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ABSTRACT: The utilization of Photodynamic Therapy (PDT) for the treatment of various types of cancer has gained increasing 

attention over the last decades. Despite the clinical success of approved photosensitizers (PSs), their application is limited due to 

poor water solubility, aggregation, photodegradation, and slow clearance from the body. To overcome these drawbacks, research 

efforts are devoted towards the development of metal complexes and especially Ru(II) polypyridine complexes based on their at-

tractive photophysical and biological properties. Despite the recent research developments, the vast majority of complexes utilize 

blue or UV-A light to obtain a PDT effect, limiting the penetration depth inside the tissue and therefore, the possibility to treat 

deep-seated or large tumors. To circumvent these drawbacks, we present the first example of the DFT guided search for efficient 

PDT PSs with a substantial spectral red shift towards the biological spectral window. Thanks to this design, we have unveiled a 

Ru(II) polypyridine complex, which causes phototoxicity in the very-low micromolar-to-nanomolar range at clinically relevant 595 

nm, in monolayer cells as well as in 3D multicellular tumor spheroids. 

INTRODUCTION 

Photodynamic Therapy (PDT) is a non-invasive medical tech-

nique for the treatment of various types of cancer (e.g., lung, 

bladder, esophageal, and brain cancer) as well as bacterial, 

fungal or viral infections. The effect of PDT relies on the 

combination of an ideally non-toxic molecule, a so-called 

photosensitizer (PS), oxygen, and light. The PS is injected 

either systemically or locally. Upon light irradiation, the PS is 

uplifted to an excited singlet state from which the PS can 

undergo an intersystem crossing process to reach an excited 

triplet state. This state can influence the biological environ-

ment either by a Type I or Type II pathway. A Type I mecha-

nism is characterized by an electron or proton transfer from or 

to the PS, which leads to the formation of reactive oxygen 

species (ROS) or other highly reactive radicals. In a Type II 

mechanism, the energy is transferred to triplet oxygen (
3
O2) to 

generate singlet oxygen (
1
O2). Due to their high reactivity, 

ROS and 
1
O2 can cause oxidative stress and damage in differ-

ent cellular compartments (i.e., membrane, nucleus, endo-

plasmic reticulum, lysosome, mitochondria). Both of these 

mechanisms can happen simultaneously upon light irradiation 

even so Type II pathway is the predominant one for most 

approved PSs.
1-6

  

Photofrin is the most commonly used PS in PDT. It has been 

approved for the treatment of bladder cancer, early-stage lung 

cancer, esophageal cancer, and early non-small cell lung can-

cer. However, based on its low solubility and low absorption 

in the therapeutic window (i.e., 600-900 nm), high concentra-

tions, as well as high light doses are required for an adequate 

tumor treatment making Photofrin not an ideal PS. Additional-

ly, it was shown that this PS has an exceptionally long half-life 

excretion time leading to severe photosensitivity for the pa-

tients. Since the majority of investigated and approved PS are 

based on a tetrapyrrolic scaff old (i.e., porphyrins, chlorins, 



 

phthalocyanines), these PSs are likely to have similar draw-

backs which include 1) poor water solubility; 2) tedious syn-

thesis and purification; 3) low cancer selectivity; 4) 

photobleaching effect and 5) slow clearance from the body 

causing photosensitivity. Therefore, a need for modification of 

existing PSs or the development of new classes of PSs is 

needed.
7-14

 

Among the new classes of PSs investigated the development 

of Ru(II) polypyridyl complexes as PDT PSs has received 

much attention due to their ideal photophysical and photo-

chemical properties (i.e., high water solubility, high chemical 

stability and photostability, intense luminescence, large Stokes 

shifts, high 
1
O2 production).

