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Review 

Ruthenium (II) polypyridyl complexes as two-photon absorbers and 
sensitizers: Design, structure-properties relationships and applications 

Jean-Luc Fillaut 
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A B S T R A C T   

This review addresses recent advancements in understanding multiphoton excitation of ruthenium polypyridyl 
complexes, highlighting their relevance in the fields of molecular materials and bio-medical applications. 
Emphasis is placed on two-photon absorption and two-photon excited photoluminescence for which these 
complexes meet several requirements as two-photon sensitizers. Alongside their appealing one-photon proper
ties, these complexes are photostable under two-photon excitation and can exhibit noticeable two-photon ab
sorption cross-sections in the near-infrared (NIR) region. Moreover, the presence of the ruthenium atom favors 
spin–orbit coupling, facilitating rapid and efficient population of triplet excited states, thereby extending 
emission lifetimes, or uncaging reactions, according to their structural characteristics. Indeed, ruthenium pol
ypyridyl complexes offer great versatility in terms of functionalization, enabling property fine-tuning. This re
view also outlines forthcoming challenges and prospects in the field through representative examples in the area 
of materials, bio-imaging and phototherapies.   

Abbreviations: 3D, Three dimensions or three dimensional; 3DMCS, 3D multicellular spheroid; 3MC, Triplet metal-centered state; 4AP, 4-aminopyridine; 5-E-Phen, 
5-ethynyl-1,10-phenanthroline; 5-Fluo-Phen, 5-dihexylfluorene-1,10-phenanthroline; 5-HT, 5-hydrotryptamine (serotonin); A549, Lung human carcinoma cells; 
A549R, Cis-platin resistant human lung carcinoma cells; ACN, acetonitrile; aPDT, Antibacterial Photodynamic Therapy; APTSi, 3-aminopropyltriethoxysilane; BP, 
1,3-phenylenebis(pyren-1-ylmethanone); bpy, 2,2′-bipyridine; BR, Biotin Receptor; C8161, Invasive and spontaneously metastatic human melanoma cell line; CD, 
Carbon Nanodot; dcbpy, 2,2′-bipyridine-4,4′-dicarboxylic acid; DCM, dichloromethane; dip, 4,7-diphenyl-1,10-phenanthroline; DMF, dimethyl formamide ; DMSO, 
dimethylsulfoxide; DNA, DeoxyriboNucleic Acid; Dopa, Dopamine; dpp, 4,7-diphenyl-1,10-phenanthroline; EDOT, 3,4-ethylenedioxythiophene; ER, Estrogen Re
ceptor; FLIM, Fluorescence Lifetime Imaging; FRET, Förster Resonance Energy Transfer; FWHM, Full Width at Half Maximum; g-C3N4, Graphitic Carbon Nitride 
Nanosheets; GelMA, Gelatin methacryloyl; GM, Goeppert–Mayer, 1 GM = 10− 50 cm4⋅s⋅photon− 1⋅molecule− 1; GLUT, Glucose Transporter; Gluta, L-glutamate; GSH, 
Glutathione (γ-glutatamylcysteinylglycine); GST, Glutathione S-transferase; H2TPP, tetraphenylporphyrin; HaCaT, Human epidermal keratinocyte cells; HeLa, 
Human cervical epithelioid carcinoma; HK-1, Human nasopharyngeal carcinoma cell; HSA, Human serum albumin; IC50, Inhibitory potency, concentration at which a 
50% of cells are dead; ICP-MS, Inductively Coupled Plasma Mass Spectrometry; ILCT, Intra-Ligand Charge Transfer; ISC, Inter-System Crossing; LLCT, Ligand-to- 
Ligand Charge Transfer; LMCT, Ligand-to-Metal Charge Transfer; Man, mannose; MCF-7, Non-invasive human breast cancer; MCTSs, 3D multicellular tumor 
spheroids; MLCT, Metal-to-Ligand Charge Transfer; MOF, Metal–Organic Framework; NIR, Near Infared; NLA, Non Linear Absorption; NLO, Non Linear Optics or Non 
Linear Optical; NLR, Non Linear Refraction; N^{NC}, 6-phenyl-2,2′-bipyridine (quasi tpy); N^{NN}, 2,2′, 6′,2″-terpyridine (tpy); OPA, One-Photon Absorption; OPEF, 
One-Photon Excited Fluorescence; OPM, One-Photon Microscopy; PACT, PhotoActivated ChemoTherapy; PDT, PhotoDynamic Therapy; PEDOT, Poly-(3,4-ethyl
enedioxythiophene); PEG, Poly(ethylene glycol); PeT, Photo-induced Electron Transfer; phen, phenanthroline; PI, Phototoxicity Index; PLIM, Phosphorescence 
Lifetime Imaging; pO2, Partial pressure of oxygen; PS, Photosensitizer; pSiNP, porous Silicon NanoParticles; ptrpy, 4′-phenyl-2,2′:6′,2″-terpyridine; PTT, Photo
Thermal Therapy; quasi tpy, 6-phenyl-2, 2′-bipyridine; RGD, Arginylglycylaspartic acid; ROS, Reactive Oxygen Species; TAP, 1,4,5,8-tetraazaphenanthrene; TLD- 
1433, [Ru(II)(4,4′-dimethyl-2,2′-bipyridine(dmb))2-(2-(2′,2″:5″,2‴-terthiophene) imidazo[4,5f][1,10]phenanthroline)]2+; TP, Two-Photon; TPA, Two-Photon Ab
sorption; TPE, Two-Photon Excitation; TPEF, Two-Photon Excited Fluorescence; TPEL, Two-Photon Excited Photoluminescence; TPIP, Two-Photon Induced Pho
topolymerization; TPM, Two-Photon Microscopy; TP-PACT, Two-Photon PhotoActivated Chemotherapy; TP-PDT, Two-Photon PhotoDynamic Therapy; tpphz, 
tetrapyrido[3,2-a:2′,3′-c:3″,2″-h:2‴,3‴-j]phenazine; TREM, Time-Resolved Emission Microscopy; αvβ3 Integrin, a glycoprotein membrane receptor, upregulated in 
many types of tumors; η2, Two-Photon Luminescence Quantum Yield; σEN, electron-normalized cross-section (σTPA divided by the number of π electrons); σTPA, Two- 
Photon Absorption Cross-Section. 
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1. Introduction 

Two-photon absorption (TPA) [1,2] is a nonlinear optical process 
wherein a molecule absorbs two photons of low energy simultaneously, 
regardless of whether their frequencies are identical or different. Indeed, 
unlike conventional single-photon absorption, TPA occurs when the 
combined energy of two photons meets the energy required for the 
transition. This process has received considerable attention, experi
mentally as well as theoretically, owing to recognized advantages that 
encompass the capacity for precise spatiotemporal excitation control 
and three-dimensional resolution, coupled with enhanced penetration 
depth into tissues or materials, all while minimizing damages to sam
ples, whether biological or material. These advantages fulfill the criteria 
for applications ranging from materials science to healthcare, such as 
microfabrication [3–8], 3D optical data processing and storage [9–16], 
bio-imaging [14,17,18], and photodynamic therapy [19–23]. 

After setting out the fundamental principles of two-photon absorp
tion and the engineering of molecules and materials with two-photon 
absorption abilities, this review presents how these principles apply to 
the design of two-photon-active polypyridyl ruthenium complexes. The 
more substantial parts of this review describe current advances on the 
design of functionalized materials with precise specifications for de
velopments in advanced materials, bio-imaging and in-cell 
phototherapies. 

2. Theory of two-photon absorption 

2.1. Fundamental principles 

Two-photon absorption involves the simultaneous absorption of two 
low-energy photons by a molecule, irrespective of whether their fre
quencies are the same (υ) or different (υ1 and υ2). It results in the 
activation of a resonant excited state with an energy equivalent to 2hυ or 
hυ1 + hυ2 (Fig. 1) [1]. The combined energy of these photons matches 
that typically required for exciting the fluorophore through conven
tional one-photon absorption (OPA) processes at high energies. How
ever, the probability of two-photon excitation is notably lower 
compared to one-photon excitation, and substantial two-photon exci
tation only occurs within regions of high temporal and spatial photon 
concentration (as depicted in Fig. 1a) [24–26]. 

The spatial distribution of photons can be precisely densified in a 
specific area, a diffraction-limited spot, by using a high numerical 
aperture objective to focus the laser light. Similarly, achieving high 
temporal photon density involves the utilization of ultrashort pulsed 
lasers instead of continuous-wave illumination. By concentrating in both 
space and time, the occurrences of multi-photon absorption are signifi
cantly heightened. So, two-photon absorption plays a pivotal role in 
super-resolution imaging and spectroscopy due to this enhanced prob
ability. Moreover, as two-photon excitation employs longer wavelength 
light, it exerts less damage on materials or living cells, thereby mini
mizing issues associated with fluorophore photodamage or 
photobleaching. 

Powerful two-photon absorbers are requested in the applications 
mentioned above [25,26]. Such absorbers are characterized by a large 
two-photon absorption cross-section, denoted as σTPA, which is directly 
related to the imaginary part of the second-order hyperpolarizability 3D 
tensor γ [27]. This parameter, expressed in Goeppert-Mayer units (GM, 1 
GM = 10− 50 cm4.s.photon− 1.molecule− 1) [1] reflects the probability of 
the excited state to be reached upon two-photon absorption, as the 
molecular absorption coefficient ε does in one-photon absorption. 

The determination of TPA cross-section σTPA is thus key for assessing 
the excitation capabilities of the two-photon absorbers. The most 
commonly employed techniques for this determination are the open 
aperture Z-scan method [28] and two-photon excited fluorescence 
(TPEF) method [29,30] using ultra-short laser pulses. However, it’s 
noteworthy that comparing σTPA acquired through these methods 

requires careful consideration, as they may exhibit discrepancies of up to 
one order of magnitude [31–33]. Additionally, the data obtained from 
different laboratories can be difficult to compare because of variations in 
measurement techniques, pulsed lasers, and experimental conditions. 
External factors such as the duration of the pulsed laser source, spatial 
and temporal fluctuations of the laser beam, and the excitation wave
length can significantly influence the two-photon absorption charac
teristics of a system. 

The Z-scan method (Fig. 2a) consists in scanning a sample along the 
focal axis of a laser beam and recording the transmittance relative to the 
sample localization, connected to the focal point changes [34]. This 
technique yields two measurable indexes: the nonlinear absorption 
(NLA) and the nonlinear refraction (NLR). These values, correlated to 
the imaginary and real parts of the 3rd nonlinear susceptibility χ(3), give 
valuable insights into the two-photon properties of the sample. The Z- 
scan method, which is applicable to both fluorescent and non- 
fluorescent samples, is widely employed in material characterization 
due to its simplicity, high sensitivity, and well-developed theory. 
However, this transmission method should be used with caution, as it 
can be influenced by orientational, electronic and thermal effects 
[28,32,35,36]. A precise understanding of the laser beam features (such 
as average power, peak power, repetition rate, pulse duration, and 

Fig. 1. Comparison of one- and two-photon processes. (a) As one-photon ab
sorption occurs at low intensities of light, fluorescein molecules become excited 
uniformly across each z-section, following the Beer-Lambert attenuation law for 
light propagation along the z-axis. Most of the incident light is absorbed as it 
enters the sample and fluorescence can be seen everywhere along the path of 
the light. By contrast, excitation occurs only at the focus for a two-photon 
irradiation in the near infrared: as light is focused by a lens, the closer the 
molecules to the focal point, the more photons they are exposed to. Conse
quently, emission is localized: owing to the nonlinear interaction between light 
and matter, the excited region is confined to the focal volume of the laser light, 
known as the voxel. Adapted with permission from Ref. [24]. Copyright 2011 
American Chemical Society. (b) Simplified Jablonski diagram: in one-photon 
absorption, light transitions directly from the ground state (S0) to the excited 
state (S1) through the absorption of a single photon (hυ1). However, in the case 
of two-photon excitation, this transition proceeds through a “virtual state” 
before reaching the excited state (S1), involving the absorption of two pho
tons (hυ2). 

J.-L. Fillaut                                                                                                                                                                                                                                       



Coordination Chemistry Reviews 518 (2024) 216050

3

shape) is essential, in this context. 
An alternative approach for determining two-photon cross-sections, 

albeit limited to luminescent molecules, is two-photon excited fluores
cence, as illustrated in Fig. 2b. In TPEF, a high-intensity pulsed laser is 
used to excite the sample via two-photon absorption. The efficiency of 
two-photon excitation greatly relies on the space and time coherence of 
laser pulses, which typically fluctuate across the laser’s tuning range. 
Hence, precise corrections are applied to derive the pure molecular two- 
photon absorption spectral shape and absolute cross-section values. 
These corrections can be achieved through either absolute or relative 
measurement methods [37–39]. In the absolute method, laser features 
such as power, pulse duration, shape, and spatial profile of the beam (i. 
e., intensity distribution within the sample solution’s x, y, and z co
ordinates) must be specified at each wavelength. Conversely, the rela
tive method involves comparing the sample’s emission with that of 
previously characterized reference standards (e.g., fluorescein, rhoda
mine) with known TPA cross-sections across a range of wavelengths, 
under identical excitation and fluorescence registration conditions [30]. 

There are no discernible differences in the emission spectra between 
one-photon excited fluorescence (OPEF) and two-photon excited fluo
rescence (TPEF), as both one-photon and two-photon excitation pro
cesses lead to similar excited states within the fluorophore molecule. As 
a result, the subsequent relaxation pathways and emitted photons may 
not exhibit distinctive differences between OPEF and TPEF. Typically, 
TPEF necessitates low molar concentrations of the probe (in the range of 
10− 4–10− 5 M) and a low-power femtosecond pulsed laser (up to 100 
GW.cm− 2). For an accurate σTPA determination, it is crucial to ascertain 
the quadratic power dependence, to avoid overestimating σTPA due to 
fluorescence contributions induced by OPA. Indeed, when the excitation 
energy approaches the lower energy absorption band, one-photon ab
sorption predominates, leading to a notable enhancement of fluores
cence intensity and consequently to an overestimation of σTPA [40]. 

2.2. Molecular design 

A primary challenge in the field of two-photon absorption lies in 
discovering novel molecular configurations that exhibit efficient TPA 
capabilities. Typically, two-photon cross-sections are very small, often 
around 1 GM or even less. Consequently, intense efforts have been 
directed towards identifying molecules and materials with substantially 
larger TPA cross-sections at the wavelengths of available laser sources. 
Higher TPA cross-sections make it possible to avoid using extremely 
high-power laser excitation, which can potentially induce damages on 
materials or biological tissues. Both experimental investigations and 
theoretical simulations provided valuable insights into designing 

π-conjugated molecules with high TP cross-sections [40–47]. The main 
strategies include: i) extending the π-conjugated system between the 
donor (D) and acceptor (A) units; ii) strengthening the donor–acceptor 
interactions while maintaining the flatness and rigidity of the π-conju
gated assembly to favor charge transfer; iii) integrating multi-dipolar, 
quadrupolar or even octupolar arrangements into the chromophore. It 
was observed that TPA is notably influenced by the photoinduced 
intramolecular charge redistribution occurring within multipolar con
jugated systems [43,46,48], while symmetrical quadrupolar and octu
polar compounds tend to demonstrate improved TPA compared to their 
dipolar counterparts [49]. In particular, there has been increasing in
terest for octupolar systems, that either result of the projection of a cubic 
structure on a C3 axis, resulting in D3h or D3 symmetries, or from fusing 
one of the charges into the barycenter, leading to D3, Td or D2h sym
metries (Fig. 3). 

2.3. Metal complexes as NLO chromophores 

Coordination chemistry is a valuable approach to design molecules 
with interesting nonlinear optical (NLO) activities [51–54]. Organo
metallic and coordination complexes present a wide variety of molecular 
structures in which the central metal ions not only contribute to high 
environmental stability but also act as electronic bridges and afford a 
broad spectrum of photophysical properties crucial for nonlinear optical 
activity. In particular, complexes possess a large panel of charge transfer 
transitions such as: i) Metal-to-ligand charge transfer (MLCT) at rela
tively low energy. ii) Ligand-to-metal charge transfer (LMCT) [mainly 
for complexes with metals in high oxidation numbers]. iii) Intra-ligand 
charge transfer (ILCT) transitions. All these distinctive charge transfer 
processes participate to improve the efficiency of electronic delocal
ization which is seen as a key to improving NLO performance. In addi
tion, the prospect of multi-functional materials incorporating metal 
complexes is promising, enabling us to envisage combinations of optical 
non-linearity with magnetic, optical or electrical properties [55,56]. 

Among the wide choice of metal complexes investigated, coordina
tion complexes featuring nitrogen-heterocyclic ligands, like bipyridines, 
terpyridines, phenanthrolines… have received increasing attention as 
chromophores to form nonlinear optical materials. This interest pre
dominantly stems from their photophysical and photochemical charac
teristics, which are generally associated with intense MLCT or ILCT 
excitations. In addition, these properties can be adjusted by modifying 
the nature and the number of pyridyl or polypyridyl ligands surrounding 
the central metal atom. Finally, bipyridyl ligands excel as fundamental 
elements for the design of push–pull and octupolar metal complexes 
[57–59] of D3 symmetry like [M(bpy)3]n+ or tetrahedral D2d symmetry 

Fig. 2. (a) The Z-scan experiment entails moving a sample along the trajectory of a concentrated laser beam (the z-axis) and recording the light brightness at the 
detector as a function of its position along this z-axis [34]. (b) The measurement of two-photon excited fluorescence requires a pulsed laser to produce high energy fs 
pulses; the laser beam is directed onto the sample cell via a microscope objective; the resulting two-photon emission fluorescence is collected at 90◦ and directed onto 
a detection unit using a lens [29]. 
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like [M(bpy)2]n+ [51,60–63]. On the other side, introducing electron 
donor and acceptor substituents onto the bipyridine ligands induces an 
asymmetric molecular arrangement, potentially amplifying NLO re
sponses. The pivotal influence of the metal ion lies in its ability to in
crease the charge transfer nature at the excited state [63]. Finally, the 
NLO responses are enhanced in the case of multipolar systems thanks to 
the proliferation of multidirectional ILCT excitations and MLCT transi
tions [54,63–67]. 

