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CuAAC: Copper-catalysed azide-alkyne cycloadditions  

DAPI: 4′,6-diamidino-2-phenylindole 

DHA: Dehydroascorbic acid 

DMEM: Dulbecco's Modified Eagle Medium 

DNA: Deoxyribonucleic acid 

EGFR: Estimated Glomerular Filtration Rate  

EPR: Enhanced Permeability and Retention 

GFP: Green Fluorescent Protein 
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HER2: ERBB2 gene. ERBB is abbreviated from erythroblastic oncogene B 
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ICP-MS: Inductively coupled plasma mass spectrometry 

LED: light-emitting diode 

MCNs: Mesoporous Carbon Nanospheres 

MONP: Metal-Organic Nanoparticle 

MRSA: Methicillin-resistant Staphylococcus aureus 

NAD(P)H: Nicotinamide adenine dinucleotide phosphate 

NADH/NAD+: Nicotinamide adenine dinucleotide 

NIR: Near Infra-Red 

NO: Nitric oxide 

NPs: Nanoparticles 

PBS buffer: Phosphate-buffered saline 

p-Erk: phosphorylated Extracellular signal-regulated kinases 

PDT: Photo Dynamic Therapy 

PNA: Peptide nucleic acid 

Rho: Rhodamine 

ROS: Reactive Oxigen Species 

RuAtAC: Ruthenium-Catalysed Azide–Thioalkyne Cycloadditions 

SDS-PAGE: sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

SET: Singlet Electron Transfer 

TONs: Turn-Over Number 

TPP: Thiamine pyrophosphate 

5 FU: Fluorouracil 
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Abstract 

The development of organometallic catalysis has greatly expanded the synthetic chemist 

toolbox compared to that only exploiting "classical" organic chemistry. Although more widely 

used in organic solvents, metal-based catalysts have also emerged as efficient tools for 

developing organic transformations in water, thus paving the way for further development of 

bio-compatible reactions. However, performing metal-catalysed reactions within living cells 

or organisms induces additional constraints to the design of reactions and catalysts. In 

particular, metal complexes must exhibit good efficiency in complex aqueous media at low 

concentrations, good cell specificity, good cellular uptake and low toxicity. In this perspective, 

we focus on the presentation of discrete metal complexes that catalyse or photocatalyse 

reactions within living cells or living organisms. We describe the different reaction designs 

that have proved to be successful in these conditions which involve very few metals (Ir, Pd, 

Ru, Pt, Cu, Au, Fe) and range from in cellulo deprotection/decaging/activation of 

fluorophores, drugs, proteins and DNA, to in cellulo synthesis of active molecules, protein and 

organelle labelling. We also present developments of bio-compatible photo-activatable 

catalysts which is a very recent emerging area of research and some perspectives in the field. 
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1. Introduction  

While Nature has long used metal catalysts, such as metallo-enzymes, to perform 

transformations with exquisite selectivity and efficiency, the hey-day of metal catalysis is still 

relatively recent. The last decades have seen transition metal complexes rise from lab 

curiosities to indispensable tools for synthesis. Quite logically, the implementation of metal-

based catalysis in biorelevant environments became a bona fide field of research.1–3 One of 

the key aims is to develop metal complexes capable of selective and safe catalysis in cellulo 

and in vivo to modulate cellular functions and bring new-to-nature transformations into living 

organisms.4–6 Apart from its fundamental aspect, this approach opens new perspectives for 

the development of more efficient and selective therapeutic treatments and in vivo imaging 

processes.  

Metal-based catalysis in complex biological systems faces several challenges. Once the 

metal complexes enter a living organism, they are exposed to natural chelators and high 

concentrations of nucleophiles such as thiols and amines, in particular glutathione.7 These 

species can deactivate or capture the metal compounds/metal ions and accelerate their 

elimination from the body. Another potential problem is that some metals used in catalysis 

may have unwanted adverse toxicity towards cells, although it is important to remember that 

very high doses of some metal complexes are used on an every-day basis in medicine (e.g., 

Ga-based MRI agents).8 Therefore, it is generally important to develop catalysts that are 

active at low concentrations to minimise the risk of unwanted toxicity and side effects. Finally, 

in cellulo monitoring of metal-based catalysis may encounter some barriers due to the 

complex biological environment of cells and the lack of direct quantitative analytical 

methods.9 For instance, the exact proportion of catalyst which enters the cells or the amount 

that is trapped inside membranes remain difficult to precisely quantify. As a consequence, 

the evaluation of turnover numbers and catalytic activity, which are classical tools to compare 

the efficiency of metal complexes in catalysis, is also difficult. 

The field has evolved in the last years towards broader range transformations with an 

increasing number of metals (including non-precious metals) and towards photocatalysis, 

which is a new challenge for cellular applications. Various strategies have been developed 

including in cellulo prodrug activation, profluorophore and protein activation or small 
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molecule (NO) release through metal-(photo)catalysed decaging, in cellulo synthesis of active 

molecules, labelling through metal-catalysed conjugation reactions or exploiting intracellular 

reagents (NAD(P)H, GSH) to disturb cell processes. Some of these strategies allow for specific 

targeting of cells and cell components, and thus may favour the development of future 

treatments with restricted side effects. Photocatalysis is a particularly relevant tool in this 

area,10 enabling precise light-activation of a catalyst in a spatio-temporal controlled manner. 

Overall, the in cellulo use of metal-based catalysts has already demonstrated its pertinence 

and potential for developing new tools for therapeutic and biomedical applications,11 but 

many catalytic reactions and metals remain to be explored.  

Since it is an emergent field, several excellent reviews, which are dedicated, for example, to 

catalysis in biologically relevant conditions using nanoparticles3,12 or discrete organometallics 

complexes13,14 have been (recently) published. Also, some reviews focus on the applications 

of metal-based catalysts as therapeutics in medicine15–18. While these reviews are organised 

by metal ions11,19–21, applications or type of reaction22–25 in biological habitats but not within 

living organisms, herein we present the recent breakthroughs in the biological applications of 

metal-based catalysts and photocatalysts within living cells and organisms. Of note, we only 

focus on catalytic transformations performed inside cells, bacteria and vertebrates (mainly 

mice or zebrafish). Finally, this review mainly describes homogeneous catalytic systems using 

discrete metal complexes. 
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2. Ruthenium 

Ruthenium catalysts have been widely used in homogeneous catalysis for a wide range of 

transformations ranging from CH activation26 to olefin metathesis.27 Furthermore, Ru 

complexes are classically used as photosensitizers in photoredox processes.28–30 Concerning 

in vivo applications, several Ru-based compounds have been tested for their anticancer 

properties,31 some of them having reached the clinical studies phase (KP1339,32 NAMI-A,33 

TLD144334,35). It is therefore logical that Ru was one of the first metals to be used as catalyst 

and photocatalyst in cellulo. 

2.1 Catalysis 

As early as 2006, Meggers and co-workers showed that Ru complexes could induce uncaging 

of Alloc-protected substrates in living cells. This was initially reported in mammalian cells with 

the ruthenium(II) complex [Cp*Ru(cod)Cl] (1) (Cp*=pentamethylcyclopentadienyl, cod=1,5-

cyclooctadiene) (Fig.1).36 In a preliminary study, it was shown that the RuII complex 1 was 

tolerant to air and water but that thiols (thiophenol) were essential for catalytic activity. The 

uncaging reaction was evaluated inside mammalian HeLa cells after incubation with 100 µM 

of a caged rhodamine 110 dye 2, which is a profluorophore with low fluorescence. After 

incubation with the Ru catalyst (1) (20 µM) and thiophenol, a 10-fold increase of fluorescence 

was observed inside cells indicating intracellular fluorophore 3 production through Alloc 

deprotection. By comparison, a 3.5-fold increase was measured in the control experiments 

without catalyst. Control experiments without the supplementation of thiophenol also 

showed a limited fluorescence increase (3.5-fold) demonstrating the importance of thiols as 

nucleophiles to favour the reaction. Cell-staining experiments suggested that the 

fluorescence occurs within cells rather than on the membrane, thus implying that compound 

1 can diffuse through membranes to induce intracellular catalysis. Furthermore, cytotoxicity 

experiments with the catalyst alone displayed no decrease in cell viability. 
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Fig. 1 Ruthenium(II)-catalysed Alloc deprotection of the caged fluorophore to rhodamine 110 in HeLa 
cells in the presence of thiols.36  
 

In 2014, the same group developed an organometallic ruthenium(IV) complex (4) catalysing 

the uncaging of Alloc-protected amines with high turnover numbers (TONs), reaching 270 

cycles in aqueous medium in the presence of thiols (Fig. 2).37 Inside living HeLa mammalian 

cells preincubated with Alloc-caged rhodamine 110 5, an average of a 90-fold increase of 

intracellular fluorescence was observed after 10 minutes of treatment with the cationic 

complex 4, a clear improvement compared to the initial study with the RuII complex 1 (Fig. 1). 

The ability of the RuIV complex 4 to diffuse through the cell membrane was demonstrated. 

The authors also investigated the influence of cytoplasmic thiols on the activity of the catalyst. 

They discovered that thiols induced activation of the RuIV(allyl) complex, leading to improved 

efficiency in the decaging reaction, in contrast to previous Ru catalysts, which were 

deactivated by thiols. Finally, the uncaging of the anticancer drug doxorubicin 6 inside HeLa 

cells was developed (Fig. 2B) by using an N-Alloc protected doxorubicin prodrug 5, exhibiting 

significantly reduced overall affinity for DNA compared to the drug itself. Cells incubated with 

the prodrug (50 µM or 100 µM) and the RuIV catalyst 4 (20 µM) showed a dramatic decrease 

in cell viability (reduced to 7% and 2%, respectively) whereas cells treated with the prodrug 

or complex 4 only were not affected. This demonstrated the efficiency of the Ru precatalyst 

4 to induce uncaging of doxorubicin inside cells, leading to apoptosis.  
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Fig. 2 (A) Structure of the cationic ruthenium(IV) precatalyst 4; (B) Ru-induced uncaging of the 
anticancer drug doxorubicin inside HeLa cells.37  
 
In 2014, Mascareñas and coworkers reported a Ru-based decaging strategy for the in cellulo 

control of the selective targeting of double stranded DNA by small molecules, such as 

ethidium bromide or DAPI (4’,6-diamidino-2-phenylindole) (Fig. 3).38 External control of DNA 

binding to these molecules is interesting for regulating DNA transcription and thus gene 

expression. Adding Alloc protecting groups to DAPI and ethidium bromide was first shown to 

reduce the affinity to DNA and thus to deactivate their function. These two DNA binding 

agents have intrinsic fluorescence, allowing for the monitoring of their cellular distribution 

and activity. The uncaging reaction was tested inside chicken embryo fibroblasts (CEF) cells 

with 2.5 µM of caged DAPI and 2.5 µM of the ruthenium(II) catalyst [RuCp*(COD)Cl] (1). 