15-30
 Worthy of note, the complex 

TLD-1433 [Ru(dmb)2(IP-TT)]
2+

 (dmb=4,4′-dimethyl-2,2′-

bipyridine, IP-TT=2-(2′,2″:5″,2′ ′′-terthiophene)-imidazol[4,5-

f][1,10]phenanthroline) has just entered phase II clinical trial 

as a PDT PS for the treatment of non-muscle invasive bladder 

cancer in Canada.
31-34

 Despite these remarkable properties, the 

majority of Ru(II)-based PS are typically excited using blue or 

UV-A light and therefore suffer from a lack of absorption in 

the biological spectral window (600-900 nm).
35-39

 Based on 

absorption and light scattering eff ects in the biological envi-

ronment, the light penetration depth into the tissue is low at 

this wavelength, which limits their application to treat deep 

tumors or large tumors.
40, 41

 To overcome this limitation, there 

is a need for optimization of the absorption properties of 

Ru(II)-based PSs. It has been well-established that the 

photophysical properties, including absorption, emission as 

well as excited-state lifetimes of Ru(II) polypyridyl complexes 

depend on the ligands bound to the Ru center. This variable 

can, therefore, be tuned. In this context, we applied a com-

bined experimental and theoretical approach to design new 

suitable Ru-based PDT PSs. Based on the already well-

established biological activity of the complex [Ru(phen)3]
2+ 

(phen = 1,10-phenanthroline) as a minor groove binder
42

 and 

[Ru(bphen)3]
2+ 

(bphen = 4,7-diphenyl-1,10-phenanthroline) as 

a mitochondria and lysosome targeting agent
43

 and their ability 

to be effective PDT PSs
44-46

, we decided to use 

[Ru(phen)2(bipy)]
2+ 

and [Ru(bphen)2(bipy)]
2+

 (bipy = 2,2’-

bipyridine) derivatives as basic scaffolds. In this investigation, 

the electronic properties, the origin, and the magnitude of red 

shift towards the biologic spectral window are disclosed. The 

resulting complexes (1-7, Figure 1) were synthesized, charac-

terized, and biologically evaluated in-depth. Thanks to this 

combined study, a highly active Ru(II)-based PDT PS that can 

be excited up to 595 nm could be unveiled. 

RESULTS AND DISCUSSION 

Rational Design. As the basis of the design of Ru(II) 

polypyridine complexes as PDT PSs with red-shifted absorp-

tion near or in the biological spectral window, the 

[Ru(phen)2(bipy)]
2+

 scaffold was used due to its synthetic 

accessibility and generally high physical stability. To pursue 

this aim, systematic modification on the bipyridine moiety was 

investigated, and these effects studied by a theoretical and 

experimental approach. 

It is well known that, in a simplified picture, the highest occu-

pied orbitals in a pseudo-octahedral Ru(II) polypyridyl com-

plex are mainly consisting of the Ruthenium t2g-d-orbitals 

while the lowest occupied orbitals typically correspond  to 

π*-orbitals localized on the ligands.
47, 48

 Therefore, the lowest 

intense absorption band is expected to be of metal to ligand 

charge transfer (MLCT) character stemming from electronic 

transitions from the t2g manifold to the empty ligands lowest-

lying orbitals and leading to the population of a singlet state of 

MLCT nature under light irradiation. A simple way to red shift 

the MLCT absorption energy is, therefore, to decrease the 

HOMO-LUMO gap by an ad-hoc functionalization of the 

ligands. In particular, functionalization of the ligands with 

electron-donating and electron-withdrawing (EDG/EWG) 

groups is expected to increase the occupied MOs and lower 

the LUMO energy, respectively.  

In the case of the unsubstituted compound 1, the ligands are 

not strictly equivalent (two phen and one bipy ligand) so that 

the t2g orbitals are not expected to be strictly degenerate. 

Nonetheless, from the computed MOs energies of 1, it can be 

seen that the difference in energy between the t2g orbitals is 

very tiny (roughly 0.04 eV) and the same holds for the 

LUMOs of π* character (roughly 0.08 eV) with contributions 

arising both from the phen and the bipy ligands. As a conse-

quence, the functionalization of any of the two ligands shall 

induce a shift of the gap but is indeed expected to be easier in 

the case of the bipy, due to the reduced steric congestion 

around this ligand. For this reason, EDGs and EWGs were 

exclusively introduced only on the bipy ligand (1-5, Figure 1, 

optimized cartesian coordinates Table S1-S5). 

 

Figure 1. Chemical structures of the Ru(II) polypyridyl 

complexes investigated in this work. The complexes 1-7 were 

isolated as PF6
- salts. 

 

For this purpose, the energies of the frontier molecular orbitals 

were computed (Figure 2). Indeed, functionalization with -Me 

(2) (a weakly EDG) only negligibly affects the gap (reducing 

from 3.99 eV for 1 to 3.97 eV for 2). A slightly more signifi-

cant effect is obtained by weak EWGs such as -Br (3) and -

CONH2 (4, 3.83 eV, and 3.77 eV, respectively), which induce 

a small stabilization of the LUMO. These observations are in 

line with the results previously obtained by some of us
49

 when 

functionalizing with a -CHO group, a better EWG for which 

the computed gap is indeed 3.47 eV. On the other hand, func-

tionalization with the vinyl dimethylamine-EDG (5) results in 

a substantial reduction of the HOMO-LUMO gap (to 3.24 eV, 

roughly 0.7 eV lower than the native compound (1) due to a 

sizable increase of the HOMO energy. Nonetheless, it should 

be underlined that the gap is reduced here due to the presence 

of occupied orbitals centered on the vinyl dimethylamine 

group in the gap. Therefore, although de facto the gap is sub-

stantially reduced, there is no destabilization of the t2g mani-

fold so that the bright MLCT transition (occurring from the t2g 

orbitals to the π* ligand orbitals) is expected not to be affected 

(that is red-shifted).  

