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An iridium(III) 3-chloro-6-thio-1,2,4,5-tetrazine complex for 
cysteine conjugation, bioimaging and photoactivated therapy  

Lili Huang,a Justin Shum,ab Lawrence Cho-Cheung Lee,a Guang-Xi Xu,a Peter Kam-Keung Leungac and 
Kenneth Kam-Wing Lo*ac 

Photoactivatable systems have received considerable attention in the development of diagnostics and therapeutics due to 

their noninvasive nature and precise spatiotemporal control. Of particular interest is the 3,6-dithio-1,2,4,5-tetrazine (S,S-

tetrazine) unit, which can not only act as a photolabile protecting group for constructing photoactivatable systems but also 

as a bioorthogonal scaffold that enables the inverse electron-demand Diels–Alder (IEDDA) cycloaddition reaction with 

strained alkynes. In this study, we designed and synthesised a cyclometallated iridium(III) complex modified with a 3-chloro-

6-thio-1,2,4,5-tetrazine moiety (1) for cysteine conjugation. The complex was utilised to conjugate with an integrin-targeting 

peptide c(RGDfC) to afford a tumour-targeting conjugate (1-RGD) for bioimaging and photoactivated therapy. An RGD-free 

analogue (2) was also prepared for comparison studies. Unlike common iridium(III) complexes, excitation of conjugate 1-

RGD and complex 2 resulted in weak emission and negligible singlet oxygen (1O2) generation due to the quenching effect of 

the tetrazine unit. Upon continuous light irradiation, the S,S-tetrazine moiety in conjugate 1-RGD and complex 2 underwent 

efficient photodissociation, yielding the thiocyanate (3) and amide (4) complexes as photoproducts with increased emission 

intensities and enhanced 1O2 generation efficiencies. Interestingly, the IEDDA cycloaddition reaction of the S,S-tetrazine-

containing conjugate 1-RGD and complex 2 with (1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethanol (BCN-OH) led to significant 

emission enhancement. Notably, conjugate 1-RGD showed higher cellular uptake and (photo)cytotoxicity (IC50,dark = 26 µM, 

IC50,light = 0.080 µM) in U87-MG cells, which overexpress integrin, compared to MCF-7 (IC50,dark = 52 µM, IC50,light = 0.22 µM) 

and HEK293 cells (IC50,dark  50 µM, IC50,light = 1.3 µM) with lower integrin levels. This work will contribute to the development 

of photoactivatable transition metal complexes for cancer-targeted imaging and therapy. 

Introduction  

In the past few decades, significant advancements have been 

made in the development of therapeutic agents for the 

effective treatment of various human diseases.1–3 However, 

challenges remain in achieving effective therapy at specific 

disease sites due to the limited selectivity of existing 

therapeutics, which can lead to potential side effects on healthy 

tissues.4,5 To overcome this hurdle, different therapeutic agents 

have been developed that are responsive to endogenous (e.g., 

pH, enzymes and redox reactions) and exogenous stimuli (e.g., 

light, ionizing irradiation and magnetic fields).6,7 

Photoactivatable systems that undergo photochemical 

reactions and generate radical species or release molecules of 

interest upon light irradiation have gained significant 

attention.8,9 By adjusting parameters such as irradiation 

wavelength, intensity and duration, these light-based 

approaches offer precise spatiotemporal control, enabling 

efficient accumulation of therapeutic agents at the target site 

and potent therapeutic effects.10 

With their rich photophysical and photochemical properties, 

transition metal complexes have been widely utilised for the 

construction of photoactivatable therapeutics.11–14 In 

particular, transition metal complexes that can undergo 

photoactivated chemotherapy (PACT) are of significant interest 

because they are noncytotoxic in the dark but become highly 

(photo)cytotoxic after light irradiation due to photoinduced 

ligand dissociation.15,16 For example, ruthenium(II) polypyridine 

complexes with distorted octahedral geometry can undergo 

phototriggered ligand loss with significantly enhanced 

cytotoxicity upon light irradiation due to the generation of 

solvent-substituted photoproducts that can covalently bind to 

DNA.17 Another example used a sterically hindered 

ruthenium(II) complex conjugated to a nicotinamide 

phosphoribosyltransferase inhibitor, which undergoes 

photodissociation upon light irradiation to induce cytotoxic 

effects.18 Apart from the release of ligands from the 

coordination sphere of the metal centre, the attachment of 

organic photolabile protecting groups (PPGs) to ligands is 

another effective strategy to induce controllable cytotoxicity. 