Before incubation with 1, fluorescence microscopy showed whole cell staining as DAPI did not 

interact with DNA and was therefore spread throughout the cell. After 20 minutes of 

treatment, the typical blue DAPI staining shifted from the cytoplasm to the cell nucleus, 

strongly supporting that the RuII catalyst 1 did induce intracellular uncaging, leading to DAPI 

release and DNA binding. As previously observed, the presence of thiol (PhSH, 100 µM) is 

required for efficient Alloc deprotection. Furthermore, the di-Alloc DAPI derivative was found 

to induce better intracellular staining than DAPI, suggesting a better internalisation inside 

cells. Finally, the effect of caging/uncaging of DNA binding molecules on cancer cell growth 

was studied. Cisplatin-resistant A2780 cells (human ovarian carcinoma) were incubated with 

both protected (7) and unprotected (8) phenyl azapentamidine derivatives (Fig. 3). The 

inhibitory effect of the caged derivative 7 (IC50 = 5.0 µM) decreased by 10-fold compared to 

the uncaged molecule 8 (IC50 = 0.4 µM). Overall, this study demonstrated the potential of in 

cellulo Ru-based uncaging reactions for controlling the activation of small DNA-binding 

molecules in biological media. 
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Fig. 3 Ru-catalysed decaging of double stranded DNA binding agents by [RuCp*(COD)Cl] (1) inside A278 
cancer cells.38  
 

The same authors reported in 2016 a RuIV(allyl) complex 9a that accumulates inside 

mitochondria of living mammalian cells to catalyse the targeted uncaging of allyl/Alloc 

protected substrates in this organelle (Fig. 4).39 An active RuII species is likely to be generated 

in cellulo through reduction of the RuIV(allyl) species by intracellular thiols. The specific 

localisation of the catalyst and its retention in mitochondria was guaranteed by using a 

triphenylphosphonium (TPP) delivery vector linked to the ruthenium complex via a 

hydrophobic alkyl chain. TPP cations have the property to diffuse through the mitochondrial 

inner membrane. Cellular tests were performed in HeLa cells, for which catalyst 9a did not 

show any toxicity even at concentrations >100 µM. Incubation with Alloc-protected 

rhodamine (Rho-Alloc) together with 9a showed an intracellular increase of fluorescence, 

mainly concentrated inside mitochondria. To monitor the Ru-catalysed deprotection reaction 

by fluorescence, an analogue of 9a possessing a pyrene unit (9b) was developed (Fig. 4A). To 

test the catalytical capacity of this new complex, cells were treated with 100 µM of a caged 

rhodamine 110 dye 2 and 50 µM of catalyst 9b. The pattern of the green fluorescence of the 

free rhodamine 3 was found to match the blue fluorescence of 9b and the red staining 

identifying the mitochondria. These results, demonstrating that catalysis did take place in 

mitochondria, were reproduced in A549 cancer cells. This work shows that it is possible to 

have an abiotic catalyst, not initially present in living organisms, acting in a precise subcellular 

compartment.  
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Fig. 4 (A) Structure of mitochondria targeting RuIV complexes 9a and 9b; (B) Catalysis of the uncaging 
of fluorophore Rhodamine 110 inside HeLa and A549 cells, preferentially occurring inside 
mitochondria.39  

 

Ward and co-workers in 2018, reported a cell-penetrating ruthenium-based Artificial 

Metalloenzyme (ArM) catalysing Alloc deprotection in epithelial human cells.40 This ArM 10 

was built from the biotin N-binding protein streptavidin, combining a biotin N-linked 

ruthenium(II) complex 11 that catalyses the uncaging reaction of the alloc-protected 

substrate 14 and a biotinylated cell-penetrating moiety having a fluorescent probe 12 (Fig. 

5A). Cellular tests were performed in HEK-293T cells, which were successively incubated with 

ArM 10 and the Alloc-protected prosubstrate 13. When incorporated into cells, 13 is 

hydrolysed by endogenous esterases to give the alloc-protected substrate 14. The uncaging 

of 14 by ArM 10 releases the hormone 15 that activates a metabolic cascade (Fig. 22B). The 

cells were previously transfected with two genes that change the outcome of the metabolic 

cascade when the hormone is deprotected, leading to cell fluorescence and allowing for 

reaction monitoring. The increase in fluorescence in cells confirmed that ArM 10 catalysed 

Alloc deprotection to release the hormone. This was not observed in cells treated with the 

ruthenium catalyst only. Furthermore, no cytotoxicity induced by the catalyst was detected 

at concentrations below 500 nM. Optimisation of the ArM was performed by site-directed 

mutagenesis at two position close to the catalytic centre, and the best TONs were obtained 

for the mutation of a serine in position 112 into an alanine. 
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Fig. 5 (A) Assembly of a cell-penetrating Ru-based artificial metalloenzyme (ArM). The ruthenium 
catalyst and the fluorescent probe / cell penetrating peptide are both attached to biotin units 
interacting with streptavidin to create the artificial metalloprotein; (B) The ArM catalyses the Alloc 
deprotection of compound 14, generating the hormone 15. The HEK-293T cells have been modified 
to become fluorescent once 15 is liberated.40  

 
Mao and co-workers reported in 2022 a ruthenium-based catalyst 16, which is attached to a 

HER2 antibody that targets the receptor on the membrane of HER2-positive cancer cells.41 

Complex 16 catalyses the activation of a gemcitabine prodrug 17 via Alloc deprotection to 

form the free primary amine 18, which enters the cell to cleave DNA. Cell death is also induced 

by blocking of the HER2 signalling pathway by the ruthenium(IV)-antibody complex (Fig. 6). 

Cells tests performed with SKBR-3 HER2-positive cancer cells confirmed, after incubation with 

the prodrug and RuIV catalyst 16, that the reaction was catalysed by the ruthenium complex 

at the cell surface. The specificity of this treatment was confirmed by comparing cell death in 
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a co-culture of SKBR-3 cells and MCF-10A non-tumorigenic cells incubated with both the RuIV 

complex 16 and the alloc-protected prodrug 17. 75% of cell death was observed for the HER2-

positive cells whereas HER2-negative cells showed only 15% of cell death. Next, 3D spheroids 

of SKBR-3 cells were developed and incubated with 40 µM of prodrug 17 and 2 µM of the RuIV 

complex 16. This treatment led to a decrease of cell viability in spheroids, reaching 32%. 

Finally, in vivo tests were performed in zebrafish larvae grafted with SKBR-3 cells, in which 2 

µM of the RuIV complex 16 and 8 µM of the alloc-protected prodrug 17 were injected. 

Fluorescence images revealed a decrease in SKBR-3 cell fluorescence in the zebrafish larvae 

by ca. 78%, indicating significant cell death. To the best of our knowledge, this study described 

the first ruthenium-antibody catalyst capable of performing HER2-targeted chemotherapy. 
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Fig. 6 Schematic illustration of the HER2-targeted chemotherapy using a gemcitabine-based prodrug 
and the RuIV complex 16 as the catalyst.41 The prodrug is activated by the catalyst near the membrane 
and is taken up by the cell as an active anticancer drug. The reaction was performed in vivo inside 
zebrafish larvae grafted with SKBR-3 cells.  
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Beside Alloc deprotection reactions, other types of Ru-catalysed reactions have been 

developed in eukaryotic and prokaryotic cells. Sadler and co-workers described in 2015 a 

system based on Noyori-type RuII arene complexes and formate ions that disrupts the 

NAD+/NADH balance in cells by reducing NAD+ into NADH, inducing selective cancer cell death 

(Fig. 7).23 The authors showed that complex 19 bearing a sulfonylethyldiamine ligand 

catalysed transfer hydrogenation inside living cells in the presence of non-toxic 

concentrations of formate acting as a hydride donor. The formation of Ru–H hydride species 

by mixing the RuII complex 19 and formate ions was evidenced by 1H NMR and mass 

spectroscopy. In A2780 human ovarian cancer cells, the catalyst 19 alone exhibited an 

antiproliferative activity comparable to that of cisplatin (IC50 2.2 and 1.2 µM, respectively). 

However, in the presence of formate ions, the antiproliferative activity was found to be 

greatly increased (up to 50-fold), supporting a direct contribution of formate in the 

intracellular catalytic cycle of transfer hydrogenation. Comparison of antiproliferative activity 

towards normal cells (MRC5) and A2780 cancer cells also showed that formate increased 

selectivity factor from 3.6 to 5. Complex 19 is mainly distributed in the cytosol (51%), as shown 

by ICP-MS experiments. Experiments carried out on A2780 human ovarian cancer cells 

revealed that the mechanism of cell death via reductive stress caused by disruption of the 

NAD+/NADH balance was different from other anticancer modes of action. According to the 

authors, this means that this new approach could be efficient against cisplatin-resistant 

cancer cell lines. 
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Fig. 7 Induction of reductive stress in cancer cells by the RuII arene complex 19 in the presence of 
formate ions, leading to selective cancer cell death.23  
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Mascareñas and co-workers described in 2019 RuIV complexes catalysing the intracellular 

isomerisation of allylic alcohols into saturated carbonyl derivatives by intramolecular hydride 

transfer.42 To understand whether the reaction could be carried out inside cells, the authors 

designed a ruthenium complex 20 and a substrate 21, whose isomeric form 22 is fluorescent 

(Fig. 8A,B). The reactions were studied in human A549 and HeLa cells as well as animal Vero 

cell lines (Fig. 8C). Treatment of cells with only 10 µM of the RuIV complex 20 and 100 µM of 

the non-fluorescent substrate 21 generated significant fluorescence, building up in the 

cytosol. TON of over 22 were obtained after 6 h. In this time span, none of the compounds 

reduced cell viability. Looking for biological applications for this approach, the authors 

considered to generate in situ glutathione depleting agents such as ketone 24 by 

isomerisation. Inside cells, the incorporation of 100 µM of allylic alcohol 23 and 50 µM of the 

Ru catalyst 20 led to the intracellular generation of the GSH depleting agent 24. After 6 h, the 

authors showed that the formation of 24 was associated with a consumption of over 40% of 

the intracellular glutathione. They concluded that metal catalysis could be used to generate 

bioactive molecules inside cells by other strategies not involving uncaging reactions. 
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Fig. 8 (A) Ruthenium(IV) complex 20 inducing intracellular isomerisation of allylic alcohols. (B) and (C) 
Generation of functional unsaturated ketones inside A549, HeLa and Vero cells.42 
 

In 2020, Mascareñas and co-workers reported the transposition of intramolecular and 

intermolecular [2+2+2] cycloaddition reactions inside living mammalian cells using the 

ruthenium complexes 1,25 and26 (Fig. 9).43 Both the neutral RuII complex 1 and cationic RuIV 

complexes 25 and26 were found to be active inside HeLa cells and biocompatible, as no 

change in cell morphology was observed after the experiments. The presence of the Ru 
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catalyst inside cells was demonstrated by ICP-MS after incubation of HeLa cells with 50 µM of 

the neutral RuII complex 1. The production of a fluorescent probe 28 from substrate 27 by 

intramolecular [2+2+2] cycloaddition reaction was used for the tracking of the reaction inside 

cells. Incubation of the cells with the Ru complexes 1 or 26 (50 µM) followed by triyne 28 (100 