To capitalize on this theoretical insight, we additionally exam-

ined the functionalization with a methyl and vinyl 

dimethylamine group on the [Ru(bphen)2(bipy)]
2+

 scaffold 6-7 

(optimized cartesian coordinates Table S6-S7). Interestingly, 

changing the ligand scaffold from phen to bphen does not 

significantly affect the gap – as expected due to the small 



 

electronic effect induced by the presence of the four phenyl 

groups on the phen ligands. Indeed comparing compounds 2 

and 6 or 5 and 7 (that are the analogous in the two series), a 

difference of only 0.1 and 0.07 eV in the gap, respectively, can 

be observed. Overall the theoretical insight revealed that the 

vinyl dimethylamine functionalized (5,7) and bphen coordi-

nated (6-7) complexes showed the strongest spectral red shift. 

 

Figure 2. Computed frontier orbitals’ energies and HOMO-

LUMO gaps (in eV). Occupied/virtual orbitals energies are repre-

sented as black/blue line. Blue background: Ru(phen)2(bipy)2+ 

skeleton. Purple background: Ru(bphen)2(bipy)2+ skeleton. 

 

Synthesis and Characterization. Based on the theoretical 

design, the Ru(II) polypyridine complexes 1-7 (Figure 1) were 

synthesized. To date, the synthesis of complexes 3–5 and 7 has 

not been yet reported, while complexes 1
50

, 2
51

, and 6
52

 are 

known. However, in this study, slightly different experimental 

procedures than the previously described were employed to 

obtain these compounds (for experimental protocols see sup-

porting information). The identity of all complexes was con-

firmed by 
1
H, 

13
C-NMR (Scheme S1, Figures S1-S14), 

HRMS, and the purity by elemental analysis. In addition, the 

molecular structures of complexes 1-3 (Figure S15-17, Table 

S8-S9) were confirmed by single-crystal X-ray diffraction 

studies. The crystal structure of compound 1 has already been 

characterized by Huang and Ogawa
53

, with the exception that 

the crystal structure presented here contains one solvent mole-

cule of acetonitrile per ruthenium complex. In all molecular 

structures, the Ru(II) central atom adopts a distorted octahe-

dral geometry chelated by two 1,10-phenanthroline ligands 

and one 2,2’-bipyridine ligand with Ru – N bond lengths rang-

ing from 2.046(3) to 2.078(3) Å, Nphen – Ru – Nphen angles 

from 79.48(12) to 80.1(2)°, and Nbipy – Ru – Nbipy angles from 

78.55(10) to 78.98(13)°. It is worth to note that the substitu-

tion of the bipyridine ligand by methyl groups in 2 and bromo 

ligands in 3 has no significant influence on the Ru – N bond 

distances. 

Photophysical properties. The absorption spectra of the 

compounds 1-7 were measured in CH3CN (Figure S19,Table 

1) and compared with the computed spectra (Figure 3). Alt-

hough in the simulated spectra the energy of the MLCT band 

(around 450 nm) is systematically overestimated while the 

higher energy ligand centered (LE) band (around 300 nm) is 

better reproduced, small shifts towards the spectral windows 

of interest and a rise in intensity for the lowest energy band is 

indeed observed for the compounds 5, 6 and 7. Of note, in the 

case of 5 and 7, several electronic transitions are computed to 

contribute to the first -lowest energy- absorption band. The 

most intense has still an MLCT character while the one occur-

ring at lower energy (less intense than those of MLCT charac-

ter) and responsible for the tail and red-shift of the band are 

predicted to be essentially  

 

Figure 3. Simulated (blue) and experimental (black) spectra of 

compounds 1-7 in CH3CN (c = 7.5 µM). Computed vertical elec-

tronic transitions are depicted as vertical blue bars. Corresponding 

oscillator strength (f) is given in a.u. 

 

ligand centered. These transitions are indeed of HOMO-

LUMO type and, as discussed above, corresponding essential-

ly to a transition from the vinyl dimethylamine group to the π* 

orbitals of the ligand. This can be visualized and understood 

from the maps of the difference in density between ground 

(GS) and excited state (ES) for two representative transitions 

of compound 6 (Figure S18a) and 7 (Figure S18b). For both 

complexes, the lowest energy transition (first electronic transi-

tion ES1) and the most intense one contributing to the first 

band (ES 4 and ES 9 for 6 and 7, respectively) were analyzed. 

