N

N
N

HAL

open science

First example of photorelease of nitric oxide from

ruthenium nitrosyl-based nanoparticles
Arij Farhat, Marine Tassé, Mathilde Bocé, D de Caro, Isabelle Malfant,

Patricia Vicendo, Anne-Francoise Mingotaud

» To cite this version:

Arij Farhat, Marine Tassé, Mathilde Bocé, D de Caro, Isabelle Malfant, et al..
photorelease of nitric oxide from ruthenium nitrosyl-based nanoparticles. Chemical Physics Letters,

2023, 818, pp.140434. 10.1016/j.cplett.2023.140434 . hal-04034750

HAL Id: hal-04034750
https://hal.science/hal-04034750
Submitted on 17 Mar 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

First example of


https://hal.science/hal-04034750
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

First example of Photorelease of Nitric Oxide from Ruthenium Nitrosyl-based Nanoparticles

Arij Farhat!, Marine Tassé?!, Mathilde Bocé?!, Dominique de Caro'*, Isabelle Malfant!*, Patricia
Vicendo? and Anne-Francoise Mingotaud?

1 Laboratoire de Chimie de Coordination du CNRS, 205 route de Narbonne, F-31077 Toulouse,
France
2 Laboratoire des IMRCP, Université de Toulouse, CNRS UMR 5623, Université Toulouse Ill -

Paul Sabatier, 118 route de Narbonne, 31062 Toulouse cedex 9, France

Corresponding authors: dominique.decaro@Icc-toulouse.fr; isabelle.malfant@Icc-toulouse.fr

Abstract: We described the facile preparation of nanoparticles of a photoactivable ruthenium
nitrosyl complex. Nanoparticle sizes were investigated by atomic force microscopy and nanoparticle
tracking analysis. For nanoparticles dispersed in water, nitric oxide (NO) photorelease was evidenced
at 365 nm. The quantum yield of photorelease was found to be of about 0.04. Electron paramagnetic
resonance as well as measurements by a NO sensor confirmed NO release upon photolysis of
nanoparticles. This work showed that these nanoparticles allowed a spatiotemporal control of NO
release upon light irradiation and are potential NO nanoplatforms for biological applications.
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1. Introduction

Nitric oxide (NO) is a free-radical gas involved in many physiological and pathological processes [1].
Due to its key role in cellular signaling NO donors such as organic nitrites or nitrates, nitrosothiols,
diazeniumdiolates and metal nitrosyl complexes have been developed for therapeutic applications in
oncology, infectiology, wound healing, angiology [2-3]. A local control of NO release is essential to
avoid side effect. In this context ruthenium nitrosyl (Ru-NO) complexes are of a great interest [4]
because they allow to control spatiotemporal release of NO at the biological target site upon their
exposure to light while being non-toxic themselves [5]. They exhibit quantum yield of photorelease
(dno) commonly ranging from 0.025 to 0.4, depending on the donor substituent and the wavelength
of irradiation [6-9]. In previous experiments, we found that ruthenium nitrosyl complexes with the
fluorenyl terpyridine ligand (Fig. 1) were promising candidates for reversing methicillin resistance of
Staphylococcus epidermidis bacteria [10, 11]. However, many complexes have a poor solubility in
biological medium, precipitating in nanoaggregates. To optimize their biodisponibility, cellular uptake
and therapeutic outcomes they have been integrated in various drug delivery micro- or
nanoplatforms [12-15]. In this context, carrier-free methods for the delivery of hydrophobic
photosensitizers have also been developed and proved their efficiency in photodynamic therapy [16].
Such strategy may be applied for hydrophobic Ru-NO complexes. Herein, we report on the synthesis
of Ru-NO nanoparticles in agueous solution starting from trans-(Cl,Cl)-[Ru(FT)Cl.(NO)](PFs), as well as
their characterization and their ability to photorelease NO. To our knowledge, it is the first example
of photoactivable RuNO-based nanoparticles.

2. Materials and methods

Trans-(Cl,Cl)-[Ru(FT)Cl(NO)](PFs) (FT: 4’-(2-fluorenyl)-2,2":6’,2"-terpyridine) [17] nanoparticles were
prepared in the dark by adding dropwise 50 pL of Ru-NO solution (1.04x1073 mol.L™? in acetone) into
5 mL freshly distilled water (GFL Water Still 2004, conductivity 1400 pS.cm™) for 1, 2 or 4 min. at 25
°C under stirring (350 rpm). After 15 min., a pale-yellow solution was obtained and stored in the dark.

Atomic force microscopy (AFM) was performed using a Smart SPM-100 AIST-NT microscope. Images
were acquired in tapping mode (resonance frequency: 325 kHz) with a silicon tip (MikroMasch HQ-
NSC15/AIBS). Substrates were (001)-oriented silicon wafers (3 x 10 mm?) washed with acetone,
ethanol, and finally dried under an argon flow. Two drops of nanocrystal solution were deposited
onto the silicon substrate and the sample was dried in air.