µM), showed that cells incubated with the cationic RuIV complex 26 exhibited three times 

more fluorescence than those incubated with the neutral RuII complex 1. These results were 

explained by the good cellular uptake and low toxicity at 50 µM of the RuIV complex 25 that 

was previously observed by the authors39. The transfer of the [2+2+2] cycloaddition reaction 

inside cells made possible the in cellulo synthesis of molecules, which could not have been 

internalised without the permeabilisation of cell membrane. This strategy was applied to the 

intracellular production of anthraquinones, which are secondary metabolites that cannot be 

generated by mammalian cells. For instance, the anthraquinone 31, which presents 

aggregation-induced emission properties, was synthesised inside HeLa cells by using 50 µM 

of the RuIV complex 25, 50 µM of the precursor 29 and 150 µM of 30 through an 

intermolecular cycloaddition reaction. The formation and the localisation of the 

anthraquinone 31 was determined by fluorescence microscopy. Finally, the authors showed 

that the spatial localisation of the as-formed fluorescent molecule 31 could be controlled by 

using different catalysts. With the ruthenium complex 25, the product displayed a cytosolic 

distribution whereas it was mainly localised inside mitochondria by using the ruthenium 

complex 26, a complex known to preferentially accumulate inside mitochondria.  
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Fig. 9 (A) Ru complexes 1 and 25-26 used for intracellular [2+2+2] cycloaddition reactions; (B) 
intramolecular and (C) intermolecular cycloaddition reactions promoted by ruthenium complexes 
inside HeLa cells for the generation of a fluorescent probe (28) or an anthraquinone (31), 
respectively.43 
 

In 2021, Weng and co-workers developed aqueous-stable organo-ruthenium(II) complexes 

able to perform intracellular reduction of O2 into H2O2 to induce targeted bacteria death 

through subsequent generation of ROS such as hydroxyl radicals (HO•) (Fig. 10).44 The initial 

strategy proposed by the authors lies on the exploitation of endogenous formate as a hydride 

source to generate Ru–H species for transfer hydrogenation to reduce O2 . A library of 480 

ruthenium complexes was screened to test their ability to generate H2O2 in the presence of 

air/HCOONa on a model reaction in aqueous medium. Ten lead complexes were then selected 

for evaluating their antimicrobial activity on six bacterial strains, including formate abundant 

strains S. aureus (Gram+) and E. coli (Gram–), and formate deficient strains Mycobacterium 

smegmatis (Gram+), B. subtilis (Gram+) and P. aeruginosa (Gram–). A comparison with normal 

mammalian cells (HEK293) was also performed. Cell viability assays showed that the 

ruthenium complex 32 presented the best antimicrobial activity, especially against Gram 

positive bacterial cells. This suggests that 32 boosts ROS production in Gram+ compared to 

Gram– bacteria and normal mammalian cells. The fact that 32 is active against both formate 

abundant and formate deficient Gram+ bacteria suggested two different modes of action. The 

authors showed that the catalyst 32 used two different pathways to reduce O2 into H2O2 

inside bacteria involving either hydrogen transfer through a Ru–H intermediate 33 (formate 
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abundant strain) or single electron transfer (SET) via formation of O2• radicals (formate 

deficient strains) (Fig. 28). Finally, the lead organoruthenium complex 32 was shown to be 

efficient against methicillin-resistant S. aureus (MRSA), paving the way for the development 

of alternative antimicrobial agents to treat antimicrobial resistance. 
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Fig. 10 ROS generation by a ruthenium(II) complex inside bacterial cells: (A) hydride transfer 
mechanism in formate abundant Gram+ strains and (B) SET mechanism in formate deficient strains.44 
 

The main reaction performed in cellulo by Ru complexes were initially limited to the decaging 

of an alloc protecting group. In the initial reports, this was only achieved by adding exogenous 

thiols in addition to the catalyst and substrate. This was later improved by the development 

of systems that only required endogenous thiols for the decaging to occur. More recent 

reports have significantly expended the scope of transformations that could be enabled by 

ruthenium complexes in cellulo, adding isomerization or cycloadditions, for example. On a 

more critical note, intermolecular reactions between two distinct exogenous substrates, such 

as the [2+2+2] cycloaddition, despite their conceptual interest, might be very challenging to 

be transposed in the clinic, due to the use of several independent molecules together. 

 

2.2 Photocatalysis 

As stated above, Ru complexes are well-known for their photochemical properties, including 

in a biological environment, 45 paving the way to its application as photocatalyst in cellulo. 

Following their initial work with [Cp*Ru(cod)Cl] (1) for intracellular Alloc deprotection in 

"classical" thermal conditions, Meggers and colleagues reported in 2012 a ruthenium(II) aryl 
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complex 34 able to induce Alloc cleavage under light activation inside HeLa cells.46 Upon 

irradiation at λ ≥ 330 nm, the RuII complex 34 (Fig. 11) forms the [Cp*Ru(solvent)3]+ complex, 

which is catalytically active, by releasing the pyrene. The presence of thiols as nucleophiles is 

mandatory to perform the cleavage reaction. The catalyst 34 is more active in the presence 

of thiophenol than aliphatic thiols. Inside HeLa cells, 34 can perform the Alloc cleavage 

reaction to generate fluorescent rhodamine 3 from Alloc-protected rhodamine 2 (Fig. 11). 

HeLa cells were incubated with the caged rhodamine 2, washed to remove the non-

internalised, protected rhodamine, and submitted to the RuII complex 34 with or without 

external thiols. After irradiation of the cells for 10 min at λ ≥ 330 nm, the appearance of 

fluorescence due to rhodamine 3 was observed. Cells incubated with the catalyst 34 and 

thiophenol were found to exhibit a fluorescence intensity 70-fold higher than those without 

it. Without thiophenol, only a small increase of fluorescence was observed, thus 

demonstrating the need of using external additional nucleophilic thiol. 
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Fig. 11: Allylcarbamates (Alloc) cleavage by photo-activatable ruthenium(II) precatalyst 34 inside HeLa 
cells allowing spatial and temporal control of the reaction.46  
 

Winssinger and co-workers described in 2012 an abiotic photoreduction of azide-based 

immolative ligands by a [RuII(bipy)3]-type complex bearing a modified phenanthroline (Fig. 12-

A). The reduction leads to the intracellular uncaging of a rhodamine fluorophore 35 after 

visible light irradiation.47 The photoreduction of the azide to an aniline, according to the 

mechanism described in Figure 12A48, entails a decomposition of the immolative linker. The 

strategy uses one set of protein ligands that bind to an oligomeric receptor. Each protein 

ligand has been modified by conjugation with a different reactive partner: a rhodamine-based 

substrate or the RuII catalyst. The ligands have high affinity for the oligomeric receptor, 

bringing the two reactive partners into proximity upon binding, and inducing an increase of 



20 
 

the reaction rate (Fig. 12-B). This was achieved with three sets of ligands having affinity for 

three oligomeric receptors: biotin, desthiobiotin and raloxifene. The system was shown to 

release rhodamine upon visible light irradiation and in the presence of sodium ascorbate, 

which makes it suitable for in cellulo imaging. The authors studied the reaction inside PA01 

bacteria, having an acetyl CoA carboxylase (ACC) that uses biotin as a cofactor as oligomeric 

receptor. When bacteria were irradiated with a 455 nm LED lamp for 30 min, an 8-fold 

increase in fluorescence was observed, thus demonstrating the fluorophore release. Finally, 

studies were performed in human HER2-driven oncogenic cell lines where ACC is known to be 

upregulated. It is also known that ACC is more abundant in BT-474 cells than MCF-7 cells. This 

was an opportunity to uncover whether it was possible to determine the cell type depending 

on the fluorescence intensity. The authors showed that, after irradiation at 455 nm, there was 

a higher fluorescence intensity for BT-474 cells than for MCF-7 cells. As a conclusion it was 

suggested that this strategy could be more widely applied to uncage active biomolecules and 

pharmaceutical compounds in a specific target. For instance, it would be possible to target 

cells that overexpress certain oligomeric receptors. 
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Fig. 12 A) Mechanism of the photoreduction of the azide. B)[RuII(bipy)3]-type complexes and 
azide/rhodamine substrates linked to protein ligands for intracellular protein templated reaction 
induced by visible light irradiation. Photoreduction of the azide to the aniline leads to immolative 
linker decomposition and uncaging of rhodamine. 47 
 

In 2013, Wissinger and coworkers showed that the photocatalysed reduction of azide-

triggered immolative linkers with [Ru(bpy)3]2+ complexes could be applied in cells to detect 

and image miRNA.49 miRNAs are responsible for the regulation of almost 30% of human 

genes, and the alteration of their activity is at the origin of the development of some cancers, 

hence the interest in their imaging and location. This study focused on miRNAs miR-21 and 

miR-31 as they are overexpressed in certain types of cancers. The imaging probe consisted in 

two strands of peptide nucleic acid (PNA) that are complementary to two different portions 

of the targeted miRNA. One PNA is bearing a lysine residue and the luminescent RuII complex 

on its C-terminus. The N-terminus side of the other PNA was conjugated to a molecule 

containing an azide and a caged rhodamine. Hybridisation of both PNAs and the targeted 

miRNA would place the Ru complex and the caged fluorophore in proximity and therefore 



22 
 

accelerate the reaction of uncaging by the Ru (Fig. 13). For both miRNAs, the authors also 

made equivalent mismatched probes, where the PNA strand does not correspond to the 

miRNA targeted strand, as a control. This approach was tested inside BT474 cancer cells that 

overexpress miR-21 and HeLa cells that overexpress miR-31. In both cases, an increase in 

fluorescence inside the cells was observed after visible light irradiation, therefore 

demonstrating that the nucleic acid templated reaction takes place in cells leading to the 

release of the active fluorophore. Tests performed with the mismatched probe or inside cells 

with no expression of the target miRNAs revealed no fluorescence, indicating that the PNA 

strands did not bind to the miRNAs in the control experiments and therefore did not bring the 

reagents into proximity. The authors believe that this technique could be expanded to the 

release of masked bioactive molecules. 
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Fig. 13 Nucleic acid templated reaction catalysed by [RuII(bipy)3]-type complexes under visible light 
irradiation for imaging of miRNAs in BT474 and HeLa cancer cells.49 

In 2015, Wissinger and co-workers extended this strategy by using the Ru photocatalyst 36, 

to generate a quinazoline precipitating dye 38 that can be imaged in cells (HEK293T, MCF-7 

and human bone cancer cells) upon two-photon excitation (730 nm) (Fig. 14).50 In this study, 

complex 36 was linked through phenanthroline to a ligand for specific targeting of proteins 

either in the intracellular membrane, in the cytosol or in the nucleus. After incubation with 

cells, the ruthenium-tagged proteins could be localised in their specific cell compartment 

through luminescent imaging. Thanks to specific protein targeting by the catalyst, the photo-

induced (at 450 nm) azide reduction reaction can occur in several chosen subcellular 
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locations. When R is a ligand targeting oestrogen receptor inside MCF-7 cells, the receptor 

induces nuclear translocation of the Ru photocatalyst 36, which once located inside the 

nucleus of the cells can still perform the photo-induced azide reduction of 37 into the 

quinazoline precipitating dye 38 inducing luminescence in the nucleus. Other subcellular 

locations such as mitochondria can be targeted by using O6-benzylguanine as ligand. 
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Fig. 14 Azide reduction of pro fluorescent probe inside different cells lines by the ruthenium(II) 
complex 36, which is conjugated with a protein ligand R, allowing specific localisation of the reaction 
in targeted parts of the cell by two-photon excitation at 730 nm.50 

In 2013, Nakamura and co-workers developed a new strategy to selectively modify a protein 

based on local Single Electron Transfer (SET) catalysis induced by the [RuII(bpy)3]2+ complex 

39 (bpy = bipyridine) after visible light irradiation inside mouse erythrocytes.51 The strategy 

lies on the linkage of the Ru photocalyst to a ligand of the protein of interest. After visible-

light irradiation, the activated RuII* performs a SET reaction onto a tyrosine residue of the 

protein to form the tyrosyl radical and is oxidised to RuIII (Fig. 15). The resulting tyrosyl radical 

can then react with a fluorescent tyrosyl radical trapping (TRT) agent 40 to label the protein. 

