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Gauthier M.A. Ndong Ntoutoume d, Vincent Sol d, Eric Benoist a, Suzanne Fery-Forgues a,* 
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A B S T R A C T   

Infections caused by antibiotic-resistant bacteria represent a major public health problem, and efforts continue to 
be made to seek new ways of addressing this issue. Photoactivatable carbon monoxide (CO)-releasing molecules 
(photoCORMs) could be an alternative solution to conventional antibiotics, but their mechanism of action is 
complex and still badly known. In the present work, a tricarbonylrhenium(I) complex (Re-Phe(TPP)) was 
developed, as well as a more hydrophobic analogue substituted by an adamantyl moiety (Re-Ada(TPP)). When 
irradiated in the near UV, these molecules generate rapidly one molecule of CO, as well as small amounts of 
singlet oxygen (1O2). Their decarbonylated photoproducts D-Re-Phe(TPP) and D-Re-Ada(TPP) generate only 
1O2, on a prolonged period of time. All these complexes were immobilized on a biocompatible cellulose nano
crystal (CNC) matrix, so that only the diffusive species (CO and 1O2) may be the active ones. Finally, the 
bactericidal activity of all these systems was evaluated on two bacteria strains, causative of the main wound 
infections. No compound was active against Pseudomonas aeruginosa. Free Re-Phe(TPP) appeared to be a very 
good antibacterial agent in the dark against Staphylococcus aureus, although the same molecule adsorbed on the 
CNC material was ineffective, so that its activity was mainly attributed to direct biological effect. The adamantyl 
derivative Re-Ada(TPP) was more active in the presence of light than in the dark, possibly due to the contri
bution of CO and 1O2. In contrast, the decarbonylated photoproduct D-Re-Phe(TPP) only showed moderate 
activity, suggesting that the production of 1O2 is not enough to induce a significant bactericidal effect. This work 
allows to identify the limits of Re(I) photoCORMs and corresponding nanomaterials, which are still little used in 
the fight against bacteria, and it provides good indications on how to improve their design.   

1. Introduction 

Antibiotic-resistant bacteria have become a threat to global public 
health, and alternative solutions to fight them are urgently needed [1]. 
Carbon monoxide (CO), which is involved in multiple biological pro
cesses [2], has been identified as an inhibitor of bacteria proliferation 
and a potent antibacterial agent [3–5]. It could have a direct effect on 
the metalloproteins of the respiratory chain and on nucleic acids, as well 

as an indirect effect on the inflammation mechanisms that are a response 
to infection, thus helping the immune system to eradicate the pathogen 
[4]. However, since CO is a poison at high concentrations, it may be 
advantageous to promote its accurate delivery by using CO-releasing 
molecules (CORMs) [6–8]. Among the latter, photochemically- 
activatable CORMs (PhotoCORMs) [9–13] offer fine spatial and tem
poral control of the production of CO under light irradiation [7,14,15], 
as well as possible reporting of this activity by luminescence methods 
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[11,16–18]. To date, the vast majority of CORMs and photoCORMs have 
been metal carbonyl complexes, although they exhibit complicated 
reactivity in biological medium [19]. unlike the totally organic com
pounds that have been developed recently [17,18,20]. Most of these 
molecules show anticancer, anti-inflammatory and cytoprotective ac
tivity [6,7,8,13,14,15,16,21,22]. Regarding antibacterial applications, 
CORMs have proven for a long time to be much more efficient bacteri
cides than CO gas alone [23–25]. Multiple biological targets seem to be 
involved [25–35], especially in the bacterial cell envelope [31,21]. For 
metallic CORMs, the enhancement of the CO effect by concomitant 
generation of reactive oxygen species (ROS) has been proposed [36–39]. 
CORMs are also able to boost the effects of existing antibiotics [40–43]. 
For all these reasons, CORMs have raised high hopes as novel antimi
crobial agents in the post-antibiotic era [14,15,21,23,24,37]. Compar
atively, photoCORMs have been relatively little used for antimicrobial 
applications [21,34,36,37,44]. A pentacarbonyltungsten complex has 
shown its activity against S. aureus [45]. Various manganese(I) com
plexes have proven to be active against ESKAPE bacteria and bacterial 
biofilms [46], and against E. coli [44,47], including multi-drug-resistant 
forms of those bacteria [41]. As regards rhenium(I) complexes, 
remarkable exceptions are the bisquinoline derivatives of Frei et al., 
which, in addition to kill S. aureus, display light-induced antibiotic ac
tivity against drug-resistant E. coli strains with minimum inhibitory 
concentration (MIC) values as low as 5.8 µM (4 µg.mL− 1) [48]. However, 
this small number of examples explains that the specific mode of action 
of photoCORMs has hardly been studied. 

To the best of our knowledge, there are very few examples where 
CORMs and photoCORMs have been integrated to a material for 

antibacterial chemotherapy [49,50]. The aim is to enhance the payload 
of these water-insoluble molecules and trap the potentially toxic metal 
fragments. For instance, one Ru(II)-based CORM has been covalently 
associated to an organic polymer, leading to a longer action and better 
antimicrobial activity towards P. aeruginosa biofilms than the isolated 
molecules [51]. Besides, an electrospun nonwoven incorporating a 
photoresponsive Mn(I) complex has been shown to eliminate biofilms of 
drug-resistant S. aureus associated to skin wound infections [52]. 

Over the past few years, our team has developed a prototype of 
photoCORM based on a tricarbonylrhenium(I) complex that in
corporates a 3-(2-pyridyl)-1,2,4-triazole ligand (called pyta ligand) with 
appended phenylbenzoxazole group [53]. The photodecarbonylation 
reaction is particularly efficient, but the tedious synthesis and purifi
cation of this compound is not adapted to a large scale production. 
Meanwhile, the preparation of photostable complexes that incorporate a 
chloride ancillary ligand and a phenyl-pyta ligand devoid of benzox
azole has been optimized. This simplified framework offers new possi
bility of substitution while the main physicochemical properties are 
maintained [54]. 

The aim of the present work was to develop new photoCORMs, to 
clarify their mechanism of action, and to estimate the value of a nano
material based on these compounds. In a first step, new complexes were 
synthesized. Based on our previous results [54], the simplified phenyl- 
pyta structure was retained for its excellent chelating and optical 
properties. Like for our photoCORM prototype [53], and according to an 
effective design [9,10,11,22], a triphenylphosphine (TPP) ligand, which 
competes with the CO ligand trans to it for the Re electrons and weakens 
the Re-C bond, was introduced to enhance the photochemical reactivity. 

Fig. 1. A) Chemical structure of photoCORM Re-PBO(TPP) (top) and photochemically-stable synthetic precursors (Re-Phe(Cl) and Re-Ada(Cl), bottom) studied in 
previous works (refs. [53] and [54]); b) new photoCORMs (Re-Phe(TPP) and Re-Ada(TPP), top) and their decarbonylated photoproducts (D-Re-Phe(TPP) and D- 
Re-Ada(TPP), bottom) prepared in the present work; c) Cellulose nanocrystals and preparation of the Re-Phe(TPP)/CNC and Re-Ada(TPP)/CNC hybrids by 
electrostatic interaction; d) Free chemical species present in the medium, including those expected from photoreaction. 
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Complex Re-Phe(TPP) (Fig. 1) bears a simple phenyl ring on the pyta 
moiety. In its analogue Re-Ada(TPP), the phenyl ring was substituted in 
the para position by a bulky adamantyl moiety, used to increase lip
ophilicity and for its value in drug design [55,56]. Both molecules are 
positively charged and expected to generate CO upon irradiation. For 
the sake of comparison, the decarbonylated photoproducts D-Re-Phe 
(TPP) and D-Re-Ada(TPP) that can no longer produce CO were also 
considered. Additionally, all complexes could generate ROS, and in 
particular singlet oxygen (1O2). In fact, rhenium is a heavy metal that 
strongly enhances intersystem crossing, so that the lowest excited triplet 
state is easily populated and can be involved in energy transfer with 
dissolved dioxygen. 