Previously, we have developed iridium(III) complexes modified 

a. Department of Chemistry, City University of Hong Kong, Tat Chee Avenue, 
Kowloon, Hong Kong, P. R. China. E-mail: bhkenlo@cityu.edu.hk 

b. Laboratory for Synthetic Chemistry and Chemical Biology Limited, Units 1503-
1511, 15/F, Building 17 W, Hong Kong Science Park, New Territories, Hong Kong, 
P. R. China. 

c. State Key Laboratory of Terahertz and Millimetre Waves, City University of Hong 
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† Supplementary Information available: [details of any supplementary information 
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with a poly(ethylene glycol) (PEG) chain using a 2-nitrobenzyl 

moiety as a photosensitive linker.19 Upon light irradiation, the 

departure of the biocompatible PEG moiety leads to enhanced 

cytotoxicity of the resultant complex. 

1,2,4,5-Tetrazine, known for its exceptional ability to 

quench various luminophores through Förster resonance 

energy transfer20,21 or photoinduced electron transfer,22 can 

serve as a versatile bioorthogonal scaffold that enables rapid 

and selective inverse electron-demand DielsAlder (IEDDA) 

cycloaddition reactions with strained alkynes.23 Interestingly, 

studies on 3,6-dithio-1,2,4,5-tetrazine (S,S-tetrazine) 

derivatives have shown their potential as useful phototriggers, 

allowing the investigation of early events in peptide/protein-

folding.24,25 These S,S-tetrazines display an additional 

absorption band centred at 410 nm compared to traditional 

tetrazines, which can be attributed to an n  π* transition or 

charge-transfer involving the sulfur atoms, leading to 

photodissociation upon visible-light activation.26 The 

photodissociation process occurs rapidly in the picosecond 

timescale, yielding inert photoproducts (thiocyanates and 

dinitrogen) with a high yield (Scheme 1).25  

A recent study has revealed that 3-chloro-6-thio-1,2,4,5-

tetrazine (Cl,S-tetrazine) can selectively label cysteine residues 

in proteins to yield conjugates bearing an S,S-tetrazine moiety.27 

It is anticipated that the integration of a Cl,S-tetrazine moiety 

into luminescent iridium(III) polypyridine complexes can afford 

a new class of labelling reagents for cysteine residue, leading to 

the construction of photoactivatable bioconjugates. In this 

study, we designed and synthesised an iridium(III) Cl,S-tetrazine 

complex, [Ir(pqe)2(bpy-CONH-S-Tz-Cl)](PF6) (Hpqe = 2-

phenylquinoline-4-carboxylic acid methyl ester; bpy-CONH-S-

Tz-Cl = 4-(S-(6-chloro-1,2,4,5-tetrazin-3-yl)-N-

mercaptoethylaminocarbonyl)-4’-methyl-2,2’-bipyridine) (1) 

(Scheme 2). Its S,S-tetrazine-containing counterpart 

[Ir(pqe)2(bpy-CONH-S-Tz-S-Et)](PF6) (bpy-CONH-S-Tz-S-Et = 4-(S-

(6-ethylthio-1,2,4,5-tetrazin-3-yl)-N-

mercaptoethylaminocarbonyl)-4’-methyl-2,2’-bipyridine) (2) 

and the S,S-tetrazine-free analogues, [Ir(pqe)2(bpy-CONH-

SCN)](PF6) (bpy-CONH-SCN = 4-(N-

(thiocyanatoethyl)aminocarbonyl)-4’-methyl-2,2’-bipyridine) 

(3) and [Ir(pqe)2(bpy-CONH2)](PF6) (bpy-CONH2 = 4-

aminocarbonyl-4’-methyl-2,2’-bipyridine) (4) were also 

prepared for comparison studies. All the complexes were 

characterised by high-resolution ESI-MS, NMR and IR 

spectroscopy. Detailed synthetic procedures and 

characterisation data are included in the ESI. Upon 

photoexcitation, the tetrazine complexes 1 and 2 exhibited 

substantially weaker emission intensity and lower singlet 

oxygen (1O2) generation efficiencies compared to complexes 3 

and 4 due to the quenching effect of the tetrazine unit. Notably, 

upon continuous light irradiation, the S,S-tetrazine moiety in 

complex 2 underwent efficient dissociation, yielding the 

thiocyanate and amide complexes 3 and 4 as the  

 

Scheme 1 Photodissociation reaction of an S,S-tetrazine into thiocyanates and 
dinitrogen. 

