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Two-photon absorption-based delivery of nitric oxide from ruthenium nitrosyl complexes

Since the discovery of the numerous physiological roles exhibited by nitric oxide (NO), ruthenium nitrosyl (RuNO) complexes have been regarded as one of most promising NO donors, stable, well tolerated by the body and capable to release NO locally and quantitatively, under light irradiation. This release can be achieved by two-photon absorption (TPA) processes, which allow the irradiation to be performed in the near infrared domain, where light has its maximum depth of penetration in biological tissues. This review provides a short introduction on the biological properties of NO, on RuNO complexes with photo-releasing capabilities, and on the origin of TPA properties in molecules. Then, the RuNO complexes with TPA capabilities are thoroughly discussed either as monometallic or polymetallic species.

Introduction

The last two decades have witnessed a growing interest for ruthenium nitrosyl complexes. Indeed, a literature survey conducted with the SciFinder ACS software program 1 reveals a gradual increase of the number of publications reported annually associated to the keyword "ruthenium nitrosyl", as shown in Figure 1. Interestingly, most of these contributions are devoted to the concept of NO release, pointing out the importance of the capabilities exhibited by RuNO complexes to liberate the radical NO • . This property appears especially valuable in the context of the gradual discovery of the numerous biological roles devoted to NO • , [START_REF] Ignarro | Nitric Oxide Biology and Pathobiology[END_REF][START_REF] Bonavida | Nitric Oxide and Cancer: Prognosis, Prevention and Therapy[END_REF][START_REF] Carpenter | [END_REF][5] thus stimulating the search for strategies aiming at delivering exogenous NO • for various biomedical applications. In this context, RuNO complexes have been recognized as the most promising family of NO • donors, capable of photo-releasing NO • locally and quantitatively on targeted cells, taking advantage of the non-invasive and highly controllable character of light. Furthermore, this capability could find an enhanced interest by use of the two-photon absorption (TPA) technique, which has gained widespread popularity in the biology community and has become an extremely powerful tool for local photoactivation and drug delivery. 6,7 The present mini-review focuses on the TPA properties of RuNO complexes capable to release NO • under optical irradiation. Before addressing this specific topic, a comprehensive introduction of the action and main characteristics of NO • in biological environment, the class of RuNO complexes as promising NO • donors, and the origin of TPA properties in molecules is provided.

Nitric oxide: a versatile radical in biological environment

Until the mid 80's, NO • was mainly known as a toxic by-product of gasoline engines and chemical industry. This colorless gas leads to major clinical toxicity at doses ≥ 80 ppm, 8 which precludes any beneficial role in biological processes. Nevertheless, things changed completely when it became clear that the endothelium-derived relaxing factor (EDRF), supposed to be a mysterious protein responsible for relaxation of smooth muscle tissues, was surprisingly the simple diatomic molecule of nitric oxide. 9 This discovery led to the title of "molecule of the year" to NO • in 1992 by the journal Science, 10 followed by the Nobel prize in medicine awarded to L. J. Ignarro, R. Furchgott, and F. Murad in 1998, "for their discoveries concerning nitric oxide as a signaling molecule in the cardiovascular system". 11,12 This prestigious recognition drove an intense research interest towards nitric oxide. Indeed, there have been more than 70 000 scientific publications reported on NO • , in the last 12 years. 13 The role of NO • in biology has been thoroughly investigated. First applications of nitric oxide in medicine were indirectly reported since the XIXth century. For instance, it was observed by W. Murrell in 1879 that nitroglycerine (1, Figure 2), the main component of dynamite, could be an efficient remedy for angina pectoris. 14 In this molecule, commercialized as "Trinitrin", the role devoted to NO • was not evidenced in these early therapeutic applications, but it is now recognized that 1 gradually decomposes in the body, leading to the formation of NO • , as the active therapeutic agent. The early discoveries of production and physiological application of NO • have been reviewed. 15,16 NO • is naturally synthesized from L-arginine via the enzyme nitric oxide synthase (NOS). 17 It plays numerous physiological roles such as neurotransmission, [18][19][20] immunology, 21,22 blood pressure regulation, 23 vasodilatation, [24][25][26] angiogenesis, 27 among others. Therefore, the use of NO • for therapeutic applications has become an area of great interest. 28 It is worth pointing out that the physiological action of nitric oxide usually depends on its concentration, with antagonist effects in some cases. 29,30 For instance, at concentrations around 10 -6 mol L -1 , it induces programmed cell death by apoptosis, which can be used as a mechanism for cancer therapy, while it favors cells proliferation at concentrations around 10 -9 mol L -1 with applications in tissues healing and repair. Due to this versatility, and taking into account its inherent toxicity, the delivery of NO • must be perfectly controlled spatially, temporally, and quantitatively to avoid undesirable effects on untargeted cells. These are the reasons why an intense research activity has been devoted to Ruthenium nitrosyl complexes, in the last two decades, as will be developed in the next section.

