt, J = 6.4, 3.2 Hz, 2H) ppm. The chemical
shift at 8.07 (dd,J = 5.2, 1.2 Hz, 2H) and 7.82 (dd, J = 8.3, 5.3 Hz,
2H) ppm can be attributes to H5 and H6 in co-ligand phenan-
throline. For complex 2, the chemical shift (¢) at 9.52 (d, J =
1.2 Hz, 1H), 9.50 (dd, J = 2.4, 1.3 Hz, 1H), 9.48 (d,J = 1.3 Hz,
1H), 8.83-8.80 (m, 2H), 8.80 (d, J = 1.0 Hz, 1H), 8.41 (d, ] =
1.2 Hz, 3H), 8.28 (dd, J = 5.3, 1.2 Hz, 1H), 8.25 (t,] = 3.0 Hz, 1H),
8.23 (dd, J = 5.4, 1.7 Hz, 1H), 8.21 (dd, J = 4.5, 2.5 Hz, 1H), 8.20
(d,J = 1.3 Hz, 1H), and 8.08 (ddd, J = 5.2, 2.5, 1.2 Hz, 2H) ppm
can be attributed to eight H atoms in phen ligands, respectively.
The chemical shift attributed to the phenanthroline ring
appeared at (7.90-8.52) of 7.78 (dd, J = 8.3, 5.3 Hz, 2H), 7.92-
7.87 (m, 2H) and 8.32 (dt, J = 5.4, 2.7 Hz, 1H) ppm. The
chemical shift at 8.78 (s, 1H), 7.83 (td, J = 8.1, 5.3 Hz, 2H) and
8.63 (d,J = 2.2 Hz, 1H) ppm can be attributed to H4, H5 and H6
in co-ligand phenanthroline (Fig. S21).

Preparation and characterization of the nanosized polymers

Ru(u) complexes were dissolved by dimethyl sulfoxide and then
diluted to 100 uM solution by Tris—HCI KCI or NaCl buffer (pH
= 7.2) ([KCl] = 0.1 M, [NaCl] = 0.1 M). The oligonucleotides or
CT-DNA were dissolved and diluted to 100 pM solution by Tris—
HCI KCl or NaCl buffer (pH = 7.2) ([KCI] = 0.1 M, [NaCl] = 0.1
M). The oligonucleotides or CT-DNA solution (100 pM) and
Ru(u) complexes (100 pM) were well mixed in an Eppendorf
tube.

AFM was conducted to investigate the nanosized polymers
formed from 1 and 2 with oligonucleotides. The sequence of the
oligonucleotides was 5-TGGGGAGGGTGGGGAGGGTGGG-
GAAGG-3'. The morphologies and sizes of the oligonucleotide
nanosized polymers that were treated by the complexes are
shown in Fig. 1A and B. Abundant lacunose DNA particles and
Ru(n) molecules associated with each other into a higher

This journal is © The Royal Society of Chemistry 2018
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ordered conglomerate and self-assembled into nanosized
polymers.** Both 1 and 2@oligonucleotides displayed an irreg-
ular rotundity shaped. The 1@oligonucleotide nanosized poly-
mers had an average width of 116-170 nm and an average
height of 3-5 nm. The 2@oligonucleotide nanosized polymers
had an average width of 375-422 nm and an average height of 5-
6 nm (Fig. S41). As 1 and 2 were added, the CT-DNA condensed
into vast amorphous and irregular particles. These particles,
which were loose and net-like, had an average width of 50-
400 nm and an average height of 1-3 nm (Fig. S51).**° The
sphere-like morphology of the Ru(u)@oligonucleotides consid-
erably differed from the net-like morphology of the Ru(u)@CT-
DNA particles, suggesting that the conformation of oligonu-
cleotides or CT-DNA was changed after being treated by 1 and 2.
Furthermore, the size of the oligonucleotide nanosized poly-
mers treated by complexes was larger than that of the CT-DNA
presumably because of the higher affinity of 1 and 2 binding
to oligonucleotides.*® Moreover, the size of the 2@oligonucle-
otides was larger than that of the 1@oligonucleotides possibly
because of the effects of the substituents on the ligand. These
results unambiguously differentiated the morphological char-
acteristics of oligonucleotides and CT-DNA in the presence of 1
and 2, respectively, confirming that the complexes can selec-
tively induce oligonucleotides to form nanosized polymers.