 

Scheme 2 Structures of complexes 1  4. 

photoproducts with increased emission intensities and 

enhanced 1O2 photogeneration efficiencies. Additionally, 

complex 2 can undergo IEDDA cycloaddition reaction with 

(1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethanol (BCN-OH), 

leading to significant emission enhancement. The 

photosensitivity of S,S-tetrazine motivated us to utilise complex 

1 to modify the cysteine residue of an integrin-binding peptide 

c(RGDfC), affording an S,S-tetrazine-containing peptide 

conjugate [Ir(pqe)2(bpy-CONH-S-Tz-S-RGD)](CF3COO) (1-RGD) 

that showed intriguing photoactivatable characteristics and 

tumour-targeting capabilities. Remarkably, the conjugate 

displayed efficient cellular uptake and potent photocytotoxicity 

towards integrin-overexpressing human glioblastoma U87-MG 

cells. 

Results and discussion 

Photophysical properties  

The electronic absorption data and spectra of complexes 1  4 

are presented in Table S1 and Fig. S1 (ESI†). The complexes 

displayed intense spin-allowed intraligand (1IL) (  *) 

(N^N/pqe) absorption (ca. 255 – 385 nm) and weaker spin-

allowed metal-to-ligand charge-transfer (1MLCT) (d(Ir)  

*(N^N/pqe)) absorption bands/shoulders (ca. 390 – 475 

nm).28,29 The weak absorption tail beyond ca. 550 nm is assigned 

to spin-forbidden 3MLCT (d(Ir)  *(N^N/pqe)) transitions. 

Additionally, a weak absorption band at around 510 – 530 nm 

was observed, which is ascribed to the n  * transition of the 

tetrazine unit (Fig. S1, ESI†). Upon photoexcitation, complexes 

1 – 4 exhibited a structureless emission band with positive 

solvatochromism in fluid solutions at 298 K (Table 1 and Fig. S2, 

ESI†). The emission maxima of the complexes showed 

significant blueshifts when the samples were cooled to 77 K, 

suggesting a 3MLCT (dπ(Ir)  π*(N^N/pqe)) excited state (Fig. 

S2, ESI†). Due to the efficient emission quenching property of 

the tetrazine unit, complexes 1 and 2 showed much lower 

emission quantum yields (em  0.004) than complexes 3 and 4 

(em  0.14) (Table 1). The 1O2 quantum yields () of 

complexes 1 – 4 were evaluated in aerated CH3CN using 1,3-

diphenylisobenzofuran as the 1O2 scavenger (Table S2, ESI†). 

The  values of the tetrazine complexes 1 and 2 were 

(2)

(3)

R = 

R = 

(4)R = 

R = (1)
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determined to be 0.55 and 0.60, respectively, which are lower 

than those of the tetrazine- free complexes 3 and 4 (0.81 and  
Table 1 Photophysical data of complexes 1 – 4 and conjugate 1-RGD. 

Complex/Conjugate Medium (T/K) em
a/nm em

b o
c/s 

1 CH3CN (298) 632 0.003 0.68 

 Bufferd (298) 650 0.002 0.23 

 Glasse (77) 596, 646 sh  4.25 

2 CH3CN (298) 631 0.004 0.60 

 Bufferd (298) 650 0.002 0.18 

 Glasse (77) 594, 644 sh  4.38 

3 CH3CN (298) 634 0.14 0.69 

 Bufferd (298) 648 0.02 0.35 

 Glasse (77) 598, 645 sh  4.79 

4 CH3CN (298) 631 0.15 0.67 

 Bufferd (298) 648 0.02 0.34 

 Glasse (77) 597, 647 sh  4.23 

1-RGD CH3CN (298) 631 0.003 0.58 

 Bufferd (298) 648 0.001 0.19 

 Glasse (77) 596, 644 sh  4.14 

a ex = 350 nm. 

b [Ru(bpy)3]Cl2 was used as a reference (em = 0.040 in aerated H2O, ex = 455 

nm).30  

c The lifetimes were measured at the emission maxima (ex = 355 nm). 

d Potassium phosphate buffer (50 mM, pH 7.4)/CH3CN (1:1, v/v). 

e EtOH/MeOH (4:1, v/v). 

sh: shoulder 

0.79, respectively). These results indicate that the tetrazine unit 

can not only quench the emission of the complexes but also 

suppress their 1O2 photogeneration efficiencies. 