By using the RuII complex 39 conjugated with benzene sulfonamide (a ligand of carbonic 

anhydrase CA) in mouse erythrocytes the labelling reaction of CA was possible, without 

modification of other proteins. These results demonstrated that this visible light-induced SET 

reaction was suitable for bioorthogonal intracellular protein modifications. In order to 

overcome limitations of the fluorescent labelling, biotin-conjugated TRT could also be used to 

enable streptavidin-based detection methods. 
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Fig. 15 Intracellular visible light-induced targeted protein modification by Single Electron Transfer 
(SET) catalysed by [RuII(bpy)3]2+ complex 39 in mouse erythrocytes. Labelling of carbonic anhydrase 
(CA) by using a benzene sulfonamide-conjugated Ru photocatalyst and a bioti N-modified tyrosyl 
radical trapping agent.51 

In 2015, the same authors reported a similar strategy for inactivating intracellular proteins 

through visible light stimulus, using RuII complexes conjugated with ligands for selective 

protein targeting.52 Upon irradiation but in the absence of tyrosyl radical trapping (TRT) 

agents, [RuII(bpy)3]2+ type complexes such as 41, were shown to generate singlet oxygen 1O2 

leading to the oxidation of histidine, tryptophan and methionine residues in the vicinity of the 

protein ligand site, leading to the subsequent and selective inactivation (i.e. knock-down) of 

the protein (Fig. 16). The formation of 1O2 was detected by using singlet oxygen green sensor 

(SOSG). This knockdown reaction was applied inside A431 cells with the RuII complex 41, 

which was conjugated to gefitinib (in red, Fig. 16), a ligand for the epidermal growth factor 

receptor (EGFR) (overexpressed in A431 cell membranes). Incubation of A431 cells with the 

Ru-gefitinib compound 41 followed by visible light irradiation was shown, by immunoblotting 

analysis, to induce a decrease of intracellular EGFR level without affecting other proteins 

(such as Akt, PkCα, tubulin and actin). The 1O2-mediated oxidation of EGFR residues likely 

leads to cross linking of the protein with other proteins or to 24ligomerization of EGFR, as 
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suggested by the observation of a ladder of bands of higher molecular weights by 

immunoblotting analysis with an anti EGFR antibody. Addition of TRT in the cell medium 

resulted in the recovery of the labelling property of the [RuII(bpy)3]2+ type complex 41 along 

with inhibition of its knockdown property.  
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Fig. 16 Ru-gefitinib photocatalyst 41 reported by Nakamura et al. for targeted knockdown of the 
epidermal growth factor receptor (EGFR) protein within A431 cells.52 
 

In 2021, Mascareñas and co-workersreported a series of ruthenium-arene sandwich 

complexes 34, 42 and43 able to catalyse azide-thioalkyne cycloadditions (RuAtAC) under UV 

light irradiation at 365 nm in biorelevant media such as PBS buffer, cell culture milieu (DMEM) 

and HeLa cells lysates (Fig. 17).53 Complex 34 can be used as precatalyst to perform RuAtAC 

even at diluted concentrations (250 µM). This method was used to modify peptides and 

oligonucleotides having an azide function by reaction with thioalkyne-substituted molecules. 

Using this strategy, a fluorophore such as rhodamine was introduced on a DNA fragment. 

Furthermore, experiments were performed in DMEM-HEPES containing HeLa cells, by mixing 

the thioalkyne, the azide, and the ruthenium catalyst (with irradiation for 15 min). After cell 

treatment, the cyclisation product was observed both in the extracellular media and in the 

cellular content. However, the authors considered that it is likely that at least part of the 

product internalises after being formed. We note that, in 2012, Meggers et al. used also the 

ruthenium complex 34 to perform the cleavage of allylcarbamates inside HeLa cells, 

suggesting that the reaction could take place inside cells. 
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Fig. 17 Photo-induced azide-thioalkyne cycloaddition promoted by ruthenium(II) complexes 
34, 42-43 in HeLa cells.53 

The development of photocatalysis allowed to broaden even further the reaction 
spectrum available by Ru catalysts. The use of azides that can be photoreduced or 
coupled with an alkyne in a dipolar cycloaddition have been of particular interest. The 
spatial and temporal addressing that is brought by the use of light as the trigger is of 
course a key feature of these transformations, which can be as diverse as protein 
modifications with exogenous substrates or photodynamic therapy using endogenous 

oxygen. 3. Iridium 

Iridium complexes have been found to have very interesting properties as anticancer agents 

and photosensitizers for photodynamic therapies.54–57 Furthermore, some iridium(III) 

complexes can interact with intracellular NAD(P)H to form hydride complexes. This feature 

was exploited by several research groups to develop IrIII-based catalytic and photocatalytic 

systems in normal and cancer cells to unbalance cell redox equilibrium through generation of 

reactive oxygen species (ROS) or to reduce carbonyl functions on organic substrates. 

Furthermore, the properties of some IrI complexes to generate η3-allyl intermediates have 

been exploited in cells for decaging allyloxycarbonyl-protected profluorophores and prodrugs 

in the presence of nucleophiles such as GSH. 

3.1 Catalysis 

In 2014, Sadler and coworkers reported two organoiridium(III) complexes 44-45 able to 

increase the level of reactive oxygen species (ROS) inside cancer cells (Fig. 18).58 Their 

anticancer activity against human ovarian A2780 cancer cells was first tested. An IC50 of 120 

nM was measured for complex 45 which was found to be 6 times more active than the 

complex 44 and almost 10 times more than cisplatin against this cell line. A screening of the 

anticancer activity on approximately 60 human cancer cell lines showed that complex 45 
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exhibited a high efficiency against a wide range of cancer cells. By using the NCI COMPARE 

algorithm, which quantitatively compares the selectivity for cancer cells of a compound to a 

data base, no correlation was observed between the IrIII complexes 44-45 and reported 

platinum complexes, suggesting a different mode of action. A reaction pathway was 

proposed, in which the initial complexes 44-45 are hydrolysed into active [IrIII(OH2)]+ species, 

which can then perform redox catalysis in cancer cells by hydride transfer from NADH to 

iridium and then to dioxygen (Fig. 18). IrIII complexes 44-45 can be deactivated by reaction 

with GSH at different rates, complex 45 being less sensitive to deactivation. By using an 

inhibitor of γ-glutamylcysteine synthetase to decrease the GSH concentration, an increase of 

ROS was observed by flow cytometry, which could be correlated with an increase of 

anticancer activity of 44-45. 
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Fig. 18 Structures of IrIII complexes 44-45 inducing ROS production inside cancer cells and proposed 

reaction pathways for ROS generation and activation/deactivation of Ir complexes 44-45 inside 

mammalian cells.58 

 

In 2017, Do and coworkers designed an iridium(III) catalyst 46, which can perform hydride 

transfer from NADH to aldehydes, inside NIH-3T3 mouse embryo fibroblast cells, to generate 

alcohols (Fig. 19).59 The reaction was monitored inside cells by using a fluorescent probe 

Bodipy-CHO 47 presenting visible light absorbance (λmax = 480 nm) and having a reduced form 

(Bodipy-CH2OH, 48) which is about five times more emissive than the aldehyde. Fluorescence 

enhancement was observed when incubating the cells with both the probe and the complex, 
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indicating the successful reduction of the probe whereas control experiments (Bodipy-CHO 

without 46), showed no effect. Moreover, the morphologies of the cells after exposure to 

complex 46 and cytotoxicity studies showed that 46 was nontoxic at the concentration used 

(20 µM). The need for NADH to perform the reaction was studied by using sodium pyruvate 

to inhibit NADH generation. Under these conditions, no fluorescence enhancement was 

observed, clearly indicating that no reaction can take place without NADH. 
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Fig. 19 Hydride transfer reaction catalysed by IrIII complex 46 inside NIH-3T3 mouse embryo 
fibroblast cells inducing intracellular fluorescence enhancement.59 
 
In 2021, Sasmal and coworkers reported organoiridium(I) complexes 49-51 (Fig. 20) capable 

of cleaving allyloxycarbonyl(Alloc)-protected amines 52 in phosphate-buffered saline (PBS) in 

the presence of GSH. The reaction also occurs in HeLa cell lysate, and inside HeLa cells using 

the IrI complex 51, without any other exogenous agents (Fig. 20A).60 Within HeLa cells, the 

catalyst was shown to be active for the cleavage of Alloc groups on protected rhodamine 2 

(Fig. 20B), which once decaged into 3 is fluorescent, and for the decaging of the Alloc-

protected doxorubicin anticancer prodrug 5. The iridium complex 51 was found to be non-

cytotoxic at 20 µM and to exhibit a long period of activity, suggesting negligible deactivation 

in the biological medium. Inductively coupled plasma mass spectrometry (ICP-MS) showed 

high Ir accumulation in the cytosol, suggesting the reaction to mostly occurs in the 

cytoplasm. The nature of the ligand L was found to be important. For instance, complex 49 

was found to be inactive, which can be explained by the hydrophobicity of PPh3, leading to 

low solubility in water. Furthermore, the authors suggested that the bulky structure of PPh3 

could cause steric hindrance, impeding substrate binding. 
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Fig. 20 Allylcarbamate (Alloc) cleavage reactions by IrI complexes 49-51 use in PBS buffer and within 
HeLa cells for decaging of protected rhodamine (R = Alloc).60 

Although there are fewer examples than with Ru, Ir complexes can also catalyse uncaging 

reactions without the need to add external nucleophiles for deprotection. It is quite 

noteworthy that these complexes can react with endogenous biomolecules such as NADH to 

exert their catalytical activity (e.g., ROS production or alcohol oxidation). Alleviating the need 

to add exogenous reagents is indeed very promising for future medical applications. 

 

3.2 Photocatalysis 

In 2019, Gasser, Chao, Sadler and coworkers reported a photocatalytically active iridium(III) 

complex 53 catalysing photoredox oxidation of NADH within several cancer cell lines such as 

NCI-H460, HeLa, HepG2 and SGC-7901 under visible light irradiation (λ = 450 nm or 465 nm). 

