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Abstract

Ruthenium(II) polypyridyl complexes have emerged both as promising probes of DNA structure

and as anticancer agents because of their unique photophysical and cytotoxic properties. A key
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consideration in the administration of those therapeutic agents is the optimization of their chemical

reactivities to allow facile attack on the target sites, yet avoid unwanted side effects. Here, we

present a drug delivery platform technology, obtained by grafting the surface of mesoporous silica

nanoparticles (MSNPs) with ruthenium(II) dipyridophenazine (dppz) complexes. This hybrid

nanomaterial displays enhanced luminescent properties relative to that of the ruthenium(II) dppz

complex in a homogeneous phase. Since the coordination between the ruthenium(II) complex and

a monodentate ligand linked covalently to the nanoparticles can be cleaved under irradiation with

visible light, the ruthenium complex can be released from the surface of the nanoparticles by

selective substitution of this ligand with a water molecule. Indeed, the modified MSNPs undergo

rapid cellular uptake, and after activation with light, the release of an aqua ruthenium(II) complex

is observed. We have delivered, in combination, the ruthenium(II) complex and paclitaxel, loaded

in the mesoporous structure, to breast cancer cells. This hybrid material represents a promising

candidate as one of the so-called theranostic agents that possess both diagnostic and therapeutic

functions.

INTRODUCTION

The photochemical activation of drugs1 is expected to have a significant impact in many

fields of medicine including oncology. The use of light, which notably has led2 to the

clinical development of photodynamic therapy (PDT) for the treatment of cancer and other

diseases, offers the possibility to control the location, timing, and dosage of therapeutic

compounds. An increased understanding of cancer at the molecular level has enabled the

development of novel therapeutic agents that are sometimes referred to3 as molecular

targeted agents. Unlike the drugs used in conventional chemotherapy, these agents are

designed to interfere specifically with key molecular events that are responsible for the

malignant phenotype: they hold considerable promise for extending the therapeutic window

and providing more effective treatment options when compared to traditional cytotoxic

therapies.

In this context, transition metal complexes with DNA cleavage activities have attracted4

much attention because of their uses as DNA structure probes and as anticancer agents.

Since the discovery5 that octahedral metal complexes with a dppz ligand (dppz =

dipyrido[3,2-a:2′,3′-c]phenazine) function as molecular “light switches” for DNA upon

metal-to-ligand charge transfer (3MLCT) excitation, there has been much attention devoted6

to the biological activity of ruthenium(II) polypyridyl complexes, in particular in relation to

the development7 of structure-specific DNA probes in living cells. On account of their

unique photophysical responses to DNA, dppz complexes of ruthenium have been

investigated8 widely and different modes of interactions of those complexes with DNA, via

intercalation5,8a of the ligand or through direct covalent coordination6 of the electron rich

DNA bases with the metal center, have been revealed. Recently, the distinctive modes of

intercalation of the DNA light-switching complex [Ru(phen)2(dppz)]2+ (phen = 1,10-

phenanthroline) have been elucidated9 from crystal structures. Besides binding to well-

matched DNA, Barton and co-workers10 have discovered that the complex

[Ru(bipy)2(dppz)]2+ (bipy = 2,2′-bipyridine) shows enhanced luminescence in the presence
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of DNA defects, such as base mismatches, leading these researchers to envisage their use as

a direct detection method for the mismatch repair deficiency in biological samples.

Ruthenium(II) complexes are therefore poised to become invaluable therapeutic tools, since

they also possess tunable photophysical properties. Although complexes of the

[Ru(bipy)3]2+ family are generally considered to be photochemically stable,11 structural

modifications of the parent trisbipyridine complex have been shown to afford compounds

undergoing clean photoexpulsion of a given ligand12 with a high quantum efficiency.

Recently, Glazer and co-workers13 synthesized a series of Ru(diimine)3
2+ complexes and

tested their cytotoxity upon visible light irradiation in lung cancer and leukemia cells. These

complexes are inert in the dark but react rapidly upon photoexcitation with visible light to

eject a ligand and cross-link DNA, providing even greater cytotoxicity than cisplatin.

Complexes of the [Ru(terpy)(N–N)L]2+ (terpy = 2,2′:6′,2″-terpyridine and N–N is the

bidentate chelate) family are equally promising, since the distortion of the coordination

octahedron is sufficient to decrease14 the ligand field state significantly. Indeed, the

relatively poor ligand field of the terpy ligand leads to photolabile complexes with the clean

expulsion (Figure 1) of the monodentate ligand L on irradiation with light. Many

examples14,15 of such photochemically labile ruthenium(II) complexes containing the terpy

ligand have been described in the past few years. Quite recently, related complexes have

been used in conjunction with biologically active compounds15 or vesicles16 to trigger the

interaction of ruthenium(II) complexes with large supramolecular structures using a

photonic signal.