In a second step, the photoCORMs were immobilized on a solid 
support, so as to see the effect of diffusing species alone and to test the 
value of the resulting material. To do so, cellulose nanocrystals (CNCs) 
were selected. These biocompatible rod-shaped nanoparticles come 
from the crystalline regions of natural cellulose after hydrolysis by sul
furic acid [57–59] (Fig. 1a). Their surface brings a lot of negative 
charges (OSO3

- ), so that they can bind to a variety of positively-charged 
molecules through electrostatic interactions. CNC-based antibacterial 
materials have recently attracted increasing attention because of po
tential applications in the fields of wound dressing, drug delivery sys
tems, food packaging, ultrafiltration, adsorbents, and textile coatings 
[60,61]. It has even been reported that CNCs alone show antibacterial 
activity due to their physical action on bacterial membranes [62]. 
However, to the best of our knowledge, there are no examples of asso
ciation of photoCORMs with CNCs. In the present case, stable hybrids 
Re-Phe(TPP)/CNC and Re-Ada(TPP)/CNC were obtained and 
characterized. 

Finally, the photochemical properties of the free complexes and 
nanomaterials in aqueous medium were evaluated. The antibacterial 
activity was measured against two bacteria strains responsible of the 
most dangerous infections, and an interesting effect was observed for 
one of them. The comparison of these various systems is an original 
approach that allows clarifying the mechanisms involved in the bacte
ricidal action of photoCORMs. It gives an idea of what can be expected 
from photoCORM materials in this field and how they could be 
optimized. 

2. Experimental section 

2.1. Synthesis of the complexes 

All purchased chemicals were of the highest purity commercially 
available and used without further purification. Analytical grade sol
vents were used as received. Experiments were carried out under a ni
trogen atmosphere. Reactions were monitored by TLC on silica gel 
Alugram® Xtra SIL G/UV254. Column chromatography was performed 
on Machery-Nagel silica gel or neutral alumina. NMR, mass and infrared 
spectra were obtained in the relevant ‘Services communs de l’Institut de 
Chimie de Toulouse, Université de Toulouse III-Paul-Sabatier’. 1H- and 
13C NMR spectra were recorded on a Bruker Avance 300 MHz spec
trometer. Attributions of the signals were made using 2D NMR data 
(COSY, HSQC and HMBC). Signals are described as follow: s, singlet; d, 
doublet; t, triplet; m, multiplet. HRMS data were recorded on a Xevo G2 
QTOF (Waters) instrument. Infrared spectra were obtained on a Nexus 
Thermonicolet apparatus with DTGS as the detector. Microanalyses 
were performed using a PerkinElmer 2400 Series II CHNS/O elemental 
analyzer. 

General procedure for the preparation of complexes Re-Phe 
(TPP) and Re-Ada(TPP). The full synthesis scheme is given in Fig. S1 
(ESI). The synthesis of complexes Re-Phe(Cl) and Re-Ada(Cl) has been 
previously described [54]. In a vessel placed under nitrogen atmosphere 
and protected from light, complex Re-Phe(Cl) or Re-Ada(Cl) (0.11 
mmol) and silver triflate (67 mg, 0.26 mmol) in ethanol (25 mL) were 
heated at 80 ◦C for 5 h. After cooling at room temperature, the mixture 

was filtered using a PTFE Millipore (0.2 μm) filter. Then, triphenyl
phosphine (277 mg, 1.06 mmol, 10 eq.) was added to the filtrate, and the 
solution was heated overnight at 80 ◦C. After cooling at room temper
ature, the solution was filtered. The filtrate was dried by solvent evap
oration under reduced pressure and purified by chromatography on 
alumina using CH2Cl2/MeOH 98:2 v/v as eluent to obtain a yellow solid 
after solvent evaporation under vacuum. 

[Re(CO)3(2-(4-phenyl-4H-1,2,4-triazol-3-yl)pyridine) 
(PPh3)]þ(CF3SO3)– (Re-Phe(TPP)) (86 mg, Yield = 83 %). 1H NMR 
(300 MHz, CDCl3) δ (ppm): 8.64 (dd, J = 5.5, 1.5 Hz, 1H, H1); 8.42 (s, 
1H, H7); 8.04 (td, J = 7.9, 1.8 Hz, 1H, H3); 7.74–7.64 (m, 4H, H9,10); 
7.53 (ddd, J = 7.7, 5.5, 1.3 Hz, 1H, H2); 7.48–7.32 (m, 10H, H11,14,15); 
7.23–7.13 (m, 6H, H13); 6.93 (d, J = 8.0 Hz, 1H, H4). 13C NMR (75 MHz, 
CDCl3) δ(ppm): 194.7 (d, J = 7.3 Hz, (CO)); 193.0 (d, J = 8.4 Hz, (CO)); 
185.2 (d, J = 61.3 Hz, (CO)); 154.5 (C1); 154.0 (C6); 147.5 (C7); 143.4 
(C5); 141.1 (C3); 133.1 (d, J = 10.8 Hz, (C13)); 132.5 (C10); 131.4 (C9); 
131.2 (d, J = 2.3 Hz, (C15)); 130.8 (C8); 129.2 (C2); 129.1 (d, J = 10.4 
Hz, (C14)); 128.5 (d, J = 46.1 Hz, (C12)); 126.2 (C11); 124.2 (C4). 31P 
NMR (121 MHz, CDCl3) δ (ppm): 16.84. HRMS-ESI-: m/z 148.9519 ([M]- 

calcd for CF3O3S, 148.9520); HRMS-ESI+: m/z 753.1194 ([M]+ calcd for 
C34H25N4O3P185Re, found: 753.1187). IR (CH3CN): ν(CO) = 2042, 1955, 
1929 cm− 1. Anal. calcd (%) for C35H25N4O6 F3P185ReS: C 45.94, H 2.59, 
N 5.83; found: C 46.51, H 2.79, N 6.20. 

[Re(CO)3(2-(4-(4-((3r,5r,7r)-adamantan-1-yl)phenyl)-4H-1,2,4- 
triazol-3-yl)pyridine)(PPh3)]þ(CF3SO3)– (Re-Ada(TPP)) (94 mg, 
Yield = 86 %). 1H NMR (300 MHz, CDCl3): δ (ppm): 8.65 (dapp, J = 5.4 
Hz, 1H, H1); 8.34 (s, 1H, H7); 8.10 (tapp, J = 8.0 Hz, 1H, H3); 7.65–7.58, 
(m, 3H, H2,10); 7.48–7.33 (m, 11H, H9,14,15); 7.17 (m, 6H, H13); 6.95 (d, 
1H, J = 8.1 Hz, H4); 2.21 (m, 3H, CH ada); 2.04 (m, 6H, CH2 ada); 1.86 (m, 
6H, CH2 ada). 13C NMR (75 MHz, CDCl3): δ (ppm): 194.7 (d, J = 5.6 Hz, 
(CO)); 192.0 (d, J = 8.0 Hz, (CO)); 185.3 (d, J = 60.4 Hz, (CO)); 154.0 
(C6); 154.6 (C1); 147.6 (C7); 143.4 (C5); 129.5 (C2); 133.1 (d, J = 10.7 
Hz, (C13)), 131.2 (d, J = 2.4 Hz, (C15)); 141.3 (C3); 129.1 (d, J = 10.0 Hz, 
(C14)); 128.6 (d, J = 45.8 Hz, (C12)); 128.0 (C8); 127.9 (C10); 125.6 (C9); 
156.3 (C11); 124.1 (C4); 42.8 (CH2 ada); 36.8 (C ada); 36.5 (CH2 ada); 28.7 
(CH ada). 31P NMR (121 MHz, CDCl3) δ (ppm): 16.85. HRMS-ESI-: m/z 
148.9519 ([M]- calcd for CF3O3S, 148.9520); HRMS-ESI+: m/z 889.2317 
([M]+ calcd for C44H39N4O3P185Re: found: 889.2311). IR (ATR): ν(CO) =

2035, 1946, 1907 cm− 1. Anal. calcd (%) for C42H39N4O6 F3P185ReS: C 
52.07, H 3.79, N 5.40; found: C 52.10, H 3.81, N 5.20. 

2.2. Crystallography 

Crystallographic data (Table 1) were collected at low temperature 
(193 K) on a Bruker APEX II Quazar diffractometer equipped with a 30 
W air-cooled microfocus source for Re-Ada(TPP), and on a Bruker D8 
VENTURE diffractometer equipped with a PHOTON III detector for Re- 
Phe(TPP), using MoKα radiation (wavelength = 0.71073 Å). Phi and 
Omega scans were performed for data collection. Space group was 
determined on the basis of systematic absences and intensity statistics. 
An empirical absorption correction was employed [63]. The structures 
were solved using an intrinsic phasing method (ShelXT) [64]. All non- 
hydrogen atoms were refined anisotropically using the least-square 
method on F2 [65]. Hydrogen atoms were refined isotropically at 
calculated positions using a riding model. Supplementary crystallo
graphic data can be obtained free of charge from The Cambridge Crys
tallographic Data Centre via https://www.ccdc.cam.ac.uk/structures. 

