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Ruthenium complexes which can bind to DNA via electrostatic and intercalation interactions producing strong luminescence
have become ideal candidates for DNA staining. However, some of them such as Ru(phen);Cl, and Ru(phen),(dppz)Cl, could
hardly cross the cellular membrane of live cells which limited their further interaction with DNA in live cells. To solve this
problem, a potential approach is to find a proper vehicle for loading and delivery of these ruthenium complexes into live cells.
Mesoporous silica nanoparticles (MSNs) with non-toxicity and good biocompatibility can be good candidates. More importantly,
ruthenium complexes with positively charge could be loaded on negatively charged MSNs via electrostatic attractions to form
MSNs-Ru hybrid. In vitro test demonstrated that MSNs had no side effects on the interactions between Ru complexes and DNA.
Furthermore, it is found that the MSNs-Ru hybrid can enter into living human cervical cancer cells HeLa and stain the DNA while
the corresponding ruthenium complexes alone could hardly cross the cellular membrane in the control experiment, demonstrating

MSNs can be employed to be an efficient ruthenium complexes delivery nanomaterial for live cell staining.
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1 Introduction

As the library that cells use to store and execute the in-
formation required for life, DNA is the key molecule for
the operation of almost all biological systems [1]. In order
to study the physiological activities associated with DNA
better, visualization is indispensable. As a consequence,
enormous methods have been developed for DNA imaging
or staining. Among them, fluorescent/luminescent probes
are commonly used in molecular biology and analytical
chemistry [2—6]. And the vast majority of the available cell
staining dyes are based on organic molecules [7—10] and
transition metal complexes [11-17]. For example, ruthenium
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complexes such as Ru(phen);Cl,, Ru(phen).(dppz)Cl, (where
phen=1,10-phenanthroline, and dppz=dipyridophenazine,
Figure 1) which can bind to DNA via electrostatic and in-
tercalation interactions producing strong luminescence have
become ideal candidates for DNA staining [18-23].
However, it should be noted that Ru(phen);Cl,,
Ru(phen),(dppz)Cl,, etc. can only cross the membrane
of fixed cells or dead cells but bears poor uptake by live
cells, which definitely limits their further application to
some extent [21,23-28]. To solve this problem, a potential
approach is to find a proper vehicle to load and delivery
these ruthenium complexes into living cells. In our previous
work, graphene oxide (GO) has been exploited as an efficient
nanovector for loading and delivery of Ru(phen);Cl, into
living cells and it is found that the GO-Ru hybrid can enter
into the nuclei and stain the DNA of living human breast can-
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Figure 1 The structure of Ru(phen);Cl, and Ru(phen)(dppz)Cl; (color on-
line).

cer cells MCF-7, while Ru(phen);Cl, alone cannot cross the
cellular membrane in the control experiment [29]; GO also
has been exploited as an efficient nano-vehicle for loading
and delivery of propidium iodide (PI) into live cells to stain
DNA (or RNA) [30]. Furthermore, an organic compound,
Cucurbit[7]uril (CB7), has been used to transport a near-in-
frared fluorescent dye Hsd to enter into live cells for selective
RNA staining [31].

Mesoporous silica nanoparticles (MSNs) have drawn
worldwide attention in the past decades owing to their
unique properties, such as periodically aligned pore struc-
ture, easily modified inner/outer surfaces, high surface area
and good biocompatibility [32-37]. And thus they have
extensive potential applications in various important re-
search fields, including separation, drug storage, adsorption,
delivery, catalysis, energy conversion and nanofabrication,
etc. [38—41]. Especially, MSNs have been widely used as
nanocarriers for anti-cancer drug delivery systems [42—44].
All these provide evidence that MSNs can be employed as a
vehicle for loading and delivery ruthenium complexes into
living cells.