To investigate the surface properties and stability of the
polymers, the TEM (Fig. S71) and particles size (Fig. S81) of
Ru(u)@oligonucleotides and Ru(u)@CT-DNA were tested. It can
be observed that the size of Ru(u)@oligonucleotides, especially
the 2@oligonucleotides, was larger than that of Ru(in)@CT-DNA.
For oligonucleotides, upon the addition of 1 and 2, DNA
condensates exerted more tight nanosized polymers, especially
for 1@oligonucleotides with excellent dispersivity which
complex 1 exhibited greater binding affinity to oligonucleotides

0.0 Height 2.0um

Fig. 1
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than 2. However for CT-DNA, Ru@CT-DNA presented smaller
size and loose polymers with the addition of 1 and 2. It is sug-
gested that 1 and 2 showed weak binding affinity to CT-DNA.
Besides, it is found that the size of 1@CT-DNA and 2@CT-
DNA exerted big fluctuation in 7 days, but the size of 1@oligo-
nucleotides and 2@oligonucleotides exhibited some certain
degree changes and kept a excellent stability in 7 days. These
results were agreement with above result, and it is indicated
that 1 and 2 may display great affinity to oligonucleotide.

DNA-binding behaviour of Ru(u) complexes with
oligonucleotides

Fluorescence spectra titration. The enhancement of the
steady-state luminescence of 1 and 2 in the presence of oligo-
nucleotides and CT-DNA was evaluated, as shown in Fig. 2.
When excited at 450 nm in Tris-HCI KCI or NaCl (pH 7.2) buffer
at room temperature, both 1 and 2 emitted strong luminescence
in the range 550-650 nm with the maximum at 577 and 595 nm,
respectively. The Stokes shifts were 127 and 145 nm, respec-
tively. Upon the addition of oligonucleotides and CT-DNA, the
intensities of 1 and 2 were enhanced by degrees (Fig. 3A). In the
presence of oligonucleotides, the relative intensities (Z/1,) of 1
and 2 were 2.89 and 2.59, respectively, suggesting that 1 and 2
may bind to oligonucleotides in a groove binding mode.*” In the
presence of CT-DNA, the relative intensities (I/I,) of 1 and 2 were
2.74 and 2.04, respectively, possibly because the formation of Z-
DNA enhanced the luminescence intensity of these Ru(m)
complexes.®® As the nucleotide concentration was increased,
Ru(n)@oligonucleotides exhibited a more significantly

enhanced luminescence than Ru(u)@CT-DNA. These results
demonstrated that Ru(u)@oligonucleotide nanosized polymers
had stronger luminescence intensity than free complexes and
Ru(n)@CT-DNA

particles, indicating that Ru(n)

0.0 0.5 1.0 15 2.0
Distance/um

250"m

Height

Distzznce/ 1773 *
!; nm M 150 nm
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(A) AFM images of oligonucleotides after being treated by 1 (in pH 7.2 Tris—HCL KCl buffers). (B) AFM images of oligonucleotides after being

treated by 2 (in pH 7.2 Tris—HCLKCl buffers). (C) AFM images of CT-DNA after being treated by 1 (in pH 7.2 Tris—HCl NaCl buffers). (D) AFM images
of CT-DNA after being treated by 2 (in pH 7.2 Tris—HCl NaCl buffers). [Ru] = 100 uM, [oligonucleotides] = 100 pM, [CT-DNA] = 100 uM.
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Fig. 2 (A) Changes in the luminescence intensities of 1 and 2 in the
absence and presence of oligonucleotides. [Ru] = 100 uM, [oligonu-
cleotides] = 0.067nuM,n =0, 1, 2..., (in pH 7.2 Tris—HCl KCl buffers).
(B) Changes in the luminescence intensities of 1 and 2 in the absence
and presence of CT-DNA. [Ru] = 100 pM, [CT-DNA] = 0.067n uM, n =
0,1 2.... (in pH 7.2 Tris—HCl NaCl buffers).

@oligonucleotide nanosized polymers can be utilized as lumi-
nescence imaging agents.