2.3. Computational details 

The ORCA software was employed for all calculations (the geometry 
optimization, the ground-state and excited-state electronic structures, 
and optical spectra) with the aid of the Gabedit visualization program 
[66]. Density functional theory (DFT) and time-dependent DFT (TD- 
DFT) calculations were performed with the PBE0 functional [67]. The 
ground state (S0) and the lowest excited triplet state (T1) geometries of 
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compounds were fully optimized with the DFT method using the 
Perdew-Burke-Ernzerhof PBE0 functional without symmetry constraints 
[68]. In all calculations, the “double-ζ” quality basis set LANL2DZ with 
Hay and Wadt’s relative effective core potential ECP (outer-core 
[(5s25p6)] electrons and the (5d6) valence electrons) [69,70] was 
employed for the Re+ cation. The solvent effect was simulated using the 
Conductor-like Polarizable Continuum Model (CPCM) [71,72]. The 
vibrational frequency calculations were performed using the optimized 
structural parameters of compounds, to confirm that each optimized 
structure represents a local minimum on the potential energy surface. 
On the basis of the optimized ground state geometry, the absorption 
properties were calculated by the TD-DFT method at the PBE0/ 
LANL2DZ level. The emission has been calculated by DFT considering 
the difference of energy between the optimized excited triplet state and 
the singlet state at the same geometry. Orbital compositions have been 
calculated using Multifwn software [73] with the orbital composition 
analysis (Mulliken partition) function [74]. 

2.4. Spectroscopy 

When not specified, spectroscopic measurements in solutions were 
performed at 20 ◦C on undegassed solutions using temperature- 
controlled cells of 1 cm optical pathway. UV–visible absorption 
spectra and steady-state emission spectra were measured with a Xenius 
SAFAS spectrofluorometer. All emission spectra were corrected. The 
emission quantum yields (Φ) were determined using the classical 
formula: 

Φx = (As × Ix × n2
x × Φs)/(Ax × Is × n2

s ) (1)  

where A is the absorbance at the excitation wavelength, I the integrated 
emission intensity and n the refractive index. Subscripts s and x refer to 
the standard and to the sample of unknown quantum yield, respectively. 
Coumarin 153 (Φs = 0.53) in ethanol was used as the standard [75]. The 
absorbance of the solutions was equal or below 0.06 at the excitation 
wavelength. The error on the absorptivity and quantum yield values is 
estimated to be about 10 %. The solubility limits of the complexes in the 
water/acetonitrile 96:4 v/v mixture were determined by monitoring the 
variation of absorptivity vs. the complex concentration. Cells of 1 cm and 
1 mm optical pathway were used for this work. 

Emission decay curves of dilute solutions (Abs at λex < 0.1) were 
recorded using the time-correlated single photon counting method 
(TCSPC) on a Horiba Fluorolog 3–2iHR320 spectrofluorometer 

equipped with a Nanoled-370 (λex = 371 nm). Emitted photons were 
detected at 90◦ by means of a Hamamatsu R928 photomultiplier. 
Emission was recorded near the maximum with a bandpass of 4 nm. The 
instrumental response was recorded directly by measuring the scattering 
of the sample at 370 nm before each decay curve. All analyses were 
recorded using the Datastation v2.7 software from Horiba. The decay 
curves were analyzed with reconvolution and global non-linear least- 
squares minimization method using the DAS6 v6.8 software, also from 
Horiba. 

The photophysical radiative (kr) and non-radiative (knr) rate con
stants were calculated as: kr = Φ/<τ> and knr = (1-Φ)/<τ>, with Φ the 
emission quantum yield and <τ> the average lifetime. 

2.5. Preparation and characterization of the nanomaterials 

Synthesis of cellulose nanocrystals (CNCs). Cellulose nanocrystals 
(CNCs) were obtained according to the method developed by Ndong 
Ntoutoume et al. [76]. Hydrophilic cotton (5 g) and 125 mL of 64 % 
sulfuric acid were heated to 50 ◦C for 1 h30. The reaction was stopped 
with 625 mL of ultrapure water and cooled to room temperature. The 
crude product was centrifuged (4,000 rpm, 15 min, 3 times) to eliminate 
the limpid supernatant. The pellet was redispersed in deionized water 
until obtention of a slightly bluish and troubled supernatant. This su
pernatant was sonicated for 5 min, filtered and dialyzed (6–8 kDa) for 4 
days by changing ultrapure water 3 times a day to obtain a stable 
colloidal suspension of CNCs (0.4 L, 4.4 mg.mL− 1, yield = 35 %). FTIR 
(KBr): ν(OH) = 3338 cm− 1, ν(CH) = 2900 cm− 1, ν(OH) = 1642 cm− 1, ν(SO3H) 

= 1279 cm− 1, ν(C-O-C) = 1162 cm− 1, ν(SO3H) = 816 cm− 1. 
Preparation of PhotoCORM/CNC hybrids. Small volumes of a 

concentrated solution (2 × 10-3 M) of complexes Re-Phe(TPP) and Re- 
Ada(TPP) were poured into aqueous suspensions of CNCs (2.1 mg/mL, 
except if indicated differently in the text) under magnetic stirring. The 
proportion of acetonitrile in water was 4 %. The mixtures were left to stir 
in the dark at room temperature for 1 h, then overnight without stirring. 
They were sonicated 5 min before spectroscopic measurement. 

Dynamic light scattering (DLS). Average hydrodynamic diameters 
and polydispersity indices were measured by dynamic light scattering 
(DLS) with a Malvern Zetasizer Nano-ZS. Zeta-potential data were 
measured with the same apparatus by using the electrophoretic light 
scattering method (150 V). Measurements were made on the pellet 
collected after centrifugation of the samples and dispersed again in 
water, to limit contamination by unbound complexes. Each sample was 

Table 1 
Selected crystallographic data of complexes Re-Phe(TPP) and Re-Ada(TPP).   

Re-Phe(TPP) Re-Ada(TPP) 

Empirical formula C34H25N4O3PRe, CF3O3S C44H39N4O3PRe, CF3O3S 
Formula weight 903.83 1038.04 
Crystal system Orthorhombic Orthorhombic 
Space group Pna21 Pbca 
Unit cell dimensions:   
a (Å) 25.935(2) 15.079(4) 
b (Å) 8.8698(6) 19.276(4) 
c (Å) 14.8941(12) 28.520(7) 
α (◦) 90 90 
β (◦) 90 90 
γ (◦) 90 90 
Volume (Å3) 3426.2(4) 8290(3) 
Z 4 8 
Density (calculated) (Mg/m3) 1.752 1.663 
Crystal size (mm3) 0.280 × 0.200 × 0.180 0.100 × 0.080 × 0.060 
Reflections collected 133492 284588 
Independent reflections 14759 [R(int) = 0.0467] 14373 [R(int) = 0.1196] 
Restraints/parameters 1/460 0/550 
Final R1 index I > 2σ(I) 0.0167 0.0382 
wR2 (all data) 0.0393 0.0921 
Largest diff. peak and hole (e Å− 3) 0.899 and − 0.873 1.278 and − 1.190 
CCDC 2298669 2298670  
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analyzed in triplicate at 20 ◦C in a temperature-controlled cell. Pure 
water was used as reference. 

Transmission electron microscopy. TEM was performed on a JEOL 
JEM-1011 electron microscope operating at 100 kV and equipped with a 
wide-angle Megaview III camera. An aqueous suspension of Re-Ada 
(TPP)/CNC hybrid was vortexed and sonicated for 2 min, then a drop 
was deposited on a carbon-coated grid. The excess liquid was drained off 
and the sample was dried under vacuum (10-4 mbar) at room tempera
ture. No contrast agent was added. 

Determination of the maximum adsorption capacity (MAC) by 
absorption spectroscopy. Samples containing 7.28 × 10-5 M (65.75 
mg/L) and 1.02 × 10-4 M (106.35 mg/L) of Re-Phe(TPP) or Re-Ada 
(TPP), respectively, and variable amounts of CNCs ranging from 0 to 1 
mg/mL were prepared in water/acetonitrile 96:4 v/v as described 
above. The samples were centrifuged for 15 min at 10,000 rpm, and the 
absorbance of the supernatant was measured at 340 nm. Beer-Lamber’s 
law allowed the corresponding photoCORM concentration to be ob
tained. The photoCORM concentration in the supernatant corresponds 
to the value [C0 - Cads], where C0 is the initial concentration and Cads the 
concentration of adsorbed complex. This value was then plotted as a 
function of [CNC]. The maximum adsorption capacity was given by the 
Cads value at the point where the slope reaches a plateau. 

