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In this paper, the NO donor trans-(Cl,Cl)-[Ru(FT)Cl(NO)ICl (Ru-NO) was incorporated in a Pluronic F127
(PL)—chitosan (CS) biocompatible hydrogel. Two concentrations were achieved (520 and 13 pg g3,
resulting in hydrogels with sol—gel transition temperatures of around 36-38 °C, according to rheological
studies. The presence of the Ru-NO complex did not significantly modify the thermal (DSC) and mor-
phological (AFM) characteristics of the gels. For Ru—NO-embedded hydrogels, nitric oxide photorelease
was evidenced at 400 nm. The quantum yield of photorelease was independent of the temperature at
which the gel was maintained (25, 31, or 37 °C) and was found to be ca. 0.015. EPR as well as
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measurements using an electrochemical NO sensor also confirmed NO release upon light irradiation at
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1. Introduction

Although nitric oxide is generally considered to be a polluting
and toxic gas, its role in various physiological processes
explains the interest shown in recent years in NO-donating
compounds, particularly metal nitrosyl complexes." Among
them, ruthenium nitrosyl complexes are of great interest
because they generate NO rapidly at the biological target site
under light stimuli.”> Furthermore, in order to prepare an
applicable system, the encapsulation of ruthenium nitrosyl
complexes in polymers has been investigated by several
research groups. E. Tfouni et al. reported on the encapsulation
of trans-[Ru(NO)(NH;)4(py)](BF.);-H,O (py = pyridine) in poly-
lactic-co-glycolic acid microparticles,® whereas A. Schiller et al.
described the embedding of a ruthenium nitrosyl complex
containing a bisimidazole biscarboxamide ligand into nanofi-
brous non-woven poly(i-lactide-co-n/i-lactide).* A. S. Borovik
et al. have reported on the synthesis of a highly cross-linked,
porous polymer network containing immobilized Ru-NO sites.”
D. W. Franco et al. also described the impregnation of the trans-
[Ru(NH;3)4(isn)(NO)](BF,); (isn = isonicotinamide) into cassava
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starch.® The resulting biodegradable films were shown to release
NO either by light irradiation (355 nm) or by chemical reduction
using r-cysteine as a reducing agent. Finally, E. Tfouni et al
reported the immobilization of the [Ru(NH;),(NO)]** ion on
modified silica gel surfaces.”® The hybrid materials thus
obtained evidenced NO release by chemical reduction with
Eu(u) ions. Regeneration of the immobilized Ru-NO complex
was achieved by reaction with NO,™ ions in aqueous solution.
Hydrogels can be viewed as three-dimensional hydrophilic
polymeric networks able to absorb a high-water content exhi-
biting soft consistency. Examples of hydrogels incorporating a
nitro- or a nitroso-ruthenium complex are very rare. R. F. V.
Lopez et al. described the preparation of hydroxyethyl cellulose,
polyacrylate or chitosan-based hydrogels saturated with cis-
[Ru(NO,)(bipyridine),(4-picoline)]".° The NO release was evi-
denced after irradiation using a Hg-lamp light. On the other
hand, P. K. Mascharak et al. reported on the covalent attachment
of a ruthenium nitrosyl complex bearing the 4-vinylpyridine
ligand on a poly(2-hydroxyethyl methacrylate)/ethyleneglycol
dimethacrylate (pHEMA) hydrogel.'® Further exposure to UV-
light (360 nm) promoted photorelease of NO. Finally, J. G. Liu
et al. described the dispersion of Fe;O,@polydopamine@Ru-
NO@folic acid nanoplatforms into a poly(vinyl alcohol)/chitosan-
based hydrogel."* The NO release was performed in the near infrared
region, ie., 808 nm. The nitric oxide photorelease can be achieved in
the visible range for ruthenium nitrosyl complexes bearing the FT
ligand (FT = 4’{9H-fluoren-2-y1)-2,2":6',2"-terpyridine), such as cis-
(CL,Cl)- and trans-(CLCI){Ru(FT)CL(NO)]X) (X = Cl or PF).'>"
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The trans-(Cl,Cl){Ru(FT)CL,(NO)](PFs) isomer has also been recently
used to grow the first ruthenium nitrosyl-based nanoparticles.™*