Electronic spectra titration. The binding affinity of both
complexes with oligonucleotides and CT-DNA was investigated
by electronic spectra titration experiments. Electronic spectros-
copy is one of the most common methods for analyzing the
interactions of transition metal complexes with biological mole-
cules. In general, Ru(u) complexes that exhibit absorption during
electronic spectroscopy may undergo hypochromism and red-
shift in the presence of DNA, and the degree of variation
depends on the binding affinity.** As shown in Fig. 4, the elec-
tronic spectra of 1 in Tris-HCI buffer (pH = 7.2) solution showed
characteristic IL (intraligand charge transfer) absorption in the
range of 250-300 nm with the maximum at 264 nm. A weak
absorption band was observed at 439 nm, which could be
attributed to metal-ligand charge transfer (MLCT) absorption.
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Fig. 3 (A) The relative intensity (//lg) of 1 and 2 with increasing
concentration of oligonucleotides or CT-DNA. [Ru] = 20 uM, [oligo-
nucleotides] = 0.067n uM,n =0, 1, 2..., [CT-DNA] = 0.067n uM, n = O,
1,2...,(inpH 7.2 Tris—HCL KCl or NaCl buffers). (B) Hypochromic effect
of the changes of 1 and 2 between oligonucleotides and CT-DNA, [Rul]
= 20 uM, [oligonucleotides] = 100 uM, [CT-DNA] = 100 uM, (in pH 7.2
Tris—HCL KCl or NaCl buffers).
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Fig.4 (A) Electronic spectra of 1 and 2 in the absence and presence of
oligonucleotides in the Tris—HCl KCl buffer (pH 7.2). ([Ru] = 20 uM,
[oligonucleotides] = 0.067n uM, n =0, 1, 2....); (B) electronic spectra of
1 and 2 in the absence and presence of CT-DNA in the Tris—HCl NaCl
buffer (pH 7.2). ([Ru] = 20 uM, [CT-DNA] = 0.067n uM, n =0, 1, 2...).

For 2, the characteristic IL and MLCT absorptions appeared at
263.5 and 438 nm, respectively. Upon the addition of oligonu-
cleotides, the hypochromism value was 21% for both 1 and 2 at
the IL absorption band, and binding constants for 1 and 2 with
oligonucleotides were 4.8 and 6.5 x 10" M, respectively. When
CT-DNA was added, the hypochromism values of 1 and 2 at the IL
absorption band were 8.6% and 12%, and the binding constants
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Fig. 5 (A) CD titration spectra of oligonucleotides with increasing

amounts of 1 and 2 in the incubation buffer, [Ru] = 0, 2.660, 5.305,
7.937,10.554, 13.158, 15.748, 18.325 uM, [oligonucleotides] = 100 uM.
(B) CD titration spectra of CT-DNA with increasing amounts of 1 and 2
in the incubation buffer, [Rul = 0, 2.660, 5.305, 7.937, 10.554, 13.158,
15.748, 18.325 pM, [CT-DNA] = 100 puM.
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for 1 and 2 with CT-DNA were 2.7 and 0.7 x 10" M~ ', respectively.
Compared with [Ru(bpy),(bppp)]**, these data indicated that
both 1 and 2 could bind to oligonucleotides with high affinity*
and that the nanosized polymers of Ru(u)@oligonucleotide may
possess a greater robust system stability.

Circular dichroism spectra. Furthermore, the conformation
of oligonucleotides and CT-DNA was confirmed by CD spec-
troscopy in the presence of 1 and 2. CD spectroscopy is one of
the most common and convenient methods for detecting DNA
conformational changes.” The CD spectra of oligonucleotides
showed a positive signal in the range of 254-290 nm with the
maximum at 265 nm and a negative signal in the range of 220-
253 nm with the maximum at 245 nm. As 1 and 2 increased, the
conformation of the oligonucleotides remained unchanged,
and the signal was enhanced (Fig. 5A) finding that 1 and 2 can
stabilize the structures of oligonucleotides. The CD spectra of
CT-DNA es exhibited a strong positive signal in the range of
265-300 nm with the maximum at 275 nm and a major negative
signal in the range of 230-265 nm with the maximum at

A MDA-MB-231 Ru(Il)