In Figure S18, density depletion/increase regions upon excita-

tion for each are represented by blue/yellow zones, and the 

barycenters of these regions - depicted as blue/yellow dots - 

can be interpreted as the position of the electron and hole upon 

excitation. It can be clearly seen that while for complex 6, 

both transitions have a clear MLCT character though not nec-

essarily involving the same ligand, in the case of 7, in agree-

ment with the MO diagram, the lowest energy transition is of 

interligand type and mostly involving the vinyl 

dimethylamine-part. Therefore, even if a redshift of the first 

absorption band is predicted and indeed experimentally ob-

served, it is not necessarily expected to correlate with an im-

provement of the phototherapeutic properties that are indeed 

linked to the population of a MLCT state. Following this, the 

luminescence of the Ru(II) polypyridine complexes upon 



 

excitation at 355 nm was investigated. The maxima of the 

emission signals (Figure S20) were measured and found to be 

between 600-710 nm. Interestingly, complexes5 and 7, which 

showed the highest red shift in absorption, also demonstrated 

the strongest red shift in their emission maximum. The  

 

comparison of the excitation and absorption spectra of all 

compounds showed no significant differences. All complexes 

demonstrated a large Stokes shift implying minimal inference 

between excitation and emission. The luminescence quantum 

yields were found with values between 5.0% - 1.4% (Ta-

ble S10) for 1-4, 6 and are therefore in the same range then 

other Ru(II) polypyridine complexes.
54, 55

 On the contrary, the 

luminescence of 5 and 7 were barely measurable - with lumi-

nescence quantum yields >0.1%.  This is consistent with the 

computed vertical absorption (see before) highlighting that for 

these two complexes the lowest lying excited states are of LC 

character. This result is also in agreement with the exception-

ally low luminescence quantum yield of (E,E’)-4,4’-bis(N,N’-

dimethylaminovinyl)-2,2’-bipyridine in dichloromethane 

(1.5%) in comparison to other substituted 2,2’-bipyridines
56

 

and of the [Ru((E,E’)-4,4’-bis(N,N’-dimethylaminovinyl)-

2,2’-bipyri-dine)3]
2+

 complex in CH3CN (>0.1%),
57

 which 

were recently reported. The excited-state lifetimes were de-

termined in degassed and air-saturated CH3CN solution to 

investigate the influence of the presence of oxygen. The ob-

tained values (Figure S21-S27, Table 1) were found to be in 

the nanosecond scale in a degassed (312 – 1387 ns) and air 

saturated (55 – 326 ns) solution. All measured lifetimes were 

found to be in the same range as for other Ru(II) polypyridine 

complexes.
54, 55

 Importantly, the data shows that the presence 

of oxygen has a significant influence on the lifetime of the 

excited state for all complexes indicating that molecular oxy-

gen can interact with the triplet state of the complex.The gen-

eration of singlet oxygen (
1
O2) was quantitatively measured 

upon excitation at 450 nm by two complementary methods: (i) 

direct by measurement of the phosphorescence of 
1
O2, (ii) 

indirect by temporal monitoring the change of absorption of a 
1
O2 scavenger.

58, 59
 Complexes 1-4, 6 were found to have 

1
O2 

quantum yields (Table 1) between 53-69% in CH3CN and 5-

36% in an aqueous solution, suggesting an application as a 

PDT agent. These values are comparable with those previous-

ly reported for related compounds.
60, 61 

In comparison, the 
1
O2 

quantum yields of the (E,E’)-4,4’-bis(N,N’-

dimethylaminovinyl)-2,2’-bipyridine coordinated complexes 5 

and 7 were found to be drastically lower with values of 22-

35% in CH3CN and 7-21% in an aqueous solution. This was 

expected as these compounds show an untypical excited state 

behavior (emission, luminescence, lifetime) which is also 

explained by DFT calculations.  

Stability. The stability of a compounds is an essential parame-

ter for their use as a PDT agent. As a first experiment, the 

stability of the complexes was investigated in a DMSO solu-

tion since this solvent was shown to be problematic for certain 

drug (candidates).
62-64

 For this purpose, solutions of the com-

plexes in DMSO-d6 were prepared and stored in a NMR tube 

in the dark at room temperature. A 
1
H-NMR spectrum was 

measured directly after preparing the solution after one, two 

and seven days. For complexes 1-4 and 6 (Figures S28-S31, 

S33), no significant change in the spectra were observed, 

indicating that no decomposition occurred. In contrast to this, 

small changes in the spectra for compounds 5 and 7 could be 

observed. For both compounds, changes in the signals could 

be detected after 7 days (Figures S32, S34). This indicates that 

these compounds are not stable in DMSO. To assess the com-

patibility of the compounds under biological conditions, the 

stability of the complexes was tested in pooled human plasma. 

The complexes were incubated for 48 h in the dark with 

coffeine as an internal standard, which was previously shown 

Table 1.  Spectroscopic properties of compounds 1-7 in CH3CN. Singlet oxygen quantum yields of compounds 1-7 in CH3CN and 

aqueous solution determined by direct and indirect methods by excitation at 450 nm. Average of three independent measurements, 

±10%. 