Herein, to continue our research on loading and delivery
dyes which cannot cross live cells’ membrane into live cells
via appropriate vectors, MSNs were first synthesized accord-
ing to the literature [45], then two typical positively charged
ruthenium complexes, Ru(phen);Cl, and Ru(phen),(dppz)Cl,
were selected as examples and used respectively to interact
with surface negatively charged MSNs to form two physical
adsorption MSNs-Ru hybrid materials (MSNs-Ru(phen);Cl»
(MR-1) and MSNs-Ru(phen),(dppz)Cl, (MR-2)). It is noted
that significant luminescence enhancements can be observed
after addition of a certain amount of DNA into the corre-
sponding solutions of MR-1 and MR-2, which was similar
with the interactions between ruthenium complexes alone
and DNA, demonstrating that MSNs had no side effects on
the interactions between ruthenium complexes and DNA,
and just acted as vectors. More importantly, both of the
MR-1 and MR-2 can cross the cell membrane and stain the
DNA of living human cervical cancer cells HeLa efficiently
(Scheme 1).
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Scheme 1 Schematic demonstration of MSNs-Ru hybrid for live cell imag-
ing (color online).

2 Experimental

2.1 Reagents and apparatus

All reagents were purchased from commercial suppliers and
used without further purification unless specified. Anhy-
drous ethanol, ammonium hydroxide (25 wt% NHj3 in water),
tetraethoxysilane (TEOS, 98%), cetyltrimethylammonium
bromide (CTAB, 99%) and 5-diphenyltetrazolium bromide
(MTT) were purchased from Aladdin Industrial Corpora-
tion (USA). Calf thymus DNA (ct-DNA) was purchased
from Sigma Chemical Co. (USA). Ultrapure Milli-Q water
(p>18.0 MQ cm™') was used throughout the luminescence
experiments. Ru(phen);Cl, and Ru(phen)»(dppz)Cl, used
in experiments were synthesized according to the literature
procedure [46,47]. HeLa cells were maintained in Dul-
becco’s Modified Eagle’s Medium (DMEM, Invitrogen,
USA) with 10% (v/v) fetal bovine serum (FBS), 1% (v/v)
penicillin/streptomycin.

Scanning electron microscope (SEM) images and the
electron diffraction X-ray spectroscopy (EDS) were recorded
with a Quanta 200 scanning electron microscope (Hitachi,
Japan) operating at 200 kV. High-resolution transmission
electron microscope (HRTEM) images, transmission electron
microscope (TEM) mapping were recorded with a JEM-3010
transmission electron microscope (JEOL, Japan) operating at
200 kV. TEM images were obtained on a HT7700 instrument
(Hitachi Ltd., Japan) at 80 kV. And specimens which were
prepared through dispersing the samples into alcohol via
ultrasonic treatment dropped on carbon-copper grids for
observation. The emission spectra were collected using a
1750 UV-visible spectrometer (UV-Vis; Shimadzu, Japan)
and a RF-5301 fluorescence spectrometer (Shimadzu, Japan),
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respectively. Cell culture was carried out in an incubator with
a humidified atmosphere of 5% CO, at 37 °C. Cell toxicity
tests were tested by microplate reader (KHB ST-360, China).
The confocal laser microscope data were acquired using a
confocal fluorescence microscope (Nikon A1R, Japan).

All of the experiments were performed in compliance with
the relevant laws and institutional guidelines, and were ap-
proved by Northwest Agriculture and Forestry University.

2.2 Preparation of MSNs

The MSNss particles were synthesized according to previous
procedures with modification [45]. The synthesis of meso-
porous silica spheres was achieved by the ammonia-catalyzed
hydrolysis and condensation of TEOS in mixed ethanol-wa-
ter solvents by using CTAB as surfactant. Typically, 0.08 g
of the CTAB were dissolved in 40.5 mL mixture of water and
ethanol solution (13 mL ethanol/27.5 mL water) and soni-
cated for 5 min, which was followed by the addition of 0.5 mL
of ammonia solution under a stirring speed of 700 r/min at 25
°C for 30 min. The final concentration of CTAB was 5 mM.
Then 0.5 mL of TEOS was dropwise added in the mixed solu-
tion and then stirred for another 3 h. The milk-white as-syn-
thesized materials were collected by centrifugation, washed
with water and ethanol several times respectively, and then
vacuum drying. The products were calcined in air at 550 °C
for 5 h to remove the template CTAB.