2.4. Design of d6 Ru (II) polypyridyl complexes for two-photon absorption 

The interest in Ru (II) polypyridyl complexes lies in the diversity of 
their photochemical, photophysical and redox properties, as well as 
photobiological properties, which can be easily regulated via well- 
established synthetic routes. [Ru(bpy)3]2+ and its derivatives have 
been extensively investigated in the fields of photocatalysis [68], pho
tovoltaics [69], phosphorescent sensing [70], imaging [71,72] or pho
totherapy [70,73,74]. Whatever the field, the properties of these systems 
are closely related to the generation of various classes of excited states, 
upon absorption of photons of appropriate energy [75]. 

The octahedral configuration of ruthenium polypyridyl complexes, 
coupled with the significant overlap between the metal d-orbitals and 
the ligand orbitals, has stimulated interest in studying the nonlinear 
optical properties of these compounds. F. Castellano, J. R. Lakowicz 
et al. were the first to demonstrate that MLCT excited states of Ru (II) 
bipyridyl compounds can be generated through multi-photon processes 
(Fig. 4 right) [76]. Investigation on steady-state and time-resolved 
photoemission induced by two-photon excitation (TPE) of both [Ru 
(bpy)3]2+ 1 and [Ru(bpy)2(dcbpy)]2+ 2, where dcbpy represents 2,2′- 
bipyridine-4,4′-dicarboxylic acid (Fig. 4, left), were conducted. For each 
complex, two-photon excitation produced identical emission spectra 
and single-exponential decays compared to one-photon excitation across 
various temperatures and solvents. Linear dependence was observed at 
440 nm, while within the wavelength range of 820–900 nm, both 
complexes exhibited TPE, evidenced by a quadratic dependence of 
emission intensity on incident power. The TPE cross-section, defined as 

the product of the two-photon luminescence quantum yield (η2) and 
two-photon absorption cross-section σTPA, was determined as 4.3 GM for 
[Ru(bpy)3]2+ in water at 880 nm, using Rhodamine B as the reference. 
Efforts to measure the two-photon excitation cross-section of [Ru 
(bpy)2(dcbpy)]2+ were unsuccessful due to its extremely low photo
luminescence response. 

Few years later, Yamagishi evaluated the two-photon excited emis
sion properties of tris(4,7-diphenyl-1,10-phenanthroline)-ruthenium 
(II) perchlorate [Ru(dpp)3]2+, upon 830 nm excitation [77]. Note
worthy, the maximum of the two-photon absorption cross-section was 
slightly blue-shifted in comparison to the one-photon absorption 
maximum occurring at double the wavelength. This blue shift was 
attributed to parity selection rules,1 favoring excitation to energy levels 
higher than those induced by one-photon transitions [78]. 

The relationships between the TPA properties and molecular struc
tures in diimine ruthenium complexes remain largely unestablished. In a 
much recent paper, A. Rebane et al. explored the two-photon absorption 
of Ruthenium(II) tris(2,2′-bipyridine) ([Ru(bpy)3]2+) 1 and Ruthenium 
(II) tris(1,10-phenanthroline) ([Ru(phen)3]2+) 3 (Fig. 5) [79]. The TPA 
spectrum of [Ru(bpy)3]2+ exhibits a prominent band with a λmax of of 
~885 nm, almost double the wavelength of the 1MLCT OPA maximum 
(450 nm), along with two much weaker bands at around 800 nm and 
740 nm. The TPA cross-section was estimated at 56 GM in water. A clear 
decrease of the cross-section was observed in aprotic or less polar sol
vents (σTPA = 32 GM in DMSO; σTPA = 27 GM in ACN; σTPA = 26 GM in 
DCM). 

Studies on tris(bipyridine)ruthenium(II) complexes have shown that 
changing the counter anion can lead to detectable changes in their ab
sorption and emission spectra. These changes were attributed to 
different degrees of ion pairing and solvation effects, which ultimately 

Fig. 3. Representation of the main classes of NLO chromophores. An octupolar arrangement is characterized by a cubic structure where donor and acceptor groups 
alternate along its edges. The projection of this cubic structure gives rise to configurations exhibiting D3h, D3, Td, or D2d symmetries [50]. 

1 Two-photon processes can be viewed as sequential one-photon transitions. 
Whereas Laporte’s selection rules dictate that one-photon dipolar transitions 
should only occur between states of different parity (gerade-ungerade transi
tion), two-photon transitions are only allowed between states of the same parity 
(gerade-ungerade transition). 
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affect the electronic structure of the complex. As far as we know, no 
mention has been made of such considerations with regard to the two- 
photon properties of Ru(II) based TPPs. 

The TPA spectrum of [Ru(phen)3]2+ appears very different. It fea
tures a broad profile with a λmax around ~750 nm, this peak is notably 
shifted towards the blue end of the spectrum compared to the corre
sponding OPA 1MLCT maximum (450 nm). The cross-section of this 
band is 83 GM, in water, that is larger compared with [Ru(bpy) 3]2+

(σTPA = 56 GM). Finally, the cross-section values indicate a much 
slighter decrease than was the case for [Ru(bpy)3]2+ when aprotic or less 
polar solvents are used ([Ru(phen)3]2+: σTPA = 93 GM in DMSO; σTPA =

73 GM in ACN; σTPA = 54 GM in DCM). Taking these results together, the 
authors suggested that the larger differences between the TPA spectra of 
[Ru(bpy)3]2+ and [Ru(phen)3]2+, in view of their almost similar OPA 
spectra, would result from alternative parity selection rules for the two 

complexes, depending on structural differences in the ground state. 
The ground state of [Ru(phen)3]2+ complex would appear close to 

the expected D3 symmetry. Consequently, one-photon absorption would 
occur between orbitals of opposite parity, while two-photon absorption 
would be allowed between orbitals of similar parity, making them 
mutually exclusive. However, for [Ru(bpy)3]2+, the presence of an 
intense band at approximately 885 nm, nearly twice the wavelength of 
the OPA 1MLCT maximum, suggests no such selection limitation. These 
results are in agreement with the assumption that [Ru(bpy)3]2+ adopts a 
distorted D3 geometry in the ground state, even in relatively nonpolar 
solvents, which may result from the greater flexibility of bipyridyne li
gands compared to phenanthroline ligands [80]. 

Enhancing the two-photon absorption properties of diimine ruthe
nium complexes involves optimizing the ligands, a crucial step in the 
process. Various studies have rationalized the impact of introducing 
electron-donor and electron-acceptor substituents on the bipyridine li
gands to modulate the TPA responses of d6 Ru (II) polypyridyl com
plexes. For instance, B. J. Coe et al. studied the two-photon absorption 
behavior of a series of Ru (II) complexes featuring N-methyl/aryl- 
2,2′:4,4″:4′,4‴-quarter-pyridinium ligands (Fig. 6) [81]. They carried out 
Z-scan measurements at 750 nm, in DMF solutions. This wavelength was 
chosen to avoid excessive one-photon absorption. 

The Z-scan measurements for these Ru (II) complexes resulted in TPA 
cross-sections σTPA of ca. 62–180 GM. The cross-section values for 
compounds 5–8 compared with compound 4 (Fig. 6) highlighted the 
importance of charge redistribution involving the peripheral groups and 
the central metal core in this series of complexes. Specifically, when 
peripheral electron-donor groups are absent, these ruthenium com
plexes do not exhibit ILCT transition but MLCT. 

All pyridinium compounds 5–8 showed TPA cross-sections at least 
ten times higher than those of complex 4 (σTPA = 5 GM) at 750 nm. Then, 
B. J. Coe et al. reported the two-photon absorption cross-sections of 
trinuclear RuPt₂ and heptanuclear RuPt₆ complexes, which were syn
thesized by appending Pt(II) 2,2′:6′,2″-terpyridine (tpy) units to Ru (II) 
4,4′:2′,2″:4″,4‴-quaterpyridine (qpy) complexes (Fig. 7) [82]. These TPA 
cross-section values were obtained by the Z-scan technique spanning 
from 650 to 900 nm, enabling the extraction of both the real and 
imaginary components of the second hyperpolarizability γ. The absolute 
σTPA values measured for 11 (301 ± 23 GM) and 9 (523 ± 35 GM) 

Fig. 4. (a) Chemical structures of [Ru(bpy)3]2+ 1 and [Ru(bpy)2(dcbpy)]2+ 2, dcbpy represents 2,2′-bipyridine-4,4′-dicarboxylic acid [76]. (b) A simplified Jablonski 
diagram illustrating two-photon excitations of [Ru(bpy)3]2+-like complexes. Two-photon excitation involves transitions between the ground state and vibrational 
levels of the first electronic excited state. The fluorophore relaxes to the lowest energy level 1MLCT via vibrational processes, then undergoes intersystem crossing to 
the lowest triplet state 3MLCT, from which emission occurs. The following steps are thus the same for both one- and two-photon excitations. 

Fig. 5. (a) Structures of [Ru(bpy)3]2+ (left) and [Ru(phen)3]2+ (right). (b) OPA 
(blue) and TPA (red) spectra of the [Ru(bpy)3]2+ (left) and [Ru(phen)3]2+

(right) complexes in water. The black line (right) indicates the dipole moment 
calculated for the phenanthroline complex. Adapted with permission from 
Ref. [79]. © (2018) The Authors. Published by Society of Photo-Optical 
Instrumentation Engineers (SPIE). 
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substantially exceed those of their precursors 10 and 4 (83 ± 5 GM and 
159 ± 17 GM respectively). The relatively large values for these trinu
clear RuPt2 and heptanuclear RuPt6 complexes revealed the incidence of 
the complexation by Pt units and of the increased number of branches on 
these TPA properties.2 

The reported differences in σTPA values assessed by Z-scan for 4, 5 ±
3 GM at 750 nm [81]; 159 ± 17 GM at 818 nm [82] respectively, are 
significant of the dispersion of these values over the range 650–900 nm, 
as illustrated in Fig. 8. 

The same research team explored how the length of the polyene 
chain influences the two-photon characteristics of complexes incorpo
rating ruthenium(II) pyridinium electron acceptor groups (Fig. 9) [84]. 
As the π-systems extended in the Ru series, from 12 to 14, a total σTPA 
increase by over 24-fold was observed (12: σTPA = 62 ± 8 GM; 13: σTPA 
= 720 ± 90 GM, 14: σTPA = 1500 ± 170 GM assessed by Z-scan), while 
the σTPA for 15 is substantially larger σTPA = 2500 ± 250 GM at 750 nm. 

At the same time, Le Bozec et al. showed that both the optical and 
nonlinear optical (NLO) properties of Ru (II) polypyridyl complexes are 

Fig. 6. Structures of Ru (II) complexes of quarter-pyridinium ligands studied by B. J. Coe et al. [81].  

Fig. 7. Syntheses of RuPt2 and RuPt6 complexes obtained by linking Pt(II) 2,2′:6′,2″-terpyridine (tpy) moieties to Ru (II) complexes 4 and 10 [82].  

2 Optimizing the TPA cross-section is not the only concern when conceiving a 
two-photon dye. Introducing the ratio σTPA/Ne (where Ne represents the 
number of π-electrons) [83] becomes invaluable, particularly when it comes to 
packing the maximum two-photon effect into the smallest possible chromo
phore. It may be more relevant to divide the σTPA value by factors such as the 
molecular weight, molecular volume, solubility limit or maximum number 
density (N) of the dye, depending on the specific application concerned. 
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significantly affected not only by the length of the conjugated π linkers 
but also by the features of the end groups [64]. They reported a σTPA 
value of ca. 2200 GM for the complex 16 (Fig. 10), in which the Ru (II) 
center is connected to N-dialkylamine groups through stilbenyl bridges. 
This value, which was obtained by Z-scan measurements at 750 nm, is 
thus at least ten times higher than the maximum values reported for the 
pyridinium derivatives by Coe et al. [81]. Hence, substituting an 
electron-accepting N-methylpyridinium group with a di-n-butylamino 
donor significantly amplifies the two-photon absorption activity of 
corresponding Ru (II) polypyridyl complexes. 

Finally, G. Lemercier et al. determined σTPA cross-sections of 90 GM 
at 750 nm and 120 GM at 830 nm, respectively for the 1,10-phenan
throline based Ru (II) derivatives 17 and 18 (Fig. 11) featuring six flu
orenyl substituents, by using two-photon excited luminescence 
measurements [85]. 18 differs from 17 because of the presence of a 
triple bond between the 1,10-phenanthroline and the bi-fluorene 

moiety. These rather moderate values are likely due to constrained 
π-conjugation, together with inter-annular torsion in the extended 
ligands. 

Altogether, these works illustrated the significance of intramolecular 
charge redistribution occurring between the metal core and the pe
ripheral groups of the molecules. Additionally, studies conducted by H. 
Le Bozec [64] or B. J. Coe et al. [81] to name just a few, emphasized the 
critical role of the metallic core not only as a structural scaffold but also 
for its direct involvement in the nonlinear optical activity of the d6 MII 

polypyridyl complexes. Of course, the coordination provokes a sub
stantial enhancement in the charge transfer character, at the excited 
state, thereby amplifying the two-photon absorption features of the 
complexes relative to those of the pare ligands. The role of the metal 
core, however, is still not fully elucidated. In particular, the conflicting 
contributions of both intervalence charge transfer and metal-to-ligand 
charge transfer, as depicted in Fig. 12, pose challenges in fully ratio
nalizing all experimental findings when comparing the cross-sections of 
various metal polypyridyl complexes. Even minor distortions from the 
D3 octupolar symmetry as well as an extended delocalization through 
the metal center should perhaps be envisaged to account for these 
differences. 

Several methods were developed for the synthesis of heteroleptic 
polypyridyl ruthenium complexes [87]. Meanwhile, the TPA properties 
of heteroleptic complexes were far less investigated as a basic level. In 
the seminal paper by Coe et al. [82] (vide supra) maximal σTPA values of 
83 ± 5 GM for the heteroleptic complex Ru(L)(bpy)2

2+ 10 and 159 ± 17 
GM for the “corresponding” homoleptic complex Ru(L)3

2+ 4 (Fig. 7) were 
observed. Thus, the shift from the heteroleptic complex 10 to its 
homoleptic analog 4 resulted in a significant enhancement of the TPA 
cross-section. Meanwhile, this observation must be moderated by taking 
in account the electron-normalized cross-section σEN values of these 
complexes. These intrinsic cross-section values are obtained by dividing 
σTPA by the overall number of π electrons in the conjugated system, 
according to M. G. Kuzyk [83]. This leads to the normalization of the 
TPA cross-sections for the complexes 10 and 4. Although they contain 
undoubtedly different numbers of extended ligands, these complexes 
display similar intrinsic cross-sections (σEN = 0.036 GM for 10 and 0.031 
for 4), within the limits of experimental uncertainty. 

Fig. 8. TPA spectra for complexes 4, 9, 10 and 11, assessed by Z-scan. 
Reproduced with permission from Ref. [82]. Copyright © 2015, American 
Chemical Society. 

Fig. 9. Structures of complexes featuring [Ru(bpy)3]2+-like centers connected to six electron-accepting N-methyl-/N-arylpyridinium groups through π-extended 
bridges [84]. 
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Less studies focused on the TPA properties of Ru (II) complexes of 
2,2′: 6′,2″-terpyridine (N∧N∧N), 6-phenyl-2, 2′-bipyridine (N∧N∧C) or 
their derivatives, abbreviated as tpy (N∧N∧N), or quasi-tpy (N∧N∧C). 
Xiao et al. reported on mixed (N∧N∧N) and (N∧N∧C) Ru (II) complexes 
(Fig. 13) [88], in which the tpy or quasi-tpy ligands act as acceptor units 
linked to carbazole appended moieties acting as peripheral electron- 
donating entities. 

Their cross-section values were assessed through Z-scan technique in 
DMSO, utilizing femtosecond laser pulses (680–1080 nm, 80 MHz, 140 
fs). The reported σTPA values of the cyclometalated Ru (II) complexes 
with X = C (3888 and 4747 GM) exceed those of their non- 
cyclometalated counterparts when X = N (from 1427 to 3766 GM). 
These findings could indicate that substituting the nitrogen donor with a 
formal carbanion donor significantly enhances the electron density 
around the metal ion, thereby reinforcing the overall intramolecular 

charge transfer and consequently the nonlinear optical capability of the 
complexes [89]. 

The two-photon absorption characteristics of a series of dinuclear 
complexes, where two [Ru(bpy)3]2+-like units are interconnected via 
oligothiophene bridges with varying numbers of rings (1, 3, and 6), were 
thoroughly examined by the Z-scan method using a tunable femtosecond 
laser (Fig. 14) [90]. The number of thiophene units was crucial for 
determining both the linear and nonlinear behaviors of these systems. 
Compounds featuring longer oligothiophene bridges with 3 and 6 thio
phene rings exhibited no emission, whereas the compound featuring the 
shortest bridge (one thiophene unit) displayed remarkable photo
physical characteristics. The 3MLCT character of the lowest-energy 
triplet state was preserved while the luminescent features of the end- 
capping complexes were maintained in this compound with the short
est bridge. Conversely, for the compounds with a larger number of 
thiophene rings, the lowest triplet excited state assimilated to a non- 
emissive 3π-π* state located on the conjugated oligothiophene part. 