Pluronic F127 (PL) is known to spontaneously self-organize
in aqueous media due to the solubility difference between
poly(ethylene oxide) and poly(propylene oxide) units, leading
to the formation of micelles.> These micelles auto-assemble
when the temperature increases, leading to a 3-D polymeric
network. Pluronic F127-based hydrogels are known to incorpo-
rate organic NO donors leading to biocompatible and antibac-
terial materials.'®'” Chitosan (CS), a biocompatible and
non-allergenic polysaccharide exhibiting good muco-adhesive
properties, associated with PL leads to thermoresponsive PL/CS
hydrogels. These latter have been used to incorporate the
NO donor S-nitrosoglutathione (GSNO)."® The NO release
from GSNO was monitored at room, skin and physiological
temperatures. The GSNO/PL/CS hydrogels exhibited antimicro-
bial activity to Pseudomonas aeruginosa. To our knowledge, PL/
CS hydrogels incorporating a ruthenium nitrosyl complex have
never been described. Here, we report on the synthesis, char-
acterization and NO photorelease of PL/CS hydrogels contain-
ing a Ru-NO complex bearing the FT ligand.

2. Experimental

Pluronic F127 (MW = 12600 g mol ', Fig. 1), chitosan (low
molecular weight: 50 000-190 000 g mol~", Fig. 1), lactic acid
and Griess reagent were commercially available (Sigma-Aldrich).
Hydrogel syntheses were carried out using fresh distilled water
(GFL Water Still 2004, conductivity: 1400 pS cm™* at 25 °C). Trans-
(CLCl[dichlorido(4'-(9H-fluoren-2-yl)-2,2':6’ 2" -terpyridine)nitro-
sylruthenium(u)]chloride (abbreviated as trans{CLCI-{Ru(FT)Cl,-
(NOJ]CI, Fig. 1) was prepared according to a previous work."

Synthesis of PL/CS hydrogels

PL/CS hydrogels were obtained in accordance with a previously
published procedure.'® 50 mg of CS, 100 mg of lactic acid and
5 mL of water were added into a 25 mL beaker. The mixture was
stirred (600 rpm) at room temperature for 15 min until a
viscous liquid was obtained. The beaker was then placed at

OH

{0}

O—_
NH,
n

Fig. 1 Molecular formula for trans-(CLCl-[Ru(FT)Cl(NO)ICL (top), Pluro-
nic F127 (bottom left) and chitosan (bottom right).
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4 °C and 1 g of PL was progressively and slowly added under
stirring (280 rpm) until the polymer was completely dissolved
(~45 min). The hydrogel thus obtained (abbreviated as HB, B
for the blank) was then stored at 4 °C in a capped flask.

Synthesis of PL/CS hydrogels incorporating a Ru-NO complex

The trans-(Cl,Cl)-[Ru(FT)ClL,(NO)]CI stock solution (1 mM) was
obtained by dissolving 3.2 mg of the complex in 5 mL of water
for 20 min under ultrasound. As already described,"? the com-
plete transformation of the trans-(Cl,Cl){Ru(FT)Cl,(NO)]" ion
into the trans-(NO,OH)-[chlorido(4’-(9H-fluoren-2-yl)-2,2":6",2"-
terpyridine)hydroxonitrosylruthenium(ir)] ion (abbreviated as
trans-(NO,OH){Ru(FT)CI(NO)(OH)]") for 48 h at 25 °C was mon-
itored by UV-vis spectroscopy using a Cary 60 UV-Visible
spectrophotometer.

Two hydrogels were prepared as follows:

(i) 50 mg of CS, 100 mg of lactic acid and the complex whole
complex stock solution were added into a 25 mL beaker. The
rest of the synthetic procedure was identical to that described
for HB. This Ru-NO/PL/CS hydrogel (stored at 4 °C in a capped
flask) was abbreviated as HC1 (C for the complex).

(ii) 50 mg of CS, 100 mg of lactic acid, 5 mL of water and
125 pL of the complex stock solution were added into a 25 mL
beaker. The rest of the synthetic procedure was identical to that
described for HB. This Ru-NO/PL/CS (stored at 4 °C in a capped
flask) was abbreviated as HC2.

Characterization

Infrared spectra were recorded at 25 °C on a ground sample of
the dried hydrogel on a PerkinElmer Spectrum 100 FT-IR
spectrometer using a diamond ATR (GladiATR from PIKE
technologies). "H NMR spectra were recorded on a Bruker
Avance 400 spectrometer at 25 °C using deuterated DMSO.
Electrospray ionization mass spectra were acquired using a
Thermo Scientific LCQ Fleet spectrometer.