The virtues of biomolecular targeting and cellular delivery have been extolled in recent

years, and if progress continues apace, then it is possible that ruthenium(II) complexes may

find a wide range of future biomedical and therapeutic applications. The challenges

associated with the administration of these therapeutic agents include, among others, the

ability to control drug exposure temporally to the target of interest, an objective that is

difficult to achieve when drugs are administered individually. Here, we present a drug

delivery platform technology that uses light as the remote means of triggering biologically

active ruthenium complexes. The progress made so far in the realm of nanotechnology to

develop approaches for the effective delivery of drugs in a temporally regulated manner to

cancer cells, along with the incorporation of chemotherapeutic agents into nanoparticle-

based delivery devices,17 holds significant promise. In particular, programmable drug

delivery systems would allow3,18 repeated on-demand dosing that would be adaptable to the

patients’ regimen and allow multiple dosages from a single administration, a strategy that

would also address the potential importance of timing on the therapeutic effect in the

treatment of cancer.19

Since they are nontoxic to cells and can undergo cellular uptake into acidic liposomes by

endocytosis, mesoporous silica nanoparticles (MSNPs) have emerged recently as a

promising drug delivery system.20 Silica nanoparticles with good biocompatibility are an

ideal platform for biomedical applications21 because they have robust and well-defined

structures for functionalization with multiple labels, targeting or therapeutic agents,22 and

the ability to release a drug under specific conditions such as pH changes,23 photonic

signals,24 redox activation,25 or biological triggers.26,27 The present work is a proof-of-
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concept demonstration of such a platform technology involving the marriage of an

octahedral ruthenium(II) complex and inorganic nanoparticles, namely, MSNPs. Herein, we

report the ligand photosubstitution reactions of a ruthenium(II) polypyridyl complex at the

water–MSNP interface. The hybrid material obtained by the coordination of the

ruthenium(II) complex onto the MSNPs surface, grafted with a monodentate ligand, exhibits

(Figure 2) unique photophysical properties in comparison with the ruthenium(II) complex in

solution. The luminescence of the surface-grafted complex is enhanced significantly with

respect to the free complex in solution as a result of the shielding of the phenazine nitrogen

atoms of the dppz ligand by water. Under irradiation with visible light the surface-grafted

complex leads to the selective substitution of the monodentate ligand by a water molecule,

thus releasing the aqua complex 3, i.e., [Ru(terpy)-(dppz)(H2O)]2+, which is not emissive in

aqueous solution. The subsequent binding to DNA is accompanied by emission

enhancement of the complex, ideal for applications in cellular imaging. We have developed

mechanized nanoparticles for the release of fluorescent and cytotoxic cargos from the

MSNPs pores, capped with the ruthenium(II) complexes. Indeed, the modified MSNPs,

loaded with cytotoxic cargo, undergo rapid cellular uptake, and an improved therapeutic

index is observed with light activation in cancer cells. Because of its facile preparation,

stability, and emission properties, this photoactive drug delivery system provides a potential

route to use this multifunctional agent as a dual luminescence imaging and therapeutic

nanomedicine.

RESULTS AND DISCUSSION

Design and Synthesis of Nanoparticles

The grafting of MSNPs with the ruthenium(II) complexes starts with the bare MCM-41

nanoparticles which are first of all functionalized with compound 1 containing (i) the nitrile

function able to interact with the metal center and (ii) the anchoring unit for the

nanoparticles, the synthesis of which is achieved by coupling 3-

isocyanatopropylethoxysilane with 4-(aminomethyl)-benzonitrile (see Supporting

Information for experimental details). The synthetic strategy employed for the preparation of

MCM-41, based on a well-established23b surfactant-directed self-assembly procedure,

ensures that the ligand molecules are located only and specifically at the exposed areas,

namely, around the orifices of the nanopores on the surface of the nanoparticles. The

benzonitrile-functionalized MSNPs 1 were characterized by FT-IR and 13C and 29Si cross-

polarization magic angle spinning (CP-MAS) solid-state NMR spectroscopy. The 29Si CP-

MAS solid-state NMR spectrum shows distinct resonances at around −100 ppm for the

siloxane and −60 ppm for the organosiloxane (Figure S8 in Supporting Information), thus

providing direct evidence of the grafting of 1 on the surface of the nanoparticles.

Examination of the 13C CP-MAS solid-state NMR spectrum of MSNPs 1 shows the

resonances typical of the ligand (Figure S9). The FT-IR spectrum of the MSNPs 1 shows a

peak at 2225 cm−1, indicating the presence of C≡N bonds (Figure S13).