The TPA spectra of compounds 19–21 display closely matching 
peaks positioned at approximately 625 nm [90]. These peaks show a 
slight red shift compared to the reference compound [Ru(bpy)3]2+ 1. 
This finding indicates that the TPA characteristics are primarily gov
erned by the polypyridyl ruthenium moiety; at the same time, the 
observed shift suggests that the bridges also play a role in adjusting the 
two-photon absorption process. Moreover, there is a substantial increase 
in the σTPA values on going from reference compound 1 (85 ± 10 % GM) 
to compound 19 (870 ± 10 % GM). This notable increase of the TPA 
cross-sections was attributed by the authors to charge-transfer excita
tions involving both the π orbitals of the thienylene-based bridge and the 
Ru-dπ orbitals. Extending the conjugated system between the end- 
capping tris(bipyridine)ruthenium units leads to particularly large 
σTPA values (20: 1600 ± 10 % GM; 21: 5200 ± 10 % GM), with com
pound 21 exhibiting the highest TPA activity for this series. This design 
strategy, wherein photoinduced charge transfer processes engage the π 
orbitals of the bridge and dπ orbitals of the metal center, suggests 
promising potential for boosting the TPA characteristics of materials 
with substantial optical non-linearity. 

Another factor to take in account is the possibility of cooperative 

Fig. 10. Structure of complex 16 in which 6 dialkylamino units are linked to a 
[Ru(bpy)3]2+-like core via extended π-conjugated bridges [64]. 

Fig. 11. Chemical structure of ruthenium (II) phenanthroline complexes linked to fluorene-substituted 1,10- ligands [85].  
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effects between the ligands surrounding the metal center. In this way, J.- 
P. Malval et al. explored the impact of dimensionality on enhancing two- 
photon absorption in a range of homo- and heteroleptic bipyridyl 
[RuLn(bpy)3-n]2+ complexes. These complexes featured 4,4′-substituted 
2,2′-bipyridine ligands L, incorporating stilbenyl units with electron-rich 
arylamine moieties such as triphenylamine (LT), carbazolyl (LC) and 
diphenylaminofluorenyl (LF) (Fig. 15) [92]. The ccordination with Ru2+

led to a substantial increase in the TPA cross-sections, by over six-fold 
compared to the free ligands and the corresponding homoleptic com
plexes. Additionally, the introduction of more π-extended stilbenyl- 
bipyridines resulted in elevated σTPA values, reaching up to 1465 ±
220 GM for [Ru(LT)3]2+. These authors suggested that the significant 
enhancement in TPA resulted from a synergistic effect, which would 
combine the efficient increase in intramolecular charge transfer per 
branch with cooperative interbranch couplings throughout the entire 
multipolar structure. If [Ru(LT)3]2+ demonstrated the highest TPA per
formance among its counterparts, the TPA performance of the carbazole 
series showed a similar trend but with a considerably weaker TPA in
crease. Finally, One of the most remarkable results concerns the 
diphenylaminofluorenyl series, where TPA performance rapidly reaches 
saturation for n = 2 and 3. In a more recent study supported by 

theoretical calculations [91], these authors concluded that elongating 
the π-conjugated system or strengthening the donor effect of peripheral 
moieties in the ligands promotes intraligand charge transfer as the pri
mary factor driving TPA transitions. However, the number of π-extended 
ligands surrounding the metal is not the only factor to explain the TPA 
response of complexes, as suppressive or cooperative effects can arise 
from the contributions of metal–ligand charge transfer and 
ligand–ligand charge transfer, depending on the orientations of ILCT, 
MLCT and LLCT transitions. 

The previous studies allowed key parameters of Ru (II) polypyridyl 
complexes in terms of TPA to be established. The number and the syn
ergy of charge transfers obviously lead to significant increase in the 
intrinsic TPA properties for these compounds. In parallel, the impor
tance of [Ru(bpy)3]2+-like complexes originates essentially from three 
key photophysical processes, namely initial photon absorption, rapid 
intersystem crossing and relaxation to the 3MLCT triplet excited state 
[75,93,94]. These photophysical events can benefit from undeniable 
advantages resulting from the synthetic flexibility and facile function
alization of these complexes [72,75,95–99] while the high stability of 
polypyridyl ruthenium complexes favors their utilization in practical 
applications. The specific advantages of two-photon excitation – i.e. 3D 
spatial resolution, low photodamage, deeper penetration – applied to Ru 
(II) polypyridyl complexes have given rise to extensive research across 
various fields, including micro-fabrication [100–102], biological imag
ing or sensing [17,49,103,104], and photodynamic therapy [19–22]. An 
exhaustive overview of these applications lies well outside the scope of 
this review. We have chosen to limit ourselves to some examples that we 
considered to be particularly relevant. Key elements of these fields of 
research will be outlined to show how a combination with Ru (II) pol
ypyridyl complexes with high TPA cross-sections could be an added 
bonus for these fields. 

3. d6 Ru (II) polypyridyl complexes as reliable tools for 
advanced materials processing 

3.1. Two-photon induced microfabrication 

Two-photon excitation is extensively utilized for building three- 
dimensional microscopic structures with sub-micrometer resolution 

Fig. 12. ILCT (red arrows) and MLCT (blue arrows) directionalities within tris bipyridyl Ruthenium complexes in which the Ru (II) center is connected via 
π-conjugated bridges to N-dialkylamine or pyridinium end-groups: the ILCT transitions are directed from these end-groups to the central pyridyl groups, while the 
MLCT charge transfers occur from the metal center in the direction of the pyridyl groups. Therefore, the sum of the ILCT and MLCT contributions could result in non- 
coherent effects toward NLO properties [86]. 

Fig. 13. Structures of 2, 2′: 6′, 2″-terpyridine (N∧N∧N), 6-phenyl-2, 2′-bipyr
idine (N∧N∧C) Ru (II) complexes studied by Xiao et al. [88]. 
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[105]. The most common method is the photopolymerization, where a 
pulsed laser with femtosecond-to-picosecond duration focuses into a 
photocurable resin. In order to create 3D micrometer-sized structures, 
precise sub-micrometer resolution is necessary when adjusting the 
displacement of the laser focal point in the resin, where the two-photon 
excitation triggers a programmable radical or cationic polymerization 
process. One definitive advantage of two-photon induced photo
polymerization (TPIP) lies thus in its high spatial control, resulting from 
the precision of the photoactivated polymerization. On the other hand, 
the use of long wavelength excitation sources enables penetration at 
several tens of micrometers into the resin and limits thermal or photo
chemical side reactions, as the resin both above and below the focus is 
constantly exposed to low intensity, while the controlled displacement 
of the irradiation focal point allows the structure to be plotted (Fig. 16) 
[4,105]. 

The photocurable resin comprises two essential elements: the two- 
photon initiator and the monomeric resin [107,108]. Efficient two- 
photon absorption photo-initiators are required in order to achieve 
high writing speeds, a low polymerization threshold, and consequently, 
high quality structures. In addition to maximized TPA cross-sections, the 
efficiency of the photo-initiators depends on critical factors: minimum 
emission quantum yield (ϕF), high triplet quantum yield (ϕT), rapid 
initiation and appropriate solubility in the resin. From this point of view, 
coordination complexes used as photo-initiators offer wide opportu
nities for the fabrication of functional microstructures [109]. Several 
parameters can be taken in account: i) the absorption properties, 
encompassing both their absorption range and molar extinction 

coefficients. These features play a crucial role in minimizing the photo- 
initiator content. ii) the charge transfer nature at the excited state which 
contributes to enhance two-photon absorption [110]. iii) microsecond- 
to-millisecond range excited state lifetimes. By extending the excited 
state lifetime of photo-initiators, i.e. allowing longer time for the excited 
species to interact with the other components of the resin, the poly
merization efficacy is enhanced. iv) their tunable electrochemical 
properties can be a key parameter for accelerating polymerization, by 
adjusting the photo-initiator’s redox potential to favor redox reactions 
within the resin. Thus, using ruthenium polypyridyl complexes as photo- 
initiators for polymerization is well established [111–116]. In partic
ular, the initiating system based on tris(2′-2′-bipyridine)dichloro-ruthe
nium (II) hexahydrate and sodium persulfate [117] has attracted wide 
interest in regenerative medicine and bioprinting [118–120]. This is 
related to its high molar absorptivity in the visible light range, enabling 
effective curing with a relatively low concentration of initiators [118]. 

In spite of these advantages, the number of reports of ruthenium 
polypyridyl complexes as photo-initiators in the field of two-photon 
microfabrication is rather limited. Most examples under this approach 
relate to the photo-induced polymerization of pyrroles [121–125]. 
Yamada et al. demonstrated the multiphoton-sensitized polymerization 
of pyrrole, using [Ru(bpy)3]2+ as a two-photon photo-initiator [126]. 
This approach was based on the photo-induced excitation of tris(2,2′- 
bipyridyl) ruthenium complex [Ru(bpy)3]2+ in presence of methyl 
viologen, which enables to generate [Ru(bpy)3]3+, a strong oxidant 
[127]. The resulting spatially localized oxidation power allowed the 
initiation of polymerization sequence of pyrrole. Multi-photon 

Fig. 14. Structures of [Ru(bpy)3][PF6]2 (1) and dinuclear bridged complexes [(bpy)2Ru-bpy-nT-bpy-Ru(bpy)2][PF6]4 (19–21). nT: oligothiophene bridges with 1, 3 
or 6 thiophene rings [90]. 
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sensitized polymerization was only initiated at the focal point of a NIR 
femtosecond pulsed laser, resulting in the fabrication of conducting 
polymer-based 3D microstructures, with much higher patterning reso
lution (under 500 nm) than one-photon processes. 

Similarly, employing [Ru(bpy)3
2+] as a photosensitizer enabled the 

multi-photon sensitized polymerization of polythiophenes [128]. This 
led to the fabrication of 3D poly-(3,4-ethylenedioxythiophene) (PEDOT) 
conductive micropatterns. However, photopolymerization of 3,4-ethyle
nedioxythiophene (EDOT) was unfeasible using this method due to its 
higher oxidation potential (+1.15 V vs. Ag/Ag+) compared to [Ru 
(bpy)3

2+] (+0.62 V vs. Ag/Ag+). Conversely, bis-EDOT, a dimeric com
pound of 3,4-ethylenedioxythiophene, proved suitable for this multi- 
photon photopolymerization method thanks a lower oxidation poten
tial (+0.55 V vs. Ag/Ag+). These differences are related to the fact that 
the photo-polymerization only occurs if the one electron transfer from 
[Ru(bpy)3

2+] to the ethylene-dioxythiophene species is exergonic. 
In parallel to these studies, Stephan et al. explored the fabrication of 

gold microstructures using thin films of polystyrene sulfonate in its 
acidic form as a support [129]. These host polymer and ion-exchange 
materials enabled tetrachloroauric acid (HAuCl4) to be homogeneous
ly dispersed in the formulation, without reacting with the matrix. Pho
todeposition of gold was obtained upon a two-photon irradiation at 740 
nm of [Ru(bpy)3]2+ used as the photo-initiator. Two-photon excitation 
of this dye generated the triplet excited state of [Ru(bpy)3]2+, which 

displays appropriate reducing properties towards the gold ions. This 
approach, which works at low laser powers, minimizes local heating, 
ensuring the creation of high-quality metal deposits on 3D structure 
surfaces. Additionally, nanoparticles formed during writing are directly 
immobilized in the polymer network, enhancing the stability of fabri
cated metallic microstructures. 

The same research team reported on creating biocompatible and 
bioactive gelatin methacryloyl–collagen matrices through covalently 
linking ruthenium complexes [130]. These matrices were designed to 
continuously monitor oxygen levels (pO2) at a cellular level. They uti
lized a two-photon polymerization 3D micro printer to construct these 
matrices. Strengthening the matrices involved increasing the cross- 
linking density with Gelatin methacryloyl (GelMA), which contained 
additional methacrylate photo-polymerizable groups. During two- 
photon polymerization, unsaturated methacryloyl groups formed cova
lently cross-linked hydrogels in the presence of dichloro-tris(1,10- 
phenantroline)ruthenium (II) as a photo-initiator. These unsaturated 
groups became covalently linked to the collagen fiber during the photo- 
initiated polymerization reactions. The resulting GelMA collagen 
matrices with covalently linked ruthenium complexes were utilized for 
directly monitoring local pO2 during cell activity and tumor mass for
mation. The ruthenium complex served as a bio-optical oxygen probe, 
enabling quantitative measurement and imaging of oxygen levels 
through phosphorescence quenching [131]. 

Fig. 15. Top: Illustration depicting both homoleptic and heteroleptic complexes [RuLn(bpy)3–n]2+ (n = 0, 1, 2). Middle: Diagram showing the π-extending stilbenyl 
units present in bipyridines LT, LC, and LF. Bottom: Graph illustrating the variation of intrinsic TPA cross-sections [83] as a function of the number of ligands, LT (a), 
LC (b), and LF (c), in [RuLn(bpy)3-n]2+ complexes. Ru(bpy)3

2+ acting as a reference (n = 0). Adapted with permission from Ref. [91]. © 2022 The Authors. Licensee 
MDPI, Basel, Switzerland. 
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Based on their investigations on a range of [RuLn(bpy)3-n]2+ heter
oleptic complexes (Fig. 15), J.-P. Malval et al. developed a ‘one pot’ two- 
photon polymerization process for the photostructuration of ruthenium- 
based materials at the μm scale [132]. This approach was based on the 
design of two stilbenyl π-conjugated ruthenium-based two-photon 
photo-initiators [Ru(bpy)2L]2+ complexes (Fig. 17) [92]. 

These complexes demonstrated both high two-photon absorption 
cross-sections: σTPA = 312 ± 47 GM for [Ru(bpy)2LT]2+ and 597 ± 90 
GM for [Ru(bpy)2LF]2+ at λmax ~ 800 nm and ~850 nm respectively. 
Additionally, they exhibited efficient quantum yields allowing the 
generation of reactive species to promote monomer cross-linking. Their 
two-photon excitation in the presence of acrylate resins rapidly gener
ated emissive photopolymerized microdots. Interestingly, the photo
polymerization process also involved the opening of the stilbenyl double 
bonds within the ruthenium-based photo-initiators. As a result, these 
ruthenium complexes covalently integrated into the polymer network, 
while their photophysical and electrochemical properties were pre
served. These results represent an interesting step towards the devel
opment of ultrasensitive analytical tools; indeed, this ’one-pot’ approach 
was applied for the direct integration of electrochemiluminescent 

materials onto electro-active surfaces through 2D-patterning. The 
spectra of these materials align with the luminescence of [Ru(bpy)2L]2+

by-products formed during the two-photon fabrication process [132]. 

3.2. Two-photon-absorbing ruthenium complexes for NIR light-driven 
photocatalysis 

While ruthenium polypyridyl complexes have found extensive 
application in one-photon induced photocatalysis [68,133], their use as 
TP photocatalysts remains virtually unexplored to date. This is likely due 
to the necessity of employing high-power lasers as the primary light 
source in most cases. Consequently, the potential of such catalysts re
mains underestimated. meanwhile, even if visible-light photocatalysis is 
a powerful synthetic tool using UV/visible photons presents inherent 
limitations, including limited penetration into reaction media, potential 
absorption competition with involved species, and incompatibility with 
light-sensitive functionalities. As a result, the exploration of photo
catalysis powered by near-infrared light, particularly through two- 
photon photocatalysts, has been envisaged to circumvent most of 
these challenges associated with UV/visible light irradiation. Recent 
progress indicates that two-photon absorption can occur even with low- 
power light sources like light-emitting diodes (LEDs), expanding its 
practical usability. On the other hand, the development and synthesis of 
two-photon absorption-based photocatalysts, comprising organic chro
mophores and metal complexes, opened new opportunities for these 
photocatalysts [134]. 

C. Turro, Y. Sun, and colleagues described a series of ruthenium 
polypyridyl complexes coordinated by ligands featuring extended 
π-conjugation [135]. This structural design endowed these complexes 
with two-photon absorption capability. It was observed that these 
complexes populated identical excited states upon excitation at both 480 
and 800 nm wavelengths. Demonstrating excellent photocatalytic per
formance under NIR light irradiation, these complexes facilitated 
various organic transformations similarly to one-photon-absorbing 
photosensitizers under visible-light irradiation. Energy-transfer and 
photo-redox reactions, along with metalla-photoredox C–C coupling 
reactions aided by a transition metal co-catalyst, were successfully 
investigated. Notably, the high photocatalytic activity in the coupling of 
amines involving singlet oxygen (1O2) prompted exploration into 
various NIR light-driven 1O2 reactions, utilizing O2 as a sustainable 
oxidant. This methodology was applied to the 1O2-driven enhancement 
of biomass-derived chemicals, such as 5-hydroxymethylfurfural, into 
value-added fine chemicals like maleic acid anhydride or 5-hydroxy-4- 
keto-2-pentenoic acid, achieving an impressive overall conversion rate 
of 92 %. 

Another study carried out by the Sun group looked at a heteroge
neous photocatalyst by integrating a two-photon-absorbing ruthenium 

Fig. 16. Schematic representation of a two-photon induced microfabrication 
process illustrating how a spot, narrower than the width of the laser beam and 
located inside the resin, can undergo polymerization: a liquid photoresist is 
drop-cast onto a glass coverslip, which can be displaced in X, Y, or Z by a piezo 
system. The polymerization is initiated in the focal region, the voxel, of a 
photosensitive resin capable of cross-linking photoresist. As TPA is a non-linear 
process, the probability of absorption outside the voxel is low. Consequently, 
the reaction propagation is limited, which enables fine resolution Moving 
around the voxel results in the creation of intricate 3D structures that can be 
isolated after development. Laser operating at visible or near-infrared wave
lengths enables to build mechanically stable structures with feature sizes 
ranging from 200 to 300 nm [106]. 