Ruthenium nitrosyl complexes as a promising class of NO • donors

Nitrosyl complexes have long been investigated in inorganic chemistry with a large panel of applications in catalysis and biochemistry. [START_REF]Nitrosyl complexes in Inorganic Chemistry[END_REF] In material science, they have been investigated for their photoreactivity.

They led to bistable species with yields of photoswitch close to 100 % between the nitrosyl (NO) and iso-nitrosyl (ON) form, in a RuNO complex of formula [Ru(py)4Cl(NO)] 2+ . [START_REF] Cormary | [END_REF]33 Furthermore, nitrosyl complexes have also become a popular class of NO • donors, due to their capability to release NO • under optical irradiation, taking advantage of the noninvasive character of light. [34][35][36] Among them, RuNO complexes offer higher design flexibility and solution stability than oxygen-sensitive FeNO and MnNO species. [37][38][39][40][41][42][43] They are usually stable in the dark, thus avoiding the deleterious effect of high concentration of NO • radicals spread everywhere in the body, by uncontrolled release. These species undergo the following photoreaction:

Ru II (NO + ) + solvent ℎ𝜈 → Ru III (solvent) + NO • (1)
The issue of the charge localization is important in this equation. RuNO species are usually described using the Enemark-Feltham notation {Ru(NO)} n , which indicates that the sum of dRu and *NO electrons is equal to n. 44 In the present case n = 6. Therefore, any situation between Ru II (NO + ) and Ru III (NO • ) can be envisioned. Additionally, there are several possible conformations for ruthenium nitrosyl species: the linear Ru-NO (GS) and Ru-ON (MS1) and the bent Ru-NO (MS2) conformations. 43 In the complexes presented here, the electronic configuration is Ru II (NO + ), which corresponds to linear Ru -N -O species and diamagnetic properties (close shell d 6 configuration). By contrast, NO is invariably released as the neutral radical NO • , instead of the nitrosonium cation (NO + ). This is readily verified by EPR spectroscopy, the best technique to identify NO • . 45 It implies that the photo-release process can be regarded grossly as arising from an intense intramolecular charge transfer towards the withdrawing nitrosyl ligand.

It must be mentioned that most of the RuNO complexes absorb in the = 300 -500 nm wavelength range, therefore out of the therapeutic window, 46 which corresponds to the range where light has its maximum depth of penetration in biological tissues (between = 600 nm and = 1 300 nm). To overpass this difficulty, two strategies can be employed to make the electronic transitions of the complexes compatible with the optical therapeutic window: (i) the search of suitable ligands capable of decreasing significantly the energy band gap between ground and excited states, which in turn would induce a red-shift to  > 600 nm in the corresponding absorption spectra, and an enhancement of light absorption in the electronic transitions of the complexes and (ii) the use of the two-photon absorption (TPA) technique.

(i) The dominant contribution in this approach is that of the group of P. K. Mascharak. [37][38][39][47][48][49] A representative example illustrating this approach is shown in Figure 3 in which the red-shifting is produced by the use of two ligands of extended -delocalization: a quinolone-based tetra-dentate N4 ligand and a resorufin dye. In this system, the absorption maximum (max) reaches 500 nm. 47 Fig. 3 RuNO complex with highly conjugated ligands and max value of 500 nm.