Coordination of the monodentate ligand on MSNPs 1 to ruthenium(II) complexes was

realized (Figure 2) by a heterogeneous reaction of MSNPs 1 with the aqua complex 3 in

Me2CO under low light conditions at room temperature (see Supporting Information for
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experimental details). The fact that the replacement of the coordinating H2O molecule in the

complex [Ru(terpy)(dppz)(H2O)]2+ with the nitrile ligand on the MSNPs 1 takes place

selectively and quantitatively at room temperature was first established in solution (Figures

S5–S7). In particular, we found the ruthenium complex 2 to be thermally inert, while

benzonitrile is a good unidentate leaving group under light irradiation. After a 1-day

reaction, MSNPs 2 were isolated and characterized by FT-IR, XPS, and 13C CP-MAS solid-

state NMR spectroscopies (Figures S10–S12, S14), demonstrating that the proposed

procedure for the preparation of the MSNPs modified with the ruthenium(II) complex was

successful. Importantly, upon coordination of the complex with the ligand on MSNPs

surface, the intensity of the IR band for the stretching of C≡N bond decreases significantly.

It appears that when the nanoparticles are grafted with the ruthenium(II) complex, the

ordered mesostructures of the nanoparticles experience no apparent changes, as judged by

XRD (Figure S15), indicating that MSNPs 2 retain the characteristics of MCM-41.

In all cases, TEM analyses demonstrate that both the ordered mesoporous structure and the

nanoparticle morphology were retained after modification (Figure S16). Nitrogen

adsorption/desorption measurements of the hybrid materials, before and after the

coordination on the MSNPs surface, revealed that the ruthenium complex is successful in

capping the mesopores (Figure S17).

Spectroscopic Properties

The characteristic adsorption bands of the ruthenium(II) polypyridyl complex were observed

(Figure 3) for the MSNPs 2 by diffuse reflectance (DR) UV–vis spectroscopy. The

reflectance spectra were elaborated by using the Kubelka–Munk function. The spectrum of

MSNPs 2 showed characteristic π–π* intraligand transitions centered on 270 nm, while the

MLCT transitions of the Ru(II) centers were observed at 450 nm. This MLCT band is

strongly dependent on the nature of the unidentate ligand, and as the coverage of the

ruthenium complex on the surface increases, no significant difference in the position of the

absorption maxima is observed with respect to the spectrum of 2 in solution (Figure S18).

Quite unexpectedly, excitation into the MLCT adsorption band of an aqueous suspension of

MSNPs 2 gives rise (Figure 3) to an MLCT-centered emission at 585 nm. An emission

quantum yield ϕem of ~0.018 was measured for MSNPs 2, demonstrating that the

coordination of the complex 3 on the MSNPs 1 surface generates strong luminescence. In

EtOH, the emission of the MSNPs 2 is centered at a similar wavelength (λem = 590 nm) with

a quantum yield of 0.019. This quantum yield is based upon a comparison with that of

[Ru(bipy)3] 2+ in air-equilibrated aqueous solution (ϕem = 0.028).

The MSNPs 2 display photophysical properties that are unexpected for dppz-based systems:

although they are luminescent in nonaqueous environments, in common with other dppz-

based complexes, they are effectively emissive in water which is at odds with most

ruthenium(II) complexes containing dppz ligands.8 For comparison, while the ruthenium

complex 2 shows appreciable solvatochromic luminescence in EtOH (λem = 603 nm, ϕem =

0.002) and MeCN (λem = 610 nm, ϕem = 0.005), it does not luminesce in aqueous solution.

The emission of the complex, after grafting on the MSNPs, can be interpreted in terms of the

shielding of dppz ligand from water molecules. The emission intensity increases along with
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the higher grafting coverage by the ruthenium(II) complex but without being directly

proportional (Figure S19). Indeed, the photophysical properties of dppz-based systems are

affected by the local environment and the concentration of the complex on the surface. The

emission characteristics of a dppz-based complex, [Ru(bipy)2(dppz)]2+, have been studied28

previously in a micellar environment. This investigation suggests that in the case of micellar

solutions, water molecules cannot quench the emission of the dppz ligand, since the ligand is

efficiently buried in the hydrophobic micellar core.