Thermogravimetric measurements were carried out on a
sample of the hydrogel (15 uL) placed in an aluminum pan,
using a METTLER TOLEDO TGA/DSC 3+ thermal analysis
system. Samples were heated from 25 to 600 °C under nitrogen.
Thermal characterization by differential scanning calorimetry
(DSC) was performed using a NETZSCH DSC 3500 SIRIUS
equipment. The reference was an aluminum sample holder.
Hydrogels (10 mg placed in a sealed aluminum sample holder)
were studied using the following thermal cycle: 21 to —65 °C at
10 °C min ' and heating from —65 to 60 °C at 10 °C min™ .

Atomic force microscopy was performed using a Smart SPM-
100 AIST-NT microscope. (001)-oriented Si substrates (1 cm?)
were previously cleaned with acetone, ethanol and distilled
water, and finally dried under a nitrogen flow. A drop of
hydrogel (50 pL) was deposited on the substrate, spread out
with a glass slide and gently dried at 25 °C for 50 min in
the absence of dust. Images were acquired in tapping mode
(resonance frequency: 325 kHz) with a silicon tip MikroMasch
HQ-NSC15/AIBS.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Photokinetic studies on the photolysis reactions were car-
ried out with a Cary 60 UV-Visible spectrophotometer equipped
with a cooling water regulator. The temperature was main-
tained at 25, 31 or 37 °C during the experiments. Irradiation
was performed from a chassis wheeled wavelength-switchable
LED source from Mightex Company operating at 400 nm.
Hydrogel samples (2 mL) were placed in a quartz cuvette of
1 cm path-length and the optical fiber was fixed laterally from it
(distance source-cuvette: 5 mm). The light power (6 mW) was
measured with a power meter from Thorlabs. Absorption
spectra were taken after each 10 s for 25 min.

The light intensity (I,) was determined before the photolysis
experiments. The quantum yield (¢no) was determined using
the program Sa3.3 written by D. Lavabre and V. Pimienta.'®
This allowed the resolution of differential eqn (1) from the
model A — B:

dA ;
% = Prol® = —dnoAbSLIF 1)

where I is the intensity of the light absorbed by the precursor
A, Abs is the absorbance before irradiation, I, is the incident
intensity measured at 400 nm, and F is the photokinetic factor
given by eqn (2):

7
Fe 1 — Al;sTOl 2

Abst,
where Abs%,, is the total absorbance. The equation was fitted
with the experimental data Abs}. = f(£) and two parameters
¢no and &g (ep is the molar extinction coefficient measured at
the end of the reaction) at two wavelengths (irradiation at A, =
400 nm and observation at A,ps = 330 nm). The observation
wavelength 1,5 was chosen because it corresponds to a large
difference between the molar extinction coefficient at the initial
and final times 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.'®"'®

Electron paramagnetic resonance (EPR) spectra were
collected using a Bruker ESP 500E (X band) spectrometer.
Previously synthetized N-methyl-p-glucamine dithiocarbamate
(3.1 mg, 10> mol) reacted with Mohr’s salt (125 uL of a 20 mM
aqueous solution) to obtain Fe(MGD),. 90 pL of the hydrogel
and 10 pL of the Fe(MGD), solution were mixed and injected
into a quartz capillary. Samples were irradiated at 400 nm for 6
min at 25 °C, the lamp being in contact with the EPR tube
(power of the light source: 26 mW).

The quantitative determination of NO production was per-
formed with a commercial NO detector (ami-NO 700) from
Innovative Instruments Inc. The 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 KI solution in

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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0.1 M H,SO,. Chronoamperograms were recorded 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 20 pA nM'. During photolysis measurements, the NO
sensor was positioned outside the light path. Besides, chron-
oamperograms of distilled water were systematically recorded
upon irradiation in order to subtract the light interference.
Then, chronoamperograms were recorded upon irradiation at
400 nm of 2.5 mL of the hydrogel for 320 s at 25 °C (power of the
light source: 26 mW).

Griess test

The Griess reagent (10 g) was dissolved in 250 mL of distilled
water. A Ru-NO/PL/CS hydrogel was prepared following the
procedure (ii) described above in the presence of 3 mL of the
Griess reagent solution and 2 mL of distilled water to maintain
a constant total volume of 5 mL. The hydrogel was then
irradiated at 400 nm (power: 6 mW, distance source-cuvette:
5 mm). UV-vis spectra (Cary 60 UV-Visible spectrophotometer)
were recorded every 12 s (at 25 °C) and the absorbance at
508 nm owing to the formation of the pink azo dye was
measured to evidence the formation of the NO species.