Complex release from photoCORM/CNC hybrids 
Method 1. A dialysis tube from a Pur-A-LyzerTM Maxi 3500 kit 

purchased from Sigma Aldrich was loaded with 3 mL PhotoCORM/CNC 
hybrid suspension containing 2.0 mg/mL CNCs and 1.2 × 10-4 M Re-Phe 
(TPP) or 8.3 × 10-5 M Re-Ada(TPP), and then it was placed into a tank 
containing 200 mL of ultra-pure water. The absorbance of the content of 
the dialysis cell was monitored over time. Alternatively, the emission of 
the dialysis solution was measured by luminescence spectroscopy over 
24 h, and the amount of released complex was determined using a 
calibration curve. 

Method 2 [76]. A volume (2 mL) of chloroform was topped with 1 mL 
of photoCORM/CNC hybrid suspension containing 2 mg/mL CNCs and 
1.84 × 10-4 M Re-Phe(TPP) or 6.93 × 10-5 M Re-Ada(TPP) into a quartz 
cell, so that the beam from the spectrometer passes only through the 
organic phase. The system was left to stand without stirring. The 
diffusion of complex from the aqueous phase to the organic phase was 
monitored every hour for 24 h, by measuring the absorbance of the 
organic phase. 

2.6. Photochemistry 

Irradiations were conducted at 20 ◦C on magnetically-stirred unde
gassed solutions placed in 1 cm × 1 cm quartz fluorescence cells, using a 
Rayonet reactor fitted with 350 nm UV lamps. The CO-photorelease was 
monitored by UV–vis spectroscopy. The quantum yields of CO- 
photoproduction (ΦCO) were determined using the equations: 

A0 = C0 × εcomplex (2)  

Af = C0 × εphotoproduct (3)  

At = (C0 − x) × εcomplex + x × εphotoproduct (4)  

ΦCO = Nx/Nabs (5)  

where A0, Af, At are respectively the absorbance values at 340 nm 
before, during and after irradiation; C0 is the initial concentration in 
complex, εcomplex and εphotoproduct are the molar extinction coefficients at 
340 nm of the complex and photoproduct, x refers to the concentration 
of the photoproduct at time t; Nx is the number of photolyzed molecules 
and Nabs is the number of absorbed photons. The number of photons 
received by the samples was measured to be 3.6 × 1016 photons.s− 1 by 
actinometry of ferrioxalate ions [77]. 

The production of singlet oxygen was quantified according to the 

method of Kraljic and El Mohsni [78]. By reacting with the singlet ox
ygen formed, L-histidine (His) gives an intermediate which causes the 
bleaching of N,N-dimethyl-4-nitrosoaniline (RNO), according to the 
following process:  

1O2 + His ⟶ [HisO2] ⟶ HisO2                                                            

[HisO2] + RNO ⟶ RNObleached + by-products                                         

The decrease of the RNO absorption band at 440 nm as a function of 
time allows the reaction progress to be monitored. The experiment was 
repeated twice for each sample. Slopes were determined from the 
spectra after baseline correction and ignoring the first points (<3 min) 
for which the RNO absorbance decrease and the photoproduct absorp
tion increase overlap. Then, the singlet oxygen quantum yields (ΦΔ) 
were calculated by using equation (6): 

ΦΔs = ΦΔref × Ss
/

Sref × Aref
/

As (6)  

where ϕΔ is the quantum yield, S is the slope of the absorbance variation 
recorded at 440 nm, and A is the absorbance at the irradiation wave
length of 350 nm for the sample (s) and the reference (ref). The reference 
compound was erythrosin B in H2O (Aref = 0.0386, ΦΔref = 0.63), and 
very close results were obtained using Rose Bengal [79]. For the com
plexes and photoCORM materials, experiments were carried out in a 
water/acetonitrile (96:4 vol/vol) mixture, which was approximated to 
pure water for the calculations. 

2.7. Bacteriological studies 

Gram-positive (S. aureus CIP76.25) and Gram-negative (P. aeruginosa 
CIP76.110) bacterial strains were purchased from Institut Pasteur 
Collection (Paris, France). Bacteria were incubated for 24 h at 37 ◦C in 
liquid tryptic soy broth (TSB) (tryptone 17 g.L-1, soy papain peptone 3 g. 
L-1, dextrose 2.5 g.L-1, NaCl 5 g.L-1, and K2HPO4 2.5 g.L-1) purchased 
from Biokar Diagnostics, under aerobic conditions. Then, the optical 
density of the planktonic bacterial culture was measured at 600 nm. 
Prior to use, an aliquot of the bacteria suspensions was dispersed in 
phosphate buffered saline (PBS) to obtain a final concentration of ~ 2 ×
106 colony-forming units (CFU). The inoculum was then centrifuged for 
3 min at 10,000 rpm, and the pellet was redispersed in PBS. The washing 
procedure, which allows to get rid of dead cells and residues from the 
TSB medium, was repeated twice. 

The minimal inhibitory concentrations (MIC) were determined by 
using the microdilution method. All experiments were performed in 
triplicate (biological and experimental repeats). For free photoCORMs, 
an acetonitrile solution of rhenium complexes was added to PBS, and the 
resulting mixture was sonicated for 3 min. It contained 10 % v/v 
acetonitrile. PhotoCORM/CNC hybrids were prepared by bringing 
together a solution of photoCORM in acetonitrile (100 μL, 2 × 10-3 M) 
and a suspension of CNCs in water (900 μL, 2.1 g/L). The final medium 
contained 10 % acetonitrile v/v. After standing overnight in the dark, 
the suspension was centrifuged for 10 min at 10,000 rpm and the pellet 
was redispersed in PBS. The procedure was repeated twice before dilu
tion in this medium. The sample was finally sonicated for 3 min before 
use. Aliquots (50 µL) of photoCORMs and hybrids of increasing con
centrations were deposited into the wells of a 96-round-bottomed well 
plate (Costar Assay), and 50 µL of PBS was added. Bacteria suspensions 
(50 µL, 2 × 106 CFU mL− 1) were finally deposited in each well. The 
concentrations of photoCORMs, whatever free or adsorbed on the CNC 
surface, ranged between 125 µM and 1 µM, and the proportion of 
acetonitrile in PBS was lower than 10 % v/v. The plate was incubated for 
1 h at 37 ◦C, and then irradiated for 10 min at 365 nm using a Vilber 
Lourmat™ UV lamp (3.38 W.m− 2). Straight after, 2-fold concentrated 
TSB (100 µL) was added in each well and the plate was incubated for 24 
h at 37 ◦C. The opacity of the well, which reflects bacterial growth, 
allowed the MIC to be visually determined. Other plates, prepared under 
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the same conditions but without irradiation, were used as control. 
Supplementary controls were made with Methylene Blue dye (MB, 
Merck, Saint-Quentin-Fallavier, France) and Gentamicin (Merck). MB 
was solubilized in PBS and was incubated with bacteria at concentra
tions between 125 µM and 1 µM. After incubation in the dark for 1 h at 
37 ◦C, bacteria were irradiated with white light LED at a total fluence of 
25 J.cm− 2 (Lumidox® II 96-Well LED Arrays, Analytical Sales and Ser
vice, Flanders NJ, USA). As previously, 2-fold concentrated TSB was 
added in each well. Gentamicin was solubilized in PBS and was incu
bated with bacteria at concentrations between 125 µM and 1 µM. 2-Fold 
concentrated TSB was added in each well and plates were incubated for 
24 h at 37 ◦C. 

To measure the minimal bactericidal concentration, serial dilutions 
of the content of each well were performed. Each dilution was spread on 
tryptic soy agar plates using an automatic plate. After incubation at 37 
◦C for 24 h, the plates were counted to determine the total CFU per mL 
(CFU.mL− 1). Due to the protocol employed, the lowest concentration 
was about 300 CFU.mL− 1. All negative controls (buffer alone, bacteria 
without added compound) in the presence or absence of illumination, 
were made systematically. 