 Spectroscopic properties Singlet oxygen quantum yield 

 UV/Vis Absorption  

λ / nm (ε / M-1 cm-1 × 103) 

λem / nm Φem / 

nm 

τ air 

saturat-

ed 

τ de-

gassed 

CH3CN

direct 
CH3CN

indirect 

D2O   

direct 

PBS   

indirect 

1 
200 (73.2), 225 (64.3), 264 (86.5),  

284 (44.1), 446 (15.0), 480 (5.5) 
600 0.027 130 766 0.57 0.54 0.27 0.36 

2 

202 (77.9), 222 (61.5), 264 (81.7),  

280 (43.9), 421 (12.8), 449 (13.9), 

480 (5.8) 

606 0.050 110 918 0.69 0.53 0.31 0.34 

3 

201 (72.9), 223 (91.0), 263 (95.2), 

289 (45.1), 388 (11.5), 441 (14.8), 

480 (10.0) 

645 0.014 207 617 0.55 0.56 n.d. 0.21 

4 

201 (100.1), 223 (91.3), 263 (105.8),  

308 (28.2), 386 (13.8), 438 (16.7), 

441 (16.8), 480 (13.1) 

654 0.020 326 1387 0.62 0.59 0.25 0.26 

5 
201 (89.3), 224 (81.2), 265 (91.1), 

379 (25.6), 458 (23.1), 480 (20.0) 
703 <0.001 75 339 0.24 0.30 n.d. 0.21 

6 

192 (183.4), 279 (126.3), 441 (23.2),  

457 (23.2), 480 (18.9), 510 (5.3), 540 

(1.3), 595 (0.014) 

623 0.021 161 1096 0.61 0.63 n.d. 0.05 

7 
192 (168.8), 280 (102.5), 371 (35.0),  

465 (30.1), 480 (28.8) 
694 <0.001 55 312 0.22 0.35 n.d. 0.07 



 

to be stable under these conditions
65

 and then analysed by 

HPLC (Figures S35-41). The stability of complexes 1-4 and 6 

and the previously mentioned decomposition of compounds 5 

and 7 were confirmed. Based on these findings, the stability of 

compounds 5 and 7 has been investigated more in detail by 

incubation of these complexes with shorter time intervals (0 h, 

4 h, 12 h, 24 h, 48 h) in the dark. 5 shows first sign of degrada-

tion after 12 h and compound 7 after 24 h. The degradation of 

both complexes advanced in the investigated time interval, but 

still show unreacted complex even after 48 h incubation. Fol-

lowing this, the potential decomposition of the complexes 

upon light irradiation was also tested as previous studied  

have shown that the stability of metal complexes could be 

influenced upon light exposure.
66, 67

 This is crucially important 

as some of the currently approved PDT agents are associated 

with a strong photobleaching effect.The complexes were ex-

posed to a continuous LED irradiation at 450 nm and the ab-

sorption spectra monitored. As a positive control 

[Ru(bipy)3]Cl2 and as a negative control Protoporphyrin IX 

was used. The comparison of the spectra shows that complex-

es 1-4 and 6 (Figure S42-46, 48) have a photobleaching effect 

in a similar range than [Ru(bipy)3]Cl2 (Figure S41). However, 

compounds 5 and 7 were found to be strongly affected by light 

irradiation with a loss of about half of their absorbance after 

one minute (Figure S47, 49). This effect is even stronger than 

that observed for Protoporphyrin IX (Figure S50).  

 

Biological Evaluation. The lipophilicity/hydrophilicity of the 

compounds was determined by measuring the distribution 

coefficient (logP) between an organic octanol and aqueous 

phosphate buffer saline phase (Table S10). The complexes 

based on a [Ru(phen)2(bipy)]
2+ 

scaffold (1-5) were found with 

logP values between +0.2 - +0.7 and the complexes based on a 

[Ru(bphen)2(bipy)]
2+

 scaffold (6-7) between +1.4 - +1.7. As 

all complexes were found majorly in the organic phase, their 

lipophilicity is indicated.  