Fig. 17. Left: schematic drawing of the heteroleptic complexes [Ru(bpy)2L]2+ complexes and π-extending stilbenyl units in bipyridines LT and LF ligands. Right: 
Scanning electron microscope captures images of a two-photon polymerized 2D microstructure, alongside its corresponding epiluminescence image. Adapted from 
Ref. [132] © 2022 The Authors with permission from the Royal Society of Chemistry. 
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complex into a metal organic framework (MOF) [136]. It was expected 
that this design would not only preserve the TPA performance of the 
photocatalyst, but also enable it to be easily recycled thanks to the 
heterogeneous nature of the hybrid MOF-Ru system. The framework 
MOF-253, comprising aluminum oxide clusters and 5,50-dicarboxyl- 
2,20-bipyridyl ligands, was chosen as the scaffold to support the TP 
photocatalyst. Photocatalyst embedding was achieved by coordinating 
the ruthenium complex to the external bipyridyl sites of coordination of 
MOF-253. Using this hybrid photocatalyst, which operates through a 
TPA process under 740 nm light irradiation, five representative organic 
reactions were successfully conducted. These included energy transfer 
reactions, reductive and oxidative reactions, net redox neutral reactions, 
and atom transfer radical polymerization (ATRP) of acrylates. The po
tential for reuse and recovery of the MOF-Ru heterogeneous photo
catalyst was assessed through recycling experiments, helped by the easy 
separation of the photocatalyst via centrifugation. Overall, these authors 
have developed a heterogeneous photocatalyst with two-photon ab
sorption capability, effective under low-power infrared light. This opens 
avenues for utilizing low-energy light efficiently and enables practical 
recycling of the two-photon photocatalyst. 

3.3. Two-photon induced photo-uncaging in the field of materials 

A fully different approach relies on the properties of Ru (II) poly
pyridyl complexes as photocages. Several studies have focused on 
exploring these properties for applications in material sciences, such as 
surface modification [137,138], light-driven machines [139] or regu
lation of hydrogel properties [140] although most studies focused on 
applications in biology [141–143]. These strategies are supported by the 
capability of specific Ru (II) polypyridyl complexes, characterized by 
distorted octahedral geometries, to undergo ligand loss induced by light 
irradiation. This loss is attributed to the population of low-lying metal- 
centered excited states (3MC) [144], which exhibit a pronounced anti
bonding nature [145,146]. 

Upon light irradiation, metal-to-ligand charge transfer triplet excited 
states (3MLCT) are generated, which convert into low-lying triplet 
metal-centered (3MC) states, or d–d states (Fig. 18). These excited states 
exhibit significant dissociative properties, leading to the substitution of 
a ligand by a solvent molecule. A conventional strategy to enhance the 
presence of the 3MC states and improve the efficiency of ligand release 
involves incorporating bulky ligands into the coordination sphere 
[144,148–154]. This approach is effective because bulky ligands reduce 
the ligand field, thereby decreasing the overlap between Ru d orbitals 
and the lone pairs of pyridine nitrogen, thus rendering the 3MC states 
more accessible. 

Even if these fundamentals result from studies of one-photon pro
cesses, it was established that Ru (II) polypyridyl complexes can also be 
involved in two-photon induced photocleavage of caged systems, 
following the same photochemistry as one-photon mechanisms (Fig. 18) 
[147]. Studies by Etchenique et al. [148,149] on the use of two-photon 
light-cleavable [Ru(bpy)n]-like complexes has additionally prompted 
the development of a technique for directly measuring the two-photon 
action cross-section of TP absorbers [155]. This experimental 
approach uses a conventional two-photon microscopy configuration for 
both uncaging and detection, enabling the determination of absorption/ 
action cross-sections with the sole requirement of having a diffraction- 
limited microscope system. Even action cross-sections as low as hun
dredths of GM, nearing the lower limit for biological applications, can be 
accurately determined using laser sources commonly employed for two- 
photon imaging. Noteworthy, this method can be extended to non- 
fluorescent photo-triggers by utilizing a microscope along with an 
attached optical fiber-CCD spectrometer. This procedure was tested with 
a TP active ruthenium-based caged serotonin [Ru(bpy)2(PMe3)(5HT)] 
Cl2 (RuBi-5HT, bpy = 2,2′-bipyridine, PMe3 = trimethylphosphine, 5- 
HT = 5-hydroxytryptamine (serotonin) 22, which was previously 
employed to administer serotonin in rodent brains via blue light in the 

single-photon mode. (Fig. 19) [156]. A direct photolysis measurement of 
the absorption cross-section of RuBi-5HT reported a value close to 1.4 
GM at 777 nm, which is consistent with the value obtained using con
ventional two-photon excitation fluorescence (σTPA = 1.40 ± 0.09 GM). 
Additionally, an effective action cross-section of 0.04 GM was deter
mined at the same wavelength. 

3.4. Two-photon photosensitive functionalized surfaces 

Because of its ability to operate remotely and with high spatiotem
poral precision, two-photon excitation emerges as an appealing nonin
vasive method for controlling surface functionalities, with promising 
applications in lithography, photopatterning, bio-interfaces, and 
microfluidics [157]. A. Del Campo et al. exploited the high spatiotem
poral resolution provided by two-photon excitation of a light-cleavable 
caged aminosilane [Ru(bpy)2(PMe3)(APTSi)](PF6)2 complex (APTSi =
3-aminopropyltriethoxysilane), attached to silica surfaces to control 
functions of these silica surfaces (Fig. 20, left) [158]. Both single-photon 
(460 nm) and two-photon (900 nm) irradiations resulted in the removal 
of the cage and the generation of reactive amine groups. The two-photon 
uncaging of Ru units attached to the silica surface layer was achieved by 
scanning the surface at 900 nm in the presence of water. The resulting 
photogenerated free amine groups were available for subsequent 
chemical modification and were reacted with a fluorescent dye (Alexa
Fluor 488 carboxylic acid succinimidyl ester) specifically targeting free 
amine groups, thus labeling the surface’s free amino groups. A fluores
cent pattern, displaying bright (uncaged) and dark (caged) areas mir
roring the mask’s shape, was visualized using a fluorescent microscope 
(Fig. 20, right). These findings highlight the feasibility of chemical 
lithography via the uncaging of surface-bound Ru cages through two- 
photon processes. Furthermore, the authors demonstrated that the 
uncaging process can be site-selective, while the ratio of uncaged areas 
depends on the dose and can be regulated by adjusting laser intensity or 
exposure time. 

3.5. Two-photon photoreactive polymeric materials 

The potential of two-photon light-cleavable [Ru(bpy)3]2+-like com
plexes as constituents for advanced photoreactive polymeric materials 
was also demonstrated by U. Monkowius et al. [159]. These authors 
developed photodegradable metalla-supramolecular gels responsive to 
both visible light in a single-photon process and near-infrared radiation 

Fig. 18. Schematic Jablonski diagram illustrating the electronic transitions 
leading to two-photon induced ligand labilization in [Ru(bpy)3]2+-like com
plexes: the triplet 3MLCT band may undergo deactivation via emission, non- 
radiative pathways, or the population of the non-bonding 3MC state, poten
tially resulting in the destabilization of a ligand. Key steps: i) two-photon 
photoexcitation, ii) intersystem crossing (ISC), iii) radiative deactivation, iv) 
internal conversion, v) cleavage reaction and ligand exchange. This simplified 
Jablonski diagram overlooks structural deformations and thus provides only a 
limited depiction of the system [147]. 
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(800 nm) in a two-photon process, by using a bipyridine ruthenium 
complex with pendant amines [Ru(bpy)2(4-(aminomethyl) 
pyridine)2]2+. This complex rapidly formed stable gels by reacting 
covalently with a hexamethylene diisocyanate prepolymer. While stable 
in the dark, the gels were rapidly degraded by visible light (>395 nm). 
These polypyridyl ruthenium complexes with pendant amines are also 
light-cleavable under pulsed NIR-laser irradiation at 800 nm. Degelation 
occurred rapidly in the sole irradiated regions, offering an opportunity 
for spatiotemporal micropatterning by high-frequency pulsed 

multiphoton irradiation (Fig. 21). 

4. Two-photon activation of d6 Ru (II) polypyridyl complexes: 
potential biomedical applications 

4.1. Two-photon photo-triggers for biologically-active compounds 

Parallel to the incursions in the field of advanced materials, most 
reports have focused on bioimaging and therapeutic applications, taking 

Fig. 19. Complexation of serotonin with [Ru(bpy)2(PMe3)(H2O)]2+ (forward) and one-step light-triggered removal of serotonin 5-HT (backward) [156].  

Fig. 20. (a) Structure of a Ru (II) complex silane-modified surface and (b) fluorescence micrograph depicting a surface labeled with AlexaFluor 488 after exposure to 
femtosecond-laser patterning at 900 nm. Each square correlates with a precise laser intensity and irradiation time. The fluorescence intensity reveals the surface 
density of the dye, serving as a measure of the extent of the uncaging reaction for a given two-photon dose. The inset shows the emission profile for squares irradiated 
at a same laser intensity but different times. Adapted with permission from Ref. [158]. Copyright 2012 American Chemical Society. 
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advantage of the fact that Ru (II) polypyridyl complexes showed 
promising bactericidal, bacteriostatic and anti-cancer activity 
[73,99,142,160,161] and can be applied in various biological and 
cellular contexts, such as bioimaging, biomolecular imaging, and pho
totherapy [72]. The first reports on their utilization for two-photon 
bioimaging and PDT have highlighted the significant benefits of two- 
photon excitation, despite the prevalent use of dyes with limited TPA 
cross-sections [104]. This interest stems from the many advantages that 
transition metal complexes offer, including: i) readily adjustable 
chemical and photophysical properties; ii) large Stokes shifts facilitating 
precise discrimination between excitation and emission wavelengths, 
which also prevent self-absorption-induced fluorescence quenching; iii) 
high emission quantum efficiencies and long emission lifetimes, thereby 
minimizing background autofluorescence interference; and iv) emissive 
properties responsive to variations in the local environment. Of course, 
achieving deep-tissue photoactivation necessitates extending the ab
sorption profile of photosensitizers (PS) to encompass the therapeutic 
wavelength range of 650–900 nm. This is an expected advantage of 
biphotonic activation. In addition, the use of two-photon (TP) irradia
tion maintains excitation localization deep within complex biological 
tissues, enabling higher spatiotemporal resolution within these tissues. 

Various approaches for improving the permeability of the Ru (II) 
polypyridyl complexes have been explored, with particular emphasis on 
adjusting their lipophilicity, charge, and solubility. These factors play a 
crucial role in influencing the penetration and accumulation of the 
complexes in the cells. For instance, in the course of a study of fluori
nated ruthenium (II) complexes for two-photon PDT (Fig. 22a), Chao 
et al. demonstrated that the complexes could traverse the extracellular 
matrix of human cervical HeLa cancer cells.3 They observed that two- 
photon excitation with long wavelengths (700–900 nm) achieved 
deeper tissue penetration compared to one-photon excitation. Specif
ically, the penetration depth of two-photon-excited luminescence for the 
Ru (II) complexes in HeLa Multicellular Tumor Spheroids (MCTS)4 was 
approximately 200 μm, compared to the approximately 70 μm depth 
achieved with one-photon excitation [162]. 

4.2. Ru (II) polypyridyl complexes for TP-induced sensing and bioimaging 

Bioimaging with two-photon-induced luminescence stands out as 
particularly suitable for in vivo sensing, primarily because of remarkable 
benefits, including deep tissue penetration, minimal phototoxicity, high 
excitation selectivity, and limited photobleaching area [163]. In this 
context, Ru (II) polypyridyl complexes can play a key role as alternative 
probes to steady-state or nanosecond bioimaging and biosensing thanks 
to elevated quantum yields, large Stokes shifts and extended emission 
lifetimes [71,72]. In addition, the emission properties of these com
plexes are sensitive to changes in the environment, including variations 
in oxygen levels, viscosity, and pH [164–168]. Finally, as shown by 
some of the examples below, an anticipated molecular design allows 
these complexes to localize in specific cell organelles (subcellular 
structures with one or more specific functions to perform in the cell) 
[169]. 

C.-T. Poon et al. were among the first to use a Ru (II) polypyridyl 
complex for two-photon tumor-imaging [170]. These authors described 
the synthesis and study of a Ru (II) polypyridyl compound appended 
with a porphyrin, 23 (Fig. 23, left). This design was expected to heighten 
both TPA cross-section and cellular penetration. A σTPA cross-section of 
178.0 ± 26.8 GM was determined employing 100-fs laser pulses, at 800 

nm, instead of 28 GM for the free tetraphenyl-porphyrin H2TPP [171]. 
This improvement could be justified by the charge separation occurring 
between the porphyrin and the Ru (II)-polypyridyl unit, which arises 
from photo-induced electron transfer. 

The uptake of 23 by human nasopharyngeal carcinoma HK-1 cells 
was examined using both flow cytometry and fluorometry. After incu
bation for 1 h, the fluorescence intensity of HK-1 cells treated with 23 
was approximately 10 times higher than that of untreated cells. This 
intensity further increased by an additional 10-fold after incubation for 
6 h, reaching a plateau after approximately 16–24 h. Compound 23 was 
then analyzed for its live cell imaging capabilities using two-photon 
microscopy. Upon excitation with an 800 nm laser, a strong red emis
sion was observed in the cytoplasm (Fig. 23-right, a); compound 23 
predominantly localized in lysosomes, with lesser localization in the 
endoplasmic reticulum, Golgi body, and mitochondria (Fig. 23-right, 
b–e). 

Since this pioneering work, many efforts were devoted to directing 
the localization of two-photon absorber probes in living cells and tissues 
[21,104,131,172,173]. For instance, among recent studies, W. Zhang 
et al. outlined the design of a Ru (II) polypyridyl complex Ru-NO2 
(Fig. 24a) as a two-photon phosphorescent probe suitable for the 
detection of glutathione S-transferases (GSTs) [174]. These studies 
specifically targeted the detection of GSTs because of their multifaceted 
physiological role in metabolism and detoxification: if GSTs play a pu
tative role in safeguarding living cells against a broad range of harmful 
molecules, abnormal expressions of GSTs are often linked to drug 
resistance and more particularly drug-induced liver injuries [175]. Ru- 
NO2 was weakly luminescent because of a strong Photo-induced Elec
tron Transfer (PeT) within this complex. After being reacted with 
glutathione (GSH), through a nucleophilic aromatic substitution (SNAr) 
reaction, in the presence of GSTs, a new complex was generated, Ru-SG, 
which showed an intense red emission (Fig. 24). The luminescence 
lifetime of Ru-SG was determined to be 154.2 ns, meeting the criteria 
for time-gated luminescence imaging of GSTs in living cells. Before 
investigating the potential of Ru-NO2 for two-photon imaging of GSTs 
and tissues, the maximum σTPA cross-section values of Ru-NO2 and Ru- 
SG were determined to be 118 GM, at 752 nm, and 248 GM, at 765 nm, 
respectively. These features suggest that Ru-NO2 is well-suited for two- 
photon imaging of GSTs in deep tissues. The authors highlighted that 
experimental results regarding time-gated luminescence detection and 
luminescence imaging analysis of GSTs in Drug-induced Liver Injury 
(DILI) mouse sera and liver tissues indicated that Ru-NO2 could facili
tate dynamic monitoring of GST fluxes. Consequently, it has the po
tential to contribute to future clinical applications, enabling early 
diagnosis and treatment monitoring of DILI. 

Due to their emission lifetimes spanning from hundreds of nano
seconds to microseconds, Ru (II) polypyridyl complexes are well-suited 
for lifetime-based imaging methods like phosphorescent lifetime imag
ing microscopy (PLIM) and time-resolved emission imaging microscopy 
(TREM) [176]. These techniques effectively remove interference from 
biomolecular autofluorescence, which typically exhibits lifetimes 
ranging from picoseconds to a few nanoseconds [177]. Coupling these 
techniques with two-photon absorption is notably advantageous for live 
cell-based samples: it allows for the use of low-energy excitation 
wavelengths within the biological window, while the precise excitation 
of probes results in exceptional spatial resolution [71]. 

Thus, J. A. Thomas et al. explored dinuclear Ruthenium(II) com
plexes, Ru(II)(tpphz) 24 and 25 (Fig. 25) as PLIM probes for nuclear 
DNA in both live and fixed cells [178]. σTPA cross-sections, 142 GM for 
24 and 108 GM for 25, were measured at 800 nm. These probes, which 
exhibit minimal emission in aqueous media, emit strong luminescence 
when bound to DNA. Upon two-photon excitation at 800 nm, they 
exhibited characteristic emission lifetimes exceeding 160 ns. Meanwhile 
a shorter-lived cytoplasmic emission was observed in live MCF–7 (a 
human breast cancer cell line) and HaCat (a long-lived, spontaneously 
immortalized human keratinocyte cell line) cells. The longer lifetime 

3 HeLa cells were the first human cell line to be established and have been 
widely used in laboratory studies, especially in research on viruses, cancer, and 
human genetics.  

4 MCTS are easy to handle heterogeneous cell aggregates that have been 
gradually accepted as valid 3D cancer models that lie between a cell monolayer 
and a solid tumor. 
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depicted in the nucleus reveals a more effective shielding from sur
rounding water molecules in the DNA-bound sites compared to the 
cytoplasm. These observations highlight how lifetime imaging tech
niques, coupled with two-photon excitation, offer valuable insights with 
sub-micrometer spatial resolution. 

Y. Zhang et al. reported on a series of taurine-modified polypyridyl 
Ru-complexes designed to explore lysosome-targeting [179]. These 
complexes demonstrated specific accumulation within lysosomes. 
Among them, the six taurine-modified Ru-complex 26 (Fig. 26) dis
played the most intense emission. However, its two-photon absorption 
cross-section at pH = 4.5 was less than 20 GM at 800 nm. On the other 
hand, the two-photon excited emission property of 28 served as a in situ 
tool for non-invasive monitoring of cell uptake in vivo, particularly 
benefiting from enhanced tissue penetration under light. 