Photoactivatable properties and phosphorogenic response 

The photodissociation of the S,S-tetrazine moiety in complex 2 

in phosphate-buffered saline (PBS)/DMSO (9:1, v/v) upon 

photoirradiation at 450 nm (10 mW cm2) for 20 min was 

monitored by reverse-phase high-performance liquid 

chromatography (RP-HPLC). Notably, two new peaks at tR = 

16.53 and 16.05 min in the HPLC spectra were detected (Fig. 1a) 

after the photoreaction. ESI-MS analyses revealed that the 

photoreleased products were the thiocyanate complex 3 and 

amide complex 4 (which appears to be a 

photodecomposed/hydrolysed product), respectively (Scheme 

3, Fig. 1b and c). Impressively, the photodissociation of the S,S-

tetrazine unit led to a significant increase in the emission 

intensity (I/Io = 10.7) and lifetime ( = 0.29 s) of the solution 

(Table 2 and Fig. 1d). Due to the presence of a tetrazine moiety, 

complex 2 was also expected to undergo IEDDA cycloaddition 

reaction with BCN-OH to afford 2-BCN (Scheme 4). The 

phosphorogenic response of complex 2 towards BCN-OH was 

investigated. The IEDDA reaction of (9:1, v/v) at 298 K produced 

a nonquenching pyridazine product (Fig. S3, ESI†), leading to 

significant emission enhancement and lifetime extension (I/Io =  

 

Scheme 3 Photodissociation reaction of the S,S-tetrazine moiety in complex 2. 

 

Fig. 1 (a) HPLC chromatograms of complex 2 (10 M) in aerated PBS/DMSO (9:1, v/v) 

treated before (black) or after (red) photoirradiation. ESI-mass spectra of the 

photodissociation products collected at (b) tR = 16.53 min and (c) tR = 16.05 min of 

complex 2 (10 M) in aerated PBS/DMSO (9:1, v/v) upon photoirradiation. (d) Emission 

spectra of complex 2 (10 M) in aerated PBS/DMSO (9:1, v/v) treated before (black) or 

after (red) photoirradiation. Photoirradiation conditions for all experiments were carried 

out at 450 nm (10 mW cm2) for 20 min at 298 K. 

38.9;  = 0.37 µs; Table 2). 

Construction of an integrin-targeting peptide conjugate bearing an 

S,S-tetrazine moiety 

Having examined that the iridium(III) S,S-tetrazine complex 

displayed remarkable phosphorogenic response upon both 

photodissociation and bioorthogonal reactions, we used 

complex 1 was used as a labelling reagent for the construction 

of S,S-tetrazine-containing peptide conjugates that can be 

applied for tumour-targeted phototherapy. Integrins, consisting 

of - and -subunits, play an important role in cell adhesion 

mediation and signalling.31 The RGD sequence, as the minimal 

integrin-binding motif, has been widely applied in imaging and  

Table 2 Emission enhancement factors (I/Io) and lifetimes () of complex 
2 and conjugate 1-RGD (10 M) upon photoirradiation at 450 nm (10 

mW cm2) in aerated PBS/DMSO (9:1, v/v) for 20 min or incubation with 
BCN-OH (500 M) in aerated PBS/DMSO (9:1, v/v) in the dark for 16 h. 
The emission lifetimes of complex 2 and conjugate 1-RGD alone under 

the same conditions could not be determined with accuracy due to very 
weak emission. 

+ + EtSCN

2 3 4

550 600 650 700 750
0

4

8
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 Complex/Conjugate + 

hv 

Complex/Conjugate + 

BCN-OH 

Complex/Conjugate em
a/

nm 

I/Io
b c/s em

a/

nm 

I/Io
d c/s 

2 648 10.7 0.29 631 38.9 0.37 

1-RGD 648 9.9 0.26 632 31.9 0.33 

a ex = 350 nm 

b Io and I are the emission intensities of complex 2 or conjugate 1-RGD (10 M) before 

and after photoirradiation at 450 nm (10 mW cm2) for 20 min, respectively. 

c The lifetimes were measured at the emission maxima (ex = 355 nm). 

d Io and I are the emission intensities of complex 2 or conjugate 1-RGD (10 M) in the 

absence and presence of BCN-OH (500 µM, 16 h), respectively. 

 

Scheme 4 The IEDDA cycloaddition reaction of complex 2 with BCN-OH. 

tumour-targeted therapy due to its high binding affinity with 

integrins.32,33 A cyclic RGD peptide containing a cysteine 

c(RGDfC) was selected for conjugation with complex 1 to afford 

the peptide conjugate 1-RGD (Scheme 5) that is expected to 

exhibit enhanced accumulation and photoactivatable 

therapeutic effects in cancer cells overexpressing integrin v3. 