Complex 53 was found to be active both under normoxia (20% O2) and hypoxia (1% O2), where 

photochemotherapeutic agents used in PDT are usually less effective. The authors showed 

that the light-activated IrIII* catalyst acted as a strong oxidant, able to generate NAD• radicals 

through direct oxidation of NADH. Under hypoxia, cytochrome c (Fe3+, Cyt cox) acted as a co-

oxidant to regenerate IrIII from IrII in the catalytic cycle but also to form NAD+ from NAD• (Fig. 

21).61 This induces an imbalance of cell redox equilibrium, leading to cell death. In cells, 53 

was found to mainly localised in mitochondria. In the dark, 53 was found to be nontoxic for 

cells at the active concentrations used, an important property to reduce side effects of 
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therapeutic treatments. 53 was also found to be photostable under visible light irradiation. 

Finally, 53 was shown to be active toward A549 lung cancer multicellular spheroids of ~800 

μm diameter after two-photon irradiation (760 nm) thus demonstrating its potential for 

treatment of large or deep-seated tumours. By comparison, 5-ALA (a photosensitizer 

precursor) and cisplatin, used as controls, did not present any photocytotoxicity on the same 

tumor models. 
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Fig. 21 Photoredox IrIII-based catalytic cycle proposed by Sadler et al. for in cellulo light-induced NADH 
oxidation under hypoxic conditions.61 

In 2021, Huang et al. presented an organoiridium(III) photocatalyst 54 with a coumarin-based 

ligand, which exhibits excellent biocompatibility (Fig. 22).62 In cellulo, 54 was found to be 

active after visible light irradiation (λ = 465 or 525 nm) and to allow the oxidation of NADPH 

and amino acids via single electron transfer (SET) with high turnover frequency. The photo-

induced oxidation reaction imbalances cell redox equilibrium by oxidising34 NAD(P)H and 

generating ROS. It also induces changes in mitochondrial membrane potential, leading to 

necrosis and apoptosis of cancer cells. 54 was found to be nontoxic towards both normal and 

cancer cells in the dark but is highly cytotoxic after light exposure towards cancer cells 

including sorafenib-resistant (HepG2-SR) and cisplatin-resistant cells (A549R). In HepG2 cells, 

54 was found to be three times less active under hypoxia (5% O2) than under normoxic 

conditions (20% O2), showing the important role of O2 in the mode of action. In contrast to 

previously described IrIII photocatalysts, it was proposed that the IrIII catalyst acted as a strong 

excited-state reductant, leading to direct intracellular O2•– production from O2. The IrIV 

intermediate is then reduced to IrIII by NAD(P)H to close the catalytic cycle, generating NADP• 
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(Fig. 22). Due to its hydrophilicity, the cellular uptake of 54 was found to be low (in CNE-2Z 

cells) but to be enhanced after photoexcitation, leading to a distribution both in lysosome and 

mitochondria, determined by confocal microscopy without washing before irradiation. The 

photocatalytic system was shown to be highly biocompatible in vivo inducing no damage to 

tissues in zebrafish embryos in the dark. Finally, 54 showed light-induced activity against 

mouse CT26 colon carcinoma model with significant decrease of tumor volume and weight 

after light irradiation (465 nm). 
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Fig. 22 Biocompatible IrIII complex 54 developed by Huang et al. and proposed photoredox IrIII/IrIV-
based catalytic cycle for in cellulo light-induced ROS generation and NAD(P)H reduction in the 
presence of O2.62  

 

Iridium photocatalysis has been developed very recently and so far only for photodynamic 

therapy purposes. In this setting, the possible reaction with NADH greatly improves the 

therapeutic scope of theses complexes as they can thus be applied in hypoxic environments. 

 

4. Palladium 

Palladium is a prime metal for organometallic catalysis, it is therefore logical that it has been 

investigated for in cellulo systems. Homogeneous and heterogeneous systems have been 

used. For instance, Palladium-based bond cleavage catalysis in living systems was performed 
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by using Pd nanoparticles,20 which operate in the extracellular medium. Such approaches 

require  implanting Pd resins on the reaction site. Cleavage reactions catalysed by 

heterogeneous catalysts can also be induced inside cells but encountered some issues such 

as poor cellular uptake, poor solubility, or instability of the Pd nanoparticles under biological 

conditions. Therefore, various well-defined PdII and Pd0 complexes have been tested for 

intracellular "homogeneous" catalysis. Examples of cross-coupling reactions have been 

reported in bacteria and on mammalian cell surface.63–65 However, the main applications of 

discrete Pd complexes lie in allyl, propargyl and allenyl cleavage reactions for prodrug and 

profluorophore activation as well as nitric oxide (NO) release in various type of cells. No 

photocatalytic application of Pd complexes have been reported to date to the best of our 

knowledge. 

 

In 2011, Lin and coworkers reported a copper-free (Heck-Cassar) Sonogashira cross-coupling 

reaction in E. coli cells. The coupling reaction involved fluorescein iodide 55 and 

homopropargylglycine-encoded-Ubiquitin (HPG-Ub) with one HPG at its C-ter (Fig. 24A).65 

After screening of several palladium ligands to perform Sonogashira cross-coupling reactions 

in water, the robust aminopyrimidine/PdII complex 56 was selected for evaluation inside E. 

coli. HPG-Ub-overexpressing M15A cells were incubated with 1 mM of palladium complex, 

100 µM of fluorescein iodide and 5 mM of sodium ascorbate in PBS buffer. After 4 h at 37 °C 

and after washing, cells incubated with the palladium complex showed green fluorescence 

under 365 nm excitation while the negative control (cells not incubated with the palladium 

complex) did not. This result was confirmed by SDS-PAGE after cell lysis, suggesting that the 

cross-coupling reaction takes place inside the bacteria. We note that this cross-coupling 

reaction requires incubation with 50 equiv. of the Pd complex per protein substrate to be 

efficient. Moreover, some level of toxicity was observed when cells where incubated with PdII 

complex 56 without preactivation, whereas with preactivation, no toxicity was observed. This 

preactivation consists in stirring for 1 hour before addition of a mixture of the fluorescein 
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iodide 55, the PdII complex 56 and sodium ascorbate at 37 °C.
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Fig. 24 (A) Copper-free Sonogashira cross-coupling reaction inside E. coli for fluorescent labelling of 
HPG-Ub protein by modified fluorescein using a discrete PdII precatalyst. (B) Sonogashira cross-
coupling labeling of Myoglobin inside E. coli.65,66 

Later, in 2014, Lin and coworkers reported a Sonogashira cross-coupling reaction inside E. coli 

and on mammalian cell surface involving an alkynyl-modified protein and an aryl-iodide using 

the Pd-based complex 56.66 E. coli DH10B cells, which express the modified myoglobin protein 

containing modified lysine bearing a butynyl group (57), were incubated with a solution of the 

active Pd complex 56 freshly preformed in DMSO from Pd(OAc)2, an aminopyrimidine ligand, 

fluorescein iodide 55 and sodium ascorbate (Fig. 24B). The C–C coupling reaction was 

monitored by in-gel fluorescence and SDS-PAGE of the modified protein (58). 

 

In 2013, Chen and coworkers also developed a Sonogashira cross-coupling reaction between 

a green fluorescent protein (GFP) bearing an alkyne group 59 and a fluorophore (Fluor 525) 

linked to an iodophenyl group 60, inside E. coli and pathogenic Shigella bacterial cells (Fig. 

25).67 The activity of twelve commercially available Pd complexes was studied, showing that 

Pd(NO3)2 was the most active catalyst. A ligand-free approach presents assets because the 

catalyst can be transposed from in vitro to in vivo catalytic reactions without looking at the 
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ligand cell permeability. No loss of fluorescence was observed in the presence of Pd(NO3)2, 

suggesting no denaturation of fluorescent GFP. Similarly, the fluorescence of the more fragile 

protein luciferase remained intact in the presence of Pd(NO3)2, suggesting no denaturation. 

Moreover, Pd(NO3)2 can pass through the cellular membrane of E. coli and Shigella bacterial 

cells and was shown to be non-cytotoxic towards these cells at concentration used (C= 200 

µM) thus demonstrating its biocompatibility. However, comparison with previous results 

from the literature led the authors to suggest that the Pd(NO3)2-induced reaction might 

involve Pd nanoparticles that could be formed in the presence of sodium ascorbate. It is 

important to note that the use of Pd(NO3)2 allowed efficient coupling reactions to take place 

with only 2 equiv. of Pd per protein substrate. The catalytic system was applied to develop 

bioorthogonal labeling and tracking of toxin proteins in Shigella pathogens. 
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Fig. 25 Sonogashira cross-coupling inside E. coli or Shigella cells with Pd(NO3)2 as precatalyst for 
coupling of fluorescent protein GFP with Fluor 525 and bioorthogonal labeling of toxin proteins in 
living pathogenic Shigella cells.67 

In 2014, Chen and coworkers reported that palladium complexes were able to induce 

cleavage reactions of allyl or propargyl carbamate groups inside cells such as HeLa, HEK293T, 

NIH3T3 and A549 cells.68 The cleavage activity of a series of commercially available 

Pd0/PdII/PdIV precatalysts 62-67 was studied using the protected profluorophores 61 and the 

Alloc-protected rhodamine 2 as probes (Fig. 26). Pd(dba)2 (65) (Pd0) and Pd2(allyl)2Cl2 (66) 

(PdII) were found to be the most active complexes of the series and were both more active 

for propargyl than allyl cleavage. The addition of an organic ligand (68-70) was found to 

decrease complex activity. In HeLa cells, complexes 65 and 66 were found to be non-cytotoxic 

at 10 µM while still being active. Moreover, the reaction could be performed on different 
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proteins without denaturation. Pd2(allyl)2Cl2  (66) was also shown to be active inside HeLa 

cells for the cleavage of propargyl groups on modified proteins (such as GFP), protected by a 

propargyl group on a lysine residue as in 71. After incubation of the cells with Pd2(allyl)2Cl2 

(66) and the modified protein, the propargyl-cleavage was quantified by gel fluorescence 

through labeling of the unreacted protein using a click reaction, showing an efficiency of 31%. 

The authors suggested that the low yields could be correlated to low concentration of the 

protein of interest and of the nonspecific absorption of palladium complexes, leading to low 

effective catalyst concentration in cells. Despite this disadvantage, the Pd-mediated propargyl 

cleavage reaction was used for restoring the activity of inactive modified (enzymatic) 

proteins. For instance, in Shigella type III cells, a phosphotreonine lyase (OspF) induces the 

dephosphorylation of phosphorylated Erk (pErk). The mechanism involves Lys 134 as a 

residue. Substitution of this residue by propargyl-Lys (ProcLys) induces loss of enzyme activity. 

The cleavage of the propargyl on ProcLys-134 by Pd(OAc)2 (62) occurred with a yield of 28% 

within host cells (followed as before by gel fluorescence after click reaction), inducing the 

restoration of over 80% of enzyme activity compared to wild type for pErk dephosphorylation. 