X. Liang, X. Liu, M. S. Roberts et al. developed two-photon turn-on 
sensing probes 28–30 for in vivo imaging of oxidative stress with reso
lution at the single-cell level [180]. The Ru (II) complex served as the 
signaling unit and was coupled with responsive groups targeting gluta
thione (GSH), hydrogen peroxide (H2O2) and hypochlorous acid (HOCl) 
(Fig. 27). In these systems, the 3MLCT resulting from the excitation of 
the tris-(2,2′-bipyridine) Ru (II) unit is corrupted so that the phospho
rescent emission is quenched by an effective intramolecular photo- 
induced electron transfer (PeT) process. The responsive groups un
dergo quantitative cleavage when exposed to GSH, H2O2 or HOCl. As a 
consequence, the phosphorescent emission and lifetime are restored. By 
enabling the coupling of luminescence intensity and lifetime imaging, 
these Ru (II) probes ensure precise localization and measurement of 
Reactive Oxygen Species (ROS) and GSH changes within the liver [181]. 

Fig. 21. (a) Synthesis and photoinduced cleavage of gels containing ruthenium developed by U. Monkowius et al. [159] (b, c) micropatternings obtained upon two- 
photon irradiation at 800 nm using a standard two-photon microfabrication setup. Scale bar = 100 μm. Adapted with permission from Ref. [159]. © 2017 The 
Authors. Published by Wiley-VCH Verlag GmbH. 

Fig. 22. Left: Structure of a fluorinated ruthenium (II) complex studied for two-photon PDT. Right: (a) One- and two-photon luminescent pictures of 3D tumor 
spheroids after incubation with this complex (10 μM) for 6 h. (b) Both one- and two-photon Z-stack images were acquired at intervals of 5 μm from the top to the 
bottom. (c) One- and two-photon Z-stack images of an undamaged spheroid acquired utilizing a 10 × objective. λex = 458 nm (one-photon) or λex = 825 nm (two- 
photon); λem = 630 ± 20 nm. Scale bar: 200 μm. Adapted with permission from Ref. [162]. © Copyright 2017 American Chemical Society. 
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The authors suggested that the high resolution and precision afforded by 
the dual-mode quantitative imaging approach for in vivo cellular 
oxidative stress could be used to determine the severity of heteroge
neous diseases among cell populations and to assess their response to 
drugs. 

H. Chao et al. developed switchable two-photon luminescent probes 
30–32 (Fig. 28) by exploiting the redox properties of the quinone/hy
droquinone pair to selectively and dynamically detect hypoxia5 [182]. 

Under normoxia, compound 32 exhibited low luminescence even in 
the presence of NADPH. By contrast, under hypoxia, characterized by 
low oxygen levels, a noticeable increase (more than 80-fold) of the 
phosphorescent emission of 32 was observed. This increase stemmed 
from NADPH catalyzing the reduction of quinone derivatives specif
ically under hypoxic conditions. But not under normoxia [183]. This 
“off-on” luminescent switch was both fully reversible and reproducible. 
Furthermore, the sensitivity of compounds 30–32 to hypoxia was 
assessed using a two-photon excitation range extending from 750 to 
1050 nm. The highest σTPA cross-section values were recorded at 800 
nm, under hypoxic conditions, for the 30–32 complexes: these values 
were 147 GM for 30 + NADPH, 168 GM for 31 + NADPH, 196 GM for 
32 + NADPH, using rhodamine B as a reference. These complexes 
proved highly effective in visualizing intratumoral hypoxia in A549 
multicellular tumor spheroids (A549 being lung human carcinoma cells) 
and monitoring hypoxia-reoxygenation cycles in living zebrafish 
through two-photon luminescent imaging (Fig. 29). 

Polypyridyl Ruthenium (II) complexes with simple chemical struc
tures like those presented above may undergo rapid clearance from the 
body due to their small size, positive charge, and hydrophilic properties, 
thereby limiting their in vivo applicability [184]. C.-P. Tan, Z.-W. Mao 
et al. have addressed this issue by covalently linking Ru (II) complexes to 
carbon nanodots (CDs) for two-photon imaging of lysosome (Fig. 30) 
[185]. This approach was supported by the biocompatibility, non- 
toxicity, photostability, and tunability of carbon dots, which are mac
romolecules characterized by strong photoluminescence and high 
resistance to photobleaching [186,187]. 

CDs, 33 and 33@CDs exhibit two-photon excited emissions, which 
make them suitable for live cell bioimaging and in vivo applications 
[185]. The σTPA cross-section of 33@CDs in DMSO at 810 nm (1118 GM) 
significantly exceeds that of 33 (171 GM), an increase that could result 
from a fluorescence resonance energy transfer (FRET) from CD to 33 on 
two-photon excitation. To assess the penetration capability of 33 and 
33@CDs, A549 ranging from 400–500 μm were treated for 12 h with 33 
or 33@CDs. Examination using one- and two-photon microscopy shows 
that 33 and 33@CDs, with average particle sizes about 66 and 80 nm 
respectively, can cross the extracellular matrix and accumulate in 
MCTSs. The images are much brighter for 33@CDs than for 33, which is 
consistent with the enhanced two-photon absorption and cellular up- 
take capacities of the modified carbon dots 33@CDs. 

One- and two-photon fluorescence imaging of one-day-old zebrafish 
embryos was conducted to study the potential of 33@CD for imaging in 
living tissues. 33 and 33@CD did no present obvious toxicity in zebra
fish embryos within 6 days. Significantly high fluorescence intensities 
were noted with two-photon excitation in the zebrafish embryos, as 
opposed to one-photon excitation, indicating their ability to perform 
deep two-photon excited imaging, as well as their potential for in vivo 
applications. 

4.3. Ru (II) polypyridyl complexes as two-photon-activatable therapeutic 
agents 

Photodynamic therapy relies on the use of therapeutic agents, called 
photosensitizers (PS), which cause necrosis of the surrounding tissues, 
due to their cytotoxic activity in the excited state [188,189]. This non- 
invasive procedure is applied clinically for both oncological and non- 
oncological indications, such as the eye disease macular degeneration. 
Typically, it involves the production of highly reactive singlet oxygen 
(1O2) through interactions among a photosensitizer, light, and oxygen 
(3O2) (type II photoreactions) (Fig. 31). The excited photosensitizer can 
also directly interact with neighboring biomolecules through electron 
exchange or proton transfer, leading to the formation of radical in
termediates. (type I photoreactions). Two-photon PDT (TP-PDT) has 
been suggested as a way to bring benefits to the established one-photon 
PDT in terms of penetration depth, spatial selectivity and lower photo
damage to healthy tissues. Meanwhile, using current photosensitizers is 
not realistic as a clinical trials: the relatively small cross-sections TPA of 
the conventional sensitizers (e.g. σTPA = 10 GM for Photofrin® at ~ 800 
nm) [190] necessitates laser powers near the tissue-damage threshold to 
be used. New photosensitizers with high TP cross-section values and 
long triplet state lifetimes are therefore in high demand to make TP-PDT 
an applicable therapeutic treatment [191,192]. 

In this context, Ru (II) polypyridyl derivatives constitute promising 
candidates for photodynamic therapy, which can be involved in the type 
I and type II photoreaction processes [73,184,193–196]. Their visible 
light absorption and reasonably long-lived triplet excited states that 
allow the effective production of 1O2 are obvious advantages, also 
supported by clinical trials of TLD1433 (Fig. 32) [197], a photosensi
tizer developed in the McFarland and Lilge laboratories, for a PDT 
treatment of bladder cancer with intravesical application. TLD-1433 is 
presently under investigation in Phase II clinical trials in both the USA 
and Canada [198]. 

On the other side, the field of one-photon antibacterial 

Fig. 23. Left: Chemical structure of the complex 23 [170]. Right (a) Two- 
photon confocal fluorescent imaging of HK-1 cells performed after a 24-hour 
incubation with compound 23 (8 μM). Scale bar = 20 μm. (b–e) Subcellular 
localization of 23 in HK-1 cells After a 24-hour incubation with compound 23 
(8 μM). Cells were then stained with (b) lysosome probe Lyso-Tracker Green 
DND-26L7526 (50 nM), (c) mitochondria probe Mito-Tracker Green FM dye 
M7514 (50 nM), (d) Golgi probe BODIPY FL C5–ceramide complexed to BSA (5 
μM) or (e) endoplasmic reticulum probe ER-Tracker Blue–White DPX dye (200 
nM). Indicate overlapping fluorescent signals from compound 23 and the 
organelle probes. Scale bar = 10 μm. Adapted with permission from Ref. [170]. 
Copyright 2010, Elsevier. 

5 Hypoxia refers to a state of low oxygen tension, typically ranging from 1% 
to 5% O2, commonly observed in the central regions of tumors owing to weak 
vascularization. Normoxia denotes oxygen tensions ranging from 10% to 21%, 
while hyperoxia indicates oxygen levels exceeding 21% [181]. 
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photodynamic therapy (aPDT) has garnered significant interest due to 
its potential as a non-invasive treatment for bacterial infections, espe
cially in an era of rising antibiotic resistance [199]. Despite this, there 
are few studies exploring the use of ruthenium(II) polypyridyl com
plexes in aPDT [200–202]. This technique, which precisely targets 

microbial cells, is particularly effective for treating surface-level in
fections. Additionally, two-photon induced antibacterial PDT could offer 
deeper tissue penetration and higher precision, making it a comple
mentary approach for treating deeper infections while minimizing 
damage to surrounding healthy tissues. However, to the best of our 

Fig. 24. (a) Synthetic route for producing Ru-SG by reacting Ru-NO2 with GSH in the presence of GSTs. Photographs of Ru-NO2 and Ru-SG solutions highlighting 
their differences in terms of emission properties. (b) Schematic illustration by Zhang et al. of the GSTs-catalyzed Ru-NO2-GSH reaction in living cells. Adapted with 
permission from Ref. [174]. Copyright 2022, Elsevier. 

Fig. 25. (a) Structures of dinuclear complexes 24 and 25. (b) Comparison of MCF-7 live cell pre-treated with complex 24 lifetime and intensity imaging. (c,d) 
Lifetime imaging of immobilized, permeabilized MCF7 cells pre-treated with complex 24 revealing different lifetimes in c) the nucleus and d) cytoplasm. Adapted 
with permission from Ref. [178]. Copyright 2014, Wiley-VCHGmbH. 
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knowledge, the application of 2P-PDT in conjunction with ruthenium(II) 
polypyridyl complexes in antibacterial assays has not yet been reported 
[203,204]. This indicates how much research still needs to be conducted 
on ruthenium complexes within the field of two-photon photodynamic 
therapy. 

Recent studies aim to develop strategies for adjusting ruthenium 
complexes to the requirements of TP-PDT. J. Guo, A. Ren and co-workers 

investigated the photophysical properties of a series of heteroleptic Ru 
(II) complexes containing pyrene units as two-photon sensitizers 
(Fig. 33) [205]. These studies were supported by density functional 
theory (DFT) and time-dependent density functional theory (TD-DFT) 
calculations that were conducted on the electronic structure, one- and 
two-photon absorption properties, type I/II mechanisms, triplet state 
lifetime, and solvation free energy. These data allowed their ability as 
TPA PSs to be evaluated. It was observed that incorporating pyrene 
groups led to a significant enhancement in the lifetime of the complex, 
while ethynyl linkers enhanced σTPA values. For instance, complex 34 
has a large σTPA value (1376 GM) at 698.5 nm and a lifetime (136 μs), 
both values that support it as a potential candidate for TP-PDT. 

Another strategy for improving the characteristics of complexes for 
infrared TP-PDT has recently been proposed by F. Gao et al. [206]. In 
this study, Ru (II) homoleptic complexes 36–38 with 3 distinct (E)-2- 
styryl-1H-imidazo[4,5-f][1,10]phenanthroline (sip) ligands (Fig. 34) 
were designed and compared to the parent heteroleptic complex [Ru 
(bpy)2(sip)]2+, 35 [207]. 

The σTPA values of the homoleptic complexes were 51–142 GM 
[206], which is not really different from that of the heteroleptic parent 
system (91 GM) [207]. At the same time, the introduction of two addi
tional sip ligands significantly enhanced the 1O2 quantum yield under 
infrared two-photon irradiation and the DNA photocleavage effect of the 
homoleptic complexes 36–38: when subjected to 450 nm LED irradia
tion (50 mW.cm− 2), the ΦΔ450 values for complexes 36 and 38 were 0.59 
and 0.49, respectively, compared to 35 (0.13). Furthermore, under 808 
nm TP irradiation (100 mW.cm− 2) irradiation, 36 also demonstrated the 
highest ΦΔ808 value among these complexes. These complexes 

Fig. 26. Chemical structure of the six taurine-modified Ru-complex 26 
designed by Y. Zhang et al. as a lysosome-specific photosensitizer for PDT 
targeting cancerous brain cells [179]. 

Fig. 27. Illustration of the reactions of 27, 28 and 29 with GSH, H2O2 or HOCl. The emission of the ruthenium complex is initially quenched because of a photo- 
induced electron transfer process (PeT). It is restored in presence of GSH, H2O2 or HOCl, the responsive groups being quantitatively cleaved. The carboxylate/ 
carboxylic features of compound 29 are influenced by the pH levels within the organelle. Sodium and potassium serve as the counter-ions. [180]. 
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specifically target the mitochondria rather than the nuclei, thereby 
producing intracellular singlet oxygen 1O2 under visible or infrared light 
irradiation. Complex 36 exhibited highest efficacy in generating intra
cellular singlet oxygen 1O2 and displayed strong cytotoxic effects in vitro 
on melanoma cells in humans. 

The two-photon absorption cross-section of most PSs are too low to 
ensure an efficient TPA process at a low photon density. Up to now, two- 
photon excitation has been carried out by using intense laser irradiation 
that may cause irreparable damage to tissues and cells. In contrast to 
these approaches, F. Gao et al. envisaged the use of low-dose light 
irradiation using a low-power civil laser, offering the possibility of 
longer exposure times for the administration of higher doses of light, 
which would make it possible to treat larger or more deeply buried tu
mors during clinical trials. These authors synthesized dinuclear Ru (II) 
complexes featuring planar bridging ligands. These complexes exhibited 
outstanding two-photon absorption, efficient generation yields of singlet 
oxygen (1O₂) and remarkable photothermal efficiency. They are there
fore promising for dual photodynamic and photothermal therapy of 
melanoma tumors in vivo [208]. As a representative example, it was 

Fig. 28. Ruthenium (II) anthraquinone complexes 30–32 for two-photon luminescent hypoxia imaging [182].  

Fig. 29. (a) One- and two-photon luminescence images of 3D tumor spheroids following incubation with 32 (10 μM) for 6 h. (b) Z-stack images were captured at 
intervals of 3.4 μm from the top to bottom. (c) 3D Z-stack images of an intact spheroid, using a 10 × objective. λex = 460 nm (one-photon), 800 nm (two-photon); λem 
= 560–680 nm. Adapted with permission from Ref. [182]. Copyright 2015, Elsevier. 

Fig. 30. Main steps for the preparation of covalently linked Ru (II) complex 33 
to carbon nanodots (33@CDs) for two-photon imaging of lysosome [185]. 
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observed that a tert-butyl-substituted complex was targeting the mito
chondria without entering the nucleus, thereby considerably increasing 
its PDT while reducing its cytotoxicity in absence of light activation. It 
effectively inhibits the growth of melanoma tumors in vivo through 
synergistic two-photon photodynamic therapy (TP-PDT) and photo
thermal therapy (PTT). This occurs under low light doses (30 J.cm− 2) 
irradiation, using an 808 nm civil low-power laser (0.1 W.cm− 2). The 
characteristics of this complex would therefore make it a suitable 
candidate for the treatment of larger or more deeply buried tumors, 
turning it into a potential model for an innovative class of dual-function, 
low-power infrared-driven therapeutic agents for dual PDT/PTT 
therapy. 

This report follows a number of studies, some of which are presented 
below, that underlined that beyond high cross-section values and long 
triplet state lifetimes, or 1O2 quantum yield, other parameters also 
require consideration, particularly in terms of the internalization of the 
Ru (II) complexes in cells and their localization [196,209]. Actually, it 
quickly became apparent through seminal studies that one downside of 
Ru (II) polypyridyl-based two-photon photosensitizers is their poor 
selectivity toward cancer cells, leading to unintended phototoxic effects 

on healthy tissues [210]. 
G. Lemercier and P. Baldeck’s research teams presented the first 

instance of a Ru (II) complex (39, Fig. 35) as a photosensitizer for two- 
photon photodynamic therapy, in 2009 [211]. The Ru (II) center was 
framed by three fluorene–phenanthroline ligands bearing hydrophilic 
triethylene glycol chains in order to ensure within biological mediums 
and ability to penetrate cell membrane. 39 exhibited a 3MLCT state with 
a relatively long lifetime (500 ns in CH3CN), while a maximum TPA 
cross-section σTPA ≈ 40 GM, at 740 nm, was measured. Fluorescence 
imaging of rat brain tumor models (F98 glioma cells) revealed the 
internalization of 39 into the cytoplasmic vesicles. No discernible 
localization was observed within the nuclei. Single-cell TP irradiation 
experiments, at 740 nm, were achieved with variable irradiation powers 
(respectively 300, 200, 100 and 30 mW), for 5 min. In all instances, cell 
damage was exclusively observed in cells that were incubated with 39. 

Further to this pioneering work, W.-K. Wong et al. explored the TP- 
PDT properties of Ru (II) complexes with appended porphyrins through 
an ethynyl linker (Fig. 36) [212,213]. This approach was based on the 
fact that porphyrins and their analogues have been extensively studied 
as photosensitizers in anticancer PDT due to their tendency to accu
mulate more in tumor cells (approximately 2 to 5 times higher than in 
normal cells) and their capacity to cause oxidative damage to vital cell 

Fig. 31. Diagram illustrating two-photon excitation-triggered PDT via type I and type II mechanisms.  