The reactivity of complex 1 (25 M) towards c(RGDfC) (25 M) 

was examined in acetate buffer (50 mM, pH 6.0)/DMF (9:1, v/v, 

1 mL) containing tris(2-carboxyethyl)phosphine) (TCEP) (100 

M) at 37C. After incubation for 4 h, HPLC analyses revealed 

that almost all the complex was transformed into the 

conjugation product 1-RGD, with a conversion yield > 95% (Fig. 

S4, ESI†). Conjugate 1-RGD was purified by semi-preparative RP-

HPLC and the purified product was characterised by HPLC and 

ESI-MS (Fig. S5, ESI†). Upon excitation, it showed weak emission 

and low 1O2 generation efficiency due to the presence of the 

S,S-tetrazine unit (Tables 1 and S2, ESI†). The photodissociation 

reaction of the S,S-tetrazine moiety in conjugate 1-RGD was 

examined by steady-state irradiation at 450 nm at 298 K; the 

reaction was found to complete in 20 min, yielding the 

thiocyanate (complex 3) and amide (complex 4) photoproducts, 

as indicated by HPLC and ESI-MS analyses (Fig. 2a – c). 

Interestingly, the sample solution displayed emission 

enhancement of 9.9-fold after photoirradiation (Fig. 2d). 

Additionally, conjugate 1-RGD exhibited substantial emission 

enhancement and lifetime extension (I/Io = 31.9,  = 0.33 µs; 

Table 2 and Fig. S6, ESI†) upon reacting with BCN-OH. These 

results indicate that complex 2 and conjugate 1-RGD bearing an 

S,S-tetrazine moiety can serve as efficient photoactivatable 

reagents and phosphorogenic bioorthogonal probes. 

Cellular studies 

The higher expression of integrins in cancer cells contributes to 

tumour progression and metastasis by promoting tumour cell 

proliferation, migration and invasion.34 To examine the 

targeting efficiency of conjugate 1-RGD towards integrin- 

overexpressing cancer cell lines, cancerous brain (U87-MG; high  

 

Scheme 5. Conjugation of complex 1 with peptide c(RGDfC). 

 

Fig. 2 (a) HPLC chromatograms of conjugate 1-RGD (10 M) in PBS/DMSO (9:1, v/v) 

treated before (black) or after (red) photoirradiation. ESI-mass spectra of the 

photodissociation products collected at (b) tR = 16.45 min and (c) tR = 15.99 min of 

conjugate 1-RGD (10 M) in PBS/DMSO (9:1, v/v) upon photoirradiation. (d) Emission 

spectra of conjugate 1-RGD (10 M) in PBS/DMSO (9:1, v/v) treated before (black) or 

after (red) photoirradiation. Photoirradiation conditions for all experiments were carried 

out at 450 nm (10 mW cm2) for 20 min at 298 K. 

integrin v3 expression), breast (MCF-7; low integrin v3 

expression) and normal kidney (HEK293; low integrin v3 

expression) cells were used as model cell lines.35–38 The cellular 

uptake of conjugate 1-RGD and complexes 2 – 4 was 

determined by ICP-MS and the results are listed in Table S3 

(ESI†). Conjugate 1-RGD showed higher accumulation in U87-

MG cells (0.70 fmol) than in MCF-7 and HEK293 cells (0.32 and 

0.032 fmol, respectively). Interestingly, pretreatment of U87-

MG cells with free RGD peptide (50 µM, 30 min) substantially 

inhibited the uptake of conjugate 1-RGD (0.34 fmol) while only 

exerting a slight effect in MCF-7 and HEK293 cells (0.25 and 

0.030 fmol, respectively). The reduced uptake for conjugate 1-

RGD is attributed to the competitive binding with free RGD 

peptide to the integrin binding sites, indicative of the specificity 

of the conjugate towards integrin. Noteworthily, complexes 2 – 

4 also displayed higher uptake towards U87-MG and MCF-7 cells 

(1.1 – 2.5 fmol) and much lower accumulation in HEK293 cells 

(0.25 – 0.77 fmol). However, the cellular internalisation of these 

complexes was not influenced by the preincubation of the cells 

with free RGD, indicative of no integrin binding specificity. 
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Based on the results, it appears that conjugate 1-RGD was 

internalised by cells through an integrin-mediated mechanism, 

particularly in cell lines that overexpress integrins, such as U87-

MG cells. The cellular uptake mechanism was further 

investigated using various inhibitors. Upon treating U87-MG 

cells with the conjugate at low temperature (4°C), the amount 

of intracellular iridium significantly decreased compared to cells 

incubated at 37C (Fig. S7, ESI†). However, the internalisation of 

the conjugate remained unaffected by pretreatment with a 

cation transporter inhibitor (tetraethylammonium chloride). 