Stability of hydrogels placed under saline aqueous conditions

1.5 mL of hydrogel (HB or HC1) at 4 °C (sol state) was added
into a 15 mL-flask (hydrogel top surface: 3.1 cm?®), heated up to
the physiological temperature (37 °C, gel state) and the flask
was weighed. 3 mL of phosphate buffered saline (PBS) at 37 °C
was gently added and the flask was weighed. The flask was then
maintained at 37 °C for 1 h. The liquid phase and the hydrogel
in the gel state were separated. The liquid phase was finally
weighed to evaluate the mass of the hydrogel released in the
saline solution.

Ru-NO release into phosphate buffered saline

The liquid phase separated from the hydrogel in the gel state
(see above) was studied by UV-vis spectroscopy after 1 hour.
The absorbance of the band at 403 nm was used to determine
the percentage of Ru-NO released from the hydrogel.

Rheological measurements

The rheological properties of the hydrogels have been mea-
sured with a rheometer MCR301 Anton Paar equipped with a
Peltier device for temperature control and a regulation bath for
the Peltier set at 20 °C. The geometry was a transparent plate
(glass) as the lower plate and a sandblasted stain less steel plate
(diameter: 25 mm) as the upper plate. The gap was set at 500
pum. A cover was adjusted around the geometry to limit evapora-
tion during the measurement. Below the transparent plate was
placed an optical fiber (liquid light guide) linked to a Mightech
multiple LED source that can illuminate the whole surface of
the sample. This set up has been used whatever the experiment,
with or without irradiation. In the case of experiments carried
out with irradiation, the light was emitted by a monochromatic
LED at 415 nm, 1000 mA. The light power was measured with a

New J. Chem., 2024, 48, 8343-8351 | 8345
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photometer Maestro (Gentec-eo), by placing the detector in
contact with the glass lower plate, with the cover around the
geometry. The light power measured was 20 - 5 mW cm 2. The
lamp was turned on manually at launching the rheological
measurement.

Different oscillatory experiments have been performed with
the following settings. The elastic and the viscous moduli have
been recorded under these different conditions. Frequency
sweep: the frequency was varied from 10 to 0.1 Hz at a fixed
temperature (37 °C) and a shear strain (0.2%). Determination of
the linear viscoelastic region: the shear strain was varied from
0.1 to 1000% at 37 °C and at 1 Hz in frequency. Temperature
sweep: the shear strain and the frequency were fixed (resp.
0.2%/1 Hz) and the temperature was varied from 4 °C to 54 °C at
2 °C min~'. Time sweep: G’ and G were monitored with time,
with data acquisition every 0.2 min, frequency at 1 Hz, shear
strain at 0.2% and temperature set at the required value (20 °C
or 37 °C). A typical sequence for the characterization of the
viscoelastic properties of one sample was the temperature
increase from 4 to 54 °C, 1 Hz, 0.2%; temperature stabilization
step for 10 minutes at 20 °C to switch back to the liquid state;
temperature stabilization step for 10 min at 37 °C to switch
back to the gel state; frequency sweep at 37 °C, 0.2%; and shear
strain sweep at 37 °C, 1 Hz. A typical sequence for characteriz-
ing the effect of irradiation on the gels was after loading, the
sample was stabilized at 20 °C for 5 min, then at 37 °C for
5 min, and then the irradiation was powered on and at the
same time a time sweep was launched on the sample, by
measuring G’ and G” for 10 min with a frequency at 1 Hz, a
strain at 0.2%, 37 °C. The time of gelation has also been tested
by switching instantaneously the temperature from 20 °C to
37 °C and by monitoring G’ and G” for 10 min.

Before the measurement, samples were prepared as
described above for HB, HC1 or HC2 and kept at 4 °C. The
temperature of the rheometer plate was set at 4 °C, and then
320 pL of sample was transferred with an automatic pipette
equipped with a truncated cone. Then, the gap and the cover
were adjusted and the measurement was performed.