1@Olig

@CT-DNA

7Zebraﬁsh Blood vessel

I@Olig 0

2@Olig

Tumor cells
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248 nm, which are characteristic CD signals of B-form double-
stranded DNA.*> Upon the addition of Ru(u) complexes, the
CD spectra markedly changed (Fig. 5B). For 1, as the original
negative peak at 248 nm and the positive peak at 275 nm were
suppressed, a strong positive peak at about 260 nm and
a negative peak at about 273 nm appeared, which were the CD
signals of Z-DNA.*»*** The same result was observed for 2.
These finding showed 1 and 2 can induce the conformation of
B-form DNA transformed to Z-form DNA. This phenomenon
may give the reminder that the AFM images of Ru(u) were loose
net-like particles, may attribute to the inherently loose structure
of Z-DNA, of which the ribose phosphate backbone follows a zig-
zag course.*® Thus, complexes 1 and 2 can bind with oligonu-
cleotides to form stabilizing matrix systems and be self-
assembled into nanospheres, and they also can induce the
conformation of B-DNA transformed to Z DNA.

In general, intercalation of a compound into DNA is known to
cause an observable increase in the viscosity of a DNA solution due
to an increase in the distance of base pairs at the intercalation site.

Ru(II)

B wMDpA-MB-231

Ru(ni

Fig. 6 Selectively imaging tumor cells by Ru(i)@oligonucleotide in vitro and in vivo. (A) MDA-MB-231 cells imaging of 1, 1@oligonucleotide and
1@CT-DNA at 37 °C for 24 h. (B) MDA-MB-231 cells imaging of 2, 2@oligonucleotide and 2@CT-DNA at 37 °C for 24 h. (C) Tumor area high-
lighted by 1@oligonucleotide and 2@oligonucleotide in zebrafish xenografts model. ([Ru] = 2.5 uM, [oligonucleotides] = 2.5 pM).
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Viscosity changes were measured using CT-DNA with increasing
concentrations of the complex 1 and 2, as shown in Fig. S9.1 The
effects of complex 1 and 2 versus [Ru(bpy);]" on the relative
viscosity of rod-like DNA are shown in Fig. S9.1 It is well known
that [Ru(bpy);]*" interacts with DNA in a classical electronic effect.
On increasing the concentration of complex 1, the relative viscosity
of the DNA increased steadily compared to [Ru(bpy)s]**. Moreover,
a number of studies have reported that this kind of Ru() complex
interact with oligonucleotides through groove binding mode by
using molecular docking calculation.® This suggests that complex
1 and 2 insert into the base-pairs of CT-DNA via an intercalative
mode and interact with oligonucleotides through groove binding
mode, which is in agreement with the spectroscopic studies.

Tumor imaging in vitro and in vivo. To evaluate the potential
application of 1 and 2@oligonucleotides act as the luminescence
probe to track tumor cells, the cellular localization observation by
fluorescence microscopy was performed. As shown in Fig. 6A and
B, after treatment with free complex 1 and 2, weak red phos-
phorescence was monitor in the cell, which suggested free Ru(u)
complex difficultly penetrated tumor cell membrane. However,
when dealt with 1@oligonucleotides and 2@oligonucleotides, it
is found that strong red phosphorescence in cell cytoplasm. But,
when treated with 1@CT-DNA and 2@CT-DNA (macromolecular
nucleic acid modified Ru(u) complexes), there are little red
phosphorescence was observed in cells.*** These results indi-
cated that 1@oligonucleotides and 2@oligonucleotides could
easily enter into cytoplasm and highlight tumor cells, which may
attribute to the faster metabolism and higher membrane
permeability of tumor cells than that of normal cells.”®

The zebrafish is an excellent model to study the bioimaging
properties of fluorescent probe. Here, building on work with
a transgenic zebrafish (fil1:EGFP), MDA-MB-231 breast cancer
bearing model, which the blood vessels were labeled green
fluorescence, blue fluorescently labelled MDA-MB-231 cells were
serially transplanted in limiting dilutions to identify the tumor
cells near sub intestinal vessel (SIV) of zebrafish.*® Then, the
ability of 1@oligonucleotide and 2@oligonucleotide to monitor
the tumor bioimaging in zebrafish xenografts model was inves-
tigated. The 72 hour post fertilization (hpf) zebrafish larvae were
incubated with 1@oligonucleotide and 2@oligonucleotide (2.5
uM) for 96 h at 28.5 °C. As shown in Fig. 6C, when treatment with
1@oligonucleotides and 2@oligonucleotides for 96 h, it is
discovered that 1@oligonucleotides and 2@oligonucleotides
primarily distributed in intestine, but more distinctly highlight
tumor area. That means the nanosized 1@oligonucleotides and
2@oligonucleotides could effectively enriched in tumor cells in
vivo. These findings inspired us to develop oligonucleotides
modified Ru(r) complex as an efficient phosphorescent probe to
track living tumor cells for future clinical applications.