In order to lend further support to the enhanced emission of ruthenium(II) complex after

grafting on MSNPs, we applied the same protocol to functionalized nonporous solid

nanoparticles (SNPs). The synthesized SNPs are spherical in shape and have an average

particle size of 100 nm, with no obvious mesoporosity, as confirmed by TEM and N2

adsorption–desorption analysis (Figures S23 and S24). The cocondensation of the ligand L

on those nanoparticles, giving SNPs 1, followed by coordination with 3 in the dark, afforded

SNPs 2. The coordination of the ruthenium(II) complex with the benzonitrile ligand grafted

on the surface of those nanoparticles has been elucidated by FT-IR and 29Si CP-MAS solid-

state NMR spectroscopies (Figures S20 and S21). The photophysical properties of these

newly synthesized SNPs 2 were investigated (Figures S25–S27) in water and compared with

those of MSNPs 2. Excitation of SNPs 2 at 450 nm shows an emission maximum centered

on 585 nm with a quantum yield ϕem = 0.013 (0.018 for MSNPs 2). All these observations

are consistent with the coordination of the ruthenium(II) complex onto the surface of the

nanoparticles. The organization of the complex allows the dppz ligand to be shielded from

water molecules, as observed in the case of MSNPs 2.

Light-Triggered Release of Ruthenium(II) dppz Complexes

When the MSNPs 2, suspended in water, are irradiated with white light at room temperature,

a decrease of the luminescence (Figure 4), concomitant with a gradual color change of the

solution to red, is observed. At any point in the experiment, if the irradiation is halted, the

emission of the nanoparticles also ceases to evolve, confirming the thermal inertness of the

MSNPs 2 in the dark. The emission of the MSNPs 2 was monitored at 585 nm as a function

of the irradiation time. Under the conditions of the experiment, the emission decreases to

50% after 30 min and is totally quenched after irradiating for 1 h. The absorption spectrum

of the contact solution is characterized by an absorption band at 495 nm, corresponding to

that of the aqua complex 3. The decrease of the emission after release of the aqua complex

implies that the quenching of the 3MLCT excited state by water is efficient with respect to

complex 2 in solution. The exact nature of the photoproduct release from MSNPs 2 was

confirmed by light irradiation experiments in D2O, followed by ultracentrifugation of the

sample and analysis of the supernatant and the precipitated MSNPs 2. 1H NMR

spectroscopy of the supernatant after centrifugation shows the characteristic resonance of the

aqua complex [Ru(terpy)(dppz)(H2O)]2+, while only traces of the ruthenium complex are

detected on the nanoparticles after light irradiation (Figures S29 and S30). These

observations are consistent with the release of the ruthenium complex into the solution,

resulting in the effective quenching of the complex by water molecules. The 1H NMR

spectroscopic data were used to ascertain that 0.222 μmol of aqua complex, extracted from
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an appropriate calibration curve, is released from 5 mg of MSNPs 2 after 1 h of irradiation,

corresponding to a release of 0.3 wt %.

Upon photoexcitation of the MLCT band, ruthenium polypyridyl complexes are known to

photosubstitute selectively one ligand in the coordination sphere by a water molecule.

Indeed, we have found (as confirmed by UV–vis and 1H NMR spectroscopies) that

photolysis of 2 in aqueous solution yields quantitatively the aqua complex 3. On light

irradiation for 1 h, the MLCT absorption band, initially centered on 450 nm, shifts to a

longer wavelength (495 nm) as a result of the photoexpulsion of the ligand. The

photosubstitution of the ligand by a water molecule, giving [Ru(terpy)(dppz)(H2O)]2+, has

also been confirmed by 1H NMR spectroscopy. These results highlight that the surface

environment does not modify the photosubstitution properties of the ruthenium complex to

any significant extent. The thermal stability of the ruthenium(II) complex coordinated to the

surface of the nanoparticles, MSNPs 2 and SNPs 2, was evaluated in the dark by following

the emission spectra and the 1H NMR spectra of the contact solution in D2O at 37 °C. For

both nanoparticles, no significant decrease of the quantum yield was detected after the first 3

days, and no trace of the aqua complex in solution was detected by 1H NMR spectroscopy.

After 2 weeks a small amount of the aqua complex had formed in the solution and a

decrease of ~8% in the quantum yield was noted.

DNA Binding Experiments

The successful light-induced release of the ruthenium(II) complex from the surface of

nanoparticles allows control and switching of the activity of biological processes in both

time and space. The unique feature of ruthenium(II) complexes incorporating a dppz ligand

is their intercalation in the DNA minor groove and subsequent formation of monoadducts.

The main driving force behind the intercalation of those complexes is most likely the

stacking interactions between the pyrazine rings of the dppz ligand and the base pair of

DNA duplex. In this closely packed superstructure, the dppz ligand does not make contact

with any of the surrounding water molecules directly,29 resulting in the activation of the

luminescence of the complex. There is a great deal of interest currently7 in using such a

system to image directly DNA in living cells. In order to probe these processes, we selected

a duplex and G3 quadruplex DNA as model systems to test the ability of the released

complex to discriminate between different DNA structures. Hence, the photochemical

activation of the ruthenium complex on the MSNPs 2 and the ability to interact with DNA

after release was evaluated in buffered solution by fluorescence spectroscopy.