3. Results and discussion

Over the last few years, we have acquired extensive experience in
the synthesis of ruthenium nitrosyl complexes bearing substituted
terpyridine ligands. Most of them were not soluble in aqueous
solution. However, the trans-(NO,0OH)-[Ru(FT)Cl(NO)(OH)](PF)
complex can be solubilized in water in the presence of 0.5%
dimethyl sulfoxide.?® This latter, in combination with methicillin
and irradiated with a Hg lamp, was shown to decrease bacterial
resistance and to make Staphylococcus epidermidis bacteria 100-
fold less resistant to methicillin.>® In the present work and in
order to work in the sole presence of water as a solvent, we have
selected the water-soluble  trans-(Cl,Cl}-{Ru(FT)Cl,(NO)]CI
complex. In water, a chlorido to hydroxo exchange was evidenced,
leading to the trans-(NO,OH)-{Ru(FT)(Cl)(OH)(NO)]" cation."® As
mentioned in the Introduction section, PL/CS hydrogels were
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used to physically absorb organic nitric oxide delivery systems.
In the case of S-nitrosoglutathione, the PL/CS hydrogel acted as an
excellent protector of the drug at a concentration of 50 mM."®
However, the incorporation into a PL/CS hydrogel (containing
~80% of water), without demixing, of a molecule containing a
metal centre is a challenge that seems a little more difficult to
meet. The solubility limit of the ¢rans-(Cl,Cl)-[Ru(FT)Cl,(NO)|Cl
complex was 3.2 mg in 5 mL of water (1 mM). Its complete
transformation into the trans-(NO,OH){Ru(FT)Cl(NO)(OH)]CI
complex (now labelled as Ru-NO) was evidenced by UV-vis
spectroscopy after two days at room temperature.'® This solution,
mixed with CS (0.8 wt%) and PL (16.3 wt%), led to an homo-
geneous yellow hydrogel (HC1). It was stored at 4 °C in the dark to
avoid any NO release (520 pg g~ of Ru-NO in the hydrogel
matrix). A second hydrogel was prepared using a 25 pM Ru-NO
solution in water, a concentration more in line with potential
therapeutic applications. In this case and again in the presence of
PL (16.3 wt%) and CS (0.8 wt%), an homogeneous pale yellow
hydrogel (HC2) was elaborated and stored at 4 °C in the dark
(13 pg g ! of Ru-NO in the hydrogel matrix).

The morphologies of hydrogels (HB, HC1 and HC2) were
investigated using atomic force microscopy on dried samples
(Fig. 2). 20 pm x 20 pm images for the three hydrogels
evidenced very similar nanorough surfaces. This nanorough-
ness constitutes a positive point for the cutaneous application
of the hydrogel after it has dried on the skin.”' Zoomed-in
(5 um x 5 pm) image on a roughly spherical area showed a
heterogeneous and irregular structure which could be
explained by shrinkage stresses in the polymeric network
during water loss. It should be noted that for GSNO/PL/CS
hydrogels,'® scanning electron micrographs of lyophilized sam-
ples showed a transition from a smooth (without GSNO) to a
microrough and porous (with 50 mM GSNO incorporated)
surface. In our case, the lack of difference in morphology with
and without Ru-NO could be explained by its low concen-
tration, i.e. at most 1 mM.

The infrared spectra of hydrogels (HB, HC1 and HC2) were
almost identical (Fig. S1, ESIt). Due to the low amount of Ru-
NO, the NO stretching mode located at ~1890 cm ™' was not
observed in the IR spectra of HC1 and HC2. Infrared spectra

Fig. 2 AFM images of hydrogels (top: 3D views; down: top view of HB).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 3 Mass loss thermograms of hydrogels.

were dominated by those of PL, being the most present
compound in the formulation. CH stretching modes were
shown in the 2790-2880 cm ™' range whereas methylene scissor
and wagging modes were located at 1466 and 1360 cm
respectively. C-O-C modes at 1241 and 1279 cm ' and C-O
stretching mode at 1102 cm™ ' were assigned according to
previous studies.*! The CO stretching mode at 1732 cm ™" was
attributed to lactic acid. Finally, low intensity bands at 3400
(OH mode), 1653 (amide I band) and 1580 (amide II band) cm ™"
confirmed the presence of CS in the gel.