2.3 Preparation of the MR-1 and MR-2 hybrid

Stock solutions of Ru(phen);Cl, (1.0x1072 M) and MSNs (1
mg/mL) were prepared separately in ultrapure water. 99 pL
of the Ru(phen);Cl solution was added to 3 mL of the MSNs
solution. The mixed solution was stirred for 48 h at room
temperature in the dark, then washed with ultrapure water for
3 times to remove the floating dye and then collected by cen-
trifugation, and vacuum drying. To evaluate Ru(phen);Cl,-
loading capacity, the initial Ru(phen);Cl; solution and the su-
pernatant and the washing solution after loading were col-
lected. Ru(phen);Cl, content in the supernatant solution be-
fore or after incubation and washing solution after loading
was measured by a UV-Vis spectrophotomete at 1=446 nm.
The loading efficiency of Ru(phen);Cl, was estimated to be
approximately 40.4%.

The preparation of MR-2 was the same as MR-1.
Ru(phen),(dppz)Cl, content in the supernatant solution be-
fore or after incubation and washing solution after loading
was measured by a UV-Vis spectrophotomete at 1=440
nm. And the loading efficiency of Ru(phen).(dppz)Cl, was
calculated to be 34.3%.

2.4 Luminescence experiments

Tri-HCI buffer (pH 7.4, 10.0 mM, Tris=tris(hydroxymethyl
aminomethane)) was prepared using ultrapure water. Stock
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solution of ct-DNA (1.259%107® g/mL) was prepared by dis-
solving commercial ct-DNA in Tris-HCI buffer. Stock solu-
tions of Ru(phen);Cl,, Ru(phen),(dppz)Cl,, MR-1 and MR-
2 hybrid were prepared separately in ultrapure water. An
aliquot of the Ru(phen);Cl,, Ru(phen),(dppz)Cl,, MR-1 and
MR-2 hybrid stock solution was added to 3 mL of Tris-HCI
buffer in a quartz cuvette separately. Then ct-DNA was added
into the as-prepared solution until the highest luminescence
intensity was reached. The sample was gently stirred for 5 s
each time before the luminescence spectra were recorded. In
all the titration experiments, the total volume was maintained
not to exceed 5% of the original volume.

2.5 Confocal fluorescence microscopy

HeLa cells were seeded in 35 mm plastic bottomed p-dishes
for 24 h. The medium was replaced with a fresh one. Then the
cells were incubated with Ru(phen);Cl,, Ru(phen).(dppz)Cl,,
MR-1 and MR-2 hybrid for 3, 6 and 9 h, respectively. The
dishes were then washed with PBS three times. Finally, the
cells were observed under a confocal fluorescence micro-
scope.

2.6 In vitro toxicity testing for Ru(phen);Cl,,
Ru(phen);(dppz)Cl,, MR-1 and MR-2 hybrid

HeLa cells were cultured in DMEM medium containing
10% FBS, 1% penicillin/streptomycin (complete DMEM)
in a humidified atmosphere with 100% humidity and 5%
CO; at 37 °C. The relative cytotoxicities of Ru(phen);Cl,
Ru(phen),(dppz)Cl,, MR-1 and MR-2 hybrid were evaluated
in vitro by MTT assay, respectively. HeLa cells were seeded
in 96-well plate at a density of 5.0x10° cells per well and
cultured for 24 h. Subsequently, cells were incubated with
Ru(phen);Cl,, Ru(phen)(dppz)Cl,, MR-1 and MR-2 hybrid
at different concentrations for 24 h. The cells were washed
and the fresh medium containing MTT was added into each
plate. The cells were incubated for another 4 h. After that,
the medium containing MTT was removed and dimethyl
sulfoxide (100 pL) was added to each well to dissolve the
formazan crystals. Finally, the plate was gently shaken for
10 min and the absorbance at 490 nm was recorded with a
microplate reader.