A sample of the MSNPs 2 was dispersed in pH 7.0 buffer solution, and the emission

intensity of the solution was monitored at 585 nm. The emission intensity of the MSNPs 2
decreases upon irradiation, consistent with the decoordination of the nitrile ligand from the

ruthenium(II) complex, facilitated by the coordination of a water molecule, and the release

of the aqua ruthenium(II) complex. The photochemically driven loss of luminescence

reaches a plateau after 1 h of irradiation. The addition of calf-thymus DNA (CT DNA), to

achieve a final concentration of 20 μM, results (Figure 5) in the reactivation of the emission

of the released aqua complex. The luminescence enhancement occurs within minutes of

DNA addition, indicating that the association rate is relatively rapid. In contrast to the
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behavior of the ruthenium(II) complex grafted onto nanoparticles (λem = 585 nm), however,

the emission maximum, after intercalation in the double-stranded DNA, is shifted to 615

nm. This effect has been reported8a for analogues dppz–ruthenium complexes and has been

rationalized by using the same arguments employed to explain the light switch of

[Ru(bipy)2(dppz)]2+.

The ability of the released complex to discriminate between different DNA structures, such

as quadruplex DNA, has also been explored. Indeed, the stabilization of quadruplex DNA in

G-rich sequences of DNA located at the end of chromosomes is recognized as an anticancer

strategy.30 In contrast to duplex DNA where the ligands are known to intercalate into the

minor groove, the formation of adducts with quadruplex structures seems31 to occur through

nonintercalative stacking interactions in an end-capping mode. The human telomeric

sequence 22-mer d(AG3[T2AG3]3) [G3] was added to a solution of MSNPs 2 after

irradiation with visible light for 1 h. The interaction of the released aqua ruthenium(II)

complex with the quadruplex DNA results in an enhancement of the emission of the

ruthenium(II) complex. In comparison with the emission of the complex intercalated in the

duplex DNA, the interaction with the DNA quadruplex is characterized by an emission

enhancement of 1.5-fold and a shift of the emission maximum to 602 nm, implying that the

complex is less accessible to water molecules as a consequence of a greater overlap between

the dppz ligand and the DNA bases. This conclusion is reinforced by previous in vitro

studies which demonstrated the high affinity of dinuclear ruthenium(II) complexes to

quadruplex DNA.30 These results confirm the selectivity and sensitivity of the ruthenium(II)

complex after its release from MSNPs to intercalate into DNA.

The interaction of the MSNPs 2 with double-stranded and quadruplex DNA was tested

(Figure S31) in the dark. Only minute changes in the emission of the MSNPs 2 were

observed after addition of DNA in the dark, indicating a low interaction of DNA with the

ruthenium(II) complex grafted onto the nanoparticles. The hybrid system is found to be

unreactive in the dark but is transformed upon light activation and subsequent ruthenium

release to be able to form monoadducts to DNA. In contrast with the agents that bind DNA

on the basis of their chemical reactivity, this hybrid system has the advantage that it can be

activated selectively in both time and space using light, likely minimizing the toxic side

effects within healthy tissue.

Light-Activated Release of Cargo Molecules

The functioning of this light-activated release system was then tested for dual drug release, a

cytotoxic cargo loaded into the MSNP pores and the ruthenium(II) complex grafted on the

surface. Indeed, the ruthenium(II) complex coordinated on the periphery of the pores acts as

a capping agent, blocking the pore openings. In order to verify the operation of the light-

responsive nanovalve system, the ligand-functionalized MSNPs 1 were first of all loaded by

soaking in concentrated solutions of the chemotherapy drug paclitaxel (Ptx). The loaded

nanoparticles were then capped with the aqua ruthenium(II) complex at room temperature

and washed carefully (see Supporting Information for experimental details). The amount of

paclitaxel taken up by the MSNPs 1 during the loading process, defined as the uptake

efficiency (see Supporting Information for more details), was calculated from the difference
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in concentrations of the solution before and after loading, as quantified (Figures S32 and

S34) by high performance liquid chromatography (HPLC). At 2 mM Ptx loading

concentration, an uptake efficiency of 82% was reached by the MSNPs, while the Ptx

loading capacity of the nanoparticles was estimated to be around 5.2%.