 Following this, the cellular uptake of the compounds was 

investigated. This property is important as a PS with good 

photophysical properties could be still inactive due to poor 

cellular uptake. Amount of Ru metal accumulated inside the 

human cervical carcinoma (HeLa) cells upon incubation for 4 

h at 25 µM concentration was determined by inductively cou-

pled plasma mass spectrometry (ICP-MS). As expected, the 

compounds 6-7 which are based on a [Ru(bphen)2(bipy)]
2+

 

scaffold showed a 2.1-5.8 times higher cellular accumulation 

(Figure S51) in comparison to compounds 1-5, in agreement 

with their logP values. To determine the potential of the com-

plexes to act as PDT agents, mouse colon carcinoma (CT-26), 

human glioblastoma (U87) human glioblastoma astrocytoma 

(U373), human cervical carcinoma (HeLa) as well as non-

cancerous retina pigmented epithelial (RPE-1) cell lines were 

treated with the complexes. Their cytotoxicity in the dark and 

upon light exposure was investigated using fluorometric cell 

viability assay (Table 2). Worthy of note, the light doses used 

during our experiments at different wavelengths were first 

optimised to the survival of the cells treated purely by light 

exposure. At the same irradiation wavelength, all cell lines 

were tested with the same light dose to investigate the influ-

ence on the different type of cells used and therefore explore 

the PS potential on different cancer types. Ideally, a PDT PS 

should be non-toxic in the dark and highly toxic upon light 

exposure. Promisingly, complexes 1-5 and 7 were found to be 

Table 2. IC50 values (µM) for the complexes 1-7 and Protoporphyrin IX (PpIX) in mouse colon carcinoma (CT-26), human glioblastoma 

(U87), human glioblastoma astrocytoma (U373), human cervical carcinoma (HeLa) and non-cancerous retina pigmented epithelial (RPE-

1) cell lines in the dark and upon light irradiation (480 nm, 10 min, 3.21 J cm-2). 

 CT-26 U87 U373 HeLa RPE-1 

 Dark  Light PI Dark  Light PI Dark  Light PI Dark  Light PI Dark  Light PI 

1 >100 >100 - >100 93.68 

± 

2.50 

>1 >100 >100 - >100 >100 - >100 >100 - 

2 >100 91.24 

± 7.54 

>1 >100 71.40 

± 

5.67 

>1 >100 >100 - >100 >100 - >100 >100 - 

3 >100 85.71 

± 9.47 

>1 >100 >100 - >100 >100 - >100 >100 - >100 >100 - 

4 >100 72.59 

± 7.44 

>1 >100 >100 - >100 >100 - >100 >100 - >100 >100 - 

5 >100 52.54 

± 6.04 

>2 >100 >100 - >100 >100 - >100 >100 - >100 >100 - 

6 3.09 

± 

0.30 

0.19 ± 

0.04 

16.3 28.45 

± 

1.97 

0.67 

± 

0.13 

42.5 23.37 

± 

0.53 

1.89 

± 

0.07 

12.4 13.57 

± 

1.30 

0.61 

± 

0.06 

22.2 28.77 

± 

0.94 

0.83 

± 

0.03 

34.9 

7 94.47 

± 

7.38 

6.62 ± 

0.07 

14.3 >100 7.90 

± 

0.54 

>12.7 >100 14.85 

± 

0.81 

>6.7 >100 15.21 

± 

1.29 

>6.5 >100 8.95 

± 

0.50 

>11.2 

Table 3. IC50 values (µM) for 6 in mouse colon carcinoma 

(CT-26) cells in the dark and upon light irradiation at 510 nm 

(40 min, 10.00 J cm-2), 540 nm (60 min, 14.25 J cm-2) and 

595 nm (2 h, 22.47 J cm-2). 

Wavelength 

/nm 

Dark Light PI 

510 nm 4.18 ± 0.56 0.20 ± 0.005 20.6 

540 nm 3.27 ± 0.64 0.34 ± 0.005 9.6 

595 nm 1.41 ± 0.003 0.06 ± 0.004 23.5 



 

non-cytotoxic in the dark in all chosen cell lines (IC50 

>100 µM), while compound 6 showed a cytotoxic profile in 

the range from 3.09 to 28.77 µM in all investigated cell lines. 

Upon irradiation at 480 nm (10 min, 3.21 J cm
-2

), no or only 

poor toxicity (IC50 range from >100 to 52.54 µM) was ob-

served for complexes based on a [Ru(phen)2(bipy)]
2+ 

scaffold 

(1-5). In contrast, compounds based on the 

[Ru(bphen)2(bipy)]
2+ 

scaffold (6-7) showed a notable 

phototoxicity upon light irradiation (Phototoxic index (PI)- 

IC50 in the dark/IC50 in upon irradiation, ranges from 6.5 to 

42.5). This effect can be attributed to the significantly higher 

uptake of 6 and  

7. Overall, considering the instability of complex 7 in DMSO 

and human plasma and the absence/low phototoxicity of com-

plexes 1-5, complex 6 was further studied. 