3. Results and discussion 

3.1. Synthesis, characterization and crystal structure of complexes Re- 
Phe(TPP) and Re-Ada(TPP) 

The complexes Re-Phe(TPP) and Re-Ada(TPP) were obtained in one 
step by reacting the corresponding chloride analogue [54] with silver 
triflate, and then with triphenylphosphine, with a good yield of 83 % 
and 86 %, respectively, after purification by column chromatography 
(Fig. S1). There were identified by 1H and 13C NMR (Fig. S2-S11, ESI), 
high resolution mass spectrometry, and their purity was checked by 
elemental microanalysis. The Fourier transform infrared (FTIR) spectra 
showed the stretching bands that are the characteristic signature of the 
three CO groups in a fac-[Re(CO)3] arrangement. 

Good quality single crystals were formed at the interface between 
pentane and a chloroform solution of complexes Re-Phe(TPP) and Re- 
Ada(TPP), and the XRD analysis allowed the structures to be confirmed 
(Fig. 2 and Table S1). The coordination spheres of both complexes are 
almost similar. They exhibit a slightly-distorted octahedral geometry, in 
which the rhenium atom is coordinated to three carbonyl groups in a fac 
configuration, two nitrogen atoms of the pyta ligand and one phos
phorous atom. A remarkable feature is that the Re-C(1) bond involving 
the carbonyl ligand that faces the phosphorous atom is significantly 
longer than the Re-C(2) and Re-C(3) bonds of the other two carbonyls (e. 

g. 1.971(2) vs 1.920(2) and 1.926(2) Å for Re-Phe(TPP)). It is also 
longer than its counterpart in the chloride parent complex (1.916(3) Å) 
[54], and this reflects its weakening due to the electronic effect of the 
TPP moiety. The angles of the coordination sphere are close to orthog
onal and the pyta moiety is almost planar, a geometry probably favored 
by the steric hindrance due to the TPP moiety. Noticeably, one of the 
TPP phenyl rings is positioned more or less parallel to the pyta moiety. 
The shortest Cphenyl-Cpyta distance is 3.362(3) Å for Re-Phe(TPP) and 
3.388(5) Å for Re-Ada(TPP). Although no overlap of the aromatic rings 
is observed and the centroid-to-centroid distance is longer than 4 Å 
(Fig. S12), this interaction may contribute to the stabilization of the 
molecules [80–82]. The dihedral angle between the phenyl (borne by 
the triazole) and the triazole ring, which is a strong indicator of the 
molecular geometry, has a value of 74.31(8)◦ for Re-Phe(TPP) and only 
59.70(13)◦ for Re-Ada(TPP). The intermolecular arrangement is 
strongly structured by the TPP moieties. For instance, the TPP moiety of 
one Re-Phe(TPP) molecule is involved in short contacts with the 
carbonyl ligands of two neighboring molecules (Fig. S13a,c), while the 
Re-Ada(TPP) molecules form sort of antiparallel dimers stabilized by 
CH⋅⋅⋅C bonds between the phenyl rings of their TPP moieties (Fig. S13b, 
d). The crystal unit of Re-Phe(TPP) contains four molecules oriented in 
distinct directions. In the network of Re-Ada(TPP), the molecules are 
displayed along two distinct axes. The presence of the bulky adamantyl 
moiety does not lead to an increased distance between the rhenium 
centers of neighboring molecules (8.869(1) Å for Re-Phe(TPP) vs. 8.068 
(2) Å for Re-Ada(TPP)). 

3.2. Electronic properties of complex Re-Phe(TPP) 

A previous study on the parent chloride complexes showed that the 
presence of the adamantyl substituent does not influence significantly 
the electronic properties in solution [54]. Consequently, theoretical 
calculations only considered complex Re-Phe(TPP) in acetonitrile. They 
were made using the density functional theory (DFT) and time- 
dependent DFT (TD-DFT) methods. The results are collected in 
Table S2 and S3, and in Fig. S14-17). In the ground state, the geometry of 
the molecule is close to that determined from X-ray analysis (Fig. S14). 
The electron density of the four highest occupied molecular orbitals is 
mainly centered on the rhenium atom (Fig. S15). The contribution of the 
phosphine ligand is strong, especially between HOMO-6 and HOMO-2. 
The contribution of the carbonyl ligands is moderate, while that of the 
pyta moiety only becomes significant for the HOMO-1 and HOMO. 
Regarding the lowest unoccupied molecular orbitals, the electron dis
tribution is concentrated on the pyta ligand for the LUMO and LUMO +
1, and then it progressively shifts to the carbonyl ligands and then to the 

Fig. 2. Molecular view of the asymmetric unit of complexes Re-Phe(TPP) (a) and Re-Ada(TPP) (b). Displacement ellipsoids are drawn at 50% probability and 
hydrogen atoms are been omitted for the sake of clarity. 
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rest of the molecule as the orbital number increases. Remarkably, the 
phenyl group does not participate below the LUMO + 5. This distribu
tion is quite different from that of Re-PBO(TPP), in which the electron 
density of the HOMO and LUMO + 1 is strong on the PBO moiety [53]. 
Predicted electronic transitions at low energy are mainly HOMO → 
LUMO and HOMO-3 → LUMO, with strong metal to ligand charge 
transfer (MLCT) and ligand-to-ligand charge transfer (LLCT) character. 
They should result in an absorption band of moderate intensity at 
around 350 nm (Fig. S16). The next transitions are identified as HOMO- 
1 → LUMO + 1 and HOMO-2 → LUMO + 1, with mixed MLCT/LLCT 
character. They are expected to give an intense band around 265 nm. 
High-energy transitions, such as HOMO-3 → LUMO + 3, with MLCT 
character, should be responsible for absorption below 230 nm. The main 
transitions and orbitals involved are given in Fig. 3. 

In the lowest-energy excited triplet state, the geometry of the 
molecule is a little different from that of the ground state, with a reduced 
phenyl-pyta dihedral angle (55.8◦ instead of 85.6◦) (Fig. S14). This is a 
MLCT state, in which the electron density is centered on the pyta ligand 
with contribution of the rhenium atom and carbonyl ligands (Fig. S17). 

It should be noted that theoretical calculations were only here to 
better understand the absorption and emission processes. To provide a 
comprehensive view of the system, Fig. 3 also represents the photo
production of singlet oxygen due to energy transfer, and the photo
chemical process that leads to decarbonylation. The latter process 
involves a metal-centered, thermally-accessible triplet state [9,10], 
whose energy was not calculated. This calculation requires a substantial 
work, and will be included in a forthcoming study, the aim of which is to 
compare a series of rhenium(I) photoCORMs. 

3.3. Spectroscopic and CO-photoproduction properties of the complexes in 
solution 

The complexes Re-Phe(TPP) and Re-Ada(TPP) were well soluble in 
acetonitrile. This hydrophilic coordinating solvent is frequently used in 
photochemistry and well tolerated by living cells at small concentra
tions. A spectroscopic and photochemical study was first conducted in 
this solvent, which allows to obtain precise data, directly comparable 
with those previously acquired for Re-PBO(TPP) in the same conditions. 
Only aerated solutions were considered. As expected, both complexes 
had similar spectroscopic features (Table S4). The absorption spectra 
(Fig. S18) showed an intense band with many shoulders below 300 nm, 
and a well-distinct band of moderate intensity peaking around 340 nm. 
For Re-Phe(TPP), the experimental spectrum was in quite good agree
ment with the calculated spectrum (Fig. S16), and this allows in 
particular the low-energy band to be assigned to a transition involving 
the 1MLCT state. When illuminated by UV light, the yellow solutions of 
Re-Phe(TPP) and Re-Ada(TPP) emitted green-yellow light. The emis
sion spectra (Fig. S18) showed one only band peaking at 540 and 536 
nm, respectively, in perfect agreement with the value calculated for 
emission arising from the lowest MLCT excited triplet state (541 nm) for 
Re-Phe(TPP). The emission quantum yields were close to 0.04 and the 
lifetimes (Fig. S19) were longer than 200 ns, confirming that emission is 
due to phosphorescence. These spectroscopic characteristics are close to 
those of Re-PBO(TPP) (see Table S4 for a comparison). 