(ii) The alternative approach is based on the TPA technique, which has become a widespread tool in numerous biomedical applications. 6,7 In the context of NO • delivery, the TPA technique offers unique advantages summarized as follows:

-TPA, in which one photon required at max can be replaced by two photons at 2 × max, allows the irradiation to be performed in the therapeutic window of biological tissues.

-Due to its dependence to the square of the light intensity, the TPA process takes place in the close vicinity of the beam waist of a focused laser, thus avoiding any undesirable effect on untargeted cells.

-This technique avoids the use of UV radiation, which usually leads to irreversible damages in the tissues. Additionally, the TPA is usually achieved by means of a pulsed laser working in the sub-pico (< 10 -12 sec.) regime (vide infra). Therefore, the energy transferred is negligible, which ensures the absence of any side-effect.

The challenge in this promising approach is to design molecules capable of exhibiting a significant TPA response. Indeed, if the TPA process appears universal, its intensity varies tremendously from molecule to molecule. In this context, most RuNO complexes would provide candidates with negligible efficiencies. The basic requirements for molecules with sizeable TPA capabilities are summarized in the next section.

Origin of the TPA properties in molecules

Contrary to the one-photon absorption (OPA) phenomenon, the two-photon absorption (TPA) is a nonlinear optical (NLO) process in which two photons are absorbed simultaneously within a single quantum act. It is therefore different than the excited state absorption (ESA) in which the first absorption of one photon is followed by a second one from the first excited state to a second excited state of higher energy, as shown in Figure 4. Various reviews have provided a comprehensive description of the origin of TPA properties in molecules, aiming at a best selection of promising TPA candidates. 6,7,[50][51][52] The intensity of the TPA response is quantified by the molecular cross-section (TPA) expressed in Göppert-Mayer (GM), a coefficient somewhat similar to the OPA extinction coefficient ().

Ultimately, TPA is related to the electronic transition of the molecules. 53 There are commonly two kinds of TPA molecules:

(i) The dipolar (donor/acceptor) systems, in which a simple electronic transition between two states (g, e) is assumed to provide most of the TPA response, lead to: 50

𝜎 𝑇𝑃𝐴 ≈ 16𝜋 2 𝜇 𝑔𝑒 2 (𝜇 𝑒𝑒 -𝜇 𝑔𝑔 ) 2 5ℏ 2 𝑐 2 Γ (2)
were 𝜇 𝑔𝑒 is the transition dipole moment of the g  e transition, 𝜇 𝑔𝑔 and 𝜇 𝑒𝑒 the dipole moment in the ground and excited states, respectively, and  the linewidth broadening parameter which is often taken at the constant value of 0.1 eV. What is important to emphasize in Equation ( 2) is the importance of the 𝜇 𝑒𝑒 -𝜇 𝑔𝑔 term, which implies that the molecule must possess the strong charge transfer character usually associated to most standard NLO chromophores. In the case of RuNO species, it will be helped by the fact that the nitrosyl itself is an extremely efficient electron-withdrawing group, which therefore requires the ancillary ligand to behave as a donor in order to enhance the "push-pull" effect towards NO • .

(ii) The quadrupolar centrosymmetric systems, frequently designed as the combination of two push-pull dipolar sub-units. In this case, three states (g, e, e') must necessarily be involved in the simpler case, which leads to: 50

𝜎 𝑇𝑃𝐴 ≈ 4𝜋 2 𝜔 𝑔𝑒 ′ 2 5ℏ 2 𝑐 2 𝜇 𝑔𝑒 2 𝜇 𝑒𝑒 ′ 2 ( 𝜔 𝑔𝑒 -𝜔 𝑔𝑒 ′ 2 ⁄ ) 2 Γ ′ (3) 
in which the TPA process takes place towards the second excited state (e'). Interestingly, the presence of a g  e transition having energy ℏ𝜔 𝑔𝑒 close to that of the incident laser beam ℏ𝜔 𝑔𝑒′ 2 leads to the possibility of significant cross-section enhancement due to a nearly vanishing denominator in Equation (3). For this reason, quadrupolar TPA chromophores are potentially more appealing than their parent dipolar species. Importantly, Equations ( 2) and ( 3) are valid at resonance, which means that the energy of individual photons of the laser must be half of that of the targeted transition. This indicates that the experimental TPA always depends on the photon energy. In the next section, the TPA values will always be given at 800 nm, for fair comparative purposes, unless, explicitly specified.