This process was shown to take place in the cell nucleus. 
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Fig. 26 Alloc and propargyloxycarbonyl deprotection of profluorophores by palladium 
complexes inside cells.68  

In 2016, Chen and coworkers reported the cleavage of allenyl groups on tyrosine residues on 

several proteins inside cells by using palladium complexes Pd(dba)2 (65), Pd2(allyl)2Cl2 (66), 

Pd(TPPTS)4 (72) and Pd(TAPAd)4 (73) (Fig. 27).69 The bond cleavage reaction was studied in 

vitro on purified proteins and inside HEK293T cells. The authors showed that complexes 

65,66,72,73 could catalyse the cleavage of a GFP modified by an allene group on the Tyr149 

residue (GFP149AlleY) at a concentration of 10 µM. Pd(TAPAd)4 (73) was found to be the 

most active compound in vitro whereas Pd2(allyl)2Cl2 (66) was the most active in living cells. 

This difference of activity was linked to a difference in the cellular uptake of the complexes 

that was quantified by ICP-MS. Allenyl cleavage was also performed on other proteins inside 

HEK293T cells: Pd(dba)2 (65)and Pd2(allyl)2Cl2 (66) could rescue enzyme activity by cleaving 

allenyl groups on the tyrosine residue involved in enzyme activity. The activities of a 

phosphorylase (Src) and a protease (anthrax lethal factor) that had been inactivated were 

rescued by incubating cells with 20 µM of complexes 65 or 66. 
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Fig. 27 Allenyl group cleavage on tyrosine residue inside HEKT297T cells to restore the activity of Tyr-
dependent enzymes.69 

In 2017, Bradley and coworkers developed a discrete organopalladium catalyst able to 

catalyse propargyl-cleavage of Proc-rhodamine 61 inside human PC-3 cancer cells.70 Complex 

74 is composed of an NHC ligand linked to a polycationic cell penetrating peptide (tri-lysine), 

which is itself bound to a Cy5 fluorophore (Fig. 28). Inside cells, 74 is mainly distributed in the 

cytosol but was also detected inside the nucleus. This distribution was monitored by 

fluorescence thanks to the rhodamine probe. 74 showed a low cytotoxicity toward PC-3 cells: 

no cytotoxicity was observed even at 200 µM. For in cellulo catalysis, PC-3 cells were 

incubated with 30 µM of 74, the extracellular catalyst was washed, and 50 µM of Proc-

rhodamine 61 was added. The formation of rhodamine 3 was verified by flow cytometry, 

indicating that 74 was catalytically active for the propargyl-cleavage of Proc-rhodamine 61 

inside PC-3 cells. 
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Fig. 28 Propargyl deprotection of a profluorescent probe by a discrete palladium complex 
inside PC-3 cancer cells. The ligand is linked to a polycationic cell penetrating peptide to favor 
cellular uptake.70 

In 2018, Huang and coworkers reported the use of Pd(dba)2 as a biocompatible Pd0 catalyst 

to induce bond cleavage of O2-alkyl-derived diazeniumdiolates 76-84 and release nitric oxide 
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(NO), via the intermediate 75, inside living cells to control cell growth.71 O2-propargyl- (76-

80), O2-allyl- (81) and O2-(4-alkyloxybenzyl)-diazeniumdiolates (82-84) have been evaluated 

as substrates for intracellular N–O bond cleavage inside HCT116, A549, HL-60, and OVCAR5 

cancer cells (Fig. 29). Cells were preincubated with 1 µM of Pd(dba)2 and washed before 

incubation of 1 µM of the diaeniumdiolates derivatives (76-82). Under these conditions, 76 

and 78 were found to be the most efficient substrates to release NO, inducing significant 

inhibition of cell growth after 48 h in the presence of Pd(dba)2 (65). Control experiments 

without Pd(dba)2 (65) showed that the antiproliferative activity of 76/78 was ca. 17 times 

lower on HCT116 and A549 cells and even lower on human normal colonic epithelial cells (IC50 

= 68.1 µM for colonic cells compared to 27.2 µM and 33.9 µM, respectively for HCT116 and 

A549).  
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Fig. 29 Cleavage of different protecting groups by Pd(dba)2 inducing NO releasing in living 
cancer cells.71 

In 2018, Mascareñas and coworkers designed several palladium(II) complexes 87-92, bearing 

a variety of N, S or P ligands, which were found to be catalytically active in water for the 

cleavage of propargyl protecting groups on a phenol derivative 85 (Fig. 30) or for an Alloc 

group deprotection on rhodamine 2.72 The activity of the PdII complexes 87-92 was then 

tested in cell lysates and in living mammalian cells (Vero and HeLa cells). Catalysts bearing 

phosphine ligands (89-92) were shown to be the most active inside cells although the yields 

were still low for the propargyl and Alloc cleavage. This observation suggested a superior 

stability of the phosphine ligands in biological media (compared to N and S ligands). 

Moreover, the phosphine palladium complexes were found to have a superior cellular uptake 
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while being nontoxic at a concentration of 50 µM. Phosphine ligands are an asset in this study 

since they can be easily modified to modulate reactivity, cellular uptake, or to target cells: a 

phosphonium group or a hydrophobic pyrene group can lead to a preferential accumulation 

of the catalyst in mitochondria. 
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Fig. 30 Propargyl cleavage on a profluorophore catalysed by well-defined palladium(allyl) complexes 
in Vero and HeLa cells.72  

In 2019, Bradley, Lilienkampf and coworkers reported the propargyl-cleavage of an anticancer 

protected prodrug 93 inside MCF-7 cells by the NHC-PdII catalyst 95 (Fig. 31).73 Complex 95 

showed a good activity at 10 mol% for the cleavage of propargyl-5-FU (5-pFU, 93) in MCF-7 

cells after 24 h incubation with 93. This cleavage reaction lead to the release of 5-FU (94) an 

anti-cancer drugs. The PdII catalyst 95 was also found to be catalytically active in 3D cancer 

cell culture (cancer cell spheroids) for the cleavage of propargyl group on 5-pFU 93. In this 

case, the toxicity generated through the deprotection of the prodrug 93 by the PdII complex 

95 was found comparable to that of the control experiment with 5-FU (94). The cleavage 

reaction occurred inside and outside the cells.  
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Fig. 31 Propargyl cleavage of a prodrug inside MCF-7 cells and in a tumor model using a well-defined 
NHC-PdII precatalyst.73 

In 2022, Bernardes and coworkers demonstrated that O-protected or N-protected prodrugs 

and profluorophores protected by allyl ether or allyl carbamate groups could be deprotected 

in living cells using Na2PdCl4 as a simple source of water-soluble palladium(II) (Fig. 32).74 

Na2PdCl4 is a good candidate for intracellular uptake, better than the Pd0/TPPTS system 

employing a water-soluble phosphane ligand. The system was shown to be operative in SKBR3 

breast cancer cells. After preincubation with Na2PdCl4, cells were submitted to sodium 

ascorbate and then incubated with the substrates. The PdII precatalyst is reduced in cellulo 

into active Pd0 species by sodium ascorbate (no decaging reaction was observed in its 

absence). The exact structure of intracellular catalytically active Pd0 remains to be clarified 

although kinetic studies suggest the contribution of nanoparticles in the reaction. The method 

was applied for in cellulo bioorthogonal cleavage of allyl group on O-protected Duocarmycin 

97 and of Alloc group on N-protected Doxorubicin 6 (two anticancer prodrugs) inside SKBR3 

breast cancer cells. In both cases, the cytotoxic activity of the free drugs 5 and 96 was 

recovered after sequential incubation with Na2PdCl4 and then sodium ascorbate. 
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Fig. 32 Allyl ether or allyl carbamate cleavage by a palladium complex inside SKBR3 cells.74 

 

In 2022, Mascareñas and coworkers reported a new approach for controlling DNA binding 

based on a palladium(0)-mediated uncaging process in mild and physiological conditions (Tris 

buffer). The authors designed a dimer, based on basic leucine zippers (bZIP) linked with a 

phenol derivative protected with a propargyl group 98, which is cleavable on demand using 

Pd(allyl) precatalysts 66-90 (Fig. 33).75 The propargyl-cleavage of the phenol leads to a chain 

reaction, releasing the two monomers (Fig. 33). The dimeric form 98 has a good affinity for 

DNA unlike the monomer 99. The binding of DNA could therefore be modulated by the 

addition of a PdII precatalyst. This on/off process has been performed in biological conditions 

but never in cellulo nor in vivo. Considering that this kind of propargyl-cleavage reaction has 

already been undertaken in cellulo with this family of PdII catalysts,9 the authors suggested 

that it was likely possible to be transposed in living cells.  
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Fig. 33 Control of DNA binding based on a palladium-mediated uncaging process in mild and 
physiological conditions reported by Mascareñas et al.75  

The use of palladium complexes has greatly expanded the range of transformations that can 

be achieved in cellulo, rendering possible C-C cross-coupling reactions for instance. 

Considering that all the potential of the Pd-catalysed reactions has not been reached yet, 

considerable breakthroughs can be expected in the future. Within ten years, noticeable 

improvements have already been brought regarding the catalyst loading, which was 

drastically reduced. However, it is still often difficult to unambiguously identify the active 

species (that could be palladium(0) nanoparticles) present in the cells. 

 

5. Platinum 

Platinum complexes have been widely used in organic chemistry but their application in 

cellulo as catalyst is rare and limited by the toxicity of some PtII complexes. However, PtIV 

complexes are less toxic and can be designed bearing a photosensitizer (Riboflavin or 

Pyropheophorbide) able to perform photoreduction of PtIV in PtII within cells inducing the 

targeted release of cisplatin (CisPt) or analogs.76,77 Recently, Bernardes and coworkers 

reported a bond cleavage reaction of pentynoyl amides and N-propargyl groups by using 

platinum catalysts (K2PtCl4 and CisPt) to release secondary amines from stable tertiary amides 
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(Fig. 34).78 This reaction was used to decage 100, a caged anticancer agents monomethyl 

auristatin E (MMAE) and 5-pFU 93 , to induce cytotoxicity in mammalian cell cultures. 

Unfortunately, it turned out that CisPt was too toxic at the concentration required for 

catalysis (C=2.5 µM). In contrast, K2PtCl4 was found not to affect HeLa cell viability at 

concentrations below 50 mM where catalyst loading is still efficient. Incubation of HeLa cells 

with K2PtCl4 and the prodrugs induces a two-fold increase in toxicity compared to control 

experiments with a non-decaging derivative or with 5-pFU 93 alone. In colorectal Zebrafish 

xenograft model, this system induced a decrease of tumor sizes. Note that the presence of 

a nucleophile (such as glutathione) was found to lower the reaction rate even if the 

catalyst remained active. To overcome these issues, the team suggested the use of platinum 

nanoparticles or the optimisation of the complexes with new organic ligands to limit the 

deactivation.  
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Fig. 34 Pentynoyl and Propargyl amine deprotection of prodrugs by platinum(II) complexes inside Hela 
cells.76 

In 2020, Huang and coworkers proposed a solution to overcome the platinum toxicity issue 

by developing a PtIV catalyst 102 covalently linked to an O2-propargyl diazeniumdiolate 

moiety, which is non-toxic toward normal cells but is reduced in cancer cells by cytoplasmic 

reductants to form a PtII species.79 This reduction releases CisPt and O2-propargyl-caged 

diazeniumdiolate 103 (Fig. 35). Unlike PtIV, PtII catalyses the cleavage of O2-propargyl, leading 

to the release of NO donor 104 and finally NO. NO donors were previously studied for their 

antiproliferative properties against cancer cells and were found to have a potential as cancer 
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therapeutic agents. The PtIV complex 102 was shown to induce O/N propargyl bond cleavage 

in various molecules, under biocompatible conditions, in good yields and with high efficiency. 