Fig. 32. Main steps of the synthesis of TLD1433 [197] (dmb = 4,4′-dimethyl- 
2,2′-dipyridyl). 

Fig. 33. Chemical structure of Ru-complex 34 [205].  
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components like DNA, proteins, and membranes [214,215]. The com
plexes 40–42 differ because of the position of the ethynyl linker: the 
β-position for 40 and 41 and the meso position for 42 [212,213]. Zn(II) 
was chosen over other metal ions because Zn(II)-tetraphenylporphyrins 
usually exhibit higher 1O₂ quantum yields compared to those of free 
tetraphenylporphyrins and related metalated complexes [216]. 40–42 
showed high ΦΔ values: 0.66 (40), 0.76 (41) and 0.93 (42) in CHCl3. The 
σTPA cross-sections of 40 and 41, assessed using the open-aperture Z-scan 
technique at 800 nm, were found to be 555 and 485 GM, respectively, 
while the meso-linked conjugate 42 exhibited a σTPA value of 1104 GM. 
The authors assumed that this enhancement arises from both the 
extended π-conjugation and the molecular polarization resulting from 
the asymmetrical (D–π–A) structure linking the porphyrin and Ru (II)- 

polypyridyl components. 
The photocytoxicity studies of these three complexes in HeLa and 

HK-1 cells did not uncover any discernible organelle localization for 40 
and 41 but showed mitochondria localization for 42. After 5 min of 
pulsed two-photon excitation at 850 nm, HK-1 cells treated with 42 
exhibited a 90 % phototoxicity, associated to morphological de
formations or loss of integrity. At the same time, 70 % of HeLa cells 
displayed similar changes after exposure to 40 under continuous laser 
irradiation at 800 nm for 30 min. In contrast, no significant morpho
logical alterations were observed with 41 under the indicated two- 
photon excitation conditions. Therefore, 42 exhibited a strong two- 
photon absorption cross-section, enabling the generation of singlet ox
ygen via both linear and two-photon excitation, alongside effective 
targeting of mitochondria for which it can be considered as a promising 
photodynamic therapy agent. 

P. J. Stang, H. Chao et al. investigated a supramolecular strategy to 
modulate the characteristics of Ru (II) polypyridyl complexes as two- 
photon photodynamic therapy sensitizers. For instance, they designed 
the coordination-driven self-assembled heterometallic Ru–Pt metalla
cycle 43 (Fig. 37) [217]. This metallacycle exhibited near-infrared 
emission, strong TPA, and high efficiency in generating Reactive Oxy
gen Species (ROS), as the integration of the Ru (II) polypyridyl unit 
within a tetramethylammonium-decorated Pt (II)-based metallacycle 
promotes intersystem crossing. This highly charged supramolecular 
structure favors the internalization of the PS in cells. Thus, a dual 
localization in both the mitochondria and nuclei was observed. 

The quantum yield of singlet oxygen (ΦΔ) for 43 was determined to 
be 88 % relative to [Ru(bpy)3]2+ as a reference. The product of TPA 
cross-section σTPA and ΦΔ, which indicates the efficacy of singlet oxygen 
generation, under two-photon excitation, was evaluated to be σTPA × ΦΔ 
= 1,220 GM in 43. This merit parameter, revealed that 43 is highly 
performant as a two-photon 1O2 sensitizer. In vitro investigations 
demonstrated that the Ru–Pt metallacycle showed limited toxicity in 
absence of light, but upon photoexcitation, the intracellular generation 
of singlet oxygen by the metallacycle caused damage to both mito
chondria and nuclei and, finally, led to cell death. In vivo studies with 

Fig. 34. Representative structures of Ru-sip-complexes 35–38 [206].  

Fig. 35. (a) Chemical structure of 39 [211].  
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tumor-bearing mice revealed that 43 effectively eradicates cancerous 
tissues, even at low light doses, while exhibiting low systemic toxicity. 

Later, the Karges group described asymmetrically substituted Ru (II) 
polypyridine complexes containing 1,10-phenanthroline and 4,7- 
diphenyl-1,10-phenanthroline as effective photosensitizers for both 
one- and two-photon PDT (Fig. 38) [218]. The complexes displayed 
effective two-photon absorption within the biological spectral range, the 
σTPA values being up to ≈ 1600 GM. Their efficacy was investigated in 
MultiCellular Tumor Spheroids (MCTSs) with an 800 μm diameter, 
simulating the pathological environment of clinically-relevant tumors. 
The complexes successfully penetrated the MCTSs and produced singlet 
oxygen within their hypoxic cores (Hypoxia, characterized by low ox
ygen levels, is a prevalent trait in many tumors, with varying severity 
across tumor types. This characteristic is obviously a source of compli
cations with classical PDT regimes). After treatment, the MCTSs, even 
their large hypoxic cores, were completely eliminated. The authors 
finally indicated, on the basis of experimental models, that the 1,10-phe
nanthroline Ru (II) polypyridine complexes could serve as TP-PDT 
photosensitizers. For instance, compound 44b (Fig. 38) effectively 

eliminated an adeno-carcinomic human alveolar basal epithelial tumor 
in a mouse model under excitation relevant for clinical applications, 
either one-photon (500 nm) or two-photon (800 nm). 

4.4. Strategies for an anticipated localization of Ru-based TP- 
photosensitizers 

Photodynamic therapy exhibits precise spatiotemporal selectivity 
within biological systems due to the short lifetime (<40 ns) and limited 
diffusion range (<20 nm) of singlet oxygen 1O2 [219]. Hence, the PDT 
efficacy relies on the subcellular distribution of the Ru (II) polypyridyl 
photosensitizer (PS), attributable to the short lifetimes of the reactive 
oxygen species (ROS) generated upon PS excitation. Thus, controlling 
the localization of the Ru (II) polypyridyl complex in specific organelles 
(membrane, mitochondria, lysosomes, nuclei…) is essential for 
increasing the PDT outcome as it will determine the cell death mecha
nism [220]. Together with reducing side effects. Numerous studies on 
the penetration features of Ru (II) complexes in cells demonstrated that 
the efficiency of their cellular uptake, their intracellular positioning, 
even their mechanisms of toxicity can be modulated [142,221,222]. H. 
Chao, G. Gasser et al. illustrated these aspects by studying the intra
cellular localization and anticancer efficacy of the complexes 46 and 47, 
which only differ by the presence of peripheral methoxy or hydroxy 
groups (Fig. 39) [223]. This study illustrated that functionalizing the 
dppz-ligands is decisive for both the uptake and localization of these 
complexes. The emission quantum yields of 46 (Φem = 2.8 %) and 47 
(Φem = 1.7 %), in acetonitrile, and their respective maximum TPA cross- 
section values 46: 245 GM) and 47: 93GM) around 800 nm are similar to 
those of comparable Ru (II) polypyridyl complexes. Compound 46 
exhibited longer phosphorescence emission lifetimes in aerated and 
degassed CH3CN solutions (325 and 645 ns, respectively), compared to 
47 (109 and 220 ns). The cellular localization of 46 and 47 in HeLa cells, 
investigated by confocal microscopy, showed that the more lipophilic 
complex, 46, was uniformly localized in the HeLa cells, while 47 was 
predominantly detected at the membranes. The correlation between the 
cellular localization of complexes 46 and 47 and their respective PDT 
efficiency was then investigated. Significant differences in their bio
logical properties were observed. 47 univocally confined to the outer 
shell of HeLa MCTSs cancer cell spheroids and did not induce oxidative 
damage to inner cells upon irradiation. By contrast, 46 penetrated into 
HeLa MCTSs where severe oxidative damage occurred, thus confirming 
its superior tissue penetration and higher efficiency in two-photon 
photodynamic therapy (TP-PDT) compared to 47 [223]. 

Two basic methods can be used to target specific organelles using 
metal complexes: one consists in adapting relevant properties (size, 
charge, shape of the ligands) of the metal complexes to meet the specific 
requirements of the targeted organelles; the other is the association of 
the metal center with an organelle-targeting moiety. Both approaches 
have been applied to polypyridyl ruthenium complexes. 

Several studies have focused on targeting mitochondria. Indeed, 
mitochondria are pivotal in regulating cell death [224] and can be 
considered as potential anticancer drug targets [214]. Chao et al. 
described the synthesis and main features of 4,7-diphenyl-1,10-phenan
throline ruthenium (II) complexes incorporating a triphenylphospho
nium moiety (Fig. 40) [141]. The phosphonium group was chosen 
because of its affinity for mitochondria, as lipophilic cationic units tend 
to accumulate in these organelles due to the large negative potential of 
the mitochondrial inner membrane [225]. The design of these amphi
philic ruthenium (II) complexes has proved to be efficient: they inter
nalized and accumulated primarily into the mitochondrial region of 
HeLa cells. 48 (Fig. 40), which has a flexible triphenylphosphonium- 
functionalized arm, showed the highest affinity for mitochondria, as 
ascertained by Inductively Coupled Plasma Mass Spectrometry (ICP- 
MS). This complex also has the highest TP cross-section values (about 
200 GM in the interval 810–830 nm) for this series of compounds. The 
TPE using the wavelength of 830 nm penetrates deeply into MCTS, 

Fig. 36. Structures of Ru (II) complexes 40–42 with attached porphyrin moi
eties [212,213]. 
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allowing the luminescence of 48 located at a depth greater than 100 μm 
to be detected. The photocytotoxicity of the complexes was examined 
with 3D HeLa multicellular spheroids, as screening models. The com
plexes demonstrated potent inhibition of Multicellular Spheroid (MCS) 
growth, with a gradual reduction in MCS volume post-irradiation, 48 
showing the most pronounced inhibition. Conversely, the photo
cytotoxicity under two-photon excitation at 830 nm surpassed that 
under one-photon excitation at 450 nm, with respective IClight50 
values6 of 1.9 μM and 9.6 μM. 

S. Rau, T. Weil et al. proposed a bio-inspired approach for the design 
of mitochondrial targeting PS on the basis of the synthesis of a HSA- 
Ruthenium conjugate (HSA = Human Serum Albumin) [226]. Triphe
nylphosphine groups were introduced to achieve mitochondrial target
ing while blood plasma protein serum albumin was selected as a nano- 

Fig. 37. Supramolecular synthesis of the Ru–Pt metallacycle 43 by P. J. Stang, H. Chao et al. [217].  

Fig. 38. Chemical structures of compounds investigated by Karges and co-workers [218].  

Fig. 39. Chemical structures of 46 and 47 which only differ by the presence of 
peripheral methoxy or hydroxy groups [223]. 

6 The half-maximal inhibitory concentration (IC50) denotes the amount of a 
drug required to inhibit a biological process by 50%, serving as a measure of 
potency for antagonist drugs in pharmacological research [220]. 
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transporter with the aim of minimally influencing cell uptake mecha
nisms and subcellular distribution patterns. The resulting nano- 
transporter, 49 (Fig. 41), exhibited an eightfold enhancement in 
singlet oxygen generation upon photo-irradiation (λexc = 470 nm) 
compared to its Ru (II) counterpart lacking mitochondria-targeting 
functionalities. It also exhibited excellent localization within mito
chondria in HeLa cells. The conjugation of HSA to the Ru (II) did not 
alter its visible-light absorption features but the two-photon absorption 
cross-section (50 GM in water at 800 nm) of the conjugate was five times 
larger than that of the unmodified analogue. The high loading capacity 
of 49, the efficient cellular uptake and localization within mitochondria, 
as well as its strong photosensitivity and capacity for 1O2 generation 
collectively contributed to the effective two-photon-induced photo
cytotoxicity of this ruthenium complex. The authors suggest that the 
effective suppression of growth seen in an acute myeloid leukemia cell 
line, along with the selective elimination of leukemic cells over normal 
bone marrow cells, may provide a promising therapeutic window 
relying on 49 for treating acute myeloid leukemia [226]. 

Photosensitizers with the ability to target cellular organelles beyond 
mitochondria are also of great interest. In particular, lysosomes are 
other important organelles and have established roles in recycling 
cellular material, in cell growth, mitogenic signaling and promotion of 
metastasis, for instance. On the other hand, a disturbance of the lyso
somal integrity, leading to permeabilization of the lysosomal membrane 
and the subsequent hydrolases release into the cytosol, can trigger cell 
death [228]. With this in mind, H. Chao, G. Gasser et al. synthesized 
highly charged ruthenium complexes (Fig. 42) with the expectation that 
these highly charged complexes will not localize in either the mito
chondria or the nucleus. Instead, they are expected to selectively accu
mulate in lysosomes via endocytosis [229]. Tertiary ammonium groups 
were introduced into the core structure of [Ru(bpy)3]2+ to enhance both 
the water solubility and the binding affinity of complexes 50–52 to 
negatively charged cell membranes. This strategy proved successful: 

50–52 localized within the lysosomes by endocytosis in HeLa cells as 
ascertained by ICP-MS. Upon extending the irradiation time, 50 diffused 
from the lysosomes to the cytoplasm, subsequently migrating to the 
nucleus and nucleoli. These lysosome localized photosensitizers showed 
outstanding quantum yields of 1O2 generation in methanol (0.92–0.99) 
and D2O (0.49–0.67), together with a low dark cytotoxicity. They 
exhibited σTPA cross-sections ranging from 185 to 250 GM, which 
facilitated two-photon-induced photosensitization in multicellular 
spheroids, resulting in necrocytosis in both HeLa cells and HeLa MCTSs 
at low light doses (800  nm, 10 J.cm− 2). 

Although PSs can effectively penetrate tumor cells, the most effective 
photodynamic reactions typically take place primarily on the surface of 
the tumors because of a limited light penetration. In addition, low 
irradiation intensities in the deeper layers of the tumor can display 
tumorigenic effects, leading to the emergence of resistance to treatment. 
The development of photosensitizers with the ability to induce cell death 
at both high and low light intensities is therefore an appealing area of 
research. In this context, H. Chao et al. reported on the synthesis and 
features of five fluorinated Ru (II) polypyridyl complexes (53–57) 
(Fig. 43) for two-photon PDT [162], taking in account that the affinity 
for cell membranes can be enhanced through fluorination of the com
pounds (see also Fig. 22 and the relevant discussion). The highest two- 
photon action cross-section values for 53–57 were estimated to 
163–191 GM units at 825 nm. Their ability to produce 1O2 in HeLa 
MCTSs under two-photon laser light (360 J.cm− 2) and one-photon sur
face light (12 J.cm− 2) was confirmed. The cellular localization of the 
complexes was subsequently examined by two-photon confocal laser 
scanning microscopy. After a 0.5 hr incubation time with HeLa cells, 
complexes 53–57 were detected on the cytomembranes, outside of the 
cells. By contrast, after 4 h incubation, they localized both on the cy
tomembranes and inside, thus on the mitochondria. After irradiation 
with a two-photon laser, a notable alteration in the morphology of the 
HeLa cells was depicted and blisters were observed. The mitochondria 

Fig. 40. (a) Molecular structure of compound 48. (b) Cell viability plotted as a function of concentration of 48 incubed in 3D Multicellular Tumor Spheroids (MCTSs) 
following One-Photon Excitation (OPE, depicted in blue) or Two-Photon Excitation (TPE, depicted in red), as well as without light excitation (depicted in black). OPE 
involved irradiation with a LED (20 mW.cm− 2) at 450 nm for 10 min, while TPE entailed irradiation with a laser (100 mW, 100 fs) at 830 nm for 3 min per section of 
MCSs. (c) Comparison between One-Photon (458 nm) and Two-Photon (830 nm) excited Z-stack images of 3D HeLa MCTSs after 8 h-incubation with 48 (10 μM): i) 
from left to right: Brightfield; Luminescent emission of the Ru complex; Overlay. ii) Orthogonal projection microscopy (OPM) and two-photon microscopy (TPM) Z- 
axis scanning images acquired every 5.1 μm from the top to bottom of an intact 800 μm MCTS. iii) 3D Z-stack images via One-Photon (OP) and Two-Photon (TP) 
excitation of an intact spheroid. Adapted with permission from Ref. [141]. Copyright 2015, Elsevier. 
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and cytomembranes of the cancer cells were eliminated simultaneously 
and HeLa cells were destroyed effectively by the complexes, regardless 
of whether the cells were arranged in a monolayer or formed multicel
lular spheroids. In view of its highest phototoxicity index in the series, 
compound 56 was used in two-photon PDT for in vivo treatment of tumor 
xenografts. This study highlighted its effective hindrance of tumor 
growth. According to the authors, these results make it possible to 
envisage an efficient TP-PDT method for anticancer therapy involving 
simultaneous ablation of two critical sites within cancer 
cells—cytomembranes externally and mitochondria internally—using a 
single photosensitizer. 

Photosensitizers for therapeutic approaches against tumors also 
focused on materials that preferentially localize in the cell nucleus. This 
targeting is intended to disrupt the replication system, selectively 
impacting cancer cells Indeed, targeting the DNA replication mechanism 

has been shown to affect cancer cells more severely than normal tissues, 
as cancer cells proliferate and replicate at a significantly accelerated rate 
compared to healthy, normal cells [230]. J. A. Thomas, S. MacNeil, J. 
W. Haycock et al. reported on a dinuclear Ru (II) complex [{Ru 
(TAP2)}2(tpphz)]4+ (TAP = 1,4,5,8-tetraazaphenanthrene, tpphz =
tetrapyrido[3,2-a:2′,3′-c:3″,2″-h:2‴,3‴-j]phenazine) 58 (Fig. 44) [231]. 
The [{Ru(TAP2)}2(tpphz)]4+ complex binds with high affinity to duplex 
and quadruplex DNA structures. Moreover, it displays the ability to 
directly damage biomolecules without the mediation of singlet oxygen 

Fig. 41. Ru (II) PS linked to human serum albumin 49 and to HSA aa 312 to 324 [226,227].  