The photochemical reactivity was investigated on Re-Phe(TPP). 
While an acetonitrile solution of this compound kept in the dark for 15 
days exhibited no change of its UV–vis absorption spectrum, irradiation 

Fig. 3. Schematized energy levels, main transitions and photochemical pro
cesses of complex Re-Phe(TPP) in CH3CN. Isodensity plots (isovalue = 0.03 e 
bohr–3) of the first frontier molecular orbitals involved in some of these pro
cesses, according to TD-DFT calculations at the PBE0/LANL2DZ level of theory. 
abs: absorption, ic: internal conversion, isc: intersystem crossing, P: phospho
rescence, ET: energy transfer, S: singlet, MLCT: metal-to-ligand charge transfer, 
MC: metal-centered. 

Fig. 4. a) Evolution of the UV–vis absorption spectra of Re-Phe(TPP) (5.6 ×
10-5 M) in acetonitrile under irradiation at 350 nm. One curve every 10 s for 3 
min, then one curve every min till 6 min. b) Variation of the FTIR spectra of Re- 
Phe(TPP) under irradiation at 350 nm. The arrows indicate the sense of 
the variation. 
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at 350 nm induced the fast disappearance of the bands at 260 and 340 
nm, and the appearance of new bands around 280 and 400 nm. These 
variations indicate a major change in the coordination sphere. The 
formation of clear isosbestic points suggests the consumption of the 
starting complex and the formation of one photoproduct (Fig. 4a). After 
4 min, the absorption spectra superimpose, indicating the end of this 
photoreaction. The kinetics was studied by monitoring the absorbance 
decrease at 340 nm. The reaction follows a first order kinetics with a rate 
constant of k = 0.0125 s− 1. This value is useful to compare the photo
reactivity of compounds used under the same experimental conditions. 
The photoreaction quantum yield, which allows a comparison with 
literature data, was measured to be 0.06. The photoreaction can also be 
monitored by the disappearance of the emission band at 540 nm and the 
appearance of a very weak band in the red at 680 nm (ФP ~ 8 × 10-3) 
(Fig. S20). The photoproduct was characterized by high-resolution mass 
spectrometry (HRMS-ESI+), which indicates the presence of a main 
compound corresponding to the formula C35H28N5O2PRe (experimental: 
m/z = 768.1544, calculated for [M]+: m/z = 768.1538 with 187Re), i.e. 
to a complex where a carbonyl ligand has been replaced by an aceto
nitrile molecule (Fig. S21). Monitoring the photoreaction by infrared 
spectroscopy showed a strong variation of the signals corresponding to 
the carbonyl groups (Fig. 4b). The three bands at 2045, 1955 and 1930 
cm− 1 disappeared and were replaced by two bands at 1950 and 1870 
cm− 1. The photochemical reaction is indeed a very efficient mono- 
decarbonylation that can be written as: 

[Re(CO)3(L1)(PPh3)]
+
(CF3SO3)

−
̅→

hν

CH3CN

[Re(CO)2(CH3CN)(L1)(PPh3)]
+
(CF3SO3)

−
+ CO  

where L1 is the phenyl-pyta ligand. The decarbonylated complex can be 
abbreviated as D-Re-Phe(TPP) with acetonitrile as one of the ligands 
(Fig. 1). According to the literature [9,10] and to the DFT calculation 
performed in our previous work [53], its most stable form should be the 
one with the solvent molecule replacing the CO ligand in the trans po
sition with respect to the TPP moiety. The photochemical behavior of 
Re-Phe(TPP) is therefore strongly reminiscent of that previously re
ported for Re-PBO(TPP), except that the reaction is about twice slower 
in the present case (Table S4). However, it remains very effective and 
fully justifies the choice of the simplified compound Re-Phe(TPP). 

In a second step, the complexes were studied in aerated aqueous 
medium. To do so, they were first dissolved in acetonitrile, and small 
volumes of this concentrated solution were injected into water. The 
solubility limits in the resulting water/acetonitrile 96:4 v/v mixture 
were found to be about 1.0 × 10-4 M and 2.5 × 10-5 M for Re-Phe(TPP) 
and Re-Ada(TPP), respectively (Fig. S22). It was checked that the 
UV–vis absorption spectrum of complex Re-Phe(TPP) was unchanged in 

the dark for at least 15 days, showing the good chemical stability of the 
compound in the presence of water. The spectroscopic properties in the 
water/acetonitrile 96:4 v/v mixture (Table 2) were quite close to those 
previously recorded in acetonitrile. Interestingly, phosphorescence was 
not extinguished in the aqueous mixture. On the contrary, the quantum 
yields were 1.5 times higher than in acetonitrile and the lifetimes 
(Fig. S23 and S24) were multiplied by 2.5. Knowing that dioxygen is the 
main phosphorescence quencher in solution, this result can be partly 
explained by the lesser amount of this gas dissolved in air-equilibrated 
water (generally considered to be around 8 mg/L) than in acetonitrile 
(2.42 mM, that is 38.7 mg/L [83]). 

Upon irradiation, the complexes dissolved in the water/acetonitrile 
96:4 v/v mixture behaved qualitatively as in acetonitrile. The intensity 
of the 1MLCT band of the UV–vis absorption spectrum decreased 
abruptly while a new band appeared at around 400 nm. The high-energy 
band also exhibited an intensity decrease while a shoulder appeared at 
around 280 nm. Quasi-isosbestic points testified the formation of one 
main photoproduct. After less than 2 min irradiation, no more variations 
of the UV–vis absorption spectrum were noticed (the spectrum of Re- 
Phe(TPP) is given in Fig. S25a). The photoreaction was thus even faster 
than in acetonitrile. The resulting solution had lost its green phospho
rescence and emitted very weakly in the red under the UV lamp 
(Fig. S25b). This caused the disappearance of the emission band at 542 
nm and the appearance of a weak band in the red (λmax = 696 nm, ФP ~ 
2 × 10-3) (Fig. S25c,d). Surprisingly, the high-resolution mass spectrum 
of the photolyzed solution indicated the disappearance of the starting 
compounds and the presence of a photoproduct identical to that ob
tained in pure acetonitrile, i.e. a tricarbonylrhenium(I) complex where 
one carbonyl ligand (most likely that in trans of the phosphine) has been 
replaced by a CH3CN molecule (Fig. S26). This result was unexpected 
because the capacity of coordination of water with transition metals is 
generally higher than that of acetonitrile [84]. A preferential solvation 
of the complexes by acetonitrile could be an explanation. 

Table 2 
Spectroscopic and photochemical data of the two photoCORMs and corresponding hybrids in water/acetonitrile 96:4 v/v. Maximum wavelength of absorption (λabs) 
and molar extinction coefficient (ε), sh = shoulder. Maximum emission wavelength (λP), phosphorescence quantum yield (ΦP), emission lifetime (τ) with relative 
amplitude, average lifetime (<τ> ) and chi square (χ2) values; Complex concentrations for emission: ~1.8 × 10-5 M, λex = 370 nm. Photophysical radiative (kr) and 
non-radiative (knr) rate constants. Photodecarbonylation rate constant (kCO), photodecarbonylation quantum yield (ФCO). Quantum yield of singlet oxygen production 
of the corresponding decarbonylated compound (ФΔ). For hybrids: [CNC] = 1.0–2.0 mg/mL, [PhotoCORM] = 1.6 × 10-5 – 4.9 × 10-5 M. nd: not determined.  

Compound λabs (nm) ε 
(M− 1cm− 1) 

λP 

(nm) 
ФP τ 

(ns) 
<τ> (ns) χ2 kr knr kCO 

(s− 1) 
ФCO ФΔ 

Re-Phe(TPP)  236 
260sh 
342 

23,700 
15,300 
4100 

542  0.061 591  591  1.13 1.03 × 105 1.59 × 106 7 × 10-3 0.060  0.063 

Re-Ada(TPP)  234 
260sh 
340 

23,400 
13,800 
3800 

536  0.060 583 583  1.29 1.03 × 105 1.61 × 106 8 × 10-3 0.059  0.048 

Re-Phe(TPP)/CNC  240 
338 

26,000 
5300 

526  0.042 606 (93.2 %) 
53 (4.9 %) 
0.93 (1.87 %) 

567  1.39  7.41 × 104 1.69 × 106 5 × 10-3 nd  0.040 

Re-Ada(TPP)/CNC  236 
338 

27,000 
5900  

528  0.052 826 (83.9 %) 
108 (11.4 %) 
0.54 (4.67 %) 

705  1.28 7.35 × 104 1.34 × 106 3 × 10-3 nd  0.041  

Table 3 
Physical characteristics of plain CNCs and photoCORM/CNC hybrids. Maximum 
adsorption capacity (MAC), hydrodynamic diameter (Dh), polydispersity index 
(PDI), zeta potential (ζ). Hybrid composition: Re-Phe(TPP) (8.0 × 10-5 M) or 
Re-Ada(TPP) (6.7 × 10-5 M), and CNCs (1.9 mg/mL).  