3 Results and discussion

3.1 Characterization of MSNs, MR-1 and MR-2 hybrid

In order to investigate the interaction between Ru(phen);Cl,,
Ru(phen),(dppz)Cl, and MSNs, the MSNs, MR-1 and MR-2
hybrid was characterized by SEM, TEM, HRTEM mapping,
EDS analysis and UV-Vis spectra. SEM, TEM and HRTEM
images displayed highly monodisperse and smooth surfaced
MSNs, with a mean diameter around 210 nm (Figure 2(a, c)
and Figure S1, Supporting Information online). However,
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Figure 2 SEM micrographs of (a) MSNs and (b) MR-1. Scale bar, 200 nm.
TEM micrographs of (¢) MSN and (d) MR-1. Scale bar, 200 nm.

MR-1 and MR-2 hybrid had more rough surfaces (Figure 2(b,
d) and Figure S2), suggesting the loading of ruthenium com-
plexes. In order to gain further insight, EDS analysis was also
done which revealed the presence of elemental ruthenium be-
sides silicon and oxygen signals, as can be seen in Figure S3.
Further, TEM mapping was conducted. As shown in Fig-
ure S4, ruthenium complexes were mainly loaded inside the
MSNs and a little amount on the surface of MSNs. Moreover,
as shown in Figure S5, the peaks at 446 and 440 nm of MR-
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1 and MR-2 were the characteristic peaks of Ru(phen);Cl,
Ru(phen),(dppz)Cl, respectively, demonstrating the success-
ful loading of Ru complexes on MSNs.

3.2 Luminescence spectra study

Luminescence spectral properties of Ru(phen);Cl, (1 uM),
Ru(phen),(dppz)Cl, (5 pM) alone were examined in 10 mM
Tris-HCI buffer (pH 7.4) (Figure S6). Ru(phen);Cl, showed
emission maximum at 588 nm whereas Ru(phen)(dppz)Cl,
had no emission. To examine the luminescence response of
Ru(phen);Cl, and Ru(phen),(dppz)Cl. to DNA, Ru(phen);Cl,
and Ru(phen),(dppz)Cl, was titrated with different concentra-
tions of ct-DNA (Figure S6(a, ¢)) in 10 mM Tris-HCI buffer
(pH 7.4). Upon addition of a certain amount of ct-DNA,
the emission intensity of Ru(phen);Cl, at 588 nm increased.
As for Ru(phen),(dppz)Cl,, there gradually appeared a emis-
sion peak at 605 nm and enhanced gradually. Moreover,
the change of emission intensity of both Ru(phen);Cl, and
Ru(phen),(dppz)Cl, had a good linear relationship with the
concentration of ct-DNA (Figure S6(b, d)). Then, the MR-1
containing 1 uM Ru(phen);Cl, and MR-2 containing 5 uM
Ru(phen),(dppz)Cl, were titrated with ct-DNA. As shown in
Figure 3, upon addition of a certain amount of ct-DNA into
MR-1 and MR-2 solution, the emission intensity at 588 nm
increased and the emission intensity at 605 nm appeared and
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Figure 3 Luminescence titration studies of MR-1 and MR-2 upon addition of ct-DNA. (a) Luminescence spectra of MR-1 (3 mL, 1 pM) upon addition of
ct-DNA in Tris-HCI buffer (10 mM, pH 7.4) at room temperature. (b) The linear relationship between the luminescent intensity and ct-DNA concentration.
Aex=465nm, Aen=>588nm. (c) Luminescence spectra of MR-2 (3 mL, 5 M) upon addition of ct-DNA in Tris-HCI buffer (10 mM, pH 7.4) at room temperature.
(d) The linear relationship between the luminescent intensity and ct-DNA concentration. A=465nm, A.n=605nm (color online).
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enhanced accordingly. Both the enhancement also had a good
linear relationship with ct-DNA concentration. Specially,
there were almost no differences in ct-DNA luminescence
titration results between Ru(phen);Cl,, Ru(phen)»(dppz)Cl»
and MR-1, MR-2, indicating that MSNs have no side effects
on the interaction between ruthenium complexes and DNA.