Following this preliminary examination, the ability to cause a 

phototoxic effect at longer wavelengths towards the biological 

spectral window was further evaluated. CT-26 cell line which 

was previously shown to be the strongest affected by this 

compound was chosen for subsequent studies. Importantly, 

light irradiation of the treated cells at 510 nm (40 min, 

10.00 J cm
-2

) or 540 nm (60 min, 14.25 J cm
-2

) caused a photo-

toxic effect (Table 3). Strikingly, even irradiation at 595 nm 

(2 h, 22.47 J cm
-2

) generated a phototoxic effect in cells. It has 

to be noted that the lack of CO2 atmosphere during irradiation 

also contributed to the obtained results. Nevertheless, the 

calculated PI values are reliable, as cells used as dark control 

were also incubated for the same amount of time at 37 °C in 

non-CO2 atmosphere. Worthy of note, the compound lost its 

phototoxic effect upon irradiation at 620 nm (30 min, 3.3 J cm
-

2
). Interestingly, previous studies have shown that photosensi-

tizers can show a phototoxic effect although its extinction 

coefficient is below 100 M
-1

 cm
-1

.
16,37

 Overall, these results 

make compound 6 an impressive candidate as a PDT agent. 

To have a deeper insight in the mechanism of action of com-

pound 6, its cellular localisation in HeLa cell line was deter-

mined by confocal microscopy experiments. Even after only 5 

min incubation (14 µM), the complex could be detected in the 

cytoplasm (see Figure S52). Immunofluorescence studies with 

GM130 (cis-Golgy protein), TGN46 (trans-Golgy protein), 

KDEL (endoplasmic reticulum protein retention receptor) and 

LAMP (lysosome- associated membrane glycoprotein) anti-

bodies demonstrated that compound 6 did not colocalize with 

any of them (Figure 4a). Correlation analysis including Pear-

son’s R value as well as Manders’ M1 and Manders’s M2 

values confirmed the lack of colocalisation of the tested 

probes with complex 6 (Figure 4b). It is possible that the cyto-

solic localisation of our complex could be explained by its 

binding to the cytoskeleton as recently reported for structurally 

similar complex by the group of MacDonnell.
68

 

To further study the mechanism of action of complex 6, its 

influence on cellular metabolism was studied. For that purpose 

Seahorse XF instrument was used, it allows for real time 

measurements of oxygen consumption rate (OCR) and extra-

cellular acidification rate (ECAR) in cells. To observe the 

effect of the compound 6 on oxidative phosphorylation (ATP 

production in mitochondria through electron transport chain), 

the Mito Stress test (Figure 5a) was performed. In this test, 

sequential injections of specific inhibitors of the electron 

transport chain proteins allows for determination of the effect 

that the compound has on the mitochondrial metabolism of the 

tested cells. Briefly, the cells were treated (4 h, 1µM) with 

 

Figure 4. a) Immunofluorescent images of HeLa cells treated with complex 6 (14 µM, 30 min). DNA visualised by NucBlue staining, 

immunofluorescence for GM130, TGN46, KDEL and LAMP proteins shown in green, complex 6 shown in red. Scale bar, 20 µm. b) 

Person’s R, Manders’ M1 and Manders’ M2 colocalisation values obtained for complex 6 and fluorescent probes. 



 

complex 6 as well as with cisplatin and 5-ALA (5-

aminolevulinic acid) - precursor of protoporphyrin IX (PpIX), 

a known photosensitizer, as controls.
69

 After the incubation 

time, the cells were irradiated at 595 nm (2 h, 22.47 J cm
-2

, see 

Figure S53) and the Mito Stress Test was performed. Striking-

ly, the data shows that only the cells, which were treated with 

complex 6 and irradiated, had their metabolism impaired right 

after the irradiation process. Injection of oligomycin (a specif-

ic inhibitor of ATP synthase) or FCCP (an uncoupling agent) 

did not affect their oxygen consumption rates. The mitochon-

drial membrane of these cells lost the capacity to restore the 

proton balance. ATP production was inhibited and spare res-

piratory capacity (difference between OCR values of maximal 

respiration and basal respiration) was strongly reduced, contra-

ry to the cells treated with complex 6 that were not irradiated 

(Figure 5a and Figure S54). 

Additional tests investigating whether the glycolysis is also 

affected were performed. Indeed, the glycolysis process is also 

severely impaired in the cells that are treated with complex 6 

and irradiated (Figure 5b and Figure S55). It is known that the 

glycolysis process is significantly reduced during apoptosis.
70

 

Additionally, mitochondria are important compartment, which 

are responsible for triggering an intrinsic cell death.
71

 It is then 

likely that the start of apoptosis is responsible for the initial 

effect in the cellular metabolism observed. A similar metabol-

ic response could not be noticed for the cisplatin. This phe-

nomenon could be explained by the short incubation time 

(only 4 h) and the very low concentration tested (1 µM) that is 

not sufficient to trigger apoptosis by this drug in CT-26 cell 

line. Overall, compound 6 has an immediate effect on irradiat-

ed cells but not in the ones kept in the dark, resulting in dis-

turbed mitochondrial respiration and glycolysis processes.  