Compound MAC 
(mg/g) 

Dh 

(nm) 
PDI ζ 

(mV) 

CNCs — 127 ± 1 0.169 ± 0.002 − 24.3 ± 0.3 
Re-Phe(TPP)/CNC 180 155 ± 3 0.177 ± 0.004 − 19.1 ± 0.1 
Re-Ada(TPP)/CNC 868 560 ± 51 0.378 ± 0.056 − 18.2 ± 0.4  
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3.4. Preparation and characterization of the photoCORM/CNC hybrids 

To prepare the hybrids, the acetonitrile solutions of the complexes 
were poured into aqueous CNC suspensions under magnetic stirring, 
while fixing at 4 % the proportion of acetonitrile in water. The samples 
were left to stabilize one night before use. The hybrids were first char
acterized by dynamic light scattering (DLS). The hydrodynamic diam
eter was slightly larger for the Re-Phe(TPP)/CNC hybrid than for native 
CNCs (155 ± 3 nm vs 127 ± 1 nm). A significantly higher value (560 ±
51 nm) was found for the Re-Ada(TPP)/CNC hybrid, possibly due to 
some agglomeration of the nanoparticles, as suggested by the high 
polydispersity index. In both cases, the zeta potentials of the hybrids 
were found to be slightly less negative than for native CNCs (Table 3). 
These variations are in line with the binding of the positively-charged 
complex molecules at the surface of CNCs. Weaker interactions like 
hydrogen bonding, possibly involving the OH groups of cellulose, can 
also take place. The interaction did not change significantly the 
morphology of the CNCs, which appeared as rod-like particles under the 
transmission electron microscope (Fig. 5a). 

From a spectroscopic point of view, CNC suspensions are opalescent 
and generate strong scattering (Fig. S27). As far as can be estimated 
despite the difficulty of the measurement, the interaction of the com
plexes with CNCs only led to small changes in the position of the spectra 
with respect to aqueous solutions, but it induced an absorbance increase 
particularly noticeable when Re-Ada(TPP) was used above the solubi
lity limit, suggesting that CNCs improve the dispersion of the photo
CORM molecules (Table 2). The emission maxima were shifted to short 
wavelengths (Fig. S28). Meanwhile, the emission quantum yields were 
slightly reduced with respect to aqueous solutions while the lifetimes 
were longer, mainly resulting in the reduction of the radiative constants. 

Possibly, the geometry of the complexes varies upon adsorption on the 
CNC surface, making emission slightly less efficient. 

The variation of absorbance at 340 nm was monitored as a function 
of CNC concentration to determine the maximal adsorption capacity 
(MAC) of CNCs, which was found to be 172 mg/g for Re-Phe(TPP), and 
as high as 868 mg/g for Re-Ada(TPP) (Fig. 5 and S29). Titration by 
fluorescence spectroscopy, which is more delicate to implement, was 
performed for Re-Phe(TPP), and led to a slightly lower value (110 mg/ 
g) than that determined by absorption spectroscopy (Fig. S28). These 
relatively high MAC values can be partly explained by the high molec
ular weight of rhenium complexes, adsorbed on a light matrix. However, 
it is noteworthy that the presence of the adamantyl moiety significantly 
increases the affinity of the complexes for CNCs. 

Since sufficient time was observed between the preparation of hybrids 
and their use, the spectroscopic properties of the suspensions changed 
little over time, suggesting a good stability in water as long as the con
centration conditions are maintained. However, upon dilution, a pro
portion of the complexes could be released in the medium. This 
phenomenon was studied by using two distinct methods. First, dialysis 
was performed by putting 3 mL PhotoCORM/CNC hybrid suspension into 
a dialysis cell, placed into a tank containing 200 mL of water. The pro
gressive absorbance decrease of the cell content showed that 85 % of 
adsorbed Re-Phe(TPP) has migrated into the aqueous phase after 8 h. In 
contrast, 28 % of Re-Ada(TPP) passed into the water after one hour, and 
then the system seemed to be stable (Fig. S30). Detection by fluorescence 
spectroscopy of the dialysis solution confirmed that more than 73 % of 
Re-Phe(TPP) was released from the hybrids into the aqueous medium 
after 8 h, and indicated that the whole complex was released after 24 h 
(Fig. S31). The second method measures the desorption of complexes and 
their solubilization into an organic phase by UV–vis absorption titration 
(Fig. S32). It is assumed that it better models what happens in the pres
ence of a lipid membrane [76]. In this case, 31 % of Re-Phe(TPP) and 27 
% Re-Ada(TPP) were found to pass from the hybrid in suspension in 
water to a chloroform phase after 15 h of contact without stirring. After 
24 h, the proportion of Re-Phe(TPP) in chloroform was 37 %, and it can 
be extrapolated that the amount of Re-Ada(TPP) is below this value, 
although it could not be determined accurately because of strong varia
tion of the baseline. In summary, the Re-Phe(TPP)/CNC hybrid signifi
cantly releases complex molecules over time, while Re-Ada(TPP)/CNC is 
more stable, due to the lower solubility of the complex in water. However, 
it can be considered that in both cases, during the first two hours after 
dilution, which largely correspond to the incubation and irradiation time 
in the subsequent experiments in the presence of bacteria, a large pro
portion of the complex molecules is retained on the surface of the CNCs. 

3.5. CO-photoproduction by hybrids in aqueous medium 

The Re-Phe(TPP)/CNC and Re-Ada(TPP)/CNC hybrids considered 
for the photochemical study were prepared from 6.7 × 10-5 M and 4.0 ×
10-5 M complexes, respectively, and CNCs at 1.6 mg/mL. In these con
ditions, the photoCORM/CNC ratio was well below the MAC value, and 
it can be assumed that all molecules of complexes were well dispersed at 
the CNC surface. Under irradiation at 350 nm, the UV–vis absorption 
spectra of the hybrids showed the same evolution as that observed for 
the free complexes (Fig. S33). Remarkably, the reaction was much 
slower, since it was only completed after 15 min. The phosphorescence 
was also extinguished after the photochemical process. 

Qualitatively, it can be said that the photoreaction leads to the 
release of one CO molecule per complex molecule in the presence and in 
absence of CNCs. Thus, adsorption of the photoCORMs on CNCs does not 
prevent photochemical reactivity. In every case, the photo
decarbonylation follows a kinetic law of order 1. For technical reasons, 
the photodecarbonylation quantum yield was not determined for the 
hybrids, but it is known that there is a direct link between photoreaction 
quantum yields and the initial slope of time-resolved absorbance profiles 
[85]. It can be concluded that photodecarbonylation is less efficient for 

Fig. 5. A) TEM image of the Re-Ada(TPP) hybrid. b) Determination of the 
maximal adsorption capacity of CNCs for complexes Re-Phe(TPP) (7.3 × 10− 5 

M) (red triangles) and Re-Ada(TPP) (1.0 × 10− 4 M) (blue squares). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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hybrids than for free complexes. This may be attributed to a slight 
variation of the energy levels of the adsorbed complex, which would 
make it more difficult to populate the dissociating, thermally-accessible 
metal-centered (MC) state, although no changes were observed by 
UV–vis absorption and emission spectroscopy for the other excited 
states. More likely, the approach of acetonitrile molecules and the ligand 
substitution may be uneasy for reasons of geometry or steric hindrance 
when the complex is adsorbed on the CNCs. 

3.6. Photoproduction of singlet oxygen 

The photoproduction of singlet oxygen (1O2) by complexes and hybrids 
was quantified in situ according to the indirect method of Kraljic and El 
Mohsni [78]. As its generation progresses, 1O2 is captured by an imidazole 
derivative, resulting in the formation of a specific trans-annular peroxide 
intermediate, which then induces the bleaching of p-nitrosodimethylani
line (RNO). The absorbance variation of the mixture was then recorded at 
440 nm as function of irradiation time. Remarkably, the curve exhibited a 
sharp rise during the first minutes, followed by a steady decrease over 
several hours (Fig. 6a). The ascending part of the curve can be attributed to 
the absorbance increase due to photodecarbonylation, which dominates 
the decrease due to bleaching of RNO. In this case, 1O2 could be produced 
by both the photoCORM and D-photoCORM, in variable proportions as a 
function of time. After the first minutes, the decreasing curve reflects only 
the production of 1O2 from the decarbonylated complexes. It was consid
ered that the production of 1O2 by the photoCORM plays a minor role in 
relation to the whole process, and so only the straight decreasing line was 
processed to access the 1O2 photogeneration constants ФΔ. The compari
son of the various systems showed that the photoproduction of 1O2 is 
unexpectedly more efficient for Re-Phe(TPP) than for Re-Ada(TPP). It 

remains quite efficient for the hybrids, although slightly weaker than for 
free complexes, which can be explained by the easiest access of dissolved 
dioxygen for the latter ones. If comparing our values with the literature 
data for other Re(I) photoCORMs in water, our free complexes generate 
less 1O2 than some of the complexes incorporating trialkylphosphosphine 
ligands reported by Marker et al. [22]. 