The mass loss thermograms of HB, HC1 and HC2 showed an
initial mass loss of 81% which ended at 110 °C and corre-
sponded to the loss of all the water contained in the hydrogel
(Fig. 3). The second mass loss of 29% (350-400 °C) was
attributed to the decomposition of the organic matter. Differ-
ential scanning calorimetry thermograms of HB, HC1 and HC2
hydrogels were similar (Fig. 4). The sample, in its sol state, was
initially cooled from 21 to —60 °C. An intense exothermic peak
occurred between —18 and —21 °C, due to the crystallization of
water contained in hydrogels. This phenomenon of delayed
crystallisation was explained by the presence of water bound to
the polymer network via hydrogen or van der Waals bonds.>* As
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Fig. 4 DSC thermograms of hydrogels.
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the sample warmed up, two endothermic signals were observed:
a first low intensity peak at —15 °C and a second at ~5-6 °C
about 5-6 times more intense than the first. They were both
assigned to the melting of water. The first peak (—15 °C)
corresponded to the early melting of a certain amount of water
(which had crystallised at a relatively close temperature, ie.
—18 °C), whereas the second was assigned to the late fusion of
water (presumably due to the stabilisation of water crystals
by PL chains).

The viscoelastic properties of the hydrogels loaded with
Ru-NO or not loaded have been determined by rheology in
oscillatory mode, by measuring the elastic modulus (G') and the
viscous modulus (G”) as a function of different parameters.
After determining the linear viscoelastic region (Fig. S2a and
S3a, ESIT) and the response as a function of the frequency
(Fig. S2b and S3b, ESIT), the sol-gel transition was determined
by increasing the temperature, from 4 to 54 °C at 2 °C min~ ", for
gels without Ru-NO (HB) and with Ru-NO (HC1) (Fig. 5). The
transition temperature was taken as the temperature for which
G’ becomes higher than G”. This transition was slightly lower in
the case of the HC1 gel (36 °C) than in the case of the HB gel
(38 °C). The gelation time was also determined by switching
instantaneously the temperature of the samples from 20 °C to
37 °C. The gelation was complete for HB (Fig. S2c, ESIt) and HC1
(Fig. S3c, ESIt) after 10 min (G’ and G” no longer varied). The G’
values were of the order of 10 kPa for all the gels, which
corresponded to very soft hydrogels. This value was not signifi-
cantly different if the gel was loaded with Ru-NO or not loaded.

Ru-NO complexes bearing the FT ligand were known to
release NO when irradiated in the UV, visible and near infrared
regions of the electromagnetic spectrum.'®"** The release of
nitric oxide was followed by the formation of a photoproduct in
which the NO ligand was substituted by a solvent ligand,
according to the following equation:

(L)Ru"(NO) + solvent — (L)Ru™(solvent) + NO*

UV-vis spectra recorded at 25 °C for the trans-(NO,OH)-
[Ru(FT)CI(NO)(OH)](PFs) complex solubilized in water (0.5%
DMSO) under irradiation at 420 nm showed the appearance
of a band at 330 nm and the simultaneous disappearance of a
band at 380 nm.>° The presence of two isosbestic points at 346
and 426 nm indicated a clean conversion of the Ru"(NO")
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Fig. 5 Elastic (G’) and viscous (G”) moduli as a function of temperature
(2 °C min™): (a) HB and (b) HC1. The dotted line indicates the sol-gel
temperature.
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Fig. 6 Evolution in the absorption spectra of HC2 under irradiation at
400 nm.

complex into the photolysed species and no back-reaction was
evidenced after turning off the incident light. The quantum yield
of NO release was calculated at 0.020 (4, = 420 nm). In our study,
the photorelease study was performed at room (25 °C, sol state),
skin (31 °C, sol state) and physiological (37 °C, gel state) tempera-
tures on HC2 irradiated at 400 nm. For each temperature, the NO
photorelease study was carried out three times and the results
were very similar. Typical spectral evolutions are shown in Fig. 6.