Fig. 42. (a) Chemical structures of complexes 50–52. (b) HeLa cells evolution 
upon treatment with compound 50 following two-photon irradiation (at 800 
nm) for varying period of times, showing the penetration of this PS in lysosomes 
by endocytosis and the cell necrocytosis upon two-photon excitation. Adapted 
with permission from Ref. [229]. Copyright © 2015 WILEY-VCH Verlag GmbH 
& Co. KGaA. 

Fig. 43. Structures of fluorinated complexes 53–57 [162].  
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or others ROS. Indeed, both duplex and quadruplex DNA structures 
quench its excited state leading to guanine radical cations as photo- 
oxidization products within the DNA. As the emission properties of 58 
are suitable for optical microscopy applications, it was possible to 
directly track its penetration into cells, showing its primary localization 
within the nucleus. The σTPA cross-section of [{Ru(TAP2)}2(tpphz)]4+

was evaluated to 90 GM at 850 nm, compared to Rhodamine B. Optimal 
emission outputs from the internalized complex were detected with two- 
photon excitation within the range of 850–900 nm. Preclinical spheroid 
models containing healthy, hypoxic and necrotic layers and C8161 
human melanoma cell lines offered improved insights into the efficacy 
of this dinuclear photosensitizer in terms of penetration, light penetra
tion, responsiveness to dosage within a lifelike tumor microenviron
ment, highlighting the potential of 58 for the selective treatment of 
melanoma. 

Chao and co-workers designed the bimetallic ruthenium (II) azo PS 
59 (Fig. 45) [232] to enhance penetration in cancer cells, taking in ac
count that intracellular concentration of GSH in cancer cells is notice
ably elevated compared to that in normal cells [233]. The azo group is 
designed to quench the phosphorescent emission of the Ru-azo dinuclear 
complex 59. Interestingly, the reduction of the azo group within 59, by 
glutathione, afforded the formation of the dinuclear complex 60 with a 
hydrazo unit. This reaction results in the restoration of a luminescence 
signal while the capacity of the complex 60 to generate ROS is activated. 
The level 1O2 generation of the hydrazo complex 60 was 20 times higher 
than that of the azo complex 59, which validates the design of 59 as a 
GSH-activatable potential prodrug for PDT. The cell studies highlighted 
that both 59 and 60 permeate MCTSs and aggregate within the mito
chondria of cancer cells. 60 showed a σTPA of 210 GM at 810 nm, in 
MeOH. Its phototoxicity on incubated HeLa MCTSs, induced by TP 
irradiation at 810 nm, was also established with an IC50 light of 5.7 μM 
and a phototoxicity index (PI = [IC50 dark]/[IC50 light]) of 19. 60 effec
tively promoted the generation of singlet oxygen in MCTS cells and 
hindered cancer growth. As for it, MCTSs treated with the azo complex 
59 stopped their growth two days following TP irradiation, validating 
the significance of this type of TP-activated photosensitizers. 

As previously indicated, a second strategy to enhance the selectivity 
of Ru (II) polypyridyl-based photosensitizers involves conjugating them 
with targeting groups (such as folic acid, biotin, or glucose) that can 

bind to specific receptors on cancer cell membranes, favoring their 
preferential localization and function at the tumor site. Such groups are 
generally bound to ruthenium by a spacer (via the second coordination 
sphere of the ligands) and rarely attached directly in the first coordi
nation sphere. J. Fan et al. reported on a tamoxifen modified Ru (II) 
polypyridyl complex 61 (Fig. 46) that consists of two complementary 
functional subunits: a tamoxifen-containing ligand provided specific 
targeting of estrogen receptor (ER) while the Ru (II) polypyridyl moiety, 
similar to 62, served for monitoring cellular uptake and localization and 
as TP-photosensitizer [234]. The highest σTPA cross-section of 61 was 
180 GM at 830 nm. Photo-cytotoxicity assays indicated that 61 exhibits 
increased cell uptake and photo-cytotoxicity to MCF-7 (ER-positive) 
breast cancer cells by inducing lysosome damage, in contrast to the 
control compound 62 lacking the tamoxifen moiety. 

With the aim of identifying new therapeutic tools against resistant 
cancers, Y. Chen, H. Chao et al. synthesized a biotin-containing Ru (II) 
complex (Ru-Biotin, Fig. 47) as a photosensitizer [235]. Biotin, also 
referred to as vitamin H or B8, is required for cell growth. As a conse
quence, cancer cells exhibit a greater demand for biotin compared to 
normal cells. Hence, biotin appears as a promising vitamin based site- 
directing agent for diagnostic and targeted anticancer drug delivery 
[236]. The synthesis of Ru-Biotin was carried out by using a bio
tin–phenanthroline ligand resulting from the coupling of 5-amino-1,10- 
phenanthroline with an acyl chloride derivative of biotin [237]. Ru- 
Biotin exhibited a maximum σTPA values of 140 GM at 820 nm in 
methanol, determined by the TPEF method. It was established that 
introducing biotin lightly increases the cytotoxicity of the complex in 
the dark, but above all, it notably improves the distinction between 
cancerous and normal cells. In particular, Ru-Biotin displayed substan
tial accumulation within A549R cancer cells overexpressing biotin re
ceptors (A549R are derived cisplatin resistant A549 cells). When 
exposed to two-photon excitation at 820 nm, Ru-Biotin exhibited potent 
photocytotoxicity against cancer cell lines and showed a very low IC50 
value (3.3 μM) towards A549R cells. The observed distinct levels of 
photocytotoxicity against cancerous and non-cancerous cell lines may 
be attributed to differences in the cellular uptake levels of the Ru (II)- 
Phenanthroline–Biotin complex. Together with the σTPA × ϕΔ merit of 
122.0, this underlines the efficiency of Ru-Biotin as a two-photon 1O2 
sensitizer. 

Fig. 44. (a) Structure of [{Ru(TAP2)}2(tpphz)]4+, 58. (b) Two-Photon photo-toxicity of 58 in human melanoma cells incubed with 100 μM 58 following irradiation 
at 900 nm (10 mW, 30 min) inside the limits of the white square. Left column: live cells imaged with Syto-9 (2 μM); Right column: dead cells imaged with Propidium 
iodide (500 nM). Recorded at intervals of 0, 5, 10, 15 and 30 mins (scale bar = 20 μm). Adapted with permission from Ref. [231]. Copyright ©2020 American 
Chemical Society. 

J.-L. Fillaut                                                                                                                                                                                                                                       



Coordination Chemistry Reviews 518 (2024) 216050

28

Overexpressed glucose transporters (GLUTs) favor increased glucose 
uptake in cancer cells and thus, become promising targets for tailored 
cancer therapies. Keeping this in view, the Chao group investigated on 
series of glucose appended to Ru (II) polypyridyl complexes 63–66 
denoted as [Ru(dip)2(N^N-glucose)]2+ (dip = 4,7-diphenyl-1,10- 

phenanthroline) (Fig. 48) [238]. These glucose-appended Ru (II) com
plexes demonstrated increased penetration in several cancerous cell 
lines and localized in their mitochondria. In particular, the complex 64 
successfully eliminated a HeLa tumor xenograft through a multi-stage in 
vivo two-photon PDT assay, which allows tumors to be re-enriched with 

Fig. 45. Reduction reaction of the Ru-azo complex 59 by GSH leading to 60 [232].  

Fig. 46. Chemical structures of the tamoxifen-containing Ru (II) polypyridyl complex 61, a control compound 62 and tamoxifen [234].  
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oxygen, increasing the efficacy of PDT in hypoxic conditions. 
Further, Zhao et al. developed a ruthenium (II) phenanthroline 

complex linked with a cyclic tripeptide, Arg-Gly-Asp (RGD). This com
plex operates as a two-photon activatable PDT sensitizer for ablating 
tumors, specifically targeting the mitochondria of tumor cells abundant 
in integrin αvβ3 [239]. The maximum TPA value of the resulting Ru- 
conjugate was 63.5 GM at 820 nm. In vitro and in vivo experiments 
confirmed its selectivity towards integrin αvβ3-rich tumor cells, cellular 
penetration, together with its PDT anticancer efficacy under TP 
irradiation. 

D. Luo, H. Chao and co-workers developed an alternative bio- 
orthogonal approach based on a copper-catalysed azide–alkyne click 
reaction between ruthenium (II) complexes bearing an alkyne termini, 
and an azide-labeled monosaccharide, the tetraacetylated N-Azidoace
tyl-mannosamine, that provides a highly specific tool for studying gly
coproteins [240]. Thanks to this bio-orthogonal labelling, these authors 
realize effective tumor-specific photodynamic therapy against triple- 
negative breast cancer cells. With outstanding singlet oxygen quantum 
yield and TPA cross-section, the specific bio-orthogonally labelled 
ruthenium (II) complex exerted an antitumor reaction by affecting cell 
membranes. Its efficacy as a two-photon photosensitizer was validated 
in both monolayer and 3D multicellular tumor spheroids. Consequently, 
the design of bio-orthogonal two-photon photosensitizers using Ru (II) 
complexes represents a new alternative for developing effective photo
dynamic therapy. 

4.5. Ru (II) polypyridyl complexes in two-photon photoactivated 
chemotherapy7 

Photoactivated chemotherapy (PACT) offers a promising alternative 
to photodynamic therapy approaches. It entails deactivating pro-drug 
molecules through a protective group that can be eliminated upon 
light exposure (“uncaging”). Ideally, the non-irradiated PACT agent 

should exhibit minimal biological activity and low toxicity, whereas this 
PACT agent should manifest potent biological activity, upon irradiation. 
Once the bond is cleaved by light, the generated product becomes toxic 
to the cancer cells. PACT can thus be defined as a noninvasive method of 
activating a drug with a good spatial and temporal control [241–246]. 
Ruthenium (II) complexes with the ability to undergo ligand exchange 
due to a distorted octahedral geometry have significant potential as 
metal-based PACT compounds, thanks to their favorable photophysical 
features, good structural stability under physiological conditions and 
stable redox states [247–250]. An engaging characteristic of Ru (II) 
polypyridyl complexes is the relative ease with which various ligands 
can be combined around the metal center. This flexibility makes it 
possible to adjust both the photo-physical features and the composition 
of the caged molecule [143,149,251]. These properties can be used to 
release toxins in situ, thereby contributing to the lethality of photo
therapy [252,253]. Here again, the wavelength required to trigger light 
activation is a crucial factor, as it can limit therapeutic applications if the 
light cannot penetrate deeply into dense tissue. Ideally, light should be 
employed within the window where biological materials are most 
transparent, (600–900 nm), to activate the photodissociation of one 
ligand from the coordination sphere and, as a consequence, promote 
targeted cytotoxic processes [254]. Low energy NIR irradiations as 
applied in two-photon excitation processes could help minimize poten
tial light-induced photodamage while ensuring improved light pene
tration depths. This is crucial since at shorter wavelengths, light 
penetration is typically restricted by the absorption and scattering ef
fects of biological tissue [252]. In light of this, Ru (II) polypyridyl 
complexes were extensively studied as photorelease complexes for 
therapeutic applications [143,144,246,251,252]. The general aspects 
have been the subject of recent and fully detailed reviews [253,255], 
which reveal how the combination TP-PACT with Ruthenium (II) com
plexes was little explored, apart from mechanistic studies [147,256]. 

R. Etchenique et al. were the first to illustrate the feasibility of using 
ruthenium bipyridyl complexes as two-photon photo-triggers for 
biologically-active substances, employing very low-energy IR photons, 
under physiological conditions [257]. Two-photon uncaging of 4-amino
pyridine (4AP), a K+ channel inhibitor, from the ruthenium bipyridyl 
complex [Ru(bpy)2(4AP)2]Cl2 (RuBi-4AP) 67 (Fig. 49) was observed 
upon one-photon irradiation at 360 nm as well as two-photon irradiation 
at 720 nm. It led to the photocleavage of [Ru(bpy)2(4AP)2]Cl2 yielding 
free 4-aminopyridine together with the non-fluorescent aquo complex 
[Rubpy2(H2O)(4AP)]2+. Even if the action cross-section for the uncaging 
of 4AP cannot be precisely quantified, the authors provided an estimated 
range in the order of 0.01 to 0.1 GM at 800 nm, based on NMR-TPE 
coupled experiences [257]. 

This approach has been extended to a range of photon uncaging 
neurotransmitters such as RuBi-Gluta 68 (Fig. 49) [258], from which 
glutamate (Gluta) can be released by two-photon activation at about 
800 nm [259]. As for the aminopyridine, these photoexcited ruth
enium–bipyridyl complexes quickly afford clean and fast photorelease of 
the caged bioactive molecules. Two-photon induced uncaging of RuBi- 
Gluta presented a spatial precision that approximated the dimensions 
of a typical dendritic spine,8 [260] making it suitable for optical map
ping of glutamatergic receptors [259]. 

More recently, R. Yuste, R. Etchenique et al. studied the two-photon 
induced uncaging of a RuBi-dopamine (Dopa) complex RuBi-Dopa 69 
(Fig. 49) for studying the dopaminergic signal transmission in dendritic 
spines considered to be the primary receptacles for stimulatory infor
mation within the brain [261]. A two-photon irradiation of 4 ms directly 
adjacent to the head of the spines resulted in the removal of dopamine 
from the RuBi-Dopa complex, together with a fast increase of the Ca2+

levels within the spinal columns. This observation suggests the photo- 
availability of dopamine via two-photon excitation and implies the 

Fig. 47. Chemical structure of a biotin-modified Ru (II) complex developed by 
Y. Chen, H. Chao et al. as a photosensitizer for tumor-targeted PDT [235]. 

7 The term photoactivated chemotherapy only applies to therapies in which 
the photo-activatable drug molecules incorporate a d-block element, as opposed 
to organic based photosensitizers [237]. 8 Dendritic spines typically do not surpass a size of 1000 nm [261]. 
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existence of functional dopamine receptors on the spines. The resulting 
calcium imaging allowed these functional dopamine receptors to be 
mapped with high spatial resolution in brain tissue in a non-invasive 
manner. 

Zhou et al. used a pyrene-modified-terpyridine (tpy-Py) as a steri
cally demanding bidentate ligand with the aim to design a Ru (II) pol
ypyridine complex 70 (Fig. 50), which would exhibit both 
photodynamic therapy (PDT) and photoactivated chemotherapy (PACT) 
capabilities [262]. The uncoordinated pyridine participates to the 
distortion of the octahedral geometry, facilitating the dissociation of tpy 
upon irradiation. The presence of the pyrene group imparts the complex 
with a pyrene-based 3ππ state characterized by low energy and long 
lifetime, promoting singlet oxygen generation. An efficient energy 
transfer from tpy-Py to the Ru (II)-based metal-to-ligand charge transfer 
transitions leads to the quenching of tpy-Py fluorescence in complex 70. 
However, the luminescent emission is restored upon photo-dissociation, 
both in an aqueous environment and within cancer cells. Complex 70 
shows a σTPA cross-section about 300 GM at 800 nm. Its toxicity against 
A549 cells and A549R 3D multicellular spheroids (3D MCSs) under two- 
photon irradiation was evaluated and demonstrated potent anticancer 
activity against both hypoxic and cisplatin-resistant cancer cells upon 
near-infrared irradiation [262]. 

Achieving two-photon excitation of Ru (II)-based photoactivated 
chemotherapy agents within the biological window requires the design 
of complexes displaying high TPA cross-sections. Otherwise, TPA would 
require unsafe high-intensity laser excitation. X. Wang, Q. Zhou et al. 
circumvented this obstacle by designing supramolecular nanoparticles 

(labeled as Ru-PEG) (Fig. 51) [263]. This design was based on a poly 
(ethylene glycol) (PEG) modified [Ru(dip)2(py-SO3)]+ nano-assemblies 
(dip = 4,7-diphenyl-1,10-phenanthroline, py-SO3 = pyridine-2- 

Fig. 48. Structures of glucose-appended Ru (II) polypyridyl complexes [Ru(dip)2(N^N-glucose)]2+ (dip = 4,7-diphenyl-1,10-phenanthroline) 63–66 [238].  

Fig. 49. Ruthenium polypyridyl complexes for two-photon induced photo-triggered uncaging [257,259,261].  

Fig. 50. Structure of the photoactivatable Ru (II) polypyridyl complex 
70 [262]. 
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sulfonate). These authors established that Ru-PEG underwent photoin
duced dissociation and released [Ru(dip)2(H2O)2]2+, a cytotoxic species 
[264]. This photocage system was combined with 1,3-phenylenebis 
(pyren-1-ylmethanone) (BP), to form a supramolecular Ru-PEG-BP 
nano-assembly, chosen for its intense emission over the wavelengths 
where Ru-PEG strongly absorbs, together with an outstandingly high 
two-photon absorption cross-section value, which had been previously 
reported by these authors to be σTPA = 2.8 × 105 GM [263]. 

The photo-induced cytotoxicity of the Ru-PEG-BP nanoparticles 
against human lung cancer A549 cells, as well as cisplatin resistant 
A549R cells and 3D MCTSs cancer model9was examined, showing that 
the Ru (II) based PACT nanoparticles effectively eliminate cancer cells 
via an oxygen-independent mechanism. This occurs upon 470 nm one- 
photon irradiation for 30 min or 810 nm two-photon irradiation (1 W. 
cm− 2) for various durations (ranging from 0 to 30 min). However, Ru- 
PEG showed minimal impact under identical conditions, likely due to its 
comparatively low two-photon absorption capability [263]. The cyto
toxicity induced by two-photon excitation of Ru-PEG-BP nanoparticles 
has been attributed to the concerted effect of two-photon excitation of 
BP and effective Förster resonance energy transfer (FRET) from BP to 
Ru-PEG, which led to an efficient two-photon induced ligand dissocia
tion of [Ru(dip)2(H2O)2]2+. This enables the PACT activity of Ru-PEG- 
BP upon two-photon excitation within the 650–900 nm photo
therapeutic range. This approach therefore would represent a practical 
means of developing near-infrared activated PACT theranostic systems. 