Ruthenium nitrosyl complexes with TPA capabilities

There are basically two approaches in the design of RuNO complexes capable of releasing NO • under TPA irradiation: (i) the use of a TPA antenna, which can induce the release by energy transfer to the RuNO unit, and (ii) the design of a new RuNO complex in which NO acts as an efficient withdrawing group. Both strategies are illustrated in Figure 5.

Fig. 5 The two strategies envisioned to initiate the NO • release by a two-photon process: (i) by using a TPA antenna, and (ii) from a TPA complex in which RuNO acts as the withdrawing group.

The first picture (i) requires an antenna, which refers to a fragment of the ligand bearing both ground and excited state electron densities, without any electronic contribution of the rest of the complex.

Additional requirements for the antenna are the fact to possess a large cross-section (TPA) and to be fluorescent at the wavelengths of absorption of the RuNO unit. After the TPA absorption, an energy transfer occurs to the RuNO complex, which is assumed to release NO • in the excited state [RuNO]*.

Few investigations have been reported on iron-nitrosyl complexes, in which TPA antenna were grafted. 36,[54][55][56] Nevertheless, and to the best of our knowledge, it was never employed for RuNO species.

A limiting factor in this approach may be related to the fact that the antenna should necessarily absorb in a range of wavelength shorter than that of the RuNO complex (Figure 5). That would imply to design a TPA antenna with max around 300 nm. Being related to long-range -delocalized structures, TPA chromophores with large TPA values would more likely absorb at larger wavelength. By contrast, our group has developed the alternative approach (ii) (Figure 5), where the RuNO complex itself behaves as the TPA material and as the NO • donor. We will report first on the attempts conducted within the class of dipolar molecules (Equation 2), and finally on the promising results obtained on polymetallic species (Equation 3).

Dipolar RuNO complexes

As mentioned above (Section 4), the ancillary ligand must necessarily be an electron donor to ensure the strong charge transfer toward NO required in dipolar TPA systems (Equation 2). In our first attempt, we selected a fluorenyl-substituted terpyridine ligand (FT, Figure 6), in which the fluorenyl is an electron-rich fragment frequently employed in the search of efficient TPA chromophores. [57][58][59][60][61] The resulting [FTRuCl2(NO)] + complex 3 exhibits the strong push-pull character, evidenced from the frontier (HOMO-LUMO) orbitals shown in Figure 6. 62 Additionally, careful examination of the unoccupied (LUMO) level reveals interesting electronic features:

-the ruthenium nitrosyl overlap has a clear antibonding character, leading to a weakening of the bond strength between the ruthenium and nitrogen atoms during the transition.

-the transition leads to an intense electron transfer to the NO + ligand, which grossly corresponds to the situation depicted in Equation (1). At first, both observations seem to favor the direct NO • release process. Therefore, a strong push-pull character would enhance both NO • release and TPA properties, and therefore be highly desirable.