The simultaneous release of CisPt and NO induces selective and synergistic anticancer activity 

in vivo.80–83 PtIV complex 102 enters the cells and has a higher toxicity against human ovarian 

cancer A2780 cells compared to normal IOSE80 epithelial human cells. This strategy is flexible 

and could be used to decage other molecules of interest for several biological applications. 
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Fig. 35 O2-propargyl cleavage and NO release inside A2780 cells using a platinum(IV) precatalyst of low 

toxicity.79 

While platinum salts are part of the WHO Essential Medicine List, or maybe because of this, 

their in vivo applications as catalyst remain rather scarce. This can also be due to the harsh 

conditions (such as prolonged heating) that are usually required for platinum catalysis to be 

efficient, which makes it, in most cases, inapplicable for biological applications. 

6. Gold 

While metallic gold is biocompatible, gold salts are well-known to be cytotoxic, therefore the 

development of ligands to prevent their toxicity is essential. Nevertheless, AuI and AuIII salts 

are also notoriously alkynophilic and triple bonds are very useful biorthogonal functions. 

Therefore, using AuI or AuIII-based catalysts to react with alkynes inside cell is a very attractive 

strategy.  

6. 1 Catalysis 

 

As AuIII is cytotoxic,4 the first work involving this salt in an in cellulo catalysis were aimed to 

detect traces of AuIII through a reaction that it would specifically catalyse. A series of systems 

were studied based on the same principle: generate a fluorescent probe upon reaction with 

AuIII. For instance, rhodamine derivative 105 was synthesised and incubated in HaCaT cells. 
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Without gold(III) salts no fluorescence was observed, while upon addition of AuCl3 or HAuCl4, 

the products rearranged into a fluorescent molecule 106.85,86 
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Fig. 36 Generation of fluorescence inside HeCaT cells by generation of 106 after incubation with 

AuIII.85,86  

The same principle has been used with other fluorophores like Bodipy87 or coumarins. Hence, 

Kim and co-workers developed a system based on an apo-coumarin 107 that is not fluorescent 

but upon a hydroarylation reaction selectively catalysed by AuCl3 the fluorescence is turned-

on with the formation of coumarin 108. 88 To determine the probe sensitivity, the emission 

spectra of a solution of the apo-coumarin 107 at several concentrations of AuIII was 

investigated. The limit of detection of the probe was determined to be 64 ppb (parts per 

billion), which meant the probe was relevant for biological applications since 40 ppm of AuIII 

are necessary to be strongly toxic (90% cell death) towards K562 human cells. Fluorescence 

imaging was successfully performed in HaCaT cells, with 10 µM of AuIII and 50 µM of the 

coumarin precursor 107. A blank experiment also confirmed that the presence of both the 

AuIII and molecule 107 was necessary to obtain fluorescence. Interestingly, in this case AuI 

complex, Ph3PAuCl, did not induce the turn-on of the fluorescence. 

Et2N O O
Au(III)

K562, HaCaT cells

Et2N O O

107
No fluorescence Fluorescence

108

 

Fig. 37 Gold(III)-catalysed hydroarylation of non-fluorescent 107 into fluorescent coumarin.88 

 

To operate the same reaction using AuI complexes Mascareñas and co-workers used AuCl 

complex 109 bearing a water-soluble ligand.89 The cytotoxicity of the AuI catalyst 109 as well 

as the colourless compound 111 and the green/blue product 113 were tested in HeLa cells. 
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None of them showed significant toxicity individually. Reactivity tests were carried out in HeLa 

cells incubated with 50 µM of the AuCl complex 109 and 100 µM of the colourless substrate 

111. Fluorescence developed in the cells incubated with both compounds. The authors also 

tested the capacity of different gold catalysts to enter cells. The cellular uptake of the 

complexes varied greatly depending on the ligands. AuIII complexes without the cage-like 

ligand of 109 have a much higher concentration inside cells but a lower catalytic activity, while 

the complex 109 has a considerably better catalytic performance. They also showed that this 

reaction could be achieved orthogonally compared to other metal-based catalysis, in 

particular ruthenium promoted allyl cleavage (Fig. 38). Cellular tests carried out in the 

presence of substrate 111 and 112 as well as the AuCl catalysts 109 and the ruthenium 

catalyst 110 revealed an infrared fluorescence coming from product 114 and a green and blue 

staining coming from product 113. Cross experiments also revealed that the ruthenium 

catalyst 110 could not promote the hydroarylation of 111 and the gold complex could not 

induce decaging of 112. This is an example of two biorthogonal reactions that are successful 

and compatible inside living cells.  
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Fig. 38 Simultaneous AuI and RuII catalysis inside HeLa cells. Gold-catalysed hydroarylation and allyl-

deprotection catalysed by Ru.89 
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To avoid cytotoxicity of AuCl, Mascareñas used a specific phosphine water soluble ligand. To 

use other ligands, such as NHCs, whose complexes with AuI are known to be cytotoxic, Zou 

and co-workers developed an in situ activation strategy for NHC-AuI complexes.90 The idea 

was to use NHC-AuI-alkyne complexes such as 115 which are known to be unreactive with 

thiols and therefore non cytotoxic. The authors confirmed their stability with bio-relevant 

thiols. They next studied the NHC-gold-alkyne complex as trans-metalation agent on a Pd 

complex. A series of PdII complexes were used and appeared to undergo transmetalation both 

in organic and aqueous solvents. The mixture of NHC-gold complex 115 and PdII salts in a 

buffer was also shown to induce the hydroarylation, already used before, to afford a 

fluorescent coumarin. For instance, NHC-Au complex 115 induced transmetallation on 

Pd(OAc)2 to eventually form Pd0 and NHC-AuOAc 116, which in turn catalysed the 

hydroarylation of 111 into fluorescent 113. Finally, this mixture was used to induce 

fluorescence inside A549 cancer cells and in zebrafish. The authors showed that only the 

mixture of the three components of the reaction, The NHC-Au 115 Pd complex, and the 

coumarin precursor, induced a significant increase in fluorescence, demonstrating that the 

transmetallation/hydroarylation sequence was at play in cellulo and in vivo. It is worth noting 

that if the gold complex seems non cytotoxic on a short period of time necessary for the 

reaction, longer incubation times induce cytotoxicity and angiogenesis perturbation in 

zebrafish. Therefore, this bimetallic strategy was also used to activate cytotoxicity of the gold 

complex in targeted cells. It is also clear from this example that ligand design is essential to 

obtain gold catalysts which are both reactive and not toxic. 
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Fig. 39 PdII-triggered transmetalation activates AuI compound 115 and induce hyroarylation of the 
coumarin precursor to form fluorescent coumarin in A549 cancer cells and zebrafish.90 
 

To apply gold catalysis within fully developed living animals Tanaka and co-workers developed 

a gold-complex conjugated to a protein capable of catalysing an amide bond formation.91 

Gold is used here to activate a propargyl ester to convert it into an amide. The authors showed 

that the presence of the gold catalyst 117 was necessary for the coupling of ester 118 with 

amine 119 (Fig. 40A). To target specific organs, the gold complex was conjugated to a 

coumarin that binds strongly to albumin forming complex 120. The albumin used here is 

heavily N-glycosylated with two types of oligosaccharides for liver targeting (Fig. 40B). The 

complex N-glycoalbumin/coumarin-gold was then studied. Two different compounds were 

tested, each having a different targeting glycan, as described in the team’s previous work:92 

Glyco-Au (Sia) with α(2-6)-disialoglycans, which targets the liver and galactose-terminated 

glycans Glyco-Au (Gal), which targets the intestines. In vivo tests were carried out on live nude 

mice. After injecting Gluco-Au systems in the mice, fluorescent propargyl ester probes were 

administered (Fig. 40C). The glycoalbumin system provided a targeted delivery of the AuIII 

complexes within the first 30 min. A selective labelling was revealed by the amide bond 

formation between the amines present at the surface of the targeted organs and the 

fluorescent ester probes. This system is very promising as it functions on living animals, but 

the cytotoxicity of the gold complex is not discussed here and should probably be investigated 

before further applications. 
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Fig. 40 A) Cyclometalated AuIII complex and preparation of glycoalbumins as “transition-metal 

carriers” to produce glyco-Au complexes. B) In vivo fluorescence labelling by 120 -catalysed amide 

bond formation between propargyl ester-based imaging probes and surface. 91 

Compared to platinum, gold catalysis generally requires milder conditions, making it more 

adequate for biological applications. In general, the reactions involve the 𝜋𝜋-activation of a 

triple bond, which grants them a high potential for bio-orthogonal tranformations and many 

developments are bound to follow these seminal studies. It is worth reminding that a gold 

complex (Auranofin) has been an approved drug, for rheumatoid arthritis, since 1985. 

6.2 Photocatalysis 

There is no in vivo photocatalysis involving gold described in the literature so far. Even though, 

Zou et al. described photoactivatable gold drugs,93 where the inactivity of Au-hydride 

complexes in the dark was exploited, as the dissociation of the hydride ligands only occurs 

when the compounds are irradiated by visible light.  
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7. Copper 

The copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) has gained tremendous 

attractivity for biological applications. This reaction connects a terminal alkyne and an azide 

to form a triazole and serves as a standard example of click chemistry.94 It is an improved 

version of the Huisgen cycloaddition that requires high temperatures and pressures. 

Sharpless and Meldal found that by using CuI as a catalyst it was possible to achieve much 

better reaction rates with milder and more achievable reaction conditions (Fig. 41).95,96 Its 

applications are extremely varied and include chemical biology, in particular by Bertozzi97. 

 

Fig. 41 CuAAC reaction. 

Yet, the classic CuAAC has some major disadvantages in terms of biorthogonality. It Is 

generally incompatible with thiols which are abundant inside cells. The CuAAC catalysts are 

usually deactivated by common cellular thiols. The major limitation is the reactivity and high 

toxicity of CuI ions. To overcome these drawbacks, researchers developed CuII catalysts that 

can be introduced in the living organism at a high concentration, and then reduced into CuI. 

However, this is not a perfect solution, as many reducing agents are often not biocompatible 

either. In 2011 Sletten and Bertozzi described one of the most elegant solution: a copper-free 

click reaction.98 They found that while linear alkynes were unreactive at physiological 

temperatures, cyclooctynes easily reacted with azide-labeled proteins or glycans. They 

successfully improved the reaction rates by adapting the cyclooctyne structure. In this metal-

centered review we focus on how other approaches were developed to implement 

biorthogonal CuAAC reactions with interesting biological applications.  