The capped and loaded nanoparticles were placed in a dialysis membrane (3000 Da cutoff),

and the release of the cargo molecules was evaluated by HPLC analysis. The controlled and

temporally distinct release of Ptx and the aqua ruthenium(II) complex (32+) was observed

(Figure 6) under light irradiation from paclitaxel-loaded nanoparticles, MSNPs 2 Ptx. Upon

irradiation with light, a rapid release of the ruthenium(II) complex from the MSNPs surface

was observed, whereas the Ptx, trapped in the porous structure, exhibits delayed release

from the nanoparticles following removal of the ruthenium(II) complex cap. According to

the HPLC measurements (see the Supporting Information), approximately 0.11 μmol of Ptx

is released from 5 mg of MSNPs 2, which corresponds to a 1.8% release capacity. The

amount of released Ptx divided by the total amount of drug loaded in the nanoparticles’

pores, defined as the release efficiency, was quantified to be as high as 35%. The release

profile for the docetaxel-loaded MSNPs 2 was also evaluated, and the loading and release

parameters for this drug-loaded nanoparticles are given in Table 1.

The ability of this system to regulate drug release in a temporally controlled fashion by first

triggering the photoexpulsion of the cap from the nanoparticles’ surface was also tested by

loading the MSNPs’ pores with fluorescent cargo molecules, such as fluorescein, calcein, or

cyanine 5. The dual release of the rutherium(II) complex and the dye, loaded in the MSNPs

2, was monitored (Figures S36–S38) by fluorescence spectroscopy upon excitation at a

single wavelength. The time-dependent dual-luminescence features of the calcein-loaded

MSNPs 2 system under irradiation with visible light are shown in Figure 7. Calcein was

selected as a cargo for dual-release experiments because its fluorescence self-quenches

while it is entrapped inside the pores of the particles, whereas after it is released from the

pores it becomes diluted and fluoresces in solution.32 Irradiation with visible light results in

a decrease of the luminescence of the peak associated with the ruthenium(II) complex

grafted on the MSNPs 2, centered at 585 nm, and the concomitant increase in the emission

intensity around 520 nm occurred showing that the calcein is released from the nanopores of

the MSNPs with a release capacity of approximately 1.5%. These results further

demonstrate that the cargo-loaded MSNPs 2 can release the ruthenium(II) complex and the

cargo in a stepwise fashion. The uptake and release capacity of the MSNPs 2 loaded with the

different fluorescent cargo molecules are summarized in Table 1. The trapped and releasable

amounts of the cargo, in agreement with previous release experiments on nanovalve-gated

MSNPs,33 would provide a better control over the delivery process for both in vitro and in

vivo applications.

Cellular Uptake and Localization

In order to determine whether the light-operated nanoparticles remain functional under

biologically relevant conditions, the photophysical properties of MSNPs 2 have been used to

evaluate their localization in breast cancer cells. We anticipated that the luminescence

properties of MSNPs 2 would not be significantly solvent-dependent, while the localization
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of the aqua ruthenium(II) complex after release would be possible if the complex was

directed to a hydrophobic environment, since the luminescence of these compounds is

quenched in aqueous media.

Confocal microscopy (Figure 8a,b) revealed the red emission from the ruthenium(II)

complexes grafted onto the nanoparticle surface upon excitation at 458 nm. The localization

of the MSNPs 2 inside the cells, rather than being bound to the exterior, was confirmed by

Z-scan experiments, showing that the observed luminescence is spherical in three

dimensions (see Supporting Information video). After exposing the cells to the visible light

irradiation (30 min), an increase of the luminescence was localized mainly in the cytoplasm

with only a weak signal being detected in the nucleus. This result can be attributed to the

detachment of ruthenium(II) complexes from the nanoparticles and the subsequent diffusion

of the complex into the cytoplasm. Since the aqua ruthenium(II) complex exhibits

luminescence in a hydrophobic environment, we postulate that it may become localized in

cytoplasmic organelles, giving a red emission spectra (Figure 8b). The localization of

polypyridyl ruthenium complexes in the mitochondria has been reported,34 and this cellular

compartment has been considered7e,35 recently as a target of such compounds.

In order to demonstrate the applicability of the light-activated nanoparticles for the release

of ruthenium(II) complex and encapsulated cargo molecules in quick succession in the

intracellular environment, fluorescein-loaded nanoparticles MSNPs 2 FITC were

photoactivated in situ and the release was monitored in real time by confocal microscopy.