Preincubation of the cells with metabolic inhibitors (2-deoxy-D-

glucose and oligomycin) or endocytosis inhibitors (ammonium 

chloride or chloroquine) also substantially reduced the cellular 

uptake efficiency of the conjugate. These results collectively 

indicate that conjugate 1-RGD was taken up by cells via an 

energy-dependent endocytic pathway. 

To further examine the specificity of conjugate 1-RGD 

towards integrin v3, cells were preincubated without or with 

free RGD, treated with the conjugate and exposed to steady-

state irradiation. As revealed by laser-scanning confocal 

microscopy (LSCM), the intracellular emission intensity 

significantly decreased in U87-MG and MCF-7 cells pretreated 

with the free RGD peptide, while no noticeable changes were 

observed for HEK293 cells pretreated with or without the RGD 

peptide (Fig. 3). Notably, preincubation with the RGD peptide 

did not reduce the emission intensity of complex 2 towards any 

of the three cell lines (Fig. S8, ESI†), which further supports the 

integrin-mediated cellular uptake of conjugate 1-RGD. The 

phosphorogenic property of conjugate 1-RGD in live cells was 

also investigated by LSCM. Significant emission enhancement 

was observed for U87-MG and MCF-7 cells that were treated 

with the conjugate and subsequently photoirradiated, 

compared to the cells treated with the conjugate under dark 

conditions (Fig. 4). The emission enhancement is attributed to 

the photodissociation of the S,S-tetrazine moiety in conjugate 

1-RGD within the cells. In contrast, only minimal emission 

changes were observed for HEK293 cells treated with conjugate 

1-RGD under both dark and light conditions, probably due to 

limited cellular uptake of conjugate as a result of the lower 

integrin expression levels of the cells. This is further supported 

by flow cytometric measurements, which showed higher 

intracellular emission enhancement for U87-MG and MCF-7 

cells treated with conjugate 1-RGD after light irradiation 

compared to HEK293 cells (Fig. S9, ESI†). Additionally, ESI-MS 

analyses of U87-MG cell lysates indicate that the conjugate was 

transformed into the thiocyanate and amide products after 

photoirradiation (Fig. S10, ESI†). Similar emission enhancement 

was observed for U87-MG and MCF-7 cells treated with the 

RGD-free complex 2 while substantially lower emission 

enhancement was observed in HEK293 cells (Fig. S11, ESI†). The 

intracellular localisation of conjugate 1-RGD and complexes 2 – 

4 was investigated by LSCM. Phosphorogenic IEDDA reaction 

 

Fig. 3 LSCM images of live U87-MG, MCF-7 and HEK293 cells pretreated without (upper) 

or with (lower) RGD peptide (50 µM, 30 min), incubated with conjugate 1-RGD (5 µM, 4 

h; ex = 405 nm, em = 600 – 700 nm) and followed by continuous photoirradiation at 450 

nm (10 mW cm2) for 20 min. Scale bar = 20 m. 

 

Fig. 4 LSCM images of U87-MG, MCF-7 and HEK293 cells incubated with conjugate 1-RGD 

(5 µM, 4 h; ex = 405 nm, em = 600 – 700 nm) without (upper) or with (lower) continuous 

photoirradiation at 450 nm (10 mW cm2) for 20 min. Scale bar = 20 m. 

was utilised to study intracellular localisation conjugate 1-RGD 

and complex due to the intrinsically weak emission. The U87-

MGcells were first treated with conjugate 1-RGD or complex 2 

(5 M, 4 h), followed by incubation of BCN-OH (250 M, 4 h) 

and MitoTracker Deep Red (100 nM, 20 min). LSCM images 

revealed that the luminescent products were specifically 

localised in the mitochondria with Pearson’s correlation 

coefficients (PCC’s) of 0.96 and 0.97, respectively (Fig. S12, 

ESI†). The cellular localisation of conjugate 1-RGD and complex 

2 after photoirradiation was also studied. Incubation of U87-MG 

cells with conjugate 1-RGD and complex 2 (5 M, 4 h), followed 

by photoirradiation at 450 nm (10 mW cm2) for 20 min and 

then co-staining with MitoTracker Deep Red (100 nM, 20 min) 

gave rise to substantial image overlap, with PCC values of 0.92  

HEK293U87-MG

 RGD

MCF-7

+ RGD
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Fig. 5 LSCM images of live U87-MG cells incubated with conjugate 1-RGD or complex 2 

(5 µM, 4 h; ex = 405 nm, em = 600 – 700 nm) and photoirradiated at 450 nm (10 mW 

cm2) for 20 min or incubated with complexes 3 or 4 (5 M, 4 h; ex = 405 nm, em = 600 

– 700 nm) in the dark and then treated with MitoTracker Deep Red (100 nM, 20 min; ex 

= 635 nm, em = 650 – 680 nm). Scale bar = 20 m. PCC = 0.92 (1-RGD); 0.96 (2); 0.96 (3); 

and 0.97 (4).