Nanoparticle Tracking Analysis (NTA) was performed at 25 °C using a NanoSight NS300 equipped with
a sSCMOS camera (Malvern Instruments, Ltd, UK) instrument. Measurement of each sample in
solution in ultrapure Milli-Q water (7.75 mg.L™!) was performed four times, consisting of four records
of 60 s.

Photokinetic studies on the photolysis reactions were carried out at 25°C with a Cary 60 UV-Visible
spectrophotometer. Irradiation was performed from a chassis wheeled wavelength-switchable LED
source from Mightex Company operating at 365 nm with a light intensity of 5 mW. The sample
solutions were placed in a quartz cuvette of 1 cm path-length stirred continuously and the optical
fiber was fixed laterally from it. The quantum yield (¢no) was determined by the program Sa3.3 [18].

Electron paramagnetic resonance (EPR) spectra were collected on a Brucker ESP 500E (X band)
spectrometer. Fe?*-di(N-methyl-D-glutamine-dithiocarbamate) was used as NO spin trap.



The quantitative determination of NO production was performed with a commercial NO detector
(ami-NO 700) from Innovative Instruments Inc. Calibration of the electrode in the range of 50-
1000 nM was performed by generating NO according to the following reaction:
2NO; + 4H" + 21" > 2NO + I, + 2H,0

For each calibration, aliquots (80 pL) of aqueous NaNO; (~ 100 uM) were added to 20 mL of a
0.03 M solution of Kl in 0.1 M H,SO,4. Chronoamperograms were registered at a fixed temperature
(25 °C) while stirring the solution in order to maintain a constant rate of oxidation of the produced
NO at the electrode surface. The typical sensitivity of the electrode was about 100 pA.nM™2.
During the photolysis measurements, the NO sensor was positioned outside the light path.
Besides, chronoamperograms of an aqueous solution were systematically registered upon
irradiation in order to subtract the light interference. Then, chronoamperograms were registered
upon irradiation of 20 mL of an aqueous solution of Ru-NO nanoparticles (400 nM) during 60 s.

3. Results and discussion
3.1. Preparation and size analysis

Terpyridine-based ruthenium nitrosyl nanoparticles were obtained by adding dropwise an acetone
solution of trans-(Cl,Cl)-[Ru(FT)Cl,(NO)](PFe) to water under stirring (dilution factor: 1/100). Three
addition times were evaluated, namely 1, 2 and 4 min. AFM images evidenced dispersed
nanoparticles (Fig. 2-1). For 1 and 2 min. addition, samples exhibited very similar sizes in the 4-40 nm
range, centered on 10 nm (Table 1 and SI, Fig. S1). For 4 min. addition, AFM evidenced a bimodal
distribution of sizes (SI, Fig. S1) with a mean size of about 44 nm (Table 1). A first peak was centered
at ~32 nm and 2.5 times higher than a second one centered at ~57 nm. NTA showed a trend of
decreasing the size with increasing the time of addition (Fig. 2-1l and Table 1). One should however
keep in mind that NTA lower limit of detection is dependent of the particles analyzed. Inorganic or
metallic particles as small as 10 nm can be tracked and analyzed, but soft materials below 50 nm
become invisible owing to a too low contrast. Because the lower limit of the peaks obtained here was
close to 50 nm, it is therefore possible that NTA only detected the fraction above 50 nm
corresponding to the second size peak observed in AFM. Dynamic Light Scattering enabling the
detection of smaller nanoparticles was also assessed but the concentration used was below the limit
of detection for this technique. Fabricating the nanoparticles at higher concentration could have led
to changes of size and morphology, this was thus not performed. Also, increasing the nanoparticles
concentration after their formation was not favored, because, in a same manner, this process could
have modified them.

3.2. NO photorelease study

In this study, nanoparticles were prepared in the experimental conditions corresponding to an
injection time of 1 min. The NO" release capabilities of the nanoparticles were studied upon
photolysis at 365 nm (Fig. 3). The wavelength of excitation corresponded to the band of interest as
we previously demonstrated to be related to the dominant contribution of the single HOMO-LUMO
excitation involving fluorene-Ru(NO) charge transfer [7]. The presence of isosbestic points indicated a
clean conversion of the Ru"(NO*) complexes to photolysed species and no back-reaction was
observed when the light was turned off. The ability of ruthenium nitrosyl complexes to release nitric
oxide under irradiation was mainly described according to the following chemical equation [8]:

hv
(L)RU"-(NO*) + solvent — (L)Ru"-solvent + NO*



The model used to determine ¢no assumed that the starting complex and the final photo-product
were the only absorbing species present in solution. For nanoparticles, the value of ¢no was found to
be 0.041 that is within the range of values for this family of compounds. Moreover, the agreement
between the experimental and theoretical points (SI, Table S1 and Fig. S2) strongly supported this
description.