Both in the sol and in the gel state, the presence of isosbestic
points at 357 and 447 nm was in agreement with a clean
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conversion of the initial Ru"(NO) complex embedded in the
hydrogel to the related photolysed complex. According to pre-
vious studies,™ it can be assumed that the photolysed species
formed in the hydrogel is a Ru™ complex in which a H,O ligand
entered the coordination sphere of the Ru centre instead of
the NO ligand. Irradiated samples of [Ru"(FT)Cl,(NO)]" and
[Ru(FT)CI(NO)(OH)]* were known for not showing a X-band
EPR signal.’>"® This unexpected behaviour has occasionally
been observed in Ru™ ions, which may be EPR silent due to fast
electron spin relaxation, even at low temperatures.***> How-
ever, the mass spectrum of HC2 irradiated at 400 nm for 25 min
showed a signal at 569.04 uma, in excellent agreement with that
for [Ru™(FT)CI(H,0)(OH)]" (569.02 uma, Fig. S4, ESI}). This
confirmed the replacement of the NO ligand by a H,O ligand
and the simultaneous change from oxidation state II to oxida-
tion state III for Ru. Fig. 6 also evidences the appearance of a
new band at 314 nm and the disappearance of the absorption at
403 nm. This latter was previously assigned to a transition
involving the ruthenium-nitrosyl fragment.'? Its disappearance
upon irradiation was then consistent with the loss of the NO
ligand. Spectra were also recorded in water at 25 °C for the
trans-(NO,OH)-[Ru(FT)CI(NO)(OH)]" cation under irradiation at
400 nm (in the absence of the hydrogel embedding the Ru-NO
complex, Fig. S5, ESIT). They clearly evidenced the same shape
as those for HC2 (Fig. 2). The two characteristic bands, which
appear (334 nm) and disappear (402 nm) upon the photolysis
process, were at similar positions to those for HC2 (314 and
403 nm, respectively). The model used to determine the NO
photorelease quantum yield ¢no assumed that the only absorb-
ing species present were the initial complex and the photo-
product. Whatever the temperature (25, 31 or 37 °C) during the
irradiation process (at 400 nm), quantum yields of about 0.015
were found. These values were of the same order of magnitude
as that for the trans-(NO,0OH)-[Ru(FT)Cl(NO)(OH)](PF,s) complex
solubilized in water/0.5% DMSO irradiated at 420 nm (0.020).>°
The Ru-NO complex, although embedded in the hydrogel, still
showed good ability to release NO for an irradiation wavelength
at the beginning of the visible range. However, our values were
approximately twice as low as those for the trans-(NO,0OH)-
[Ru(FT)CI(NO)(OH)](PFs) complex solubilized in water/0.5%
DMSO?® or dispersed as nanoparticles in water, both irradiated
at 365 nm (~0.040)."* The NO release upon irradiation at
400 nm of a hydrogel sample containing 25 pM of Ru-NO
and the Griess reagent (0.04 g mL™") was verified by UV-vis
spectroscopy at room temperature (Fig. 7). This test involved an
oxidation of the NO photo-released to NO,~ ions in aqueous
solution followed by the reaction with sulfanilic acid leading to
a diazonium cation. Its subsequent reaction with N-(1-
naphthyl)ethylenediamine led to the formation of a pink azo
dye. Fig. 7 clearly evidences the increase in the absorbance of
the band located at 508 nm, confirming the gradual formation
of the azo dye.

This experiment therefore undoubtedly proved that NO
release took place under irradiation. It was important to note
that the UV-vis spectrum did not show an absorption band in
the 500-540 nm range when the HB hydrogel (containing no

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 7 Evolution in the absorption spectra of HC2 in the presence of the
Griess reagent under irradiation at 400 nm at 25 °C. Inset: Picture of the

cuvette after irradiation of the upper zone of HC2, showing the character-
istic pink azo dye.

Ru-NO) was irradiated at 400 nm in the presence of the Griess
reagent. Additional evidence of NO release could be provided by
EPR or by using a NO*® sensor. EPR spectroscopy allowed a
direct observation of the NO* radical after the reaction with a
spin trap leading to the [Fe"-NO(MGD),] complex after photo-
release induced by irradiation at 400 nm at 25 °C. The EPR
spectrum of HC1 (520 ug g~ of Ru-NO in the hydrogel matrix)
showed a characteristic triplet signal with a hyperfine splitting
constant value of ay = 1.23 x 10~* em™" and a g-factor of g =
2.127 (Fig. 8). No EPR signal was observed for HC2 (13 pg g~ ' of
Ru-NO in the hydrogel matrix) due to a lack of sensitivity of this
technique for a very low Ru-NO content. For HC2, the NO*
release was detected directly and quantitatively in the sol state
(at 25 °C) by the use of the NO*® sensor. The resulting chron-
oamperograms indicated a concentration of the NO*® radical up
to ca. 220 nM after an irradiation of ca. 300 s at 400 nm (Fig. 9).
P. K. Mascharak et al. also evidenced the NO* release from a
ruthenium nitrosyl complex covalently bonded to a pHEMA
hydrogel, using an electrochemical nitric oxide sensor (i, =
350 nm)." In our case, all three techniques (Griess test, EPR,
and NO* sensors) were used to evidence the NO photorelease at
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200
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-200
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Fig. 8 EPR signals for the [Fell-NO(MGD),] adduct upon irradiation at
400 nm (sample: HC1 at 25 °C).
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Fig. 9 Chronoamperograms of HC2 under irradiation of 320 s at 400 nm
(first arrow: start of irradiation, second arrow: end of irradiation).

room temperature and under irradiation at 400 nm with a lamp
of moderate power (order of magnitude of tens of milliwatts).
Thermosensitive Ru-NO/PL/CS hydrogels, which were particu-
larly easy to prepare, can therefore be considered as very
promising NO-donor materials.