Conclusions

In conclusion, the present study established a novel method to
construct a Ru(u)@oligonucleotide nanosized polymers to high-
light tumor cells through EPR effect in vitro and in vivo. Then,
a nanosized functionalized Ru(u) complexes with great phos-
phorescence imaging ability can be obtained by oligonucleotide
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modification. Moreover, it is found that the binding behavior of
two Ru(u) complexes plays a key role in the condensation of DNA
to form nanosized polymers. Further studies shown that Ru(u)
@oligonucleotide nanosized polymers can distinctly highlight
tumor cells in vitro and obviously enrich in tumor area in
zebrafish xenografts model. In a word, the present nanosized
polymers developed as a potential tumor selective tracker, which
is expected to have potential applications of tumor targeting
imaging and tracking in vitro and in vivo.

Experimental
Reagents and materials

All reagents were purchased from commercial suppliers and
used without further purification. Solvents were dried and
purified through conventional methods prior to use. Ru(ui)
chloride hydrate, o-phenylenediamine, and 4-bromo-1,2-
phenylenediamine were purchased from Aladdin. 1,10-
Phenanthroline-5,6-dione was prepared by using a previously
reported method.” The ligands dppz and Br-dppz were
prepared as described by Norden et al®* All chemicals,
including solvents, obtained from commercial
vendors and used as received. Oligonucleotides (5'-
TGGGGAGGGTGGGGAGGGTGGGGAAGG-3') and calf thymus
DNA were purchased from Sangon Biotech (Shanghai) Co. All
aqueous solutions were prepared with doubly distilled water.
The Tris-HCI buffer (which was utilized in the CD spectroscopy,
emission titration, UV titration, and AFM) consisted of 10 mM
Tris and 100 mM NaCl or 100 mM KCl, and the pH was adjusted
to 7.2 by using HCI solution.

were

Instruments

The ESI-MS spectra were obtained in methanol on Agilent 1100
ESI-MS system operated at room temperature. The "H NMR and
3C NMR spectra were recorded in a dimethyl-@® sulfoxide
(DMSO0-d°) solution on a Bruker Avance III 500 spectrometer
operated at room temperature. The UV-vis absorption spectra
were obtained on a Shimadzu UV-2550 spectrophotometer. The
steady-state emission spectra were recorded on a RF-5301
fluorescence spectrophotometer. The CD spectra were ob-
tained on a Jasco J810 CD spectrophotometer. AFM imaging was
performed with an atomic force microscope (AFM; Bruker,
Dimension FastScanTM). Tumor cell imaging was observed on
fluorescence microscopy (Leica, DMIS).

Synthesis and characterization

Synthesis of [Ru(phen),dppz](ClO,), (1). 1 was synthesized
according to the literature® but with slight modifications. In
brief, a mixture of [Ru(phen),Cl,]-2H,0 (103.9 mg, 0.2 mmol)
and dppz (56.4 mg, 0.2 mmol) was heated at reflux for 6 h under
N, atmosphere in 30 mL of 9 : 1 glycol and water mixture. The
reaction mixture was diluted with 80 mL of water after the
solution was cooled to room temperature. Then, the mixture
was filtered, and excess sodium perchlorate was added to obtain
an orange solid. The crude products were filtered and washed
with cooled water and ether, and purified by flash silica gel