1-RGD

2

3

Complex/Conjugate MitoTracker Deep Red Overlaid Correlation
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Table 3 (Photo)cytotoxicity of conjugate 1-RGD and complexes 2 – 4 towards U87-MG, MCF-7 and HEK293 cells. The cells were first incubated with the 

conjugate or complexes in the dark for 4 h, then incubated in the dark or irradiated at 450 nm (10 mW cm2) for 20 min and kept in the dark for 16 h. PI is the 
ratio of IC50,dark/IC50,light. 

 U87-MG MCF-7 HEK293 

Complex/Conjugate IC50,dark/M IC50,light/M PI IC50,dark/M IC50,light/M PI IC50,dark/M IC50,light/M PI 

1-RGD 26  1 0.08  0.01 325 52  1 0.22  0.01 236  50 1.3  0.1  38 

2 11  1 0.08  0.01 138 15  1 0.10  0.01 150 12  1 0.09  0.01 133 

3 2.7  0.1 0.02  0.01 135 2.5  0.1 0.02  0.01 125 3.5  0.2 0.04  0.01 88 

4 4.1  0.2 0.04  0.01 103 4.2  0.1 0.04  0.01 105 5.0  0.1 0.05  0.01 100 

and 0.96, respectively (Fig. 5). The intracellular localisation of 

their photoproducts was examined by co-staining experiments 

involving complexes 3 and 4 (5 M, 4 h), which showed 

significant mitochondrial accumulation (PCC’s = 0.96 and 0.97, 

respectively) (Fig. 5). The high mitochondria specificity of the 

conjugate and complexes can be attributed to their high 

lipophilicity and monocationic charge.39,40 

Mitochondria play vital roles in cellular energy production, 

maintaining calcium levels and regulating programmed cell 

death within the cells.41,42 Given the high mitochondria-

targeting ability of conjugate 1-RGD and complexes 2 – 4, their 

(photo)cytotoxicity towards cancerous (U87-MG and MCF-7) 

and normal (HEK293) cells was evaluated using the MTT assay. 

Notably, conjugate 1-RGD exhibited higher dark cytotoxicity 

towards U87-MG cells (IC50,dark = 26 µM) but no dark cytotoxicity 

towards MCF-7 and HEK293 cells (IC50,dark  50 µM) (Table 3), 

which is consistent with its cellular uptake efficiencies (Table S3, 

ESI†) and integrin-targeting properties. Additionally, the 

conjugate showed the highest photocytotoxicity towards U87- 

MG cells (IC50,light = 0.080 µM) with a photocytotoxicity index (PI) 

value of 325 (Table 3), indicating the excellent targeting 

capability towards cancerous cells with integrin v3 

overexpression. Conjugate 1-RGD also displayed high 

photocytotoxic activity towards cancerous MCF-7 cells (IC50,light 

= 0.22 µM; PI = 236) with much lower photocytotoxicity towards 

normal HEK293 cells (IC50,light = 1.3 µM; PI > 38). Complexes 2 – 

4, which did not exhibit any integrin-targeting behaviour, 

showed high dark cytotoxicity (IC50,dark = 2.5 – 15 µM) and 

increased photocytotoxicity upon light irradiation (IC50,light = 

0.019 – 0.10 µM) towards all the cell lines. Therefore, it can be 

inferred that the excellent photoinduced cytotoxicity of 

conjugate 1-RGD is attributed to its targeting properties 

towards integrin-overexpressing cancer cells, the release of 

highly cytotoxic photoproducts (complexes 3 and 4) and 

subsequent enhanced 1O2 photosensitisation effect upon 

photoirradiation. Calcein-AM and propidium iodide double 

staining assay was used to further investigate the therapeutic 

efficacy of conjugate 1-RGD towards U87-MG cells (Fig. S13, 

ESI†). Cells treated with conjugate 1-RGD exhibited intense 

fluorescence from Calcein-AM with no emission from 

propidium iodide. After light irradiation, the green emission 

from Calcein-AM diminished, while strong red emission from 

the propidium dye was detected for the 1-RGD-treated cells. 