We also investigated the possible impact of the presence of
Ru-NO on the viscoelasticity of the gels under irradiation. The
gels were thus placed between a transparent lower plate made
of glass and an upper stainless steel plate. They were irradiated
at 415 nm (20 mW cm~?) for 10 min. No significant effect of the
irradiation on the G’ and G” moduli was noted, whatever the
nature of the gel, with or without Ru-NO, concentrated or
diluted (Fig. S2d, S3d and S6, ESIt).

Because these hydrogels are based only on physical interac-
tions, the dissociation of the hydrogel in contact with a saline
buffered solution (PBS) was evaluated. As an early preliminary
test before biological experiments, the hydrogel (1.5 mL of HB
or HC1, 16.3 wt% PL and 0.8 wt% CS) was placed in contact
with PBS at 37 °C for 1 h (exposed top surface: 3.1 cm?). The
excess of the mass of the PBS phase gave the total mass of
molecules of the gel released in PBS (all molecules included, i.e.
chitosan, Pluronics and lactic acid). This mass represented
around 40-45 wt% of the total dry mass of the starting gel.
This organic matter release was relatively high. It was lower,
around 20 wt%, for hydrogels more concentrated in PL and CS
(19.4 wt% PL and 1.0 wt% CS; 1.5 mL of the gel; exposed top
surface: 3.1 cm?, also in the gel state at 37 °C). These hydrogels
showed similar thermal behaviour and identical morphologies
(according to AFM images) as HB. However, their sol-gel
transition was about 30 °C, ie. 8 degrees less than the HB
hydrogel. In the literature, a 40 wt% release in PBS was also
observed but after a period of about 25 h for a PL/CS hydrogel
with a composition close to our HB gel (17.5 wt% PL and 0.5
wt% CS, exposed top surface: 4.9 cm?).'® Overall, it means that
the solubility of these physical hydrogels can be tuned, which
makes them interesting as transient or sacrificial materials.
The solution above Ru-NO/PL/CS hydrogels was also analysed
by UV-vis spectroscopy to evaluate the amount of Ru-NO
released, following the absorbance of the characteristic band
located at 403 nm of the trans-(NO,OH){Ru(FT)CI(NO)(OH)]"
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cation. After 1 h at 37 °C, the amount of Ru-NO in the solution
was ~51% of the quantity initially present in the hydrogel (an
initial Ru-NO concentration of 1 mM). For GSNO/PL/CS
hydrogels’® (PL and CS compositions identical to ours, an
initial GSNO concentration of 50 mM), the amount of GSNO
diffused was ~10% after 1 h and ~20% after 4.5 h at 32.5 °C.
Nevertheless, the difference in the temperature of the release
study, the nature of the NO donor and the large difference in
the initial amount made comparison with our results difficult.
In two other examples, for PL/CS hydrogels encapsulating
respectively dexamethasone®’ or melatonin,*® releases of
~20% or 40% were observed at 1 hour. Here again, it is almost
impossible to compare the analyses, linked to possible differ-
ences in chitosan characteristics, in affinities between the
hydrogel and the drug molecules.

4. Conclusions

In this study, we have described the first PL/CS-based hydrogels
incorporating a water soluble ruthenium nitrosyl complex,
namely trans-(Cl,Cl)-[Ru(FT)Cl,(NO)]Cl. Ru-NO/PL/CS hydro-
gels can be seen as good candidates for nitric oxide release.
The NO release under light stimuli was directly evidenced by
EPR and by using a NO electrode. Ru-NO/PL/CS hydrogels were
easy to prepare and their partial solubility in PBS after a period
of 1 h at the physiological temperature made them materials of
interest for transient or sacrificial applications. Previous stu-
dies have paid attention to NO* as an efficient agent for the
treatment of infected wounds because it combines the effect of
wound healing processes and broad-spectrum antibacterial
activity.>’° This work paves the way for future investigation
of these hydrogels (whose sol-gel transition can be adjusted by
the relative proportions of water and polymers) on wound
healing. Work is in progress.
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