7.1 Catalysis 

 

Cai and co-workers investigated in 2017 the effect of the tris(triazolylmethyl)amine-based 

ligands on the CuAAC reaction performed inside living cells, using a biotin-coumarin-azide 

derivative as a probe (Fig. 42-A). The alkyne partner consisted of proteins that were 

metabolically modified to incorporate homopropargyl glycine (HPG).99 The coumarin moiety 

R N3 + H R'
Cu(I) N N

N

R'

R



51 
 

plays the role of fluorogenic indicator whilst the biotin moiety is an additional handle for other 

type of labelling (for example with fluorescin) via biotin-avidin interactions. Cell penetrating 

peptide Tat was attached to the ligand to enhance the efficiency, while avoiding cytotoxicity 

of the copper to make the CuI catalyst 121, produced in situ by copper sulphate and sodium 

ascorbate. The authors indeed observed that cell viability was higher in the presence of the 

ligands compared to the cells that were incubated with only CuI, even though the proliferation 

was slower than that of the control cells, without ligand or CuI. In cellulo reactions were 

performed in HPG-incorporating HUVECs and OVCAR5 cell lines and the best results were 

obtained for a ligand modified with the Tat peptide that facilitates cellular uptake. The cell 

viability remained above 75% and the efficiency of the reaction varied between the cytosol 

and the membrane. Yields were measured using a fluorogenic reaction assay. The standard 

for the 100% yield was measured by dissolving the membrane proteins with SDS, meaning 

that all alkyl groups of the cell were converted to an HPG-containing group. However, for live 

cell tests, only the HPG groups present at the cell membrane were available for the reaction. 

Therefore, the yields measured for reactions taking place on the membrane surface are 

considered to be underestimated. On the membrane surface, the yield could reach up to 18% 

while in the cytosol only 0.8% could be achieved. This was attributed to the presence of thiols 

such as GSH inside the cytosol, which hindered the reaction.  

One year later, Mascareñas and co-workers developed a discrete copper (I) catalyst 122 using 

the same tris(triazolylmethyl)amine-based ligand BTTE (Fig.42-B).100 In this study, the 

compound is capable of catalysing intracellular CuAAC annulations between two exogenous 

and freely spreading substrates without the need of sodium ascorbate. The reaction was 

performed between the 9-(azidomethyl)anthracene, that has almost no fluorescence, and an 

alkyl, to produce the fluorescent triazole 123. Tests were performed on HeLa and A549 cells, 

incubated with 50 µM of the copper catalyst 122, 100 µM of the azide and 200 µM of the 

alkyne. For this specific compound, no sodium ascorbate was necessary to assist with the 

reactivity. After 60 minutes, the researchers could observe a blue fluorescence across the 

cytoplasm and unaltered morphology of the cells.  
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Fig. 42 A) In cellulo CuAAC reaction between coumarin/biotine azides and HPG-incorporating 

proteins.99 B) In cellulo CuAAC reaction that produces a fluorescent probe without the use of sodium 

ascorbate.100 

 

Later, in 2021, Mascareñas and co-workers performed a metal carbene transfer reaction 

inside mammalian cells. They demonstrated how CuII catalysts could promote the intracellular 

cyclisation of alpha-keto diazocarbenes 124 with ortho-amino arylamines via an N-H carbene 
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insertion.101 They chose to study the reaction with diaminonaphthalene 123, which can form 

easy-to-monitor fluorescent benzoquinoxalines products 125-126. After testing different 

metals, it was concluded that the Cu(OAc)2 catalyst gave the best yield, even at a 1 mol% 

loading. Preliminary tests of the reaction were carried out in different biologically relevant 

conditions to confirm its biorthogonality. Curiously, the authors noticed that when performed 

in PBS, the reaction tolerates certain biomolecules better such as glutathione. They suggested 

that the buffer accelerated the targeted reaction due to its hydrophobic effects and 

disfavoured the formation of inactive Cu complexes. Finally, the reaction was carried out in 

HeLa mammalian cells. The authors confirmed that the diamine 123 presented a very low 

emission when excited at 385 nm while product 125 displayed high fluorescence (Fig. 43). 

After 1.5 h of incubation, fluorescence was observed in the cytosol, due to the production of 

the product 125, as confirmed by mass spectrometry. To broaden biological applications, the 

authors investigated the synthesis of the toxic compound 126 in HeLa cells. This compound, 

also referred to as Tyrphostin AG1385, promoted a decrease in the cell viability of 40% after 

12 h of incubation at 50 µM. Compound 126 is known to provoke mitochondrial 

fragmentation which suggests that the decrease in cell viability is a consequence of the 

reaction having been successfully carried out inside the cells, resulting in cell death (Fig. 43). 
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Fig. 43 Copper-catalysed metal carbene transfer reaction in HeLa cells for the assembly of quinoxalines 
such as the fluorescent compound 125 and the toxic compound 126, capable of inducing 
mitochondrial fragmentation.101 
 

More work has been performed with in vivo copper catalysis focused on nanoparticles, which 

fall out of the scope of the present review, but that should nonetheless be cited for 

completeness. In 2016 Zimmerman et al. developed CuI-containing nanoparticles that can 

catalyse the CuAAC click reaction in bacteria and mammalian cells.102 The CuI catalyst is then 

generated in situ with sodium ascorbate acting as a CuII reducer. That same year, Bradley and 

co-workers described the use of entrapped copper nanoparticles (E-Cu-NPs) imbedded in a 
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polymeric support as a biocompatible catalyst for the same reaction.103 They demonstrated 

that these E-Cu-NPs could be used as catalysts for the cycloaddition of two benign 

components to make a Combrestatin A4 analogue in situ, a potent anticancer drug. 

 

Copper is an abundant first-row transition metal, which is much cheaper than the previously 

mentioned metals. With copper catalysis, new click and carbene insertion reactions were 

developed and reported. However, copper can easily access different oxidation states, 

making unwanted toxicity difficult to control. Moreover, the shift between oxidation states 

can also disturb the catalysis and requires sterically hindering ligands to protect and stabilize 

the copper centre.  

 

7.2 Photocatalysis 

The only in vivo photocatalysis described involving copper investigates the use of mesoporous 

carbon nanospheres, which also fall out of the scope of the present review. Ren and Qu 

describe the use of near infra-red light and photothermal conversion to promote in vivo CuI 

catalysed azide-alkyne 1,3-cycloaddition (CuAAC) reaction.104 

8. Iron 

Examples of in vivo application of artificial iron-based catalysts are scarce. Meggers and co-

workers identified in 2012 an iron(III) [Fe(TPP)]Cl] complex 127 as an efficient catalyst for in 

cellulo reduction of aromatic azides into amines (Fig. 44A).105 Aromatic amines are useful 

functional groups in drugs and thus the in situ reduction of azides has shown some promise 

as a prodrug activation process.106,107 The authors first studied the reaction within biologically 

relevant conditions and in living mammalian cells. Compound 127 was administered to HeLa 

cells and its azide-reduction capabilities were followed by fluorescence microscopy, using a 

profluorophore of rhodamine 110 128. More specifically, cellular fluorescence was monitored 

by live-cell imaging with a confocal fluorescence microscope. HeLa cells were pre-incubated 

with 100 µL of the non-fluorescent rhodamine azide 128 for 25 min and subsequently treated 

with 10 µL of [Fe(TPP)]Cl] (Fig. 44B). The production of rhodamine 110 3 inside cells was 

demonstrated within the first 10 minutes, with a 28-fold fluorescence increase observed. The 
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authors also showed that the catalyst 127 successfully reduced the inactive compound 129 to 

form the anticancer drug candidate MS-275 130 (Fig. 44C). However, in vivo experiments in 

C. elegans nematodes and D. rerio zebrafish did not prove so successful, as rhodamine 110 3 

fluorescence was detected prior to catalyst [Fe(TPP)]Cl] addition. In both cases, a strong 

fluorescence was observed after 20 to 30 minutes of incubation; the catalyst addition being 

redundant.  
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Fig. 44 A) Structure of 5,10,15,20-tetraphenyl-21H,23H-porphine (TPP)-containing complex, 
[Fe(TPP)]Cl]. B) Iron-mediated reduction of a rhodamine 110 derivative to form fluorescent rhodamine 
110. C) Reduction of the azide molecule 129 into the anticancer drug candidate MS-275.105 

Even though iron is as abundant and cheap as copper, it is not as toxic, which makes it even 

more interesting for biological purposes. However, most of the reactions that have been 

reported with iron complexes rely on it Lewis acidity, which makes it difficult to transpose in 

a biological environment. Yet, as shown above, it is possible to achieve in vivo iron catalysis 

and we believe that this could certainly be a promising field in the future. 
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9. Conclusion and perspectives 

Metal-promoted catalysis within cells with a discrete metal complex and an exogenous 

substrate is a challenge due to the presence of high concentrations of diverse nucleophilic 

species such as thiols or amines which can deactivate the catalyst. In addition, the catalyst 

must be active even at diluted concentrations, have good biocompatibility and cellular 

uptake. Despite these significant challenges, important breakthroughs in the field have been 

achieved over past years, as described in this Perspective. These advances have mainly 

revolved around improving the biocompatibility of the catalysts, the turnover, the catalytic 

loading and finally the reaction rates to avoid catalyst deactivation. Improvements to the 

catalysts were mainly achieved by caging the catalyst and having an in situ release of the metal 

complex, by activation of the complex by other components present only in the target 

organisms or even by targeted delivery to the membrane by using cofactors and their 

affinities. The use of light to activate the compounds allows having a locally specific reaction. 

The possibility to tune the wavelength of absorption by changing the metal ligands is another 

tool for depth specificity. However, the use of light can be limited by the localisation of the 

target area. Deep tissues are less accessible to light-induced activation. Moreover light itself 

can be toxic towards tissues, if it is close to UV wavelengths.108  

Heavy noble metals such as ruthenium, iridium, platinum and palladium are a scarce natural 

resource and complicated to extract. On the contrary, first row metals such as zinc, copper, 

cobalt and manganese are essential for life and already present in the human body.109 This is 

a reassuring factor for patients or companies when it comes to the development of potential 

treatments and medication based on metals. We are thus confident that within the next few 

years there will be more studies performed on first-row transition metals for in vivo catalysis. 

Particularly, there are a lot of innovation opportunities regarding their use for metal-based 

photocatalysis.110 As mentioned before, photocatalysis can reduce the side effects of 

treatments through local drug activation. This suggests that more catalysts will have the 

possibility to reach clinical trials, which will improve the visibility of this field of research. The 

development of new catalysts will also expand the range of reactions which are compatible 

with cells. Compared to the ever increasing panel of reactions that can be performed and of 

the metals that can be used in catalysis, only very few are currently applied in cellulo. In 



57 
 

addition, the use of nanoparticles has many advantages and seems very promising for in vivo 

metal catalysis. There are already several examples of metal-based nanoparticles being used 

for catalysis102,103 and photocatalysis104 afore-mentioned in this review. Another factor that 

could boost this research field is the improvement of the current tools used to study 

intracellular catalysis. Do, Nguyen and Nguyen tackled this issue in their recent review, where 

they analysed the four major techniques mentioned in our Perspective;24 fluorescence 

microscopy, flow cytometry, mass spectrometry and biological assays. Clearly the next steps 

will be to bring these innovative strategies to the clinic to develop valuable therapeutic and/or 

diagnostic tools and the tremendous advances that have recently been achieved, and that are 

the focus of this Perspective, have definitively set the stage to meet these future challenges.  
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