Regardless of the mode of action (PDT or PACT) in which the poly
pyridyl Ru (II) complexes are involved, the previous examples illustrate 
how important it is to rationalize the design of Ru (II)-based PS to 
provide sufficient presence in cancerous tissue, specifically, and limit 
systemic toxicity and peripheral photo-induced damage. Crucial in
quiries, such as the localization within biological systems and systemic 
toxicity of ruthenium polypyridyl compounds, continue to be raised, as 
there are insufficient in vivo preclinical studies, leaving much yet to be 
understood. These general limits opened the way for the development of 

nanomaterials in which Ru (II) polypyridine complexes can be inte
grated [265]. Incorporating the metal complexes into polymeric mate
rials, often referred as nanoparticles, presents a promising approach to 
overcome the pharmacological constraints of molecular agents while 
offering cancer-selective benefits. Indeed, polymeric nanomaterials are 
highly suitable for medical imaging, diagnosis, theranostics, and drug 
delivery, thanks to their tunable characteristics, such as their high sur
face area, properties at the interface, water solubility, and multi
functionality [266–268]. In this context, the construction of 
nanomaterials containing polypyridyl Ru (II) units as TP- 
photosensitizers with high cross-section values attract current atten
tion to address the limitations of the Ru (II) complexes in terms of size, 
solubility, renal clearance and ability to target desired locations 
[20,269–272]. 

For instance, Karges et al. reported the incorporation of the hetero
leptic Ru (II) polypyridine complex, [Ru(2,2′-bipyridine)2((E,E′)-4,4′-Bis 
[p-(N,N-methoxy)styryl]-2,2′-bipyridine)]2+ into polymeric nano
particles featuring terminal biotin groups (Fig. 52) [273]. They achieved 
this by using a commercially available polymer known as 1,2-distearoyl- 
sn-glycero-3-phosphoethanolamine-N-[biotin(polyethyleneglycol)- 
2000], (DSPE-PEG2000-biotin) in its ammonium salt form. Quantitative 
analysis revealed a roughly 20-fold increase in accumulation within the 
sodium multivitamin transporter-overexpressed adeno-carcinomic 
human lung (A549) cancer cells in comparison to human lung fibroblast 
non-cancerous cells. These nanoparticles demonstrated negligible 
toxicity in the absence of light but displayed increased cytotoxicity to
wards cancerous A549 cells relative to human non-cancerous pulmonary 
fibroblast cells when subjected to one-photon irradiation (500 nm) or 
two-photon irradiation (800 nm, 100 fs, 10.1 J/cm2). Interestingly, a 
substantial 8.7-fold increase in accumulation within an A549 tumor- 
bearing mouse model was observed compared to the unformulated 
complex when equivalent amounts of the Ru (II) polypyridine complex 
were administered intravenously. Under clinically relevant one-photon 
(500 nm) or two-photon (800 nm) excitation conditions, these nano

particles almost entirely eradicated tumors within the mouse model. 
Among other strategies, Ru (II) polypyridyl complexes have addi

tionally been integrated onto the surface of inorganic nanomaterials. 
These functional nanomaterials can be succinctly described as three 
main classes of supports: metal–organic frameworks (MOFs), 

Fig. 51. Main steps for the preparation of a supramolecular Ru-PEG-BP nano-assembly [263].  

9 MCTS are considered more judicious than conventional cell monolayers for 
drug screening, as they can replicate in vivo pathophysiological conditions more 
accurately [182]. 
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carbonaceous nanomaterials, inorganic nanomaterials [274]. However, 
it should be kept in mind that the particle size, complexity and concerns 
regarding their metabolism, biodegradability and biosafety of these 
nanosystems remain areas of concern to be overcome [275–277]. 

In 2016, F. Cunin et al. reported that a Ru (II) complex, [Ru(5-Fluo- 
Phen)2(5-E-Phen)]2+, (5-Fluo-Phen) = 5-dihexylfluorene-1,10-phenan
throline and (5-E-Phen) = 5-ethynyl-1,10-phenanthroline, covalently 
bonded to the surface of porous silicon nanoparticles (pSiNP-Ru-PEG- 
Man) (Man = Mannose; PEG = polyethylene glycol) significantly 
increased the TP-PDT efficacy of these nanoparticles [278]. The PEG 
chain was introduced to enhance both biocompability and dispersibility; 
the mannose moiety was attached to this platform to facilitate tumor 
targeting. The in vitro photodynamic impact of various formulations, 
including pSiNPs, pSiNP–Ru, pSiNP–Ru–PEG and pSiNP–Ru–PEG–Man 
was assessed on MCF-7 cells. Results indicated a significant enhance
ment in the photodynamic effect of pSiNP–Ru compared to free Ru (II) 
complex and bare pSiNPs in terms of two-photon photodynamic therapy 
efficiency. Two-photon imaging confirmed successful endocytosis of the 
photosensitizer-functionalized materials by MCF-7 cells. The extension 
of PEG chains improved nanoparticle dispersion, potentially extending 
circulation time in the bloodstream. Mannose was efficient to target 
tumor cells, as confirmed by comparing the uptake of pSiNP-Ru-PEG- 
Man with that of pSiNP-Ru-PEG. Notably, cancer cell viability 
decreased to 36 % for pSiNPs functionalized with the Ru (II)-photo
sensitizer, indicating its ability to induce cytotoxic singlet oxygen and 
reactive oxygen species upon two-photon excitation. Furthermore, 
cancer cell viability was reduced by 13 % in cells treated with 
pSiNP–Ru–PEG–Man, underscoring the capacity of the Ru (II) complex 
in enhancing the efficacy of the pSiNP material for photodynamic 
therapy. 

Considering that nanohybrids have been acknowledged for their 
enhanced efficacy in killing cancer cells in comparison to free photo
sensitizers, C.-P. Tan, Z.-W. Mao, et al. applied their 33@CDs nano
hybrids, comprising carbon nanodots covalently linked to Ru (II) 
complexes (refer to Fig. 30), for two-photon photodynamic therapy 
targeting cancer cells [185]. The efficacy of TP-PDT was evaluated for 
both 33 and 33@CDs in two-dimensional cell cultures and multicellular 
tumor spheroid models (MCTSs). 33 and 33@CDs showed low toxicity 
to MCTS in the absence of light. However, under two-photon irradiation, 
they exhibited significantly heightened toxicity. After being subjected to 
an 810 nm two-photon irradiation, MCTSs treated with either 33 or 
33@CDs displayed notably reduced green emission, alongside notice
able alterations in cell structure such as cell shrinkage and the 

emergence of numerous white blood cells. The IC50 values recorded for 
TP-PDT were as low as 12.0 μM (PI > 8.3) for 33 and 2.2 μM (PI > 45.4) 
for 33@CDs, respectively. The enhanced photocytotoxicity of 33@CDs 
in comparison to 33 can ascribed to their larger two-photon absorption 
cross-section and superior cellular uptake of ruthenium. 

Ultimately, nanocarriers can fulfill a far more significant role beyond 
mere support for the photosensitizer. For instance, Zhang et al. intro
duced Ru (II) complex-functionalized single-walled carbon nanotubes 
(Ru@SWCNTs, depicted in Fig. 53), wherein the carbon nanotubes 
facilitate the integration of two-photon photodynamic therapy TP-PDT 
and photothermal therapy PTT [279]. Photothermal therapy involves 
artificially raising tissue temperatures to induce apoptosis or enhance 
cellular susceptibility to chemotherapy or radiotherapy. By combining 
PDT and PTT, this approach has the potential to enhance therapeutic 
outcomes beyond what could be achieved with separate PDT or PTT 
treatments [280]. Carbon nanotubes are recognized for their ability to 
convert light energy into heat [281]. In this case, they served dual roles 
as agents for photothermal therapy and as a platform for hosting the Ru 
(II) photosensitizers 71 and 72 (Fig. 53), both of which possess notably 
high two-photon absorption cross-sections (494 and 428 GM, respec
tively). The authors utilized heteroleptic ruthenium complexes 
comprising π-extended planar ligands, to favor π–π stacking interactions 
with carbon nanotubes [282]. The photothermal conversion efficacy of 
the Ru@SWCNTs was observed to be 40 % greater than that of SWCNTs 
by themselves. Upon irradiation with 808  nm light, temperature in
creases ranging from 36 to 38 ◦C were recorded, which are sufficient for 
conducting photothermal therapy against cancer. Alongside these tem
perature increases, the Ru (II) photosensitizers 71 and 72 were released 
upon irradiation with 808  nm light at 0.25 W.cm− 2 and subsequently 
generated 1O2 in HeLa cells upon two-photon irradiation at 808  nm. 

A follow-up imaging study of incubated HeLa cells revealed that 
Ru@SWCNTs. Localized within lysosomes. Both pare carbon nanotubes 
and Ru (II) complexes (up to 200 μg/mL) exhibited minimal toxicity in 
the absence of light. However, when exposed to light, both 
Ru@SWCNTs and carbon nanotubes induced cell death, with the 
combined treatment resulting in a substantial decrease in cell viability. 
These findings were validated in both multicellular spheroids and an in 
vivo mouse model, confirming their relevance across various experi
mental settings. 

A recent study by the Karges and Chao groups exploits an original 
route for integrating Ru (II) polypyridine two-photon photosensitizers 
via coordination synthesis to graphitic carbon nitride nanosheets 
(Fig. 54) [283]. This study is based on the fact that graphitic carbon 
nitride nanosheets have the ability to generate ROS by themselves 
within a hypoxic environment. Indeed, an earlier study by Chao’s group 
revealed that Ru-g-C3N4 exhibited extensive promise as a theranostic 
agent in cancer treatment [284]. Compared with pure g-C3N4, the 
nanosheets obtained demonstrated increased water solubility, enhanced 
absorption of visible light, and heightened biocompatibility. These re
sults suggested that coordinating PS with g-C3N4 graphitic carbon 
nitride nanosheets serve as a method to enhance the photophysical 
properties of photosensitizers. The Ru-g-C3N4 conjugates exhibited ab
sorption patterns characteristic of a Ru (II) polypyridine complex, with a 
metal–ligand charge-transfer transition observed around 450 nm. Upon 
excitation at 450 nm, these metal complexes emitted red light with 
luminescence quantum yields ranging from 0.56 % to 1.21 %. Lumi
nescence lifetimes increased from 738-1141 ns under normoxic condi
tions (21 % O2) to 1721–2161 ns under hypoxic conditions (1 % O2), 
indicating the photosensitizer’s reactivity with oxygen. These conju
gates displayed strong two-photon absorption, with Ru3-g-C3N4, for 
example, showing a σTPA value of 34,209 GM at 800 nm. They efficiently 
generated reactive oxygen species (ROS) including •O2

− , •OH, and 1O2. 
Additionally, the conjugates could catalytically convert H2O/H2O2 into 
O2, providing a self-sustaining ROS generation system independent of 
cellular oxygen levels. This ability to produce oxygen and ROS under 
hypoxic conditions holds promise for addressing the challenge of 

Fig. 52. Structures of (a) the PS [Ru(2,2′-bipyridine)2((E,E′)-4,4′-bis[p- 
methoxystyryl]-2,2′-bipyridine)]2+. (b) DSPE-PEG2000-biotin: 1,2-distearoyl-sn- 
glycero-3-phosphoethanolamine-N-[biotin (poly(ethyleneglycol))-2000] [273]. 
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treating hypoxic solid tumors in photodynamic therapy. 
To improve its pharmacological features, Ru3-g-C3N4 was encap

sulated within the amphiphilic DSPE-PEG2000-NH2 polymer setting up 
the nanoformulation RuCN@PEG. This nanomaterial demonstrated 
preferential accumulation within mitochondria and the endoplasmic 
reticulum. Upon exposure to either one- or two-photon irradiation (at 
450 nm and 800 nm, respectively), RuCN@PEG death in both mono
layer cells and multicellular tumor spheroids, via a combination of 
programmed cell death pathways including apoptosis, paraptosis, fer
roptosis, and damage to immunogenic cells mechanisms. Further eval
uation of its therapeutic potential involved intravenous administration 
into a mouse model with malignant melanoma. Under two-photon 
irradiation using an 800 nm laser, RuCN@PEG significantly sup
pressed tumor growth, affecting both primary and distant secondary 
tumors in the melanoma model by activating the immune system. This 

approach holds promise for the treatment of recurrent and metastatic or 
disseminated tumors, one of the most challenging areas of cancer 
therapy. 

5. Overview and future outlook 

The photophysical properties of Ru (II) polypyridyl complexes have 
captivated considerable interest in various fields of research. Their ad
vantages include reliable methodologies for the preparation of com
plexes with reliably anticipated structures and tunable photophysical 
parameters, along with the ability to modify ligand affinities and include 
labile ligands. These complexes exhibit intriguing photophysical attri
butes, such as readily accessible excited triplet states. A substantial 
number of them serve as efficient emitters even under ambient condi
tions, displaying satisfactory emission quantum yields and remarkable 

Fig. 53. Schematic illustration of Ru@SWCNTs for dual two-photon photodynamic therapy (TP-PDT) and photothermal therapy (PTT) upon exposure to irradiations 
at 808 nm [279]. 

Fig. 54. Chemical structures of the Ru-g-C3N4 conjugates studied by the Karges group [283].  
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photostability. This attention is renewed by the possibility of making 
these compounds activatable in the two-photon mode, a property that 
expands their relevance to applications requiring precise in-depth 
penetration of light. The intrinsic photophysical characteristics of two- 
photon active polypyridyl Ru (II) complexes, combined with their 
structural adaptability, pave the way for interdisciplinary research 
spanning from their design and synthetic chemistry to fundamental 
photophysics, functional materials engineering, bio-imaging, and in-cell 
phototherapies. 

Fundamental studies showed that octupolar ruthenium complexes 
with bistyryl-substituted bipyridyl ligands can display TPA cross- 
sections two to three times higher than that of the parent complex [Ru 
(bpy)3]2+. Generally, ligands with extended π-conjugation in the coor
dination sphere of the metal lead to increased TPA cross-section in the 
NIR region. Recognized approaches consist of amplifying the charge 
transfers within the complexes or favorizing their octupolar geometry. 
These solutions also seem applicable for heteroleptic systems, which 
would make it possible to combine several functional ligands around a 
unique [Ru(bpy)3]2+-like heart. Other solutions were explored, that 
focused on the functional aspects of the polypyridyl complexes rather 
than on the optimization of these complexes in the multiphoton regime. 
They consist in surrounding the complex by means of matrices or 
nanoplatforms that assume specific functions, such as two-photon im
aging, chemo-photodynamic synergistic therapy or dual-drug loading, 
to name just a few. These approaches were more specifically directed 
towards biological or therapeutic objectives but could find an echo in 
the design of functional materials. 

With their long-lived phosphorescence characteristics, polypyridyl 
ruthenium (II) complexes offer numerous advantages for luminescence 
imaging within living, intact cells and biological tissues. At the same 
time, the development of two-photon time-dependent luminescence 
analysis using these complexes as probes is expected to enable precise 
quantitative detection and visualization of active substances or organ
elles within biological samples. Additionally, TP-photosensitizers based 
on polypyridyl Ru (II) complexes show promise for potential therapeutic 
applications, an approach exemplified by TLD1433, which is currently 
undergoing human clinical trials for bladder cancer. These complexes 
can be made very efficient at generating singlet oxygen or other ROS in 
specific components or organelles during irradiation. Their conjugation 
with nanomaterials or peptides improves their efficacy and enables se
lective phototoxicity against cancer cells. However, challenges such as 
low water solubility, synthetic difficulties, short ROS lifetimes, and lack 
of tumor-targeting capabilities need resolution for the development of 
highly effective and selective anti-cancer treatments. Additionally, most 
of current TP excitations rely on high-power laser irradiations, posing 
tissue damage risks. Therefore, a key challenge is to develop TP- 
photosensitizers with sufficiently high cross-sections to ensure simulta
neous absorption of two photons at low photon densities. Finally, 
despite promising preclinical performances, the lack of in vivo studies in 
this research area limits the assessment of their full potential. 

Using ruthenium (II) polypyridyl complexes for encapsulating mol
ecules has yielded promising outcomes. The study of complexes 
combining multi-phototherapeutic activities could open up new pros
pects as the design of these molecular systems continue to evolve. This 
approach may find inspiration in the many studies devoted to imaging 
and TP-PDT, in which the design of polypyridyl Ru (II)-based TP- 
photosensitizers will undoubtedly provide guidance for such de
velopments. Of course, many more in vivo studies are required to un
cover the complete capabilities of these bioconjugates. Regarding the 
risks linked to their therapeutic application, the precisely targeted 
activation of these prodrugs should enable a reduction in overall toxicity 
and side effects. 

At this stage, it should be noted that studies on advanced materials 
(electrochromic or memory materials, photon harvesting and photo
catalysts, etc.) appear very much underexplored given the properties of 
the TPA-polypyridyl ruthenium complexes. Current studies are focusing 

on the use of complexes per se. Their association with well-defined ar
chitectures, metal–organic and covalent–organic frameworks, supra
molecular assemblies or carbon dots could certainly extend the research 
areas, generating unprecedented structural and functional possibilities. 

There is no doubt that further exploration of ruthenium polypyridyl- 
based TP-photosensitizers will have a positive impact in a number of 
areas, such as advanced optical and electronic devices, photocatalysis, 
biology and medicine. The design of functionalized materials for precise 
specifications in terms of physicochemical or biological characteristics, 
photo- and electrochemical properties makes this highly engaging, with 
the potential for numerous emerging other applications. In conclusion, 
the continued study and advancement of innovative ruthenium 
polypyridyl-based TPA materials are expected to offer great potential to 
address a variety of challenges while stimulating innovations in funda
mental research, technological and clinical applications. 
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[90] R.D. Costa, J. Aragó, E. Ortí, T.M. Pappenfus, K.R. Mann, K. Matczyszyn, 
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