From a general point of view, this photochemical study reveals the 
involvement of a remarkable two-step process, i.e. a fast photoproduc
tion of CO by the native photoCORMs, followed by a prolonged photo
production of 1O2 by the decarbonylated complexes (Fig. 6b). 

3.7. Microbiological study 

Finally, the antibacterial activity of the free photoCORMs and pho
toCORM/CNC hybrids against a Gram-positive strain, i.e. Staphylococcus 
aureus, and a Gram-negative strain, Pseudomonas aeruginosa, was 
investigated. The hybrids are the same as those used for the photo
chemical study, and the amount of complex molecules integrated into 
the hybrid can be directly compared to that of the free complexes. For 
the sake of comparison were also considered the free decarbonylated 
photoproduct D-Re-Phe(TPP), generated by irradiation of Re-Phe(TPP) 
in acetonitrile for 15 min, as well as the synthesis precursors Re-Phe(Cl) 
and Re-Ada(Cl). Bacteria were pre-incubated for 1 h in the presence of 
these compounds, irradiated at 365 nm, and incubated again for 24 h. A 
comparison was made with non-irradiated samples. Interestingly, when 
the suspensions of S. aureus pre-incubated with Re-Phe(TPP) or Re-Ada 
(TPP) were centrifuged, the pellets exhibited strong phosphorescence, 
showing that the free photoCORMs have an affinity for bacteria 
(Fig. 7a–c). This effect was not observed in the presence of Re-Phe(Cl). 
For photoCORMs, the phosphorescence extinction also ensures that the 
photochemical reaction has taken place in the presence of bacteria 
(Fig. 7d,e). The values of the minimal inhibitory concentration (MIC), i. 
e. the lowest concentration of a compound at which bacterial growth is 
completely inhibited, were measured in the dark and after irradiation at 
365 nm (Table 4). When the MIC values seemed interesting, the minimal 
bactericidal concentrations (MBC) that allows killing 99.9 % of bacteria, 
were also measured. In every case, the MBC values were very close to the 
MIC values, showing the bactericidal effect of the compounds. 

The first striking result is that a strong bactericidal effect was 
observed for Re-Phe(TPP) against S. aureus, for which both MIC were as 
low as 2 µg.mL− 1. However, this effect was not correlated with photo
chemistry, it was even slightly weaker after irradiation, and so it can be 
attributed solely to direct biological toxicity. Regarding the hybrid Re- 
Phe(TPP)/CNC, there is a significant decrease in activity compared to 
the free complex, and still no photochemical effect. Possibly, the weak 
efficiency is due to the small amount of complex molecules that diffuse 
in the medium. This confirms that the antibacterial activity of complex 

Fig. 6. A) Evolution of absorbance at 440 nm of a solution of complex Re-Phe 
(TPP) (1.1 × 10− 5 M), L-histidine (1.0 × 10− 2 M) and p-nitrosodimethylaniline 
(2.5 × 10− 5 M) in water/acetonitrile 96:4 v/v, under irradiation at 350 nm. b) 
Schematized two-step photoproduction of active species by photoCORM and 
D-photoCORM. 

Fig. 7. Observation under illumination at 365 nm of the pellet of centrifuged 
samples of (a) S. aureus, (b) Re-Ada(TPP), and (c) S. aureus with Re-Ada(TPP), 
after removal of the supernatant. Sample of S. aureus with Re-Ada(TPP) before 
(d) and after 10 min irradiation at 365 nm (e). Samples in PBS after 1 h in
cubation at 37 ◦C. PhotoCORM concentration: 6.4 × 10-5 M. 
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Re-Phe(TPP) is linked to its mobility, and thus to its capacity to reach its 
biological target on which it exerts a toxic effect. In contrast, the free 
complex Re-Ada(TPP) was more active after irradiation than in the 
dark. This photochemical effect was also observed for hybrid Re-Ada 
(TPP)/CNC, although the activity of the latter was reduced with respect 
to that of the free complex. It can be thought that Re-Ada(TPP) cumu
lates the effect of CO (and/or 1O2) and an intrinsic biological effect. A 
possibility is that CO enhances the permeation of the bacterial mem
brane, thus allowing the hydrophobic photoCORM to penetrate more 
easily inside the bacteria. Due to the presence of the adamantyl moiety, 
Re-Ada(TPP) may also have a biological target that is not that of Re-Phe 
(TPP), and this could explain the different behavior of the two com
plexes despite a very similar photoreactivity. This observation un
derlines the value of the adamantyl group in drug design [55,56]. 

Besides, the decarbonylated photoproduct D-Re-Phe(TPP) induced 
weaker bacterial effect than the native photoCORM, suggesting that the 
former is less toxic towards bacteria and that the generation of 1O2 alone 
is not enough to reverse this trend. The neutral complexes Re-Phe(Cl) 
and Re-Ada(Cl), which are very weakly soluble in water, showed no 
effect at all, probably because they do not enter the bacteria. This hy
pothesis is comforted by the observation that none of our systems show 
antibacterial activity against P. aeruginosa. Indeed, Gram-negative bac
teria have additional outer membrane, as well as an abundance of efflux 
pumps and highly selective porins, which make intracellular targets 
particularly difficult to reach [86]. It can be assumed that CO and 1O2 
diffuse passively through all bacterial membranes, but their concentra
tion in our systems may not be sufficient to induce an antibacterial ef
fect. Another possibility is that these species, and in particular CO, must 
be generated inside bacteria to be fully active, as has been suggested 
several times for CORMs in the literature [25,38]. 

4. Conclusions 

The mechanisms by which photoCORMs act on bacteria are still 
poorly understood. They are apparently very complicated because they 
involve numerous biological targets, and depend on the nature of the 
photoCORMs and bacterial strains. The present work allowed the 
development of original tools for a better understanding of the processes 
involved. It appeared that Re-Phe(TPP) has strong bactericidal effect on 
S. aureus, mainly due to the intrinsic toxicity of this complex. This con
firms that the effect of photoCORMs is more complicated than it seems. 
Indeed, the lack of significant CO-mediated effects has already been re
ported for some CORMs and photoCORMs [19,27]. It is also known that 
some of these compounds damage the bacteria membranes without 
photochemical activation, and this explains their effectiveness as con
ventional antibiotic adjuvants [41,42]. Two distinct modes of action, 
with and without photochemical activation, may also co-exist for the 
same compound [48]. In the present case, in-depth biological studies 

sustained by a docking approach [87] would be instructive to better 
understand the mode of action of Re-Phe(TPP) and possibly improve its 
chemical structure. Toxicity tests on eukaryotic cells will be necessary to 
say if this complex can be used in therapeutics. It was shown with Re-Ada 
(TPP) that the production of CO probably contributes to the efficiency of 
the complex, but at the moment, the synergistic effect (photoCORM +CO 
+ 1O2) is not as efficient as expected. To the best of our knowledge, this 
work reports the first example of hybrids formed between CNCs and 
photoCORMs. Although not very effective as such, these hybrids are 
stable, easy to handle in aqueous media and to incorporate in various 
formulations. As CNC platforms are quite versatile, they could be modi
fied to allow a better diffusion of the photoCORM molecules in the me
dium. For example, the insertion of the rhenium complex can be mediated 
by a cyclodextrin provided with a positively-charged chain [76], which, 
according to our preliminary studies, makes the system much more dy
namic. CNCs could also carry a photosensitizer better than Re(I) com
plexes, to reinforce the synergistic effect [88]. Lastly, the system can be 
improved by designing photoCORMs that absorb visible light in view of 
practical applications [32,73,74]. Consequently, this work opens new 
perspectives towards efficient bactericidal materials, potentially usable 
for fighting antibioresistant bacteria. 
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