This observation confirms the biocompatibility of the conjugate 

under dark conditions and highlights its potent cytotoxic activity 

upon light activation. 

Based on the impressive cancer cell selectivity and property 

of conjugate 1-RGD, the photoinduced cell death pathway was 

further examined. LSCM images revealed that U87-MG cells 

treated with conjugate 1-RGD and reactive oxygen species 

(ROS) indicator CM-H2DCFDA displayed strong emission under 

light conditions compared to cells under dark treatment, 

indicative of the effective intracellular ROS generation of the 

conjugate upon photoactivation (Fig. S14, ESI†). Mitochondrial 

membrane potential (MMP) was characterised by staining the 

cells with rhodamine 123 after incubation of conjugate 1-RGD 

without or with light irradiation. Intense emission was detected 

for cells under the dark condition, which significantly 

diminished in intensity after light irradiation, suggesting the 

opening of the mitochondrial permeability transition pores (Fig. 

6a). Additionally, morphological features for apoptotic cells, 

such as plasma membrane blebbing and nuclear condensation 

 

Fig. 6 LSCM images of (a) MMP, (b) plasma membrane, (c) nuclear morphology, or (d) 

caspase-3/7 activity of U87-MG cells upon pretreatment with conjugate 1-RGD (5 µM, 4 

h) without (upper) or with (lower) light irradiation at 450 nm (10 mW cm2) for 20 min. 

All the samples were stained with rhodamine 123 (5 M, 15 min; ex = 488 nm, em = 500 

− 550 nm), CellMask Deep Red (5 M, 15 min; ex = 635 nm, em = 650 – 700 nm), Hoechst 

33342 (5 M, 15 min; ex = 405 nm, em = 415 – 495 nm), or CellEvent Caspase-3/7 Red 

(20 L, 1:100, 1 h; ex = 590 nm, em = 610 – 630 nm) prior to microscope imaging. Scale 

bar = 20 m. (e) Flow cytometric analysis of U87-MG cells pretreated with conjugate 1-

RGD (1 µM, 4 h) without or with continuous photoirradiation at 450 nm (10 mW cm2) 

for 20 min, followed by staining with Alexa Fluor 647–Annexin V conjugate (5 µL, 15 min; 

ex = 638 nm) and propidium iodide (2 µL, 100 µg mL1, 15 min; ex = 561 nm). 
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were also observed when the cells were stained with CellMask 

Deep Red and Hoechst 33342 (Fig. 6b and c), respectively. The 

activation of caspase-3/7 was also observed, implying an 

apoptotic pathway for cells treated with the conjugate upon 

photoactivation (Fig. 6d). The cell death mechanism of the 

conjugate was further examined using Annexin V/propidium 

iodide staining assays. As shown in Fig. 6e, there were very low 

populations of apoptotic cells (2.89%) in cells treated with the 

conjugate under the dark condition, which is comparable to 

untreated cells (1.68%) or cells subjected to light irradiation 

alone (3.76%). However, the population of apoptotic cells 

sharply increased to 98.28% after photoirradiation of the 1-

RGD-incubated cells, confirming that apoptosis is the primary 

cell death pathway induced by the conjugate. All these results 

highlight the use of S,S-tetrazine-bearing iridium(III)–RGD 

conjugates as photoactivable reagents for cancer-targeted 

imaging and therapy. 

Conclusions 

We developed a new platform for the preparation of cancer-

selective photoactivatable anticancer prodrug with controllable 

emission and photosensitisation of 1O2. The prodrug was 

prepared by conjugation of an iridium(III) Cl,S-tetrazine complex 

with a cancer-targeting cyclic RGD peptide. The resulting 

conjugate 1-RGD initially displayed low emission intensity and 
1O2 generation efficiency due to the quenching tetrazine unit. 

However, upon photoactivation, significant emission 

enhancement and lifetime extension were observed for the 

conjugate due to the photodissociation of the S,S-tetrazine unit, 

accompanied by improved 1O2 generation. The IEDDA reaction 

of the conjugate with BCN-OH also led to substantial emission 

enhancement. Importantly, conjugate 1-RGD demonstrated the 

highest cellular uptake in U87-MG cells overexpressing integrin 

v3 and exhibited remarkable photoinduced anticancer 

properties resulting from the synergistic effects of the release 

of the highly cytotoxic iridium(III) thiocyanate and amide 

complexes and enhanced 1O2 photogeneration. We believe that 

the introduction of a Cl,S-tetrazine moiety to transition metal 

complexes or other molecular scaffolds will be a versatile 

paradigm for the development of innovative anticancer agents 

or drug delivery systems. 
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