An EPR experiment using iron(ll)-N-methyl-D-glucamine dithiocarbamato, Fe(MGD); as NO spin trap
[11] was performed to investigate the formation of nitric oxide (NO") during the photolysis of Ru-NO
nanoparticles. The EPR spectrum for nanoparticles after 120 min photolysis showed a characteristic
triplet signal with a hyperfine splitting constant value of ay = 1.2 x 103 cm™ and a g-factor of g =
2.040 (insert in Fig. 3). This EPR signal was consistent with the formation of the [(MGD),-Fe*-NO]
complex within the nanoparticles. In the dark, the formation of NO* was not detected supporting the
photo-triggered character for the generation of NO*. Moreover, direct NO release was confirmed by
NO sensor measurements. The chronoamperogram of Ru-NO nanoparticles (400 nM in water) shows
clearly a NO" concentration up to 70 nM under irradiation at 365 nm for 60 s (Fig. 4).

4. Conclusions

In this communication, we have described the first nanoparticles of a fluorenylterpyridine-based
ruthenium nitrosyl complex prepared in water. They exhibited sizes in the 5-200 nm range. Although
their size was not properly controlled, the synthetic method we described here was very simple and
was carried out under mild conditions. Moreover, for the lowest addition rate of the Ru-NO complex
to water (i.e., 1 min.), near-field micrographs showed nanoparticles exhibiting a very good state of
dispersion. Under irradiation at 365 nm, nanoparticles were shown to release NO as a neutral radical,
which is a point in favor of potential applications. These nanoparticles can thus be considered as
nanoplatforms for NO delivery for anticancer photodynamic therapy or as antibacterial agents.
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Figure captions:
Figure 1. Molecular formula for trans-(Cl,CI)-[Ru(FT)CI2(NO)](PFs).

Figure 2. I- AFM topographic images for Ru-NO nanoparticles: 1 min. (A), 2 min. (B), 4 min. (C)
addition. II- NTA of the solutions of Ru-NO nanoparticles: 1 min. (A), 2 min. (B), 4 min. (C) addition.

Figure 3. Evolution in the absorption spectra of Ru-NO nanoparticles in H,O (1 min. addition) under
irradiation at A = 365 nm. Blue line: before irradiation, red line: after 15 minutes irradiation. Insert:
Triplet EPR signals NO-[Fe(MGD),] adduct upon irradiation of Ru-NO nanoparticles at A = 365 nm (red
line) and room temperature for 120 min. Blue line: control before irradiation.

Figure 4. Chronoamperograms of Ru-NO nanoparticles (1 min. addition) at a concentration of 400
nM in H,O under irradiation of 60 s at A = 365 nm (arrow at t = 0 s). The typical sensitivity of the NO
detector was 106 pA.nM™2,

Table:

Table 1. Size of Ru-NO nanoparticles obtained from AFM and NTA. Results are given as a mean +
standard deviation.
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Fig. S1. Size distributions from AFM images: 1 min. (top), 2 min. (middle), 4 min. (down) addition for
a dilution factor of 1/100.
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Table S1. Experimental data for the determination of @i, for Ru-NO nanoparticles in H,0 (dilution
factor 1/100; 1 min. addition) at Air = 365 nm.

Kinetic model for quantum yield calculation
Quantum yield measurements: Light intensity (lo) was determined before the photolysis experiments.

The quantum yield (¢no) was determined by the program Sa3.3 written by D. Lavabre and V. Pimienta
(reference 18). It allows the resolution of the differential equation (1):

Sl= —dyo I8 = —dyo AbSAIGF (1)
where 2 is the intensity of the light absorbed by the precursor; Absﬁ , the absorbance before
irradiation; Abs%ot, the total absorbance; lo, the incident intensity measured at 365 nm; and F, the
photokinetic factor given by equation (2):

(1—10‘Abs%ot)
F= BT — (2)
The equation was fitted with the experimental data Abs%Ot = f(t) and 2 parameters ¢no and &g (g is
the molar extinction coefficient measured at the end of the reaction) at two wavelengths (Air = 365
nm, Aobs = 320 nm). Aqbs Was chosen because it corresponds to a large difference between molar
extinction coefficient at the initial and final time of the photochemical reaction. Simulation and
optimization procedures were performed by using numerical integration and a non-linear minimization
algorithm for the fitting of the model to the experimental data (reference 18).
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Fig. S2. Experimental and calculated absorbance for Ru-NO nanoparticles in H,O (volume dilution
factor 1/100; 1 min. addition) for Airr = 365 nm (purple) and Aqs = 320 nm (orange). R (correlation
coefficient of Pearson) is equal to 0.9990.
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