This journal is © The Royal Society of Chemistry 2018
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column chromatography to afford a red powder. The reaction
yield was 67%. ESI-MS (in CH;CN, m/z): 843.1 [M-ClO,”]" and
372.5 [M-2Cl0, **(Fig. S1At). '"H NMR (500 MHz, DMSO-d°)
69.61 (d,J = 1.2 Hz, 1H), 9.59-9.59 (m, 1H), 8.81 (d, J = 1.2 Hz,
1H), 8.80 (t,] = 1.3 Hz, 2H), 8.78 (d,J = 1.3 Hz, 1H), 8.52 (dt, ] =
6.4, 3.2 Hz, 2H), 8.41 (s, 4H), 8.28 (dt, ] = 4.5, 2.3 Hz, 2H), 8.21-
8.18 (m, 4H), 8.07 (dd, J = 5.2, 1.2 Hz, 2H), 7.90 (dd, J = 6.8,
4.0 Hz, 2H), 7.82 (dd, J = 8.3, 5.3 Hz, 2H), 7.78 (dd, J = 8.3,
5.3 Hz, 2H) (Fig. S2A%). *C NMR (126 MHz, DMSO-d°) § 153.96
(s), 153.31 (s), 152.69 (s), 150.76 (s), 147.15 (s), 141.93 (s), 140.21
(s), 136.97 (s), 133.21 (s), 132.60 (s), 130.49 (d, ] = 2.8 Hz), 130.10
(s), 129.45 (s), 128.09 (s), 127.55 (s), 126.32 (d, J = 13.0 Hz)
(Fig. S3AY).

Synthesis of [Ru(phen),(Br-dppz)](Cl0,), (2). 2 was prepared
in a similar method but with [Ru(phen),Cl,]-2H,0 (103.9 mg,
0.2 mmol), Br-dppz (72 mg, 0.2 mmol). Yield: 61%. ESI-MS (in
CH;CN, mfz): 922.9 [M-ClO, |" and 412.3 [M-2Clo, **
(Fig. S1B7). "H NMR (500 MHz, DMSO-d°) 6 9.52 (d, J = 1.2 Hz,
1H), 9.50 (dd, J = 2.4, 1.3 Hz, 1H), 9.48 (d, J = 1.3 Hz, 1H), 8.83-
8.80 (m, 2H), 8.80 (d, J = 1.0 Hz, 1H), 8.78 (s, 1H), 8.63 (d, ] =
2.2 Hz, 1H), 8.41 (d,J = 1.2 Hz, 3H), 8.32 (dt,] = 5.4, 2.7 Hz, 1H),
8.28 (dd,J = 5.3, 1.2 Hz, 1H), 8.25 (t,J = 3.0 Hz, 1H), 8.23 (dd, J =
5.4,1.7 Hz, 1H), 8.21 (dd, J = 4.5, 2.5 Hz, 1H), 8.20 (d,/ = 1.3 Hz,
1H), 8.08 (ddd, J = 5.2, 2.5, 1.2 Hz, 2H), 7.92-7.87 (m, 2H), 7.83
(td,J = 8.1, 5.3 Hz, 2H), 7.78 (dd, J = 8.3, 5.3 Hz, 2H) (Fig. S2BY).
3C NMR (126 MHz, DMSO-d®): 6 154.24 (d, J = 19.1 Hz), 153.33
(s), 152.70-152.54 (m), 150.79 (s), 147.13 (s), 142.22 (s), 140.75
(d, J = 20.3 Hz), 140.46 (s), 137.01 (s), 135.60 (s), 133.24 (s),
131.21 (s), 130.52 (s), 129.82 (d, J = 11.2 Hz), 128.09 (s), 127.65
(s), 126.33 (d, J = 14.4 Hz), 125.92 (s) (Fig. S3B7).

Preparation of the nanosized polymers

Ru(u) complexes were dissolved by dimethyl sulfoxide and then
diluted to 100 pM solution by Tris-HCI KCI or NaCl buffer (pH
= 7.2) ([KCI] = 0.1 M, [NaCl] = 0.1 M). The oligonucleotides or
CT-DNA were dissolved and diluted to 100 uM solution by Tris-
HCI KCl or NaCl buffer (pH = 7.2) ([KCI] = 0.1 M, [NaCl] = 0.1
M). The oligonucleotides or CT-DNA solution (100 M) and were
well mixed with the same volume of Ru(u) complexes (100 pM)
in an Eppendorf tube at room temperature for 72 h.

AFM observation

A 100 pL mixed solution was added to a copper wire mesh and
naturally volatilized for 2 h. The mixture of oligonucleotide
solution (100 pM) or CT-DNA solution (100 uM) was incubated
with Ru(u1) complexes (100 uM) for 3 days. Next, a 10 pL mixed
solution was removed to a mica plate and naturally volatilized
for 2 h. An image of the sample was captured by AFM (Bruker,
Dimension FastScanTM).