3.3 Cell imaging

The above experimental data indicate that the responses of
the MR-1 and MR-2 hybrids were almost the same with
the responses of Ru(phen);Cl,, Ru(phen),(dppz)Cl, alone
to DNA. Based on the former reports [48—50], the biocom-
patible MSNs are better vehicle for the delivery of cancer
drugs or bio-macromolecules into live cells by endocytosis.
So we further studied the effect of the MR-1 and MR-2 in
live cells with Ru(phen);Cl,, Ru(phen)>(dppz)Cl, alone as
a control. After 3, 6 and 9 h incubation, luminescence of
Ru(phen);Cl,, Ru(phen),(dppz)Cl> was detected under 488
nm one-photon excitation using laser confocal microscopes.
After 3 h incubation, the luminescence could be observed
in the cell nuclei of live cells incubated with the MR-1

(a) Bright Field

Ru(phen),Cl,

Overlay
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6h

9h
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and MR-2 hybrids and gradually enhanced with the time of
incubation (Figure 4). However, there were still no lumi-
nescence in live cell nuclei under the control experiments
which incubated with Ru(phen);Cl, and Ru(phen),(dppz)Cl,
after 9 h incubation (Figure 4). All these can demonstrate
that MSNs are good vectors delivering ruthenium complexes
into live cells and the MR-1 and MR-2 hybrids are good
candidates for live cell DNA staining. The efficient delivery
of ruthenium complexes into live cells may be attributed
to the fact that MSNs can be taken up by cells via energy
dependent endocytosis [49].

3.4 Cell toxicity

Further, the MTT assay was conducted in the HeLa
cells to confirm the -cytotoxicity of Ru(phen);Cl,
Ru(phen),(dppz)Cl,, MR-1 and MR-2. Figure 5 shows that
Ru(phen);Cl,, Ru(phen):(dppz)Cl,, MR-1 and MR-2 all
have low toxicity in vivo for 24 h. More specific, MR-1 and
MR-2 have relative lower toxicity than the corresponding
Ru(phen);Cl, and Ru(phen).(dppz)Cl, owing to the excellent
biocompatibility of MSNs. These all indicated that MSNs

Bright Field MR-1 Overlay

Overlay

Figure 4 (a) CLSM images of HeLa cells incubated with Ru(phen);Cl, and MR-1 for 3, 6 and 9 h respectively; (b) CLSM images of HeLa cells incubated
with Ru(phen),(dppz)Cl; and MR-2 for 3, 6 and 9 h respectively. The concentrations of the dyes are all 10 pM. Scale bar: 10 pm (color online).
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Figure 5 (a) Cytotoxicity of Ru(phen);Cl; and MR-1 at different concen-
trations on HeLa cells for 24 h; (b) cytotoxicity of Ru(phen)»(dppz)Cl, and
MR-2 at different concentrations on HeLa cells for 24 h (color online).

not only acted as vectors but also contributed to reducing the
toxicity of ruthenium complexes.

4 Conclusions

In summary, MSNs and the corresponding ruthenium com-
plexes can be bonded non-covalently to form physical adsorp-
tion MSNs-Ru materials, which had no side effects on the
interactions between Ru complexes and DNA. MSNs were
exploited as an efficient nano-vehicle for loading and deliv-
ery of these ruthenium complexes into live cells to stain DNA
while ruthenium complexes alone can hardly enter into live
cells. Collectively, this work provides further insight into the
design of efficient MSNs-based delivery systems for biolog-
ical applications.
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