The remote activation of a chemical event inside the cell and the subsequent spectroscopic

monitoring of the biological responses are an emergent way to evaluate drug delivery

nanodevices inside a single living cell.36 The in vitro performance of MSNPs 2 FITC was

evaluated in real time by irradiation of a confined region with a 458 nm light using the

confocal microscope while monitoring directly on the stage (Figure 8c,d). A local enhanced

and more widespread luminescence, with an emission band at 510–520 nm, was observed in

the cells irradiated with the laser (localized within the red square in Figure 8c), while no

change in the emission of fluorescein was detected in the nonactivated area. Under the

conditions used in the experiments, nonspecific photodamage of cells was not observed.

This experiment demonstrates that the activation of the nanoparticles and the subsequent

release of cargo molecules take place only in the region irradiated with light. The

spatiotemporal control of cargo release from light-activated nanoparticles has important

consequences for the efficacy and safety of drug delivery, particularly chemotherapeutic

agents.

Cytotoxicity Studies

The suitability of the modified nanoparticles for the light-activated release of cytotoxic

cargo was tested in human breast cancer cells using a crystal violet cell survival assay.

Breast cancer cells were treated with MSNPs 2, MSNPs 2 Ptx, free Ptx, or phosphate buffer

solution (PBS). The cytotoxicity was evaluated using the amount of drug effectively

released from the nanoparticles, considering a release capacity for the MSNPs 2 Ptx of

approximately 1.8%. The cells were maintained in the dark for 24 h after adding the

nanoparticles and then subjected to 50 min of light exposure (activation). The number of
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surviving cells was scored after incubation for an additional 72 h. Under these conditions,

empty MSNPs 2 had no significant cytotoxicity against MDA-MB-231 breast cancer cells

(Figure 9a and Figure S45a) and only modest cytotoxicity against MDA-MB-468 breast

cancer cells (Figure 9b and Figure S45b). In contrast, light activation enhanced the

cytotoxicity of MSNPs 2 Ptx dramatically against both breast cancer cell lines but had no

effect on the cytotoxicity of free paclitaxel.

In order to assess the cytotoxic mechanism of MSNPs 2 Ptx, an annexin V assay was

performed (see Supporting Information for experimental details). In agreement with the cell

survival assay results, light activation of MSNPs 2 Ptx increased apoptosis induction

dramatically, as determined by the percentage of annexin V-positive cells, in MDA-MB-231

(Figure 9c) and MDA-MB-468 (Figure 9d) breast cancer cells. The annexin V studies have

demonstrated that the free drug induces more cell death than MSNPs 2 Ptx, an observation

that may reflect the delayed release of the encapsulated cytotoxic cargo from the

nanoparticles in the cellular environment. Although there is increased interest in the cellular

uptake of transition metal complexes, no delivery platforms for the systematic delivery of

metal complexes have been reported to date. It is worthy of note that the ruthenium

complexes may augment the cytotoxity of released Ptx by inducing DNA damage.34

Collectively, these results demonstrate that light activation triggers drug release from

MSNPs and enhances their cytotoxicity against breast cancer cells.

CONCLUSIONS

In summary, we have demonstrated a versatile strategy for light activation and light-

triggered delivery of biologically active ruthenium–dppz complexes. The surface-grafted

ruthenium complex on MSNPs can be activated by visible light irradiation. The nitrile

ligand fixed on the surface of the MSNPs acts as a protecting group. The ruthenium-

containing prodrug is activated once the aqua ruthenium complex is obtained and released

after photosubstitution. Subsequently, the drug reaches the targeted location. The hybrid

system displays attractive photophysical properties, such as enhanced luminescent

properties, relative to the ruthenium(II) dppz complex in homogeneous phase, an

observation that can be used to track the complexes in biological studies. While unreactive

in the dark, the ruthenium complex on the MSNPs is transformed upon light activation into

the cytotoxic aqua complex, which is able to form monoadducts with DNA and act as an

effective DNA light-switching complex. Importantly, the cell studies establish that the

ruthenium-modified nanoparticles are stable in the intracellular environment; no loss of

luminescence is evident, as would be expected, based upon changes in complex

coordination. An informative aspect of using mesoporous silica nanoparticles as the vehicle

for the delivery of ruthenium complexes is that while the complexes are attached to the

nanoparticles surface by a photocleavable coordination bond, another drug can be stored in

the nanopores of the MSNPs with temporal control over its release. Indeed, the use of light

to activate cytotoxic agents is an attractive feature and is receiving increasing attention37

owing to the possibility of developing systems that would allow fine spatiotemporal control

of drug release: the release of the drug at the irradiated site would potentially increase the

drug retention in cancers and reduce side-effects. The proposed system has the potential for

the convenient adaptation to cytotoxic ruthenium(II) compounds with different biochemical