Viscosity measurements

The viscosity measurement is an effective method to judge the
interaction mode of Ru(u) complexes with DNA. Fixed solutions
of complexes and DNA in different concentrations were
prepared in Tris-HCI buffer media, with [Ru]/[[DNA] = 0, 0.02,
0.04, 0.06, 0.08, 0.1. Before testing, the solutions were stored in
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a thermostatic water bath at (30 + 0.1 °C) 1 h. The formula
calculated viscosity is: n = (¢ — t,)/t,. Viscosity curves were ob-
tained using (n/n,)"" as the Y-axis and with r (r = [Ru]/[DNA]) as
the X-axis.

Transmission electron microscope (TEM) observation

The mixture of oligonucleotide solution (100 pM) or CT-DNA
solution (100 pM) was incubated with Ru(u) complexes (100
uM) for 24 h. A 20 uL mixed solution was added to a copper wire
mesh and naturally volatilized for three times. The images of
the samples were obtained on TEM (Hitachi Ltd, Tokyo, Japan).

Particle size observation

The mixture of oligonucleotide solution (10 uM) or CT-DNA
solution (10 uM) was incubated with Ru(u) complexes (10 pM).
The particle size change of the samples varied with time, were
obtained on Zetasizer Nano ZS (Malvern, Britain).

Fluorescence emission titrations

Fluorescence spectroscopy was performed on a RF-5301 fluo-
rescence spectrophotometer using a 1 cm path length quartz
cell. Luminescence titrations of Ru(u) complexes were measured
by using a fixed Ru(u) concentration (100 uM) with increasing
CT-DNA or oligonucleotides. The first spectrum was obtained
after 5 min to allow the sample (3000 pL) to equilibrate. Then, 2
uL of the 100 uM DNA solution was added to the sample cell
with thorough mixing. The titration processes were repeated
until no apparent change occurred in the spectra for at least
three titrations, which indicated that binding saturation was
achieved.™

Electronic absorption spectra

The electronic absorption spectra were obtained on a Shimadzu
UV-2550 spectrophotometer using 1 cm path length quartz
cuvettes (3 mL). The absorption titration of the Ru(i) complex in
Tris-HCI] buffer was performed by using a fixed complex
concentration, to which increments of the DNA stock solution
were added. The concentration of the complex solution was 20
uM, and CT-DNA or oligonucleotides were added by degrees.
Complex-DNA solutions were incubated for 3 min before the
absorption spectra were recorded.>*

CD spectroscopy

The CD spectra were obtained on a Jasco ]J810 circular
dichroism (CD) spectrophotometer with a thermoelectrically
controlled cell holder. The cell path length was 1 cm. The CD
spectra were obtained in the range of 230-600 nm at 0.5 nm
increments with an averaging time of 0.5 s.>

Cellular imaging

MDA-MB-231 cells were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). The cell lines of MDA-
MB-231 were maintained in DMEM with fetal bovine serum
(10%), penicillin (100 units per mL), and streptomycin (50 units
per mL) at 37 °C in a CO, incubator (95% relative humidity, 5%
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CO,). MDA-MB-231 cells were resuspended in 10% FBS DMEM
at a density of 2.5 x 10* cells per mL, which were then treated
with drugs and incubated for 24 h at 37 °C, unless otherwise
stated. Cells were washed thrice in PBS. Cell morphology was
observed by laser confocal microscope.

Selectively imaging tumor cells by Ru(n)@oligonucleotide in
zebra fish xenografts model

The establishment of zebrafish embryo breast cancer model was
performed by the description of the related literature.” Juvenile
zebrafish of breast cancer model (72 h old) were incubated in
24-well plates (10 fishes in every well) with 1 mL solutions with
1@oligonucleotides and 2@oligonucleotides (2.5 uM) in aqua-
culture water. The localization of 1@oligonucleotides and
2@oligonucleotides in breast cancer zebrafish were observed
every 24 h with a fluorescence microscopy. The relevant ethical
protocols used for the in vivo study for zebrafish were performed
in compliance with relevant laws or guidelines and were fol-
lowed institutional guidelines. The animals were maintained in
accordance with the Guide for the Care and Use of Laboratory
Animals issued by the National Institutes of Health, and
approved by the Laboratory Animal Ethics Committee of
Guangdong Pharmaceutical University.
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