Nevertheless, we have observed that a RuNO complex built up from a very poorly donating ligand (e.g. nitrophenyl-terpyridine), in which the push-pull effect nearly vanishes, provides a rather efficient NO release. 63 Further investigations of optical properties of RuNO complexes came to the conclusion that a single [RuNO]  [RuNO]* transition could hardly account for the photochemical properties of RuNO. 64 Interestingly, theoretical investigations support the idea that the first excited state is not a dissociative state, but is likely stabilized as a meta stable state, thus requiring a second electron transition to efficiently release NO • . 65 Although the investigation of the mechanism falls out of the scope of the present review, it is worth pointing out that large TPA response, by virtue of significant push-pull character does not necessarily imply efficient NO • release. Finally, the TPA measured at 800 nm was found to be equal to 100 GM. 66 The fact that the release is indeed initiated by TPA irradiation has been verified experimentally (Figure 7). 67 It requires the use of the Griess test, which involves an in situ oxidation of the released NO • to NO2 -, followed by a reaction with sulfanilic acid, and finally the formation of a pink azo dye (max = 548 nm). 68 The purpose of such species being to be ultimately used in biological environment, where many undesirable species could replace the labile chloride ligands, an alternative complex built up from a robust bipyridine was envisioned. An additional advantage of using bipyridine comes from the fact that it avoids the frequent mixture of trans-(Cl,Cl) and cis-(Cl,Cl) isomers present in the synthesis of [(terpyridine)RuCl2(NO)] + complexes, and the tedious purification process, unsustainable in some cases.

The resulting complex (4, Figure 8) exhibits the same properties as 3. In particular, the HOMO level is strictly pined on the fluorene moieties in both complexes. The cross-section of 4 is equal to 108 GM, which indicates that the bipyridine does not contribute to the TPA properties. 66 It should be noted that the TPA measurements are usually performed by means of the two-photon excited fluorescence (TPEF), a technique which requires for the chromophores to be fluorescent at least to some extent. 69,70 Unfortunately, the present RuNO species exhibit very weak fluorescence and the Z-scan technique is preferable, [START_REF] Van Stryland | Characterization Techniques and Tabulations for Organic Nonlinear Materials[END_REF] which requires high concentration of chromophores (up to 10 -2 mol L -1 ) to ensure a suitable signal / noise ratio. To reach this goal, hexyl chains are usually added on the fluorenyl substituents. Nevertheless, they are not involved in the conjugated skeleton, and do not modify the TPA response.

With 5 pyridine units coordinated to the ruthenium center of 4, the issue of the best position for grafting the fluorene ligand is naturally addressed. Complex 5, in which two fluorenes are present on the bipyridine moieties leads to a slight enhancement of TPA to 156 GM. [START_REF] Roose | [END_REF] This modest result was obtained by means of a tedious synthetic work, therefore the next research efforts have focused on substitutions performed on the terpyridine fragment only.

In push-pull TPA materials, the possibility to enhance the properties requires either (i) an increase of the donating/accepting capabilities of the molecule or (ii) an elongation of the -conjugated bridge between the donor and the acceptor units. The first strategy (i) was envisionned with the use of carbazole (Figure 9), an organic structure related to the fluorene species in which a nitrogen atom can provide an enhancement of the donating character. However, to take full advantage of this possibility, the carbazole must be grafted in the trans position to the terpyridine (3 in Figure 9), which leads to the bent complex 6 (Figure 10). Complex 6 exhibits a significant increase of cross-section, under irradiation at 800 nm, with TPA = 159 GM, compared to the TPA = 108 GM measured in 4. 73 At the theoretical level, a TD-DFT computation allows to verify the nature of the orbitals involved in the electronic transitions of the species. 74 In particular, the HOMO level, centered on the donating substituent of 6 is located 0.4 eV above that of 4, which leads to a red-shift of the transition of 6. The resulting increase of the transition dipole moment 𝜇 𝑔𝑒 (Equation 2) accounts qualitatively for this enhancement.

The second approach (ii) to enhance de TPA properties, is based on the fact that the size of a chromophore has a strong effect on its TPA response. 7 In the case of push-pull systems, a representative example is provided in Figure 11, to illustrate the well known tendency for larger TPA / Ne value (Ne being the number of -electrons in the bridge) as the size of the molecule increases. 75 Fig. 11 Influence of the length of the chromophore (number of -electrons Ne) on the TPA response.

In order to check this effect on the RuNO complexes, compounds 7 and 8 have been compared to 4.