Frasconi et al. Page 11

J Am Chem Soc. Author manuscript; available in PMC 2014 August 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



properties for cancer treatment where combination therapy is desired. This photoactive drug

delivery system holds promise as a multifunctional nanomedicine with dual imaging and

therapeutic purposes and a wide range of potential biomedical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Photochemical activation of ruthenium(II) polypyridyl complex. The monodentate ligand

(L) is photoexpelled from the ruthenium(II)–dppz complex on irradiation with visible light.
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Figure 2.
Graphical representation for the assembly of mechanized nanoparticles (top) and the

structural formula of the ruthenium–dppz complex (bottom). The ligand 1 is grafted onto the

surface of MCM-41 with an average nanopore diameter of 2 nm, followed by coordination

of the aqua ruthenium(II) complex 3 under dark conditions at room temperature.
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Figure 3.
Diffuse reflectance UV–vis spectrum and emission spectrum obtained upon excitation into

MLCT adsorption band of a water suspension of MSNPs 2.
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Figure 4.
Emission spectra and the corresponding release profile of the ruthenium(II) aqua complex

from a water suspension of MSNPs 2 on irradiation with visible light. The sample was

irradiated with visible light, and the spectra were recorded every 3 min at an excitation

wavelength of 465 nm. The release profile (inset) was monitored at 585 nm under

continuous light irradiation (red curve). The stability of the MSNPs 2 (blue curve) was

tested under dark conditions.
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Figure 5.
Emission spectra of ruthenium-grafted MSNPs before (I) and after (II) irradiation with

visible light (pH 7.0 Tris buffer, 5 mM, 25 mM NaCl, 25 °C). Reactivation of the emission

occurred after addition of calf-thymus DNA (CT-DNA) (III) or G3 quadruplex (G3-DNA)

(IV) set at a concentration of 20 μM. The emission profile was evaluated at an excitation

wavelength of 465 nm and emission of 585 nm.
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Figure 6.
Step-by-step dual release profile of aqua ruthenium(II) complex (blue trace) and paclitaxel

(Ptx) (red trace) from MSNPs 2 under visible light irradiation. The release studies were

performed at room temperature in water.
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Figure 7.
Release of calcein-loaded MSNPs 2 on irradiation with visible light. Emission spectra for

the release of calcein and ruthenium(II) aqua complex from an aqueous suspension of

MSNPs 2. The sample was irradiated with visible light, and the spectra were recorded every

3 min at an excitation wavelength of 465 nm.
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Figure 8.
Confocal images of MDA-MB-468 breast cancer cells treated with nonactivated (a) or light

activated (b) MSNPs 2. Confocal images (c, d) showing MSNPs 2 loaded with FITC uptake

by MDA-MB-468 cells after photoactivation in the selected region (red square) for 30 min.

The merged view shows the red emission from ruthenium(II) aqua complex (λex = 458 nm,

λem = 590–630 nm), the green emission from fluorescein (λex = 488 nm, λem = 500–530

nm), and the blue emission from DAPI (λex = 405 nm, λem = 440–470 nm). Note an

effective increased emission (d) from fluorescein inside the irradiated area (red square),

while the nonactivated region displays a lower intensity.
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Figure 9.
Cell survival of MDA-MB-231 (a) and MDA-MB-468 (b) breast cancer cells treated with 5

μg mL−1 MSNPs 2, 5 μg mL−1 MSNPs 2 Ptx, 100 ng mL−1 free Ptx or PBS for 96 h without

light activation (red bars) or with visible-light activation (blue bars). For light activation, the

cells were exposed to light for 50 min 24 h after adding the nanoparticles and then incubated

for an additional 72 h. Crystal violet was employed to stain the surviving cells. The data are

presented as the mean and the standard error of the mean (SEM) of three experiments ((***)

P < 0.001, (**) P < 0.01). Annexin V flow cytometry assay of MDA-MB-231 (c) and MDA-

MB-468 (d) breast cancer cells treated with 5 μg mL−1 MSNPs 2, 5 μg mL−1 MSNPs 2 Ptx,

100 ng mL−1 free Ptx or PBS for 72 h with or without visible-light activation. For light

activation, the cells were exposed to light for 50 min 24 h after adding the nanoparticles and

then incubated for an additional 48 h. The percentage of cells in each quadrant is indicated.
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Table 1

Uptake and Release Capacity and Efficiency for the MSNPs 2 Loaded with Anticancer Drugs and

Fluorescence Cargos

uptake capacity (%) uptake efficiency (%) release capacity (%) release efficiency (%)

paclitaxel 5.2 82 1.8 35

docetaxel 4.8 75 2.2 47

cyanine 5 5.5 87 1.1 20

fluorescein 3.2 49 2.6 82

calcein 5.0 79 1.5 24
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