  

 

Figure 5. a) Mito Stress Test profile in CT-26 cells after 4 h 

treatment and 2 h irradiation at 595 nm; oxygen consumption rate 

changes after treatment with specific electron transport chain 

inhibitors, namely oligomycin (inhibitor of ATP synthase (com-

plex V)), FCCP (uncoupling agent), antimycin-A (complex III 

inhibitor) and rotenone (complex I inhibitor). b) Glycolysis Stress 

Test profile in CT-26 cells after 4 h treatment and 2 h irradiation 

at 595 nm; extracellular acidification rate that corresponds to the 

glycolysis process changes after treatment with glucose (basal 

level of glycolysis in cells), oligomycin (inhibitor of ATP syn-

thase (complex V)- mitochondria inhibition), 2-deoxyglucose 

(analog of glucose that inhibits glycolytic pathway). 

After evaluation of the (photo-)cytotoxicity on 2D monolayer 

cells, the effect of complex 6 on multicellular tumor spheroids 

(MCTS) was investigated. This is of special interest as many 

anticancer drug candidates have failed the translation from 

monolayer cells to an in vivo model due to compromised drug 

delivery. MCTS are small spherical cell aggregates that mimic 

cell tumors. They can simulate the gradient of nutrients avail-

ability from upper cell layers, that are highly exposed, to lower 

layers and are able to model the potential penetration of a drug 

inside a 3D struture.
72, 73

 Therefore, compound 6 was incubat-

ed for 24 h in HeLa MCTS and its cytotoxic effect determined 

by measurement of the ATP concentration. Importantly, upon 

irradiation at 595 nm (2 h, 22.47 J cm
-2

), compound 6 showed 

a phototoxic effect (IC50,dark = 29.42 ± 4.60 μM, IC50,595nm = 

20.07 ± 4.15 μM, PI595nm = 1.5), indicating that the compound 

is able to exert its action inside the 3D MCTS and act as a 

PDT agent. Worthy of note, the critical concentration to trig-

ger cell death in 3D MCTS was found to be significantly larg-

er than in 2D monolayer cells. The need for higher concentra-

tions to cause an eradication of the MCTS was previously 

described in the literature,
74

 including for structurally related 

Ru(II) polypyridine complexes, and is assumingly caused by a 

poor light penetration, potential diffusion problems and/or the 

hypoxic center of the MCTS. 
 

CONCLUSION 

In summary, we have combined the theoretical understanding 

provided by DFT calculations with the photophysical and 

biological experimental evaluation of Ru(II) polypyridine 

complexes as PSs for PDT. Thanks to this rational design, 

ruthenium complexes with a strong red shift in their absorp-

tion profile could be successfully prepared. While the (E,E’)-

4,4’-bis(N,N’-dimethylaminovinyl)-2,2’-bipyridine coordinat-

ed complexes showed the desired red shift, they were however 

found to have poor photophysical properties (luminescence, 
1
O2 production) and poor stability. In contrast, the 

[Ru(bphen)2(bmb)]
2+

 complex was found to have an absorp-

tion tail towards the biological spectral window. While being 

stable in human plasma as well as upon light irradiation, it was 

found to localize in the cytoplasm of HeLa cells. Upon irradia-

tion at clinically relevant 595 nm it led to the disturbance of 

mitochondrial respiration and glycolysis process in 2D mono-

layer cells as well as 3D MCTS. We strongly believe that the 

approach presented here for the rational design of compounds 

holds great potential for the development of new PDT agents. 

The prediction of the photophysical properties of potential PSs 

enables a directed search for efficient compounds. We are 

planning to investigate the in vivo efficiency of compound 6 in 

the future. 
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ABBREVIATIONS 

PDT, Photodynamic Therapy; PS, Photosensitiser; ROS, reactive 

oxygen species; 1O2, singlet oxygen; dmb, 4,4′-dimethyl-2,2′-

bipyridine; IP-TT, 2-(2′,2″:5″,2′ ′′-terthiophene)-imidazol[4,5-

f][1,10]phenanthroline; phen, 1,10-phenanthroline; bphen, 4,7-

diphenyl-1,10-phenanthroline; bipy, 2,2’-bipyridine; MLCT, 

metal to ligand charge transfer; EDG, electron donating group; 

EWG, electron withdrawing group; LE, ligand centered; GS, 

ground state; ES, excited state; 
1
O2, singlet oxygen; logP, 

distribution coefficient; PI, phototoxic index; ICP-MS, induc-

tively coupled plasma mass spectrometry; HeLa, human cervi-

cal carcinoma cell line; CT-26, mouse colon carcinoma cell 

line; U87 human glioblastoma cell line, U373, human 

glioblastoma astrocytoma cell line, RPE-1 retina pigmented epi-

thelial cell line; MCTS, multicellular tumor spheroid. 
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