They lead to modest enhancement of cross-sections with TPA values of 131 GM and 150 GM, for 7 and 8, respectively. 76 Clearly, the effect of the bridge along the 4, 7, 8 series is surprizingly weak, compared to that observed in the fluorinated species gathered in Figure 11. Altogether, the synthetic modifications achieved on the reference complex 4, lead to TPA values at best twice that of the reference, which encourage to extend the investigation to complexes of greater complexity than those of the dipolar family.

Octupolar RuNO complexes

Octupolar architectures, which are non polar species with 2-or 3-dimensional polarizabilities, allowed the design of chromophores with very large NLO responses. 77 In two-photon absorption, quadrupolar species can frequently be regarded as double donor-acceptor systems (DA‧‧‧AD or AD‧‧‧DA). Without interaction between the sub-units, the properties of the quadrupole arise from the sum of those of its independent DA components. This situation is not relevant in material science. By contrast, when some interactions take place within the quadrupole, the resulting TPA response can be strongly enhanced.

Before reporting the properties of symmetrical bimetallic RuNO species, it must be recalled that a transition active at one photon (OPA) in a centrosymmetric point group is necessarily TPA silent, and vice versa. For this reason, OPA and TPA spectra may be significantly different in quadratic chromophores. This is illustrated in Figure 12. A familly of bimetallic RuNO species has been investigated in which the fluorenylterpyridine ligand is used as the bridge between the equivalent RuNO sub-units. 78 The resulting complexes 9-11 are shown in Figure 13. Compounds 9 (point group C1) and 10 (point group C2) are non-centrosymmetric, but can be regarded as pseudo-centrosymmetric. Therefore, the quadratic model (Figure 12 and Equation 3) may be applicable to them, at least to some extent. Compound 11 is Ci (centrosymmetric). These species with extended -conjugated structures possess UV-visible spectra exhibiting red-shifted absorption maxima and higher intensities than those of the parent compound 4, which indicate some degree of interaction through the conjugated bridges. Their TPA cross sections are clearly enhanced with TPA equal to 401 GM, 185 GM and 309 GM, for 9, 10, and 11, respectively. Furthermore, they reveal an additional TPA response at higher energy ( = 700 nm) with TPA equal to 1182 GM, 732 GM, and 1523 GM, for 9, 10, and 11, respectively. Interestingly, the overall red-shift evidenced in these highly delocalized species makes this high energy wavelength compatible with the therapeutic window, which provides a significant breakthrough.

Increasing the dimensionality of RuNO chromophores was definitely established as the best strategy towards efficent TPA materials with the investigation of the 3-arm compound 12 (Figure 13). 79 theoretical investigation of TPA species in C3 geometry was previously reported, and was found to derive from the push-pull effect present in a single arm. 80 Without interaction between the arms, the resulting cross-section is equal to 3 times that of a single arm (close to 3 × 108 GM in reference to 4).

By contrast, the central truxene ligand in 12 encompasses three fluorene intricate units in an extended -structure of greater complexity than that of the parent fluorene. Consequently, the TPA response of 12 reaches TPA = 1 600 GM at 800 nm, 79 the highest cross-section reported to date for a ruthenium nitrosyl complex. 

Concluding remarks

In the last 5 years, significant progresses have been achieved on the search for RuNO complexes capable of releasing NO • by means of a TPA excitation, with TPA cross-sections enhanced from 100 GM in 3 to 1 600 GM in 12. It is now established that the strategy based on increasing the dimensionality to reach the largest cross sections is the most promising. Values higher than 1 500 GM for such species lie in the range of the best ruthenium complexes, 81 for this size of molecules. In parallel, the research must be developed towards NO • carriers of much larger sizes, for instance incorporated into dendrimeric species or into micelles in which hundreds of RuNO units could be embedded. Another research effort is currently in progress to test the efficiency of the RuNO complexes in biological medium either as antitumoral 69 or bactericide agents.
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 6 Fig. 6 Ruthenium nitrosyl complex ([FTRuCl2(NO)] + ) (3) with frontier orbitals (HOMO-LUMO) illustrating the strong push-pull intramolecular charge transfer (blue arrow) between the electron-rich fluorene and the acceptor RuNO unit (from ref. 62).
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